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ARTICLE INFO ABSTRACT

Keywords: Early observations from the James Webb Space Telescope (JWST) have revealed an overabundance of massive
Dark energy high-redshift galaxies, raising the question of whether this points to new physics beyond ACDM, or an enhanced
Cosmology

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 . We do so not only within the spatially flat ACDM model, but also
in models where the dark energy equation of state w and/or the spatial curvature parameter Q, are allowed to
vary, carefully discussing the impact of both w and Qy on the cumulative comoving stellar mass density. Within
the flat ACDM model, once cosmological parameters are marginalized over, the CEERS sample provides a weak
206 lower limit of € > 0.07, compatible with astrophysical expectations. In contrast, the FRESCO sample requires
€2 0.5 at 206, with values ¢ < 0.2 disfavored at > 5.0c. These results do not qualitatively change when we allow
w and/or Q to vary, with no evidence for deviations from w = —1 or Qg = 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.

Cosmological parameters
High-redshift galaxies

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 ~ 10'°M)
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
[ =Q,/Q,, 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 ACDM cosmological model the population of high-z galaxies
of Labbé et al. (2023) can only be accommodated if the baryon-to-star
conversion efficiency e is implausibly high, close to the theoretical upper
bound e = 1. Stated differently, within ACDM 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 S
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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 ¢ ~ 0.5 (Xiao et al.,
2024). This value is significantly larger than typical expectations, which
typically indicate efficiencies ¢ < 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). ! 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 ACDM 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 ¢, 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 ACDM 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 ACDM, 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 ¢ 2 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 p, (>
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.

Journal of High Energy Astrophysics 53 (2026) 100626

To compute the observed cumulative stellar mass density, we specify
a stellar mass threshold M, within a redshift bin z € [z, z. ], and
centered at an effective redshift z.¢;. 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 z,;,

and z,,.), as follows:

P> My, ze) = éMZ M, )
i>My

with M; 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, p, (> 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, p, (> 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)/d M, 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(M7Z)_ﬁ_mA 2a dv.
am M aM
In Eq. (2) above, j,, = Q0.0 is the mean comoving matter density,
whereas Q,, and p,;, ( 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 v = 6./6(M, z), where §, ~ 1.686
is the critical (linear) overdensity for collapse. Finally, we denote by
(M, z) the root mean square linear matter fluctuation at redshift z,

smoothed on the scale R = (3M /4xj,,)'/3:

[1+ @) ?]ve 3 @

V2

62(M, z) = D*(z) / k. K*P(k)W?(kR). 3)
272

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 M, from the DM
HMF as follows:

Pm(> Mhalo 2) = /

Mhalo

[s+]
am m M2
aM

“@
In order to connect Eq. (4) to the statistics of galaxies, we need a map
between My, and the stellar content of a given halo, M, . It is obvious
that the cosmic baryon fraction f, = Q,/Q,, (where Q, 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 My,, as M, = ef, M,,, Where ¢ < 1 is a dimension-
less parameter which quantifies the efficiency for converting gas into
stars. Stated differently, we are assuming that only a fraction e of the
available baryonic mass is converted into stars. We can then express the
(theoretical) cumulative stellar mass density as follows:

th _ M*
Py > M*,z)—efbpm<> —,z>
efy
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dn(M, z)

M )

o)
=cf, /h dM M
efp
Given a certain value of ¢ < 1, consistency between theory and observa-
tions requires that the following holds:

P> My zggp) < > M, zeg). )

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 ¢ = 1, and other two (discrete) values of
e. The e = 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
e 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 ¢. 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 5. 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 ACDM 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;

o 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);

o the non-flat ACDM model, also referred to as oACDM model, which
allows for non-zero spatial curvature, characterized by a spatial cur-
vature parameter Qg # 0 2

o finally, the non-flat wCDM model, also referred to as owwCDM model,
where w # —1 and Qg # 0 simultaneously.

The last three models are among the simplest, best studied extensions
to the concordance ACDM 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 ACDM 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)/H,, where H(z) and H are
the Hubble rate and Hubble constant respectively. For the flat ACDM
model E(z) is given as follows:

E2oom®@ =Q,(1+2° + Q.1+ 2" + Q,, @

where Q, is the radiation density parameter, and Q, 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), Giare 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.
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E(z) is instead given by the following:
E2 (@ =Q,(1+2° + 0,1+ 2)* + Qpp(1 + 2>+, ®)

where Qp is the present-day DE density parameter. For the non-flat
ACDM model, E(z) is given as follows:

E% com(® = B2 pn(2) + Qi (1 + 2)7, 9)

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

Ey com(®) = Epepy + Q1+ 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 Q, ~ 1 — Q,, within the flat ACDM model, Qpp ~ 1 —
Q,, within the flat wwCDM model, Q, ~ 1 — Q,, — Qj within the non-flat
ACDM model, and Qpg ~ 1 — Q,, — Qg within the non-flat .wCDM model.
When we introduce non-zero spatial curvature, we therefore implicitly
compare different models at fixed Q,,, 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. Q, = Q. + Q,. We then define
the cosmic baryon fraction as f, = Q,/Q,,.

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 o3 and H,,. 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:
o(M,z)=0c(M, 0)% =0(M,0)D(z), 1D
where we adopt the conventional normalization D(0) = 1. Because mod-
els are compared at fixed oy, 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 H,, the
high-redshift expansion rate increases relative to ACDM. This increases
the friction term in the growth equation for matter overdensities §, 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 og4. 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 ACDM, which directly implies a
larger abundance of high-redshift DM halos. Analogous considerations
hold for a spatially open Universe (g > 0). The converse is true for
models which (at fixed H,) reduce the expansion rate at high redshift
relative to ACDM: in our case, this corresponds to phantom DE models
(i.e. those with w < —1) and a spatially closed Universe (2 < 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
Qg (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 zq¢ ~ 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
Q,, o3, and H,, with baryon fraction fixed to f, ~ 0.15. The curves correspond to the limiting case ¢ = 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 z.4 ~ 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 (ACDM, orange curve), —0.34 (blue curve), and —2.0 (black curve). We clearly see that, at fixed oy,
quintessence-like (phantom) models with w > —1 (w < —1) enhance (suppress) the abundance of high-redshift galaxies relative to ACDM. Right panel: comparison
between models with different values of the spatial curvature parameter Q; = 0 (ACDM, orange curve), 0.4 (blue curve), and —0.3 (black curve). We clearly see that,
at fixed Q,, (with the difference in energy density implied by spatial curvature being accounted for by the dark energy sector), spatially open (closed) models with
Qg > 0 (Q < 0) enhance (suppress) the abundance of high-redshift galaxies relative to ACDM.

masses, as discussed later in Section 3.1. The curves correspond to the
limiting case e = 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, = f, M;,,. 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 ACDM model, and similarly for models with Qx > 0 (Q < 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 Q,,, o5, and H,, and
the baryon fraction f, is similarly fixed to f; ~ 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 arcmin®. 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 z.¢ ~ 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 p‘ibs(> M, zeg = 9.1) at the two thresholds reported in Boylan-

Kolchin (2023). We obtain values of order p, < 10® MyMpc™, 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 pgbs,
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 ¢, 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 arcmin? 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-
estredshift bin 5 < z < 6 centered at an effective redshift z.¢ ~ 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
10" My, (Xiao et al., 2024). We then evaluate pP5(> M, zq¢ = 5.5) at
three stellar mass thresholds: M, =1.096 x 10! My, 1.514 x 10! M,
and 2.344 x 10'! 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 p, < 10° MyMpc~>. These three measure-
ments of pgbs 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
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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 D z log,o(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
€, as our analysis will confirm.

We stress that the observed value of p‘ibs(> 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, « di. 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 p‘;bs 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
ACDM cosmological model, with H, = 67.4km/s/Mpc, Q,, = 0.315, and
og = 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 Egs. ((7)—(10)), the baseline set of param-
eters is given by the matter density parameter Q,,, the present-day am-
plitude of fluctuations oy, and the baryon-to-star conversion efficiency
e. We have explicitly checked that the physical matter density w, and
the Hubble constant H,, do not have a strong impact on the predicted
cumulative stellar mass density, and therefore opt to fix these param-
eters to w;, = 0.02233 and H, = 67.4km/s/Mpc respectively (Aghanim
et al., 2020). We note that both w, and H,, are required to compute the
cosmic baryon fraction f, = Q,/Q,, = ©,/Q,,h*, 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 Q, we sample. For our purposes the
flat ACDM model parameter space is therefore 3-dimensional, and de-
scribed by the parameter vector {Q,,, og, ¢}. Similarly, the 4-dimensional
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flat wCDM and non-flat ACDM models are described by the parame-
ter vectors {Q,,, o3, €, w} and {Q,,, 65, €, Qg } respectively. Finally, the 5-
dimensional non-flat wCDM model is described by the parameter vector
{Q,, 08,6, w,Q}.

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 N, = 8 walkers for Ny, = 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 r for each parameter, and verifying that
the chain length satisfies N, > 507. We confirm that the total num-
ber of independent samples, Nipg = N, Ny, /7, 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 oy € [0.76,0.84],
e € [0.01,1.00], w € [-2.00, —0.33], and Qx € [-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 ¢, we do not
allow the prior range to go all the way down to ¢ = 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 Q,,, following the reasoning of Pe-
drotti et al. (2026) we set a Gaussian prior Q,, = 0.30 + 0.03. This prior
reflects the fact that Q,, 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; Colgain 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
Q,, ~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 Q,, > 0.33 (Rubin et al., 2025; Abbott et al.,
2024; Baryakhtar et al., 2024; Colgdin et al., 2025a). Even account-
ing for this spread across different probes, it is clear that extreme val-
ues such as Q,, <0.25 and Q,, > 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 Q,, 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 6 the
parameter vector sampled in our MCMC, the log-likelihood takes the
following form:

2
O
~In£) =5 > B —
i ! th obs
0 (2,(0) 2 p25)

>,

(p™,(0) < p°) 12)

where the sum runs over the different cumulative stellar mass den-
sity measurements (two for CEERS and three for FRESCO), and o; 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 ¢, quoting 68% and 95% one-sided lower limits, which correspond to
the 327 and 5% percentiles of the posterior distributions. > We also
quantify the statistical significance at which a given reference value
of ¢ = ¢ is excluded, computing the posterior probability p = P(e < ¢)
from the fraction of MCMC samples satisfying the condition ¢ < ¢,. 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 = ®~!(1 — p), where ® is the cumulative distri-
bution function of the unit normal distribution. The benchmark refer-
ence value we choose is ¢, = 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 ¢ 2 0.2 therefore al-
ready imply very efficient star formation, and the statistical signifi-
cance at which ¢ = 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 ¢, = 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 ¢, but the comparatively large uncertainties imply that
lower, astrophysically more plausible values of ¢ remain consistent. On
the other hand, the FRESCO dataset requires significantly larger values
of € 2 0.5 — 0.7 within ACDM. Freeing up w or Qg somewhat relaxes this
requirement but does not eliminate the need for high values of ¢ > 0.3
for extensions to ACDM. Overall, we find no evidence for deviations
from ACDM, with w = -1 and Qg = 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
aresult, only sufficiently low values of e are statistically disfavored, and the pos-
terior distribution of e 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 Y, m,, for which upper limits are typically
obtained, at least when the physical prior ) m, > 0eV 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).
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Fig. 2. Triangular plot showing 2D joint and 1D marginalized posterior proba-
bility distributions for the present-day matter density parameter Q,,, the present-
day amplitude of fluctuations oy, and baryon-to-star conversion efficiency e,
obtained within the flat ACDM model in light of the photometric CEERS (red
contours) and spectroscopic FRESCO (blue contours) samples. We note that the
FRESCO constraints on ¢ are significantly tighter than their CEERS counterparts,
due to the comparatively larger uncertainties of the latter.

4.1. Flat ACDM model

We begin by discussing the flat ACDM model, where we recall that
the parameters being varied are Q,, o5, and e. 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 ¢ > 0.39
and e 2 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 ¢, = 0.2 is consistent with the data within 1.0s, confirm-
ing that the constraints on ¢ are relatively weak. Similarly, values of
€y = 0.15 and 0.1 are consistent with the data within 1.2¢ and 1.4¢ re-
spectively. These results differ from those of Boylan-Kolchin (2023),
where a stronger tension with ACDM 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), Hiitsi 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-
géin 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. Asin 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 ¢ 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. € > 0.79 and € > 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 ACDM model. We find that benchmark values
of € = 0.2, 0.15, and 0.1 are all disfavored by the data at a statistical
significance of > 5.0c.

For what concerns the cosmological parameters, we find that Q,, and
og 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
e and og. 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 ¢ in the FRESCO case, as doing so would require implausibly
high values of og.

4.2. Flat wCDM model

We move on to the flat wwCDM model, where the parameters being
varied are Q,,, og, €, 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 e > 0.39 and e > 0.07 at 68% and 95% C.L. respectively. Both
figures are in very good agreement with their flat ACDM counterparts.
Similarly, we find that the data is consistent with benchmark values
€y =0.2,0.15, and 0.1 at the 0.9¢, 1.1, and 1.3¢ levels respectively. This
confirms that the constraints on ¢ 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-
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Fig. 4. As in Fig. 2, but for the non-flat ACDM model, therefore including the
spatial curvature parameter Q; 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 ACDM model is fully confirmed. We find significantly
stronger constraints of ¢ > 0.67 and ¢ > 0.38 at 68% and 95% C.L. respec-
tively, whereas values of ¢, = 0.2, 0.15, and 0.1 are disfavored at the 3.2¢,
4.00, and > 5.00 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 ACDM, but is unable to eliminate
the need for high efficiencies. Finally, for the DE EoS we infer w 2 —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 ¢, 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 ¢, with
the converse being true for phantom values of w < —1. Similar consider-
ations hold for the degeneracy between w and oy, 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 ¢ and o3 observed in flat ACDM or, more
precisely, redistributes the earlier ¢ — o3 degeneracy among ¢, w, and
og. Nevertheless, FRESCO data still require relatively high values of ¢,
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 ACDM limit w = —1.

4.3. Non-flat ACDM model

We now study the non-flat ACDM model, where the parameters being
varied are Q,, o3, €, and Qg. The corresponding posterior distributions
are shown in Fig. 4.

For the CEERS dataset, we find one-sided lower limits ¢ > 0.38 and
€ 2 0.07 at 68% and 95% C.L. respectively, in very good agreement with
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the earlier flat ACDM results. The data is consistent with our benchmark
values ¢, = 0.2, 0.15, and 0.1 at the 0.95, 1.10, and 1.3¢ levels respec-
tively. This again confirms that constraints on ¢ 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 Q > 0.02 and Qy 2 —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(Qg > 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 ACDM 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 ¢ > 0.65 and ¢ > 0.38 at 68% and
95% C.L. respectively, whereas our benchmark values of ¢, = 0.2, 0.15,
and 0.1 are disfavored at the 4.0c, > 5.0c, and > 5.0c levels respectively.
This indicates that, while allowing for non-zero spatial curvature some-
what relaxes the constraints relative to flat ACDM, 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 Qg > 0.13
and Qg > —0.03 at 68% and 95% C.L. respectively, with a posterior prob-
ability for negative spatial curvature p(Qg > 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 Qy and e. This is re-
flected by a negative correlation between the two, since negative spatial
curvature (Qg > 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 Qg as a free parameter redistributes the earlier ¢ — oy
degeneracy among ¢, Q, and og. Nevertheless, even allowing for non-
zero spatial curvature, FRESCO data continue to require high values of
e, 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 Q,, oy, €, w, and Q. The corre-
sponding posterior distributions are shown in Fig. 5.

For the CEERS dataset, we find one-sided lower limits ¢ > 0.38 and
€2 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 ¢, = 0.2, 0.15, and 0.1 at
the 0.9, 1.16, and 1.3¢ levels respectively. This confirms once again
that the constraints on e are relatively weak, due to the large uncer-
tainties of the data. We also find that both non-ACDM cosmological
parameters are poorly constrained, with w > —1.39 [w > —1.89] and
Qg 20.02 [Qg 2 —0.17] at 68% C.L. [95% C.L.], and posterior proba-
bilities p(w > —1) = 0.44 and p(Qg > 0) = 0.70. All of these figures show
no indication for deviations from ACDM.

For the FRESCO dataset, we once again find much stronger
constraints on e, with € > 0.56 and e > 0.32 at 68% and 95% C.L.
respectively. Similarly, the data disagrees with our benchmark
values ¢, =02, 0.15, and 0.1 at the 280, 3.80, and > 5.0c
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-ACDM cosmological pa-
rameters remain rather weakly constrained, with w > —1.23 [w > —1.86]
and Qg > 0.12 [Qg > —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(Qg > 0) = 0.86, confirming all earlier results.
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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 Q; among the
parameters.

The degeneracies between ¢, w, and Qy 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 e is neg-
atively correlated with both w and Q. However, even when moving
away from the cosmological constant and allowing for non-zero spatial
curvature, FRESCO data continues to require high values of ¢, and show
no statistically significant indications for departures from the ACDM
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 ¢ < 0.2 are excluded
(left), and 95% one-sided lower limits on ¢, 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 ¢ > 0.3 — 0.5
across all cosmological models, with the benchmark ¢, = 0.1 value al-
ways excluded at > 5.0¢ significance within all four cosmological mod-
els. All the extensions to ACDM 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 ¢, and show no indication for departures from
the flat ACDM 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 ACDM.

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 e < 0.2 are excluded in light of the photometric CEERS (red)
and spectroscopic FRESCO (blue) samples. For visualization purposes, the significance is capped at 5.0c. Right panel: radar plot showing the 95% one-sided lower
limits on ¢ for the same samples. For visualization purposes, the values are capped at 0.5.

a breakdown of ACDM 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 ACDM, 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 og.
However, as is clear from Fig. 1, even allowing for very generous vari-
ations in w and Qg, 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 ¢ 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 ACDM, 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 ¢, 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 ¢ implied by our results. Nevertheless,

it is useful to briefly discuss possible effects going in the required direc-
tion. The values ¢ ~ 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 e. 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 ACDM, 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 e. 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 ACDM),
but also those within the spectroscopic FRESCO sample. Last but not
least, we go beyond the ACDM 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 € can be relaxed going beyond ACDM. 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 ACDM, 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 e: while there is a mild prefer-
ence for an enhanced formation efficiency of massive stars, lower val-
ues (e ~ 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 ACDM model. On the other hand, the constraints we derive
from FRESCO spectroscopic data are much tighter within all cosmologi-
cal models, indicating € > 0.3 — 0.5 at 95% C.L., with values ¢ < 0.2 ruled
out at no less than 2.0c, and values e < 0.1 always ruled out at more
than 5.0¢ within all cosmological models. We obtain especially tight
limits within ACDM, where we find ¢ > 0.63 at 95% C.L., whereas values
€ < 0.2 are ruled out at > 5.06. While moving beyond ACDM somewhat
relaxes these figures, the need for large values of ¢ 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 Qg 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 € 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
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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 e(Mj, 0 2),
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 Colgain et al., 2026; Carloni et al.,
2025; Giare et al., 2024b; Wang and Piao, 2026; Yang et al., 2024; Li
et al., 2024; Giare et al., 2024a; Jiang et al., 2024; Giare, 2025; Giare
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-RO (Rodighiero et al., 2026), although a preliminary assessment
shows that its properties are not sufficiently extreme to be in tension
with ACDM. We leave a full study of these points, and those mentioned
earlier, to future work.

CRediT authorship contribution statement

Leonardo Comini: Formal analysis, Investigation, Methodology,
Software, Writing — original draft, Writing — review & editing; Sunny
Vagnozzi: Conceptualization, Formal analysis, Funding acquisition, In-
vestigation, Methodology, Project administration, Resources, Software,
Supervision, Writing — original draft, Writing — review & editing; Abra-
ham Loeb: Conceptualization, Funding acquisition, Project administra-
tion, Writing — review & editing.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:

Sunny Vagnozzi reports financial support was provided by Au-
tonomous Province of Trento. Abraham Loeb reports financial support
was provided by John Templeton Foundation. Abraham Loeb reports
financial support was provided by Gordon and Betty Moore Founda-
tion. If there are other authors, they declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

We thank Mike Boylan-Kolchin, Ivo Labbé, and Nicola Menci for var-
ious very useful discussions, and Steve Murray for promptly fixing an im-
portant bug in hmf which we identified while this work was being com-
pleted. S.V. acknowledges support from the University of Trento and the



L. Comini, S. Vagnozzi and A. Loeb

Provincia Autonoma di Trento (PAT, Autonomous Province of Trento)
through the UniTrento Internal Call for Research 2023 grant “Searching
for Dark Energy off the beaten track” (DARKTRACK, grant agreement
no. E63C22000500003), and from the Istituto Nazionale di Fisica Nu-
cleare (INFN) through the Commissione Scientifica Nazionale 4 (CSN4)
Iniziativa Specifica “Quantum Fields in Gravity, Cosmology and Black
Holes” (FLAG). A.L. is partially supported by the Black Hole Initiative at
Harvard University, which is funded by grants from the John Templeton
Foundation and the Gordon and Betty Moore Foundation. This publica-
tion is based upon work from the COST Action CA21136 “Addressing
observational tensions in cosmology with systematics and fundamental
physics” (CosmoVerse), supported by COST (European Cooperation in
Science and Technology).

References

Abbott, T.M.C.,, et al. DES, 2024. The dark energy survey: cosmology results with ~1500
new high-redshift type ia supernovae using the full 5 yr data set. Astrophys. J. Lett.
973 (1), L14. arXiv:2401.02929. https://doi.org/10.3847/2041-8213/ad6fof

Abdul Karim, M., et al. DESI, 2025. DESI DR2 results. II. Measurements of baryon
acoustic oscillations and cosmological constraints. Phys. Rev. D 112 (8), 83515.
arXiv:2503.14738. https://doi.org/10.1103/tr6y-kpc6

Adame, A.G., et al. DESI, 2025. DESI 2024 VI: cosmological constraints from the mea-
surements of baryon acoustic oscillations. JCAP 02, 021. arXiv:2404.03002. https:
//doi.org/10.1088/1475-7516,/2025/02/021

Adil, S.A., Mukhopadhyay, U., Sen Anjan, A., Vagnozzi, S., 2023. Dark energy in light of
the early JWST observations: case for a negative cosmological constant? JCAP 10, 72.
arXiv:2307.12763. https://doi.org/10.1088,/1475-7516/2023/10/072

Aghanim, N., et al. Planck, 2020. Planck 2018 results. VI. Cosmological parame-
ters. Astron. Astrophys. 641, A6. [Erratum: Astron. Astrophys. 652, C4 (2021)].
arXiv:1807.06209. https://doi.org/10.1051/0004-6361,/201833910

Akarsu, O., Colgain, E.O., Sen Anjan, A., Sheikh-Jabbari, M.M., 2024. ACDM ten-
sions: localising missing physics through consistency checks. Universe 10 (8), 305.
arXiv:2402.04767. https://doi.org/10.3390/universe10080305

Akarsu, O., Di Valentino, E., Kumar, S., Ozyigit, M., Sharma, S., 2023. Testing spatial
curvature and anisotropic expansion on top of the ACDM model. Phys. Dark Univ. 39,
101162. arXiv:2112.07807. https://doi.org/10.1016/j.dark.2022.101162

Bargiacchi, G., Benetti, M., Capozziello, S., Lusso, E., Risaliti, G., Signorini, M., 2022.
Quasar cosmology: dark energy evolution and spatial curvature. Mon. Not. R. As-
tron. Soc. 515 (2), 1795-1806. arXiv:2111.02420. https://doi.org/10.1093/mnras/
stac1941

Baryakhtar, M., Simon, O., Weiner, Z.J., 2024. Cosmology with varying fundamen-
tal constants from hyperlight, coupled scalars. Phys. Rev. D 110 (8), 83505.
arXiv:2405.10358. https://doi.org/10.1103/PhysRevD.110.083505

Behroozi, P.S., Wechsler, R.H., Conroy, C., 2013a. On the lack of evolution in galaxy star
formation efficiency. Astrophys. J. Lett. 762, L31. arXiv:1209.3013. https://doi.org/
10.1088/2041-8205/762/2/L31

Behroozi, P.S., Wechsler, R.H., Conroy, C., 2013b. The average star formation histories
of galaxies in dark matter halos from z =0-8. Astrophys. J. 770, 57. arXiv:1207.6105.
https://doi.org/10.1088/0004-637X/770/1/57

Bel, J., Larena, J., Maartens, R., Marinoni, C., Perenon, L., 2022. Constraining spatial
curvature with large-scale structure. JCAP 09, 76. arXiv:2206.03059. https://doi.org/
10.1088/1475-7516/2022/09/076

Benisty, D., Staicova, D., 2021. Testing late-time cosmic acceleration with uncorrelated
baryon acoustic oscillation dataset. Astron. Astrophys. 647, A38. arXiv:2009.10701.
https://doi.org/10.1051,/0004-6361,/202039502

Biagetti, M., Franciolini, G., Riotto, A., 2023. High-redshift JWST observations and pri-
mordial non-gaussianity. Astrophys. J. 944 (2), 113. arXiv:2210.04812. https://doi.
org/10.3847/1538-4357 /acbSea

Bigiel, F., Leroy, A., Walter, F., Brinks, E., de Blok, W. J.G., Madore, B., Thornley, M.D.,
2008. The star formation law in nearby galaxies on sub-Kpc scales. Astron. J. 136,
2846-2871. arXiv:0810.2541. https://doi.org/10.1088/0004-6256,/136/6/2846

Binici, S.S., Deliduman, C., Dilsiz, F.S., 2024. The ages of the oldest astrophysical objects
in an ellipsoidal universe. Phys. Dark Univ. 46, 101600. arXiv:2402.16646. https://
doi.org/10.1016/j.dark.2024.101600

Bird, S., Chang, C.-F., Cui, Y., Yang, D., 2024. Enhanced early galaxy formation in JWST
from axion dark matter? Phys. Lett. B 858, 139062. arXiv:2307.10302. https://doi.
org/10.1016/j.physletb.2024.139062

Bocquet, S., Saro, A., Dolag, K., Mohr, J.J., 2016. Halo mass function: baryon impact,
fitting formulae and implications for cluster cosmology. Mon. Not. R. Astron. Soc. 456
(3), 2361-2373. arXiv:1502.07357. https://doi.org/10.1093/mnras/stv2657

Boylan-Kolchin, M., 2023. Stress testing ACDM with high-redshift galaxy candi-
dates. Nat. Astron. 7 (6), 731-735. arXiv:2208.01611. https://doi.org/10.1038/
s41550-023-01937-7

Boylan-Kolchin, M., 2025. Accelerated by dark matter: a high-redshift pathway to ef-
ficient galaxy-scale star formation. Mon. Not. R. Astron. Soc. 538 (4), 3210-3218.
arXiv:2407.10900. https://doi.org/10.1093/mnras/staf471

Cao, S., Ryan, J., Ratra, B., 2021. Using pantheon and DES supernova, baryon acoustic
oscillation, and Hubble parameter data to constrain the Hubble constant, dark en-
ergy dynamics, and spatial curvature. Mon. Not. R. Astron. Soc. 504 (1), 300-310.
arXiv:2101.08817. https://doi.org/10.1093/mnras/stab942

11

Journal of High Energy Astrophysics 53 (2026) 100626

Capozziello, S., Chaudhary, H., Harko, T., Mustafa, G., 2026. Is dark energy dynamical
in the DESI era? A critical review. Phys. Dark Univ. 51, 102196. arXiv:2512.10585.
https://doi.org/10.1016/j.dark.2025.102196

Carloni, Y., Luongo, O., Muccino, M., 2025. Does dark energy really revive using DESI
2024 data? Phys. Rev. D 111 (2), 23512. arXiv:2404.12068. https://doi.org/10.1103/
PhysRevD.111.023512

Casey, C.M., et al., 2024. COSMOS-Web: intrinsically luminous z > 10 galaxy candidates
test early stellar mass assembly. Astrophys. J. 965 (1), 98. arXiv:2308.10932. https:
//doi.org/10.3847/1538-4357/ad2075

Chakraborty, A., Choudhury, T.R., Sen, A.A., Mukherjee, P., 2025. Can an anti-de sitter
vacuum in the dark energy sector explain JWST high-redshift galaxy and reionization
observations? arXiv:2509.02431. https://doi.org/10.1093/mnras/stag269

Chaudhary, H., Capozziello, S., Sharma, V.K., Mustafa, G., 2025. Does DESI DR2 challenge
ACDM paradigm? Astrophys. J. 992 (2), 194. arXiv:2507.21607. https://doi.org/10.
3847/1538-4357/ae0458

Chudaykin, A., Dolgikh, K., Ivanov, M.M., 2021. Constraints on the curvature of the uni-
verse and dynamical dark energy from the full-shape and BAO data. Phys. Rev. D 103
(2), 23507. arXiv:2009.10106. https://doi.org/10.1103/PhysRevD.103.023507

Chudaykin, A., Ivanov, M.M., Philcox, O. H.E., 2026. Reanalyzing DESI DR1. I. ACDM
constraints from the power spectrum and bispectrum. Phys. Rev. D 113 (6), 63502.
arXiv:2507.13433. https://doi.org/10.1103/qsnt-dppc

Colgain, E.O., Dainotti, M.G., Capozziello, S., Pourojaghi, S., Sheikh-Jabbari, M.M.,
Stojkovic, D., 2026. Does DESI 2024 confirm ACDM? JHEA 49, 100428.
arXiv:2404.08633. https://doi.org/10.1016/j.jheap.2025.100428

Colgéin, E.O., Pourojaghi, S., Sheikh-Jabbari, M.M., 2025a. Implications of DES 5YR SNe
dataset for ACDM. Eur. Phys. J. C 85 (3), 286. arXiv:2406.06389. https://doi.org/10.
1140/epjc/s10052-025-13995-4

Colgain, E.O., Sheikh-Jabbari, M.M., 2025. DESI and SNe: dynamical dark energy, Q,
tension or systematics? Mon. Not. R. Astron. Soc. 542 (1), L24-L30. arXiv:2412.12905.
https://doi.org/10.1093/mnrasl/slaf042

Colgain, E.O., Sheikh-Jabbari, M.M., Yin, L., 2025b. Do high redshift QSOs and GRBs
corroborate JWST? Phys. Dark Univ. 49, 101975. arXiv:2405.19953. https://doi.org/
10.1016/j.dark.2025.101975

Conroy, C., Wechsler, R.H., 2009. Connecting galaxies, halos, and star formation rates
across cosmic time. Astrophys. J. 696, 620—-635. arXiv:0805.3346. https://doi.org/10.
1088/0004-637X/696/1/620

Costa, A.A., Ren, Z., Yin, Z., 2023. A bias using the ages of the oldest astrophysical objects
to address the Hubble tension. Eur. Phys. J. C 83 (9), 875. arXiv:2306.01234. https:
//doi.org/10.1140/epjc/s10052-023-12038-0

Cui, W., Borgani, S., Dolag, K., Murante, G., Tornatore, L., 2012. The effects of baryons
on the halo mass function. Mon. Not. R. Astron. Soc. 423, 2279. arXiv:1111.3066.
https://doi.org/10.1111/j.1365-2966.2012.21037.x

Das, S., Mondol, R., Singh, A., Laha, R., 2025. Dark secrets of baryons: illuminating dark
matter-baryon interactions with JWST arXiv:2511.02906.

Dayal, P., Giri, S.K., 2024. Warm dark matter constraints from the JWST. Mon. Not. R.
Astron. Soc. 528 (2), 2784-2789. arXiv:2303.14239. https://doi.org/10.1093/mnras/
stael76

Dekel, A., Sarkar, K.C., Birnboim, Y., Mandelker, N., Li, Z., 2023. Efficient formation
of massive galaxies at cosmic dawn by feedback-free starbursts. Mon. Not. R. As-
tron. Soc. 523 (3), 3201-3218. arXiv:2303.04827. https://doi.org/10.1093/mnras/
stad1557

Dhawan, S., Alsing, J., Vagnozzi, S., 2021. Non-parametric spatial curvature inference
using late-Universe cosmological probes. Mon. Not. R. Astron. Soc. 506 (1), L1-L5.
arXiv:2104.02485. https://doi.org/10.1093/mnrasl/slab058

Di Valentino, E., Melchiorri, A., Mena, O., Pan, S., Yang, W., 202la. Interacting
dark energy in a closed universe. Mon. Not. R. Astron. Soc. 502 (1), L23-L28.
arXiv:2011.00283. https://doi.org/10.1093/mnrasl/slaa207

Di Valentino, E., Melchiorri, A., Silk, J., 2019. Planck evidence for a closed universe and
a possible crisis for cosmology. Nat. Astron. 4 (2), 196-203. arXiv:1911.02087. https:
//doi.org/10.1038/541550-019-0906-9

Di Valentino, E., Melchiorri, A., Silk, J., 2021b. Investigating cosmic discordance. As-
trophys. J. Lett. 908 (1), L9. arXiv:2003.04935. https://doi.org/10.3847/2041-8213/
abelc4

Di Valentino, E., et al. CosmoVerse Network, 2025. The CosmoVerse white paper: address-
ing observational tensions in cosmology with systematics and fundamental physics.
Phys. Dark Univ. 49, 101965. arXiv:2504.01669. https://doi.org/10.1016/j.dark.
2025.101965

Dinda, B.R., 2022. Cosmic expansion parametrization: implication for curvature and HO
tension. Phys. Rev. D 105 (6), 63524. arXiv:2106.02963. https://doi.org/10.1103/
PhysRevD.105.063524

Du, G.-H., Wu, P.-J., Li, T.-N., Zhang, X., 2025. Impacts of dark energy on weighing
neutrinos after DESI BAO. Eur. Phys. J. C 85 (4), 392. arXiv:2407.15640. https:
//doi.org/10.1140/epjc/s10052-025-14094-0

Efstathiou, G., Gratton, S., 2020. The evidence for a spatially flat universe. Mon. Not. R.
Astron. Soc. 496 (1), L91-L95. arXiv:2002.06892. https://doi.org/10.1093/mnrasl/
slaa093

Ellis, J., Fairbairn, M., Hiitsi, G., Urrutia, J., Vaskonen, V., Veermée, H., 2024. Consis-
tency of JWST black hole observations with NANOGrav gravitational wave measure-
ments. Astron. Astrophys. 691, A270. arXiv:2403.19650. https://doi.org/10.1051/
0004-6361,/202450846

Escamilla, L.A., Giare, W., Di Valentino, E., Nunes, R.C., Vagnozzi, S., 2024. The state
of the dark energy equation of state circa 2023. JCAP 05, 091. arXiv:2307.14802.
https://doi.org/10.1088/1475-7516/2024/05/091

Fakhry, S., Salmani, R.V., Firouzjaee, J.T., 2025. High-redshift galaxies from JWST ob-
servations in more realistic dark matter halo models. Phys. Rev. D 112 (12), 123503.
arXiv:2507.23742. https://doi.org/10.1103/9cmb-kf3x


https://doi.org/10.13039/100000925
https://doi.org/10.13039/100000925
https://doi.org/10.13039/100000936
https://doi.org/10.13039/501100000921
https://doi.org/10.13039/501100000921
http://arxiv.org/abs/2401.02929
https://doi.org/10.3847/2041-8213/ad6f9f
https://doi.org/10.3847/2041-8213/ad6f9f
http://arxiv.org/abs/2503.14738
https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.1103/tr6y-kpc6
http://arxiv.org/abs/2404.03002
https://doi.org/10.1088/1475-7516/2025/02/021
https://doi.org/10.1088/1475-7516/2025/02/021
https://doi.org/10.1088/1475-7516/2025/02/021
https://doi.org/10.1088/1475-7516/2025/02/021
http://arxiv.org/abs/2307.12763
https://doi.org/10.1088/1475-7516/2023/10/072
https://doi.org/10.1088/1475-7516/2023/10/072
http://arxiv.org/abs/1807.06209
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/2402.04767
https://doi.org/10.3390/universe10080305
https://doi.org/10.3390/universe10080305
http://arxiv.org/abs/2112.07807
https://doi.org/10.1016/j.dark.2022.101162
https://doi.org/10.1016/j.dark.2022.101162
http://arxiv.org/abs/2111.02420
https://doi.org/10.1093/mnras/stac1941
https://doi.org/10.1093/mnras/stac1941
https://doi.org/10.1093/mnras/stac1941
https://doi.org/10.1093/mnras/stac1941
http://arxiv.org/abs/2405.10358
https://doi.org/10.1103/PhysRevD.110.083505
https://doi.org/10.1103/PhysRevD.110.083505
http://arxiv.org/abs/1209.3013
https://doi.org/10.1088/2041-8205/762/2/L31
https://doi.org/10.1088/2041-8205/762/2/L31
https://doi.org/10.1088/2041-8205/762/2/L31
https://doi.org/10.1088/2041-8205/762/2/L31
http://arxiv.org/abs/1207.6105
https://doi.org/10.1088/0004-637X/770/1/57
https://doi.org/10.1088/0004-637X/770/1/57
http://arxiv.org/abs/2206.03059
https://doi.org/10.1088/1475-7516/2022/09/076
https://doi.org/10.1088/1475-7516/2022/09/076
https://doi.org/10.1088/1475-7516/2022/09/076
https://doi.org/10.1088/1475-7516/2022/09/076
http://arxiv.org/abs/2009.10701
https://doi.org/10.1051/0004-6361/202039502
https://doi.org/10.1051/0004-6361/202039502
http://arxiv.org/abs/2210.04812
https://doi.org/10.3847/1538-4357/acb5ea
https://doi.org/10.3847/1538-4357/acb5ea
https://doi.org/10.3847/1538-4357/acb5ea
https://doi.org/10.3847/1538-4357/acb5ea
http://arxiv.org/abs/0810.2541
https://doi.org/10.1088/0004-6256/136/6/2846
https://doi.org/10.1088/0004-6256/136/6/2846
http://arxiv.org/abs/2402.16646
https://doi.org/10.1016/j.dark.2024.101600
https://doi.org/10.1016/j.dark.2024.101600
https://doi.org/10.1016/j.dark.2024.101600
https://doi.org/10.1016/j.dark.2024.101600
http://arxiv.org/abs/2307.10302
https://doi.org/10.1016/j.physletb.2024.139062
https://doi.org/10.1016/j.physletb.2024.139062
https://doi.org/10.1016/j.physletb.2024.139062
https://doi.org/10.1016/j.physletb.2024.139062
http://arxiv.org/abs/1502.07357
https://doi.org/10.1093/mnras/stv2657
https://doi.org/10.1093/mnras/stv2657
http://arxiv.org/abs/2208.01611
https://doi.org/10.1038/s41550-023-01937-7
https://doi.org/10.1038/s41550-023-01937-7
https://doi.org/10.1038/s41550-023-01937-7
https://doi.org/10.1038/s41550-023-01937-7
http://arxiv.org/abs/2407.10900
https://doi.org/10.1093/mnras/staf471
https://doi.org/10.1093/mnras/staf471
http://arxiv.org/abs/2101.08817
https://doi.org/10.1093/mnras/stab942
https://doi.org/10.1093/mnras/stab942
http://arxiv.org/abs/2512.10585
https://doi.org/10.1016/j.dark.2025.102196
https://doi.org/10.1016/j.dark.2025.102196
http://arxiv.org/abs/2404.12068
https://doi.org/10.1103/PhysRevD.111.023512
https://doi.org/10.1103/PhysRevD.111.023512
https://doi.org/10.1103/PhysRevD.111.023512
https://doi.org/10.1103/PhysRevD.111.023512
http://arxiv.org/abs/2308.10932
https://doi.org/10.3847/1538-4357/ad2075
https://doi.org/10.3847/1538-4357/ad2075
https://doi.org/10.3847/1538-4357/ad2075
https://doi.org/10.3847/1538-4357/ad2075
http://arxiv.org/abs/2509.02431
https://doi.org/10.1093/mnras/stag269
https://doi.org/10.1093/mnras/stag269
http://arxiv.org/abs/2507.21607
https://doi.org/10.3847/1538-4357/ae0458
https://doi.org/10.3847/1538-4357/ae0458
https://doi.org/10.3847/1538-4357/ae0458
https://doi.org/10.3847/1538-4357/ae0458
http://arxiv.org/abs/2009.10106
https://doi.org/10.1103/PhysRevD.103.023507
https://doi.org/10.1103/PhysRevD.103.023507
http://arxiv.org/abs/2507.13433
https://doi.org/10.1103/qsnt-dppc
https://doi.org/10.1103/qsnt-dppc
http://arxiv.org/abs/2404.08633
https://doi.org/10.1016/j.jheap.2025.100428
https://doi.org/10.1016/j.jheap.2025.100428
http://arxiv.org/abs/2406.06389
https://doi.org/10.1140/epjc/s10052-025-13995-4
https://doi.org/10.1140/epjc/s10052-025-13995-4
https://doi.org/10.1140/epjc/s10052-025-13995-4
https://doi.org/10.1140/epjc/s10052-025-13995-4
http://arxiv.org/abs/2412.12905
https://doi.org/10.1093/mnrasl/slaf042
https://doi.org/10.1093/mnrasl/slaf042
http://arxiv.org/abs/2405.19953
https://doi.org/10.1016/j.dark.2025.101975
https://doi.org/10.1016/j.dark.2025.101975
https://doi.org/10.1016/j.dark.2025.101975
https://doi.org/10.1016/j.dark.2025.101975
http://arxiv.org/abs/0805.3346
https://doi.org/10.1088/0004-637X/696/1/620
https://doi.org/10.1088/0004-637X/696/1/620
https://doi.org/10.1088/0004-637X/696/1/620
https://doi.org/10.1088/0004-637X/696/1/620
http://arxiv.org/abs/2306.01234
https://doi.org/10.1140/epjc/s10052-023-12038-0
https://doi.org/10.1140/epjc/s10052-023-12038-0
https://doi.org/10.1140/epjc/s10052-023-12038-0
https://doi.org/10.1140/epjc/s10052-023-12038-0
http://arxiv.org/abs/1111.3066
https://doi.org/10.1111/j.1365-2966.2012.21037.x
https://doi.org/10.1111/j.1365-2966.2012.21037.x
http://arxiv.org/abs/2511.02906
http://arxiv.org/abs/2303.14239
https://doi.org/10.1093/mnras/stae176
https://doi.org/10.1093/mnras/stae176
https://doi.org/10.1093/mnras/stae176
https://doi.org/10.1093/mnras/stae176
http://arxiv.org/abs/2303.04827
https://doi.org/10.1093/mnras/stad1557
https://doi.org/10.1093/mnras/stad1557
http://arxiv.org/abs/2104.02485
https://doi.org/10.1093/mnrasl/slab058
https://doi.org/10.1093/mnrasl/slab058
http://arxiv.org/abs/2011.00283
https://doi.org/10.1093/mnrasl/slaa207
https://doi.org/10.1093/mnrasl/slaa207
http://arxiv.org/abs/1911.02087
https://doi.org/10.1038/s41550-019-0906-9
https://doi.org/10.1038/s41550-019-0906-9
https://doi.org/10.1038/s41550-019-0906-9
https://doi.org/10.1038/s41550-019-0906-9
http://arxiv.org/abs/2003.04935
https://doi.org/10.3847/2041-8213/abe1c4
https://doi.org/10.3847/2041-8213/abe1c4
https://doi.org/10.3847/2041-8213/abe1c4
https://doi.org/10.3847/2041-8213/abe1c4
http://arxiv.org/abs/2504.01669
https://doi.org/10.1016/j.dark.2025.101965
https://doi.org/10.1016/j.dark.2025.101965
https://doi.org/10.1016/j.dark.2025.101965
https://doi.org/10.1016/j.dark.2025.101965
http://arxiv.org/abs/2106.02963
https://doi.org/10.1103/PhysRevD.105.063524
https://doi.org/10.1103/PhysRevD.105.063524
https://doi.org/10.1103/PhysRevD.105.063524
https://doi.org/10.1103/PhysRevD.105.063524
http://arxiv.org/abs/2407.15640
https://doi.org/10.1140/epjc/s10052-025-14094-0
https://doi.org/10.1140/epjc/s10052-025-14094-0
https://doi.org/10.1140/epjc/s10052-025-14094-0
https://doi.org/10.1140/epjc/s10052-025-14094-0
http://arxiv.org/abs/2002.06892
https://doi.org/10.1093/mnrasl/slaa093
https://doi.org/10.1093/mnrasl/slaa093
https://doi.org/10.1093/mnrasl/slaa093
https://doi.org/10.1093/mnrasl/slaa093
http://arxiv.org/abs/2403.19650
https://doi.org/10.1051/0004-6361/202450846
https://doi.org/10.1051/0004-6361/202450846
https://doi.org/10.1051/0004-6361/202450846
https://doi.org/10.1051/0004-6361/202450846
http://arxiv.org/abs/2307.14802
https://doi.org/10.1088/1475-7516/2024/05/091
https://doi.org/10.1088/1475-7516/2024/05/091
http://arxiv.org/abs/2507.23742
https://doi.org/10.1103/9cmb-kf3x
https://doi.org/10.1103/9cmb-kf3x

L. Comini, S. Vagnozzi and A. Loeb

Fakhry, S., Shiravand, M., Del Popolo, A., 2026. Matching JWST ultraviolet lumi-
nosity functions with refined ACDM halo models. Astrophys. J. 998 (1), 178.
arXiv:2510.04709. https://doi.org/10.3847/1538-4357 /ae371b

Favale, A., Gémez-Valent, A., Migliaccio, M., 2023. Cosmic chronometers to calibrate the
ladders and measure the curvature of the universe. a model-independent study. Mon.
Not. R. Astron. Soc. 523 (3), 3406-3422. arXiv:2301.09591. https://doi.org/10.1093/
mnras/stad1621

Feng, L., Li, T.-N., Du, G.-H., Zhang, J.-F., Zhang, X., 2026. Measuring neutrino mass in
light of ACT DR6 and DESI DR2. Phys. Dark Univ. 52, 102296. arXiv:2603.10787.
https://doi.org/10.1016/j.dark.2026.102296

Ferrara, A., Pallottini, A., Dayal, P., 2023. On the stunning abundance of super-early,
luminous galaxies revealed by JWST. Mon. Not. R. Astron. Soc. 522 (3), 3986-3991.
arXiv:2208.00720. https://doi.org/10.1093/mnras/stad1095

Forconi, M., DI Valentino, E., 2025. One extension to explain them all, one scale-invariant
spectrum to test them all, and in one model bind them. Phys. Dark Univ. 48, 101904.
arXiv:2503.04705. https://doi.org/10.1016/j.dark.2025.101904

Forconi, M., Giaré, W., Mena, O., Ruchika, Di Valentino, E., Melchiorri, A., Nunes, R.C.,
2024. A double take on early and interacting dark energy from JWST. JCAP 05, 97.
arXiv:2312.11074. https://doi.org/10.1088/1475-7516/2024/05/097

Forconi, M., Ruchika, Melchiorri, A., Mena, O., Menci, N., 2023. Do the early galaxies
observed by JWST disagree with Planck’s CMB polarization measurements? JCAP 10,
12. arXiv:2306.07781. https://doi.org/10.1088/1475-7516,/2023/10/012

Foreman-Mackey, D., Hogg, D.W., Lang, D., Goodman, J., 2013. Emcee: the MCMC ham-
mer. Publ. Astron. Soc. Pac. 125, 306-312. arXiv:1202.3665. https://doi.org/10.1086/
670067

Gandolfi, G., Lapi, A., Ronconi, T., Danese, L., 2022. Astroparticle constraints from
the cosmic star formation rate density at high redshift: current status and fore-
casts for JWST. Universe 8 (11), 589. arXiv:2211.02840. https://doi.org/10.3390/
universe8110589

Gardner, J.P., et al., 2006. The james webb space telescope. Space Sci. Rev. 123, 485.
arXiv:astro-ph/0606175. https://doi.org/10.1007/s11214-006-8315-7

Giare, W., 2025. Dynamical dark energy beyond Planck? Constraints from multiple
CMB probes, DESI BAO, and type-la supernovae. Phys. Rev. D 112 (2), 23508.
arXiv:2409.17074. https://doi.org/10.1103/ss37-cxhn

Giaré, W., Di Valentino, E., Melchiorri, A., 2024. Measuring the reionization opti-
cal depth without large-scale CMB polarization. Phys. Rev. D 109 (10), 103519.
arXiv:2312.06482. https://doi.org/10.1103/PhysRevD.109.103519

Giare, W., Mahassen, T., Di Valentino, E., Pan, S., 2025. An overview of what current data
can (and cannot yet) say about evolving dark energy. Phys. Dark Univ. 48, 101906.
arXiv:2502.10264. https://doi.org/10.1016/j.dark.2025.101906

Giare, W., Najafi, M., Pan, S., Di Valentino, E., Firouzjaee, J.T., 2024a. Robust prefer-
ence for dynamical dark energy in DESI BAO and SN measurements. JCAP 10, 035.
arXiv:2407.16689. https://doi.org/10.1088/1475-7516/2024/10/035

Giare, W., Sabogal, M.A., Nunes, R.C., Di Valentino, E., 2024b. Interacting dark energy af-
ter DESI baryon acoustic oscillation measurements. Phys. Rev. Lett. 133 (25), 251003.
arXiv:2404.15232. https://doi.org/10.1103/PhysRevLett.133.251003

Glanville, A., Howlett, C., Davis, T.M., 2022. Full-shape galaxy power spectra and the
curvature tension. Mon. Not. R. Astron. Soc. 517 (2), 3087-3100. arXiv:2205.05892.
https://doi.org/10.1093/mnras/stac2891

Gonzalez, J.E., Benetti, M., von Marttens, R., Alcaniz, J., 2021. Testing the consistency
between cosmological data: the impact of spatial curvature and the dark energy EoS.
JCAP 11 (11), 060. arXiv:2104.13455. https://doi.org/10.1088/1475-7516/2021/
11/060

Green, D., Meyers, J., 2025. Cosmological preference for a negative neutrino mass. Phys.
Rev. D 111 (8), 83507. arXiv:2407.07878. https://doi.org/10.1103/PhysRevD.111.
083507

Guo, S.-Y., Khlopov, M., Liu, X., Wu, L., Wu, Y., Zhu, B., 2024. Footprints of axion-like
particle in pulsar timing array data and james webb space telescope observations. Sci.
China Phys. Mech. Astron. 67 (11), 111011. arXiv:2306.17022. https://doi.org/10.
1007/511433-024-2445-1

Gupta, R.P., 2023. JWST early universe observations and ACDM cosmology. Mon. Not. R.
Astron. Soc. 524 (3), 3385-3395. arXiv:2309.13100. https://doi.org/10.1093/mnras/
stad2032

Handley, W., 2021. Curvature tension: evidence for a closed universe. Phys. Rev. D 103
(4), L041301. arXiv:1908.09139. https://doi.org/10.1103/PhysRevD.103.1L041301

Haslbauer, M., Kroupa, P., Zonoozi, A.H., Haghi, H., 2022. Has JWST already fal-
sified dark-matter-driven galaxy formation? Astrophys. J. Lett. 939 (2), L31.
arXiv:2210.14915. https://doi.org/10.3847/2041-8213/ac9a50

Hegde, S., Wyatt, M.M., Furlanetto, S.R., 2024. A hidden population of active galactic
nuclei can explain the overabundance of luminous z > 10 objects observed by JWST.
JCAP 08, 025. arXiv:2405.01629. https://doi.org/10.1088/1475-7516,/2024/08/025

Huang, H.-L., Cai, Y., Jiang, J.-Q., Zhang, J., Piao, Y.-S., 2024a. Supermassive primor-
dial black holes for nano-hertz gravitational waves and high-redshift JWST galaxies.
Res. Astron. Astrophys. 24 (9), 91001. arXiv:2306.17577. https://doi.org/10.1088/
1674-4527/ad683d

Huang, H.-L., Jiang, J.-Q., Piao, Y.-S., 2024b. High-redshift JWST massive galaxies and
the initial clustering of supermassive primordial black holes. Phys. Rev. D 110 (10),
103540. arXiv:2407.15781. https://doi.org/10.1103/PhysRevD.110.103540

Hiitsi, G., Raidal, M., Urrutia, J., Vaskonen, V., Veermie, H., 2023. Did JWST observe
imprints of axion miniclusters or primordial black holes? Phys. Rev. D 107 (4), 43502.
arXiv:2211.02651. https://doi.org/10.1103/PhysRevD.107.043502

Hutter, A., Cueto, E.R., Dayal, P., Gottlober, S., Trebitsch, M., Yepes, G., 2025. ASTRAEUS
- X. Indications of a top-heavy initial mass function in highly star-forming galaxies
from JWST observations at z > 10. Astron. Astrophys. 694, A254. arXiv:2410.00730.
https://doi.org/10.1051/0004-6361,/202452460

12

Journal of High Energy Astrophysics 53 (2026) 100626

Ilie, C., Paulin, J., Freese, K., 2023. Supermassive dark star candidates seen
by JWST. Proc. Nat. Acad. Sci. 120 (30), €2305762120. arXiv:2304.01173.
https://doi.org/10.1073/pnas.2305762120

Tocco, F., Visinelli, L., 2024. Compatibility of JWST results with exotic halos. Phys. Dark
Univ. 44, 101496. arXiv:2403.13068. https://doi.org/10.1016/j.dark.2024.101496

Jiang, J.-Q., Giare, W., Gariazzo, S., Dainotti, M.G., Di Valentino, E., Mena, O., Pedrotti, D.,
da Costa, S.S., Vagnozzi, S., 2025a. Neutrino cosmology after DESI: tightest mass upper
limits, preference for the normal ordering, and tension with terrestrial observations.
JCAP 01, 153. arXiv:2407.18047. https://doi.org/10.1088/1475-7516,/2025/01/153

Jiang, J.-Q., Liu, W., Zhan, H., Hu, B., 2025b. Explanation of high redshift luminous
galaxies from JWST by an early dark energy model. Phys. Rev. D 111 (2), 23519.
arXiv:2409.19941. https://doi.org/10.1103/PhysRevD.111.023519

Jiang, J.-Q., Pedrotti, D., da Costa, S.S., Vagnozzi, S., 2024. Nonparametric late-time
expansion history reconstruction and implications for the Hubble tension in light
of recent DESI and type Ia supernovae data. Phys. Rev. D 110 (12), 123519.
arXiv:2408.02365. https://doi.org/10.1103/PhysRevD.110.123519

Jiao, H., Brandenberger, R., Refregier, A., 2023. Early structure formation from cos-
mic string loops in light of early JWST observations. Phys. Rev. D 108 (4), 43510.
arXiv:2304.06429. https://doi.org/10.1103/PhysRevD.108.043510

Kennicutt, , R.C. Jr., Evans, , N.J. II, 2012. Star formation in the milky way and nearby
galaxies. Ann. Rev. Astron. Astrophys. 50, 531-608. arXiv:1204.3552. https://doi.org/
10.1146/annurev-astro-081811-125610

Labbé, L., et al., 2023. A population of red candidate massive galaxies ~600 Myr after the
big bang. Nature 616 (7956), 266-269. arXiv:2207.12446. https://doi.org/10.1038/
$41586-023-05786-2

Lee, S., 2025. The impact of QmO prior bias on cosmological parameter estimation: rec-
onciling DESI DR2 BAO and Pantheon + SNe data. Mon. Not. R. Astron. Soc. 544 (4),
3388-3393. arXiv:2506.16022. https://doi.org/10.1093/mnras/staf1890

Lee, S., 2026. Probing time-varying dark energy with DESI: the crucial role of precision
matter density (Q,,) measurements. Eur. Phys. J. C 86 (3), 297. arXiv:2505.19052.
https://doi.org/10.1140/epjc/s10052-026-15541-2

Lei, L., Wang, Y.-Y., Yuan, G.-W., Wang, T.-L., Groenewegen, M. A.T., Fan, Y.-Z., 2025.
Can dark stars account for the star formation efficiency excess at very high redshifts?
Astrophys. J. 980 (2), 249. arXiv:2501.07119. https://doi.org/10.3847/1538-4357/
ada93b

Lei, L., Wang, Z.-F., Wang, T.-L., Wang, Y.-Y., Yuan, G.-W., Lin, W.-L., Fan, Y.-Z., 2026.
Stringent constraint on the CCC+ TL cosmology with H(z) measurements. Mon. Not.
R. Astron. Soc. 547, 1-7. arXiv:2508.04277. https://doi.org/10.1093/mnras/stag430

Lei, L., et al.,, 2024. Black holes as the source of dark energy: a stringent test
with high-redshift JWST AGNs. Sci. China Phys. Mech. Astron. 67 (2), 229811.
arXiv:2305.03408. https://doi.org/10.1007/s11433-023-2233-2

Leroy, A.K., Walter, F., Brinks, E., Bigiel, F., de Blok, W. J.G., Madore, B., Thornley,
M.D., 2008. The star formation efficiency in nearby galaxies: measuring where gas
forms stars effectively. Astron. J. 136, 2782-2845. arXiv:0810.2556. https://doi.org/
10.1088/0004-6256/136/6,/2782

Lewis, A., 2025. GetDist: a python package for analysing Monte Carlo samples. JCAP 08,
025. arXiv:1910.13970. https://doi.org/10.1088/1475-7516,/2025/08/025

Li, T.-N., Du, G.-H., Zhou, S.-H., Li, Y.-H., Zhang, J.-F., Zhang, X., 2026. Robust evi-
dence for dynamical dark energy in light of DESI DR2 and joint ACT, SPT, and Planck
data. Phys. Dark Univ. 52, 102254. arXiv:2511.22512. https://doi.org/10.1016/j.
dark.2026.102254

Li, T.-N., Wu, P.-J,, Du, G.-H., Jin, S.-J., Li, H.-L., Zhang, J.-F., Zhang, X., 2024. Con-
straints on interacting dark energy models from the DESI baryon acoustic oscilla-
tion and DES supernovae data. Astrophys. J. 976 (1), 1. arXiv:2407.14934. https:
//doi.org/10.3847/1538-4357/ad87f0

Lin, H., Gong, Y., Yue, B., Chen, X., 2024. Implications of the stellar mass density of high-
z massive galaxies from JWST on warm dark matter. Res. Astron. Astrophys. 24 (1),
015009. arXiv:2306.05648. https://doi.org/10.1088/1674-4527/ad0864

Lin, W., Chen, X., Mack, K.J., 2021. Early universe physics insensitive and uncalibrated
cosmic standards: constraints on Qm and implications for the hubble tension. Astro-
phys. J. 920 (2), 159. arXiv:2102.05701. https://doi.org/10.3847/1538-4357 /ac12cf

Liu, B., Bromm, V., 2022. Accelerating early massive galaxy formation with primordial
black holes. Astrophys. J. Lett. 937 (2), L30. arXiv:2208.13178. https://doi.org/10.
3847/2041-8213/ac927f

Liu, T., Wang, S., Wu, H., Cao, S., Wang, J., 2025. Newest measurements of cosmic curva-
ture with BOSS/eBOSS and DESI DR1 baryon acoustic oscillation observations. Astro-
phys. J. Lett. 981 (2), L24. arXiv:2411.14154. https://doi.org/10.3847,/2041-8213/
adb7de

Loverde, M., Weiner, Z.J., 2024. Massive neutrinos and cosmic composition. JCAP 12, 48.
arXiv:2410.00090. https://doi.org/10.1088/1475-7516,/2024/12/048

Ly, S., Frenk, C.S., Bose, S., Lacey, C.G., Cole, S., Baugh, C.M., Helly, J.C., 2024. A
comparison of pre-existing ACDM predictions with the abundance of JWST galaxies
at high redshift. Mon. Not. R. Astron. Soc. 536 (1), 1018-1034. arXiv:2406.02672.
https://doi.org/10.1093/mnras/stae2646

Luberto, J., Furlanetto, S., Mirocha, J., 2025. A physically-motivated template set for
high-z galaxy SED fitting. JCAP 10, 084. arXiv:2409.20519. https://doi.org/10.1088/
1475-7516/2025/10/084

Luongo, O., Muccino, M., 2024. Model-independent cosmographic constraints from
DESI 2024. Astron. Astrophys. 690, A40. arXiv:2404.07070. https://doi.org/10.1051/
0004-6361,/202450512

Lynch, G.P., Knox, L., 2025. What’s the matter with ¥mv? Phys. Rev. D 112 (8), 83543.
arXiv:2503.14470. https://doi.org/10.1103/613p-pph2

Maio, U., Viel, M., 2023. JWST high-redshift galaxy constraints on warm and cold dark
matter models. Astron. Astrophys. 672, A71. arXiv:2211.03620. https://doi.org/10.
1051/0004-6361/202345851


http://arxiv.org/abs/2510.04709
https://doi.org/10.3847/1538-4357/ae371b
https://doi.org/10.3847/1538-4357/ae371b
http://arxiv.org/abs/2301.09591
https://doi.org/10.1093/mnras/stad1621
https://doi.org/10.1093/mnras/stad1621
https://doi.org/10.1093/mnras/stad1621
https://doi.org/10.1093/mnras/stad1621
http://arxiv.org/abs/2603.10787
https://doi.org/10.1016/j.dark.2026.102296
https://doi.org/10.1016/j.dark.2026.102296
http://arxiv.org/abs/2208.00720
https://doi.org/10.1093/mnras/stad1095
https://doi.org/10.1093/mnras/stad1095
http://arxiv.org/abs/2503.04705
https://doi.org/10.1016/j.dark.2025.101904
https://doi.org/10.1016/j.dark.2025.101904
http://arxiv.org/abs/2312.11074
https://doi.org/10.1088/1475-7516/2024/05/097
https://doi.org/10.1088/1475-7516/2024/05/097
http://arxiv.org/abs/2306.07781
https://doi.org/10.1088/1475-7516/2023/10/012
https://doi.org/10.1088/1475-7516/2023/10/012
http://arxiv.org/abs/1202.3665
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
https://doi.org/10.1086/670067
http://arxiv.org/abs/2211.02840
https://doi.org/10.3390/universe8110589
https://doi.org/10.3390/universe8110589
http://arxiv.org/abs/astro-ph/0606175
https://doi.org/10.1007/s11214-006-8315-7
https://doi.org/10.1007/s11214-006-8315-7
http://arxiv.org/abs/2409.17074
https://doi.org/10.1103/ss37-cxhn
https://doi.org/10.1103/ss37-cxhn
http://arxiv.org/abs/2312.06482
https://doi.org/10.1103/PhysRevD.109.103519
https://doi.org/10.1103/PhysRevD.109.103519
http://arxiv.org/abs/2502.10264
https://doi.org/10.1016/j.dark.2025.101906
https://doi.org/10.1016/j.dark.2025.101906
http://arxiv.org/abs/2407.16689
https://doi.org/10.1088/1475-7516/2024/10/035
https://doi.org/10.1088/1475-7516/2024/10/035
http://arxiv.org/abs/2404.15232
https://doi.org/10.1103/PhysRevLett.133.251003
https://doi.org/10.1103/PhysRevLett.133.251003
http://arxiv.org/abs/2205.05892
https://doi.org/10.1093/mnras/stac2891
https://doi.org/10.1093/mnras/stac2891
http://arxiv.org/abs/2104.13455
https://doi.org/10.1088/1475-7516/2021/11/060
https://doi.org/10.1088/1475-7516/2021/11/060
https://doi.org/10.1088/1475-7516/2021/11/060
https://doi.org/10.1088/1475-7516/2021/11/060
http://arxiv.org/abs/2407.07878
https://doi.org/10.1103/PhysRevD.111.083507
https://doi.org/10.1103/PhysRevD.111.083507
https://doi.org/10.1103/PhysRevD.111.083507
https://doi.org/10.1103/PhysRevD.111.083507
http://arxiv.org/abs/2306.17022
https://doi.org/10.1007/s11433-024-2445-1
https://doi.org/10.1007/s11433-024-2445-1
https://doi.org/10.1007/s11433-024-2445-1
https://doi.org/10.1007/s11433-024-2445-1
http://arxiv.org/abs/2309.13100
https://doi.org/10.1093/mnras/stad2032
https://doi.org/10.1093/mnras/stad2032
https://doi.org/10.1093/mnras/stad2032
https://doi.org/10.1093/mnras/stad2032
http://arxiv.org/abs/1908.09139
https://doi.org/10.1103/PhysRevD.103.L041301
https://doi.org/10.1103/PhysRevD.103.L041301
http://arxiv.org/abs/2210.14915
https://doi.org/10.3847/2041-8213/ac9a50
https://doi.org/10.3847/2041-8213/ac9a50
http://arxiv.org/abs/2405.01629
https://doi.org/10.1088/1475-7516/2024/08/025
https://doi.org/10.1088/1475-7516/2024/08/025
http://arxiv.org/abs/2306.17577
https://doi.org/10.1088/1674-4527/ad683d
https://doi.org/10.1088/1674-4527/ad683d
https://doi.org/10.1088/1674-4527/ad683d
https://doi.org/10.1088/1674-4527/ad683d
http://arxiv.org/abs/2407.15781
https://doi.org/10.1103/PhysRevD.110.103540
https://doi.org/10.1103/PhysRevD.110.103540
http://arxiv.org/abs/2211.02651
https://doi.org/10.1103/PhysRevD.107.043502
https://doi.org/10.1103/PhysRevD.107.043502
http://arxiv.org/abs/2410.00730
https://doi.org/10.1051/0004-6361/202452460
https://doi.org/10.1051/0004-6361/202452460
http://arxiv.org/abs/2304.01173
https://doi.org/10.1073/pnas.2305762120
https://doi.org/10.1073/pnas.2305762120
http://arxiv.org/abs/2403.13068
https://doi.org/10.1016/j.dark.2024.101496
https://doi.org/10.1016/j.dark.2024.101496
http://arxiv.org/abs/2407.18047
https://doi.org/10.1088/1475-7516/2025/01/153
https://doi.org/10.1088/1475-7516/2025/01/153
http://arxiv.org/abs/2409.19941
https://doi.org/10.1103/PhysRevD.111.023519
https://doi.org/10.1103/PhysRevD.111.023519
http://arxiv.org/abs/2408.02365
https://doi.org/10.1103/PhysRevD.110.123519
https://doi.org/10.1103/PhysRevD.110.123519
http://arxiv.org/abs/2304.06429
https://doi.org/10.1103/PhysRevD.108.043510
https://doi.org/10.1103/PhysRevD.108.043510
http://arxiv.org/abs/1204.3552
https://doi.org/10.1146/annurev-astro-081811-125610
https://doi.org/10.1146/annurev-astro-081811-125610
https://doi.org/10.1146/annurev-astro-081811-125610
https://doi.org/10.1146/annurev-astro-081811-125610
http://arxiv.org/abs/2207.12446
https://doi.org/10.1038/s41586-023-05786-2
https://doi.org/10.1038/s41586-023-05786-2
https://doi.org/10.1038/s41586-023-05786-2
https://doi.org/10.1038/s41586-023-05786-2
http://arxiv.org/abs/2506.16022
https://doi.org/10.1093/mnras/staf1890
https://doi.org/10.1093/mnras/staf1890
http://arxiv.org/abs/2505.19052
https://doi.org/10.1140/epjc/s10052-026-15541-2
https://doi.org/10.1140/epjc/s10052-026-15541-2
http://arxiv.org/abs/2501.07119
https://doi.org/10.3847/1538-4357/ada93b
https://doi.org/10.3847/1538-4357/ada93b
https://doi.org/10.3847/1538-4357/ada93b
https://doi.org/10.3847/1538-4357/ada93b
http://arxiv.org/abs/2508.04277
https://doi.org/10.1093/mnras/stag430
https://doi.org/10.1093/mnras/stag430
http://arxiv.org/abs/2305.03408
https://doi.org/10.1007/s11433-023-2233-2
https://doi.org/10.1007/s11433-023-2233-2
http://arxiv.org/abs/0810.2556
https://doi.org/10.1088/0004-6256/136/6/2782
https://doi.org/10.1088/0004-6256/136/6/2782
https://doi.org/10.1088/0004-6256/136/6/2782
https://doi.org/10.1088/0004-6256/136/6/2782
http://arxiv.org/abs/1910.13970
https://doi.org/10.1088/1475-7516/2025/08/025
https://doi.org/10.1088/1475-7516/2025/08/025
http://arxiv.org/abs/2511.22512
https://doi.org/10.1016/j.dark.2026.102254
https://doi.org/10.1016/j.dark.2026.102254
https://doi.org/10.1016/j.dark.2026.102254
https://doi.org/10.1016/j.dark.2026.102254
http://arxiv.org/abs/2407.14934
https://doi.org/10.3847/1538-4357/ad87f0
https://doi.org/10.3847/1538-4357/ad87f0
https://doi.org/10.3847/1538-4357/ad87f0
https://doi.org/10.3847/1538-4357/ad87f0
http://arxiv.org/abs/2306.05648
https://doi.org/10.1088/1674-4527/ad0864
https://doi.org/10.1088/1674-4527/ad0864
http://arxiv.org/abs/2102.05701
https://doi.org/10.3847/1538-4357/ac12cf
https://doi.org/10.3847/1538-4357/ac12cf
http://arxiv.org/abs/2208.13178
https://doi.org/10.3847/2041-8213/ac927f
https://doi.org/10.3847/2041-8213/ac927f
https://doi.org/10.3847/2041-8213/ac927f
https://doi.org/10.3847/2041-8213/ac927f
http://arxiv.org/abs/2411.14154
https://doi.org/10.3847/2041-8213/adb7de
https://doi.org/10.3847/2041-8213/adb7de
https://doi.org/10.3847/2041-8213/adb7de
https://doi.org/10.3847/2041-8213/adb7de
http://arxiv.org/abs/2410.00090
https://doi.org/10.1088/1475-7516/2024/12/048
https://doi.org/10.1088/1475-7516/2024/12/048
http://arxiv.org/abs/2406.02672
https://doi.org/10.1093/mnras/stae2646
https://doi.org/10.1093/mnras/stae2646
http://arxiv.org/abs/2409.20519
https://doi.org/10.1088/1475-7516/2025/10/084
https://doi.org/10.1088/1475-7516/2025/10/084
https://doi.org/10.1088/1475-7516/2025/10/084
https://doi.org/10.1088/1475-7516/2025/10/084
http://arxiv.org/abs/2404.07070
https://doi.org/10.1051/0004-6361/202450512
https://doi.org/10.1051/0004-6361/202450512
https://doi.org/10.1051/0004-6361/202450512
https://doi.org/10.1051/0004-6361/202450512
http://arxiv.org/abs/2503.14470
https://doi.org/10.1103/613p-pph2
https://doi.org/10.1103/613p-pph2
http://arxiv.org/abs/2211.03620
https://doi.org/10.1051/0004-6361/202345851
https://doi.org/10.1051/0004-6361/202345851
https://doi.org/10.1051/0004-6361/202345851
https://doi.org/10.1051/0004-6361/202345851

L. Comini, S. Vagnozzi and A. Loeb

McCarthy, I.G., Schaye, J., Bird, S., Le Brun, A. M.C., 2017. The BAHAMAS project: cali-
brated hydrodynamical simulations for large-scale structure cosmology. Mon. Not. R.
Astron. Soc. 465 (3), 2936-2965. arXiv:1603.02702. https://doi.org/10.1093/mnras/
Stw2792

Mehta, H., Mukherjee, S., 2026. Modified cosmology or modified galaxy astrophysics is
driving the z > 6 JWST results? Cosmic microwave background experiments can dis-
cover the origin in the near future. Astrophys. J. 998 (1), 143. arXiv:2509.21952.
https://doi.org/10.3847/1538-4357/ae3170

Menci, N., Adil, S.A., Mukhopadhyay, U., Sen Anjan, A., Vagnozzi, S., 2024a. Negative
cosmological constant in the dark energy sector: tests from JWST photometric and
spectroscopic observations of high-redshift galaxies. JCAP 07, 72. arXiv:2401.12659.
https://doi.org/10.1088/1475-7516,/2024/07/072

Menci, N., Sen, A.A., Castellano, M., 2024b. The excess of JWST bright galaxies: a possible
origin in the ground state of dynamical dark energy in the light of DESI 2024 data.
Astrophys. J. 976 (2), 227. arXiv:2410.22940. https://doi.org/10.3847/1538-4357/
ad8d5b

Menci, N., Castellano, M., Mukherjee, P., Roberts, D., Santini, P., Sen, A.A., Shankar, F.,
2026. Early growth of massive black holes in dynamical dark energy models with
negative cosmological constant. Astron. Astrophys. 707, A300. arXiv:2602.05921.
https://doi.org/10.1051,/0004-6361/202558610

Menci, N., Castellano, M., Santini, P., Merlin, E., Fontana, A., Shankar, F., 2022. High-
redshift galaxies from early JWST observations: constraints on dark energy models. As-
trophys. J. Lett. 938 (1), L5. arXiv:2208.11471. https://doi.org/10.3847/2041-8213/
ac96e9

Moster, B.P., Naab, T., White, S. D.M., 2013. Galactic star formation and accretion histories
from matching galaxies to dark matter haloes. Mon. Not. R. Astron. Soc. 428, 3121.
arXiv:1205.5807. https://doi.org/10.1093/mnras/sts261

Murray, S., Power, C., Robotham, A.S.G., 2013. HMFcalc: an online tool for calculating
dark matter halo mass functions. Astron. Comput. 3-4, 23-34. arXiv:1306.6721. https:
//doi.org/10.1016/j.ascom.2013.11.001

Naredo-Tuero, D., Escudero, M., Ferndndez-Martinez, E., Marcano, X., Poulin, V., 2024.
Critical look at the cosmological neutrino mass bound. Phys. Rev. D 110 (12), 123537.
arXiv:2407.13831. https://doi.org/10.1103/PhysRevD.110.123537

Pacucci, F., Nguyen, B., Carniani, S., Maiolino, R., Fan, X., 2023. JWST CEERS And
JADES active galaxies at z = 4-7 violate the local m ,—m , relation at >30: im-
plications for low-mass black holes and seeding models. Astrophys. J. Lett. 957 (1),
L3. arXiv:2308.12331. https://doi.org/10.3847,/2041-8213/ad0158

Padmanabhan, H., Loeb, A., 2023. Alleviating the need for exponential evolution of JWST
galaxies in 10'° m , haloes at z > 10 by a modified ACDM power spectrum. Astrophys.
J. Lett. 953 (1), L4. arXiv:2306.04684. https://doi.org/10.3847/2041-8213/acea7a

Pallottini, A., Ferrara, A., 2023. Stochastic star formation in early galaxies: implications
for the james webb space telescope. Astron. Astrophys. 677, L4. arXiv:2307.03219.
https://doi.org/10.1051/0004-6361/202347384

Parashari, P., Laha, R., 2023. Primordial power spectrum in light of JWST observations of
high redshift galaxies. Mon. Not. R. Astron. Soc. 526 (1), L63-L69. arXiv:2305.00999.
https://doi.org/10.1093/mnrasl/slad107

Pedrotti, D., Escamilla, L.A., Marra, V., Perivolaropoulos, L., Vagnozzi, S., 2026. BAO
miscalibration cannot rescue late-time solutions to the Hubble tension. Phys. Rev. D
113 (4), 43507. arXiv:2510.01974. https://doi.org/10.1103/pn9j-8whx

Pedrotti, D., Jiang, J.-Q., Escamilla, L.A., da Costa, S.S., Vagnozzi, S., 2025. Multidimen-
sionality of the Hubble tension: the roles of Qm and wc. Phys. Rev. D 111 (2), 23506.
arXiv:2408.04530. https://doi.org/10.1103/PhysRevD.111.023506

van Putten, M. H. P.M., 2024. The fast and furious in JWST high-z galaxies. Phys. Dark
Univ. 43, 101417. arXiv:2312.16692. https://doi.org/10.1016/j.dark.2023.101417

Qi, J.-Z., Meng, P., Zhang, J.-F., Zhang, X., 2023. Model-independent measurement of
cosmic curvature with the latest H(z) and SNe Ia data: a comprehensive investigation.
Phys. Rev. D 108 (6), 63522. arXiv:2302.08889. https://doi.org/10.1103/PhysRevD.
108.063522

Qin, Y., Balu, S., Wyithe, J. S.B., 2023. Implications of z > 12JWST galaxies for
galaxy formation at high redshift. Mon. Not. R. Astron. Soc. 526 (1), 1324-1342.
arXiv:2305.17959. https://doi.org/10.1093/mnras/stad2448

Reed, D., Bower, R., Frenk, C., Jenkins, A., Theuns, T., 2007. The halo mass function
from the dark ages through the present day. Mon. Not. R. Astron. Soc. 374, 2-15.
arXiv:astro-ph/0607150. https://doi.org/10.1111/j.1365-2966.2006.11204.x

Robitaille, T.P., et al. Astropy, 2013. Astropy: a community python package for astronomy.
Astron. Astrophys. 558, A33. arXiv:1307.6212. https://doi.org/10.1051/0004-6361/
201322068

Rodighiero, G., Ferrara, A., Catone, M., Napolitano, L., Cassata, P., Gandolfi, G., Mer-
lin, E., Grazian, A., Renzini, A., Bisigello, L., Castellano, M., Pérez-Gonzalez, P.G.,
Pérez-Diaz, B., Iani, E., Gruppioni, C., Finkelstein, S.L., Koekemoer, A.M., Bianchetti,
A., Sinigaglia, F., 2026. EGS-z11-R0: a red, dust-rich galaxy at cosmic dawn.
arXiv:2603.15841

Roy Choudhury, S., 2025. Cosmology in extended parameter space with DESI data release
2 baryon acoustic oscillations: a 26 + detection of nonzero neutrino masses with an
update on dynamical dark energy and lensing anomaly. Astrophys. J. Lett. 986 (2),
L31. arXiv:2504.15340. https://doi.org/10.3847/2041-8213/adelcc

Roy Choudhury, S., Hannestad, S., 2020. Updated results on neutrino mass and mass hier-
archy from cosmology with Planck 2018 likelihoods. JCAP 07, 037. arXiv:1907.12598.
https://doi.org/10.1088/1475-7516,/2020/07/037

Roy Choudhury, S., Naskar, A., 2019. Strong bounds on sum of neutrino masses in a 12
parameter extended scenario with non-phantom dynamical dark energy (w(z) > —1)
with CPL parameterization. Eur. Phys. J. C 79 (3), 262. arXiv:1807.02860. https://
doi.org/10.1140/epjc/s10052-019-6762-z

Roy Choudhury, S., Okumura, T., 2024. Updated cosmological constraints in extended pa-
rameter space with planck PR4, DESI baryon acoustic oscillations, and supernovae: dy-
namical dark energy, neutrino masses, lensing anomaly, and the hubble tension. Astro-

13

Journal of High Energy Astrophysics 53 (2026) 100626

phys. J. Lett. 976 (1), L11. arXiv:2409.13022. https://doi.org/10.3847/2041-8213/
ad8c26

Roy Choudhury, S., Okumura, T., Umetsu, K., 2025. Cosmological constraints on non-
phantom dynamical dark energy with DESI data release 2 baryon acoustic oscilla-
tions: a 36+ lensing anomaly. Astrophys. J. Lett. 994 (1), L26. arXiv:2509.26144.
https://doi.org/10.3847/2041-8213/aela64

Rubin, D, et al., 2025. Union through UNITY: cosmology with 2,000 SNe using a unified
Bayesian framework. Astrophys. J. 986 (2), 231. arXiv:2311.12098. https://doi.org/
10.3847/1538-4357/adc0a5

Sakr, Z., 2023. Testing the hypothesis of a matter density discrepancy within LCDM model
using multiple probes. Phys. Rev. D 108 (8), 83519. arXiv:2305.02846. https://doi.
org/10.1103/PhysRevD.108.083519

Sammut, K., 2025. Testing Planck 2020 and DESI data on wCDM models
arXiv:2507.11237.

Scherer, M., Sabogal, M.A., Nunes, R.C., De Felice, A., 2025. Challenging the ACDM model:
50 evidence for a dynamical dark energy late-time transition. Phys. Rev. D 112 (4),
43513. arXiv:2504.20664. https://doi.org/10.1103/n86r-sjgm

Shen, X., Vogelsberger, M., Boylan-Kolchin, M., Tacchella, S., Kannan, R., 2023.
The impact of UV variability on the abundance of bright galaxies at z>9
arXiv:2305.05679.

Shen, X, et al., 2026. The thesan-zoom project: star formation efficiencies in high-redshift
galaxies. Mon. Not. R. Astron. Soc. 545 (4), staf2119. arXiv:2503.01949. https://doi.
org/10.1093/mnras/staf2119

Sheth, R.K., Mo, H.J., Tormen, G., 2001. Ellipsoidal collapse and an improved model for
the number and spatial distribution of dark matter haloes. Mon. Not. R. Astron. Soc.
323, 1. arXiv:astro-ph/9907024. https://doi.org/10.1046/j.1365-8711.2001.04006.x

Shlivko, D., Poulin, V., 2026. Phantom-crossing dark energy and the Q, tug-of-war
arXiv:2603.22406.

Shuntov, M., et al., 2022. COSMO0S2020: cosmic evolution of the stellar-to-halo mass
relation for central and satellite galaxies up to z ~ 5. Astron. Astrophys. 664, A61.
arXiv:2203.10895. https://doi.org/10.1051,/0004-6361,/202243136

Specogna, E., Vardanyan, T., Giaré, W., Di Valentino, E., 2025. Slow-rolling down the
curvature: a reassessment of the Planck constraints on ¢? inflation in a closed universe
arXiv:2509.26263.

Stevens, J., Khoraminezhad, H., Saito, S., 2023. Constraining the spatial curvature with
cosmic expansion history in a cosmological model with a non-standard sound horizon.
JCAP 07, 46. arXiv:2212.09804. https://doi.org/10.1088/1475-7516,/2023/07/046

Su, B.-Y., Li, N., Feng, L., 2023. An inflation model for massive primordial black holes to
interpret the JWST observations arXiv:2306.05364.

Sun, G., Faucher-Giguere, C.-A., Hayward, C.C., Shen, X., Wetzel, A., Cochrane, R.K., 2023.
Bursty star formation naturally explains the abundance of bright galaxies at cosmic
dawn. Astrophys. J. Lett. 955 (2), L35. arXiv:2307.15305. https://doi.org/10.3847/
2041-8213/acf85a

Tacchella, S., Bose, S., Conroy, C., Eisenstein, D.J., Johnson, B.D., 2018. A redshift-
independent efficiency model: star formation and stellar masses in dark matter ha-
los at z > 4. Astrophys. J. 868 (2), 92. arXiv:1806.03299. https://doi.org/10.3847/
1538-4357/aae8e0

Tanseri, I., Hagstotz, S., Vagnozzi, S., Giusarma, E., Freese, K., 2022. Updated neutrino
mass constraints from galaxy clustering and CMB lensing-galaxy cross-correlation mea-
surements. JHEA 36, 1-26. arXiv:2207.01913. https://doi.org/10.1016/j.jheap.2022.
07.002

Tinker, J.L., Kravtsov, A.V., Klypin, A., Abazajian, K., Warren, M.S., Yepes, G., Gottlober,
S., Holz, D.E., 2008. Toward a halo mass function for precision cosmology: the limits of
universality. Astrophys. J. 688, 709-728. arXiv:0803.2706. https://doi.org/10.1086/
591439

Urrutia, J., Ellis, J., Fairbairn, M., Vaskonen, V., 2025. The origin of the JWST supermas-
sive black holes. Astron. Astrophys. 703, A138. arXiv:2410.24224. https://doi.org/10.
1051/0004-6361/202555389

Vagnozzi, S., 2020. New physics in light of the H,, tension: an alternative view. Phys. Rev.
D 102 (2), 23518. arXiv:1907.07569. https://doi.org/10.1103/PhysRevD.102.023518

Vagnozzi, S., Dhawan, S., Gerbino, M., Freese, K., Goobar, A., Mena, O., 2018. Constraints
on the sum of the neutrino masses in dynamical dark energy models with w(z) > —1 are
tighter than those obtained in ACDM. Phys. Rev. D 98 (8), 83501. arXiv:1801.08553.
https://doi.org/10.1103/PhysRevD.98.083501

Vagnozzi, S., Di Valentino, E., Gariazzo, S., Melchiorri, A., Mena, O., Silk, J., 2021a. The
galaxy power spectrum take on spatial curvature and cosmic concordance. Phys. Dark
Univ. 33, 100851. arXiv:2010.02230. https://doi.org/10.1016/j.dark.2021.100851

Vagnozzi, S., Giusarma, E., Mena, O., Freese, K., Gerbino, M., Ho, S., Lattanzi, M., 2017.
Unveiling v secrets with cosmological data: neutrino masses and mass hierarchy. Phys.
Rev. D 96 (12), 123503. arXiv:1701.08172. https://doi.org/10.1103/PhysRevD.96.
123503

Vagnozzi, S., Loeb, A., Moresco, M., 2021b. Eppur & piatto? The cosmic chronome-
ters take on spatial curvature and cosmic concordance. Astrophys. J. 908 (1), 84.
arXiv:2011.11645. https://doi.org/10.3847/1538-4357 /abd4df

Vagnozzi, S., Pacucci, F., Loeb, A., 2022. Implications for the Hubble tension from the
ages of the oldest astrophysical objects. JHEA 36, 27-35. arXiv:2105.10421. https:
//doi.org/10.1016/j.jheap.2022.07.004

Wang, B., Qi, J.-Z., Zhang, J.-F., Zhang, X., 2020. Cosmological model-independent con-
straints on spatial curvature from strong gravitational lensing and SN ia observations.
Astrophys. J. 898 (2), 100. arXiv:1910.12173. https://doi.org/10.3847/1538-4357/
ab9b22

Wang, D., Liu, Y., 2022. JWST high redshift galaxy observations have a strong tension
with Planck CMB measurements arXiv:2301.00347.

Wang, D., Mena, O., Di Valentino, E., Gariazzo, S., 2024a. Updating neutrino mass
constraints with background measurements. Phys. Rev. D 110 (10), 103536.
arXiv:2405.03368. https://doi.org/


http://arxiv.org/abs/1603.02702
https://doi.org/10.1093/mnras/stw2792
https://doi.org/10.1093/mnras/stw2792
https://doi.org/10.1093/mnras/stw2792
https://doi.org/10.1093/mnras/stw2792
http://arxiv.org/abs/2509.21952
https://doi.org/10.3847/1538-4357/ae3170
https://doi.org/10.3847/1538-4357/ae3170
http://arxiv.org/abs/2401.12659
https://doi.org/10.1088/1475-7516/2024/07/072
https://doi.org/10.1088/1475-7516/2024/07/072
http://arxiv.org/abs/2410.22940
https://doi.org/10.3847/1538-4357/ad8d5b
https://doi.org/10.3847/1538-4357/ad8d5b
https://doi.org/10.3847/1538-4357/ad8d5b
https://doi.org/10.3847/1538-4357/ad8d5b
http://arxiv.org/abs/2602.05921
https://doi.org/10.1051/0004-6361/202558610
https://doi.org/10.1051/0004-6361/202558610
http://arxiv.org/abs/2208.11471
https://doi.org/10.3847/2041-8213/ac96e9
https://doi.org/10.3847/2041-8213/ac96e9
https://doi.org/10.3847/2041-8213/ac96e9
https://doi.org/10.3847/2041-8213/ac96e9
http://arxiv.org/abs/1205.5807
https://doi.org/10.1093/mnras/sts261
https://doi.org/10.1093/mnras/sts261
http://arxiv.org/abs/1306.6721
https://doi.org/10.1016/j.ascom.2013.11.001
https://doi.org/10.1016/j.ascom.2013.11.001
https://doi.org/10.1016/j.ascom.2013.11.001
https://doi.org/10.1016/j.ascom.2013.11.001
http://arxiv.org/abs/2407.13831
https://doi.org/10.1103/PhysRevD.110.123537
https://doi.org/10.1103/PhysRevD.110.123537
http://arxiv.org/abs/2308.12331
https://doi.org/10.3847/2041-8213/ad0158
https://doi.org/10.3847/2041-8213/ad0158
http://arxiv.org/abs/2306.04684
https://doi.org/10.3847/2041-8213/acea7a
https://doi.org/10.3847/2041-8213/acea7a
http://arxiv.org/abs/2307.03219
https://doi.org/10.1051/0004-6361/202347384
https://doi.org/10.1051/0004-6361/202347384
http://arxiv.org/abs/2305.00999
https://doi.org/10.1093/mnrasl/slad107
https://doi.org/10.1093/mnrasl/slad107
http://arxiv.org/abs/2510.01974
https://doi.org/10.1103/pn9j-8whx
https://doi.org/10.1103/pn9j-8whx
http://arxiv.org/abs/2408.04530
https://doi.org/10.1103/PhysRevD.111.023506
https://doi.org/10.1103/PhysRevD.111.023506
http://arxiv.org/abs/2312.16692
https://doi.org/10.1016/j.dark.2023.101417
https://doi.org/10.1016/j.dark.2023.101417
http://arxiv.org/abs/2302.08889
https://doi.org/10.1103/PhysRevD.108.063522
https://doi.org/10.1103/PhysRevD.108.063522
https://doi.org/10.1103/PhysRevD.108.063522
https://doi.org/10.1103/PhysRevD.108.063522
http://arxiv.org/abs/2305.17959
https://doi.org/10.1093/mnras/stad2448
https://doi.org/10.1093/mnras/stad2448
http://arxiv.org/abs/astro-ph/0607150
https://doi.org/10.1111/j.1365-2966.2006.11204.x
https://doi.org/10.1111/j.1365-2966.2006.11204.x
http://arxiv.org/abs/1307.6212
https://doi.org/10.1051/0004-6361/201322068
https://doi.org/10.1051/0004-6361/201322068
https://doi.org/10.1051/0004-6361/201322068
https://doi.org/10.1051/0004-6361/201322068
http://arxiv.org/abs/2603.15841
http://arxiv.org/abs/2504.15340
https://doi.org/10.3847/2041-8213/ade1cc
https://doi.org/10.3847/2041-8213/ade1cc
http://arxiv.org/abs/1907.12598
https://doi.org/10.1088/1475-7516/2020/07/037
https://doi.org/10.1088/1475-7516/2020/07/037
http://arxiv.org/abs/1807.02860
https://doi.org/10.1140/epjc/s10052-019-6762-z
https://doi.org/10.1140/epjc/s10052-019-6762-z
https://doi.org/10.1140/epjc/s10052-019-6762-z
https://doi.org/10.1140/epjc/s10052-019-6762-z
http://arxiv.org/abs/2409.13022
https://doi.org/10.3847/2041-8213/ad8c26
https://doi.org/10.3847/2041-8213/ad8c26
https://doi.org/10.3847/2041-8213/ad8c26
https://doi.org/10.3847/2041-8213/ad8c26
http://arxiv.org/abs/2509.26144
https://doi.org/10.3847/2041-8213/ae1a64
https://doi.org/10.3847/2041-8213/ae1a64
http://arxiv.org/abs/2311.12098
https://doi.org/10.3847/1538-4357/adc0a5
https://doi.org/10.3847/1538-4357/adc0a5
https://doi.org/10.3847/1538-4357/adc0a5
https://doi.org/10.3847/1538-4357/adc0a5
http://arxiv.org/abs/2305.02846
https://doi.org/10.1103/PhysRevD.108.083519
https://doi.org/10.1103/PhysRevD.108.083519
https://doi.org/10.1103/PhysRevD.108.083519
https://doi.org/10.1103/PhysRevD.108.083519
http://arxiv.org/abs/2507.11237
http://arxiv.org/abs/2504.20664
https://doi.org/10.1103/n86r-sjgm
https://doi.org/10.1103/n86r-sjgm
http://arxiv.org/abs/2305.05679
http://arxiv.org/abs/2503.01949
https://doi.org/10.1093/mnras/staf2119
https://doi.org/10.1093/mnras/staf2119
https://doi.org/10.1093/mnras/staf2119
https://doi.org/10.1093/mnras/staf2119
http://arxiv.org/abs/astro-ph/9907024
https://doi.org/10.1046/j.1365-8711.2001.04006.x
https://doi.org/10.1046/j.1365-8711.2001.04006.x
http://arxiv.org/abs/2603.22406
http://arxiv.org/abs/2203.10895
https://doi.org/10.1051/0004-6361/202243136
https://doi.org/10.1051/0004-6361/202243136
http://arxiv.org/abs/2509.26263
http://arxiv.org/abs/2212.09804
https://doi.org/10.1088/1475-7516/2023/07/046
https://doi.org/10.1088/1475-7516/2023/07/046
http://arxiv.org/abs/2306.05364
http://arxiv.org/abs/2307.15305
https://doi.org/10.3847/2041-8213/acf85a
https://doi.org/10.3847/2041-8213/acf85a
https://doi.org/10.3847/2041-8213/acf85a
https://doi.org/10.3847/2041-8213/acf85a
http://arxiv.org/abs/1806.03299
https://doi.org/10.3847/1538-4357/aae8e0
https://doi.org/10.3847/1538-4357/aae8e0
https://doi.org/10.3847/1538-4357/aae8e0
https://doi.org/10.3847/1538-4357/aae8e0
http://arxiv.org/abs/2207.01913
https://doi.org/10.1016/j.jheap.2022.07.002
https://doi.org/10.1016/j.jheap.2022.07.002
https://doi.org/10.1016/j.jheap.2022.07.002
https://doi.org/10.1016/j.jheap.2022.07.002
http://arxiv.org/abs/0803.2706
https://doi.org/10.1086/591439
https://doi.org/10.1086/591439
https://doi.org/10.1086/591439
https://doi.org/10.1086/591439
http://arxiv.org/abs/2410.24224
https://doi.org/10.1051/0004-6361/202555389
https://doi.org/10.1051/0004-6361/202555389
https://doi.org/10.1051/0004-6361/202555389
https://doi.org/10.1051/0004-6361/202555389
http://arxiv.org/abs/1907.07569
https://doi.org/10.1103/PhysRevD.102.023518
https://doi.org/10.1103/PhysRevD.102.023518
http://arxiv.org/abs/1801.08553
https://doi.org/10.1103/PhysRevD.98.083501
https://doi.org/10.1103/PhysRevD.98.083501
http://arxiv.org/abs/2010.02230
https://doi.org/10.1016/j.dark.2021.100851
https://doi.org/10.1016/j.dark.2021.100851
http://arxiv.org/abs/1701.08172
https://doi.org/10.1103/PhysRevD.96.123503
https://doi.org/10.1103/PhysRevD.96.123503
https://doi.org/10.1103/PhysRevD.96.123503
https://doi.org/10.1103/PhysRevD.96.123503
http://arxiv.org/abs/2011.11645
https://doi.org/10.3847/1538-4357/abd4df
https://doi.org/10.3847/1538-4357/abd4df
http://arxiv.org/abs/2105.10421
https://doi.org/10.1016/j.jheap.2022.07.004
https://doi.org/10.1016/j.jheap.2022.07.004
https://doi.org/10.1016/j.jheap.2022.07.004
https://doi.org/10.1016/j.jheap.2022.07.004
http://arxiv.org/abs/1910.12173
https://doi.org/10.3847/1538-4357/ab9b22
https://doi.org/10.3847/1538-4357/ab9b22
https://doi.org/10.3847/1538-4357/ab9b22
https://doi.org/10.3847/1538-4357/ab9b22
http://arxiv.org/abs/2301.00347
http://arxiv.org/abs/2405.03368
https://doi.org/
https://doi.org/

L. Comini, S. Vagnozzi and A. Loeb

Wang, H., Piao, Y.-S., 2026. Dark energy in light of DESI DR1 and Hubble tension.
Phys. Lett. B 873, 140180. arXiv:2404.18579. https://doi.org/10.1016/j.physletb.
2026.140180

Wang, J., Huang, Z., Huang, L., Liu, J., 2024b. Quantifying the tension between cosmo-
logical models and JWST red candidate massive galaxies. Res. Astron. Astrophys. 24
(4), 45001. arXiv:2311.02866. https://doi.org/10.1088/1674-4527 /ad2cd3

Wang, J.-Q., Cai, R.-G., Guo, Z.-K., Wang, S.-J., 2025. Resolving the Planck-DESI tension
by non-minimally coupled quintessence arXiv:2508.01759.

Wang, P., Su, B.-Y., Zu, L., Yang, Y., Feng, L., 2024c. Exploring the dark energy equation
of state with JWST. Eur. Phys. J. Plus 139 (8), 711. arXiv:2307.11374. https://doi.
org/10.1140/epjp/s13360-024-05276-y

Wang, Y., Lin, W., 2025. Uncalibrated cosmic standards as a robust test on late-time cos-
mological models. Astrophys. J. 989 (1), 120. arXiv:2506.04333. https://doi.org/10.
3847/1538-4357/adf336

Wang, Y.-Y., Lei, L., Yuan, G.-W., Fan, Y.-Z., 2023. Modeling the JWST high-redshift galax-
ies with a general formation scenario and the consistency with the ACDM model. Astro-
phys. J. Lett. 954 (2), L48. arXiv:2307.12487. https://doi.org/10.3847/2041-8213/
acf46¢

Wang, Z.-F., Lei, L., Feng, L., Fan, Y.-Z., 2024d. JWST observations constrain the time
evolution of fine structure constants and dark energy-electromagnetic coupling. Res.
Astron. Astrophys. 24 (12), 125012. arXiv:2411.08774. https://doi.org/10.1088/
1674-4527/ad9198

Watson, W.A., Iliev, L.T., D’Aloisio, A., Knebe, A., Shapiro, P.R., Yepes, G., 2013. The
halo mass function through the cosmic ages. Mon. Not. Roy. Astron. Soc. 433, 1230.
arXiv:1212.0095. https://doi.org/10.1093/mnras/stt791

Wechsler, R.H., Tinker, J.L., 2018. The connection between galaxies and their dark matter
halos. Ann. Rev. Astron. Astrophys. 56, 435-487. arXiv:1804.03097. https://doi.org/
10.1146/annurev-astro-081817-051756

Wei, J.-J., Melia, F., 2022. Exploring the hubble tension and spatial curvature from the
ages of old astrophysical objects. Astrophys. J. 928 (2), 165. arXiv:2202.07865. https:
//doi.org/10.3847/1538-4357 /ac562¢

Weiner, Z.J., 2026. High-redshift physics from the acoustic scale arXiv:2603.18131.

Wu, P.-J., Qi, J.-Z., Zhang, X., 2023. Null test for cosmic curvature using Gaussian process*.
Chin. Phys. C 47 (5), 55106. arXiv:2209.08502. https://doi.org/10.1088/1674-1137/
acc647

14

Journal of High Energy Astrophysics 53 (2026) 100626

Wu, P.-J., Zhang, X., 2025. Measuring cosmic curvature with non-CMB observations. Phys.
Rev. D 112 (6), 63514. arXiv:2411.06356. https://doi.org/10.1103/sn3q-q589

Xiao, M., et al., 2024. Accelerated formation of ultra-massive galaxies in the first bil-
lion years. Nature 635 (8038), 311-315. arXiv:2309.02492. https://doi.org/10.1038/
s41586-024-08094-5

Yadav, M., Dixit, A., Barak, M.S., Pradhan, A., 2025. Investigating the wCDM model with
latest DESI BAO observations. Eur. Phys. J. C 85 (9), 1013. arXiv:2510.09074. https:
//doi.org/10.1140/epjc/s10052-025-14720-x

Yang, W., Giare, W., Pan, S., Di Valentino, E., Melchiorri, A., Silk, J., 2023. Revealing
the effects of curvature on the cosmological models. Phys. Rev. D 107 (6), 63509.
arXiv:2210.09865. https://doi.org/10.1103/PhysRevD.107.063509

Yang, W., Pan, S., Di Valentino, E., Mena, O., Melchiorri, A., 2021. 2021-HO
odyssey: closed, phantom and interacting dark energy cosmologies. JCAP 10, 8.
arXiv:2101.03129. https://doi.org/10.1088/1475-7516/2021/10/008

Yang, Y., Ren, X., Wang, Q., Lu, Z., Zhang, D., Cai, Y.-F., Saridakis, E.N., 2024. Quin-
tom cosmology and modified gravity after DESI 2024. Sci. Bull. 69, 2698-2704.
arXiv:2404.19437. https://doi.org/10.1016/j.scib.2024.07.029

Yuan, G.-W., Lei, L., Wang, Y.-Z., Wang, B., Wang, Y.-Y., Chen, C., Shen, Z.-Q., Cai, Y.-
F., Fan, Y.-Z., 2024. Rapidly growing primordial black holes as seeds of the mas-
sive high-redshift JWST galaxies. Sci. China Phys. Mech. Astron. 67 (10), 109512.
arXiv:2303.09391. https://doi.org/10.1007/s11433-024-2433-3

Zhang, Y.-M., Li, T.-N., Du, G.-H., Zhou, S.-H., Gao, L.-Y., Zhang, J.-F., Zhang, X., 2025.
Alleviating the H,, tension through new interacting dark energy model in light of DESI
DR2 arXiv:2510.12627.

Zhou, S.-H., Li, T.-N., Du, G.-H., Jiang, J.-Q., Zhang, J.-F., Zhang, X., 2025. Measuring
neutrino masses with joint JWST and DESI DR2 data. Phys. Rev. D 112 (12), 123532.
arXiv:2509.10836. https://doi.org/10.1103/mtdg-hbqt

Ziegler, J.J., Freese, K., Lozano, J., Montefalcone, G., 2025. Explaining the "too massive”
high-redshift galaxies in JWST data: numerical study of three effects and a simple
relation arXiv:2507.21409.

Zuckerman, E., Anchordoqui, L.A., 2022. Spatial curvature sensitivity to local HO from
the Cepheid distance ladder. JHEA 33, 10-13. arXiv:2110.05346. https://doi.org/10.
1016/j.jheap.2021.10.002


http://arxiv.org/abs/2404.18579
https://doi.org/10.1016/j.physletb.2026.140180
https://doi.org/10.1016/j.physletb.2026.140180
https://doi.org/10.1016/j.physletb.2026.140180
https://doi.org/10.1016/j.physletb.2026.140180
http://arxiv.org/abs/2311.02866
https://doi.org/10.1088/1674-4527/ad2cd3
https://doi.org/10.1088/1674-4527/ad2cd3
http://arxiv.org/abs/2508.01759
http://arxiv.org/abs/2307.11374
https://doi.org/10.1140/epjp/s13360-024-05276-y
https://doi.org/10.1140/epjp/s13360-024-05276-y
https://doi.org/10.1140/epjp/s13360-024-05276-y
https://doi.org/10.1140/epjp/s13360-024-05276-y
http://arxiv.org/abs/2506.04333
https://doi.org/10.3847/1538-4357/adf336
https://doi.org/10.3847/1538-4357/adf336
https://doi.org/10.3847/1538-4357/adf336
https://doi.org/10.3847/1538-4357/adf336
http://arxiv.org/abs/2307.12487
https://doi.org/10.3847/2041-8213/acf46c
https://doi.org/10.3847/2041-8213/acf46c
https://doi.org/10.3847/2041-8213/acf46c
https://doi.org/10.3847/2041-8213/acf46c
http://arxiv.org/abs/2411.08774
https://doi.org/10.1088/1674-4527/ad9198
https://doi.org/10.1088/1674-4527/ad9198
https://doi.org/10.1088/1674-4527/ad9198
https://doi.org/10.1088/1674-4527/ad9198
http://arxiv.org/abs/1212.0095
https://doi.org/10.1093/mnras/stt791
https://doi.org/10.1093/mnras/stt791
http://arxiv.org/abs/1804.03097
https://doi.org/10.1146/annurev-astro-081817-051756
https://doi.org/10.1146/annurev-astro-081817-051756
https://doi.org/10.1146/annurev-astro-081817-051756
https://doi.org/10.1146/annurev-astro-081817-051756
http://arxiv.org/abs/2202.07865
https://doi.org/10.3847/1538-4357/ac562c
https://doi.org/10.3847/1538-4357/ac562c
https://doi.org/10.3847/1538-4357/ac562c
https://doi.org/10.3847/1538-4357/ac562c
http://arxiv.org/abs/2603.18131
http://arxiv.org/abs/2209.08502
https://doi.org/10.1088/1674-1137/acc647
https://doi.org/10.1088/1674-1137/acc647
https://doi.org/10.1088/1674-1137/acc647
https://doi.org/10.1088/1674-1137/acc647
http://arxiv.org/abs/2411.06356
https://doi.org/10.1103/sn3q-q589
https://doi.org/10.1103/sn3q-q589
http://arxiv.org/abs/2309.02492
https://doi.org/10.1038/s41586-024-08094-5
https://doi.org/10.1038/s41586-024-08094-5
https://doi.org/10.1038/s41586-024-08094-5
https://doi.org/10.1038/s41586-024-08094-5
http://arxiv.org/abs/2510.09074
https://doi.org/10.1140/epjc/s10052-025-14720-x
https://doi.org/10.1140/epjc/s10052-025-14720-x
https://doi.org/10.1140/epjc/s10052-025-14720-x
https://doi.org/10.1140/epjc/s10052-025-14720-x
http://arxiv.org/abs/2210.09865
https://doi.org/10.1103/PhysRevD.107.063509
https://doi.org/10.1103/PhysRevD.107.063509
http://arxiv.org/abs/2101.03129
https://doi.org/10.1088/1475-7516/2021/10/008
https://doi.org/10.1088/1475-7516/2021/10/008
http://arxiv.org/abs/2404.19437
https://doi.org/10.1016/j.scib.2024.07.029
https://doi.org/10.1016/j.scib.2024.07.029
http://arxiv.org/abs/2303.09391
https://doi.org/10.1007/s11433-024-2433-3
https://doi.org/10.1007/s11433-024-2433-3
http://arxiv.org/abs/2510.12627
http://arxiv.org/abs/2509.10836
https://doi.org/10.1103/mtdg-hbqt
https://doi.org/10.1103/mtdg-hbqt
http://arxiv.org/abs/2507.21409
http://arxiv.org/abs/2110.05346
https://doi.org/10.1016/j.jheap.2021.10.002
https://doi.org/10.1016/j.jheap.2021.10.002
https://doi.org/10.1016/j.jheap.2021.10.002
https://doi.org/10.1016/j.jheap.2021.10.002

	Dark energy, spatial curvature, and star formation efficiency from JWST photometric and spectroscopic high-redshift galaxies
	1 Introduction
	2 From cosmological models to high-redshift stellar mass density
	3 Datasets and methodology
	3.1 Data
	3.2 Statistical framework

	4 Results
	4.1 Flat CDM model
	4.2 Flat wCDM model
	4.3 Non-flat CDM model
	4.4 Non-flat wCDM model

	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Data availability
	Declaration of competing interest
	Acknowledgements
	References


