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ABSTRACT

Early observations with the James Webb Space Telescope (JWST) have revealed the existence of an

unexpectedly large abundance of extremely massive galaxies at redshifts z ≳ 5: these observations

are in tension with the predictions not only of the standard ΛCDM cosmology, but also with those

of a wide class of dynamical dark energy (DE) models, and are generally in better agreement with

models characterized by a phantom behaviour. Here we consider a model, inspired by string theory

and the ubiquity of anti-de Sitter vacua therein, featuring an evolving DE component with positive

energy density on top of a negative cosmological constant, argued in an earlier exploratory analysis

to potentially be able to explain the JWST observations. We perform a robust comparison of this

model against JWST data, considering both photometric observations from the CEERS program, and

spectroscopic observations from the FRESCO survey. We show that the model is able to accommodate

the JWST observations, with a consistency probability of up to 98%, even in the presence of an

evolving component with a quintessence-like behaviour (easier to accommodate theoretically compared

to phantom DE), while remaining consistent with standard low-redshift probes. Our results showcase

the tremendous potential of measurements of high-redshift galaxy abundances in tests of fundamental

physics, and their valuable complementarity with standard cosmological probes.

Keywords: cosmology: cosmological models — cosmology: cosmological parameters — cosmology:

cosmological parameters: dark energy — galaxies: abundances — galaxies: high-redshift

galaxies

1. INTRODUCTION

The concordance ΛCDM cosmological model consti-

tutes at present one of the simplest frameworks to de-

scribe the evolution of our Universe, and owes its suc-

cess to its ability to describe a wide range of cosmolog-

ical and astrophysical observations. One of the corner-

stones of current cosmology is dark energy (DE, Pee-

bles & Ratra 2003; Frieman et al. 2008; Nojiri et al.

2017), a component with negative pressure and posi-

tive energy density driving the late-time acceleration of

the Universe, whose discovery in 1998 led to one of the

biggest paradigm shifts in physics (Riess et al. 1998;
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Perlmutter et al. 1999): within ΛCDM, DE takes the

form of a positive cosmological constant (CC) Λ (Car-

roll 2001). Over the past two and a half decades, the

nature of DE has to a large extent been investigated by

means of three classes of cosmological observations: low-

redshift (z ≲ 2) probes based on Type Ia Supernovae

(SNeIa) and Baryon Acoustic Oscillations (BAO), the

latter observed in the clustering of various tracers of the

large-scale structure, such as galaxies; and high-redshift

(z ∼ 1100) probes based on the Cosmic Microwave Back-

ground (CMB): see Huterer & Shafer (2018) for a recent
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review on observational probes of DE. 1 By virtue of the

significant efforts devoted to the study of observations,

underlying theory, and systematics associated to these

probes, CMB, BAO, and SNeIa are generally referred to

as standard cosmological probes and enjoy a (rightly de-

served) privileged status for what concerns cosmological

tests of the expansion of the Universe and of fundamen-

tal physics, with particular regard to the nature of DE.

However, a series of growing cosmological tensions which

appear to challenge the ΛCDM model (Perivolaropoulos

& Skara 2022), and the fact that some of these probes

are close to being systematics-limited, are making it im-

perative to start looking for new independent probes,

whose complementarity and synergy with the standard

CMB+BAO+SNeIa can greatly enrich the landscape of

methods to study the Universe: in this sense, a number

of so-called “emerging” cosmological probes are rapidly

gaining momentum, as beautifully summarized in the

recent review of Moresco et al. (2022). 2

In this context, the long-awaited recent observations

of massive, distant galaxies delivered by the JamesWebb

Space Telescope (JWST, Gardner et al. 2006) have

opened a remarkable window not only onto astrophysics

and the process of galaxy formation, but also onto novel

cosmological tests of the contents of our Universe and

more generally fundamental physics (Labbé et al. 2023;

Xiao et al. 2023; Arrabal Haro et al. 2023). This is pos-

sible because the abundance of galactic haloes of dark

matter (DM) mass M at redshifts z ≈ 5 − 10 is pre-

dicted to be exponentially sensitive to the growth fac-

tor of perturbations D(z), while also being a strongly

decreasing function of redshift, and one which depends

crucially on the (model-dependent) time-redshift rela-

1 Nevertheless, it is worth emphasizing that the sensitivity of the
CMB to (late-time) DE is indirectly mostly a low-redshift (ge-
ometrical) one, through the effect of DE on the distance to the
CMB itself (see e.g. the recent discussion in Escamilla et al. 2023),
whereas the sensitivity of the CMB to DE perturbations and the
dynamics thereof is quite limited, except possibly in the case
of models which deviate substantially from the positive CC Λ,
which are however ruled out by observations.

2 Of course tests of DE are not limited to cosmological scales. Var-
ious tests of DE on astrophysical, astronomical, and even local
scales, have been considered over the past decades, see Hamilton
et al. (2015); Burrage & Sakstein (2016, 2018); Vagnozzi et al.
(2021); Zhang (2022); Ferlito et al. (2022); Brax et al. (2023);
Benisty & Capozziello (2023); Zhang & Zhang (2023); Benisty
et al. (2023c,a,b); Paraskevas & Perivolaropoulos (2023); Benisty
et al. (2023); Kaneta et al. (2023) for examples in this sense.

tion (Del Popolo & Yesilurt 2007). 3 On the other hand,

if we denote by Ωb and Ωm the cosmic density param-

eters for baryons and the total matter component re-

spectively (and with fb ≡ Ωb/Ωm), the stellar mass of a

galaxy M⋆ cannot exceed the maximal allowed baryonic

content of the host halo fbM . This implies that compar-

ing the theoretically predicted cumulative comoving stel-

lar number density of massive (M⋆ ≈ 1010 − 1011 M⊙)

galaxies, n(> M⋆, z), with the observed abundance of

galaxies of given stellar mass at redshifts z ≈ 5 − 10,

can potentially provide strong constraints on the expan-

sion history and growth of cosmological perturbations,

and therefore also on the nature of DE, in a way which is

completely independent of the complex baryonic physics

involved in the formation of galaxies. Needless to say,

such constraints would be extremely valuable in light of

their high complementarity to state-of-the-art determi-

nations from CMB, BAO, and SNeIa, both in terms of

range of redshifts/cosmic times probed, as well as po-

tential systematics involved.

As hinted to earlier, the possibility of testing the ex-

pansion history of the Universe at such intermediate red-

shifts is particularly valuable in view of the tension be-

tween local and high-redshift determinations of the Hub-

ble constant H0 (see e.g. Verde et al. 2019; Di Valentino

et al. 2021b,c; Abdalla et al. 2022; Schöneberg et al.

2022; Shah et al. 2021; Kamionkowski & Riess 2023;

Hu & Wang 2023; Vagnozzi 2023; Verde et al. 2023, for

recent reviews). At a significance of ≳ 5σ, the Hub-

ble tension poses what is probably one of the most se-

rious observational challenges to ΛCDM, and can po-

tentially lead us to completely rethink the nature of

DE. 4 Thus, probing the expansion history of the Uni-

3 Distant galaxies are also useful as a test of cosmological models
through their ages, which of course cannot exceed the age of the
Universe: see for instance Jimenez et al. (2019); Valcin et al.
(2021); Bernal et al. (2021); Vagnozzi et al. (2022); Wei & Melia
(2022); Cimatti & Moresco (2023); Costa et al. (2023) for recent
works exploring the important of stellar and galactic ages as a
test of cosmological models.

4 With no claims as to completeness, see Yang et al. (2018a);
Guo et al. (2019); Di Valentino et al. (2020b,c); Zumalacarregui
(2020); Gómez-Valent et al. (2020); Di Valentino et al. (2020a);
Gao et al. (2021); Petronikolou et al. (2022); Alestas et al. (2022);
Roy et al. (2022); Sharma et al. (2022); Moshafi et al. (2022);
Schiavone et al. (2023); Gao et al. (2022); Bernui et al. (2023);
Ben-Dayan & Kumar (2023); Zhai et al. (2023); Basilakos et al.
(2023); Petronikolou & Saridakis (2023) for examples of works
exploring the implications of the Hubble tension for the nature
of DE. The possibility of a more speculative “early dark energy”
component, operative at very high redshift, is also a particularly
interesting possibility in this context (see e.g. Poulin et al. 2019;
Niedermann & Sloth 2021; Braglia et al. 2020; Oikonomou 2021a;
Vagnozzi 2021; Karwal et al. 2022; Benevento et al. 2022; Reeves
et al. 2023; Poulin et al. 2023; Odintsov et al. 2023).
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verse at intermediate redshifts z ≈ 6 − 10 constitutes a

key opportunity to study the validity of ΛCDM model

in an independent manner, and in an epoch which is

otherwise extremely difficult to access (see also Gómez-

Valent et al. 2023; Tutusaus et al. 2023, for recents work

which highlighted the relevance of intermediate-redshift

DE dynamics in the context of the Hubble tension).

Among the various aspects of fundamental physics

which can be put to test through measurements of the

abundance of massive galaxies at very high redshift, of

particular interest to the present work are the properties

of DE. In particular, as explicitly demonstrated by one

of us in Menci et al. (2020) using data from the CAN-

DELS survey, the abundances of massive, high-redshift

galaxies can provide key constraints on the DE equa-

tion of state (EoS) w. The reason is that w controls

the large-scale behaviour of DE at both background

and perturbation level, thereby dramatically affecting

the growth of density perturbations and the formation

of cosmic structures. In this context, a number of re-

cent works (see e.g. Lovell et al. 2022; Boylan-Kolchin

2023; Forconi et al. 2023; Wang & Liu 2022; Forconi

et al. 2023) have demonstrated how initial JWST imag-

ing data from NIRCam observations of the Cosmic Evo-

lution Early Release Science (CEERS) program, which

uncovered evidence of a surprisingly abundant popula-

tion of very massive galaxies at extremely high redshifts

7 ≲ z ≲ 10, could severely challenge the ΛCDM sce-

nario. Specializing to the implications for DE, it was

argued by one of us in Menci et al. (2022) that these

observations in fact exclude a significant portion of dy-

namical DE parameter space (including the point corre-

sponding to ΛCDM), and favor models whose equation

of state takes values w < −1 at some point after recom-

bination, i.e. phantom models (Caldwell et al. 2003),

see also Wang et al. (2023b) for further discussions. 5

Although such results are still affected by uncertainties

related to the assumed initial mass function (IMF) of

5 For examples of other works showcasing the enormous potential
of the early JWST observations in constraining various aspects of
fundamental physics, see Biagetti et al. (2023); Haslbauer et al.
(2022); Hütsi et al. (2023); Gandolfi et al. (2022); Maio & Viel
(2023); Yuan et al. (2023); Dayal & Giri (2023); Ilie et al. (2023);
Jiao et al. (2023); Parashari & Laha (2023); Hassan et al. (2023);
Lei et al. (2023); Yoshiura et al. (2023); Padmanabhan & Loeb
(2023); Lin et al. (2024); Su et al. (2023); Forconi et al. (2023);
Gouttenoire et al. (2023); Guo et al. (2023); Huang et al. (2023);
Bird et al. (2023); Wang et al. (2023b); Libanore et al. (2023);
Wang et al. (2023a); van Putten (2024). Taking a step aside from
new fundamental physics, a very important possibility of course
is that the JWST results may call for a better understanding of
galaxy formation, as discussed in a number of recent works (Fer-
rara et al. 2023; Qin et al. 2023; Pallottini & Ferrara 2023; Wang
et al. 2023; Pacucci et al. 2023).

the stellar populations (see e.g. Steinhardt et al. 2023a)

and to the broadband selection criteria (especially for

double-break sources, see for example Desprez et al.

2023), it is worth highlighting that recent spectroscopic

observations in the redshift range 5 ≲ z ≲ 6 (Xiao et al.

2023) and 8 ≲ z ≲ 10 (Arrabal Haro et al. 2023) from

the JWST First Reionization Epoch Spectroscopically

Complete Observations (FRESCO) and CEERS surveys

corroborate the above conclusions, while also placing

them on a much stronger footing.

The implications of the early JWST results for phan-

tom DE are particularly interesting in view of the Hub-

ble tension. It is now well understood that consis-

tency with measurements of the acoustic angular scale

at low redshifts from BAO requires that the sound hori-

zon be lowered in the presence of a higher Hubble con-

stant (Bernal et al. 2016; Addison et al. 2018; Lemos

et al. 2019; Aylor et al. 2019; Schöneberg et al. 2019;

Knox & Millea 2020; Arendse et al. 2020; Efstathiou

2021; Cai et al. 2022; Keeley & Shafieloo 2023). This

implies that phantom DE, an inherently late-time com-

ponent which does not affect the sound horizon, cannot

on its own completely solve the Hubble tension. Never-

theless, within the limits imposed by low-redshift data,

phantom DE can at least partially alleviate the Hub-

ble tension, in light of its ability to accommodate a

higher Hubble constant while keeping the distance to the

CMB, and thereby the acoustic angular scale observed

in the CMB θs, fixed (given that the sound horizon is

unaffected, see Alestas et al. 2020, for a recent explicit

discussion of parameter degeneracies in the presence of

phantom DE). For this and other reasons, the possibil-

ity of phantom DE playing some role in the context of

the Hubble tension is one which has been give serious

consideration in the literature (see e.g. Zhao et al. 2017;

Mörtsell & Dhawan 2018; Li & Shafieloo 2019; Vagnozzi
2020; Alestas et al. 2021; Yang et al. 2021; Kumar 2021;

Teng et al. 2021; Heisenberg et al. 2023; Chudaykin et al.

2022; Sharma et al. 2023; Ballardini et al. 2023; Dah-

mani et al. 2023; Montani et al. 2024; da Costa et al.

2023, for recent discussions on the subject).

Our discussions so far have been data-driven. How-

ever, theory considerations have a lot to offer to the

discussion on viable DE models. Firstly, the tiny value

of the positive CC Λ required to explain observations

is at severe odds with the value expected from theory

considerations, when interpreted in terms of zero-point

vacuum energy density of quantum fields: this is the

well-known CC problem (Weinberg 1989; Padmanab-

han 2003). Moving on to the simplest “quintessence”

models for DE, based on a single, minimally coupled

scalar field in the absence of higher derivative opera-
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tors, and with canonical kinetic term (Wetterich 1988;

Peebles & Ratra 1988; Ratra & Peebles 1988; Wetterich

1995; Caldwell et al. 1998), it is well known that these

predict w > −1, and cannot therefore give rise to phan-

tom DE, which instead requires a violation of the null

energy condition (Vikman 2005; Carroll et al. 2005; No-

jiri et al. 2005; Oikonomou & Giannakoudi 2022; Trivedi

2023). It is also worth noting that, in the absence of ad-

ditional ingredients, these “vanilla” quintessence models

also worsen the Hubble tension, and one could there-

fore argue that they are observationally disfavored if the

Hubble tension is to be taken seriously (Vagnozzi et al.

2018; Ó Colgáin et al. 2019; Ó Colgáin & Yavartanoo

2019; Banerjee et al. 2021; Lee et al. 2022).

Although most quintessence scalar field models fea-

ture a ground state with positive energy density, corre-

sponding to a de Sitter (dS) vacuum, such a scenario

has proven extremely difficult to construct in a con-

trolled setting within string theory. In fact, it has been

conjectured that string theory may be unable to ac-

commodate dS vacua (Danielsson & Van Riet 2018),

as advocated by the swampland program (Vafa 2005;

Palti 2019; Graña & Herráez 2021), whose cosmologi-

cal implications, particularly for inflation and DE, are

far-reaching to say the least (see e.g. Obied et al. 2018;

Agrawal et al. 2018; Achúcarro & Palma 2019; Garg &

Krishnan 2019; Kehagias & Riotto 2018; Kinney et al.

2019; Ooguri et al. 2019; Odintsov & Oikonomou 2020;

Oikonomou 2021b; Cicoli et al. 2022). 6 On the other

hand, anti-dS (AdS) vacua, which correspond to a neg-

ative CC (nCC), appear ubiquitously within string the-

ory, and are among the best understood quantum grav-

ity backgrounds by virtue of the AdS/CFT correspon-

dence (Maldacena 1998). Of course, a nCC Λ < 0 with

energy density ρΛ < 0 is unable, on its own, to give

rise to cosmic acceleration. However, an evolving DE

component with positive energy density ρx > 0 on top

of a nCC can be consistent with the observed late-time

acceleration, provided ρx + ρΛ is positive around the

present time, and amounts to about 70% of the total

energy budget. Such a scenario, which could be inter-

preted in terms of a quintessence field whose potential

features a negative minimum (AdS vacuum), is of great

theoretical interest in light of the previous string-driven

considerations. In fact, a number of recent works have

6 Two possible counterexamples to these conjectures are the
KKLT (Kachru et al. 2003) and Large Volume Compactifica-
tion (Balasubramanian et al. 2005) scenarios, although there is
still no complete consensus on whether the resulting uplifted
(meta)stable dS vacua are sufficiently long-lived to be able to
agree with observations.

explored similar scenarios in light of standard CMB,

BAO, and SNeIa observations (see e.g. Cardenas et al.

2003; Poulin et al. 2018; Dutta et al. 2020; Visinelli et al.

2019; Ruchika et al. 2023; Di Valentino et al. 2021a;

Calderón et al. 2021; Sen et al. 2022; Malekjani et al.

2023; Adil et al. 2023), finding that these models per-

form equally well as ΛCDM, or are even potentially

statistically preferred. 7 The strong theoretical moti-

vation behind such models, as well as their consistency

with standard cosmological probes, strongly motivates

further studies thereof, and in particular a comparison

against other available observations, potentially in dif-

ferent redshift ranges, where the deviations from ΛCDM

can be substantially more pronounced.

In Adil et al. (2023), it was shown by some of us that

a DE sector featuring an evolving component on top

of a nCC can, within regions of parameter space con-

sistent with standard cosmological observations, dras-

tically alter the growth of structure at high redshifts

with respect to ΛCDM to the point of potentially restor-

ing concordance with the (photometric) JWST CEERS

observations. We stress the word “potentially” as this

earlier analysis was merely an exploratory one: in fact,

besides only having explored a few benchmark points

in parameter space, a careful treatment of corrections

required for an accurate comparison to the JWST ob-

servations was lacking, as well as a more complete as-

sessment of the complementarity with standard cosmo-

logical probes (the last two points were, in fact, both

explicitly mentioned as motivation for a more detailed

follow-up work in the closing paragraph of Adil et al.

2023). Given the enormous promise shown by a model

featuring an evolving DE component on top of a nCC,

it is our goal in the present work to revisit the model

and go beyond the exploratory analysis of Adil et al.

(2023), by providing a full comparison of such a model

against the JWST CEERS observations, while also in-

cluding information from standard cosmological probes.

To place our results on a much more solid footing from

the observational point of view, we also consider spectro-

scopic data from the JWST FRESCO survey (Xiao et al.

2023). Overall, our work confirms and reinforces the

extremely promising conclusions reached earlier in Adil

et al. (2023), and provides further motivation for ex-

ploring dark sectors featuring components with negative

7 Another related very interesting possibility which has been ex-
plored in the literature involves an AdS phase around recombina-
tion, as in the case of so-called AdS-early dark energy models (Ye
& Piao 2020a,b; Ye et al. 2021; Jiang & Piao 2021; Ye et al. 2023b;
Jiang et al. 2024; Jiang & Piao 2022; Jiang et al. 2023; Ye et al.
2023a; Peng & Piao 2024).
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energy densities, while also highlighting once more the

enormous potential held by observations of the abun-

dance of massive galaxies at very high redshift in testing

fundamental physics.

The rest of this paper is then organized as follows.

In Sec. 2 we briefly review the DE models considered

in the rest of the work. Our analysis methods, includ-

ing the adopted datasets, are discussed in Sec. 3. The

results of our analysis, and in particular the resulting

limits in dynamical DE parameter space, are presented

in Sec. 4. Finally, in Sec. 5 we draw concluding remarks

and outline a number of potentially interesting avenues

for follow-up work.

2. DARK ENERGY MODELS

Following the earlier work of Adil et al. (2023), we

consider a DE sector consisting of a cosmological con-

stant Λ ≷ 0 which in principle can take either sign (with

positive or negative signs corresponding to a dS or AdS

vacuum respectively), and with associated energy den-

sity ρΛ = Λ/8πG of the same sign. On top of this dS

or AdS vacuum we place an evolving DE component

with strictly positive energy density ρx(z) > 0. Rather

than committing to a specific microphysical model for

the evolving DE component, we assume that this is de-

scribed by a time-evolving EoS wx(z) of the Chevallier-

Polarski-Linder (CPL) form (Chevallier & Polarski 2001;

Linder 2003):

wx(z) = w0 + wa
z

1 + z
. (1)

There are various reasons why we adopt the widely

used CPL parametrization, ranging from its highly

manageable 2-dimensional nature, to its direct connec-

tion to several physical DE models (including several

quintessence DE models, see e.g. Linder 2003, 2006,

2008a,b; Scherrer 2015) and, last but not least, for ease

of comparison to the earlier work of Adil et al. (2023). 8

We refer to the evolving component being quintessence-

like (phantom) at a given epoch if, at the redshift in

question, w(z) > −1 (< −1). While w0 controls the

current (quintessence-like or phantom) nature of DE,

whether or not this can change in the past is deter-

mined by the value of wa, given that at asymptotically

8 See Colgáin et al. (2021) for a recent discussion on potential
shortcomings of the CPL parametrization. For completeness, we
note that a number of other parametrizations for the EoS of
dynamical DE components have been proposed in the literature,
see e.g. Efstathiou (1999); Jassal et al. (2005); Gong & Zhang
(2005); Barboza & Alcaniz (2008); Ma & Zhang (2011); Pantazis
et al. (2016); Yang et al. (2018b); Pan et al. (2018); Yang et al.
(2019); Singh et al. (2023) (see also Perkovic & Stefancic 2020, for
discussions on the theoretical viability of these parametrizations).

early times (z → ∞) the DE EoS tends to the value

w0 + wa. Finally, we note that models crossing which

can cross between the two regimes are typically referred

to as “quintom” models, and have been widely studied

in the literature (Feng et al. 2006; Guo et al. 2005; Cai

et al. 2007a,b; Zhang 2009; Saridakis 2010; Cai et al.

2012; Bahamonde et al. 2018; Leon et al. 2018; Pan-

panich et al. 2021), see Cai et al. (2010) for a review.

If we denote by ρ
(0)
crit the current critical energy density,

by ρ
(0)
x the current energy density of the evolving DE

component, and by Ωx ≡ ρ
(0)
x /ρ

(0)
crit its density parame-

ter, the energy density of the evolving DE component

as a function of redshift is given by the following:

ρx(z) = Ωxρ
(0)
crit(1 + z)3(1+w0+wa) exp

(
−3wa

z

1 + z

)
.

(2)

We work under the assumption of a spatially flat

Friedmann-Lemâıtre-Robertson-Walker Universe filled,

besides the evolving DE component described previ-

ously, by the cosmological constant Λ ≷ 0, alongside

the usual matter and radiation fluids (with density pa-

rameters Ωm and Ωr respectively). 9 Under these as-

sumptions, and defining the density parameter of the

cosmological constant ΩΛ ≡ Λ/3, the evolution of the

Hubble rate is governed by the following equation:

H2(z)

H2
0

= Ωr(1 + z)4 +Ωm(1 + z)3 +ΩΛ

+ Ωx(1 + z)3(1+w0+wa) exp

(
−3wa

z

1 + z

)
.(3)

where the density parameters satisfy Ωr + Ωm + ΩΛ +

Ωx = 1. Finally, as noted in Adil et al. (2023), it is

natural to identify the combination of the evolving CPL

component and the cosmological constant Λ as compris-

ing the combined DE sector, whose total density param-

eter is ΩDE ≡ Ωx + ΩΛ. The important thing to note

is that, although Λ itself and therefore ΩΛ can be nega-

tive, the total DE density and therefore ΩDE have to be

positive in order to be able to drive cosmic acceleration

and maintain agreement with cosmological observations.

Roughly speaking, such a DE sector can in principle

be compatible with cosmological observations provided

ΩDE ≈ 0.7, which of course is possible even if ΩΛ < 0, as

noted in several recent works (Dutta et al. 2020; Visinelli

et al. 2019; Sen et al. 2022). We note that, in order to

agree with observations, a more negative ΩΛ needs to

9 We neglect neutrinos for simplicity, given their very limited im-
pact at the cosmological epochs of interest.
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be compensated by more negative values of wx, moving

towards the phantom regime. These considerations lead

to comparatively weak, order unity upper limits on |ΩΛ|,
as discussed for instance in Visinelli et al. (2019) and Sen

et al. (2022), whereas different combinations of wx, Ωx,

and ΩΛ (the latter two summing to the same value of

ΩDE) can lead to a very rich phenomenology, discussed

in detail in Calderón et al. (2021) (see also Dash et al.

(2024) for discussions on the expected sensitivity to a

nCC from future 21-cm observations).

From a theoretical standpoint, such a phenomeno-

logical model has been argued to loosely carry string

motivation in the case where Λ < 0 (Visinelli et al.

2019; Sen et al. 2022; Adil et al. 2023). While AdS

vacua appear ubiquitously in string theory, the evolv-

ing DE component on top can, broadly speaking, be

justified on the grounds that string compactifications

typically predict the existence of a plethora of ultra-

light (pseudo)scalar particles. This usually goes under

the name of “string axiverse” (see for example Svrcek

& Witten 2006; Arvanitaki et al. 2010; Cicoli et al.

2012; Visinelli & Vagnozzi 2019; Cicoli et al. 2023), with

the axion-like particles arising from Kaluza-Klein reduc-

tion of higher-dimensional form fields on the topolog-

ical cycles of the compactification space. The topol-

ogy of the compactification manifold fixes the number

of particles, typically of order hundreds or more, and

with masses spread over a huge number of decades,

with the rough expectation that the distribution of the

logarithms of the masses should be approximately uni-

form (Kamionkowski et al. 2014; Emami et al. 2016;

Karwal & Kamionkowski 2016), see also Marsh (2011);

Ruchika et al. (2023) for related studies. The impor-

tant thing to note is that the effective EoS of multiple

interacting scalar fields can be phantom (Carroll et al.

2003; Vikman 2005; Carroll et al. 2005; Deffayet et al.

2010; Sawicki & Vikman 2013): this motivates the pos-

sibility of a component with positive energy density, but

with EoS wx(z) potentially crossing −1 [as in Eq. (1) for

suitable choices of w0, wa], sitting on top of a nCC.

Concerning the AdS vacuum itself, the exploratory re-

sults of Adil et al. (2023) which our work seeks to con-

firm show that the relevant region of parameter space

is one where |ΩΛ| ∼ O(1), i.e. where the nCC is of the

same order of the dS vacuum energy in ΛCDM (see also

Dutta et al. 2020; Visinelli et al. 2019; Sen et al. 2022).

Therefore, the magnitude of the nCC is expected to be

≲ 10−123 in Planck units, and one could legitimately

worry that this would introduce a (negative) cosmologi-

cal constant problem. Intriguingly, recent work in string

theory by Demirtas et al. (2021, 2022) has led to the

explicit construction of supersymmetric AdS4 vacua of

the right magnitude. This has been achieved within the

context of type IIB string theory in compactifications

on orientifolds of Calabi-Yau threefold hypersurfaces,

with the resulting solution preserving N = 1 supersym-

metry, and with the key point of the construction be-

ing the perfect cancellation of all perturbative terms in

the superpotential. Such a construction explicitly shows

that it is possible to obtain an exponentially small nCC

within string compactifications, thereby providing fur-

ther string motivation for the region of parameter space

we shall explore in this work.

Before moving on we note that, once the combina-

tion of evolving CPL component and Λ is identified as

making up the combined DE sector, a natural quantity

characterizing the latter is the effective equation of state

weff(z), which can be determined through the twice con-

tracted Bianchi identity, and is given by (see Adil et al.

2023, for the full calculation):

weff(z) =

Ωx(1+z)2+3w0+3wa [w0+(w0+wa)z] exp

(
−3wa

z

1 + z

)
−ΩΛ

Ωx(1+z)3(1+w0+wa) exp
(
−3wa

z
1+z

)
+ΩΛ

,

for which in general weff(z = 0) ̸= w0 unless ΩΛ = 0.

It is also worth noting that if the values of Ωx, ΩΛ, w0,

and wa are such that the total DE energy density goes

through zero and therefore switches sign at a certain

redshift, the associated effective EoS given by Eq. (4)

necessarily goes through a pole at the same redshift.

This has been discussed in detail in Ozulker (2022); Adil

et al. (2023), and does not in itself signal a pathology

given that weff(z) is not associated to the dynamics of

a single microscopical degree of freedom – however, this

does highlight the importance of focusing on the total

DE energy density rather than the effective EoS.

3. METHODS

For what concerns the properties of high-redshift

galaxies, and more generally the formation of structures,

the predictions of our model are controlled by seven pa-

rameters: the matter density parameter Ωm, the baryon

density parameter Ωb (as it controls the maximal bary-

onic, and therefore stellar, content of a given host DM

halo), the density parameter of the (positive or negative)

cosmological constant ΩΛ, the Hubble constant H0, the

present-day linear theory amplitude of matter fluctua-

tions averaged in spheres of radius 8h−1Mpc σ8, and

finally the parameters characterizing the evolving DE

component with positive energy density, w0 and wa. We

note that the radiation density parameter Ωr is essen-

tially fixed by extremely high-precision measurements

of the CMB temperature monopole (and is in any case

negligible), from which it follows that the density pa-

rameter of the evolving DE component Ωx > 0 is fixed
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by the closure relation Ωr + Ωm + ΩΛ + Ωx = 1 (which

basically reduces to ΩDE = Ωx + ΩΛ ≈ 1 − Ωm), and

cannot therefore be treated as a free parameter.

For each set of cosmological parameters discussed

above, following Linder (2005) and as reported in Menci

et al. (2020, 2022) and Adil et al. (2023), we compute the

evolution of the matter density contrast δ, from which

we obtain the linear growth factor of density perturba-

tions D(z). We note that the evolution of D(z) can

differ significantly from that within ΛCDM. The reason

is that the equation for the evolution of δ (see e.g. Adil

et al. 2023) depends on both the normalized expansion

rate E(z) ≡ H(z)/H0 and its first derivative: a dif-

ferent background expansion therefore directly impacts

the growth of structure, which within the model at hand

can be either suppressed or enhanced depending on the

choice of cosmological parameters, with the value of ΩΛ

playing an important role (see Adil et al. 2023, for more

detailed discussions on this point).

The next step is to compute the predicted maximal

abundance of galaxies with stellar mass M⋆. More pre-

cisely, the relevant quantities are the comoving cumu-

lative number or mass (stellar mass or DM halo mass)

densities, which quantify the number or mass density of

halos above a given threshold, or the number or stellar

mass density of stars contained in galaxies more massive

than a given threshold. Here we proceed as in Menci

et al. (2020, 2022) and just recall the basic steps to

compute these quantities, while encouraging the reader

to consult the above papers for further details (see also

Eqs. (3.7–3.10) of Adil et al. 2023, for explicit expres-

sions of the four quantities discussed above). For a given

set of the seven cosmological parameters we compute the

DM halo mass function dn(M, z)/dM , which quantifies

the number of DM haloes of mass M per unit mass per

unit comoving volume in the mass range [M ;M + dM ]

at a given redshift. We do so following the prescrip-

tion of Sheth & Tormen (1999), itself an extension of

the Press-Schechter formalism (Press & Schechter 1974)

accounting for ellipsoidal collapse.

From the DM halo mass function we can obtain the

maximal comoving number density of galaxies with stel-

lar mass in the range [M⋆;M⋆+dM⋆], dn⋆(M⋆, z)/dM⋆.

This is given by dn⋆(M⋆, z)/dM⋆ = fbdn(M, z)/dM ,

where fb ≡ Ωb/Ωm is the cosmic baryon fraction. We

stress that this is the maximal density because it is com-

puted under the extremely optimistic assumption that

the entire available baryonic reservoir ends up being con-

verted into stars. This assumption is of course unreal-

istic, as in reality the efficiency of converting gas into

stars, typically denoted by ϵ, is of order ϵ ≲ 0.2 or less,

with a moderate redshift dependence (Leroy et al. 2008;

Combes et al. 2011; Tacchella et al. 2018). However,

this assumption is extremely conservative for the pur-

poses of our study: given that galaxies cannot outnum-

ber their DM haloes, one can exclude those cosmolog-

ical models for which even when ϵ = 1 the predicted

number density of galaxies of given stellar mass at a

certain redshift falls short of the observed abundance of

galaxies within the same range of redshift and stellar

mass. To put it differently, a galaxy of stellar mass M⋆

can only form if a DM halo of mass M⋆/ϵfb has formed

first. Finally, we can compute the corresponding cu-

mulative comoving maximal number and stellar mass

densities of galaxies with stellar masses larger than a

given observational threshold M⋆. These are obtained

by integrating dn(M, z)/dM and fbMdn(M, z)/dM re-

spectively, where the lower limit of the integration range

is given by the threshold DM halo mass M⋆/fb,
10 and

averaging over the cosmic volume V (z1, z2) enclosed be-

tween the redshift range zmin − zmax covered by the ob-

servations (the average is performed within the integral,

again see Eqs. (3.7–3.10) of Adil et al. 2023, for explicit

expressions of these quantities). Two further corrections

are required before the computed cumulative comoving

stellar mass density of galaxies, ρ⋆(> M⋆, z), can be

compared against the JWST observations, as we will

discuss shortly.

Our goal is now to compute ρ⋆(> M⋆, z) as a function

of various choices of cosmological parameters, while en-

suring that the latter are in agreement with standard

cosmological probes. This will allow us to discuss the

complementarity between the latter, and the observed

abundance of high-redshift galaxies from JWST. Oper-

ationally, we therefore proceed as follows. The cosmo-

logical datasets we consider are given below: 11

• CMB data: measurements of CMB temperature
anisotropy and polarization power spectra, their

cross-spectra, and CMB lensing power spectrum

reconstructed from the temperature 4-point cor-

relation function, from the Planck 2018 legacy

10 The upper limit of the integration range is formally ∞, although
the integrand drops exponentially quickly for sufficiently large
DM halo mass.

11 While more recent datasets are available for some of the measure-
ments below (especially for what concerns BAO and SNeIa data),
the reason why we chose these datasets was for consistency with
the work of Sen et al. (2022), in order to make use of the chains
which were produced therein. Nevertheless, we expect very min-
imal quantitative changes were we to use the most up-to-date
eBOSS BAO data (Alam et al. 2021) and PantheonPlus SNeIa
data (Scolnic et al. 2022), and no qualitative changes, given that
our conclusions are almost entirely driven by the JWST observa-
tions. We therefore expect them to be robust against the use of
slightly more update BAO and SNeIa data.
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release. This combination is usually referred to

as TTTEEE+lowl+lowE+lensing, and we anal-

yse it making use of the official Planck likeli-

hood (Aghanim et al. 2020a,b,c).

• BAO data: isotropic and anisotropic distance

and expansion rate measurements from the

SDSS-MGS, 6dFGS, and BOSS DR12 collabora-

tions. (Ross et al. 2015; Beutler et al. 2011; Alam

et al. 2017)

• SNeIa data: distance moduli measurements from

the Pantheon SNeIa sample within the redshift

range 0.01 < z < 2.3 (Scolnic et al. 2018).

• SH0ES prior : a prior on the Hubble constant

H0 = (73.30± 1.04) km/s/Mpc, as determined by

the SH0ES team (Riess et al. 2022).

Considering the combination of the above datasets, we

derive constraints on our set of cosmological parameters

by making use of Markov Chain Monte Carlo (MCMC)

methods, with predictions for the cosmological observ-

ables in question derived using the publicly available

Boltzmann solver CLASS (Lesgourgues 2011; Blas et al.

2011). We make use of the publicly available cosmolog-

ical MCMC sampler MontePython 3.3 (Audren et al.

2013; Brinckmann & Lesgourgues 2019). We monitor

the convergence of the generated MCMC chains through

the Gelman-Rubin parameter R − 1 (Gelman & Ru-

bin 1992), requiring R − 1 < 0.02 for our chains to

be considered converged, and analyze them using the

GetDist package (Lewis 2019). For a full discussion of

the methodology and the resulting constraints, we refer

the reader to Sen et al. (2022).

In the next stage of the analysis, we introduce the

JWST observations, in particular the inferred/observed

comoving cumulative stellar mass density ρobs(> M⋆).

More specifically, we consider the value of ρobs(> M⋆)

inferred from two different classes of observations:

• the six most massive, intrinsically red galaxies in

the redshift range 9 ≲ z ≲ 11, identified in the

first NIRCam observations of the JWST CEERS

program, as reported in Labbé et al. (2023), and

which we treat as a measurement of ρobs(> M⋆)

at zeff = 10;

• the three most massive, optically dark (dust-

obscured) galaxies with robust spectroscopic red-

shifts, in the redshift range 5 ≲ z ≲ 6, identi-

fied within the JWST FRESCO NIRCam/grism

survey, as reported in Xiao et al. (2023), and

which we treat as a measurement of ρobs(> M⋆)

at zeff = 5.5.

From the two above observations the inferred stellar

mass density is of the order of ≳ 106 M⊙Mpc−3 and

≳ 105 M⊙Mpc−3 respectively.

From the MCMC chains described above, we then se-

lect only those points which are consistent within 2σ

with the standard cosmological probes discussed ear-

lier. We stress that in our MCMC analysis we have

allowed for ΩΛ ≷ 0, i.e. either a dS or AdS vacuum en-

ergy component. Each of the models consistent within

2σ with the standard cosmological observations is then

compared against the inferred values of ρobs(> M⋆)

from the JWST CEERS and FRESCO observations de-

scribed above. However, in order to properly carry out

this comparison, we need to account (and correct) for

the fact that both the values of ρobs(> M⋆) reported

by Labbé et al. (2023) and Xiao et al. (2023) have been

obtained assuming a certain fiducial cosmology, in this

case ΛCDM with a given choice of parameters. Let us

refer to the vector of fiducial cosmology parameters as

f , whereas we denote by θ the vector of cosmological

parameters for each point in our MCMC chain. As dis-

cussed in detail in Menci et al. (2022), one then needs

to apply two different corrections:

• the inferred ρobs(> M⋆) has to be corrected by

a “volume factor” fvol ≡ Vf/Vθ to appropriately

rescale the volume density, where V is the cos-

mic volume computed for the specific model and

choice of cosmological parameters in question, at

the effective redshift zeff;

• similarly, the measured masses have to be cor-

rected by a “luminosity factor” flum ≡ dL,f/dL,θ

to account for the fact that the stellar masses

have been inferred from the observed luminosities

within the assumption of the given fiducial cosmol-

ogy, where dL is the luminosity distance computed

for the specific model and choice of cosmological

parameters in question, once more at the effective

redshift zeff.

The cosmology-corrected maximal comoving cumulative

stellar mass densities can then be directly compared to

the JWST observations described above.

We consider a given cosmological model (which, we re-

call, is already ensured to be consistent within 2σ with

the standard cosmological probes) to be excluded if the

maximal predicted stellar mass density of galaxies at

the given effective redshift is lower than the value in-

ferred from JWST CEERS or FRESCO observations.

From this we can then compute the exclusion probabil-

ity P for a given model, or conversely the probability of

consistency with the JWST observations Q (obviously

P +Q = 1). This is performed using the procedure de-
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scribed in Menci et al. (2022), through a Monte Carlo

procedure which also accounts for uncertainties in the

observational estimates of masses (in particular poten-

tial systematics related to the spectral energy distri-

bution fitting procedure), and statistical errors in the

observational number densities. We refer the reader

to Menci et al. (2022) for further details on the calcula-

tion of the exclusion probability.

4. RESULTS

We begin by comparing our theoretical predictions

against the stellar mass density inferred from the most

massive objects identified by NIRCam observations of

the JWST CEERS program, as reported in Labbé et al.

(2023). In particular, these observations refer to the red-

shift range zmin = 9 ≲ z ≲ zmax = 11, which we treat at

an effective redshift zeff = 10, focusing on the most mas-

sive bin considered in Labbé et al. (2023), corresponding

to M⋆ ≥ M⋆ = 1010.5M⊙. As discussed in Sec. 3, from

the MCMC chains we extract cosmological parameter

vectors consistent within 2σ with the standard CMB,

BAO, and SNeIa cosmological probes, predict the cor-

responding maximal comoving cumulative stellar mass

density, which we then correct for the assumed fiducial

cosmology, and then compare this against the JWST

CEERS observations. For each model, we derive the ex-

clusion probability P , or conversely the probability of

consistency with the JWST observations, Q = 1− P .

The results of our analysis are reported in terms of

consistency probability contour plots as a function of

the evolving DE parameters w0 and wa in Fig. 1, where

each of the four quadrants refers to different regimes

for the vacuum energy density parameter ΩΛ: dS vac-

uum ΩΛ > 0 (lower right quadrant), AdS vacuum with

−1 < ΩΛ < 0 (lower left quadrant), AdS vacuum with
even more negative ΩΛ < −1 (upper right panel), and

finally any value of ΩΛ (upper left quadrant). Superim-

posed on the same plots are 2σ and 3σ joint confidence

intervals in the w0-wa plane obtained from a combina-

tion of CMB, BAO, and SNeIa measurements (black

contours, as reported in Brout et al. 2022), as well

as from the combined Hubble diagram of SNeIa and

quasars (QSOs, blue contours, as reported in Risaliti

& Lusso 2019), reaching up to redshift z ∼ 5.5.

The first noteworthy result is that the existence of a

region of w0-wa parameter space featuring a DE compo-

nent with an AdS vacuum which is consistent with all

the standard cosmological probes and the abundance of

high-redshift galaxies inferred from JWST. This can be

contrasted to the earlier results of Menci et al. (2022)

which only considered a dS vacuum, finding that a ma-

jor portion of the w0-wa parameter space favored by the

standard cosmological probes is excluded at significance

> 2σ by the JWST observations. This result on its own,

therefore, represents a solid quantitative confirmation of

the earlier exploratory results of Adil et al. (2023), and

confirms that the presence of a nCC in the DE sector

can help accelerate structure formation, thereby aiding

the formation of very massive objects at very high red-

shift beyond what is possible within ΛCDM (for more

detailed explanations of why this occurs, we refer the

reader to Adil et al. 2023).

It is also interesting to note that the favored region in

w0-wa parameter space is not far from (w0, wa)=(−1, 0),

while lying slightly within the phantom regime, in qual-

itative agreement with Adil et al. (2023). Within this

region, we are able to achieve a consistency probability

with the JWST measurements of up to 47%. More-

over, this same region is also consistent within ≈ 2σ

with the region favored by SNeIa+QSOs. As ΩΛ is in-

creased, and we therefore move from the upper right

quadrant to the two lower quadrants, we see a gradual

shift in the required properties of the evolving DE com-

ponent: this progressively shifts from being character-

ized by mostly quintessence-like behaviour (potentially

crossing the phantom divide in the past, in agreement

with the results of Adil et al. 2023), to a quintessence-

like behaviour at present but a phantom behaviour in

the past, i.e. moving towards the lower right part of the

w0-wa plane. The latter point is in excellent agreement

with the earlier findings of Menci et al. (2022), which in-

deed focused precisely on this regime, and showed that

therein most of the wa > 0 region is excluded, unless

w0 is deep in the phantom regime. Either way, it is

clear that as ΩΛ is increased, the point (w0, wa)=(−1,

0) is progressively disfavored, with a probability of con-

sistency of < 10% in the ΩΛ > 0 case (lower right quad-

rant), in agreement with Menci et al. (2022). In the

latter case, one should pay attention to the fact that

Fig. 2 in Menci et al. (2022) plots the exclusion proba-

bility, whereas here we are plotting the probability for

consistency : when one accounts for this, it is easy to

see that the results are consistent with those of Menci

et al. (2022). On the other hand, an AdS vacuum plus

evolving DE component scenario displays a good consis-

tency with the JWST measurements (see especially the

upper right quadrant): the reason is that the presence

of the nCC helps accelerate structure formation, thereby

reducing the need for phantom DE, which also happens

to be theoretically much harder to accommodate with

respect to a quintessence-like component.

While the above conclusions are robust on the theo-

retical side, critical issues may affect the measurements

of Labbé et al. (2023) we are comparing against. In first
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Figure 1. Contours in the w0-wa plane colored by the
probability of consistency with the stellar mass density in-
ferred from the six most massive galaxies identified in the
first NIRCam observations of the JWST CEERS program,
in the redshift range 9 ≲ z ≲ 11, as reported in Labbé et al.
(2023). The contours are reported considering the dynami-
cal DE model discussed in Sec. 2, featuring an evolving DE
component with positive energy density, sitting on top of a
vacuum energy component with density parameter ΩΛ ≷ 0.
The four different quadrants correspond to different regimes
for the value of ΩΛ: all values ΩΛ ≷ 0 (upper left quad-
rant), ΩΛ < −1 (upper right quadrant), −1 < ΩΛ < 0 (lower
left quadrant), and ΩΛ > 0 (lower right quadrant). As dis-
cussed in Sec. 3, we only consider combinations of cosmo-
logical parameters consistent within 2σ with the standard
CMB+BAO+SNeIa cosmological probes. Our contours are
compared to the 2σ and 3σ contours allowed by the latest
CMB+BAO+SNeIa measurements (black contours) as re-
ported in Brout et al. (2022), and the combined Hubble dia-
gram of SNeIa and quasars (QSOs, blue contours) reported
in Risaliti & Lusso (2019). The green dot corresponds to the
ΛCDM case (w0 = −1, wa = 0).

place, potential uncertainties may affect the calibration

of the JWST photometric data used therein. A second

issue may concern the Chabrier IMF adopted by Labbé

et al. (2023) to derive stellar masses. While we do not

expect that assuming other universal forms for the IMF

based on low-redshift conditions would change (or even

strengthen) the constraints we have derived, the star

formation process can be significantly different at red-

shifts as high as the ones we are concerned with (see e.g.

Steinhardt et al. 2023b).

For such reasons, it is important to perform an in-

dependent test against spectroscopic data in a differ-

ent redshift range. With this in mind, we then pro-

ceed to carry out a comparison against the stellar mass

density inferred from the three most massive, optically

dark (dust-obscured) galaxies with robust spectroscopic

redshifts from the JWST FRESCO survey (Xiao et al.

2023). Note that here as well the stellar masses have

been conservatively inferred using a Chabrier IMF. We

expect that assuming other universal forms for the IMF

(e.g. Salpeter, Kennicut) would yield similar or even

larger values of M⋆, and therefore our results can be

interpreted as being conservative in this sense. As in

our previous comparison, we conservatively consider for

the measured value M⋆ the one corresponding to the

lower tip of the uncertainty provided by Xiao et al.

(2023). As for the uncertainties in the number density,

the confidence levels thereon are derived using the sta-

tistical method presented in Ebeling (2004), as discussed

in Menci et al. (2022).

The results of such a comparison are shown in Fig. 2,

with the same quadrant structure as in Fig. 1. We see

that the results are completely consistent, and very sim-

ilar, to those obtained comparing against the photomet-

ric sample at higher redshift of Labbé et al. (2023). The

only quantitative difference is that overall we are able

to achieve higher levels of consistency with the JWST

FRESCO data, as high as 98%. Moreover, just as ob-

served earlier, we see that the fraction of evolving DE

models with phantom behaviour increases with increas-

ing values of ΩΛ, confirming the trend seen with the

photometric sample: in other words, introducing a nCC

helps accelerate structure formation and reduce the need

for a phantom DE component, a welcome reduction from

the theory point of view.

For completeness, in Fig. 3 we display the associated

contours in the h-S8 ≡ σ8

√
Ωm/0.3 parameter space,

where h ≡ H0/(100 km/s/Mpc) is the reduced Hub-

ble constant, and S8 controls the overall strength of

matter clustering in the late Universe. While the con-

tours we obtain are, by construction, consistent with the

standard cosmological observables we considered, they

display some tension with weak lensing (and, to some

extent, galaxy clustering) measurements, which favour

lower values of S8 (see e.g. Di Valentino & Bridle 2018;

Di Valentino et al. 2021d; Nunes & Vagnozzi 2021). This

is of course not unexpected.

5. CONCLUSIONS

The puzzling abundance of extremely massive galax-

ies at very high redshift unveiled by the early JWST

observations has the potential to upturn the current con-

cordance ΛCDM model, itself already plagued by other

observational tensions. At the same time, the JWST ob-

servations can be used to test alternative cosmological

models, and can potentially rule out those models which
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Figure 2. Same as in Fig. 1, but considering the three most
massive, optically dark (dust-obscured) galaxies with robust
spectroscopic redshifts identified within the JWST FRESCO
survey, in the redshift range 5 ≲ z ≲ 6, as reported in Xiao
et al. (2023).

Figure 3. Contours of probability of consistency with the
same observations considered in Fig. 2, and with the same
color coding, in the plane of the reduced Hubble constant
h ≡ H0/(100 km/s/Mpc) and the clustering parameter S8 ≡
σ8

√
Ωm/0.3.

do not allow for a sufficiently fast growth of structure re-

quired to explain the formation of the galaxies observed

by JWST. As argued by various earlier works (Menci

et al. 2020, 2022; Adil et al. 2023), observations of the

abundance of high-redshift galaxies can place strong

constraints on dynamical DE models, in a way which

is highly complementary to standard CMB, BAO, and

SNeIa cosmological probes at low redshifts. In the ear-

lier exploratory work of Adil et al. (2023) some of us ar-

gued that a DE sector featuring a negative cosmological

constant (AdS vacuum) with an evolving DE component

on top, which carries strong motivation from string the-

ory given the ubiquity of AdS vacua therein, can lead to

a more efficient growth of structure at early times, po-

tentially explaining the JWST observations. Our goal in

this work has been that of going beyond this exploratory

analysis, by a) performing a more careful comparison of

such a model against JWST data, while also b) better

assessing the complementarity with standard cosmolog-

ical probes, and c) considering also spectroscopic data

from the JWST FRESCO survey (Xiao et al. 2023) in

order to place the results on a more solid footing.

Our results, which qualitatively confirm the ex-

ploratory findings of Adil et al. (2023), can be summa-

rized as follows:

• a DE sector featuring an evolving component with

positive energy density on top of a negative cos-

mological constant with density parameter ΩΛ < 0

can indeed improve consistency with photometric

JWST observations at redshifts 9 ≲ z ≲ 11 (in

agreement with the findings of Adil et al. 2023),

with consistency of up to 47%;

• as ΩΛ is increased, the behaviour evolving DE

component progressively shifts towards a more

phantom behaviour – to put it differently, in-

troducing a negative cosmological constant al-

lows for better agreement with the JWST obser-

vations with a decreased need for phantom be-

haviour, which is more problematic compared to

a quintessence-like behaviour from a theoretical

point of view;

• for ΩΛ > 0, the JWST observations favor dynami-

cal DE models which cross the phantom divide, in

agreement with the findings of Menci et al. (2022);

• these findings remain intact when consider-

ing spectroscopic observations from the JWST

FRESCO survey at 5 ≲ z ≲ 6, placing all the

earlier conclusions on a much more robust footing

from the observational point of view;

• the JWST observations, and more generally obser-

vations of the abundance of high-redshift galaxies,

are highly complementary to standard cosmolog-

ical probes from CMB, BAO, and SNeIa, as well

as observations of high-redshift QSOs.
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In short, we have shown that DE sectors featuring a

negative cosmological constant are extremely interest-

ing from the perspective of the high-redshift galaxies

observed by JWST. Moreover, this class of models, and

more generally models featuring negative energy densi-

ties in the DE sector, also have the potential to partially

(albeit not completely) alleviate the Hubble tension (see

e.g. Visinelli et al. 2019; Akarsu et al. 2020; Di Valentino

et al. 2021a; Acquaviva et al. 2021; Akarsu et al. 2021,

2023a; Sen et al. 2022; Akarsu et al. 2023b; Adil et al.

2023; Akarsu et al. 2023). This therefore confirms that

such models are interesting from all three the observa-

tional, phenomenological, and also theoretical perspec-

tive, in the latter case in light of their strong motivation

from string theory.

Overall, our results further strengthen the case for illu-

minating the nature of DE, and more generally testing

new fundamental physics, using observations of high-

redshift galaxies, in a redshift range which cannot be

reached by standard cosmological probes. We believe

such observations have the potential to become an im-

portant “emergent probe” (see e.g. Moresco et al. 2022)

in coming years, especially with the achievable higher

spatial resolution and improved sensitivity from future

ALMA/NOEMA and deep JWST spectroscopic obser-

vations, whose complementarity with upcoming CMB

measurements (e.g. Ade et al. 2019) it would be inter-

esting to explore. From the theory side, it could be in-

teresting to extend our analysis to one implementing a

fundamental string scenario from first principles, along

the lines of Cicoli et al. (2019) and Ruchika et al. (2023)

(see also Oikonomou et al. (2023)). The early JWST ob-

servations have the potential to shake modern cosmology

and shed new light onto the nature of the dark sector

components. Our work represents a small step in the

latter direction, and we cannot wait to see what lies in

store for cosmology as our long-awaited space telescope

keeps gathering data.
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Labbé, I., et al. 2023, Nature, 616, 266,

doi: 10.1038/s41586-023-05786-2
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Mörtsell, E., & Dhawan, S. 2018, JCAP, 09, 025,

doi: 10.1088/1475-7516/2018/09/025

Moshafi, H., Firouzjahi, H., & Talebian, A. 2022,

Astrophys. J., 940, 121, doi: 10.3847/1538-4357/ac9c58

Niedermann, F., & Sloth, M. S. 2021, Phys. Rev. D, 103,

L041303, doi: 10.1103/PhysRevD.103.L041303

http://doi.org/10.1093/mnrasl/slad137
http://doi.org/10.1103/PhysRevD.108.043510
http://doi.org/10.1088/1475-7516/2019/03/043
http://doi.org/10.1103/PhysRevD.68.046005
http://doi.org/10.1103/PhysRevLett.113.251302
https://arxiv.org/abs/2211.04492
http://doi.org/10.48550/arXiv.2312.09717
http://doi.org/10.1103/PhysRevD.94.103523
http://doi.org/10.1103/PhysRevD.105.063535
http://doi.org/10.1103/PhysRevLett.131.111002
http://doi.org/10.1002/prop.201800052
http://doi.org/10.1088/1361-6382/ab1d87
http://doi.org/10.1103/PhysRevD.101.043533
http://doi.org/10.1016/j.dark.2021.100862
http://doi.org/10.1038/s41586-023-05786-2
http://doi.org/10.1088/1475-7516/2022/04/004
http://doi.org/10.48550/arXiv.2305.03408
http://doi.org/10.1093/mnras/sty3082
http://doi.org/10.1140/epjc/s10052-018-6225-y
http://doi.org/10.1088/0004-6256/136/6/2782
http://doi.org/10.48550/arXiv.1104.2932
http://doi.org/10.48550/arXiv.1910.13970
http://doi.org/10.3847/2041-8213/ab3e09
http://doi.org/10.48550/arXiv.2310.03021
http://doi.org/10.1088/1674-4527/ad0864
http://doi.org/10.1103/PhysRevLett.90.091301
http://doi.org/10.1103/PhysRevD.72.043529
http://doi.org/10.1103/PhysRevD.73.063010
http://doi.org/10.1007/s10714-007-0550-z
http://doi.org/10.1088/0034-4885/71/5/056901
http://doi.org/10.1093/mnras/stac3224
http://doi.org/10.1016/j.physletb.2011.04.013
http://doi.org/10.1051/0004-6361/202345851
http://doi.org/10.4310/ATMP.1998.v2.n2.a1
http://doi.org/10.48550/arXiv.2301.12725
http://doi.org/10.1103/PhysRevD.83.123526
http://doi.org/10.3847/2041-8213/ac96e9
http://doi.org/10.3847/1538-4357/aba9d2
http://doi.org/10.1093/mnrasl/slad159
http://doi.org/10.1007/s41114-022-00040-z
http://doi.org/10.1088/1475-7516/2018/09/025
http://doi.org/10.3847/1538-4357/ac9c58
http://doi.org/10.1103/PhysRevD.103.L041303


17

Nojiri, S., Odintsov, S. D., & Oikonomou, V. K. 2017,

Phys. Rept., 692, 1, doi: 10.1016/j.physrep.2017.06.001

Nojiri, S., Odintsov, S. D., & Tsujikawa, S. 2005, Phys.

Rev. D, 71, 063004, doi: 10.1103/PhysRevD.71.063004

Nunes, R. C., & Vagnozzi, S. 2021, Mon. Not. Roy. Astron.

Soc., 505, 5427, doi: 10.1093/mnras/stab1613
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et al. 2022, Phys. Rept., 984, 1,

doi: 10.1016/j.physrep.2022.07.001

Schöneberg, N., Lesgourgues, J., & Hooper, D. C. 2019,

JCAP, 10, 029, doi: 10.1088/1475-7516/2019/10/029

Scolnic, D., et al. 2022, Astrophys. J., 938, 113,

doi: 10.3847/1538-4357/ac8b7a

Scolnic, D. M., et al. 2018, Astrophys. J., 859, 101,

doi: 10.3847/1538-4357/aab9bb

Sen, A. A., Adil, S. A., & Sen, S. 2022, Mon. Not. Roy.

Astron. Soc., 518, 1098, doi: 10.1093/mnras/stac2796

Shah, P., Lemos, P., & Lahav, O. 2021, Astron. Astrophys.

Rev., 29, 9, doi: 10.1007/s00159-021-00137-4

Sharma, M. K., Pacif, S. K. J., Yergaliyeva, G., &

Yesmakhanova, K. 2023, Annals Phys., 454, 169345,

doi: 10.1016/j.aop.2023.169345

Sharma, R. K., Pandey, K. L., & Das, S. 2022, Astrophys.

J., 934, 113, doi: 10.3847/1538-4357/ac7a33

Sheth, R. K., & Tormen, G. 1999, Mon. Not. Roy. Astron.

Soc., 308, 119, doi: 10.1046/j.1365-8711.1999.02692.x

Singh, J. K., Singh, P., Saridakis, E. N., & Myrzakul, S.

2023, arXiv e-prints, arXiv:2304.03783,

doi: 10.48550/arXiv.2304.03783

Steinhardt, C. L., Kokorev, V., Rusakov, V., Garcia, E., &

Sneppen, A. 2023a, Astrophys. J. Lett., 951, L40,

doi: 10.3847/2041-8213/acdef6

Steinhardt, C. L., Rusakov, V., Clark, T. H., et al. 2023b,

ApJL, 949, L38, doi: 10.3847/2041-8213/acd447

Su, B.-Y., Li, N., & Feng, L. 2023, arXiv e-prints,

arXiv:2306.05364, doi: 10.48550/arXiv.2306.05364

Svrcek, P., & Witten, E. 2006, JHEP, 06, 051,

doi: 10.1088/1126-6708/2006/06/051

Tacchella, S., Bose, S., Conroy, C., Eisenstein, D. J., &

Johnson, B. D. 2018, Astrophys. J., 868, 92,

doi: 10.3847/1538-4357/aae8e0

Teng, Y.-P., Lee, W., & Ng, K.-W. 2021, Phys. Rev. D,

104, 083519, doi: 10.1103/PhysRevD.104.083519

Trivedi, O. 2023, arXiv e-prints, arXiv:2309.08954,

doi: 10.48550/arXiv.2309.08954

Tutusaus, I., Kunz, M., & Favre, L. 2023, arXiv e-prints,

arXiv:2311.16862, doi: 10.48550/arXiv.2311.16862

Vafa, C. 2005, arXiv e-prints, hep,

doi: 10.48550/arXiv.hep-th/0509212

Vagnozzi, S. 2020, Phys. Rev. D, 102, 023518,

doi: 10.1103/PhysRevD.102.023518

—. 2021, Phys. Rev. D, 104, 063524,

doi: 10.1103/PhysRevD.104.063524

—. 2023, Universe, 9, 393, doi: 10.3390/universe9090393

Vagnozzi, S., Dhawan, S., Gerbino, M., et al. 2018, Phys.

Rev. D, 98, 083501, doi: 10.1103/PhysRevD.98.083501

Vagnozzi, S., Pacucci, F., & Loeb, A. 2022, JHEAp, 36, 27,

doi: 10.1016/j.jheap.2022.07.004

Vagnozzi, S., Visinelli, L., Brax, P., Davis, A.-C., &

Sakstein, J. 2021, Phys. Rev. D, 104, 063023,

doi: 10.1103/PhysRevD.104.063023

Valcin, D., Jimenez, R., Verde, L., Bernal, J. L., &

Wandelt, B. D. 2021, JCAP, 08, 017,

doi: 10.1088/1475-7516/2021/08/017

van Putten, M. H. P. M. 2024, Phys. Dark Univ., 43,

101417, doi: 10.1016/j.dark.2023.101417

Verde, L., Schöneberg, N., & Gil-Maŕın, H. 2023, arXiv
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Zhai, Y., Giarè, W., van de Bruck, C., et al. 2023, JCAP,

07, 032, doi: 10.1088/1475-7516/2023/07/032

Zhang, R., & Zhang, Z. 2023, JCAP, 06, 031,

doi: 10.1088/1475-7516/2023/06/031

Zhang, X. 2009, Phys. Rev. D, 79, 103509,

doi: 10.1103/PhysRevD.79.103509

Zhang, Z. 2022, Class. Quant. Grav., 39, 015003,

doi: 10.1088/1361-6382/ac38d1

Zhao, G.-B., et al. 2017, Nature Astron., 1, 627,

doi: 10.1038/s41550-017-0216-z

Zumalacarregui, M. 2020, Phys. Rev. D, 102, 023523,

doi: 10.1103/PhysRevD.102.023523

http://doi.org/10.3847/1538-4357/ac562c
http://doi.org/10.1103/RevModPhys.61.1
http://doi.org/10.1016/0550-3213(88)90193-9
https://arxiv.org/abs/hep-th/9408025
http://doi.org/10.48550/arXiv.2309.02492
http://doi.org/10.1093/mnras/staa3914
http://doi.org/10.1088/1475-7516/2018/09/019
http://doi.org/10.1103/PhysRevD.99.043543
http://doi.org/10.1093/mnras/sty019
http://doi.org/10.1103/PhysRevD.104.063510
http://doi.org/10.1103/PhysRevD.108.063512
http://doi.org/10.1103/PhysRevD.101.083507
http://doi.org/10.1103/PhysRevD.102.083523
http://doi.org/10.1016/j.physletb.2023.137770
http://doi.org/10.48550/arXiv.2305.11441
http://doi.org/10.48550/arXiv.2303.09391
http://doi.org/10.1088/1475-7516/2023/07/032
http://doi.org/10.1088/1475-7516/2023/06/031
http://doi.org/10.1103/PhysRevD.79.103509
http://doi.org/10.1088/1361-6382/ac38d1
http://doi.org/10.1038/s41550-017-0216-z
http://doi.org/10.1103/PhysRevD.102.023523

	Introduction
	Dark Energy models
	Methods
	Results
	Conclusions

