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Abstract. Early data from the James Webb Space Telescope (JWST) has uncovered the
existence of a surprisingly abundant population of very massive galaxies at extremely high
redshift, which are hard to accommodate within the standard ΛCDM cosmology. We explore
whether the JWST observations may be pointing towards more complex dynamics in the dark
energy (DE) sector. Motivated by the ubiquity of anti-de Sitter vacua in string theory, we
consider a string-inspired scenario where the DE sector consists of a negative cosmological
constant (nCC) and a evolving component with positive energy density on top, whose equation
of state is allowed to cross the phantom divide. We show that such a scenario can drastically
alter the growth of structure compared to ΛCDM, and accommodate the otherwise puzzling
JWST observations if the dynamical component evolves from the quintessence-like regime
in the past to the phantom regime today: in particular, we demonstrate that the presence
of a nCC (which requires a higher density for the evolving component) plays a crucial role
in enhancing the predicted cumulative comoving stellar mass density. Our work reinforces
the enormous potential held by observations of the abundance of high-z galaxies in probing
cosmological models and new fundamental physics, including string-inspired ingredients.
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1 Introduction

It is now 25 years since the discovery of cosmic acceleration [1, 2], which led to what is perhaps
one of the biggest paradigm shifts in cosmology. While the microphysics underlying cosmic
acceleration remains as of yet unknown, the phenomenology thereof is better understood, and
usually ascribed to a dark energy (DE) component with negative pressure but positive energy
density [3]. In fact, observations are in good agreement with the concordance ΛCDM model
where DE takes the form of a cosmological constant (CC) Λ, whose microphysical origin is to
be sought in the zero-point vacuum energy density of quantum fields [4]. Nevertheless, there
are good reasons to believe that a (positive) CC might not be the end of the story: from the
theoretical perspective, the expected value of Λ is at odds — to use an euphemism — with
the tiny value required to fit observations [5], whereas more recently from the data side, a
number of tensions plaguing the ΛCDM model (e.g. tensions affecting the Hubble constant
H0 [6–15] and the amplitude of matter fluctuations S8 [16–18]) might call for new physics
in the DE sector. These and other considerations have motivated a wide range of beyond-Λ
DE models, several of which based on the dynamics of scalar fields (with no claims as to
completeness, see e.g. refs. [19–75]).

A feature common to most quintessence scalar field DE models is the positivity of
the field potential’s ground state, corresponding to a stable or meta-stable de Sitter (dS)
vacuum. Interestingly, constructing consistent dS vacua in string theory has proven to be a
daunting task, to the point that it has been speculated that string theory may harbor no dS
vacua at all [76], or at least no stable ones (as advocated by the swampland program, with
important cosmological implications [77–86]). On the other hand anti-de Sitter (AdS) vacua,
corresponding to a negative CC (nCC), are ubiquitous within string theory. There are various
reasons why this is the case, one of them being the celebrated AdS/CFT correspondence [87],
and more generally the enormous difficulties in formulating a consistent Quantum Field
Theory in dS space [88], from the choice of vacuum state to the (non)-existence of a well-
defined S-matrix. In more detail, string theory vacua should be solutions to supergravity
theories, and these are typically unstable against quantum/stringy corrections unless they are
supersymmetric vacua. There are no known supersymmetric dS vacua in string theory, as
the Hamiltonian is a positive-definite operator in any supersymmetric algebra, and dS space
does not possess a globally defined time-like Killing vector (along which the Hamiltonian
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would generate translations) [89]. This is the reason why it is easy to construct Freund-Rubin
AdSp × Sq compactifications [90] in p + q-dimensional (super)gravity theories with a q-form
field strength [91]. These can be argued to preserve supersymmetry, and thus to be absolutely
stable, explaining the ubiquity of AdS vacua in string theory. Constructing parametrically
large, long-lived dS vacua has proven extremely difficult in string theory and, if the swampland
program is correct, no stable dS vacua should exist.1

The above considerations, along with the fact that negative scalar potentials (thus
including AdS vacua) are among the best understood quantum gravity backgrounds by virtue
of holography [87], provide strong motivations for testing the possible existence of a nCC
in the DE sector from the cosmological perspective. Of course, a nCC on its own cannot
explain cosmic acceleration, so we require an additional component on top, with positive
energy density. One can think of such a scenario as describing a scalar field (quintessence)
rolling along a potential whose minimum is an AdS vacuum. Here we shall be even more
general and allow for an evolving/dynamical DE component (on top of the nCC) which can
cross the phantom divide wx = −1, where wx is the DE equation of state (EoS).2 Such a
scenario has been studied earlier in light of various cosmological datasets [104–108],3 and our
goal is to open a new window onto this class of models using observations of high-z galaxies.

Although most DE tests are carried out using low-z (z ≲ 2), standard cosmological
probes, it is worth studying whether other probes in different redshift ranges may help
further shed light on this elusive component. A potentially interesting probe in this sense
is the abundance of high-z massive galaxies: these populate high-mass dark matter (DM)
haloes, whose mass function and redshift evolution thereof depend strongly on the underlying
cosmology, in particular on the background expansion and growth rate, both of which can
potentially be drastically altered even at high redshift within alternative DE models. The
predicted abundance of massive DM haloes at a given redshift can be compared to the observed
abundance of galaxies of given stellar mass in a conservative way bypassing complications
introduced by complex galaxy formation physics. In fact, the stellar mass content M⋆ of a
galaxy is bounded above by the galaxy’s total baryonic matter, whose maximum is determined
if the DM halo mass M and cosmic baryon fraction fb ≡ Ωb/Ωm are known: M⋆ ≤ fbM .4
As galaxies cannot outnumber their DM haloes, the observed abundance of high-z galaxies
of known stellar mass can be used to exclude cosmological models which do not allow for a
sufficiently rapid growth of DM haloes, potentially including various DE models, as pointed
out in ref. [119].

1The KKLT [92] and Large Volume Compactification [93] constructions have been argued to provide a
mechanism for uplifting AdS vacua into (meta)stable dS vacua, although there is significant debate as to
whether the resulting vacua are stable enough.

2Very broadly speaking, one could also argue that such a scenario carries some string motivation. In fact,
string compactifications typically predict the existence of a plethora of ultralight (pseudo)scalar particles,
which arise from the Kaluza-Klein reduction of higher-dimensional form fields on the topological cycles of the
compactification space, in number fixed by the topology of the compactification manifold but typically of order
hundreds or more (as in the so-called “string axiverse” scenario) [94–98]. While a single standard, minimally
coupled scalar field would have an EoS in the quintessence-like regime wx > −1, multiple interacting scalar
fields as well as modified gravity scenarios can lead to an effective phantom EoS wx < −1 [99–103]. Broadly
speaking, this motivates studying a scenario featuring an evolving DE component, which can potentially cross
the phantom divide, on top of a nCC.

3See also ref. [109] for related results, as well as refs. [110–114] for recent works on cosmological implications
of an AdS phase in the early Universe, specifically in the context of early dark energy [115].

4In general this relation is more properly written as M⋆ = ϵfbM , where ϵ is the efficiency of converting gas
into stars, whose value is expected to be ϵ ≲ 0.2, with a moderate redshift dependence [116–118].
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Such a comparison has become all the more urgent in light of early observations from the
long-awaited, next-generation space telescope: the James Webb Space Telescope (JWST) [120],
which has given us a first glimpse of high-z galaxy formation. Initial JWST imaging data from
NIRCam observations of the Cosmic Evolution Early Release Science (CEERS) program have
in fact uncovered the existence of a surprisingly abundant (cumulative stellar mass density
ρ⋆ ≳ 106M⊙/Mpc3) population of massive galaxies (M⋆ ≳ 1010.5M⊙) at very high redshift
(7 ≲ z ≲ 10) [121–125]. While these results come with important caveats (e.g. the redshifts
are photometric and only a handful have been spectroscopically confirmed [126, 127]), should
they hold up to scrutiny, the challenge they would pose to the current concordance ΛCDM
model would be huge [128], just as the results from JWST’s predecessor, the Hubble Space
Telescope, challenged the then-current and eventually dethroned Einstein-dS model [129–131]:
in fact, several works have already started exploring the intriguing possibility that the early
JWST results may be calling for new fundamental physics, or more generally the potential of
early JWST data to constrain fundamental physics, see e.g. refs. [132–157].5

In this paper we shall take a more conservative approach, and assess the potential of
the JWST observations in discriminating between different DE models, and in particular in
testing the possible existence of a nCC in the DE sector. In fact it was recently argued by
ref. [163] that, if taken seriously, the early JWST observations rule out a major portion of the
parameter space of dynamical DE models currently consistent with cosmological data. The
implications of these conclusions can be very far-reaching. Here we show how these conclusions
can be drastically altered if a nCC is introduced in the dark sector. Our results open a new
window towards testing an important prediction of string theory using observations of massive,
high-z galaxies, with minimal assumptions on galaxy formation.

The rest of this paper is then organized as follows. In section 2 we introduce the nCC
and discuss the DE models we consider. In section 3 we discuss the methods used to compute
the observables relevant for high-z galaxies. In section 4 we then compare our predicted
cumulative stellar mass densities to the abundance of high-z galaxies inferred from JWST
observations. Finally, we draw closing remarks in section 5.

2 Dark energy models

We now present the dark energy models considered, some of which include a nCC, while
others do not, in order to provide a comparative assessment of the effect of a nCC on the
observables studied. For what concerns the DE sector, we do not commit to any specific
microphysical model for DE, but rather adopt a general parametrization for an evolving DE
EoS wx(z). Specifically, we shall consider the widely used Chevallier-Polarski-Linder (CPL)
parametrization for wx(z), given by [164, 165]:

wx(z) = w0 + wa
z

1 + z
, (2.1)

where z denotes redshift, and w0 and wa are two constants, with w0 corresponding to the
present-time DE EoS. Clearly, eq. (2.1) corresponds to a Taylor series of the DE EoS in
powers of the scale factor a = (1 + z)−1 around the present value a0 = 1, truncated to first
order. There are several reasons why the CPL parametrization is widely used. Firstly, its 2-
dimensional nature makes it easy to manage from the computational point of view. Next, and

5Of course, the JWST results may also imply our need to rethink the physics of galaxy formation, see e.g.
refs. [158–162] for works in this direction.
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perhaps most importantly, it has a direct connection to several physical DE models, notably
quintessence DE. In fact, after being tested against physical solutions of the Klein-Gordon
equation, the CPL parametrization has been shown to be accurate to sub-percent level in
recovering observables (e.g. expansion rate and distance measurements) for quintessence DE
models for different choices of w0 and wa [165–170]. The only other parametrization which has
been shown to possess these properties is the 4-parameter Copeland-Corasaniti-Linder-Huterer
parametrization [171, 172]. While a number of other EoS parametrizations for dynamical DE
have been proposed in the literature,6 here we shall stick with the CPL parametrization given
its appealing properties discussed above. Note that at asymptotically early times, i.e. for
z → ∞, the CPL EoS tends to w0 + wa. Therefore, even if the DE component is presently
in the quintessence-like regime (w0 > −1), if wa is sufficiently negative the DE component
will eventually become phantom in the past — similar considerations of course hold for a DE
component which is phantom at present but can become quintessence-like in the past. For a
dynamical DE model described by the CPL parametrization, the energy density ρx(z) evolves
as follows:

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

(
−3wa

z

1 + z

)
, (2.2)

where ρ
(0)
crit and ρ

(0)
x are the current critical energy density and (positive) energy density of

the CPL component respectively, and Ωx ≡ ρ
(0)
x /ρ

(0)
crit is the CPL DE density parameter.

On top of the DE component described by eq. (2.1) we also consider the presence of
a nCC in the dark sector, Λ < 0, with associated nCC density parameter ΩΛ = Λ/3 < 0.
Considering also the presence of radiation and matter with density parameters Ωr and Ωm

respectively, and assuming a spatially flat Universe, the first Friedmann equation governing
the evolution of the Hubble rate can be expressed in the following form:

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

)]
,

(2.3)

where H0 is the Hubble constant. As we are assuming a spatially flat Universe, the density
parameters are not independent, but obey the constraint:

Ωr + Ωm + ΩΛ + Ωx = 1 . (2.4)

Moreover, it is natural to identify the combined DE sector as comprising the CPL component
with density parameter Ωx, and the nCC component with density parameter ΩΛ, and therefore
we make the following identification:

ΩDE = Ωx + ΩΛ ≃ 1 − Ωm , (2.5)

where the last equality is approximately true when neglecting the radiation component,
completely subdominant today, whereas we can identify the total DE energy density as being:

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

(
−3wa

z

1 + z

)
+ ΩΛρ

(0)
crit . (2.6)

6Most of these have been proposed with phenomenological motivations, see e.g. refs. [173–182] for examples
in this sense (see also ref. [183] for a study on the theoretical viability conditions for these parametrizations,
and ref. [184] for discussions on potential shortcomings of the CPL parametrization), although the community
has been moving towards non-parametric reconstructions of the DE EoS and related quantities, see e.g.
refs. [185–194].
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Note that it is ΩDE, i.e. the sum of the dynamical DE and nCC components, which is
required to be ≈ 0.7 in order to satisfy current observational constraints on the amount
of DE. Therefore, observations approximately fix the sum Ωx + ΩΛ, but the two terms
can in principle take any value (though ΩΛ itself is subject to order unity constraints from
cosmology). Moreover, it is this combined DE sector which has to be able to account for
cosmic acceleration. From very general considerations, if Λ takes more negative values (i.e.
|ΩΛ| is increased), then more negative values of wx, i.e. a dynamical DE component moving
towards the phantom regime, are required in order for cosmic acceleration to occur today, in
agreement with observations. In general, different combinations of Ωx and ΩΛ can lead to a
rich phenomenology in the combined DE sector, including periods of transient acceleration
potentially followed by a period of future deceleration [107].

Note, in addition, that we can define an effective EoS associated to the total DE sector,
which is essentially given by a weighted average of the nCC (with EoS −1) and positive
DE (with CPL EoS) components. By using the continuity equation, itself following from
local energy conservation as dictated by the twice contracted Bianchi identity, the effective
equation of state weff(z) of the DE sector, with total energy density ρDE given by eq. (2.6),
can be written as:

weff(z) = 1
3

d ln ρDE(z)
d ln(1 + z) − 1 = 1 + z

3ρDE(z)
dρDE(z)

dz
− 1

=
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

(2.7)

which reduces to (w0Ωx − ΩΛ)/(Ωx + ΩΛ) as z → 0, showing that the present-day effective
EoS of the DE sector is weff(z = 0) ̸= w0 unless ΩΛ = 0. It is easy to show that eq. (2.7) can
also be obtained by taking the ratio between the total pressure of the DE sector and its total
energy density, where the latter is given by eq. (2.6), and the nCC contributes with a positive
pressure term PΛ = −ΩΛρ

(0)
crit > 0.

In the following, our aim is to investigate the effect of a nCC on high-z galaxies, such
as those observed by the JWST. In order to do so, we shall consider 9 different models,
corresponding to 9 different choices of the CPL parameters w0 and wa, and the nCC parameter
ΩΛ, appearing in eq. (2.3). The 9 models we consider feature different combinations of phantom
and quintessence-like DE components, with and without phantom crossing and/or a nCC
component, and are given as follows:

1) ΛCDM model (positive CC): w0 = −1, wa = 0, ΩΛ = 0, Ωx = 0.7;

2) quintessence-like DE (wx > −1) with constant DE EoS and no nCC: w0 = −0.95,
wa = 0, ΩΛ = 0, Ωx = 0.7;

3) phantom DE (wx < −1) with constant DE EoS and no nCC: w0 = −1.05, wa = 0,
ΩΛ = 0, Ωx = 0.7;

4) dynamical DE which is quintessence-like today (wx > −1), but was phantom in the
past, with no nCC: w0 = −0.95, wa = −1, ΩΛ = 0, Ωx = 0.7;

5) dynamical DE which is phantom today (wx < −1), but was quintessence-like in the
past, with no nCC: w0 = −1.05, wa = 1, ΩΛ = 0, Ωx = 0.7;
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2)w0 = −0.95 , wa = 0 ,ΩΛ = 0 ,Ωx = 0.7

3)w0 = −1.05 , wa = 0 ,ΩΛ = 0 ,Ωx = 0.7

4)w0 = −0.95 , wa = −1.0 ,ΩΛ = 0 ,Ωx = 0.7

5)w0 = −1.05 , wa = 1.0 ,ΩΛ = 0 ,Ωx = 0.7

6)w0 = −0.95 , wa = 0 ,ΩΛ = −1.5 ,Ωx = 2.2

7)w0 = −1.05 , wa = 0 ,ΩΛ = −1.5 ,Ωx = 2.2

8)w0 = −0.95 , wa = −1.0 ,ΩΛ = −1.5 ,Ωx = 2.2

9)w0 = −1.05 , wa = 1.0 ,ΩΛ = −1.5 ,Ωx = 2.2

0 2 4 6 8 10
z

−2.5

−2.0

−1.5

−1.0

−0.5

0.0

w
eff

(z
)

Figure 1. Left panel: evolution of the total dark density (negative cosmological constant plus evolving
dark energy) as a function of redshift, given by eq. (2.6) and divided by the critical density, for the 9
different dark energy models summarized in section 2, as determined by the color coding. Right panel:
evolution of the effective equation of state of the dark energy sector as a function of redshift, given by
eq. (2.7), for the 9 different dark energy models summarized in section 2, and with the same color
coding as in the left panel. The appearance of poles in the effective equation of state for models 7) and
8) is a direct consequence of the corresponding energy densities changing sign at a certain redshift, as
is clear from the left panel (the horizontal grey line corresponds to ρDE = 0).

6) as in case 2), but with an additional nCC: w0 = −0.95, wa = 0, ΩΛ = −1.5, Ωx = 2.2;

7) as in case 3), but with an additional nCC: w0 = −1.05, wa = 0, ΩΛ = −1.5, Ωx = 2.2;

8) as in case 4), but with an additional nCC: w0 = −0.95, wa = −1, ΩΛ = −1.5, Ωx = 2.2;

9) as in case 5), but with an additional nCC: w0 = −1.05, wa = 1, ΩΛ = −1.5, Ωx = 2.2.

Note that in all cases, the total present-day density parameter of the DE sector [ΩDE given
in eq. (2.5)] is 0.7, resulting from a combination of a nCC and a positive evolving CPL DE
density. Finally, we note that models such as 4), 5), 8), and 9), featuring crossing between
the phantom and quintessence-like regimes (in either direction) have also been referred to as
“quintom” models in the literature [195–204], see e.g. ref. [205] for a review.

In figure 1, we show the redshift evolution of the energy density and effective EoS of the
total DE component, given by eq. (2.6) and eq. (2.7) respectively, for the 9 models described
above. Note that for models 7) and 8), featuring a nCC and respectively a phantom DE
component and a quintom DE component (phantom in the past), the total DE energy density
changes sign at sufficiently high redshift. In particular, for the choice of parameters given
above, the sign switch occurs at redshift zp ∼ 0.86 for model 7), and at zp ∼ 11.85 for model
8), although the latter is not visible in the figure. This sign change is reflected in the presence
of a pole in the corresponding effective EoS (hence the subscript “p” in the pole redshift
zp), which diverges to negative infinity as z → z−

p , and to positive infinity as z → z+
p . This

divergence does not signal a pathology, as the quantity which diverges is only the effective EoS
of the total DE sector (nCC plus CPL DE component), which is an useful effective quantity
but cannot otherwise be associated to a single fundamental microscopical degree of freedom.
More importantly, the appearance of a pole in the effective EoS of a sign-switching perfect
fluid component in a spatially uniform Universe has recently been rigorously demonstrated to
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5) w0=-1.05,wa=1,ΩΛ=0

6) w0=-0.95,wa=0,ΩΛ=-1.5
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8) w0=-0.95,wa=-1,ΩΛ=-1.5
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Figure 2. Evolution of the linear matter density contrast as a function of redshift, for the 9 different
dark energy models summarized in section 2, with the same color coding as in figure 1.

be a consequence of local energy conservation, regardless of the underlying sources which are
responsible for the sign switch [206]. As such, the appearance of poles in the green dotted
and blue dotted curves (the latter not visible given the plotted redshift range) of figure 1
should not come as a surprise. Rather they show the importance, especially in the context of
non-parametric reconstructions, of focusing on the total DE energy density rather than its
effective EoS, as stressed in ref. [206].

3 High-redshift galaxy observables

We now discuss the methods used to compute the observables relevant for high-z galaxies,
which include the structure growth rate, as well as comoving (cumulative) number or mass
(stellar mass or DM halo mass) densities.

3.1 Density perturbations and growth factor

To account for the effects on high-z galaxies of the different DE models considered, described
in section 2, the first step is to compute the evolution of the matter density contrast δ(a). On
sub-horizon scales, i.e. those relevant for galaxy formation, and assuming that DE does not
cluster, the evolution of δ is governed by the following growth equation:

δ′′ +
(3

a
+ E′

E

)
δ′ − 3

2
Ωm

a5E2 δ = 0 , (3.1)

where ′ indicates a derivative with respect to the scale factor a, and E(a) ≡ H(a)/H0 denotes
the normalized expansion rate. Therefore, besides modifying the background expansion rate
given by eq. (2.3), the different DE models we consider also affect the growth of structure by
altering E(a) in eq. (3.1).

We solve eq. (3.1) numerically for the 9 DE models presented in section 2, setting
initial conditions δ(ai) ∼ a and δ′(ai) ∼ 1 at some initial scale factor ai ≪ 1 deep in the
matter-dominated era. The result is shown in figure 2, where we plot δ(z). From this figure,
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taking as reference the black curve corresponding to ΛCDM, we notice a few interesting
points.

• Whether a DE model leads to larger or smaller density contrasts relative to ΛCDM
appears to be driven by whether the models are quintessence-like or phantom in the
past rather than today. In fact, neglecting for the moment the nCC, we see that the
two models which lead to larger density contrasts relative to ΛCDM are model 3) with
constant phantom EoS (blue curve), and model 4) which was phantom in the past, but
crossed the phantom divide and is quintessence-like today (green curve). In contrast, the
two models which lead to smaller density contrasts relative to ΛCDM are model 2) with
constant quintessence-like EoS (red curve), and model 5) which was quintessence-like in
the past, but crossed the phantom divide and is phantom today (purple curve).

• Adding a nCC exacerbates all the previous effects: to see this, compare solid versus
dashed curves for a fixed color. In other words, models which previously led to larger
density contrasts relative to ΛCDM now see their enhancement effect amplified [3) → 7)
and 4) → 8)], and conversely models which previously led to smaller density contrasts
relative to ΛCDM see their suppression effect amplified [2) → 6) and 5) → 9)].

Overall, the inclusion of a nCC therefore amplifies in either direction the effects of dynamical
DE on structure growth.

The previous findings can be understood as follows. When looking back in time, or
equivalently going to higher redshift, and keeping all other parameters fixed, phantom models
lead to a lower expansion rate relative to ΛCDM (or equivalently a stronger acceleration as
one moves towards lower redshifts). This suppression in E(z) results in an enhancement of
the driving term ∝ 1/E2 appearing in eq. (3.1), explaining why the effect of phantom DE
is to enhance the growth of structure, in agreement with previous findings. These effects
are exacerbated by the inclusion of a nCC simply because, by virtue of eq. (2.5), including
a nCC requires increasing Ωx in order for ΩDE ∼ 0.7 to hold: to put it differently, a nCC
opposes cosmic acceleration, and therefore one requires a larger positive evolving DE density
to counteract this effect and remain in agreement with observations. This therefore enhances
the DE effects because the energy density of the evolving component, Ωx, is increased. In
some sense, the effect of the nCC on the growth of structure is therefore indirect, resulting
from a parameter shift enforced by eq. (2.5) and, ultimately, by eq. (2.4).7

One further important quantity is the growth factor, which in linear perturbation theory
is defined as:

D(z) ≡ δ(z)
δ(0) , (3.2)

and can therefore be calculated from eq. (3.1). Once we have solved eq. (3.1), we therefore
also calculate D(z), with the results shown in figure 3 for the same models considered earlier,
and in two different redshift ranges: low [z ≲ 2, left panel (a)] and high [7 ≲ z ≲ 12, right
panel (b)] redshift. Here we find a completely opposite trend relative to that seen in figure 2:
in other words, models 3) and 4) which were phantom in the past and led to larger density

7It is worth mentioning that we have also calculated δc, the critical density contrast for a linear overdensity
at the redshift of collapse, using eq. (3.1) and following refs. [207–209]. Specifically, we have first solved the full
non-linear equation for the evolution of the density contrast and found the initial condition for which spherical
collapse or divergence of δ occurs at z ∼ 7. We have then solved the linear equation for the evolution of the
density contrast, and used this to determine δc. We have found that for all DE models described in section 2,
δc ≃ 1.686 holds at high redshift.

– 8 –



J
C
A
P
1
0
(
2
0
2
3
)
0
7
2

(a)

1) ΛCDM

2) w0=-0.95,wa=0,ΩΛ=0

3) w0=-1.05,wa=0,ΩΛ=0

4) w0=-0.95,wa=-1,ΩΛ=0

5) w0=-1.05,wa=1,ΩΛ=0

6) w0=-0.95,wa=0,ΩΛ=-1.5

7) w0=-1.05,wa=0,ΩΛ=-1.5

8) w0=-0.95,wa=-1,ΩΛ=-1.5

9) w0=-1.05,wa=1,ΩΛ=-1.5

0.0 0.5 1.0 1.5 2.0

0.4

0.5

0.6

0.7

0.8

0.9

1.0

z

D
(z
)

(b)

1) ΛCDM

2) w0=-0.95,wa=0,ΩΛ=0

3) w0=-1.05,wa=0,ΩΛ=0

4) w0=-0.95,wa=-1,ΩΛ=0

5) w0=-1.05,wa=1,ΩΛ=0

6) w0=-0.95,wa=0,ΩΛ=-1.5

7) w0=-1.05,wa=0,ΩΛ=-1.5

8) w0=-0.95,wa=-1,ΩΛ=-1.5

9) w0=-1.05,wa=1,ΩΛ=-1.5

7 8 9 10 11 12
0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

z

D
(z
)

Figure 3. Evolution of the growth factor as a function of redshift, for the 9 different dark energy
models summarized in section 2, with the same color coding as in figure 1. The evolution is shown for
both low redshifts [0 ≤ z ≤ 2, left panel (a)] and high redshifts [7 ≤ z ≤ 12, right panel (b)].

contrasts relative to ΛCDM, in this case lead to a lower growth factor — conversely, models
2) and 5) which were quintessence-like in the past and led to smaller density contrasts relative
to ΛCDM, in this case lead to a larger growth factor. Again, however, we see that adding a
nCC exacerbates all these effects (once more, compare solid versus dashed curves for a fixed
color). While perhaps somewhat counterintuitive, this effect can be understood from the fact
that δ(0) appears in the denominator of eq. (3.2). The reason why a nCC exacerbates these
effects remains the same as the one discussed earlier, and is therefore somewhat indirect, as a
result of the required increase in Ωx once a negative ΩΛ is introduced.

By construction, all the growth factors are equal to each other at z = 0: D(0) = 1. In
contrast, we see that the growth factors for the different DE models can deviate significantly
from the ΛCDM evolution at high redshift, as the lower panel of figure 3 clearly shows for the
redshift range 7 ≲ z ≲ 12. Overall, the model which most strongly enhances the growth of
structure at high redshift is therefore model 9), which features a nCC, was quintessence-like
in the past, but crossed the phantom divide at some point and is therefore phantom today
(dashed purple curves). Qualitatively, we can therefore already expect this model to lead
to the strongest enhancement in the abundance of high-z galaxies, of interest for the JWST
observations given the considerations made in section 1: this expectation will be confirmed
quantitatively in section 4. To showcase these effects more clearly, in figure 4 we plot the
(percent) relative deviation between the growth factors of the different dark energy models:
∆D/D ≡ (D(z)DE − D(z)ΛCDM)/D(z)ΛCDM. Here we clearly see that the largest deviation is
for the phantom-to-quintessence-like-crossing (as time goes on) model with a nCC, whose
relative deviation with respect to ΛCDM increases with increasing redshift, before saturating
at ≲ 50% at redshift z ∼ 10. We see that other models lead to a smaller relative growth (or
suppression), and that in all cases the relative deviation with respect to ΛCDM saturates at
sufficiently high redshift.

3.2 Comoving number and mass densities

We now proceed to compute comoving (cumulative) number or mass (stellar mass or DM
halo mass) densities for the different models considered. To compute these quantities we
adopt the Sheth-Tormen (ST) prescription [210], itself extending the Press-Schechter (PS)
formalism [211], which we briefly review.
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Figure 4. Percent relative deviation between the growth factors of the different dark energy models
[100 × (D(z)DE − D(z)ΛCDM)/D(z)ΛCDM], for the 9 different dark energy models summarized in
section 2, with the same color coding as in figure 1.

The DM halo mass function dn(M, z)/dM quantifies the number of DM haloes of mass
M per unit mass per unit co-moving volume at redshift z in the mass range [M ; M + dM ],
and is given by:

dn

dM
= −ρ

(0)
m

M

dlnσ

dM
f(σ) , (3.3)

where ρ
(0)
m is the present-day matter energy density, σ is the variance of matter density

fluctuations in a sphere of comoving radius R, and f(σ) will be defined later. The mass M

within the sphere of comoving radius R is given by M = 4πR3ρ
(0)
m /3, whereas σ, which is

related to the power spectrum of matter density perturbations P (k, z), is defined by:

σ2(R, z) = 1
2π2

∫ ∞

0
dk k2P (k, z)W 2(kR) . (3.4)

In the above, we have implicitly moved to Fourier space, where k denotes the perturbation
wavenumber, and W (kR) is a window function used to smooth the density field on a certain
scale. Here we consider a top-hat filter in real space, whose Fourier transform is given by
W (x) = 3(sin x − x cos x)/x3. Finally, in eq. (3.4), P (k, z) denotes the power spectrum of
matter density fluctuations, which is given by:

P (k, z) = P0(k)T 2(k)D2(z) , (3.5)

with P0(k) a normalization related to the present-day value of σ8, whereas T (k) is the transfer
function and D(z) is the linear growth factor which we discussed earlier. We use the ST
prescription [210], which extended the PS formalism to account for ellipsoidal (rather than
spherical) collapse, and for which f(σ) is given by:

f(σ) = A

√
2a

π

[
1 +

(
σ2

aδ2
c

)p]
δc

σ
exp

(
− δ2

c a

2σ2

)
, (3.6)
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where the three parameters are given by A = 0.322, a = 0.707, and p = 0.3 respectively, and
the PS mass function is recovered in the limit a → 1 and p → 0.8

Finally, the quantity of interest to high-redshift galaxy observations is the cumulative
comoving DM halo number density n(> Mhalo, z), which quantifies the number density of
haloes above a given mass threshold Mhalo, and is given by [128]:

n(> Mhalo, z) =
∫ ∞

Mhalo
dM

dn(M, z)
dM

. (3.7)

A closely related quantity is the cumulative halo mass density ρ(> Mhalo, z), given by [128]:

ρ(> Mhalo, z) =
∫ ∞

Mhalo
dM M

dn(M, z)
dM

. (3.8)

Finally, given values for the cosmic baryon fraction fb ≡ Ωb/Ωm and the efficiency of converting
gas into stars ϵ ≤ 1, eqs. (3.7), (3.8) straightforwardly translate into the cumulative comoving
number density of galaxies more massive than M⋆ [ngal(> M⋆, z)], the cumulative comoving
mass density of stars contained in halos more massive than Mhalo [ρ⋆(> Mhalo, z)], and finally
the cumulative comoving mass density of stars contained in galaxies more massive than
M⋆: ρ⋆(> M⋆, z), which is the quantity we will be most interested in for what concerns the
comparison to JWST observations. To be explicit, ρ⋆(> M⋆, z) is given by:

ρ⋆(> M⋆, z) = ϵfbρ(> Mhalo, z) = ϵfb

∫ ∞

Mhalo
dM M

dn(M, z)
dM

, (3.9)

which directly follows from the identification M⋆ = ϵfbMhalo. Clearly, a measured/inferred
value ρobs of the cumulative comoving stellar mass density at a certain z requires the underlying
cosmology-dependent value of ρ⋆(> M⋆, z) to be at least as large as ρobs when ϵ = 1, i.e. in
the most conservative and optimistic (but unrealistic) case [163].9 Finally, note that if one
chooses to focus on a narrow redshift range z ∈ [z1; z2] instead of a single (effective) redshift,
eq. (3.9) should be modified as follows:

ρ⋆(> M⋆, z) = ϵfb

∫ ∞

Mhalo
dM M

dn(M, z)
dM

dV

dz

dz

V (z1, z2) , (3.10)

where V is the cosmic volume, such that dV/dz = 4πd2
L/[H(z)(1+z)2], with dL the luminosity

distance, and V (z1, z2) is the cosmic volume in the appropriate redshift range. For our purposes,
we have checked that using eq. (3.10) with reasonable redshift limits in place of eq. (3.9)
makes little to no difference. Therefore, for simplicity we stick to eq. (3.9) in what follows.

In what follows, we set our cosmological parameters (relevant to compute the expansion
rate and matter power spectrum) to the following values: H0 = 67.32 km/s/Mpc, Ωm = 0.3158,

8Although in principle high-resolution N-body simulations may provide better fitting functions compared to
ST mass function [212, 213], here we have opted for using the ST mass function as we are only interested in
providing a first assessment of the potential viability of DE models featuring a nCC in light of JWST data,
leaving a more refined analysis to future work, should these models be found to be interesting in this context.

9In principle we would need to correct the observed densities ρobs by a “volume factor” to account for the
fact that the densities derived in ref. [125] explicitly assumed a ΛCDM cosmology, and similarly we would
need to correct the measured masses by a “luminosity distance factor” to account for the fact that ref. [125]
also inferred the latter from measured luminosities assuming ΛCDM. In practice, we have checked that both
corrections are small for the values of the parameters considered here. Therefore, in the interest of carrying
out an exploratory study, to zeroth order we neglect both corrections, which are subdominant to the effects of
evolving DE and a nCC.
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Ωb = 0.049, ns = 0.96605, and σ8 = 0.812. For what concerns the parameters more of
astrophysical interest, we set fb = 0.156, ϵ = 0.32, and δc = 1.686, unless otherwise stated.
We have explicitly checked that reasonable excursions around these values have very little
effect on our conclusions.

4 Comparison to the JWST observations

Using 1 − 5 µm coverage data for galaxies identified by JWST NIRCam observations of
the CEERS program, ref. [125] recently searched for intrinsically red, extremely massive
galaxies at 7.5 ≲ z ≲ 10, finding six candidate galaxies with stellar masses ≳ 1010M⊙. If
the fiducial masses of these galaxies are confirmed, and most importantly their redshifts
verified spectroscopically, the inferred cumulative comoving stellar mass density is of order
ρ⋆(> 1010M⊙) ≳ 106M⊙/Mpc at z ≃ 10, significantly higher than anticipated from earlier
studies based on rest-frame UV-selected samples [214]. Although issues related to calibration
and the assumed initial mass function are still under debate [215], if confirmed, these early
results are difficult if not impossible to realize within standard ΛCDM cosmologies. Our goal
here is to examine whether an extended DE sector of the type discussed earlier, featuring a
dynamical DE component in addition to a nCC, can potentially support the existence of this
unexpectedly abundant population of extremely massive galaxies at very high redshift. We
envisage this as being mostly an exploratory study, to work out whether such a possibility is
even worth pursuing, and therefore shall limit ourselves to a zeroth order comparison between
theory and observations, while leaving a significantly more detailed statistical analysis, whose
goals would also include a stage of parameter inference, to follow-up work.

We compute the cumulative comoving stellar mass density within galaxies with stellar
mass above M⋆, ρ⋆(> M⋆), for the 9 different DE models discussed in section 2, and for 4
representative redshifts: z = 2, z = 7.5, z = 9.1, and z = 10. In particular, the latter three
redshifts are representative of the redshift range probed by the analysis of JWST NIRCam
CEERS data in ref. [125]. In figure 5 we show the theoretical predictions for ρ⋆(> M⋆) versus
M⋆, alongside (for the three highest redshift bins) the cumulative stellar mass density inferred
from the six most massive high-z galaxies studied in ref. [125], divided into three (effective)
redshift bins.10 From these plots, which we remark once more have been obtained assuming
an efficiency of converting gas into stars ϵ = 0.32, high but not completely unrealistic, it
is clear that these observations are in strong tension with the standard ΛCDM cosmology
(given the assumed choice of cosmological parameters, in particular Ωm, H0, and σ8), whose
predictions are represented by the solid black curve.

It is interesting to note that the differences between the different DE models considered,
for what concerns the cumulative stellar mass density, are more noticeable at higher redshifts.
In particular, as we will discuss in more detail shortly, for some of the DE models considered
and in certain mass ranges, ρ⋆ can be up to a couple of orders of magnitude larger compared
to the ΛCDM prediction. This is in agreement with the earlier results shown in figure 3 and
figure 4, in turn reflecting the fact that the growth factor D(z), which is the quantity relevant
for computing the linear power spectrum P (k) and hence the halo mass function dn/dM , is

10It is worth clarifying once more that we have not included the volume factor and luminosity distance factor
corrections. Had we chosen to include them, it would not have been possible to produce figure 5 in its current
form, as each model would require a different correction factor, and therefore it would not have been possible
to place all models on the same plot. However, we have checked that the effect of these corrections is small
compared to the effects of evolving DE and the nCC.
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Figure 5. Cumulative comoving stellar mass density as a function of stellar mass, ρ⋆(> M⋆, z), for
the 9 different dark energy models summarized in section 2, with the same color coding as in figure 1.
The mass densities have been evaluated assuming a value of the efficiency of converting gas into stars
ϵ = 0.32, and at redshifts z = 2 (upper left panel), z = 7.5 (upper right panel), z = 9.1 (lower left
panel), and z = 10 (lower right panel). The datapoints within the three highest redshift bins are
indicative of the cumulative stellar mass density inferred from the six most massive high-z galaxies
studied in refs. [125, 132].

normalized to δ(z = 0). Our results therefore confirm that observations of massive, high-z
galaxies (such as those detected by JWST) can potentially shed light on the dynamics of DE,
an intrinsically late-time phenomenon, through its indirect imprint on the growth of structure
at much higher redshift.

In agreement with the earlier results shown in figure 3 and figure 4 and discussed in
section 3.1, we find that the model leading to the most significant departures from ΛCDM
is model 9), represented by the dashed magenta curve, where besides a nCC the DE sector
consists of a dynamical DE component which is phantom today but was quintessence-like
in the past, and hence crossed the phantom divide at some point during its evolution. For
the particular choice of parameters made in this work, which we stress once more is made
purely for exploratory purposes, the phantom divide is crossed when the scale factor of the
Universe is ap = (w0 + wa + 1)/wa = 0.95, or equivalently at redshift zp = 1/ap − 1 =
−(w0 + 1)/(w0 + wa + 1) ≈ 0.05.
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As we see from the panels corresponding to the highest redshift bins in figure 5, at the
masses relevant for the JWST observations the theoretical predictions for the cumulative
stellar mass density in these dynamical DE+nCC cosmologies can be up to four orders of
magnitude larger compared to ΛCDM, and are in good agreement with the JWST observations,
with the only datapoint which is more than 1σ off being that corresponding to the highest
mass bin at z = 10 (rightmost datapoint in the lower right panel). Moreover, as is clear
from the same panels (compare the dashed versus solid magenta curves), the inclusion of
the nCC is crucial in order to increase the theoretical predictions for the cumulative stellar
mass density, thereby improving agreement with the JWST results. As discussed earlier, the
reason is that including a nCC (and hence a larger, more negative ΩΛ) requires increasing the
positive energy density of the dynamical DE component Ωx in order for ΩDE ≈ 0.7 to hold,
in agreement with cosmological observations.

The final interesting point to note is that the combination of phantom DE and a nCC
has been shown to possess interesting features in light of the Hubble tension [105, 106, 108].
In fact, due to the well-known negative correlation between w and H0, phantom DE and/or
effective phantom components (e.g. arising from modified gravity) can help raise H0 and
therefore partially alleviate the Hubble tension, as investigated in a large number of works,
see e.g. refs. [216–245].11 These features can be further enhanced in the presence of a nCC, as
shown for instance in refs. [251, 252] in the context of DE models for which phantom crossing
and negative DE energy densities are allowed, particularly for models where the phantom
divide is crossed going from quintessence-like DE at early times to phantom DE today. This
makes the combination of phantom DE and a nCC an interesting one in light of the Hubble
tension, at least from the phenomenological point of view. An important clarification is
however in order. It is known that phantom DE, and more generally late-time new physics,
can never fully solve the Hubble tension alone while remaining in agreement with Baryon
Acoustic Oscillations and Hubble flow Type Ia Supernovae data [253–262]. Therefore, even
though the phantom+nCC model is interesting in this regard, we know that it cannot be
the end of the story, at least if we take these late-time datasets seriously. Nevertheless, we
remark that a DE model displaying phantom nature at late times and quintessence-like nature
at early times (with phantom crossing in between), supplemented with a nCC in the dark
sector [e.g. our model 9) with w0 = −1.05, wa = 1, ΩΛ = −1.5, and Ωx = 2.2], remains
a phenomenologically very interesting one, given its ability to simultaneously alleviate the
Hubble tension (in part) and explain the puzzling JWST observations of high-z galaxies. We
thus believe that this class of models is worthy of further studies.

5 Conclusions

The first glimpse of high-z galaxy formation from the James Webb Space Telescope (JWST)
has delivered extremely surprising results which, if confirmed spectroscopically and by other
means, have the potential to revolutionize our understanding of the Universe. In particular the
surprising abundance of massive, high-z galaxies observed by JWST appears to pose a serious
challenge for the ΛCDM model and, in turn, can be used to test alternative cosmological
models which allow for a faster growth of structure at early times. Our work falls within the

11Conversely, it is known that the simplest quintessence models based on a single scalar field with canonical
kinetic term, minimally coupled to gravity, and in the absence of higher derivative operators, are marginally
disfavored observationally, as they worsen the Hubble tension [246–250].
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promising and fruitful direction of testing new fundamental physics using high-z galaxies:12

in particular, we have further strenghtened the case for the use of the abundance of high-z
galaxies inferred from JWST data to test dark energy (DE) models, complementing standard
tests of DE which are typically based on probes at very low redshift.

We have considered a DE sector featuring a negative cosmological constant (nCC)
and a time-varying DE component with positive energy density, modelled following the
CPL parametrization, and allowed to cross the phantom divide wx = −1. Such a scenario
carries strong motivation from string theory, where AdS vacua appear ubiquitously, while
the construction of stable dS vacua has so far proven extremely hard [76]. We have shown
that the combination of phantom-crossing DE (with equation of state wx > −1 in the past
and wx < −1 today) and a nCC can enhance structure growth at early times, potentially
bringing the predicted cumulative comoving stellar mass density in agreement with the JWST
observations, an agreement which cannot be achieved within the standard cosmological model
even if star formation is maximally efficient (ϵ = 1). It is worth noting that such a model also
has the ability to alleviate (while not fully solving) the Hubble tension [106, 108, 251]. We
believe this combination of ingredients is therefore interesting from all three the observational,
phenomenological, and theoretical (string-inspired) perspective.

While our work should be intended as an exploratory analysis, it reinforces the enormous
potential held by observations of the abundance of high-z galaxies in probing new fundamental
physics, including string theory-inspired ingredients. These considerations alone are reason
enough to keep exploring this promising direction from multiple related perspectives, one
of which could be a first-principles implementation of well-motivated string scenarios, going
beyond the phenomenological parametrization we have adopted, as done for example in
refs. [60, 268]. Another interesting direction to pursue would be that of performing a complete
statistical/parameter inference analysis in light of JWST observations (which would require a
more careful treatment of the volume and luminosity distance factor corrections), as well as a
more detailed study of the complementarity between the latter and standard cosmological
probes [269, 270]. In particular, such an analysis would allow us to constrain the DE
parameters w0, wa, and ΩΛ from a joint analysis of JWST data and standard cosmological
data, allowing us to assess the degree to which the nCC scenario we have studied is preferred
(if any) over ΛCDM. All of these directions are potentially extremely fruitful, and we plan to
report on these and related results in future work.
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