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We show that a Universe with a nonminimally coupled scalar field can fit current measurements of the
expansion rate of the Universe better than the standard Λ-cold dark matter model or other minimally
coupled dark energy models. In particular, the nonminimal coupling in this model allows for the dark
energy model to exhibit stable phantom crossing behavior, which seems to be suggested by the
constraints on the dark energy equation of state coming from the most recent data. While we find a clear
improvement in the goodness of fit for this dark energy model with respect to others that have been
considered in the recent literature, using information theoretic criteria, we show that the evidence for it is
still inconclusive.
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Introduction. The latest Dark Energy Spectroscopic
Instrument (DESI) measurements of baryon acoustic
oscillations (BAO) [1], alongside data from supernovae
(SNe) [2–4] and the cosmic microwave background
(CMB) [5–8], seem to be hinting at deviations from the
Λ-cold dark matter (ΛCDM) paradigm and provide
evidence for time-evolving dark energy. There has,
understandably, been a tremendous amount of work
exploring this evidence (see, e.g., [9–54]). A particular
thread of the literature concerns whether or not the current
data, assuming that the recent DESI results hold up to
further scrutiny, implies a phantom crossing in the dark
energy evolution.
The discussion has largely centered around the well-

known Chevallier-Polarski-Linder (CPL) parametrization
[55,56]:

wðaÞ ≃ w0 þ wað1 − aÞ; ð1Þ

where, w ¼ PDE=ρDE is the equation of state of dark energy,
with energy density, ρDE, pressure, PDE, and a is the scale
factor of the Universe. The right-hand side of Eq. (1) is an
approximation to the left-hand side wherew0 gives the value

of w today and wa characterizes its temporal evolution.
Current constraints on these parameters seem to place dark
energy firmly in the phantom regime in the past, where
wðaÞ < −1. But, as has been discussed in [9,13,14,57], w0

and wa are in fact fitting parameters and it can be misleading
to extrapolate the parametrized wðaÞ across the entirety of
cosmic history. Indeed, there are nonphantom quintessence
models which appear to be phantomwhen described in terms
of the CPL parametrization simply because the resulting
parametrized wðaÞ crosses −1 even though the dark energy
model itself never dips below −1. Nevertheless, if one
restricts oneself to thawing models of quintessence (which
never have wðaÞ < −1), Wolf et al. [9] show that there is
inconclusive evidence for them from the current data.
There have been a few attempts at assessing the evidence

for the phantom regime from current data. In particular,
model agnostic methods have found some evidence for
phantom crossing [10,39]. In light of their results, Ye et al.
[10] have proposed a nonminimally coupled model of dark
energy—dubbed thawing gravity (TG)—as a proof of
concept to illustrate that nonminimally coupled models
with a stable phantom crossing can offer an improvement in
terms of fitting the data over ΛCDM and many minimally
coupled quintessence models. In this letter, we will show
that this model, when compared with the minimally
coupled thawing quintessence of Wolf et al. [9] and
Wolf and Ferreira [57], is similar in terms of its consistency
with the data. We will show; however, that by building on
the insights of [9,10,57], it is possible to construct a viable,
nonminimally coupled dark energy model that does cover
the type of evolution of wðaÞ being uncovered by current
data. Nevertheless we will argue that, using current con-
straints on the redshift dependence of the expansion rate,
the evidence is still inconclusive.
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Dark energy models. Our starting point will be the
following action:

SHTG ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
ðM2

P − ξφ2ÞR −
1

2
∂μφ∂

μφ

−V1ð1 − V0e−λφ=MPÞ þ LMðgαβ;ψMÞ
�
; ð2Þ

where gαβ is the metric, g its determinant and R its Ricci
tensor, φ is the quintessence field (the source of dark
energy), ξ is the nonminimal coupling parameter, LMð� � �Þ
is the matter action, and ψM is a schematic representation of
all the matter fields apart from the quintessence field. This
model has a large region of parameter space that is safe
from ghost and gradient instabilities, which are known to
frequently plague theories of modified gravity [58–62].
There are two crucial ingredients to this model: the

nonminimal coupling and the form of the potential. The
nonminimal coupling allows for phantom crossing behav-
ior [63], which seems to be implied by the data (notwith-
standing the earlier mentioned caveats). The potential
proposed in Eq. (2) allows for a d2V=dφ2 < 0, i.e., a
potential with hilltop or plateaulike features. More gen-
erally, potentials with this feature have been widely
explored in the context of inflation (e.g., [64–66]), and
to a somewhat lesser extent dark energy [9,11,13,57,67,68].
This particular form of the potential with a negative
exponential resembles some that have previously been
studied in various contexts in modeling early Universe
physics [69–71]. In contrast with common potentials like
the standard quadratic or exponential models, these poten-
tials are concave down and once the field begins rolling
down the potential, the evolution of φ can be very rapid.
This can translate into sharp, nonlinear evolution in wðaÞ
which would suggest that such models lie in the steeper
ðw0; waÞ regions favored by current constraints [9,13,57].
Thus, we will refer to this model as hilltop thawing
gravity (HTG).
In order to solve the backgroundcosmological equations of

motion and the dynamics for linear perturbations, we have
implemented thismodel in HI_CLASS [72–74].We setφini ¼ 0
and φ̇ini ≠ 0 (i.e., setting it to a small nonzero value).We tune
V1 to satisfy the equations of motion, while varying the
parameters λ, V0, and ξ. Similar to [10], we find that V1 ≃
3H2

0Ωφ provides a robust starting point for the numerical
solvers. Through this Letter, MP ¼ 1, V0 will be in units of
M2

PðH0=hÞ2, and both ξ and λ are dimensionless.
Additionally, as we shall soon see, it will be instructive to

compare the HTG model explored here with the TG model
explored in Ye et al. [10] and the thawing quintessence
(TQ) model explored in Wolf and Ferreira [57] and Wolf
et al. [9]. For reference, we reproduce the actions of these
models here. TG is given by

STG ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
ðM2

P − ξφ2ÞR −
1

2
∂μφ∂

μφ

−V0e−λφ=MP þ LMðgαβ;ψMÞ
�
; ð3Þ

where we have kept the nonminimal coupling prescription
which enables recent phantom crossing and we have a
similar exponential form, but d2V=dφ2 > 0 in this model
because it is always the case that V0 > 0 here, which does
restrict us to a more limited range of dynamical behavior.
Additionally, one can easily see from this expression that
we can recover the TG model from the HTG action with
suitable parameter choices in Eq. (2). TQ is given by

STQ ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
M2

PR −
1

2
∂μφ∂

μφ

−
�
V0 þ

1

2
m2φ2

�
þ LMðgαβ;ψMÞ

�
; ð4Þ

where the nonminimal coupling has been dropped, mean-
ing that this model can not venture into the phantom regime
of dark energy. However, this model can have either
d2V=dφ2 > 0 or d2V=dφ2 < 0 depending on the sign of
m2. As detailed in [9,57], this allows it to have considerable
dynamical freedom.

Results. The CPL parameters ðw0; waÞ are fitting param-
eters, a form of data compression. Often in the literature,
one takes the approach of directly fitting wðaÞ over a recent
range of redshifts to best approximate the evolution of wðaÞ
in terms of the CPL parameters. In practice though, we
cannot measure wðaÞ directly; (w0, wa) are inferred from
data that effectively probe HðzÞ≡ ȧ=aðzÞ at different
redshifts, 1þ z ¼ 1=a. Assuming Eq. (1), H becomes

H2ðaÞ¼H2
0½Ωma−3þð1−ΩmÞe3waða−1Þa−3ð1þw0þwaÞ�; ð5Þ

where Ωm is the fractional energy density of nonrelativistic
matter today and H0 is the Hubble rate today. One then
finds the best fit (and associated uncertainties) of Eq. (5) to
an appropriate selection of data.
If one wishes to compare a particular model to the data,

represented in terms of (w0, wa), then one needs to
undertake the exact same procedure; one must find the
corresponding HðzÞ for that model, determine the corre-
sponding observables at the same redshifts as the data has
been collected, and find the best fit values of (w0, wa) that
reproduce the predicted observables for the dark energy
model. In [9], an efficient approach to this was proposed,
specifically targeting BAO, SNe, and CMB probes used in
the DESI analysis [1]. We briefly recap the method. The
BAO data is given in terms of angular diameter distances;
the SNe data can be compressed into measurements of
EðzÞ≡HðzÞ=H0 at different redshifts [75]; the CMB data

WOLF, FERREIRA, and GARCÍA-GARCÍA PHYS. REV. D 111, L041303 (2025)

L041303-2



can be compressed into an acoustic scale lA and shift
parameter Rðz�Þ at the photon decoupling redshift z�
[76]. Using this combination of variables, one can repro-
duce the latest results from the DESI collaboration [1] to an
excellent approximation; thus, we can be sure that using
this procedure will allow us to compare like for like when
determining a dark energy model’s representation in the
ðw0; waÞ plane (see Ref. [9], Appendix A for more details).
In other words, this procedure is essentially determining the
prior distribution of this class of theories in the CPL
parameter plane. This then allows us to compare the theory
directly to the likelihood for ðw0; waÞ derived from the data
and determine the extent of the overlap.
Given these observables, we then find the best-fit CPL

parameters by minimizing

χ2¼ðOCPL−OφÞT
�
Odata

Oφ

�
T

Cov−1
Odata

Oφ ðOCPL−OφÞ; ð6Þ

which gives the distance between ðξ; λ; V0; V1Þ and (w0,
wa). Here,OCPL andOφ are the observables computed with
the CPL parametrization or the dark energy model, respec-
tively, the factors Odata=Oφ ensure that we fit the observ-
ables using the data measurements’ relative errors, and
“Cov” represents the associated covariance. Here, we
work with the combined data and minimize χ2tot ¼ χ2DESIþ
χ2SNe þ χ2CMB. Essentially, this determines the best fit
representation for the dark energy model in terms of
ðw0; waÞ parameters given the observables predicted by
the dark energy model and the associated uncertainties
of the observations at the redshifts that have been probed in
the relevant surveys.
It is useful to illustrate this for a few representative

models as can be seen in Fig. 1. Consider the wðaÞ that arise
from the theory given by Eq. (2) for particular choices of
ðξ; λ; V0; V1Þ and for a cosmology with Ωm ¼ :31 and
H0 ¼ 69 km s−1 Mpc−1. Then, for each value of these
parameters, we use Eq. (5) to find the corresponding values
of ðw0; waÞ. The blue line is given by ðξ; λ; V0; V1Þ ¼
ð2.30; 0.75; 0.94; 5.29Þ and ðw0; waÞ ¼ ð−0.82;−0.79Þ, the
yellow line is given by (1.50, 0.82, 0.65, 2.67) and
ð−0.92;−0.23Þ, and the green line is given by (2.10,
1.42, 0.72, 2.24) and ð−0.93;−0.42Þ. As can be seen from
examining Fig. 1, these models cross the phantom divide
quite recently (z < 1), but they differ quite substantially in
terms of how far they delve into the phantom regime, as
well as how rapidly they subsequently thaw. It is precisely
this dynamical flexibility that allows these representative
models to map a large region of the ðw0; waÞ plane.
To see how extensively we can cover the ðw0; waÞ

plane we sample ≃100 000 models from the HTG model
given in Eq. (2) in a latin hypercube in the ranges
ξ∈ ½0.0; 3.5�, λ∈ ½0.0; 3.5�, and V0 ∈ ½0.0; 1.0�, and for
the cosmological parameters Ωm ∈ ½0.28; 0.34� and
h∈ ½0.66; 0.72�. Additionally, as the data strongly favors

models for which w0 > −1 (the fitted value of the equation
of state today), we will restrict ourselves to models that
have successfully crossed the phantom divide and have
w0 > −1. As both the model proposed here and the TG
model of [10] are similar in that they allow for a recent
phantom crossing, it will be instructive to compare them.
To do this, we also repeat the sampling procedure
ξ∈ ½0.0; 3.5� and λ∈ ½0.0; 3.5� for this model (recall that
it has one less parameter). To complete the comparison, we
also can perform an analogous scan across the minimally
coupled TQ model; in this case the model essentially maps
onto the parametrized model explored in detail in Wolf
et al. [9].
As depicted in Fig. 2, the model in Eq. (2) saturates the

posterior distribution of the combined BAOþ SNeþ CMB
data and can be mapped across the ðw0; waÞ plane when
directly fitting the data (cf. [9] [Fig. 3]whereas theminimally
coupled TQ model asymptotes to a particular region of the
ðw0; waÞ plane and shares only a small overlap with the

FIG. 1. Top: equation of state, wðaÞ, for a representative
modified gravity models from Eq. (2) alongside the correspond-
ing best fit CPL models when fitting directly to the BAO, SNe,
and CMB data [Eq. (6)]. Bottom: projection of these ðw0; waÞ fits
onto latest data constraints [1].
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posteriors constraints). We also find, similarly to [10], that
the TG model occupies a small slice of viable parameter
space. However, the fitting procedure used here pushes these
models further away from the posterior constraints. This is
because, when determining the ðw0; waÞ representation for
theirmodels, [10] directly fit the equation of statewðaÞ over a
range of recent redshifts (z < 1). The fitting procedure here
uses the precise redshifts and uncertainties from current BAO
and SNe constraints and, crucially, also includes CMB data
from z ≃ 1100. As can be seen from looking at the posteriors
for various combinations of datasets in [1], including the
CMB will naturally pull the best fit CPL parameters into the
upper right region of the ðw0; waÞ plane.
Thus, even given that this fitting procedure takes account

for all the data across these epochs, the model given by
Eq. (2) has dynamics that enables it to occupy the lower left
regions of the posterior constraints. This comes from the
fact that the model given by Eq. (2), when compared to its
cousin in [10], can move further into the phantom region
and evolve more rapidly, which means that the correspond-
ing, derived, ðw0; waÞ values can occupy the lower left
region favored by the data.
Does this mean current data is favoring the HTG model?

To answer this question, we turn to a direct comparison
between the observables generated by the model and the full
(uncompressed) data, bypassing the step of estimating the
CPL parameters. We use the likelihoods as implemented in
Cobaya [77,78] for the same data as was used in the DESI
analysis [1]; i.e., DESI 2024 BAO measurements [1,79,80],
the SNe Ia Pantheonþ samples [3,81], the official PLIK

likelihood for TTTEEE CMB measurements from Planck
2018 [5,6], and the CMB lensing from ACT DR6 [7,8].
The biggest difference between the compressed data

used in the analysis above and what we will do now is that
the CMB data was effectively compressed into just two
numbers that can be computed from background quantities.
However, the full Planck data consists of the low-l power

spectra in the range 2 ≤ l ≤ 29, the high-l power spectra
covering 30 ≤ l ≤ 2508 for the temperature autocorrela-
tion (TT), and 30 ≤ l ≤ 1996 for the TE and EE compo-
nents [6]. Likewise, CMB lensing from ACT DR6 consists
of the ACT CMB reconstructed lensing power spectra
between the scales 40 < L < 763 [7,8]. In order to com-
pare this HTG model directly with the combined CMB
data, we use HI_CLASS to compute the full linear cosmo-
logical perturbations and CMB power spectra, and model
the nonlinear matter power spectrum with the HALOFIT

algorithm [82,83].
We now obtain constraints on the model parameters

ðξ; λ; V0; V1Þ, exploring the parameter space using a
Metropolis-Hasting algorithm [84–87] by sampling the
parameters in Table I and imposing uniform priors. We
adopt a Gelman-Rubin convergence criterion [88] of
R − 1 < 0.03. One can see the posterior distributions of
these parameters in Fig. 3 and the reconstructed equation
of state wðzÞ between 0 < z < 2 is given in Fig. 4.
For the purposes of this Letter, we are particularly

focused on whether nonminimal models are in any way
favored relative to minimally coupled quintessence or even

FIG. 2. 68% and 95% C.L. posterior distribution of the CPL parameters (dashed line) from the combined BAOþ CMBþ SNe data,
where we use the datasets coming from DESI [15], Pantheon+ [3], and Planckþ ACT lensing [5–8]. Overlayed are the CPL parameters,
obtained by fitting Eq. (6), for thawing quintessence (TQ), thawing gravity (TG), and hilltop thawing gravity (HTG).

TABLE I. Prior distributions used in the cosmological param-
eter inference for the dark energy model given by Eq. (2). Uða; bÞ
stands for a uniform distribution in the range ½a; b�.

Cosmological parameters
ωb U½0.005; 0.04�
Ωm U½0.2; 0.7�
H0 ½km=s=Mpc� U½40; 90�
ns U½0.9; 1.1�
ln 1010As U½2.0; 4.0�
τ U½0.01; 0.2�

Dark energy parameters
ξ U½0; 3.5�
λ U½0; 3.5�
V0 U½0; 1.0�
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ΛCDM. To do so, we just need to find the model, given by
Eq. (2), that maximizes the likelihood, L (or, alternatively,
minimizes χ2 ¼ −2 ln L̂)1 for this dataset which, as men-
tioned above, consists of the same BAO, SNe, and CMB
data used in the recent DESI results [1].
For the HTG model in Eq. (2), we find χ2HTG ≃ 2424,

whereas for the TG model [10] we find χ2TG ≃ 2432.7,
leading to a substantial Δχ2 ≃ 8.7 between the two models.
The TQ model has χ2TQ ≃ 2434, ΛCDM has χ2ΛCDM≃
2436.8, and w0waCDM has χ2CPL ≃ 2430. Thus the TG
model of [10] and TQ model of [9,57] perform similarly in
terms of their ability to fit the data, with a Δχ2 ≃ 1.3.
With a Δχ2 ≃ 12.8, the HTG model seems to be strongly

preferred over ΛCDM (and with Δχ2 ≃ 6, it is even better
than w0waCDM). Yet, it is useful to refine this comparison
by looking at more nuanced information criteria that account
for the number of parameters. Here, we consider the
Akaike Information Criterion (AIC) [89–91], given by
AIC ¼ 2kþ χ2, where k is the number of parameters in
the model. Regarding the AIC, ΛCDM has one free
parameter given by fΛg, whereas the nonminimal HTG
model has five free parameters given by fV1; V0; ξ; λ; φ̇inig.
Thus, Δk≡ kΛCDM − kHTG ¼ −4 and ΔAIC ≃ 4.8, which
still favors theHTGmodel over theΛCDMmodel evenwhen
accounting for introducing more parameters; however, the

evidence is far less substantial than the initial χ2 would
naively suggest.2 When comparing with the w0waCDM
model, we have Δk≡ kw0waCDM − kHTG ¼ −3, leading to
ΔAIC ≃ 0, indicating that they are effectively indistinguish-
able statistically.

Discussion. In this Letter, we have shown that it is possible
to construct a model of dark energy (extending the proposal
of [10]) that can span a large area of the (w0; wa) plane,
easily covering the region constrained by current observa-
tions. A crucial ingredient is that the scalar field is non-
minimally coupled to gravity and one might interpret what
we found as evidence for new physics. We show that is not
the case. While the new model does substantially improve
the goodness of fit (or the χ2 ¼ −2 ln L̂) relative to ΛCDM
(as well as to w0waCDM), if one takes into account the
number of free parameters required to do so, one finds that,
as in the discussion of minimally coupled quintessence in
[9], the evidence is inconclusive.
While the evidence for this model is inconclusive, it is,

nevertheless, interesting that a nonminimal coupling plays
such an important role. What would it take to strengthen the
evidence? A first step would be to reduce the number of
free parameters in the model. We now have five free
parameters and the bare minimum we can have, for a
scalar field model, is three (one for the nonminimal

FIG. 3. 68% and 95% C.L. posterior distributions for HTG
from the combination of DESI BAO data [1], Pantheonþ SNe
data [3], and CMB data [5–8] obtained from sampling uniformly
in the parameters given in Table I. The dashed gray line gives the
best fit parameters from the MCMC.

FIG. 4. Reconstruction of the equation of state wðzÞ (1- and 2-σ
levels) between 0 < z < 2 from the posteriors obtained in
Fig. 3. The equation of state is phantom, and then sharply
evolves at recent times to cross the phantom divide and favors
w0 > −1 today.

1We use the lite version of Planck likelihood in the mini-
mization.

2One might also want to consider the Bayesian Information
Criterion (BIC), given by BIC ¼ k lnðnÞ þ χ2, where n ≃ 2400 is
the number of data points. Using the BIC to compare ΛCDM and
HGT, we have ΔBIC ≃ −18.3, which strongly favors ΛCDM.
However, one may be worried about using the BIC here as the
posteriors display some non-Gaussianity, meaning that Laplace’s
approximation (which BIC relies upon) breaks down.
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coupling, one for a monomial potential, and one for the
initial conditions); even in that case, for the same value of
the χ2 the evidence would not be conclusive. The only way
the evidence might be strengthened is with future, more
constraining data, reinforcing what has been found with the
current data, but at higher significance. An interesting
consequence of having a nonminimal coupling is that it
might lead to other effects related to structure formation
[92–98], gravitational waves [99–103], and, most signifi-
cantly, fifth force tests [104,105]. We leave for future work
the study of the impact of the nonminimal coupling at small
scales and whether the effects can be screened to satisfy the
local tests of gravity (see Ref. [46] for some recent
discussion of this in the context of the TG model that
answers this question in the affirmative). However, it is

important to remind ourselves that such signatures will
impose very tight, independent, constraints on these types
of models.
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