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Combined measurements of baryon acoustic oscillations (BAOs) from the Dark Energy Spectroscopic
Survey (DESI), the cosmic microwave background (CMB), and type Ia supernovae (SNe Ia) have recently
challenged the Λ cold dark matter (ΛCDM) paradigm, indicating potential evidence for a dynamical dark
energy component. These results are usually obtained in the context of the dark energy equation-of-state
(EOS) parametrizations, generally implying in phantom crossing at intermediate redshifts. However, a
general mapping between these parametrizations that yields approximately the same background
observables clouds the inference of the true nature of dark energy in the context of these parametric
methods. In this work, we propose a model-independent reconstruction of the dark energy density, which is
more directly constrained than its EOS, based on the Gaussian process (GP) regression method with the use
of DESI Data Release 2 BAO and compressed CMB data along with the Pantheon+, Union3, and Dark
Energy Survey Supernova Year-5 (DESY5) SNe Ia samples. In addition, we perform a statistical
comparison between the energy densities of Λ, a nonphantom thawing quintessence-type dark energy, and
the Chevallier-Polarski-Linder parametrization with the reconstructed function. We find that all models
agree with the GP reconstruction at 95% confidence level, with the largest discrepancy coming from
ΛCDM with DESY5 at low redshifts. Even in this case, our findings suggest that it may be premature to
claim statistically significant evidence for evolving or phantom dark energy with current DESI and SNe Ia
measurements.
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I. INTRODUCTION

Recent measurements of baryon acoustic oscillations
(BAOs) by the Dark Energy Spectroscopic Survey (DESI)
Collaboration [1], in combination with cosmic microwave
background (CMB) and type Ia supernovae (SNe IA) data,
have challenged the standard Λ cold dark matter (ΛCDM)
cosmological model, indicating possible evidence for a
dynamical dark energy (DDE) component in the Universe.
Such claims aremainly based on a≳3σ discrepancy between
ΛCDM and the mean distribution of dynamical dark energy
equation-of-state (EOS) parametrizations, such as the
Chevallier-Polarski-Linder [2,3] (CPL) parametrization,

wðaÞ ¼ w0 þ wað1 − aÞ, where wðaÞ is the time-dependent
ratio between the dark energy pressure and its energy density,
and a is the cosmological scale factor.
One can wonder how much the evidence against a

cosmological constant depends on assumptions about the
DDE component, an issue discussed in recent literature
[4–11,11–25]. Other interpretations of DESI’s findings have
also been considered, for example, in the form of anisotropic
cosmic expansion [26], modified recombination [27],
orthogonal linear combinations of the distances measures
[28], and a phantom mirage phenomenon [29,30]. In the
context of the standard assumption of a generalized DDE
component, the common approach of proposing a dark
energy EOS, such as the well-known CPL, Barboza-
Alcaniz [31] (BA), and Jassal-Bagla-Padmanabhan [32]
(JBP) parametrizations, has the advantage that these
extended models are nested with ΛCDM; i.e., they recover
a cosmological constant as the limiting case of some bridging
parameters. Thus, one can statistically confront these para-
metrizations against current data and search for evidence in
favor of the generalized model, quantified by how many
standard deviations the ΛCDM limit is away from the mean
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distribution. However, the level of discrepancy obtained in
this manner significantly depends on the choice of the DDE
modeling, ranging from well within 1 − 2σ to the 4 − 5σ
threshold [1,33]. In addition, the latter level of discrepancy is
often obtained within the framework of generic w0; wa
parametrizations, which seem to provide a better fit to the
data but have little to no physical motivation [34,35].
However, the region in the w0 − wa plane of these EOS

parametrizations that is preferred by the data can be asso-
ciatedwith the predictions of single-field scalar-fieldmodels,
due to a general mapping between their expansion rates that
yields roughly the same background observables [36–38]. In
general, the combination of recent data requires that
dwðaÞ=daja¼a0 > 0, implying a negative wa, which is
achieved by the thawing quintessence class of scalar-field
dark energy. Therefore, onemay interpret theDESI results as
initial evidence for a thawing quintessence component in the
Universe. However, that same region of the w0 − wa plane
predicts (within the framework of w0; wa parametrizations)
that dark energy transitions to a period of phantomlike
behavior in the past, in which w < −1 and the dark energy
density growswith cosmic expansion. This limit is forbidden
for minimally coupled scalar-field models, as it implies a
Hamiltonian unbounded from below, which gives rise to
negative energy states and ghosts [39–41].
Moreover, a universe dominated by a phantom dark

energy component tends to violate the null energy con-
dition (NEC), which ensures the geodesic focusing of light
rays in curved spacetimes and is given by Tμνkμkν ≥ 0,
where Tμν is the total energy-momentum tensor and k is any
null four-vector [42–44]. In a cosmological setting, the
NEC translates into the condition wtotal ≥ −1. Thus, even if
a single component, such as dark energy, has an EOS lower
than −1, the NEC may not necessarily be violated, as long
as the ratio of the total pressure and the total energy density
of the Universe stays above −1. In this context, since the
DESI-suggested transition to phantom dark energy happens
toward the past—when dark energy is increasingly sub-
dominant—the NEC is not expected to be violated, as noted
in [30].
In fact, we can relate the total EOS of the Universe to

background observables in a simple manner via the
Friedmann equations, such that wtotalðzÞ ¼ −1−
3
2
ð1þ zÞ D00

MðzÞ
D0

MðzÞ, where DM is the cosmological transverse

comoving distance and primes denote derivatives with
respect to redshift. In Fig. 1, we show a Gaussian process
reconstruction of the total EOSwithDESIBAODataRelease
2 (DR2) and Pantheon+ SNe Ia data—the details of the
reconstruction method are given in Sec. II. Therefore, since
the favored CPL-type dark energy is not phantom during the
dark-energy-dominated epoch, there is no NEC violation at
low redshifts, as would also be the case for a standard scalar-
field component.
Nonetheless, because of their background ambiguity,

current distance-based data are unlikely to differentiate

between these parametric models, even if they predict
entirely distinct behaviors for the dark energy component
when extrapolated to redshift regions that are not currently
probed by distance-based data.
To further illustrate this point, one can consider a simple

thawing quintessence-inspired parametrization for the dark
energy EOS, such as [33,45] wTðaÞ ¼ −1þ αaβ, which is
capable of mimicking the behavior of several scalar-field
potentials. The green curve in the left panel in Fig. 2 shows
the resulting dark energy density evolution XðzÞ for the
best-fit wTðzÞ for the combination of DESI BAO DR2,
Planck 2018, and Dark Energy Survey Supernova Year-5
(DESY5) SNe data, i.e., α ¼ 0.42 and β ¼ 10.4 [33]. As
expected, the energy density remains constant throughout
most of the cosmic expansion while the field is frozen, until
its kinetic energy increases, making the field roll down its
potential and bringing the energy density to its current
value, in the usual thawing quintessence behavior.
For comparison, we also show the evolution of the dark

energy densities that better reproduce the expansion rate
HðzÞ of this wT configuration,1 assuming the CPL, BA, and
JBP parametrizations, as well as the constant-valued
ΛCDM line. As can be seen, the qualitative behavior of
the dark energy density is significantly different for all of
those scenarios, showing phantomlike evolution in all cases
but the cosmological constant and thawing quintessence.

FIG. 1. Total equation of state of the Universe at low redshifts,
obtained via Gaussian process regression with DESI DR2 and
Pantheon+ data.

1We adopt the procedure outlined in [46], where we obtain the
best-fitting pair fw0; wag by minimizing the relative difference

EH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

zmax

R zmax
0 ðHMðzjfw0;wagÞ−HwT

ðz;α;βÞ
HwT

ðz;α;βÞ Þ2dz
r

, where M stands for

the specific model used in the mapping and we fix zmax ¼ 4. Our
results are not particularly sensitive to the choice of zmax nor to
the minimization function; see also [36,38] for alternatives.
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Nevertheless, except for Λ, they all have basically indis-
tinguishable background observables, as represented by the
superimposed red-toned curves of DHðzÞ ¼ c=HðzÞ and
DMðzÞ ¼ c

R
z
0 dz

0=Hðz0Þ in the upper right panel of Fig. 2.
Although not identically equivalent, the relative difference
between DH of the w0; wa parametrizations and wT stays
roughly at the subpercent level (gray band in the lower right
panel of Fig. 2), which makes it difficult to distinguish them
with current background data.
A cosmological constant, however, does not have the

necessary degrees of freedom to well approximate the
expansion rate predicted by a thawing quintessence dark
energy component, which increases the relative difference
between their observables, making them more easily
distinguishable. In this sense, a departure from Λ can be
inferred in the context of quintessencelike and generic
w0; wa parametrizations, but discriminating between these
generalized models is more intricate. Even so, it is clear
that, although those models are seemingly degenerate at the
level of the expansion rate, they are not degenerate at the
level of the dark energy density.
Naturally, the resulting pair fw0; wag one obtains when

performing this mapping procedure is not the same as the
best-fit fw0; wag obtained through a statistical analysis.
However, taking the CPL parametrization as a representa-
tive case, we also show in the left panel of Fig. 2 the best-fit
and the 95% confidence level (CL) region of the dark
energy density for the same data combination, given by the
dashed curve and the shaded band, respectively. Thus, the
CPL-mapped curve in the wT parametrization reproduces
the phantomlike qualitative behavior of the best fit and
remains well within the 2σ region, illustrating the challenge

of statistically distinguishing these models to a definitive
degree.
In any case, one can compare the quality of fit of these

parametrizations to infer the most probable model and,
consequently, if the data really prefer a phantom behavior
for dark energy. However, this approach has its own
shortcomings. First, as discussed in [47], although
ΛCDM is easily nested within these parametrizations, they
are generally not nested with each other, which does not
allow for a clear visualization of the level of discrepancy
between them from a frequentist point of view, in terms of
standard deviation units. Moreover, a Bayesian evidence
comparison, which could substitute the frequentist
approach, is sensitive to the prior choices considered in
the statistical analysis.
A related issue of assuming a EOS parametrization is that

the dark energy (DE) density is the quantity that can be more
directly constrained from distance-based data, since it is
straightforwardly related to the cosmic expansion rate
through the Friedmann equation. The dark energy EOS,
on the other hand, is related to the expansion rate through an
integral such that H2ðzÞ=H0 ∝ XðzÞ≡ ρDEðzÞ=ρDE;0 ¼
exp f3 R z

0
1þwDEðz0Þ

1þz0 dz0g. In turn, wDEðzÞ is more loosely
constrained, since it suffers from the smearing effect caused
by the multiple integrals that relate it to cosmological
distance measures [48]. Also, as noted in [49], the inference
of the EOS always requires one additional parameter than the
energy density, since wDEð0Þ is a completely free parameter,
whereas Xð0Þ ¼ 1.
Therefore, based on the above considerations, embed-

ding ΛCDM into a specific form of the dark energy
equation of state could weaken the evidence for DDE

(a) (b)

FIG. 2. (a) Solid curves show the mapping between the dark energy densities for several common parametrizations, a cosmological
constant, and the wTðzÞ thawing quintessence. The dashed curve and the shaded region display the best-fit energy density and the
95% CL for CPL using the DESI BAO DR2þ Planck 2018þ DESY5 data combination, respectively. (b) Upper: the predictions for
DHðzÞ and DMðzÞ in units of c=H0 for each of the solid curves depicted in the left plot, where all the curves, except for the ΛCDM
prediction in black, are superimposed on top of each other. (b) Lower: we highlight the relative difference between the models’ distances
and the best-fit prediction for the thawing quintessence parametrization. The gray shaded band denotes the region where the relative
differences stay below the subpercent threshold.
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and cloud the inference of the true nature of dark energy.
This highlights the importance of extracting information
about the dark energy density without relying on EOS
parametrizations; see [7,50–52] for previous efforts in this
direction. In principle, a more direct data-driven inference
of the dark energy density could guide us toward a deeper
understanding of the dark energy behavior, be it phantom or
not. To this end, we focus on inferring the dark energy
density in a model-agnostic way based on the Gaussian
process (GP) regression method [53]. This procedure has
the advantage of expressing the dark energy density as a
function of cosmological distance measures, which are
directly reconstructed from available data on DHðzÞ
and DMðzÞ.
This work is organized as follows. In Sec. II, we outline

the methodology for reconstructing the dark energy density
with the GP method, while the combinations of data
utilized in our analyses are discussed in Sec. III. In
Sec. IV, we present our results regarding the GP
reconstruction and a statistical comparison of the thawing
quintessence, CPL, and ΛCDM models with the model-
independent approach. We end this paper with a summary
of the results and our main conclusions in Sec. V.

II. DARK ENERGY DENSITY RECONSTRUCTION

Assuming a negligible contribution from radiation at late
times, the Hubble parameter in a flat Friedmann-Lemaître-
Robertson-Walker spacetime is written as

H2ðzÞ
H2

0

¼ Ωmð1þ zÞ3 þ ð1 − ΩmÞXðzÞ; ð1Þ

where H0 is the Hubble constant and Ωm is the current
matter density parameter.
In order to perform an observation-based reconstruction,

our goal is to use Eq. (1) to express XðzÞ as a function of
cosmological distance measures. To this end, we focus on
the transverse comoving distanceDMðzÞ, since the distance
duality relates this quantity to the luminosity distance
DLðzÞ ¼ ð1þ zÞDMðzÞ, which allows us to use both
BAO and SNe data in our analysis. The former is obtained
by inferring DM relative to the sound horizon at the drag
epoch rd, such that D̃MðzÞ≡DMðzÞ=rd, given by

D̃MðzÞ ¼
c
rd

Z
z

0

dz0

Hðz0Þ and D̃0
MðzÞ ¼

c
rdHðzÞ : ð2Þ

By evaluating the second equation above at the present
time, we can write D̃0

M;0 ≡ D̃0
Mð0Þ ¼ c=rdH0. Substituting

this expression and the expression for D̃0
MðzÞ into the left-

hand side of Eq. (1) and solving for the normalized dark
energy density, we find

XðzÞ ¼ ½D̃0
M;0=D̃

0
MðzÞ�2 −Ωmð1þ zÞ3
1 −Ωm

: ð3Þ

When SNe Ia data are included, D̃MðzÞ is related to the
luminosity distance DLðzÞ via the distance-duality relation,
which also incorporates the absolute M and apparent
magnitude m, such that

D̃MðzÞ ¼
DLðzÞ

ð1þ zÞrd
¼ 10

m−M−25
5

ð1þ zÞrd
: ð4Þ

To transform DL into D̃M, we consider rd ¼ 147.09�
0.26 Mpc [54], whose uncertainty is propagated in the
subsequent calculations. Therefore, to obtain the dark energy
density through Eq. (3), it is necessary to reconstruct the first
derivative of D̃MðzÞ, which is obtained by the GP regression
of DESI BAO and SNe Ia data. Moreover, there is also a
dependence on Ωm, which can be treated as a random
variable in the reconstruction, with distribution estimated
from the CMB distance priors (see the Appendix for further
methodological details). Themethods inwhich these observ-
ables are employed in the analysis are discussed in detail in
Sec. III.

A. Gaussian processes

To reconstruct D̃0
MðzÞ and D̃MðzÞ in a nonparametric

way, we use a Gaussian process regression, which is a
collection of random variables, any finite number of which
have a joint Gaussian distribution [55], which has already
been explored in a variety of contexts in cosmology [56–
63]. Assuming that the observable data y and the under-
lying function fðzÞ are components of a single Gaussian
process, we can describe their joint behavior through the
process itself. This process is fully specified by a prior
mean function μðzÞ and a covariance function (kernel)
kðz; z0Þ, which encode the expected value of the function
and the correlation between values at different input points
z and z0, respectively. For this work, we adopt the widely
used squared exponential kernel, given by

kðz; z0Þ ¼ σ2 exp

�
−
ðz − z0Þ2

2l2

�
: ð5Þ

This function depends on two hyperparameters: σ and l,
which control the magnitude of the variation and determine
the smoothness of the reconstructed function, respectively.
In a widely used approximation, the GP optimizes both
hyperparameters by maximizing the log marginal like-
lihood of the dataset, whereas in the exact approach, it
marginalizes over them [53,55,56,64]. In this work, we
adopt the former approach and a zero-mean prior function
to avoid biased results.
The kernel in Eq. (5) defines the covariance structure

assumed in the Gaussian process modeling of an observable,
i.e., the D̃M − D̃M data correlation at different redshifts.
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Since the derivative of a GP is itself a GP, it is possible not
only to reconstruct the derivative of an observable but also
to incorporate derivative data of the observable directly
within a joint GP framework. In our case, the target
reconstruction is D̃Hð¼ D̃0

MÞ, and we therefore combine
both D̃M fromDESIþ SNe Ia data and D̃H fromDESI data.
Consequently, it is necessary to compute the corresponding
D̃M − D̃H and D̃H − D̃H covariance functions for the GP,
given by

∂kðz; z0Þ
∂z0

¼ ðz − z0Þ
l2

kðz; z0Þ; ð6Þ

and

∂
2kðz; z0Þ
∂z∂z0

¼ l2 − ðz − z0Þ2
l4

kðz; z0Þ; ð7Þ

respectively.
The GP hyperparameters are estimated by maximizing

the log marginal likelihood2

lnL ¼ −
1

2
½D̃M; D̃H�T ½K̃ðz; zÞ þ C̃�−1½D̃M; D̃H�

−
1

2
ln jK̃ðz; zÞ þ C̃j − n

2
ln 2π; ð8Þ

where z denotes the vector of all redshift measurements
from the DESIþ SNe Ia datasets, while K̃ðz; zÞ represents
the covariance matrix associated with the Gaussian process
modeling, C̃ corresponds to the covariance matrix of the
total observational data, and n indicates the total number of
data points in the sample. Explicitly, K̃ can be written as

K̃ðz; zÞ ¼
"

KðzDM
; zDM

Þ K0ðzDM
; zDH

Þ
K0TðzDM

; zDH
Þ K00ðzDH

; zDH
Þ

#
; ð9Þ

being zDM
and zDH

the vectors of redshifts for the D̃M data
and the D̃H data, respectively. The elements of these
submatrices are computed using Eqs. (5)–(7), following
½Kðz; zÞ�i;j ¼ kðzi; zjÞ, ½K0ðz; zÞ�i;j ¼ ∂kðzi; zjÞ=∂zj and
½K00ðz; zÞ�i;j ¼ ∂

2kðzi; zjÞ=∂zi∂zj. Similarly, the observatio-
nal covariance matrix C̃ is given by

C̃ ¼
"

CD̃M
CD̃M;D̃H

CD̃M;D̃H
CD̃H

#
; ð10Þ

where CD̃M
denotes the covariance matrix for D̃M mea-

surements, CD̃H
for D̃H, and CD̃M;D̃H

represents their cross-
covariance. For the DESI DR2 data, all these C-covariance
matrices are diagonal. In contrast, for the DESIþ SNe Ia
dataset, CD̃M

is constructed as a block diagonal matrix
formed by the SNe Ia and BAO D̃M data blocks, CD̃H

corresponds to the DESI D̃H data, and CD̃M;D̃H
contains the

FIG. 3. Gaussian process reconstructions of D̃M (top) and D̃0
Mð¼ D̃HÞ (bottom) for Pantheon+, Union3, and DESY5 combined with

DESI BAOs.

2The quantities in bold represent matrices or vectors.
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cross-covariance of the DESI D̃M − D̃H data, with zero
entries for the SNe Ia D̃M-DESI D̃H correlations.
The Gaussian process reconstruction of the mean func-

tion and the correlations between values at different red-
shifts are calculated as described in Refs. [50,53,55,65].
Specifically, the reconstruction of D̃HðzÞð¼ D̃0

MðzÞÞ given
the data and optimized hyperparameter values follows from
the multivariate Gaussian posterior distribution, with the
posterior mean given by

D̃Hðz�Þ ¼ ½K0TðzDM
; z�Þ;K00ðz�; zDH

Þ�Ã−1
�
D̃M

D̃H

�
; ð11Þ

and its associated covariance is given by

CovðD̃Hðz�ÞÞ ¼ K00ðz�; z�Þ− ½K0TðzDM
; z�Þ;K00ðz�; zDH

Þ�Ã−1

×

�
K0ðzDM

; z�Þ
K00ðzDH

; z�Þ
�
: ð12Þ

Here, Ã ¼ K̃ðz; zÞ þ C̃ and z� corresponds to the vector
of redshifts for the reconstruction targets.
In Fig. 3, we show the GP result for D̃MðzÞ and

D̃HðzÞð¼ D̃0
MðzÞÞ, where the latter is used directly in the

reconstruction of the dark energy density via Eq. (3). We
also display the data points and their associated error bars
for each of the SNe Ia samples and the second release of
DESI BAOs.

III. OBSERVATIONAL DATA

This section provides a detailed account of the obser-
vational datasets employed in this work, encompassing
BAO measurements from DESI DR2, compressed CMB
data from Planck and SNe data drawn from the Pantheon+,
DESY5, and Union3 compilations.

A. DESI BAO

The BAO measurements provided by DESI DR2 [1] are
reported in three forms: the three-dimensional, the trans-
verse, and the radial modes. Consistent with the formu-
lation introduced in the previous section, our analysis
focuses on the radial mode DH=rd and transverse mode
DM=rd. Table I presents the measurement values for each

tracer, namely, luminous red galaxy (LRG), divided into
two samples (LRG1, LRG2), the combined LRG3 and
emission line galaxy (ELG1), ELG2, Lyman-α forest
(Lyα), and quasi-stellar-objects (QSO) sample.

B. Type IA supernovae

1. Pantheon+

The Pantheon+ compilation integrates 20 distinct type Ia
supernova datasets, collectively spanning the redshift inter-
val 0.00122 ≤ z ≤ 2.26137 [66]. It comprises 1701 light
curves associated with 1550 spectroscopically confirmed
SNe Ia. To mitigate the influence of peculiar velocity
uncertainties, 111 events with z < 0.01 were excluded from
the analysis. The final working sample thus consists of 1590
light curves, covering 0.01016 ≤ z ≤ 2.26137. The corre-
sponding data products, including the full covariancematrix,
are publicly available via the Pantheon+ GitHub repository.3

2. Union3

The Union3 compilation [67] is an up-to-date version of
the Union series, consisting of 2087 spectroscopically
classified type Ia supernovae collected from24 observational
surveys spanning the past decades. Union3 adopts an
approach based on the hierarchical Bayesian framework
Unity1.5 [68], which consistently accounts for selection
effects, intrinsic scatter, and systematic uncertainties and
uses the SALT3 light-curve fitter [69]. The data are presented
in binned form, in which the 2087 supernovae are grouped
into 22 redshift points covering the range 0.05 ≤ z ≤ 2.26.

3. DESY5

The DESY5 dataset encompasses 1635 supernovae
observed by the Dark Energy Survey (DES) Collaboration
over the range 0.0596 ≤ z ≤ 1.12, supplemented by 194
high-quality external SNe Ia at z < 0.1, yielding a total of
1829 objects. Events with photometric magnitude uncertain-
ties exceeding δm > 1—unlikely to correspond to genuine
SNe Ia within the DES photometric classification—were

TABLE I. BAO measurements from the DESI (DR2) Collaboration [1]. The first and second columns show the
tracers and the effective redshift zeff , while the third and forth columns show the DH=rd and DM=rd ratios, along
with their 1σ limits. The last column presents the DM=rd −DH=rd correlation.

Tracer zeff DH=rd DM=rd rM;H

LRG1 0.510 21.863� 0.425 13.588� 0.167 −0.459
LRG2 0.706 19.455� 0.330 17.351� 0.177 −0.404
LRG3þ ELG1 0.934 17.641� 0.193 21.576� 0.152 −0.416
ELG2 1.321 14.176� 0.221 27.601� 0.318 −0.434
QSO 1.484 12.817� 0.516 30.512� 0.760 −0.500
Lyα 2.330 8.632� 0.101 38.988� 0.531 −0.431

3https://github.com/PantheonPlusSH0ES/DataRelease/tree/main/
Pantheon%2B_Data.
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removed, resulting in a refined sample of 1754 supernovae.
The complete catalog and associated resources are accessible
through the DES Collaboration’s GitHub repository.4

C. Cosmic microwave background

We use CMB data from the latest release of the Planck
Collaboration [70] in the form of the CMB distance priors
on the shift parameter R, the acoustic scale lA, and the
physical baryon density parameter ωb [71]. This approach
effectively compresses the full CMB likelihood and is
shown to provide precise constraints on late-time cosmol-
ogy. The parameters R and lA are defined by

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩmH2

0

p
DMðz�Þ
c

; lA ¼ πDMðz�Þ
rsðz�Þ

; ð13Þ

with rsðzÞ being the comoving sound horizon and z� the
redshift of photon decoupling.
Taking the ratio of the above equations and substituting

D̃0
M;0 ¼ c=rdH0 yields

Ωm ¼
�
πRD̃0

M;0rd
lArsðz�Þ

�2
: ð14Þ

As shown in [50,72], assuming standardprerecombination
physics, rd and rsðz�Þ are functions of only ωb and the total
physicalmatter density parameterωm. The latter, on the other
hand, can be obtained through the CMB distance priors by
noting that R=lA ¼ ð ffiffiffiffiffiffiffi

ωm
p

=3000πÞrs� ðωb;ωmÞ=Mpc. More
details on this derivation are given in the Appendix.
Therefore, Eq. (14) essentially estimatesΩmðR; lA; D0

M;0;
ωb;ωmÞ, where the quantities in parentheses are known
distributions of random variables. We extract the mean and
standard deviation of D̃0

M;0 from the reconstructed D̃0
MðzÞ

and we use the means and covariance of fR; lA;ωb;ωmg as
reported in [71]; see the Appendix.

In this context, we perform a Monte Carlo (MC)
sampling by assuming a multivariate normal distribution
on Ωm, where we find a corresponding distribution for each
SNe Ia used in the GP reconstruction, which yields slightly
different values of D̃0

M;0; see Table III. Thus, we use those
results for Ωm as our CMB data when performing the
reconstruction of XðzÞ per Eq. (3),5 which has the advan-
tage of avoiding an explicit assumption on the value of H0.

IV. RESULTS

Our main results are displayed in Fig. 4, where we show
the GP reconstruction of the dark energy density for the
DESI data combinations with the three SNe Ia samples
considered, Pantheon+, Union3, and DESY5, respectively.
The dark energy density for each data combination is
calculated from the GP reconstruction of D̃0

MðzÞ and the
distribution of Ωm via Eq. (3) by performing a Monte Carlo
sampling accounting for the covariance between D̃0

M;0 and
D̃0

MðzÞ estimated in Eq. (12). We also overlay the plots
with the dark energy density distributions assuming the
CPL and the thawing quintessence parametrizations—
obtained via Markov chain Monte Carlo sampling with
the same datasets—as well as the cosmological constant
line. All curves include the 68% CL in the shaded region.
As shown across the three panels in the blue curves, the

GP reconstruction preserves its approximate shape regard-
less of the SNe Ia catalog. For the Pantheon+ sample, the
parametrized dark energy densities well approximate the
reconstructed function for z≲ 1, while the Union3 and
DESY5 compilations show a larger discrepancy already at
those lower redshifts. For all the datasets, the GP
reconstruction features a sharp drop after z ∼ 1, but the
position of the peak changes to some degree in each case,

FIG. 4. GP dark energy density reconstruction and the statistical distribution of XðzÞ for each parametrization. Each panel shows the
results assuming the CMBþ DESI DR2þ SNe sample data combination. All shaded regions display the 68% CL.

4https://github.com/des-science/DES-SN5YR.

5A caveat is in order here: the distributions of the CMB
distance priors are obtained by assuming ΛCDM as the fiducial
model. However, the results of [71] are stable to modifications of
late-time cosmology—such as DDE scenarios—with negligible
changes in the posterior distribution of the parameters.
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characteristic of a dark energy EOS that crosses the
phantom barrier at slightly different redshifts. In addition,
all GP curves return to larger values after z ∼ 2, driven by
the highest redshift Lyα DESI point.
Given the model-independent data-driven dark energy

density, one is then instructed to compare which of the
given parametrizations better fit the reconstructed function.
However, as discussed in Sec. I, this procedure is not
unique, as the distinct models are not nested within each
other nor to the reconstruction. Arguably, the simplest
method would be to consider the GP-reconstructed function
as the fiducial dark energy density and employ a goodness-
of-fit approach to each of the parametrizations. This
procedure has the advantage of taking an unbiased dark
energy density as the fiducial model (which stems directly
from the data), which can then be compared with the
statistical distribution of each parametrization obtained
with the same data.
In this context, each parametrization, as well as the GP

reconstruction, has a mean distribution of XðzÞ for each of
the N redshift points. At first, we can quantify the overall
discrepancy between a given parametrization and the GP
function as a summation over N, given by the normalized
χ2 measure,

χ2n ¼
1

N

XN
i¼1

Δ2
XðziÞ

σ2GPðziÞ þ σ2MðziÞ
; ð15Þ

where ΔXðziÞ ¼ XMðziÞ − X̄GPðziÞ is the difference
between the mean value predicted by the model and the
mean value of the GP reconstruction, and σ2MðziÞ and
σ2GPðziÞ are their respective variances at each of the
i ¼ 1;…; N redshift points.
Since the X̄M and X̄GP distributions are effectively

Gaussian, the above operation captures the statistical
significance of the deviation from the GP reconstruction
taking into account the entire redshift range probed by data.
Also, we can convert it to a global standard deviation
measure by taking the square root of (15), such that

σ̄ ¼
ffiffiffiffiffi
χ2n

p
. When performing the reconstruction, we fix

N ¼ 250, although the results are not sensitive to this
choice. Moreover, in order to inspect the discrepancy as a
function of redshift and to localize the regions of highest
tension, we use the redshift-dependent χ2, such that
χ2ðzÞ ¼ Δ2

XðzÞ=ðσ2GPðzÞ þ σ2MðzÞÞ. Accordingly, the red-
shift-dependent standard deviation is taken as σðzÞ ¼
ΔXðzÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2GPðzÞ þ σ2MðzÞ

p
.

We show the results for σðzÞ in Fig. 5 for thawing
quintessence, CPL, and ΛCDM with each of the SNe Ia
samples, as well as σ̄ and the maximum value of σðzÞ in
Table II. In all the panels, there is a clear distinction
between the low- and high-redshift ranges, mostly domi-
nated by SNe Ia and DESI data, respectively. Also, a
common trend is thawing quintessence being the most
discrepant parametrization at higher z (z≳ 1–1.5), in line
with the apparent requirement of phantom behavior at those
redshifts, which is not achieved by this class of models.
Within this region, the energy density associated with Λ is
smaller than that of thawing quintessence, resulting in a

FIG. 5. Distribution of the standard deviation of each model relative to the GP reconstruction as a function of redshift, for each SNe
sample used in the data combination.

TABLE II. Values for the global discrepancy σ̄ and maximum
discrepancy σmax—for each parametrization and SNe sample—
with respect to the GP reconstruction.

Model σ̄ σmax

Pantheon+
Thawing 1.29 1.93
CPL 0.93 1.63
ΛCDM 1.30 1.98

Union3
Thawing 1.46 2.03
CPL 1.15 2.49
ΛCDM 1.22 2.05

DESY5
Thawing 1.47 2.32
CPL 1.13 2.30
ΛCDM 1.82 2.88
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closer agreement with the GP reconstruction, while CPL
matches its behavior more closely due to the aforemen-
tioned phantom evolution. This pattern is expected, since in
this range the reconstruction is dominated by DESI BAO
data, which aligns our results with the ones obtained by the
DESI Collaboration favoring a phantom-type dark energy
behavior [1,51]. Nevertheless, in all three panels, all
parametrizations stay within ∼2σ of the GP function at
these redshifts.
At lower redshifts, however, the results become more

sensitive to the choice of the SNe Ia sample, as each
individual compilation provides somewhat different con-
straints on the late-time cosmic expansion rate, implying
distinct requirements for the dominant dark energy density.
For the Pantheon+ compilation, thawing quintessence
provides the best match to the GP mean, since it predicts
a decaying dark energy density that sits in intermediate

values between Λ and CPL, closer to the GP reconstruction
—see left panel in Fig. 4—while CPL shows a smaller
deviation than Λ due to the larger errors around the mean.
With Union3, both the thawing and CPL parametrizations
exhibit a higher dark energy density (middle panel of
Fig. 4), which then pushes them further away from the GP
function, while the cosmological constant discrepancy
stays roughly similar. On the other hand, the DESY5
results present the most distinctive signatures. First, as
shown in the right panel of Fig. 4, the GP reconstruction
features a stronger variation as a function of redshift,
producing a dark energy density ∼20% higher than a
cosmological constant at z ∼ 1. Consequently, this sample
produces the highest discrepancy with ΛCDM, with the
deviation from the GP regression approaching the 3σ mark
at very low redshifts; see right panel of Fig. 5. That is also
consistent with the evidence from DESI against ΛCDM

FIG. 6. Left: distribution of the fractional χ̃2ðzÞ measure relative to the GP reconstruction for each dark energy model. Right:
cumulative distribution of the fractional χ̃2ðzÞ as a function of redshift. Each row corresponds to the results given a different SNe Ia
sample.
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with the inclusion of DESY5 SNe Ia data, when it is nested
within the CPL parametrization [1].
Apart from analyzing how the different parametrizations

compare with each other given the GP reconstruction for
each dataset, it is complementary to see how the deviations
in each parametrization are distributed across redshift. To
this end, we compute the fractional χ2 measure,
χ̃2ðzÞ≡ χ2ðzÞ=PN

i¼1 χ
2ðziÞ, in order to evaluate the red-

shift regions that accumulate the largest discrepancy. We
also inspect the buildup of χ̃2ðzÞ as the redshift increases
via its cumulative distribution. These metrics are shown in
the left and right columns of Fig. 6, respectively. For
thawing quintessence, virtually all χ2 is concentrated in the
DESI-dominated region with the Pantheon+ dataset, while
being more spread across redshift with the other samples.
The opposite occurs for CPL with Union3 data, where the
highest buildup of the discrepancy appears with low-
redshift data, and it is more evenly distributed with the
other compilations. A cosmological constant, on the other
hand, shows more peculiar traits across the SNe Ia datasets.
It accumulates a smaller or roughly equal deviation with
Pantheon+ and Union3 between low z and high z, and a
very pronounced buildup at low z with DESY5, with
approximately 60% of the discrepancy showing in z≲ 1.
All of these results are summarized in Table II. Although

the deviations from the GP reconstruction vary with red-
shift given the different SNe Ia catalogs, the overall
measure σ̄ stays below 2 in the standard deviation units
across the board. The most striking discrepancies come
with the DESY5 sample, with a cosmological constant, in
particular, reaching closer to the 2σ threshold and σðzÞ
approaching 3σ at very low redshifts. Even so, we find a
consistently lower discrepancy with ΛCDM with this dark
energy density reconstruction compared to EOS paramet-
rization analyses, in line with the results obtained in [4,52].

V. SUMMARY AND CONCLUSIONS

Previous analyzes performed by the DESI Collaboration
have shown evidence for a dynamical dark energy compo-
nent in the Universe. These claims are mainly based on the
discrepancy between the ΛCDM limit of generic w0wa
parametrizations and the mean distribution of these models,
while its statistical significance varies between the different
choices of data combination. As argued in Sec. I, although
these results shed light on possible deviations fromΛCDM,
they do not provide a direct comparison between compet-
ing models in a unique manner, as different parametriza-
tions are not nested within each other and can be easily
mapped into one another by matching their cosmic expan-
sion rates, yielding approximately equivalent distance-
based observables.
In this work, we proposed an investigation of the dark

energy density function—which ismore directly constrained
by observations than its EOS—in a model-independent
data-driven framework, without relying on a specific

parametrization as the fiducial model. This procedure was
carried out with the use of the Gaussian process regression
method, which is able to reconstruct cosmic distance
measures based on its available data across different red-
shifts. Specifically, we used luminosity-distance SNe Ia data
(which can be converted to the transverse comoving distance
using the distance-duality relation), by the Pantheon+,
Union3, and DESY5 data, and the transverse and radial
BAO distances from the second data release of the DESI
Collaboration. That allows us to take the GP nonparametric
function as the dark energy density behavior that is directly
imposed by the data and then compute the deviations of each
parametrization from it in a consistent fashion. Also, by
directly extracting the dark energy density from data non-
parametrically, we aim to provide a more informative
description of the dark energy density in the redshift range
covered by the data, which would assist in breaking the
background ambiguity between models that predict com-
pletely different qualitative behaviors for the dark energy
component; see Fig. 2.
Our results regarding the GP dark energy density

reconstruction and the predictions for each parametrization
are shown in Fig. 4, and the comparison between the
parametrizations and the GP function is summarized in
Figs. 5 and 6 and Table II. In summary, in terms of the
global deviation across the entire redshift range, ΛCDM,
CPL, and thawing quintessence are all consistent with the
GP reconstruction, with the overall deviation staying
below 2σ.
However, if the data are divided into low- (z≲ 1) and

high- (z≳ 1) redshift regions, the different parametriza-
tions deviate from the GP regression at distinct levels. In
general, the thawing quintessence parametrization provides
the best fit to the GP at low, SNe-Ia-dominated redshift,
while being less consistent at the DESI-dominated region.
The opposite happens for CPL, which is consistently the
best parametrization at larger redshifts, in line with the
phantom behavior of the dark energy EOS at z≳ 1 implied
by DESI. ΛCDM, however, shows a larger discrepancy
with the DESY5 catalog, where the largest portion of its
deviation from the GP comes from low-redshift SNe Ia
data. This behavior is in agreement with the strongest
claims in favor of the CPL parametrization from DESI
BAOs, which often comes when DESY5 data are included
as an additional dataset [1]; see also [73] for a critique on
the inclusion of DESY5 data in the context of parametric
dynamical dark energy statistical inference.
Even though DESI BAO data achieve percent level

accuracy, the scarce number of data points at z≳ 1.5
results in somewhat large errors in the GP reconstruction,
which hinders this method’s capability of definitively
pointing out the best-fitting dark energy density profile,
irrespective of the chosen SNe Ia catalog. Therefore, even
though the overall shape of the GP reconstruction implies
phantom crossing in the DESI probed redshift region,
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neither a cosmological constant nor a thawing-type quintes-
sence component can be ruled out.
Therefore, we expect that with increasingly more accu-

rate SNe Ia and BAO observations, as well as a larger
volume of observed tracers, these model-independent
methods will become an increasingly sharper tool in the
determination of the late-time dark energy behavior. In this
sense, these analyses provide an agnostic approach to
extracting information from the data, which becomes
paramount to infer the true nature of dark energy in this
precision era of cosmology.
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APPENDIX: MATTER DENSITY PARAMETER
FROM CMB DISTANCE PRIORS

At sufficient early times, the Hubble expansion is driven
primarily by the energy densities of radiation and matter,
where sound waves propagate in a tightly coupled photon-
baryon fluid. In this regime, with fixed CMB temperature,
the sound horizon at early times can be written entirely in
terms of the physical baryonic and total matter densities, ωb
and ωm, respectively, and is approximately given by
[50,72,74]

rsðzÞ ¼ A log

�
2þ ð1þ zÞðBþ CÞ þ 2½ð1þ zÞ2BCþ ð1þ zÞðBþ CÞ þ 1�1=2

ð1þ zÞ½Bþ Cþ 2ðBCÞ1=2�
�
; ðA1Þ

where

A ¼ 100ffiffiffiffiffiffiffiffi
105

p ðTCMB=2.7 KÞ2ffiffiffiffiffiffiffiffiffiffiffiffi
ωbωm

p Mpc; ðA2Þ

B ¼ 1

31500

ðTCMB=2.7 KÞ4
ωb

; ðA3Þ

C ¼ 1

1þ 25000ωmð2.7 K=TCMBÞ4
; ðA4Þ

and we take TCMB ¼ 2.7255 K.
The redshift of photon decoupling is also expressed as [74]

z� ¼ 1048ð1þ 0.00124ω−0.738
b Þð1þ g1ω

g2
m Þ; ðA5Þ

where

g1 ¼
0.0783ω−0.238

b

1þ 39.5ω0.763
b

; g2 ¼
0.560

1þ 21.1ω1.81
b

: ðA6Þ

Therefore, substituting (A5) into (A1), we obtain rs;� ≡
rsðz�Þ which is a function of only ωb and ωm.
Taking the ratio of Eq. (13), we find that

R
lA

¼
ffiffiffiffiffiffiffi
ωm

p
3000π

rsðz�Þ
Mpc

; ðA7Þ

where we have substituted H0 ¼ 100h km s−1Mpc−1,
c ¼ 3 × 105 km s−1, and ωm ¼ Ωmh2 as the physical mat-
ter density parameters. In this case, we use rs;� in the form
of (A1)–(A5) together with (A7), to obtain ωm by solving

fðωm; R; lA;ωbÞ ¼
rs;�ðωb;ωmÞ

Mpc
ffiffiffiffiffiffiffi
ωm

p
− 3000π

R
lA

¼ 0;

ðA8Þ

which yields ωmðR; lA;ωbÞ.
Thus, we perform a Monte Carlo sampling of ωm by

solving (A8) with the distributions of the CMB distance
priors as given in [71]. The resulting distribution of ωm and
its normalized covariances are listed in Table III.
For the sound horizon at the baryon drag epoch, we use

the fitting formula in order to express rdðωb;ωmÞ, namely
[75,76],

rd
Mpc

¼ 147.05

�
ωm

0.1432

�
−0.23

�
ωb

0.02236

�
−0.13

; ðA9Þ

where we have assumed the standard value Neff ¼ 3.04 for
the effective number of relativistic species. The value of rd,
which we find using (A9) with the distributions of ωb, ωm
given in Table III, is entirely consistent with the Planck
TTþ TEþ EEþ lowEþ lensing result of rdðMpcÞ ¼
147.09� 0.26 which we used in the distance-duality
relation; see Sec. II.
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Finally, we perform another MC simulation in order to
obtain ΩmðR; lA;ωb;ωm; D̃0

M;0Þ as given by Eq. (14), where
we express both rd and rs;� as functions of ωb and ωm,
according to Eqs. (A9) and (A1)–(A5), respectively. We use
the distribution of the parameters and its covariances as listed

in Table III, where each D̃0
M;0 is taken directly from the GP

reconstruction. We also show the resultingΩm for each SNe
Ia sample. Asmentioned in the text, this approach effectively
allows us to use information from the CMB in our analyses
and bypasses an explicit assumption on the value of H0.
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[16] E. Fazzari, W. Giarè, and E. Di Valentino, Cosmographic
footprints of dynamical dark energy, Astrophys. J. Lett. 996,
L5 (2026).

[17] S. Capozziello, H. Chaudhary, G. Mustafa, and S. K. J.
Pacif, Evidence for dynamical dark energy using DESI DR2
Lyα forest, arXiv:2510.21976.

[18] Y.-Y. Wang, Y.-J. Li, and Y.-Z. Fan, Evidence for the
dynamical dark energy with evolving Hubble constant,
Astron. Astrophys. 707, A189 (2026).

TABLE III. Distribution of the CMB distance priors used in our analyses [71]. For the correlated parameters,
namely, R, lA, ωb, and ωm, we report in the last four columns the values of ri;j, meaning the normalized covariance
between parameters i and j. In the lower part of the table, we list the distribution of D̃0

M;0 and the resulting Ωm for
each SNe Ia sample.

Param Mean� 1σ R lA ωb ωm

R 1.7502� 0.0046 1.0 0.46 −0.66 0.97
lA 301.471þ0.089

−0.090 0.46 1.0 −0.33 0.34
ωb 0.02236� 0.00015 −0.66 −0.33 1.0 −0.50
ωm 0.1460� 0.0013 0.97 0.34 −0.50 1.0

D̃0
M;0 29.86� 0.14 Pantheon+

30.07� 0.34 Union3
30.54� 0.18 DESY5

Ωm 0.3070� 0.0033 Pantheon+
0.3114� 0.0072 Union3
0.3211� 0.0042 DESY5

DE SOUZA, SOUSA-NETO, GONZÁLEZ, and ALCANIZ PHYS. REV. D 113, 103531 (2026)

103531-12

https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.1142/S0218271801000822
https://doi.org/10.1103/PhysRevLett.90.091301
https://doi.org/10.1016/j.dark.2025.102108
https://doi.org/10.1016/j.dark.2025.102108
https://doi.org/10.1103/fh98-1b3d
https://doi.org/10.1103/fh98-1b3d
https://doi.org/10.1140/epjc/s10052-025-15065-1
https://doi.org/10.1140/epjc/s10052-025-15065-1
https://doi.org/10.1088/1475-7516/2025/12/049
https://doi.org/10.1088/1475-7516/2025/12/049
https://arXiv.org/abs/2508.10514
https://arXiv.org/abs/2510.12881
https://arXiv.org/abs/2510.12881
https://arXiv.org/abs/2503.02880
https://doi.org/10.1103/8z2m-nbv6
https://doi.org/10.1103/8z2m-nbv6
https://doi.org/10.1103/kdqc-y37v
https://arXiv.org/abs/2510.14941
https://doi.org/10.1103/bxvj-bsv1
https://doi.org/10.3847/2041-8213/ae2917
https://doi.org/10.3847/2041-8213/ae2917
https://arXiv.org/abs/2510.21976
https://doi.org/10.1051/0004-6361/202558451


[19] S. Dhawan and E. Mörtsell, Implications for dark energy of
cosmic transparency in light of DESI data, arXiv:
2506.22599.

[20] S. Gupta Choudhury, P. Mukherjee, and A. A. Sen, An-
choring the universe with characteristic redshifts using
Raychaudhuri equation informed reconstruction algorithm
(REIRA), arXiv:2510.09602.

[21] Y. Yang, Q. Wang, C. Li, P. Yuan, X. Ren, E. N. Saridakis,
and Y.-F. Cai, Gaussian process reconstructions and model
building of quintom dark energy from latest cosmological
observations, J. Cosmol. Astropart. Phys. 08 (2025) 050.

[22] Z. Yao, G. Ye, and A. Silvestri, A general model for dark
energy crossing the phantom divide, J. Cosmol. Astropart.
Phys. 10 (2025) 078.

[23] Y. Yang, X. Ren, Q. Wang, Z. Lu, D. Zhang, Y.-F. Cai, and
E. N. Saridakis, Quintom cosmology and modified gravity
after DESI 2024, Sci. Bull. 69, 2698 (2024).

[24] Y. Yang, Q. Wang, X. Ren, E. N. Saridakis, and Y.-F. Cai,
Modified gravity realizations of quintom dark energy after
DESI DR2, Astrophys. J. 988, 123 (2025).

[25] S. Das, A. Nasiri, and Y. K. Yazdi, Aspects of everpresent
Lambda. Part II. Cosmological tests of current models, J.
Cosmol. Astropart. Phys. 10 (2024) 076.

[26] D. Camarena, K. Greene, J. Houghteling, and F.-Y. Cyr-
Racine, Designing concordant distances in the age of
precision cosmology: The impact of density fluctuations,
Phys. Rev. D 112, 083526 (2025).

[27] S. Hamidreza Mirpoorian, K. Jedamzik, and L. Pogosian, Is
dynamical dark energy necessary? DESI BAO and modified
recombination, J. Cosmol. Astropart. Phys. 12 (2025) 050.

[28] G. Efstathiou, Baryon acoustic oscillations from a different
angle, Mon. Not. R. Astron. Soc. 540, 2844 (2025).

[29] R. Liu, Y. Zhu, W. Hu, and V. Miranda, Phantom mirage
from axion dark energy, Phys. Rev. D 113, 083506 (2026).

[30] R. R. Caldwell and E. V. Linder, Null impact of the null
energy condition in current cosmology, arXiv:2511.07526.

[31] E. Barboza and J. Alcaniz, A parametric model for dark
energy, Phys. Lett. B 666, 415 (2008).

[32] H. K. Jassal, J. S. Bagla, and T. Padmanabhan, Observa-
tional constraints on low redshift evolution of dark energy:
How consistent are different observations?, Phys. Rev. D 72,
103503 (2005).

[33] R. de Souza, G. Rodrigues, and J. Alcaniz, Thawing
quintessence and transient cosmic acceleration in light of
DESI, Phys. Rev. D 112, 083533 (2025).

[34] M. L. Abreu and M. S. Turner, DESI dark secrets,
arXiv:2502.08876.

[35] M.W. Toomey, G. Montefalcone, E. McDonough, and K.
Freese, How theory-informed priors affect DESI evidence
for evolving dark energy, arXiv:2509.13318.

[36] W. J. Wolf and P. G. Ferreira, Underdetermination of dark
energy, Phys. Rev. D 108, 103519 (2023).

[37] W. J. Wolf, C. García-García, and P. G. Ferreira, Robustness
of dark energy phenomenology across different parameter-
izations, J. Cosmol. Astropart. Phys. 05 (2025) 034.

[38] D. Shlivko and P. J. Steinhardt, Assessing observational
constraints on dark energy, Phys. Lett. B 855, 138826 (2024).

[39] S. M. Carroll, M. Hoffman, and M. Trodden, Can the dark
energy equation-of-state parameter ω be less than −1?,
Phys. Rev. D 68, 023509 (2003).

[40] E. J. Copeland, M. Sami, and S. Tsujikawa, Dynamics of
dark Energy, Int. J. Mod. Phys. D 15, 1753 (2006).

[41] J. M. Cline, S. Jeon, and G. D. Moore, The phantom
menaced: Constraints on low-energy effective ghosts, Phys.
Rev. D 70, 043543 (2004).

[42] J. Santos, J. S. Alcaniz, M. J. Reboucas, and F. C. Carvalho,
Energy conditions in f(R)-gravity, Phys. Rev. D 76, 083513
(2007).

[43] E.-A. Kontou and K. Sanders, Energy conditions in general
relativity and quantum field theory, Classical Quantum
Gravity 37, 193001 (2020).

[44] V. A. Rubakov, The null energy condition and its violation,
Phys. Usp. 57, 128 (2014).

[45] F. C. Carvalho, J. S. Alcaniz, J. A. S. Lima, and R. Silva,
Scalar-field-dominated cosmology with a transient accel-
erating phase, Phys. Rev. Lett. 97, 081301 (2006).

[46] D. Shlivko, P. J. Steinhardt, and C. L. Steinhardt, Optimal
parameterizations for observational constraints on thawing
dark energy, J. Cosmol. Astropart. Phys. 06 (2025) 054.

[47] R. E. Keeley, A. Shafieloo, and W. L. Matthewson, Could
we be fooled about phantom crossing?, arXiv:2506.15091.

[48] Y. Wang and P. M. Garnavich, Measuring time dependence
of dark energy density from type Ia supernova data,
Astrophys. J. 552, 445 (2001).

[49] Y. Wang and K. Freese, Probing dark energy using its
density instead of its equation of state, Phys. Lett. B 632,
449 (2006).

[50] B. R. Dinda and R. Maartens, Model-agnostic assessment of
dark energy after DESI DR1 BAO, J. Cosmol. Astropart.
Phys. 01 (2025) 120.

[51] K. Lodha et al., Extended dark energy analysis using DESI
DR2 BAO measurements, Phys. Rev. D 112, 083511
(2025).

[52] Y. Wang and K. Freese, Model-independent dark energy
measurements from DESI DR2 and Planck 2015 data, J.
Cosmol. Astropart. Phys. 02 (2026) 023.

[53] M. Seikel, C. Clarkson, and M. Smith, Reconstruction of
dark energy and expansion dynamics using Gaussian
processes, J. Cosmol. Astropart. Phys. 06 (2012) 036.

[54] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[55] C. E. Rasmussen and C. K. I. Williams, Gaussian Processes
for Machine Learning, Adaptive Computation and Machine
Learning (MIT Press, Cambridge, MA, 2006), pp. 1–248.

[56] R. von Marttens, J. Gonzalez, and J. Alcaniz, Reconstruct-
ing the redshift evolution of type ia supernovae absolute
magnitude, arXiv:2504.15127.

[57] M. Seikel, C. Clarkson, and M. Smith, Reconstruction of
dark energy and expansion dynamics using Gaussian
processes, J. Cosmol. Astropart. Phys. 06 (2012) 036.

[58] B. Ghosh and C. Bengaly, Consistency tests between SDSS
and DESI BAO measurements, Phys. Dark Universe 46,
101699 (2024).

[59] J. E. Gonzalez, J. S. Alcaniz, and J. C. Carvalho, Non-
parametric reconstruction of cosmological matter perturba-
tions, J. Cosmol. Astropart. Phys. 04 (2016) 016.

[60] J. E. Gonzalez, Reconstruction of cosmological matter
perturbations in modified gravity, Phys. Rev. D 96,
123501 (2017).

MODEL-INDEPENDENT ASSESSMENT OF THE LATE-TIME … PHYS. REV. D 113, 103531 (2026)

103531-13

https://arXiv.org/abs/2506.22599
https://arXiv.org/abs/2506.22599
https://arXiv.org/abs/2510.09602
https://doi.org/10.1088/1475-7516/2025/08/050
https://doi.org/10.1088/1475-7516/2025/10/078
https://doi.org/10.1088/1475-7516/2025/10/078
https://doi.org/10.1016/j.scib.2024.07.029
https://doi.org/10.3847/1538-4357/ade43f
https://doi.org/10.1088/1475-7516/2024/10/076
https://doi.org/10.1088/1475-7516/2024/10/076
https://doi.org/10.1103/1gj5-3x4m
https://doi.org/10.1088/1475-7516/2025/12/050
https://doi.org/10.1093/mnras/staf906
https://doi.org/10.1103/3s1m-9zpc
https://arXiv.org/abs/2511.07526
https://doi.org/10.1016/j.physletb.2008.08.012
https://doi.org/10.1103/PhysRevD.72.103503
https://doi.org/10.1103/PhysRevD.72.103503
https://doi.org/10.1103/2tjq-dtbc
https://arXiv.org/abs/2502.08876
https://arXiv.org/abs/2509.13318
https://doi.org/10.1103/PhysRevD.108.103519
https://doi.org/10.1088/1475-7516/2025/05/034
https://doi.org/10.1016/j.physletb.2024.138826
https://doi.org/10.1103/PhysRevD.68.023509
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1103/PhysRevD.70.043543
https://doi.org/10.1103/PhysRevD.70.043543
https://doi.org/10.1103/PhysRevD.76.083513
https://doi.org/10.1103/PhysRevD.76.083513
https://doi.org/10.1088/1361-6382/ab8fcf
https://doi.org/10.1088/1361-6382/ab8fcf
https://doi.org/10.3367/UFNe.0184.201402b.0137
https://doi.org/10.1103/PhysRevLett.97.081301
https://doi.org/10.1088/1475-7516/2025/06/054
https://arXiv.org/abs/2506.15091
https://doi.org/10.1086/320552
https://doi.org/10.1016/j.physletb.2005.10.083
https://doi.org/10.1016/j.physletb.2005.10.083
https://doi.org/10.1088/1475-7516/2025/01/120
https://doi.org/10.1088/1475-7516/2025/01/120
https://doi.org/10.1103/w4c6-1r5j
https://doi.org/10.1103/w4c6-1r5j
https://doi.org/10.1088/1475-7516/2026/02/023
https://doi.org/10.1088/1475-7516/2026/02/023
https://doi.org/10.1088/1475-7516/2012/06/036
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://arXiv.org/abs/2504.15127
https://doi.org/10.1088/1475-7516/2012/06/036
https://doi.org/10.1016/j.dark.2024.101699
https://doi.org/10.1016/j.dark.2024.101699
https://doi.org/10.1088/1475-7516/2016/04/016
https://doi.org/10.1103/PhysRevD.96.123501
https://doi.org/10.1103/PhysRevD.96.123501


[61] C. A. P. Bengaly, J. E. Gonzalez, and J. S. Alcaniz, Is there
evidence for a hotter Universe?, Eur. Phys. J. C 80, 936
(2020).

[62] R. von Marttens, V. Marra, L. Casarini, J. E. Gonzalez, and
J. Alcaniz, Null test for interactions in the dark sector, Phys.
Rev. D 99, 043521 (2019).

[63] R. von Marttens, J. E. Gonzalez, J. Alcaniz, V. Marra, and L.
Casarini, Model-independent reconstruction of dark sector
interactions, Phys. Rev. D 104, 043515 (2021).

[64] S.-g. Hwang, B. L’Huillier, R. E. Keeley, M. J. Jee, and A.
Shafieloo, How to use GP: Effects of the mean function and
hyperparameter selection on Gaussian process regression, J.
Cosmol. Astropart. Phys. 02 (2023) 014.

[65] J. E. Gonzalez, M. Ferreira, L. R. Colaço, R. F. L. Holanda,
and R. C. Nunes, Unveiling the Hubble constant through
galaxy cluster gas mass fractions, Phys. Lett. B 857, 138982
(2024).

[66] D. Scolnic et al., The Pantheon+ Analysis: The full data set
and light-curve release, Astrophys. J. 938, 113 (2022).

[67] D. Rubin, G. Aldering, M. Betoule, A. Fruchter, X. Huang,
A. G. Kim, C. Lidman, E. Linder, S. Perlmutter, P. Ruiz-
Lapuente, and N. Suzuki, Union through unity: Cosmology
with 2,000 sne using a unified bayesian framework, As-
trophys. J. 986, 231 (2025).

[68] D. Rubin, G. Aldering, K. Barbary, K. Boone, G. Chappell,
M. Currie, S. Deustua, P. Fagrelius, A. Fruchter, B. Hayden,
C. Lidman, J. Nordin, S. Perlmutter, C. Saunders, and
C. Sofiatti, Unity: Confronting supernova cosmology’s

statistical and systematic uncertainties in a unified bayesian
framework, Astrophys. J. 813, 137 (2015).

[69] W. D. Kenworthy, D. O. Jones, M. Dai, R. Kessler, D.
Scolnic, D. Brout, M. R. Siebert, J. D. R. Pierel, K. G.
Dettman, G. Dimitriadis, R. J. Foley, S. W. Jha, Y.-C.
Pan, A. Riess, S. Rodney, and C. Rojas-Bravo, Salt3: An
improved type Ia supernova model for measuring cosmic
distances, Astrophys. J. 923, 265 (2021).

[70] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. V. CMB power spectra and likelihoods, Astron.
Astrophys. 641, A5 (2020).

[71] L. Chen, Q.-G. Huang, and K. Wang, Distance priors from
Planck final release, J. Cosmol. Astropart. Phys. 02 (2019)
028.

[72] B. R. Dinda, A new diagnostic for the null test of dynamical
dark energy in light of DESI 2024 and other BAO data, J.
Cosmol. Astropart. Phys. 09 (2024) 062.

[73] D. D. Y. Ong, D. Yallup, and W. Handley, A Bayesian
perspective on evidence for evolving dark energy, arXiv:
2511.10631.

[74] W. Hu and N. Sugiyama, Small scale cosmological perturba-
tions: An analytic approach, Astrophys. J. 471, 542 (1996).

[75] N. Schöneberg, L. Verde, H. Gil-Marín, and S. Brieden,
BAO+BBN revisited—growing the Hubble tension with a
0.7 km=s=Mpc constraint, J. Cosmol. Astropart. Phys. 11
(2022) 039.

[76] S. Brieden, H. Gil-Marín, and L. Verde, A tale of two (or
more) h’s, J. Cosmol. Astropart. Phys. 04 (2023) 023.

DE SOUZA, SOUSA-NETO, GONZÁLEZ, and ALCANIZ PHYS. REV. D 113, 103531 (2026)

103531-14

https://doi.org/10.1140/epjc/s10052-020-08522-6
https://doi.org/10.1140/epjc/s10052-020-08522-6
https://doi.org/10.1103/PhysRevD.99.043521
https://doi.org/10.1103/PhysRevD.99.043521
https://doi.org/10.1103/PhysRevD.104.043515
https://doi.org/10.1088/1475-7516/2023/02/014
https://doi.org/10.1088/1475-7516/2023/02/014
https://doi.org/10.1016/j.physletb.2024.138982
https://doi.org/10.1016/j.physletb.2024.138982
https://doi.org/10.3847/1538-4357/ac8b7a
https://doi.org/10.3847/1538-4357/adc0a5
https://doi.org/10.3847/1538-4357/adc0a5
https://doi.org/10.1088/0004-637X/813/2/137
https://doi.org/10.3847/1538-4357/ac30d8
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1088/1475-7516/2019/02/028
https://doi.org/10.1088/1475-7516/2019/02/028
https://doi.org/10.1088/1475-7516/2024/09/062
https://doi.org/10.1088/1475-7516/2024/09/062
https://arXiv.org/abs/2511.10631
https://arXiv.org/abs/2511.10631
https://doi.org/10.1086/177989
https://doi.org/10.1088/1475-7516/2022/11/039
https://doi.org/10.1088/1475-7516/2022/11/039
https://doi.org/10.1088/1475-7516/2023/04/023

	Model-independent assessment of the late-time dark energy density evolution
	I. INTRODUCTION
	II. DARK ENERGY DENSITY RECONSTRUCTION
	A. Gaussian processes

	III. OBSERVATIONAL DATA
	A. DESI BAO
	B. Type IA supernovae
	1. Pantheon+
	2. Union3
	3. DESY5

	C. Cosmic microwave background

	IV. RESULTS
	V. SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: MATTER DENSITY PARAMETER FROM CMB DISTANCE PRIORS
	References


