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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 A cold dark matter (ACDM) 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 (DESYS5) SNe Ia samples. In addition, we perform a statistical
comparison between the energy densities of A, 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
ACDM with DESYS5 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 TA) data,
have challenged the standard A cold dark matter (ACDM)
cosmological model, indicating possible evidence for a
dynamical dark energy (DDE) component in the Universe.
Such claims are mainly based on a 3¢ discrepancy between
ACDM and the mean distribution of dynamical dark energy
equation-of-state  (EOS) parametrizations, such as the
Chevallier-Polarski-Linder [2,3] (CPL) parametrization,

“Contact author: rayffsouza@on.br

“Contact author: agripinoneto @on.br

:]fContact author: javiergonzalezs @academico.ufs.br
SContact author: alcaniz@on.br

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2470-0010/2026/113(10)/103531(14)

103531-1

w(a) = wg + w,(1 — a), where w(a) 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 DEST’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 ACDM,; i.e., they recover
acosmological 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 ACDM limit is away from the mean

Published by the American Physical Society
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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 — 26 to the 4 — 5¢
threshold [1,33]. In addition, the latter level of discrepancy is
often obtained within the framework of generic wg,w,
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 wy, — w, plane of these EOS
parametrizations that is preferred by the data can be asso-
ciated with the predictions of single-field scalar-field models,
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
dw(a)/dal,_, >0, implying a negative w,, which is
achieved by the thawing quintessence class of scalar-field
dark energy. Therefore, one may interpret the DESI results as
initial evidence for a thawing quintessence component in the
Universe. However, that same region of the wy — w, plane
predicts (within the framework of wy, w, parametrizations)
that dark energy transitions to a period of phantomlike
behavior in the past, in which w < —1 and the dark energy
density grows with 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 T, k*k" >0,
where T, 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 wy,, > —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 wyy(z) = —1—
%(1 +2) %, where D), 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 EOS with DESIBAO Data Release
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
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FIG. 1. Total equation of state of the Universe at low redshifts,

obtained via Gaussian process regression with DEST DR2 and
Pantheon+ data.

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] wy(a) = —1 + ad’, 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 X(z) for the
best-fit wy(z) for the combination of DESI BAO DR2,
Planck 2018, and Dark Energy Survey Supernova Year-5
(DESYS5) SNe data, i.e., « = 0.42 and f = 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
H(z) of this wy conﬁguration,1 assuming the CPL, BA, and
JBP parametrizations, as well as the constant-valued
ACDM 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.

'We adopt the procedure outlined in [46], where we obtain the
best-fitting pair {wg, w,} by minimizing the relative difference
H oWa})=Hy (2.0 f) 2
o ( M<ZHW101:,: <}z>,a./3) 2 ﬂ)) dz, where M stands for
the specific model used in the mapping and we fix z,,, = 4. Our
results are not particularly sensitive to the choice of z;,, nor to
the minimization function; see also [36,38] for alternatives.

EH:
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FIG. 2. (a) Solid curves show the mapping between the dark energy densities for several common parametrizations, a cosmological
constant, and the wy(z) 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 DR2 + Planck 2018 + DESYS5 data combination, respectively. (b) Upper: the predictions for
Dy (z) and Dy(z) in units of ¢/H, for each of the solid curves depicted in the left plot, where all the curves, except for the ACDM
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.

Nevertheless, except for A, they all have basically indis-
tinguishable background observables, as represented by the
superimposed red-toned curves of Dy(z) = ¢/H(z) and
Dy(z) = ¢ [§ dZ//H(Z') in the upper right panel of Fig. 2.
Although not identically equivalent, the relative difference
between Dy of the w,y, w, parametrizations and wy 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 A can be
inferred in the context of quintessencelike and generic
wy, W, 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 {w,, w,} one obtains when
performing this mapping procedure is not the same as the
best-fit {wy,w,} 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 wy parametrization reproduces
the phantomlike qualitative behavior of the best fit and
remains well within the 26 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
ACDM 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 H*(z)/Hy « X(z) = ppe(z)/ppEo =

exp {3 fé%ﬁ@dz’}. In turn, wpg(z) 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 wpg(0) is a completely free parameter,
whereas X(0) = 1.

Therefore, based on the above considerations, embed-
ding ACDM into a specific form of the dark energy
equation of state could weaken the evidence for DDE
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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 Dg(z)
and Dy (z).

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. 1V, we present our results regarding the GP
reconstruction and a statistical comparison of the thawing
quintessence, CPL, and ACDM 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-Lemaitre-
Robertson-Walker spacetime is written as

H*(z)
Hj

=Q,(1+ 2+ (1-Q)X(). (1)

where H|, is the Hubble constant and Q,, is the current
matter density parameter.

In order to perform an observation-based reconstruction,
our goal is to use Eq. (1) to express X(z) as a function of
cosmological distance measures. To this end, we focus on
the transverse comoving distance D ,(z), since the distance
duality relates this quantity to the luminosity distance
D;(z) = (1 +z)Dy(z), which allows us to use both
BAO and SNe data in our analysis. The former is obtained
by inferring D), relative to the sound horizon at the drag
epoch r,, such that Dy, (z) = Dy,(z)/r4, given by

- c [z d7 -
Dy(z)=— | —— and D)(z) =
M(Z) raJo H(Z/) an M(Z)

rqaH(z) .

(2)

By evaluating the second equation above at the present
time, we can write D), , = D},(0) = ¢/r,H,. Substituting
this expression and the expression for D/,(z) into the left-
hand side of Eq. (1) and solving for the normalized dark
energy density, we find

Do/ Dl (2))? = Q,, (1 +2)3 _

X(@) = -Q

(3)

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

5 (o Di) 107
Dy(z) = = :
(1+Z>I’d (I—I—Z)rd

(4)

To transform D, into D,;, we consider r, = 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 D;(z), which is obtained by the GP regression
of DESI BAO and SNe Ia data. Moreover, there is also a
dependence on ,,, 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). The methods in which these observ-
ables are employed in the analysis are discussed in detail in
Sec. III.

A. Gaussian processes

To reconstruct D'y, (z) and Dy,(z) 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 f(z) 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 u(z) and a covariance function (kernel)
k(z,7'), which encode the expected value of the function
and the correlation between values at different input points
z and 7/, respectively. For this work, we adopt the widely
used squared exponential kernel, given by

2
k(z,7') = o exp <— (z 2;) > (5)

This function depends on two hyperparameters: ¢ and /,
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,
ie., the D), — D,, data correlation at different redshifts.
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FIG. 3. Gaussian process reconstructions of D, (top) and D}V,(: DH) (bottom) for Pantheon+, Union3, and DESY5 combined with
DESI BAOs.

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 Dy (= D ), and we therefore combine
both D, from DESI + SNe Ia data and D, from DESI data.
Consequently, it is necessary to compute the corresponding
Dy, — Dy and Dy — Dy covariance functions for the GP,
given by

ok(z,7) (z—-12)
= k ) ! ) 6
o7 p kz2) (6)
and
Pk(z,7) P—(z-7)?
= k ! 7
0207 I (2.2, ()
respectively.

The GP hyperparameters are estimated by maximizing
the log marginal likelihood®

Ing = —%[DM,DH]T[ (2.2) + €' [Dys. D]

1. )
—5Inlk(z.2) + €] - gln 2z, (8)

The quantities in bold represent matrices or vectors.

where z denotes the vector of all redshift measurements
from the DESI 4 SNe Ia datasets, while K(z,z) represents
the covariance matrix associated with the Gaussian process
modeling, C corresponds to the covariance matrix of the
total observational data, and » indicates the total number of
data points in the sample. Explicitly, K can be written as

Ko = | A Klai) |,
’ K/T(ZDWZD,,) K”(ZDHaZDH) ’

being zp,, and zp, the vectors of redshifts for the D,, data
and the Dy data, respectively. The elements of these
submatrices are computed using Egs. (5)—(7), following
K(z,2)];; = k(zi,2;),  [K'(z,2)];; = 0k(z;,z;)/0z; and
[K"(z.2)];; = 0*k(z;,2;)/0z;0z;. Similarly, the observatio-
nal covariance matrix C is given by

Co, Cb,p,

, (10)

Coypu  Cb,
where Cp =~ denotes the covariance matrix for Dy, mea-
surements, Cp, for Dy, and Cp j represents their cross-
covariance. For the DESI DR2 data, all these C-covariance
matrices are diagonal. In contrast, for the DESI + SNe Ia
dataset, Cpp ~is constructed as a block diagonal matrix
formed by the SNe Ia and BAO D), data blocks, Cp,

corresponds to the DESI Dy, data, and C pb,.b,, contains the
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TABLE 1.

BAO measurements from the DESI (DR2) Collaboration [1]. The first and second columns show the

tracers and the effective redshift z.;, while the third and forth columns show the Dy /r, and D,,/r, ratios, along
with their 1o limits. The last column presents the Dy, /r; — Dy /r, correlation.

Tracer Zeft Dy/rq Dy/rq rmE
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
LRG3 + ELGI 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 4+ 0.760 —-0.500
Lya 2.330 8.632 £+ 0.101 38.988 4 0.531 -0.431

cross-covariance of the DESI D,, — D data, with zero
entries for the SNe Ia D,,-DESI D, 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 Dy (z)(= D),(z)) given
the data and optimized hyperparameter values follows from
the multivariate Gaussian posterior distribution, with the
posterior mean given by

D_H(z*) = [K/T(ZDM,Z*),K”(Z*,ZDH)]A_I {zM}, (11)

and its associated covariance is given by

Cov(Dy(z.)) =K"(z..2.) = [K" (2p,,.2.). K" (z..2p, )JA™!
K’ 2D, s 3«
x [ (@y-2.) } . (12)
K”(ZDH’Z*)
Here, A = K(z,z) + C and z, corresponds to the vector
of redshifts for the reconstruction targets. ~
In Fig. 3, we show the GP result for Dy (z) and
Dy (z)(= D),(z)), 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+,
DESYS5, 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 Dy/r,; and transverse mode
D,/ rq. 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-a forest
(Lya), 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 < 7 £2.26137 [66]. It comprises 1701 light
curves associated with 1550 spectroscopically confirmed
SNe la. 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 covariance matrix,
are publicly available via the Pantheon+ GitHub repository.’

2. Union3

The Union3 compilation [67] is an up-to-date version of
the Union series, consisting of 2087 spectroscopically
classified type la supernovae collected from 24 observational
surveys spanning the past decades. Union3 adopts an
approach based on the hierarchical Bayesian framework
Unityl.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 DESYS5 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 om > 1—unlikely to correspond to genuine
SNe Ia within the DES photometric classification—were

3https:// github.com/PantheonPlusSHOES/DataRelease/tree/main/
Pantheon%?2B_Data.
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FIG. 4. GP dark energy density reconstruction and the statistical distribution of X(z) for each parametrization. Each panel shows the
results assuming the CMB + DESI DR2 + SNe sample data combination. All shaded regions display the 68% CL.

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 /,, and the
physical baryon density parameter w;, [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 [, are defined by

R V<, HiDy(z,)
C

_ ”DM(Z*)

Ny

3 lA

with r((z) being the comoving sound horizon and z, the
redshift of photon decoupling.

Taking the ratio of the above equations and substituting
D}, o = ¢/rqHy yields

(14)

m

_ |:7TRD§VI$Ord:| 2
lArs(Z*)

As shownin [50,72], assuming standard prerecombination
physics, r; and r(z,) are functions of only w,, and the total
physical matter density parameter m,,. The latter, on the other
hand, can be obtained through the CMB distance priors by
noting that R/1, = (,/®,,/30007)r, (®,,®,,)/Mpc. More
details on this derivation are given in the Appendix.

Therefore, Eq. (14) essentially estimates Q,,(R, 1, vaz,o’
wy, ,,), where the quantities in parentheses are known
distributions of random variables. We extract the mean and
standard deviation of D), from the reconstructed Dj,(z)
and we use the means and covariance of {R, I, w,, w,,} as
reported in [71]; see the Appendix.

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

In this context, we perform a Monte Carlo (MC)
sampling by assuming a multivariate normal distribution
on Q,,, where we find a corresponding distribution for each
SNe Ia used in the GP reconstruction, which yields slightly
different values of Djw’o; see Table III. Thus, we use those
results for €, as our CMB data when performing the
reconstruction of X(z) per Eq. (3),” which has the advan-
tage of avoiding an explicit assumption on the value of H,,.

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 la samples
considered, Pantheon+, Union3, and DESYS, respectively.
The dark energy density for each data combination is
calculated from the GP reconstruction of D’y;(z) and the
distribution of Q,, via Eq. (3) by performing a Monte Carlo

sampling accounting for the covariance between D’ w0 and

D' y;(z) 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
DESYS5 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,

A caveat is in order here: the distributions of the CMB
distance priors are obtained by assuming ACDM 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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FIG. 5.
sample used in the data combination.

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 Lya 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 X(z) 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
x? measure,

(15)

where  Ay(z;) = Xm(zi) — Xgp(z;) is the difference
between the mean value predicted by the model and the
mean value of the GP reconstruction, and o3,(z;) and
o%p(z;) are their respective variances at each of the
i=1,...,N redshift points.

Since the Xy and Xgp 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

Distribution of the standard deviation of each model relative to the GP reconstruction as a function of redshift, for each SNe

o= \/E When performing the reconstruction, we fix
N = 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 x?, such that
22(z) = A%(2)/(6%p(2) + 6%4(z)). Accordingly, the red-
shift-dependent standard deviation is taken as o(z) =
Ax(2)/v/o&p(2) + oy (2)-

We show the results for o(z) in Fig. 5 for thawing
quintessence, CPL, and ACDM with each of the SNe Ia
samples, as well as 6 and the maximum value of ¢(z) in
Table II. In all the panels, there is a clear distinction
between the low- and high-redshift ranges, mostly domi-
nated by SNe la 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 A is
smaller than that of thawing quintessence, resulting in a

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

Model c Omax
Pantheon+

Thawing 1.29 1.93

CPL 0.93 1.63

ACDM 1.30 1.98
Union3

Thawing 1.46 2.03

CPL 1.15 2.49

ACDM 1.22 2.05
DESY5

Thawing 1.47 2.32

CPL 1.13 2.30

ACDM 1.82 2.88
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FIG. 6. Left: distribution of the fractional 7?>(z) measure relative to the GP reconstruction for each dark energy model. Right:
cumulative distribution of the fractional 7?(z) as a function of redshift. Each row corresponds to the results given a different SNe Ia

sample.

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 ~2¢ 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 A and CPL, closer to the GP reconstruction
—see left panel in Fig. 4—while CPL shows a smaller
deviation than A 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 DESYS5
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 ACDM, with the
deviation from the GP regression approaching the 36 mark
at very low redshifts; see right panel of Fig. 5. That is also
consistent with the evidence from DESI against ACDM
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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 x> measure,
7(2)=x*(2)/ N, x*(z;), in order to evaluate the red-
shift regions that accumulate the largest discrepancy. We
also inspect the buildup of 7?(z) 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 ¥ 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 DESYS, 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 ¢ stays below 2 in the standard deviation units
across the board. The most striking discrepancies come
with the DESYS5 sample, with a cosmological constant, in
particular, reaching closer to the 26 threshold and o(z)
approaching 3¢ at very low redshifts. Even so, we find a
consistently lower discrepancy with ACDM 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 ACDM limit of generic wyw,
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 from ACDM,
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 is more 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 la data
(which can be converted to the transverse comoving distance
using the distance-duality relation), by the Pantheon+,
Union3, and DESYS5 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, ACDM,
CPL, and thawing quintessence are all consistent with the
GP reconstruction, with the overall deviation staying
below 2c.

However, if the data are divided into low- (z < 1) and
high- (z 2 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-la-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. ACDM, however, shows a larger discrepancy
with the DESYS 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 DESYS5 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 2 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 la 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, @,
and w,,, respectively, and is approximately given by
[50,72,74]

r(z) = A log{

where

100 (Temp/2.7 K)?

A= Mpc, A2
\Y4 105 WpWy, p ( )
1 (Tems/2.7 K)*
p— A
31500 w), ’ (A3)
1 (Ad)

C= ;
1 + 250000,, (2.7 K/ Ten )

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

z, = 1048(1 + 0.001240;°7®) (1 + g;0%),  (A5)
where
0.0783w; 238 0.560
_ , = . (A6
N 11395007 2T 112010 (48)

Therefore, substituting (A5) into (Al), we obtain r, =
rs(z,) which is a function of only w, and ,,.
Taking the ratio of Eq. (13), we find that

R o, ryz)

1, 3000z Mpc ’

24+ (1+2)(B+C)+2[(1+2z2)?’BC+ (1+2z)(B+C)+ 1]1/2} "
(1+z)[B+ C+2(BC)'/? ’

|

where we have substituted H, = 100k kms~! Mpc™!,
¢ =3x10° kms™!, and w,, = Q,,h* as the physical mat-
ter density parameters. In this case, we use r,, in the form
of (A1)-(A5) together with (A7), to obtain w,, by solving

rs,* (a)ba a)m)

9R’l b -
f(a)m A a)b) MpC

R
@, — 30007Tl— =0,
A
(A8)

which yields ,,(R, Iy, w},).

Thus, we perform a Monte Carlo sampling of w,, by
solving (A8) with the distributions of the CMB distance
priors as given in [71]. The resulting distribution of w,, 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 r;(@;, w,,), namely
[75,76],

ry W -0.23 wy, —0.13
= 147. A
Mpc 05 (0.1432) <0.02236) - (A9)

where we have assumed the standard value N = 3.04 for
the effective number of relativistic species. The value of r,,
which we find using (A9) with the distributions of w;,, ,,
given in Table III, is entirely consistent with the Planck
TT + TE + EE + lowE + lensing result of r,(Mpc) =
147.09 £0.26 which we used in the distance-duality
relation; see Sec. II.
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TABLE IIL

Distribution of the CMB distance priors used in our analyses [71]. For the correlated parameters,

namely, R, I, ®;, and @,,, we report in the last four columns the values of r; ;, meaning the normalized covariance

ij»

between parameters i and j. In the lower part of the table, we list the distribution of ij) and the resulting Q,, for

each SNe Ia sample.

Param Mean =+ lo R N Wy [0
R 1.7502 £ 0.0046 1.0 0.46 -0.66 0.97
Ly 301471105 0.46 1.0 -0.33 0.34
w, 0.02236 + 0.00015 —0.66 -0.33 1.0 -0.50
oy, 0.1460 £ 0.0013 0.97 0.34 -0.50 1.0
D)o 29.86 +0.14 Pantheon+
’ 30.07 4 0.34 Union3
30.54 +0.18 DESY5
Q, 0.3070 £ 0.0033 Pantheon+
0.3114 + 0.0072 Union3
0.3211 =+ 0.0042 DESY5

Finally, we perform another MC simulation in order to
obtain Q,, (R, Iy, wy, w,,, D}, o) as given by Eq. (14), where
we express both r; and r,, as functions of @, and w,,,
according to Egs. (A9) and (A1)—(AS), respectively. We use
the distribution of the parameters and its covariances as listed

in Table III, where each D),  is taken directly from the GP
reconstruction. We also show the resulting Q,, for each SNe
Ia sample. As mentioned 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 H,.
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