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Abstract Evidences for evolving dark energy are shown
using baryon acoustic oscillation measurements from the
recent Dark Energy Spectroscopic Instrument Data Release
2, combined with different Type Ia supernova datasets
(Pantheon+, DES-Dovekie, and Union3) and the CMB com-
pressed likelihood. We examine several dark energy param-
eterizations, including the Logarithmic, Exponential, CPL,
BA, JBP, Thawing, Mirage, and GEDE models. Analyzing
the DESI DR2 measurements alone, we find that evidence for
evolving dark energy is primarily driven by the LRG1-2 trac-
ers, as their inclusion yields a preferred value of w0 > −1.
However, as each tracer provides only limited observables,
this preference can result in an underconstrained and poten-
tially unstable inference. Further, we find that each dark
energy model predicts values in the w0 > −1, wa < 0
quadrant, a region characterized by the Quintom-B type dark
energy scenario. The logarithmic bayes factor shows that,
among all models, the Mirage model shows the inconclusive-
to-moderate evidence across all dataset combinations. Con-
sistently, the statistical significance remains modest, with
Nσ ∼ 1.1-2.3, and no model showing a robust preference
for dynamical dark energy using late-time datasets alone. The
evolution of w(z) shows a phantom crossing around z ∼ 0.5
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in most dynamical dark energy models, and the evolution of
fDE(z) converges to fDE(0) = 1 in all dark energy models.

1 Introduction

Dark energy (DE) has been postulated to account for the
observed accelerated expansion of the Universe [1,2]. The
advent of a new era of precision cosmology has been made
possible by recent developments in large-scale structure sur-
veys, which have allowed for rigorous testing of the conven-
tional positive cosmological constant with cold dark matter,
i.e., �CDM paradigm [3]. Among these, the Dark Energy
Spectroscopic Instrument (DESI) is notable for its use of
Baryon acoustic oscillations (BAO) observations to track
cosmic expansion [4–9]. By analyzing standard cosmologi-
cal rulers such as BAO, it is possible to place constraints on
whether DE operates as a cosmological constant or exhibits
time-dependent dynamical behavior [10–15].

Planck’s first-year data release in 2013 [16] indicated
w = −1.13+0.13

−0.14, slightly favoring the phantom regime. Sub-
sequent improvements in supernova calibration through the
2014 Joint Light-curve Analysis (JLA) dataset [17] alleviated
this tension, and combining JLA with Planck2013 results
brought dark energy constraints into agreement with �CDM.
The Planck-15 analysis [18,18], which adopted JLA as its
default supernova dataset, confirmed this consistency, report-
ing w = −1.006+0.085

−0.091. More recently, the 2022 Pantheon+
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compilation [19] found w = −0.90 ± 0.14 from supernova
data alone, and w = −0.978+0.024

−0.031 when combined with
CMB and BAO measurements. While these results remain
consistent with �CDM within 2σ , they show a mild devi-
ation relative to earlier datasets. This trend is reinforced by
the Union3 compilation [20], which reports a mild 1.7–2.6σ

tension with �CDM, favoring models where ω0 > −1 and
ωa < 0. Collectively, these observations point toward a
potentially evolving dark energy component, with an equa-
tion of state that increases over time and a present value
w > −1.

In 2024, building on hints of the evolving nature of dark
energy from the Pantheon+ and Union3 compilations, DES-
SN5YR found that whether using supernova data alone or in
joint fits with the CMB, BAO, and three two point (3×2pt)
measurements which refer to the joint analysis of three two-
point correlation functions: galaxy clustering, galaxy–galaxy
lensing, and cosmic shear, the best fit equation of state (EoS
w is consistently slightly greater than −1 at more than the
1σ level. This behavior agrees with results from Union3 and
supports a trend toward mildly dynamical dark energy. In
the same year, DESI released its first year BAO data [5];
When combined with CMB, Pantheon+, Union3, and DES-
SN5YR, these measurements yield (w0, wa) constraints that
depart from �CDM at the levels 2.6σ , 2.5σ , 3.5σ , and 3.9σ ,
respectively. DESI DR2 BAO measurements [7], when com-
bined with data from CMB only, exclude �CDM with a
significance of 3.1σ . Including additional supernova data
sets Pantheon+, Union3, and DES SN5YR yields exclu-
sion significances of 2.8σ , 3.8σ , and 4.2σ , respectively.
Recently, the DES Collaboration reported improved cosmo-
logical constraints from a re-analysis of the DES-SN5YR
catalog, showing that the preference for dynamical dark
energy is reduced to a statistical significance of 3.2σ , com-
pared to the earlier 4.2σ result obtained with DES-SN5YR
[21]. Yet several studies have also shown that, in the DES-
SN5YR dataset, the evidence for dynamical dark energy is
biased by low-redshift SNe Ia [22–25]. Compared to DR1,
DR2 offers tighter constraints with improved precision and
reduced uncertainties. Following the DR2 BAO release, [8,9]
performed an extended analysis of dark energy dynamics and
confirmed evidence of a time-varying EoS. Evidence for a
time-evolving dark energy model with a statistical signifi-
cance exceeding 5σ has also been reported [26].

The high-precision BAO measurements from the DESI
LRG1 sample, which span redshifts of approximately z ≈
0.4–0.6, probe epochs within the DE dominated era. As such,
these LRG datasets are particularly sensitive to the signatures
of cosmic acceleration, making them valuable for testing
time-dependent DE models [27,28]. Numerous studies have
reported hints of dynamical dark energy using DESI mea-
surements, supporting the possibility of deviations from the
�CDM model [29–52]. In parallel, model-independent and

non-parametric approaches have been developed to recon-
struct the expansion history without assuming a specific form
for w(z) [53–58]. Alongside these efforts, alternative theo-
retical frameworks including holographic dark energy, ricci
dark energy, non-cold dark matter, exotic dark matter sce-
narios, braneworld models and monodromic dark energy
have also been explored in light of the DESI measurements
[59–64]. In particular, quintessence-based interpretations of
evolving dark energy in light of DESI DR2 have been widely
explored, with scalar-field dynamics [65–73]. In addition,
modified theories of gravity have been investigated using
the DESI measurements [74,75], while potential tensions
between DESI DR2 and CMB observations have also been
examined [76]. The role of topological effects in shaping
the behavior of dynamical dark energy has likewise been
explored [77]. In a related direction, several studies have
also investigated the impact of

∑
mν in the context of DESI

DR1/DR2 using extended twelve-parameter dynamical dark
energy models and late-time dark energy scenarios. [78–81].
Indeed, these developments have also raised questions about
the status of the H0 tension in light of DESI measurements,
which suggest evidence for dynamical dark energy and may
point toward the need for new physics to resolve this discrep-
ancy [82–85]

Motivated by the above studies, in this paper we explore
several dark energy models beyond the CPL parametrization,
focusing exclusively on late-time datasets. In particular, we
compare phenomenological constraints on the dark energy
equation of state w derived with and without DESI LRG1
data. We further extend this analysis by incorporating dif-
ferent SNe Ia samples together with DESI DR2 and com-
pressed CMB likelihoods. This approach allows us to assess
the statistical significance of dynamical dark energy features
and to isolate the role of late-time observations in driving
the inferred evolution. Our paper is organized as follows.
In Sect. 2, we introduce the cosmological background equa-
tions and models. Section 3 details the core of this work with
datasets and methodology using the Markov Chain Monte
Carlo (MCMC) sampling against the publicly available DESI
DR2 data, while Sect. 4 is dedicated to the discussion of
results. In Sect. 5, we draw the conclusions.

2 Background equations and dark energy models

Assuming a spatially flat Friedmann-Lemaître-Robertson-
Walker (FLRW) cosmological background

ds2 = −dt2 + a2(t)[dr2 + r2(dθ2 + sin2 θdφ2)], (1)

where a(t) is the time-dependent cosmological scale factor
and (r ,θ ,φ) are the standard spherical coordinates, and con-
sidering the late-time Universe – specifically, where radiation
can be neglected – the first Friedmann equation arising from
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the Einstein field equations

Gμν = 8πG T (m)
μν , (2)

takes the form:

H2 = 8πG

3

(
ρma

−3 + ρde

)
. (3)

where T (m)
μν is the standard matter-energy component,Gμν =

Rμν − gμνR/2 is the Einstein tensor, and G is the Newto-
nian gravitational constant. The continuity equation in FLRW
background reads

ρ̇x + 3H(1 + wx)ρx = 0, (4)

where ρx represents the energy density of each component
with x∈ (matter, DE), over (̇) represents the cosmic time
derivative, and wx represents the equation of state parameter
(EoS).

The expansion history of the Universe is governed by

the dimensionless Hubble parameter E(z) = H(z)

H0
, where

H(z) = ȧ

a
is the Hubble parameter in function of the red-

shift z, and H0 is its present-day value i.e., at z = 0. Using
Eq. (3), the functional E(z)2 is given by:

E(z)2 = 
m(1 + z)3 + 
r (1 + z)4 + 
� fDE(z), (5)

where 
m , 
r , and 
� are the present-day fractional densi-
ties of matter, radiation, and dark energy, respectively. Also,
here fDE represents the evolution of DE [86,87]. The evolu-
tion of DE (ρde) within Eq. (3) will be the following solution
of Eq. (4):

fDE(z) ≡ ρDE(z)

ρDE,0
= exp

[

3
∫ z

0

1 + w(z′)
1 + z′

dz′
]

(6)

whereρde,0 is the present value of the DE density. For the con-
stant w, the (6) simply (1+z)3(1+w), and a cosmological con-
stant corresponds to w = −1. We also consider the Mirage
Dark Energy parametrization [88], constructed to reproduce
the CMB distance to last scattering of �CDM while allow-
ing a dynamical equation of state w(a) = w0 + wa(1 − a).
It effectively yields w ≈ −1 near the pivot scale factor
a ≈ 0.7. In this framework, the CPL parameters satisfy wa =
−3.66 (1 + w0), and the Thawing Dark Energy parametriza-
tion, which satisfies wa = −1.58 (1 + w0) . Apart from this,
we also consider different dynamical dark energy models;
see Table 1, where we present the corresponding EoS and
fDE(z) for those models.

Although no fundamental principle uniquely specifies the
optimal functional form for parameterisations, observational

data can be employed to constrain and select those for-
mulations that are both cosmologically consistent and phe-
nomenologically viable. In the following, we examine several
distinct parameterisation schemes for describing the evolu-
tion of dark energy (DE).

3 Dataset and methodology

To constrain the free parameters of each DE model consid-
ered in this work, we use the cosmological inference code
SimpleMC. In our analyses, we use dynamic nested sam-
pling [97,98] using the dynesty Python package [99], as
implemented within SimpleMC. To determine the number
of live points, we follow the general rule of using 50 × ndim,
where ndim denotes the number of free parameters of the
corresponding DE model.

We use the Bayesian evidence selection criterion to assess
whether the DE models are statistically preferred over the
�CDM model. The Bayesian evidence, Z , is defined as
the integral of the likelihood over the prior volume, Z =∫


L(θ) π(θ) dθ, where L(θ) ≡ P(D|θ, M) is the like-

lihood of the data D given the parameters θ and model
M , and π(θ) ≡ P(θ |M) is the prior distribution of the
parameters within that model. To compare two competing
models, we compute the Bayes factor in logarithmic form,
lnBi j = lnZi − lnZ j , where lnZi and lnZ j denote the
Bayesian evidences of models i and j , respectively. In our
case, we report the Bayes factors lnBi j for the dynamical
DE models relative to the �CDM model, based on the cur-
rent observational data. Here, i denotes the dynamical DE
model, while j denotes the �CDM model. Consequently,
lnBi j > 0 (< 0) indicates a preference for the DDE model
(�CDM). The strength of model preference is interpreted
using the Jeffreys scale [100]: values of lnBi j < 1 are con-
sidered inconclusive; 1 ≤ lnBi j < 2.5 indicate weak evi-
dence; 2.5 ≤ lnBi j < 5 correspond to moderate evidence;
5 ≤ lnBi j < 10 signify strong evidence; and lnBi j ≥ 10 is
regarded as decisive evidence. In our analysis, the Bayesian
evidence is computed by the dynesty package by algo-
rithm.

The obtained results are subsequently analyzed and visu-
alized using the GetDist package [101]. Our analysis is
based on data obtained from Baryon Acoustic Oscillation
measurements, Type Ia supernovae, and Compressed CMB
likelihood, which are detailed below:

• Baryon Acoustic Oscillation: In our analysis, we use the
recent BAO measurements from DESI Data Release 2
(DR2) [7]. These measurements are extracted using var-
ious tracers such as the Bright Galaxy Sample (BGS),

https://github.com/ja-vazquez/SimpleMC.git
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Table 1 Dark energy parameterizations with their equations of state w(z) and evolution functions fDE (z)

Parameterization w(z) fDE (z) Reference

Logarithmic w0 + wa log(1 + z) (1 + z)3(1+w0)e
3
2 wa (log(1+z))2

[89,90]

Exponential w0 + wa

[
z

1+z + 1
2

(
z

1+z

)2
]

. e

[
3wa

( −z
1+z

)]
(1+z)3(1+w0+wa )

e

[
3wa

(
1

4(1+z)2
+ 1

2(1+z) − 3
4

)]
(1+z)

3
2 wa

[91]

CPL w0 + z
1+zwa (1 + z)3(1+w0+wa )e− 3wa z

1+z [92,93]

BA w0 + z(1+z)
1+z2 wa (1 + z)3(1+w0)(1 + z2)

3wa
2 [94]

JBP w0 + z
(1+z)2 wa (1 + z)3(1+w0)e

3wa z2

2(1+z)2 [95]

GEDE −1 − �
3 ln(10)

[
1 + tanh

(
� log10

(
1+z
1+zt

))]
(

1−tanh
(
� log10

(
1+z
1+zt

))

1+tanh(� log10(1+zt ))

)

[96]

Luminous Red Galaxies (LRG1–3), Emission Line Galax-
ies (ELG1–2), Quasars (QSO), and Lyman-α forests. To
incorporate these measurements, one must compute the
Hubble distance DH (z) = c

H(z) , the comoving angular

diameter distance DM (z) = c
∫ z

0
dz′
H(z′) , and the volume-

averaged distance DV (z) = [
z, D2

M (z), DH (z)
]1/3

. It is
necessary to derive the following ratios: DM/rd , DH/rd ,
DV /rd , and DM/DH to constrain the parameters of each
model, where rd is the sound horizon. In flat �CDM, it
is rd = 147.09 ± 0.2 Mpc [102].

• Type Ia supernovae: We also use three different SNe Ia
compilations to improve the constraints on cosmological
parameters. Among them, the Pantheon+ (PP) sample
[19] includes 1701 light curves from 1550 SNe Ia obser-
vations spanning the redshift range 0.01 ≤ z ≤ 2.26. We
exclude light curves at z < 0.01, as such low redshift
data are affected by significant systematic uncertainties
due to peculiar velocities. We also use the re-calibrated
1,820 photometric light curves collected over five years
by the Dark Energy Survey Supernova Program (DES-
Dovekie) [21], which includes 1,623 DES-discovered
Type Ia supernovae and 197 externally sourced low-
z supernovae from the CfA and CSP samples [103–
105]. The revised DES-Dovekie has 1718 SNe Ia over-
lapping between DES-Dovekie and DES-SN5YR [106],
and Union3 compilation of 2087 cosmologically use-
ful SNe Ia from 24 datasets over a redshift range from
0.050 ≤ z ≤ 2.26 [20]. In our analysis, we marginal-
ize over M parameter; for further details, see Equations
(A9–A12) of [107].

• Compressed CMB likelihood: Finally, we use the com-
pressed CMB likelihood because the dynamical dark
energy models considered affect only the late-time
expansion history of the Universe and mainly modify the
geometrical features of the CMB. The full CMB spec-
trum includes small non-geometrical anomalies, such as
the lensing amplitude and the low-
 power deficit, which

Table 2 The table shows the parameters and the priors used in our
analysis for each DE model. The symbol U denotes that we use uniform
priors

Parametrization Parameter Prior

�CDM H0 U[40, 90]

bh2 U[0.02, 0.025]

m U[0.1, 0.5]

Dark energy w or w0 U[−3, 1]
wa U[−3, 2]

Thawing/Mirage w0 U[−3, 1]
Emergent � U[−3, 10]

may reflect residual systematics and bias dark energy
estimates. For example, Planck data alone show a � 2σ

preference for phantom dark energy [108], mostly due
to the lack of large-scale power. To avoid such biases,
we rely on the compressed CMB likelihood. We use the
CMB information compressed into the three parameters
{ θ�, ωb, ωcb }, which is modeled as a 3 × 3 Gaussian
likelihood [7] (see Appendix A, Eqs. A1 and A2).

In this analysis, the radiation density parameter is defined
as 
r = 2.469 × 10−5 h−2 (1 + 0.2271 Neff ) [109], where
Neff = 3.04 represents the standard effective number of rel-
ativistic species. The dark energy density parameter is deter-
mined from the flatness condition, 
� = 1 − 
r − 
m ,
so that both 
r and 
� are computed from the remaining
cosmological parameters. In this analysis, we use several DE
models, with the chosen priors summarized in Table 1

4 Results

In this section, we explore various DE parameterizations to
show the evidence for evolving DE. From this perspective, we
first consider the DESI DR2 measurements alone to identify
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what drives the evolving nature of DE in this dataset. We then
combine the DESI DR2 data with different Type Ia supernova
(SNe Ia) measurements (Pantheon+, DES-Dovekie, Union3)
and a CMB compressed likelihood. Next, we compute the
Bayes factor in logarithmic space lnBi, j to assess which
model performs best among the models considered. Finally,
we plot the evolution of the equation of state (w) and the
normalized ( fDE) as functions of redshift.

4.1 Evidence for evolving dark energy in DESI BAO
biased by LRG1 and LRG2 tracers

Motivated by Fig. 1, the LRG1 (zeff = 0.510) and
LRG3+ELG1 (zeff = 0.934) BAO points appear in ten-
sion with the Planck �CDM value 
m = 0.315 ± 0.007,
at about 2.42σ and 2.60σ , respectively. This trend becomes
more prominent when comparing the value of 
m at zeff =
0.510 and zeff = 0.934 from the LRG1 and LRG3+ELG1
datasets, which are in tension with various supernovae com-
pilations, showing discrepancies of 2.06σ , 1.67σ , and 1.80σ

for LRG1 and 2.24σ , 2.51σ , and 2.96σ for LRG3+ELG1
with Pantheon+, Union3, and DES-SN5YR, respectively.
These supernova datasets typically have similarly low effec-
tive redshifts around zeff ∼ 0.3. See Table 1 and Sect. 4 of
[51] for details.

This behavior is not new, as similar trends have been
observed in previous studies. [110] (see Table 1 and Fig. 5)
report the LRG1 discrepancy using the DESI DR1 com-
pilation, and note that in DESI DR1 the LRG2 point also
exhibits a significant discrepancy. Similar discrepancies are
found in [111] using SDSS-IV data (see Table 3 and Fig. 5).
More recently, using DESI DR2, [39,51] show that the LRG1
(zeff = 0.510) discrepancy persists, and that a comparable
tension is also present for LRG3+ELG1 (zeff = 0.934).

Indeed, recent work by [112] has explicitly investigated
the role of individual DESI tracers in driving the prefer-
ence for dynamical dark energy. In particular, they show
that removing the LRG1 and LRG2 data points significantly
affects the inferred constraints on dark energy parametriza-
tions, indicating that these low-redshift tracers play a dis-
proportionate role in driving deviations from �CDM. This
provides further motivation for treating LRG1 and LRG2 on
the same footing in our analysis.

In Fig. 2, considering next information from high-redshift
bins alone shows a tension of about 1.84σ , indicating that

m differs between different redshift bins. A similar trend
can be observed in the DESI DR1 data, where [110] reports
a tension of about 2.20σ when considering next information
from high-redshift bins alone. In fact, DESI DR1 shows some
improvement; see Table 2 of [51,110] for more details. These
findings lead us to investigate the DESI DR2 data beyond
the �CDM paradigm. In this study, we extend our analysis

Fig. 1 The figure shows the posterior distributions at the 1σ and 2σ

confidence levels in the 
m − hrd contour plane for different tracers
corresponding to various zeff values from the DESI DR2 dataset within
the �CDM model. The horizontal lines correspond to the mean values
of 
m for each tracer, and the gray band represents the Planck �CDM
prediction for 
m = 0.315 ± 0.007

Fig. 2 The figure shows the posterior distributions in the 
m − hrd
plane using different redshift bins from the DESI DR2 compilation. The
blue band represents the Planck �CDM prediction for 
m

beyond the �CDM model and consider several DE models to
investigate the effects of DESI BAO tracers beyond �CDM.

Unlike previous studies, our analysis is based on the
DESI DR2 dataset and explores a broader class of dark
energy parametrizations, including both phenomenological
(w0–wa) models and physically motivated scenarios such as
GEDE. We also perform a systematic comparison by remov-
ing LRG1 and LRG2 both individually and jointly, allowing
us to directly quantify their impact on the inferred dark energy
evolution
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In Fig. 3 shows the triangle plot of the different DE mod-
els using the DESI DR2 measurements (excluding the BGS
datapoint), for no LRG1, no LRG2, no LRG1 & LRG2, and
the full DESI DR2 sample. The diagonal panels show the
1D marginalized posterior distributions for each parameter.
The off-diagonal panels show the 2D marginalized confi-
dence contours at 68% and 95% intervals. Table 3 shows
the numerical values obtained for each model using MCMC
analysis.

Figure 3a shows the constraints on the wCDM model.
When the LRG1 and LRG2 datasets are included, the inferred
w deviates from the �CDM prediction (w = −1). Con-
versely, removing LRG1 and LRG2 fully restores the �CDM
concordance.

Figure 3b–f show the constraints on the Logarithmic,
Exponential, CPL, BA, and JBP redshift parameterizations.
In each case, it can be observed that when the LRG1 and
LRG2 data points are included alternately in the analysis,
the predicted value w0 > −1 shows a deviation from the
(w0 = −1, wa = 0) corresponds to the �CDM model in
w0 − wa plane, and it can be observed that ωa also shifts to
large negative values, extending beyond the previous limits
to accommodate w0 > −1. This suggests that the evolving
DE in the DESI DR2 data could be driven by the LRG1 and
LRG2 datapoints, particularly at low redshift (z � 0.3). This
behavior is consistent with the findings of [112], where the
removal of LRG1 and LRG2 similarly reduces the appar-
ent preference for dynamical dark energy, reinforcing the
interpretation that these tracers play a key role in driving the
signal.

Figure 3g and h show the constraints on the Calibrated
Thawing and Calibrated Mirage models using DESI DR2
measurements. Similar effects of the LRG1 and LRG2
datapoints are observed for ω0: when LRG1 and LRG2
are included alternately, the inferred value satisfies w0 >

−1,which in turn drives wa < 0. For the Mirage model, we
again find w0 > −1 and, consequently, wa < 0.

Figure 3i shows the constraints on the GEDE model.
Similar effects of the LRG1 and LRG2 datapoints are also
observed here: when the LRG1 and LRG2 datapoints are
included alternately, the model predicts � = −1.010, which
lies far from the �CDM point (� = 0). In contrast, with-
out the LRG1 and LRG2 datapoints, GEDE predicts � =
−0.300, much closer to �CDM. In both cases, the negative
value of � indicates an injection of energy at earlier redshifts.
These results highlight that the LRG1 and LRG2 tracers play
a crucial role in driving the preference for dynamical dark
energy in the DESI DR2 BAO dataset.

In addition to the effects of the LRG1-2 tracers, an interest-
ing feature is also evident: a negative correlation between 
m

and hrd . This anti-correlation has been observed previously
in several independent analyses. Specifically, [113,114] have
reported this trend using Observational Hubble Data (OHD);

[111,113,115–121] using Type Ia supernovae (SNe Ia);
[113,122] by combining OHD and SNe Ia; [123,124] using
Gamma-Ray Bursts (GRBs); [111,113,125–130] using stan-
dardizable QSOs; and similar patterns have been discussed in
studies of strong-lensing time delays in lensed QSOs [131–
133] and lensed SNe Ia [134,135].

It is worth noting that each tracer provides only a limited
set of observables, such as DH/rd and DM/rd , while the fit-
ted models involve a larger number of parameters. This can
lead to an underconstrained setup, increasing the risk of over-
fitting and posterior instability, particularly when individual
redshift bins are analyzed. As a result, the apparent anomaly
in 
m may reflect statistical artifacts rather than genuine
physical constraints. Motivated by this, we go beyond the
DESI BAO-only analysis in the following sections by incor-
porating different Type Ia supernova samples and a CMB
compressed likelihood.

4.2 Evidence for evolving dark energy using DESI DR2
BAO with other datasets

In the previous section, we constrained each DE model using
only the DESI DR2 dataset. We found that, across all models,
the posterior distributions in the w0–wa plane indicate that
wa remains poorly constrained when relying solely on DESI
DR2 data. To improve these constraints and break param-
eter degeneracies, we now incorporate additional datasets,
combining DESI DR2 with various Type Ia supernova com-
pilations and CMB measurements.

Table 4 presents the numerical values obtained for each
cosmological model using MCMC analysis. Here, we com-
pared the predicted values of the Hubble parameter h and
the matter density 
m from each model with the �CDM
model using CMB + DESI DR2 data, both alone and in com-
bination with Type Ia supernova datasets (Pantheon+, DES-
Dovekie, Union3). Using �CDM as the reference model, we
find that most DE parameterizations show weak evidence in
both h and 
m . In particular, the wCDM, Thawing, Mirage,
and GEDE models show deviations that remain below the
1σ level across all dataset combinations, indicating consis-
tency with the �CDM predictions. For the CPL, BA, and
JBP parameterizations, the deviations in h and 
m increase
but remain below the 2σ level for all datasets. The largest
deviations are observed in the Logarithmic and Exponen-
tial models, where tensions in both parameters approach or
exceed the 2σ level for certain dataset combinations.

In Fig. 4, we show the inferred values of the Hubble param-
eter h for each cosmological model. It can be observed that
none of the dark energy models alleviate the Hubble tension,
as their inferred h values remain below the Riess predic-
tions [136,137] but consistent with the Planck predictions
[102]. This can be understood in two ways. First, dynamical
dark energy models cannot reduce the sound horizon since
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a) wCDMModel b) Logarithmic Parameterization c) Exponential Parameterization

d) CPL Parameterization e) BA Parameterization f) JBP Parameterization

g) Thawing Parameterization h) Mirage Parameterization i) GEDE Parameterization

Fig. 3 The figure shows the posterior distributions wCDM, Logarithmic, Exponential, CPL, BA, JBP, Thawing, Mirage, and GEDE models at
68% (1σ ) and 95% (2σ ) confidence, using no LRG1, no LRG2, no LRG1 and LRG2, and the full DESI DR2 sample

dark energy is sub-dominant at recombination. Therefore, if
these models attempt to increase the inferred value of h, they
become inconsistent with BAO measurements. Second, in
all dynamical dark energy models predicting w > −1, the
dark energy density scales as fDE > 1, leaving 
mh2 nearly
unchanged from the �CDM prediction. To maintain consis-
tency with the observed H(z) data, a larger fDE requires a

lower inferred H0, thereby intensifying the tension. Simi-
lar behavior has been reported in [39,138], where the CPL
model also favors w0 > −1, leading to a reduced H0 when
DESI DR2 is combined with CMB and SNe Ia data.

Now we turn to the main observation of this paper. In
Fig. 5, we present the relevant parameter planes. Specif-
ically, Fig. 5a shows the 
m − w0 plane for the wCDM

123



  564 Page 8 of 21 Eur. Phys. J. C           (2026) 86:564 

model. Our results, based on the combination of DESI DR2
and CMB data, are consistent with the findings of [7] (w =
−1.005±0.036). Furthermore, our results also agree with the
constraints obtained from DESI DR2 combined with CMB
data and various SNe Ia measurements, as reported by [7]:
w = −0.986 ± 0.026 with PP, w = −0.983 ± 0.024 with
DES-Dovekie, and w = −0.979 ± 0.031 with Union3.

Figure 5b–f show the w0-wa plane for the Logarith-
mic, Exponential, CPL, BA, and JBP redshift parameter-
izations, respectively. In each (w0, wa) plane, the point
(w0 = −1, wa = 0) corresponds to the �CDM model.
It is worth noting that for each DE model, when combin-
ing the DESI DR2 measurements with CMB data and dif-
ferent Type Ia supernova datasets, the inferred constraints
favor the region w0 > −1 and wa < 0. This quadrant is
also characteristic of the Quintom-B scenario, defined by
(w0 > −1, wa < 0, w0 +wa < −1), in which the equation
of state evolves from phantom dark energy to quintessence
consistent with previous findings in the literature [139–141].

Figures 5g and h show the w0−
m plane for the calibrated
Thawing and Mirage redshift parameterizations. In the case
of the calibrated Thawing model, we observe that for each
combination of DESI DR2 with the different measurements
of SNe Ia and CMB, the value of w0 > −1 results in wa < 0.
Similarly, in the case of the calibrated Mirage model, com-
bining DESI DR2 with CMB and each SNe Ia dataset yields
results similar to those from the calibrated Thawing model,
with w0 > −1 in all cases and, consequently, wa < 0. In
Fig. 5i, which shows the�−
m plane for the GEDE model. It
can be seen that the combination of DESI DR2 and CMB data
yields � = 0.13+0.26

−0.30, consistent with the �CDM model.
However, when different SNe Ia datasets such as Pantheon+,
DES-Dovekie, and Union3 are included, the GEDE model
predicts a negative value of �, indicating an injection of DE
at high redshifts. A similar behavior can also be observed in
previous studies [8,9].

4.3 Statistical analysis

In Fig. 6, we show the comparative analysis of different
cosmological models relative to the baseline �CDM model
using the Bayes factor in logarithmic space, lnBi, j . For the
CMB + DESI DR2 combination, we find that the wCDM,
JBP, and GEDE models show moderate to weak evidence in
favour of �CDM, while the CPL, Logarithmic, Exponential,
BA, and Mirage models show weak to inconclusive evidence
relative to �CDM, with the Thawing model showing no clear
preference. When Pantheon+ data are added to the CMB +
DESI DR2 combination, we find that the wCDM, CPL, Log-
arithmic, Exponential, JBP, BA, and GEDE models show
weak to moderate evidence in favour of �CDM, whereas the
Thawing and Mirage models show weak evidence relative to
�CDM. Further, for the combination of DES-Dovekie with

CMB + DESI DR2, we find that the wCDM, CPL, Logarith-
mic, Exponential, JBP, BA, and GEDE models show weak to
moderate evidence in favour of �CDM, while the Thawing
and Mirage models show weak to moderate evidence relative
to �CDM. Finally, when Union3 is combined with CMB +
DESI DR2, we find that the wCDM, JBP, and GEDE mod-
els show moderate to weak evidence in favour of �CDM,
while the CPL, Logarithmic, Exponential, BA, Thawing, and
Mirage models show weak to moderate evidence relative to
�CDM.

We also quantify the preference for dynamical dark energy
over the �CDM model across different data combinations,
taking �CDM as the reference model. To assess this, we
use the difference in the best-fit chi-square values between
the DDE models and the �CDM scenario. Since �CDM
is nested within the broader class of DDE models, �χ2

MAP
is expected to follow a χ2 distribution with k degrees of
freedom, corresponding to the number of additional param-
eters, assuming Gaussian uncertainties. The statistical sig-
nificance is then expressed as an equivalent Gaussian Nσ .
CDFχ2

(
�χ2

MAP | k dof
) = 1√

2π

∫ N
−N e−x2/2 dx, where k

denotes the number of additional parameters in the DDE
model relative to �CDM.

We find that wCDM shows no significant improvement
over �CDM, with Nσ ≈ 0 for all dataset combinations,
reaching at most 0.14σ for DES-Dovekie. For two-parameter
models, CPL yields Nσ = 1.65, 1.13, 1.55, and 2.06
for CMB+DESI, Pantheon+, DES-Dovekie, and Union3,
respectively. The Logarithmic parametrization gives Nσ =
1.59, 1.34, 1.65, and 2.12, while the Exponential model
gives Nσ = 1.64, 1.19, 1.59, and 2.08. The JBP model
shows lower values, Nσ = 1.10, 0.83, 1.38, and 1.82.
The BA model gives Nσ = 1.66, 1.27, 1.59, and 2.09.
For one-parameter extensions, the Thawing model yields
Nσ = 1.65, 1.96, 2.10, and 2.22, while the Mirage model
gives Nσ = 1.73, 1.98, 2.24, and 2.32, with the highest val-
ues obtained for Union3. The GEDE model shows smaller
deviations, with Nσ = 0.80, 0.97, 1.11, and 1.07 across
the four dataset combinations.

Indeed, in the case of the CPL model, our results can
be compared with previous DESI DR1 and DR2 analyses,
which reported a preference for dynamical dark energy at
the level of 2.6σ , 2.5σ , 3.5σ , and 3.9σ when DESI DR1 is
combined with CMB and Pantheon+, Union3, and DESY5
datasets, respectively [5]. Similarly, in DESI DR2, the pref-
erence increases to 3.1σ , 2.8σ , 3.8σ , and 4.2σ for the same
dataset combinations [7]. In those analyses, the full CMB
information is used from the temperature (T T ), polarization
(EE), and cross (T E) power spectra from Planck, using the
Commander likelihood for 
 < 30 and CamSpec for 
 ≥ 30
[142,143], together with the combination ofPlanck and ACT
DR6 CMB lensing [144–147].
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Table 3 This table presents the numerical values obtained using DESI DR2 measurements for the �CDM, wCDM, Logarithmic, Exponential,
CPL, BA, JBP, Thawing, Mirage, and GEDE models, with and without the inclusion of the LRG1 datapoint at the 68% (1σ ) confidence level

Dataset/Models 
m0 w or w0 wa � h rd

�CDM

No LRG1 0.275±0.013 – – – 101.4±1.2

No LRG2 0.296±0.013 – – – 103.4±1.3

No LRG1 & LRG2 0.281+0.016
−0.019 – – – 102.8±1.9

DESI DR2 0.289±0.011 – – – 102.1±1.0

wCDM

No LRG1 0.270±0.015 −0.910+0.140
−0.110 – – 101.6+2.7

−3.3

No LRG2 0.289+0.017
−0.014 −0.890+0.140

−0.120 – – 99.4+2.4
−3.0

No LRG1 & LRG2 0.275±0.018 −1.07+0.190
−0.150 – – 104.6+3.6

−4.9

DESI DR2 0.277+0.019
−0.013 −0.810±0.110 – – 98.4+2.1

−2.4

Logarithmic

No LRG1 0.323+0.092
−0.038 −0.530±0.350 −1.20±1.10 – 96.3+4.9

−6.5

No LRG2 0.355+0.081
−0.035 −0.480±0.340 −1.32+0.62

−1.60 – 94.1+4.4
−6.1

No LRG1 & LRG2 0.293+0.085
−0.060 −0.810+0.340

−0.460 −0.630+1.60
−0.78 – 101.0±7.0

DESI DR2 0.366+0.066
−0.033 −0.370+0.380

−0.280 −1.530+0.053
−1.400 – 92.7+3.4

−5.2

Exponential

No LRG1 0.370+0.120
−0.061 −0.710+0.160

−0.200 −1.30+1.70
−1.50 – 92.1+5.5

−10.0

No LRG2 0.383+0.100
−0.066 −0.740±0.180 −1.16±0.94 – 91.6+5.7

−8.3

No LRG1 & LRG2 0.280+0.120
−0.100 −0.930±0.260 −0.370+1.30

−0.57 – 102+11.0
−9.4

DESI DR2 0.349+0.040
−0.095 −0.740±0.110 −0.950+1.300

−0.900 – 93.0+4.8
−6.0

CPL

No LRG1 0.303+0.083
−0.027 −0.620+0.410

−0.300 −1.00±1.30 – 97.8+4.1
−6.7

No LRG2 0.325+0.080
−0.024 −0.590+0.370

−0.310 −1.10+2.00
−1.80 – 95.8+4.0

−5.9

No LRG1 & LRG2 0.275±0.065 −0.950+0.340
−0.470 −0.270+2.00

−0.93 – 103.4±7.1

DESI DR2 0.333+0.072
−0.019 −0.460+0.350

−0.240 −1.410+0.500
−1.600 – 94.1+3.0

−5.1

BA

No LRG1 0.373+0.099
−0.055 −0.240±0.490 −1.37+0.66

−1.40 – 92.2+5.3
−9.0

No LRG2 0.380+0.078
−0.061 −0.350+0.380

−0.520 −1.18±0.88 – 92.1+5.2
−6.9

No LRG1 & LRG2 0.303+0.092
−0.110 −0.750+0.400

−0.710 −0.520+1.400
−0.760 – 100.6±9.7

DESI DR2 0.383+0.075
−0.054 −0.270+0.350

−0.470 −1.260±0.810 – 90.9+4.5
−6.1

JBP

No LRG1 0.284+0.034
−0.029 −0.770+0.350

−0.300 −0.700+1.000
−2.200 – 99.9+4.0

−5.0

No LRG2 0.304+0.034
−0.027 −0.730+0.350

−0.270 −0.840+0.970
−2.100 – 97.8+3.7

−4.5

No LRG1 & LRG2 0.283+0.028
−0.032 −0.950±0.330 −0.500±1.400 – 103.2+4.8

−5.9

DESI DR2 0.297+0.038
−0.024 −0.620+0.340

−0.210 −1.050+0.710
−1.900 – 96.5+3.2

−4.1

Thawing

No LRG1 0.284±0.018 −0.850+0.210
−0.170 – – 100.7+3.4

−4.3

No LRG2 0.307±0.017 −0.810+0.210
−0.180 – – 98.1+3.2

−3.9

No LRG1 & LRG2 0.271±0.026 −1.130+0.310
−0.240 – – 105.7+4.9

−6.8

DESI DR2 0.306±0.015 −0.710+0.170
−0.140 – – 96.8+2.6

−3.2

Mirage

No LRG1 0.363±0.066 −0.260+0.480
−0.710 – – 94.4+5.7

−7.8

No LRG2 0.389±0.060 −0.230+0.470
−0.560 – – 92.4+4.6

−6.3
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Table 3 continued

Dataset/Models 
m0 w or w0 wa � h rd

No LRG1 & LRG2 0.328±0.085 −0.570+0.450
−0.880 – – 98.5+6.8

−11.0

DESI DR2 0.389±0.053 −0.170+0.420
−0.530 – – 92.2+4.5

−5.4

GEDE

No LRG1 0.277±0.014 – – −0.450+0.600
−0.930 101.5±3.0

No LRG2 0.295±0.014 – – −0.500+0.570
−1.000 99.6±2.8

No LRG1 & LRG2 0.280+0.015
−0.019 – – −0.300+1.100

−0.890 103.5+3.7
−2.8

DESI DR2 0.289±0.012 – – −1.010+0.360
−0.750 98.5+2.0

−2.0

[148] also reports evidence for dynamical dark energy in
light of DESI DR2, combined with joint ACT [149], SPT
[150], and Planck data [142,143], for different dark energy
parametrizations. In the case of the CPL, JBP, and BA mod-
els, previous studies combining DESI DR2 with joint ACT,
SPT, and Planck likelihoods report significantly higher devi-
ations from �CDM. In particular, the CPL model shows
Nσ = 2.3-3.9, while the JBP model gives Nσ = 2.9-4.1,
and the BA model reaches Nσ = 3.0-4.2, depending on the
dataset combination. These values are consistently higher
than those obtained in the present analysis, where we find
Nσ ∼ 1.1-2.1 for the same class of models. In contrast, the
present work focuses primarily on late-time measurements,
combining DESI DR2 with SNe Ia datasets and compressed
CMB likelihoods, with particular emphasis on the preference
for dynamical dark energy in the late-time datasets.

4.4 Evolution of the EoS and the energy density function

In this subsection, we show the redshift evolution of the EoS
parameter in Fig. 7 and the energy density function in Fig. 8,
in order to gain a deeper physical understanding of the mod-
els. Figure 7 shows that, for the Logarithmic, Exponential,
CPL, BA, JBP, and Mirage models, and for all dataset combi-
nations, w(z) falls below the cosmological constant bound-
ary w = −1 at redshifts z � 0.5, indicating that each model
predicts values in the phantom regime (w < −1). At lower
redshifts, z � 0.5, w(z) rises again above w = −1, pre-
dicting values in the quintessence-like regime (w > −1).
This crossing, where w(z) rises from the phantom regime
at high redshift to the quintessence-like regime at low red-
shift by crossing the boundary w = −1, is called a phantom
crossing. This evidence of phantom crossing in our analy-
sis is consistent with previous studies reported in the liter-
ature [151–157]. This kind of behavior is characterized by
the Quintom-B–type dark energy scenario, and is consistent
with previous findings in the literature [139–141]. Indeed, it
is interesting to note that the JBP model crosses the w = −1
boundary twice, at z � 0.5 as well as in the redshift range
2.0 � z � 3.0.

Fig. 4 The figure shows the comparison of the inferred value of
the h for �CDM, wCDM, Logarithmic, Exponential, CPL, BA, JBP,
Thawing, Mirage, and GEDE models. The green vertical band repre-
sents the Planck value H0 = 67.4 ± 0.5 km s−1 Mpc−1, while the
red vertical band represents the SH0ES measurement H0 = 73.5 ±
1.4 km s−1 Mpc−1

While in the case of the Thawing model this crossing
occurs in the redshift range 1.5 � z � 2.0. Finally, in the
GEDE model, for the DESI DR2 + CMB dataset combina-
tion, the model predicts values in the phantom regime during
the entire redshift evolution. In contrast, for the DESI DR2 +
CMB + Pantheon+, DESI DR2 + CMB + DES-Dovekie, and
DESI DR2 + CMB + Union3 datasets, the predicted values
remain above w = −1 throughout the full evolution, indi-
cating that there is no phantom crossing in the GEDE model
for these dataset combinations.

We find that the combination of DESI DR2 with dif-
ferent SNe Ia samples and compressed CMB likelihoods
exhibits a quintom-like evolution of dark energy. In this con-
text, it is important to revisit the No-Go theorem associated
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a) wCDM Parameterization b) Logarithmic Parameterization c) Exponential Parameterization

d) CPL Parameterization e) BA Parameterization f) JBP Parameterization

g) Thawing Parameterization h) Mirage Parameterization i) GEDE Parameterization

Fig. 5 The figure shows the posterior distributions of different planes
of the wCDM, Logarithmic, Exponential, CPL, BA, JBP, Thawing,
Mirage, and GEDE models using DESI DR2 measurements combined

with different SNe Ia compilations (Pantheon+, DES-Dovekie, Union3)
and CMB compressed likelihood, at the 68% (1σ ) and 95% (2σ ) con-
fidence intervals

with dynamical dark energy [158,159]. In particular, a single
canonical scalar field or a single perfect fluid model cannot
reproduce such quintom-like behavior, as these frameworks
forbid the equation-of-state parameter w from crossing the
cosmological constant boundary w = −1 [160,161].

It is important to emphasize that such behavior can also
be partly induced by the choice of the EoS parametriza-
tion, and should therefore be interpreted with caution. In
particular, parameters such as (w0, wa) correspond to an
effective parametrization fitted over a limited redshift range,
and extrapolating this parametrization over the full cos-
mic history can be misleading. While it is often stated that
quintessence models lie above the line w0 +wa = −1, this is

not strictly correct. Although the true equation of state w(a)

for canonical quintessence cannot cross the phantom divide
w = −1, the fitted parametrization may still occupy regions
in the (w0, wa) plane that formally imply a phantom crossing
when extrapolated beyond the fitted redshift range.

Recent studies have demonstrated that quintessence mod-
els can populate more negative regions of the (w0, wa) plane
when the parametrization is fitted to the model [162–164],
and have also highlighted subtleties in the interpretation of
such parametrizations [165]. Therefore, an apparent phantom
crossing inferred from (w0, wa) should not be directly inter-
preted as evidence for true phantom dynamics, but rather as
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Fig. 6 The figure shows the relative difference (ln Bi, j ) of the Bayes factor in logarithmic space compared to the �CDM model, using DESI DR2
measurements combined with different SNe Ia compilations (Pantheon+, DES-Dovekie, Union3) and the CMB compressed likelihood

a feature of the effective parametrization within the redshift
range probed by the data.

Figure 8 shows the redshift evolution of the energy density
function for the CPL, Logarithmic, Exponential, JBP, BA,
and Mirage models. For all dataset combinations, fDE (z)
crosses fDE = 1 and converges to unity at the present
epoch, z = 0, i.e., fDE (0) = 1. In contrast, for the Thawing
and GEDE models, fDE (z) remains above unity ( fDE > 1)
throughout the evolution and only approaches fDE (0) = 1
at z = 0. In both figures, the solid lines represent the mean
values, while the light and dark shaded regions correspond
to the 1σ and 2σ confidence intervals, respectively.

5 Conclusions

This study provides evidence suggestive of the evolving
nature of dark energy, though not yet conclusive, challeng-
ing the core assumptions of the standard �CDM model with
a cosmological constant. In particular, our analysis of DESI
DR2 indicates that the LRG1 and LRG3+ELG1 tracers intro-
duce tensions in the inferred value of 
m , highlighting their
key role in driving deviations from �CDM.

Extending the analysis beyond �CDM, we find that the
inclusion of LRG1-2 tracers systematically shifts the inferred
parameters of dynamical dark energy models, particularly
toward w0 > −1. When combined with CMB and SNe Ia
datasets, the constraints in the w0-wa plane tend to occupy

the region (w0 > −1, wa < 0), suggesting a quintom-like
evolution at a phenomenological level.

Using the �χ2
MAP statistic, we find that the preference

for dynamical dark energy remains at the weak-to-moderate
level, typically corresponding to Nσ ∼ 1-2.3, depending on
the model and dataset combination, with the largest values
generally obtained for the Union3 dataset. Thus, no dynami-
cal dark energy model is consistently preferred over �CDM,
and current data provide only mild, non-decisive hints of
evolution.

The reconstructed evolution of the equation-of-state param-
eter w(z) exhibits indications of phantom crossing behavior
in several parametrizations. However, according to the the-
oretical no-go theorem, such behavior cannot arise in sin-
gle canonical scalar-field or perfect fluid models, and should
therefore be interpreted with caution. In addition, part of this
behavior may be induced by the choice of parametrization,
rather than reflecting a fundamental physical effect.

The Bayesian analysis further supports this interpreta-
tion, showing that �CDM remains statistically competitive
across all dataset combinations, with no model demonstrat-
ing a robust or consistent preference over it. These results
indicate that, while phenomenological features of evolving
dark energy appear in certain cases, they do not yet provide
decisive evidence for a departure from the concordance cos-
mological model.

These findings highlight that our current understanding
of DE may be incomplete, although present data do not
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Fig. 7 This figure shows the evolution of w(z) as a function of redshift, using DESI DR2 measurements combined with different SNe Ia compilations
(Pantheon+, DES-Dovekie, Union3) and CMB compressed likelihood
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Fig. 8 This figure shows the evolution of fDE (z) as a function of redshift, using DESI DR2 measurements combined with different SNe Ia
compilations (Pantheon+, DES-Dovekie, Union3) and CMB compressed likelihood
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yet require a departure from the �CDM framework. If con-
firmed, the evolving nature of DE could significantly impact
our understanding of the Universe expansion and may require
a reevaluation of the fundamental assumptions underlying
cosmology. Therefore, further investigation and more precise
measurements, particularly at low redshifts, are essential to
fully characterize the nature of DE and its role in shaping the
cosmos
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