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Recent baryon acoustic oscillation (BAO) measurements released by DESI, when combined with
cosmic microwave background (CMB) data and type Ia supernova (SN) data, suggest a significant
preference for dynamical dark energy (DDE) that exhibits the phantom-like behavior in the past and
has transitioned into quintessence-like behavior today. In this work, we conduct a comprehensive
analysis of six representative DDE parametrization models by utilizing the latest and most precise
CMB data jointly from ACT, SPT, and Planck, in conjunction with BAO data from DESI DR2
and SN data from DESY5, PantheonPlus, and Union3. Our overall analysis indicates that the pref-
erence for DDE in the Quintom-B regime remains robust, regardless of the DDE parameterization
model and the data combination employed. The trend of this preference is significantly strength-
ened with the support of DESY5 SN data. Specifically, when using the CMB+DESI+DESY5
data, for the Barboza-Alcaniz (BA) model, we obtain w0 = −0.785 ± 0.047 and wa = −0.43+0.10

−0.09,
which significantly deviate from the ΛCDM values and provide evidence for DDE at the 4.2σ level.
By the reconstruction of the dark energy equation of state w(z), normalized dark energy density
fDE(z), and the deceleration parameter q(z), we also observe clear departures from ΛCDM, fur-
ther reinforcing the case for DDE. Furthermore, the Bayesian evidence analysis indicates that the
Chevallier-Polarski-Linder, BA and Exponential models are moderately favored relative to ΛCDM
based on the CMB+DESI+DESY5 data.

I. INTRODUCTION

The nature of dark energy (DE) remains one of the
most profound unsolved problems in modern cosmology
and fundamental physics. DE was introduced to explain
the accelerated expansion of the universe, a phenomenon
first observed through type Ia supernova (SN) in 1998
[1, 2] and later confirmed by observations of cosmic mi-
crowave background (CMB) [3] and baryon acoustic oscil-
lation (BAO) [4]. These cosmological data seem to sup-
port the existence of the simplest theoretical interpreta-
tion, the cosmological constant Λ, with the DE equation
of state (EoS) parameter w = −1, which is a key element
of the standard Λ Cold Dark Matter (ΛCDM) model.
Although the ΛCDM model has been successful in ex-
plaining observational data, it still faces some issues, in-
cluding the “fine-tuning” and “cosmic coincidence” prob-
lems [5, 6], as well as emerging observational tensions in
measurements, such as the H0 tension [7–10] and the S8

tension [11]. The completeness of the ΛCDM model has
been challenged by these issues, further motivating the
exploration of alternative cosmological scenarios [12–33];
for a recent comprehensive review, see Ref. [34].

In particular, since the beginning of 2024, the ΛCDM
model has been more severely challenged by new BAO
measurements from the first data release of the Dark En-
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ergy Spectroscopic Instrument (DESI), with the recent
second data release (DR2) data intensifying this chal-
lenge [35, 36]. When DESI DR2 BAO data are combined
with the CMB data from Planck and the Atacama Cos-
mology Telescope (ACT), and SN datasets (whether from
PantheonPlus, Union3, or DESY5), significant deviations
from the ΛCDM paradigm are revealed, strongly favoring
dynamical DE (DDE). Specifically, within the Chevallier-
Polarski-Linder (CPL) parameterization of the DE EoS,
w(a) = w0 + wa(1− a) [13, 37], where w0 represents the
current DE EoS and wa quantifies its dynamical evolu-
tion, we observe a preference for DDE1 with w0 > −1
and wa < 0, at a statistical significance of 2.8σ to 4.2σ
depending on the specific SN data used. These findings
have sparked extensive debates on the nature of DE, in-
cluding scalar field DE models [40–49], interacting DE
models [50–67], early DE models [68–70], phenomenolog-
ical DE models [71–78], and other aspects of cosmological
physics [79–111].
Undoubtedly, the indications of DDE reported by

DESI represent one of the most compelling signs of new
physics beyond the ΛCDM model, with significant im-
plications for our understanding of the universe. There-
fore, given the importance of this result, numerous stud-
ies have been conducted to further test the robustness

1The EoS parameter of DE evolves across w = −1 (transitioning
from a past phantom-like behavior with w < −1 to a present
quintessence-like behavior with w > −1), a phenomenon known
as the Quintom scenario [38, 39].

ar
X

iv
:2

51
1.

22
51

2v
1 

 [
as

tr
o-

ph
.C

O
] 

 2
7 

N
ov

 2
02

5

mailto:litiannuo@stumail.neu.edu.cn
mailto:zhangxin@neu.edu.cn
https://arxiv.org/abs/2511.22512v1


2

of these findings, including potential systematic issues
in these datasets [112–115], various parametrizations of
the DE EoS [71, 116], and different combinations of
datasets [117–122]. For example, potential systematic ef-
fects in DESI BAO measurements may have contributed
to the reported preference for DDE. Specifically, the
DESI BAO measurements at z = 0.51 and z = 0.71
show approximately 2σ and 3σ tensions with predictions
based on the Planck best-fit ΛCDM model [112, 113].
Additionally, the evidence for DDE may also primarily
arise from systematic effects in the DESY5 SN data, as
the parameter range favored by the uncorrected DESY5
sample deviates from many other cosmological datasets
[114, 115, 123, 124]. Interestingly, Giarè et al. [71] found
that the Barboza-Alcaniz (BA) parameterization pro-
vides a better fit than the CPL parameterization when
combining CMB, DESI BAO, and SN data. From data-
combination perspective, Ref. [125] tests the robustness
of the DDE evidence using 35 different dataset combi-
nations under the CPL model, showing that combina-
tions including both PantheonPlus SN and Sloan Digital
Sky Survey BAO significantly weaken the preference for
DDE. Therefore, it is also worth investigating the im-
pact of different combinations of observational datasets,
as these diverse data are likely to effectively break param-
eter degeneracies, thereby improving the measurement of
DE EoS parameters.

In recent months, the ground-based CMB experiments,
the ACT [126] and the South Pole Telescope (SPT)
[127] have released updated measurements of tempera-
ture and polarization anisotropies, extending the obser-
vational reach to higher multipoles (i.e., smaller angu-
lar scales). These datasets constitute the most precise
measurements of small-scale CMB polarization to date.
In particular, when combined with Planck’s large-scale
CMB data, they yield substantially tighter constraints
on cosmological parameters. Recently, the ACT and
SPT data have been widely used in cosmological studies
[117, 128–135]. For example, Peng and Piao [129] uti-
lize the latest ACT and SPT CMB data combined with
Planck CMB data to constrain the periodic oscillations
in the primordial power spectrum, providing state-of-the-
art CMB constraints on primordial oscillations. Specif-
ically, Ref. [136] combines CMB lensing measurements
from ACT, SPT, and Planck (providing the most strin-
gent CMB lensing constraints to date), along with DESI
DR2, which improves the constraint on the amplitude of
matter fluctuations to σ8 = 0.829± 0.009 (a 1.1% deter-
mination). These increasingly precise CMB, BAO, and
SN datasets have ushered in a new era of precision cos-
mology, enabling precise tests of physics both within and
beyond the standard ΛCDM framework.

Given these critical issues, it is essential to use the
most precise current dataset combinations to test vari-
ous DDE parameterizations. In this work, we use the
most precise datasets, including CMB data from ACT,
SPT, and Planck, along with BAO data from DESI DR2
and SN data from PantheonPlus, DESY5 and Union3, to

constrain various DDE models. We consider six represen-
tative DDE parameterizations to conduct a comprehen-
sive and robust analysis, including CPL, Jassal-Bagla-
Padmanabhan (JBP), BA, Exponential (EXP), Logarith-
mic (LOG), and Sinusoidal (SIN) parameterization mod-
els. In addition, we investigate the evolution of DE EoS
in these models and evaluate the evidence for DDE using
the current observational data.
This work is organized as follows. In Sec. II, we briefly

introduce the DDE models considered in this work, along
with the cosmological data utilized in the analysis. In
Sec. III, we report the constraint results and make some
relevant discussions. The conclusion is given in Sec. IV.

II. METHODOLOGY AND DATA

A. Brief description of the DDE models

In the flat Friedmann-Lemâıtre-Robertson-Walker
metric, the dimensionless Hubble parameter E(a) can be
written as

E2(a) ≡ H2(a)

H2
0

= (Ωb +Ωc)a
−3 +Ωra

−4 +ΩDEfDE(a),

(1)

whereH(a) is the Hubble parameter, a is the scale factor,
Ωb, Ωc, Ωr, and ΩDE are the present-time energy density
parameters in baryons, cold dark matter, radiation, and
DE, respectively. fDE(z) represents the normalized a-
dependent density of DE by its present value, given by

fDE(a) = exp

(
3

∫ 1

a

1 + w(a′)

a′
da′

)
. (2)

Here, w(a) = PDE(a)/ρDE(a) is the EoS of DE, where
PDE(a) and ρDE(a) are the pressure and energy density
of DE.
In this work, we examine six different parametrizations

for the EoS of DE, which are described as follows:

• Chevallier-Polarski-Linder Parametrization
(CPL):

The CPL parametrization, proposed by Chevallier,
Polarski and Linder [13, 37], is basic and widely
used in DDE studies. The EoS of DE in this context
is expressed as

w(a) = w0 + wa(1− a), (3)

where w0 and wa are constants representing the
present value of the EoS and its evolution with
the scale factor. This parameterization is capable
of accurately reconstructing various EoS for scalar
fields and the resulting distance-redshift relations,
providing a concise yet effective description of the
dynamical evolution of DE.
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• Jassal-Bagla-Padmanabhan Parametrization
(JBP):

The JBP parameterization [137] describes the EoS
of DE as

w(a) = w0 + waa (1− a) . (4)

This parameterization includes both linear and
quadratic terms in the scale factor and can lead to
differences in the dark energy behavior at low red-
shift compared to CPL, especially when a is close
to 1.

• Barboza-Alcaniz Parametrization (BA):

The BA parameterization [138] is expressed as

w(a) = w0 + wa
1− a

a2 + (1− a)2
. (5)

This parameterization remains well-behaved at
both low and high redshifts, showing linear behav-
ior at low redshifts while allowing deviations from
the baseline CPL model.

• Exponential Parametrization (EXP):

Unlike above three polynomial parameterizations,
we next consider an exponential form for the EoS
of DE [139], given by

w(a) = (w0 − wa) + wa exp (1− a) . (6)

When a is close to 1, this parameterization reduces
to the CPL parameterization at the first order of
its Taylor expansion. While a deviates significantly
from 1, it introduces (small) higher-order devia-
tions from the linear CPL form.

• Logarithmic Parametrization (LOG):

The CPL and similar polynomial parameterizations
(such as JBP and BA which were mentioned ear-
lier), face the issue that their EoS diverges in the
far future. As a result, while these models can cor-
rectly describe the past evolution, they are unable
to portray future evolution. To overcome this limi-
tation, Ma and Zhang [140] proposed a logarithmic
parameterization of EoS, expressed as

w(a) = w0 − wa

[
a ln

(
1 +

1

a

)
− ln 2

]
. (7)

This parameterization successfully circumvents the
future divergence problem inherent in the CPL pa-
rameterization, and can be utilized to investigate
the dynamical characteristics of DE throughout the
whole evolutionary history.

• Sinusoidal Parametrization (SIN):

Similar to the LOG parameterization, Ma and
Zhang [140] also proposed a sinusoidally oscillat-

TABLE I. Flat priors on the main cosmological parameters
constrained in this paper.

Model Parameter Prior

ΛCDM Ωbh
2 U [0.005 , 0.1]

Ωch
2 U [0.01 , 0.99]

H0 U [20 , 100]

τ U [0.01 , 0.8]

log(1010As) U [1.61 , 3.91]

ns U [0.8 , 1.2]

DDE w0 U [-3 , 2]

wa U [-8 , 3]

ing parameterization to circumvent the future di-
vergence problem, whose EoS is given by

w(a) = w0 − wa

[
a sin

(
1

a

)
− sin(1)

]
. (8)

B. Cosmological data

Table I lists the free parameters of these models and
the uniform priors applied. The parameter set for
the ΛCDM model is θΛCDM = {Ωbh

2, Ωch
2, H0, τ ,

log(1010As), ns}. For the DDE models, the parame-
ter sets are θDDE = {θΛCDM, w0, wa}. The theoretical
models are computed using a modified version of the
CAMB code [141], which includes various DDE parame-
terizations. We employ the publicly available sampler
Cobaya2 [142] to conduct a Markov Chain Monte Carlo
(MCMC) analysis, assessing chain convergence with the
Gelman-Rubin statistic, R−1 < 0.02 [143]. The resulting
MCMC chains are then analyzed using the public pack-
age GetDist3 [144]. We place constraints on the models
using the latest observational data, reporting the best-fit
values and the 1σ–2σ confidence levels for the key pa-
rameters of {H0, Ωm, w0, wa}.
The datasets used are as follows:

• CMB: We utilize the following combination of CMB
data: (i) the large-scale temperature (TT, 2 ≤ ℓ ≤
30) and E-mode polarization (EE, 2 ≤ ℓ ≤ 30)
spectra from the Commander and SimAll likeli-
hoods of Planck, as well as the small-scale TT

2https://github.com/CobayaSampler/cobaya.
3https://github.com/cmbant/getdist.

https://github.com/CobayaSampler/cobaya
https://github.com/cmbant/getdist
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(30 ≤ ℓ ≤ 1000) and TE/EE (30 ≤ ℓ ≤ 600)
spectra from the CamSpec likelihood [145, 146];
(ii) the ACT-lite likelihood for ACT DR64, pro-
viding the small-scale temperature and polariza-
tion (1000 ≤ ℓ ≤ 8500 for TT, 600 ≤ ℓ ≤ 8500
for TE/EE) power spectra [126]; (iii) the SPT-
3G Main field data5, offering the temperature and
polarization (TT/TE/EE) anisotropy spectra from
the SPT-lite likelihood [127]; (iv) the CMB lens-
ing power spectrum measurements from ACT and
Planck lensing-reconstruction maps combined with
SPT-3G lensing data6 [136, 147–149]. Note that to
properly combine the Planck data with those from
ACT and SPT-3G, we follow the methodology of
the ACT collaboration [126] by applying a multi-
pole cut of ℓ < 1000 to the Planck TT power spec-
trum and ℓ < 600 to the TE/EE spectra. A Gaus-
sian prior on the optical depth, τ = 0.0566±0.0058,
is adopted in our analysis.

• DESI: The DESI DR2 BAO measurements utilized
in this work are detailed in Table IV of Ref. [36].
These measurements include the transverse comov-
ing distance DM/rd, the angle-averaged distance
DV/rd, and the Hubble horizon DH/rd, where rd
denotes the comoving sound horizon at the drag
epoch.

• DESY5: The DESY57 sample comprises 1829 type
Ia supernovae (SNe), combining 1635 photometri-
cally classified SNe from the full 5-year data of the
Dark Energy Survey collaboration, with the red-
shift range 0.1 < z < 1.3, and 194 low-redshift SNe
from complementary samples [150–153], spanning
the redshift range 0.025 < z < 0.1 [154].

• PantheonPlus: The PantheonPlus8 sample com-
prises 1550 spectroscopically confirmed SNe from
18 different surveys, spanning the redshift range
0.01 < z < 2.26 [155].

• Union3: The Union39 compilation has 2087 SNe
and 1363 of which are common to PantheonPlus,
covering the redshift range 0.01 < z < 2.26 [156].

III. RESULTS AND DISCUSSIONS

In this section, we shall report the constraint results
of the cosmological parameters. We consider the ΛCDM,
CPL, JBP, BA, EXP, LOG, and SIN models to perform

4https://github.com/ACTCollaboration/DR6-ACT-lite.
5https://github.com/SouthPoleTelescope/spt_candl_data.
6https://github.com/qujia7/spt_act_likelihood.
7https://github.com/des-science/DES-SN5YR.
8https://github.com/PantheonPlusSH0ES/DataRelease.
9https://github.com/rubind/union3_release.

a cosmological analysis using current observational data,
including the DESI DR2, ACT, SPT, Planck, DESY5,
PantheonPlus, and Union3 data. We show the 1σ and
2σ posterior distribution contours for various cosmolog-
ical parameters in these DDE models in Fig. 1. The
1σ errors for the marginalized parameter constraints are
summarized in Table II. We clearly present the evidence
of each model under different datasets, as shown in Fig. 2.
In addition, we reconstruct the redshift evolution of cos-
mological quantities at the 1σ and 2σ confidence levels
for these DDE models using the CMB+DESI+DESY5
data, as shown in Fig. 3. Finally, we compare lnBij of
the DDE models relative to the ΛCDM model using the
current observational data, as shown in Fig. 4.

Similar to the DESI collaboration [35, 36], we test
the DDE models against four different data com-
binations involving DESI BAO measurements. In
Fig. 1, we present the constraint results in the w0-
wa plane for the CPL, JBP, BA, EXP, LOG, and SIN
models based on CMB+DESI, CMB+DESI+DESY5,
CMB+DESI+PantheonPlus, and CMB+DESI+Union3
data. For clarity, we have added two black lines (w0 = −1
and w0 + wa = −1) to divide the parameter space
into four distinct regions, corresponding to phantom,
quintessence, Quintom-A, and Quintom-B. First, we dis-
cuss the polynomial form of the parameterization, as
shown in the upper panel of Fig. 1. For the CPL
model, when using the CMB+DESI data, we find w0 =
−0.430± 0.210, showing a 2.7σ deviation from w0 = −1,
while wa = −1.72 ± 0.57 provides hints of the evolu-
tion of the DE EoS parameter towards the Quintom-B
regime. When the SN data are included, we observe
a significant refinement of the constraints on the pa-
rameter space, reducing the error bars on the DE pa-
rameters by up to a factor of 3. In particular, for the
CMB+DESI+DESY5, which yields w0 = −0.749±0.057,
we observe a 4.4σ deviation of w0 from −1. Similarly,
wa = −0.88+0.23

−0.19 is found to be significantly non-zero at
the 3.8σ level, providing compelling evidence for DDE,
with the corresponding parameter space clearly situated
in the Quintom-B region. For the JBP model, unlike the
CPL case, we find that the overall constraints become
weaker and the central values further shift from w0 = −1
and wa = 0. When using the CMB+DESI+DESY5 data,
we obtain w0 = −0.649+0.081

−0.073 and wa = −1.99 ± 0.45,
confirming that the evidence for DDE becomes much
more pronounced compared to CPL, reaching a statisti-
cal significance of ∼ 4.3σ level. Moreover, in this sce-
nario we obtain a lower value of H0 = 66.74 ± 0.56,
in contrast to H0 = 67.98 ± 0.24 in the ΛCDM model.
Consequently, this preference for a quintom-like behav-
ior with w0 > −1 and wa < 0 further exacerbates the
H0 tension, which is consistent with the DESI results.
For the BA model, compared to the CPL and JBP mod-
els, the parameters are more tightly constrained. For
CMB+DESI, we obtain w0 = −0.500 ± 0.180, which
is approximately 2.7σ level away from w0 = −1. Ad-
ditionally, wa = −0.83+0.29

−0.25 is approximately 2.8σ dif-

https://github.com/ACTCollaboration/DR6-ACT-lite
https://github.com/SouthPoleTelescope/spt_candl_data
https://github.com/qujia7/spt_act_likelihood
https://github.com/des-science/DES-SN5YR
https://github.com/PantheonPlusSH0ES/DataRelease
https://github.com/rubind/union3_release
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TABLE II. Fitting results (1σ confidence level) in the ΛCDM, CPL, JBP, BA, EXP, LOG, and SIN models from the CMB+DESI,
CMB+DESI+DESY5, CMB+DESI+PantheonPlus, and CMB+DESI+Union3 data. Here, H0 is in units of km s−1 Mpc−1.
Negative values of ∆χ2

MAP ≡ χ2
DDE − χ2

ΛCDM indicate a better fit of DDE to the data compared to ΛCDM.

Model/Dataset H0 Ωm w0 wa ∆χ2
MAP Nσ

ΛCDM

CMB+DESI 68.12± 0.25 0.3043± 0.0033 - - - -

CMB+DESI+DESY5 67.98± 0.24 0.3062± 0.0032 - - - -

CMB+DESI+PantheonPlus 68.05± 0.24 0.3052± 0.0033 - - - -

CMB+DESI+Union3 68.05± 0.24 0.3052± 0.0033 - - - -

CPL

CMB+DESI 63.80+1.70
−2.00 0.3510± 0.0210 −0.430± 0.210 −1.72± 0.57 −11.2 2.9σ

CMB+DESI+DESY5 66.86± 0.55 0.3187± 0.0054 −0.749± 0.057 −0.88+0.23
−0.19 −18.9 3.9σ

CMB+DESI+PantheonPlus 67.66± 0.59 0.3110± 0.0056 −0.833± 0.055 −0.65± 0.20 −7.9 2.3σ

CMB+DESI+Union3 66.03± 0.82 0.3270± 0.0083 −0.664± 0.085 −1.10+0.29
−0.26 −15.1 3.5σ

JBP

CMB+DESI 66.84+0.98
−2.00 0.3190+0.0190

−0.0100 −0.420+0.240
−0.095 −3.14+1.10

−1.40 −12.4 3.1σ

CMB+DESI+DESY5 66.74± 0.56 0.3192± 0.0055 −0.649+0.081
−0.073 −1.99± 0.45 −19.8 4.1σ

CMB+DESI+PantheonPlus 67.71± 0.60 0.3099± 0.0057 −0.793± 0.076 −1.29± 0.45 −11.4 2.9σ

CMB+DESI+Union3 65.89+0.82
−0.92 0.3278± 0.0089 −0.530+0.130

−0.120 −2.58± 0.63 −13.5 3.2σ

BA

CMB+DESI 63.90± 1.90 0.3500± 0.0210 −0.500± 0.180 −0.83+0.29
−0.25 −11.8 3.0σ

CMB+DESI+DESY5 66.89± 0.56 0.3185± 0.0055 −0.785± 0.047 −0.43+0.10
−0.09 −21.2 4.2σ

CMB+DESI+PantheonPlus 67.66± 0.59 0.3110± 0.0056 −0.856± 0.048 −0.32± 0.09 −15.2 3.5σ

CMB+DESI+Union3 66.11± 0.82 0.3262± 0.0083 −0.714± 0.073 −0.52+0.13
−0.12 −17.6 3.8σ

EXP

CMB+DESI 64.30± 1.70 0.3450± 0.0190 −0.520± 0.180 −1.18+0.43
−0.38 −13.6 3.3σ

CMB+DESI+DESY5 66.88± 0.56 0.3186± 0.0055 −0.772± 0.051 −0.65+0.17
−0.15 −18.1 3.9σ

CMB+DESI+PantheonPlus 67.65± 0.58 0.3112± 0.0056 −0.846± 0.049 −0.49± 0.15 −13.3 3.2σ

CMB+DESI+Union3 66.14± 0.82 0.3261± 0.0083 −0.700± 0.079 −0.80+0.22
−0.19 −14.3 3.4σ

LOG

CMB+DESI 64.80+1.60
−1.80 0.3410± 0.0180 −0.590± 0.160 −4.70+1.80

−1.50 −10.2 2.7σ

CMB+DESI+DESY5 66.94± 0.56 0.3183± 0.0055 −0.788± 0.049 −2.83+0.72
−0.65 −18.5 3.9σ

CMB+DESI+PantheonPlus 67.66± 0.58 0.3112± 0.0054 −0.858+0.044
−0.050 −2.12+0.71

−0.61 −13.4 3.2σ

CMB+DESI+Union3 66.20± 0.82 0.3255± 0.0083 −0.720+0.070
−0.078 −3.48+0.96

−0.85 −15.0 3.5σ

SIN

CMB+DESI 65.60± 1.60 0.3320± 0.0170 −0.700+0.120
−0.140 −1.45+0.67

−0.46 −10.3 2.8σ

CMB+DESI+DESY5 67.01± 0.55 0.3177± 0.0055 −0.824± 0.041 −0.98+0.27
−0.24 −17.9 3.8σ

CMB+DESI+PantheonPlus 67.69± 0.59 0.3111± 0.0056 −0.877± 0.042 −0.78+0.26
−0.21 −10.6 2.8σ

CMB+DESI+Union3 66.39± 0.78 0.3239± 0.0078 −0.772± 0.063 −1.18+0.36
−0.28 −16.7 3.7σ

ferent from wa = 0, demonstrating a preference for
DDE similar to CPL. For CMB+DESI+PantheonPlus
and CMB+DESI+Union3, the constraint values for w0

are −0.856 ± 0.048 and −0.714 ± 0.073, as well as wa

values of −0.32± 0.09 and −0.52+0.13
−0.12 (both significantly

different from zero at more than 3.5σ level). Specifically,
in the case of CMB+DESI+DESY5, w0 = −0.785±0.047
shifts further away from −1, and wa = −0.43+0.10

−0.09 is
found to be non-zero at more than 4.2σ level, further

confirming the evidence for DDE.

Next, we discuss three special-function parameteri-
zations, as shown in the lower panel of Fig. 1. For
the EXP model, we observe that the constraints are
similar to those of the BA model. Specifically, for
CMB+DESI+DESY5, we find w0 = −0.772 ± 0.051,
significantly different from −1, while wa = −0.65+0.17

−0.15

is nearly 3.8σ away from wa = 0, further support-
ing the preference for DDE. For the LOG model, com-
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FIG. 1. Two-dimensional marginalized contours (1σ and 2σ confidence levels) in the w0–wa plane by using the CMB+DESI,
CMB+DESI+DESY5, CMB+DESI+PantheonPlus, and CMB+DESI+Union3 data in the CPL, JBP, BA, EXP, LOG, and SIN
models. We have included boundary lines to delineate the regions of quintessence, phantom, and quintom. The red pentagram
marks the ΛCDM model.

pared to other parameterizations, w0 and wa exhibit a
stronger anti-correlation and show a significant devia-
tion from the ΛCDM model (w0 = −1, wa = 0). In
the case of CMB+DESI, w0 = −0.590 ± 0.160 is con-
fined to the Quintom-B region at more than 2σ level.
For wa = −4.70+1.80

−1.50, although the central value de-
viates significantly from zero, the error is large, with
a significance of only about 2.6σ level away from zero.
When PantheonPlus data is added to CMB+DESI, we
obtain w0 = −0.858+0.044

−0.050; although w0 shifts towards
w0 = −1, the error bars are reduced by about a fac-
tor of 3. Therefore, w0 is still preferred to lie in the
Quintom-B region, with w0 = −1 excluded at a signif-
icance of approximately 2.8σ. Similarly, the result for
wa = −2.12+0.71

−0.61 confirms the overall preference for DDE
at about 2.9σ. When using CMB+DESI+DESY5 and
CMB+DESI+Union3, the constraint values for w0 are
−0.788 ± 0.049 and −0.720+0.070

−0.078, with w0 remaining in
the Quintom-B region for both cases. The constraint
values for wa are −2.83+0.72

−0.65 and −3.48+0.96
−0.85, with wa

found to be significantly different from zero, at approxi-
mately 3.9σ and 3.6σ, respectively. For the SIN model,
we observe similar constraints to those of the CPL model,
except in the case of CMB+DESI. In the CMB+DESI
case, we obtain w0 = −0.700+0.120

−0.140; compared to the
CPL model, w0 shifts towards w0 = −1 at only the
2.1σ level. When SN data (PantheonPlus, DESY5, and

Union3) are added to CMB+DESI, the constraint pre-
cision is only slightly improved compared to the CPL
model. For example, for CMB+DESI+DESY5, the con-
straints are w0 = −0.824 ± 0.041 with a significance of
approximately 4.2σ and wa = −0.98+0.27

−0.24 which is found
to be significantly different from zero, close to 3.8σ level.

To more intuitively represent the evidence for DDE in
the CPL, JBP, BA, EXP, LOG, and SIN models across
different data combinations, we present these main re-
sults in Fig. 2. Here, we primarily assess the statistical
significance of the preference for DDE across different
data combinations based on ∆χ2

MAP ≡ χ2
DDE − χ2

ΛCDM.
Since the ΛCDM model is a special case of the DDE
model, ∆χ2

MAP is expected to follow a χ2 distribution
with two degrees of freedom (w0 and wa), assuming the
null hypothesis (the ΛCDM model) is true, and that the
errors are Gaussian and appropriately estimated. To
interpret ∆χ2

MAP in more familiar terms, we refer to
the corresponding frequentist significance Nσ for a one-
dimensional Gaussian distribution, given by

CDFχ2

(
∆χ2

MAP| 2 dof
)
=

1√
2π

∫ N

−N

e−x2/2 dx, (9)

where the left-hand side represents the cumulative distri-
bution function of χ2.

When considering the CMB+DESI data, the evidence



7

0 1 2 3 4 5

Evidence for DDE (Nσ)

CPL

JBP

BA

EXP

LOG

SIN

2.9 σ

3.1 σ

3.0 σ

3.3 σ

2.7 σ

2.8 σ

3.9 σ

4.1 σ

4.2 σ

3.9 σ

3.9 σ

3.8 σ

2.3 σ

2.9 σ

3.5 σ

3.2 σ

3.2 σ

2.8 σ

3.5 σ

3.2 σ

3.8 σ

3.4 σ

3.5 σ

3.7 σ

CMB + DESI

CMB + DESI + DESY5

CMB + DESI + PantheonPlus

CMB + DESI + Union3

FIG. 2. The evidence for DDE in the CPL, JBP,
BA, EXP, LOG, and SIN models using CMB+DESI,
CMB+DESI+DESY5, CMB+DESI+PantheonPlus, and
CMB+DESI+Union3 data.

supporting DDE is similar across these models, approxi-
mately 3σ. When adding PantheonPlus to CMB+DESI,
the evidence for DDE weakens in some cases, with
2.3σ and 2.9σ for the CPL and JBP models, respec-
tively. When replacing DESY5 with PantheonPlus, we
find that the evidence for DDE strengthens, similar
to the DESI study. We can clearly observe that, in
all cases, the evidence for DDE is most significant for
CMB+DESI+DESY5, ranging from approximately 3.8σ
to 4.2σ. Specifically, for the CPL, JBP, and BA mod-
els, the evidence for DDE reaches 3.9σ, 4.1σ, and 4.2σ,
respectively. When including Union3, the evidence for
DDE lies between that of PantheonPlus and DESY5 in
most cases. Interestingly, in most cases the BA model re-
ports stronger evidence for DDE than all other models.

To better understand the DDE behaviour, we re-
construct the redshift evolution of cosmological quanti-
ties, including the DE EoS w(z), normalized DE den-
sity fDE(z), and deceleration parameter q(z), based on
CMB+DESI+DESY5 data, at the 1σ and 2σ confidence
levels, as shown in Fig. 3. The black dashed lines repre-
sents the trajectory corresponding to the ΛCDM model.
We have provided w(z) and fDE(z) in Sec. II A, and the
deceleration parameter q(z) is written as

q(z) ≡ − äa

ȧ2
=

d lnH

d ln(1 + z)
− 1. (10)

This function acts as a sensitive probe for new physics,
as it is solely dependent on the “shape” of the (normal-
ized) expansion history. In the CPL model, significant
dynamical evolution is exhibited, with w(z) crossing −1
at zc ≃ 0.40. The CPL model provides greater flexibility
in the EoS, as evidenced by the broader distribution of
w(z) at earlier times. For the JBP model, the evolution
of the DE EoS presents a more complex phenomenology,
which is the main reason for the larger uncertainties in
the constraints on the DE EoS parameters. We observe
that in the JBP parameterization, the EoS evolves across
w = −1 twice, a result of its quadratic form in the scale
factor. The first crossing occurs at approximately z > 3,
followed by a decline towards a minimum value of w(z)
around z ∼ 1, after which it rises again, leading to a sec-
ond crossing from phantom to quintessence at zc ≃ 0.30.
For the BA model, the most notable difference occurs
before z > 1, where it remains in the phantom regime,
stabilizing on a distinctive, nearly flat trend with w(z)
does not trend towards very negative values at z ≳ 1. At
low redshifts, we find that it behaves similarly to the CPL
model, with w(z) crossing −1 at zc ≃ 0.42. For the EXP,
LOG, and SIN models, the evolution of w(z) follows a
trend similar to that of the CPL model, with the only
difference being that w(z) crosses −1 earlier than in the
CPL model, at zc ≃ 0.43, zc ≃ 0.45, and zc ≃ 0.51, re-
spectively. By reconstructing fDE(z), we find that these
models exhibit a trend that varies with redshift, further
indicating insights into the evolution of DE over time.
As the redshift decreases, fDE(z) gradually increases, ap-
proaching fDE(z) = 1 around z ∼ 1. In the regime z < 1
we find that fDE(z) increases with redshift until it reaches
a maximum and then decreases, with fDE(z = 0) = 1.
Notably, the peak redshift at which fDE attains its max-
imum coincides with the redshift zc of the w = −1 cross-
ing. This agreement is a direct consequence of the in-
tegral relation between w(z) and fDE(z), as shown in
Eq. (2). Additionally, the reconstructed q(z) suggests
that these DDE models are largely similar, with the on-
set of cosmic acceleration (q < 0) occurring earlier than
predicted by the ΛCDMmodel (z ≃ 0.8), and a slowdown
in cosmic acceleration at recent times (z ≃ 0.5).
Finally, we apply the Bayesian evidence selection cri-

terion to identify the preferred DDE models over the
ΛCDM model based on the current observational data.
To compute the Bayesian evidence for the models, we use
the publicly available code MCEvidence10 [157, 158]. The
Bayesian evidence Z is defined as

Z =

∫
Ω

P (D|θ,M)P (θ|M)P (M)dθ, (11)

where P (D|θ,M) is the likelihood of the observational
data D given the parameters θ and the cosmological
model M , P (θ|M) is the prior probability of θ given M ,

10https://github.com/yabebalFantaye/MCEvidence.

https://github.com/yabebalFantaye/MCEvidence
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FIG. 3. Reconstruct redshift evolution of cosmological quantities: DE EoS w(z), normalized DE density fDE(z), and deceleration
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= DDE, j = ΛCDM) and its strength according to the Jeffreys scale are used to assess the preference between models, where
a positive value indicates a preference for the DDE model.

and P (M) is the prior of M . We compute the Bayes fac-
tor in logarithmic space, defined as lnBij = lnZi− lnZj ,
where Zi and Zj represent the Bayesian evidence for the
two models.

The strength of model preference is commonly assessed
using the Jeffreys scale [159, 160]. According to this scale,
when |lnBij | < 1, the evidence is considered inconclusive;
a value of 1 ≤ |lnBij | < 2.5 indicates weak evidence;
2.5 ≤ |lnBij | < 5 corresponds to moderate evidence; 5 ≤
|lnBij | < 10 is strong evidence; and if |lnBij | ≥ 10, the
evidence is considered decisive.

In Fig. 4, we show the Bayes factors lnBij for the
DDE models relative to the ΛCDM model, based on
the current observational data. Here, i denotes the
DDE model, and j denotes the ΛCDM model. It is im-
portant to emphasize that a positive value indicates a
preference for the DDE models over the ΛCDM model.
We find that the Bayes factor values for all DDE mod-
els are positive when using the CMB+DESI+DESY5
and CMB+DESI+Union3 data. Specifically, lnBij =
3.7, 2.9, and 3.8 for the CPL, BA, and EXP mod-
els using CMB+DESI+DESY5 data, respectively, in-
dicating moderate evidence in favor of these mod-
els relative to the ΛCDM model. By contrast, for
CMB+DESI+PantheonPlus, the Bayes factor values are
negative for all DDE models. For example, the value
of lnBij = −2.8 for the JBP model indicates moderate
evidence disfavoring this model relative to the ΛCDM
model. For CMB+DESI, there is only weak evidence
favoring the CPL model relative to the ΛCDM model.
Overall, the current observational data favor the CPL,
BA, and EXP models relative to the ΛCDM model, es-
pecially the CPL model in most data combination cases.

Note that the apparent deviation of the DESI data
from the ΛCDM model remains an open question. Be-
yond the DDE scenarios emphasized in this paper, the

same deviation could in principle be explained by other
new-physics mechanisms. For example, considering an
interaction between DE and dark matter [51, 55–57],
dark matter with a non-zero EoS parameter [82, 161–
163], or modifications of gravity involving non-minimal
coupling [60, 164, 165] can likewise account for such a
departure and be preferred by current observations (in-
cluding DESI) relative to ΛCDM. This paper focuses on
a comparative analysis of DDE models using the latest
observational data11 and does not attempt a comprehen-
sive comparison with those alternative explanations; such
a systematic study is left for future investigation.

IV. CONCLUSION

The DESI collaboration has utilized DR2 BAO mea-
surements, and when combined with CMB data and SN
data, this suggests a 2.8σ–4.2σ preference for DDE [36].
This finding poses a significant challenge to the ΛCDM
interpretation of the current accelerated expansion of the
universe, suggesting instead a DDE component, whose
EoS was in the phantom regime in the past and has tran-
sitioned to quintessence regime today. Therefore, in this
context, it is crucial to consider the latest and most pre-
cise cosmological data across representative parameter-
ized models to test the robustness of the DDE results.
In this work, our aim is to conduct a comprehensive

analysis of DDE models using the BAO data from DESI
DR2, CMB data from ACT, SPT, and Planck, as well
as SN data from DESY5, PantheonPlus, and Union3.
We consider six DDE models, including CPL, JBP, BA,

11For earlier important comparative studies of DE models, see, e.g.,
Refs. [166–169].
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EXP, LOG, and SIN. We explore the dynamical evolution
of these models, as well as the extent to which the DDE
model is supported by the current observational data.

Our overall analysis indicates that, in most cases of the
parameterization or data combination, the evidence for a
deviation from ΛCDM (w0 = −1, wa = 0) is significant,
showing a clear preference for DDE in the Quintom-B
regime (w0 > −1, w0 + wa < −1). Specifically, when
using the CMB+DESI+DESY5 dataset the evidence for
DDE across all models is at the 3.8− 4.2σ level. In par-
ticular, for the BA model we obtain w0 = −0.785±0.047
and wa = −0.43+0.10

−0.09, which significantly deviate from
the ΛCDM values and provide evidence for DDE at 4.2σ
level. By reconstructing relevant cosmological quanti-
ties for DDE, we find that the EoS in all DDE mod-
els consistently evolves from w(z) < −1 at early times
to w(z) > −1 at late times, with the crossing redshift
in the range zc ≃ 0.30 − 0.51. Meanwhile, reconstruc-
tions of fDE(z) and q(z) likewise show clear departures
from ΛCDM, reinforcing the case for DDE. Moreover,
the Bayesian evidence analysis indicates that the CPL,
BA and EXP models are moderately favored relative to
ΛCDM based on the CMB+DESI+DESY5 data.

In summary, it is essential to perform decisive tests of
dark energy and its possible deviations from the ΛCDM

model with a combination of high-precision and com-
plementary probes. The forthcoming full DESI data,
along with the ongoing supernova measurements from
the ZTF survey [170] and Large Synoptic Survey Tele-
scope [171], will extend the Hubble diagram to very low
redshifts, improving constraints on the DE EoS parame-
ters. Meanwhile, data from Euclid [172] will serve as an
important cross-check for the DESI findings, helping to
assess the impact of potential systematic errors, while the
CMB-S4 experiment [173] will further tighten constraints
on early-universe parameters, breaking degeneracies with
late-time observables.
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[115] E. Ó. Colgáin, S. Pourojaghi, and M. M.
Sheikh-Jabbari, Eur. Phys. J. C 85, 286 (2025),
arXiv:2406.06389 [astro-ph.CO].

[116] S. Arora, A. De Felice, and S. Mukohyama, (2025),
arXiv:2508.03784 [gr-qc].

[117] W. Giarè, Phys. Rev. D 112, 023508 (2025),
arXiv:2409.17074 [astro-ph.CO].

[118] C.-G. Park, J. de Cruz Pérez, and B. Ratra, Phys. Rev.
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