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In its second data release (DR2), the Dark Energy Spectroscopic Instrument (DESI) publicly
released measurements of Baryon Acoustic Oscillations (BAO) from over 13.1 million galaxies and
1.6 million quasars, covering the redshift range 0.295 ≤ z ≤ 2.330. In this work, we investigate
the impact of this new dataset on dark sector interaction models, which are motivated by non-
gravitational interactions between dark energy (DE) and dark matter (DM), commonly referred to
as interacting dark energy models (IDE). We focus on two frameworks: the traditional IDE model
and the recently proposed sign-switching Interacting model (S-IDE), aiming to derive new and robust
constraints on both scenarios. After carefully selecting the sample for the joint analysis, ensuring
compatibility among the data without significant tension, our main results indicate that both models
can alleviate the H0 tension, reducing it to moderate tension approximately 2.7σ. The IDE model
shows compatibility with the latest S8 constraints from cosmic shear surveys, while the S-IDE model
predicts lower values of S8, which align with alternative perspectives on the S8 tension. For the
traditional IDE model, we derive new bounds for the coupling parameter, marking the strongest
constraints to date through geometric measurements. This highlights the crucial role that supernova
samples can play in refining these constraints. For the S-IDE model, we find mild evidence (over 2σ)
for a non-zero coupling, once the PantheonPlus dataset calibrated with Cepheid-based magnitude
measurements is included in the analysis.

I. INTRODUCTION

The ΛCDM model, long considered the standard of
modern cosmology, is facing increasingly significant chal-
lenges as ever more precise observational data become
available. Well-known tensions, such as those associated
with H0 and S8, highlight significant discrepancies be-
tween different observational datasets (see [1–4] for a re-
view). ForH0, a divergence exceeding 5σ [5–15] arises be-
tween early-universe measurements, based on the cosmic
microwave background (CMB) [16], and local determina-
tions of the universe’s expansion rate [17]. Regarding S8,
a key parameter that quantifies the amplitude of mat-
ter density fluctuations, a significant debate has emerged
regarding a possible tension in its value when inferred
from large-scale structure formation measurements and
Planck-CMB data. Previous analyses of cosmic shear
suggested a tension exceeding 3σ [18, 19], but recent up-
dates from the KiDS survey indicate excellent agreement
with the ΛCDMmodel [20, 21]. Measurements of S8 from
CMB data using ACT are also consistent with Planck-
CMB predictions, reinforcing the standard cosmological
model [22]. Other observational probes show agreement
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with ΛCDM at the S8 level [23–27]. On the other hand,
full-shape analyses of galaxy clustering data reveal a ten-
sion at the level of at least 4.5σ [28, 29], highlighting a
potential discrepancy between early- and late-time uni-
verse probes. Furthermore, inferences based on Redshift-
Space Distortions (RSD) could also exhibit significant
tensions [30, 31], adding another layer of complexity to
the discussion. Other observational probes may also lead
to a tension in S8 [32, 33]. The persistence of these dis-
crepancies across different cosmological probes raises im-
portant questions about the possible need for extensions
to ΛCDM, such as modifications to matter power spec-
trum modeling, alternative DE models, or interactions in
the dark sector.

In addition to these tensions, several other anoma-
lies and inconsistencies have been reported in the liter-
ature [34–43]. While they may have systematic origins,
the persistence of these issues across different probes and
cosmological studies suggests that multiple independent
measurement teams would have to be committing mul-
tiple, unrelated errors [3, 44, 45]. The possibility of this
occurring is low, prompting us to seriously consider the
need to explore new cosmological scenarios beyond the
standard model.

In this context, various alternative models have
emerged in the literature, aiming to restore observa-
tional concordance among cosmological parameters [46–
59]. Among these, interacting dark energy (IDE) models
stand out due to their simplicity and ability to reproduce
the observational successes of ΛCDM while alleviating or
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resolving some of its tensions [45, 60–98]. These models
propose a direct, non-gravitational interaction between
dark matter (DM) and dark energy (DE), regulated by
a coupling parameter ξ. However, a central challenge of
these models—and many others—is that the mechanism
designed to alleviate one tension often exacerbates an-
other [99]. Recent studies indicate that IDE models can
help mitigate the H0 tension when the coupling param-
eter ξ is negative (albeit worsening the S8 tension), and
reduce the S8 tension when ξ is positive (at the cost of
exacerbating the H0 discrepancy).

To address this issue, [100] recently proposed a varia-
tion of IDE models involving sign-switching interactions.
Unlike traditional IDE scenarios, where the interaction
term maintains a constant sign, this approach allows the
direction of energy transfer between DM and DE to re-
verse over cosmic time. Notably, this new behavior is
encoded in the coupling parameter itself, without intro-
ducing any additional degrees of freedom beyond those
present in standard IDE frameworks, thus avoiding un-
necessary parameter degeneracies. This phenomenon of
signal switching has been explored in the context of ef-
fective fluid descriptions [100], but similar behavior may
also arise in the framework of type II minimally modified
gravity theories [101, 102], to which our model can be
theoretically mapped by construction. Further investi-
gation of such points will be presented in future work.

In this dynamic landscape, where various models are
proposed to address cosmological tensions, it is essential
to continuously update parameter constraints as new ob-
servational data become available. In this context, the
Dark Energy Spectroscopic Instrument (DESI) plays a
crucial role [103, 104], having recently released baryon
acoustic oscillation (BAO) data based on millions of
galaxies and quasars. DESI is a state-of-the-art spectro-
scopic survey designed to map the large-scale structure
(LSS) of the universe in three dimensions, covering an ex-
tensive region of the sky and a broad range of redshifts.
With its second data release (DR2) [103], DESI has es-
tablished itself as the largest spectroscopic dataset of its
kind to date. These data enable the construction of 3D
maps of the distribution of galaxies and quasars, the mea-
surement of the universe’s expansion [105, 106], the deter-
mination of the dark energy equation of state (EoS) pa-
rameter [107–109], among other applications [110–126].

The objective of this work is to use the DR2 survey
data to derive new constraints on the dark sector, ex-
ploring both the traditional IDE model and the IDE
sign-switching model, which introduces a more complex
interaction dynamics between DM and DE. This paper is
structured as follows: Sec. II presents the two IDE models
considered in this study. Sec. III describes the method-
ology and datasets employed in our analysis. The results
are presented in Sec. IV, and our final conclusions are
summarized in Sec. V.

II. DARK SECTOR INTERACTION MODELS

In this section, we provide a brief review of interaction
models between DE and DM, focusing on two main ap-
proaches. The first is the traditional model, where the
interaction remains constant over cosmic time and the
coupling parameter is constrained by prior assumptions.
The second is the sign-switching model, which allows the
direction of energy transfer between the dark components
to reverse, enabling a broader investigation of the cou-
pling parameter without restrictive priors.

A. Traditional Approach

In the IDE framework for describing interactions
within the dark sector, a parameterization is introduced
into the conservation laws, ensuring that while the total
energy-momentum tensor remains conserved, the indi-
vidual contributions of DE and DM do not satisfy inde-
pendent conservation equations [127]. This condition is
expressed as:

∑

j

∇µT
µν
j = 0, with ∇µT

µν
j =

Qju
ν
DM

a
. (1)

Here, the index j represents DE or DM, a denotes the
scale factor, uν

DM represents the four-velocity of DM,
and Q denotes the interaction rate between DE and
DM. Starting from Eq. (1) and assuming a flat Fried-
mann–Lemâıtre–Robertson–Walker (FLRW) metric, we
obtain the evolution equations for the energy densities of
DM (ρDM) and DE (ρDE) in IDE models, given by:

dρDM

dτ
+ 3HρDM = Q, (2)

dρDE

dτ
+ 3H(1 + wDE)ρDE = −Q. (3)

In these expressions, H represents the conformal Hubble
parameter, wDE denotes the equation-of-state parameter
for dark energy, and Q corresponds to the same inter-
action term introduced in Eq. (1). The choice of Q is
purely phenomenological, given our limited knowledge of
the dark sector.1

In this work, we adopt the interaction term Q =
ξHρDE, where ξ is a dimensionless parameter that gov-
erns the strength of the coupling between DE and DM.
Within this framework, energy-momentum is transferred
from DM to DE for ξ < 0, while the reverse occurs for
ξ > 0. Notably, the parameter ξ remains constant across
any redshift interval, i.e., ξ(z) = const. This interaction
model has been extensively studied in the literature in
recent years (see [45, 60–87, 89, 90, 99], for instance).

1 Several distinct parameterization proposals exist in the litera-
ture; see, for example, [63, 75, 93, 128–134].
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B. Sign-Switching Coupling in the Dark Sector

In this new approach proposed by [100], we retain the
flat FLRW metric, and the conservation equations follow
the same principles as in the traditional scenario. The
key difference lies in the functional form of Q, which now
exhibits a dynamic behavior, with the interaction factor ξ
redefined as a time-dependent function. Mathematically,
this is expressed as Q = ξ(z)HρDE, where

ξ(z) = ξi sgn [zeq,dark − z] . (4)

As discussed in detail in [100], in this new approach, ξ
changes sign at the equipartition redshift zeq, where the
ratio between the total matter and DE densities is unity,
i.e., ΩM/ΩDE(zeq) = 1. The expression for zeq,dark is
given by

zeq,dark =

[

(

ΩM,0

ΩDE,0
+

ξi
3weff

)(

1 +
ξi

3weff

)−1
]

1

3weff

− 1,

(5)
where the effective equation of state is defined as weff =
wDE+

ξi
3
. The constraints on zeq can be robustly obtained

through the analysis of cosmological data.
This new form of the coupling parameter also affects the
perturbation-level equations, modifying the Boltzmann
equations for DM and DE, which, in the synchronous
gauge, take the following form [100]:

δ̇c = −
[

θc +
ḣ

2

]

+
ρx
ρc

Ξ(z) (6a)

+Γ(z)

[

3H
k2

(wx − 1) + (δx − δc)

]

,

θ̇c = −Hθc , (6b)

δ̇x = − (1 + wx)

[

θx +
ḣ

2

]

− Ξ(z) (6c)

−3H
k2

(1− wx)
[

k2δx + 3Hθx
]

,

θ̇x = 2Hθx +
k2

1 + wx

δx + Γ(z)
ρc (2θx − θc)

ρx(1 + wx)
, (6d)

where the source terms of interaction are given by

Γ = ξiH
ρx
ρc

sgn [zeq − z] , (7a)

Ξ = ξi

[

3H2

k2
(1− wx) +

kvT
3

+
ḣ

6

]

sgn [zeq − z] .(7b)

In the absence of any interaction within the dark sector,
the standard ΛCDM model is recovered. It is also impor-
tant to note that the above equations reduce to the tradi-
tional cases when ξ(z) = ξi = const, with the imposition
of suitable prior limits, as is well known. Throughout
this text, we refer to this framework as S-IDE.

III. DATASETS AND METHODOLOGY

To test the theoretical structures explored in this work,
we implemented our model in the CLASS Boltzmann
solver [135] and used the MontePython sampler [136, 137]
to perform Monte Carlo analyses via Markov Chains
(MCMC). Convergence was ensured by the Gelman-
Rubin criterion [138], with R− 1 ≤ 10−2 in all runs.
The cosmological parameters sampled in this analy-

sis include the six standard parameters of the ΛCDM
model. These six parameters are: the physical baryon
density ωb = Ωbh

2, the physical dark matter density
ωc = Ωch

2, the angular scale of the sound horizon at
the surface of last scattering 100θs, the amplitude of the
primordial scalar power spectrum As, the spectral index
of the primordial power spectrum ns, and the reioniza-
tion optical depth τreio. In addition to these six standard
parameters, we also sample the coupling parameter ξi
within the context of IDE models. The prior for ξi varies
depending on the scenario being analyzed.2 The priors
for these parameters are listed in Table I.

TABLE I. The cosmological priors used in this work apply to
both the traditional IDE model and its extension, the Sign-
Switching Coupling model (S-IDE). Flat priors are assumed
over the ranges shown.

Parameter IDE S-IDE

Ωbh
2 [0.0, 1.0] [0.0, 1.0]

Ωch
2 [0.0, 1.0] [0.0, 1.0]

100θs [0.5, 2.0] [0.5, 2.0]

ln(1010As) [1.0, 5.0] [1.0, 5.0]

ns [0.1, 2.0] [0.1, 2.0]

τreio [0.004, 0.8] [0.004, 0.8]

ξi [−1, 0] [−1.5, 1.5]

All analyses were processed with the GetDist pack-
age,3 allowing the extraction of numerical results, in-
cluding 1D posteriors and 2D marginalized probability
contours.
The datasets used in the analyses are described below.

• Cosmic Microwave Background (CMB): We use
CMB temperature and polarization anisotropy
measurements from Planck’s 2018 legacy re-
lease [16], including their cross-spectra. Specifi-
cally, we adopt the high-ℓ Plik likelihood for TT
(30 ≤ ℓ ≤ 2508), TE, and EE (30 ≤ ℓ ≤ 1996),
along with the low-ℓ TT-only (2 ≤ ℓ ≤ 29) and
EE-only (2 ≤ ℓ ≤ 29) SimAll likelihood [139]. We

2 For the sign-switching scenario, the range was based on [100],
where we tested an expansion of up to one order of magnitude
and found no significant impact on the results, confirming its
suitability.

3 https://github.com/cmbant/getdist

https://github.com/cmbant/getdist
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also incorporate CMB lensing measurements recon-
structed from the temperature 4-point correlation
function [140]. This dataset is referred to as CMB.

• Baryon Acoustic Oscillations (DESI-DR2): We
utilize BAO measurements from DESI’s second
data release, which includes observations of galax-
ies and quasars [105], as well as Lyman-α trac-
ers [141]. These measurements, detailed in Ta-
ble IV of Ref. [105], cover both isotropic and
anisotropic BAO constraints over 0.295 ≤ z ≤
2.330, divided into nine redshift bins. The BAO
constraints are expressed in terms of the transverse
comoving distance DM/rd, the Hubble horizon
DH/rd, and the angle-averaged distance DV/rd, all
normalized to the comoving sound horizon at the
drag epoch, rd. We also incorporate the correlation
structure of these measurements through the cross-
correlation coefficients: rV,M/H , capturing the cor-
relation between DV/rd and DM/DH, and rM,H ,
which describes the correlation betweenDM/rd and
DH/rd. This dataset is referred to as DESI-DR2.

• Type Ia Supernovae (SN Ia): We use the following
recent samples of SN Ia:

(i) PantheonPlus and Pantheon-

Plus&SH0ES: The distance modulus
measurements from SN Ia in the Pantheon-
Plus sample [142] include 1701 light curves
from 1550 distinct SN Ia events, spanning a
redshift range of 0.01 to 2.26. We designate
this dataset as PP. Additionally, we consider
a version of this sample that uses the latest
SH0ES Cepheid host distance anchors [17] to
calibrate the absolute magnitude of SN Ia,
rather than centering a prior on the H0 value
from SH0ES. This approach allows for more
robust results, and this version of the dataset
is referred to as PPS.

(ii) Union 3.0: The Union 3.0 compilation, con-
sisting of 2087 SN Ia within the range 0.001 <
z < 2.260, was presented in [143]. Notably,
1363 of these SN Ia overlap with the Pan-
theonPlus sample. This dataset features a
distinct treatment of systematic errors and
uncertainties, employing Bayesian hierarchical
modeling. We refer to this dataset as Union3.

(iii) DESY5: As part of their Year 5 data release,
the Dark Energy Survey (DES) recently pub-
lished results from a new, homogeneously se-
lected sample of 1635 photometrically classi-
fied SN Ia with redshifts spanning 0.1 < z <
1.3 [144]. This sample is complemented by 194
low-redshift SN Ia (shared with the Pantheon-
Plus sample) in the range 0.025 < z < 0.1. We
refer to this dataset as DESY5.

IV. RESULTS

The analysis of the results will be conducted in two
complementary stages. Initially, we will examine the ob-
servational constraints within the framework of the con-
ventional IDE scenario, followed by a detailed investiga-
tion of the predictions of the extended S-IDE model. To
complement the analysis, we will present graphical repre-
sentations of the DESI-DR2 data, clearly contrasting the
observed cosmic distance relations with theoretical pre-
dictions, as well as the behavior of the cosmic expansion
rate in comparison with the best-fitting models under
study.
To evaluate the agreement between models and their

compatibility with each dataset analyzed, we perform a
statistical comparison with the ΛCDM scenario using, in
addition to basic χ2 measurements, the Akaike Informa-
tion Criterion (AIC) [145]. The AIC is defined as:

AIC ≡ −2 lnLmax + 2N, (8)

where Lmax is the maximum likelihood of the model, and
N is the number of free parameters. A lower AIC value
indicates a better model, balancing both goodness of fit
and model complexity. Specifically, the AIC incorporates
a penalty term for the number of parameters, discourag-
ing the inclusion of unnecessary parameters that could
lead to overfitting.

A. IDE

We begin our analysis with the traditional model, com-
piling our results in Table II. We consider five distinct
data combinations. The results show that the baryon
density Ωbh

2 remains stable across all analyses, while
the dark matter density Ωch

2 becomes significantly bet-
ter constrained with the inclusion of auxiliary datasets.
The interaction parameter ξ shows a negative value for
the CMB+DESI-DR2 analysis (ξ = −0.132+0.088

−0.063), sug-
gesting only moderate evidence (∼ 1σ) for the interaction
model, and a lower limit of ξ > −0.254 at 95% CL. In the
following, we perform a joint analysis combining CMB,
DESI-DR2, and PPS data, which significantly improves
the constraints on our parameter space. For this case,
we obtain ξ = −0.116+0.060

−0.050 at 68% CL, with an associ-
ated Hubble constant of H0 = 69.61 ± 0.44 km/s/Mpc.
This joint analysis provides a robust ∼ 2σ indication of
a dark sector coupling, while also mitigating the Hubble
tension to ∼ 3σ. Although this scenario does not fully
resolve the H0 tension, it offers substantial statistical al-
leviation, highlighting the potential impact of dark sector
interactions on cosmological parameter estimates.

In the following, we proceed to evaluate the consis-
tency of the model with respect to various SN Ia sam-
ples. Currently, three different SN Ia samples are pub-
licly available in the literature: PP, Union3, and DESY5.
The results for these analyses are summarized in Ta-
ble II, where different SN samples are combined with
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TABLE II. 68% confidence level (CL) constraints for the parameters of the IDE model. In the last rows, we present the
quantities ∆χ2

min ≡ χ2
min (IDE) −χ2

min (ΛCDM) and ∆AIC ≡ AICIDE −AICΛCDM, which compare the model fits. Negative values
for both differences indicate a preference for the IDE model over the ΛCDM model, while positive values favor the ΛCDM
model.

Parameter CMB+DESI-DR2 CMB+DESI-DR2+PPS CMB+DESI-DR2+PP CMB+DESI-DR2+DESY5 CMB+DESI-DR2+Union3

102Ωbh
2 2.253± 0.012 2.259± 0.012 2.255± 0.013 2.253± 0.012 2.254± 0.013

Ωch
2 0.1028+0.0097

−0.0069 0.1045+0.0068
−0.0054 0.1130+0.0045

−0.0017 0.1158+0.0021
−0.00076 0.1121+0.0052

−0.0019

100θs 1.04210± 0.00027 1.04214± 0.00028 1.04211± 0.00027 1.04212± 0.00026 1.04212± 0.00027

ln(1010As) 3.051± 0.014 3.052± 0.015 3.054+0.013
−0.015 3.053± 0.015 3.054+0.014

−0.016

ns 0.9703± 0.0032 0.9713± 0.0033 0.9712± 0.0032 0.9714± 0.0032 0.9710± 0.0031

τreio 0.0591± 0.0070 0.0597+0.0066
−0.0076 0.0608+0.0066

−0.0077 0.0604± 0.0074 0.0603+0.0066
−0.0080

ξ −0.132+0.087
−0.064 −0.116+0.060

−0.050 ξ > −0.0538 ξ > −0.0220 ξ > −0.0630

H0 [km/s/Mpc] 69.61+0.54
−0.67 69.61± 0.44 68.82+0.27

−0.37 68.56+0.22
−0.26 68.91+0.29

−0.41

Ωm 0.260+0.025
−0.019 0.264+0.017

−0.015 0.288+0.012
−0.0055 0.2956+0.0064

−0.0033 0.285+0.014
−0.0061

S8 0.860+0.024
−0.040 0.850+0.020

−0.028 0.8242+0.0095
−0.018 0.8165+0.0084

−0.011 0.827+0.011
−0.018

∆χ2
min 1.1 −2.20 1.38 2.32 0.5

∆AIC 3.1 −0.20 3.38 4.32 2.5

0.2 0.0
i

0.295

0.300

0.305

m

0.76

0.78

0.80

S 8

68

69

70

H
0[
km

/s
/M
pc
]

68 69 70
H0[km/s/Mpc]

0.75 0.80
S8

0.294 0.300 0.306
m

CMB+DESI-DR2
CMB+DESI-DR2+PPS

0.2 0.1

0.22

0.24

0.26

0.28

0.30

m

0.80
0.82
0.84
0.86
0.88

S 8

68

69

70

71

H
0[
km

/s
/M
pc
]

68 69 70 71
H0[km/s/Mpc]

0.80 0.84 0.88
S8

0.23 0.26 0.29
m

CMB+DESI-DR2
CMB+DESI-DR2+PP
CMB+DESI-DR2+Union3
CMB+DESI-DR2+DESY5

FIG. 1. Marginalized posterior distributions and 68% and 95% CL contours for the parameters ξ, H0, S8, and Ωm in the S-IDE
model (left panel) and IDE model (right panel). The results are shown for different combinations of datasets, as indicated in
the legend.

CMB+DESI-DR2. For all analyses performed, we find
notably strong constraints on the model, imposing direct
lower bounds on the coupling parameter: ξ > −0.0538,
ξ > −0.0220, and ξ > −0.0630 when combined with
PP, DESY5, and Union3, respectively. These analyses
represent the strongest and most up-to-date constraints
on ξ to date, particularly for the joint CMB+DESI-
DR2+DESY5 analysis. The right panel of Figure 1 sum-
marizes our constraints on the parameter space at 65%
and 95% CL for the cosmological parameters ξ, H0, S8,
and Ωm. It is observed that the precision of the mea-

surements increases significantly with the inclusion of
supernova data in the primary CMB+DESI-DR2 com-
bination, with the addition of the DESY5 dataset pro-
viding the most precise constraints. Additionally, the
values of Ωm remain consistently high and exhibit ex-
cellent agreement across the different data combinations
(CMB+DESI-DR2 supplemented with PP, Union3, or
DESY5).

Regarding the Hubble constant, all analyzed datasets
yield values higher than those predicted by the ΛCDM
model. Our constraints, derived from the CMB+DESI-
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DR2 and CMB+DESI-DR2+PPS combinations, reduce
the tension with SH0ES measurements to 2.7σ and 3.1σ,
respectively. Although this reduction is less pronounced
than that reported for DR1 [92], there is an observed
increase in precision of approximately 1σ, representing
a significant improvement in the constraints on this pa-
rameter within the model’s framework. Figure 2 (left
panel) shows the parametric space of H0 versus ξ as in-
ferred from different combinations of CMB, DESI-DR2,
and SN data, as indicated in the legend. The dark-gray
band represents the value of H0 measured by the SH0ES
collaboration.
As for the S8 parameter, the obtained values are con-

sistent within the uncertainties with the latest measure-
ments from the KiDS Legacy [20], as shown in the fig-
ure on the right panel of Fig. 2. The inclusion of addi-
tional datasets—such as PP, DESY5, or Union3—leads
to a slight reduction in the values, which nonetheless re-
main in statistical agreement with these observations. As
shown in [99], analyses using RSD suggest systematically
lower values for S8, as predicted by RSD samples and
full-shape galaxy clustering. Despite this discrepancy,
the maximum level of tension (which occurs between the
RSD measurements and the CMB+DESI-DR2 combina-
tion) does not exceed < 2σ, indicating low statistical
significance.
It is important to emphasize that the incorporation

of DESI DR2 data in this analysis provides significantly
more precise constraints on the interaction parameter ξ
compared to previous results [92]. Compared to DR1, the
new measurements of the matter density parameter Ωm

exhibit not only higher precision but also a systematic
shift toward larger values, with uncertainties reduced by
a factor of approximately two. From a physical perspec-
tive, since more negative values of ξ imply a lower dark
matter density, the observed increase in Ωm naturally fa-
vors a weaker interaction, driving ξ closer to zero. This
effect consistently explains the reduction in the statisti-
cal significance of the coupling compared to the results
reported in [92].

B. S-IDE

Table III summarizes our constraints on the cosmo-
logical parameters within the S-IDE framework. To
ensure statistical robustness, we selected datasets that
show no significant tension with the primary combina-
tion (CMB+DESI-DR2). The joint analysis CMB+PPS
exhibits an almost negligible tension of only 0.10σ with
this primary combination, whereas other datasets—such
as CMB+PP, Union3, and DESY5—show significant dis-
crepancies (reaching up to 4.64σ for DESY5), which
could bias our analysis.4 This methodological choice en-

4 Tensions are quantified using the well-established estimator and
methodology described in Section 3.A of [100].

sures a consistent exploration of the model parameters
while minimizing contamination from systematic incon-
sistencies across datasets.5

TABLE III. 68% confidence level (CL) constraints for the pa-
rameters of the S-IDE model. In the last rows, we present
the quantities ∆χ2

min ≡ χ2
min (IDE)−χ2

min(ΛCDM) and ∆AIC ≡
AICIDE −AICΛCDM, which compare the model fits. Negative
values for both differences indicate a preference for the IDE
model over the ΛCDM model, while positive values favor the
ΛCDM model.

Parameter CMB+DESI-DR2 CMB+DESI-DR2+PPS

102Ωbh
2 2.253± 0.013 2.257± 0.013

Ωch
2 0.1197+0.0019

−0.0017 0.1207+0.0017
−0.0015

100θs 1.04210± 0.00027 1.04213± 0.00028

ln(1010As) 3.051+0.014
−0.016 3.052+0.013

−0.015

ns 0.9707± 0.0033 0.9706± 0.0034

τreio 0.0589+0.0067
−0.0079 0.0592± 0.0070

ξ −0.109± 0.091 −0.167± 0.080

H0 [km/s/Mpc] 69.05± 0.46 69.46± 0.38

Ωm 0.2996± 0.0023 0.2983+0.0022
−0.0020

S8 0.796± 0.012 0.7886± 0.0099

zeq,dark 0.297+0.021
−0.028 0.287+0.017

−0.023

∆χ2
min 0.14 −3.26

∆AIC 2.14 −1.26

In the joint CMB+DESI-DR2 analysis, we observe
that the parameter H0 assumes a lower value with
improved precision compared to the results reported
in [100]. The inclusion of the PPS dataset (CMB+DESI-
DR2+PPS) further reduces the H0 tension, bringing it
close to the 3σ level. However, it is important to stress
that this apparent alleviation is driven by the calibration
of the PP dataset using SH0ES, which anchors the ab-
solute magnitude of Type Ia supernovae with Cepheids.
Without this calibration, the S-IDE model is generally
disfavored relative to ΛCDM, as indicated by the ∆χ2

and ∆AIC values reported in Table III. Figure 3 further
illustrates how the PPS dataset favors higher values of
H0.
Regarding the coupling parameter, the joint analy-

ses CMB+DESI-DR2 and CMB+DESI-DR2+PPS yield
ξ = −0.109 ± 0.091 and ξ = −0.167 ± 0.080, respec-
tively, with the latter suggesting a moderate ∼ 2σ indi-
cation of a non-zero coupling. Nevertheless, this result
should be interpreted with caution, as the inferred cou-
pling strength is correlated with H0, and its significance
remains sensitive to the choice of dataset combinations.

5 Notably, even within the ΛCDM framework, CMB+DESI-DR2
exhibits strong tensions with datasets such as PP, DESY5, and
Union3, as previously reported in [105].
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FIG. 2. Left panel: The 2D contours at 68% and 95% CL for the coupling parameter ξ (traditional and usual IDE approach)
and the Hubble parameter H0 are derived from different combinations of CMB, DESI-DR2, and SN data, as indicated in the
legend. The dark-gray band represents the H0 value measured by the SH0ES collaboration [17]: H0 = 73.04±1.04 km/s/Mpc.
Right panel: Same as the left panel, but for the ξ-S8 plane. The dark-gray band represents the S8 value measured by the
KiDS-Legacy survey [20]: S8 ≡ σ8

√

Ωm/0.3 = 0.815+0.016
−0.021.
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FIG. 3. Left panel: The 2D contours at 68% and 95% CL for the coupling parameter ξ (S-IDE framework) and the Hubble
parameter H0 are derived from different combinations of CMB, DESI-DR2, and SN data, as indicated in the legend. The
dark-gray band represents the H0 value measured by the SH0ES collaboration [17]: H0 = 73.04±1.04 km/s/Mpc. Right panel:
Same as the left panel, but for the ξ-S8 plane. The dark-gray band represents the S8 value measured by the KiDS-Legacy
survey [20]: S8 ≡ σ8

√

Ωm/0.3 = 0.815+0.016
−0.021.

Now, examining the S8 parameter, we observe lower
values compared to the traditional IDE scenario. How-
ever, this difference remains statistically insignificant
when compared to the most recent cosmic shear re-
sults [20]. For instance, the CMB+DESI-DR2+PPS
combination exhibits only a 1σ tension with these mea-
surements, as can be visually confirmed in the right panel
of Figure 3. In this context, the S-IDE model offers signif-
icant advantages: in addition to maintaining compatibil-
ity with cosmic shear data, it substantially reduces ten-
sions in S8 between Planck measurements and RSD/full-

shape analyses, which tend to indicate lower values. A
quantitative comparison with the ΛCDM reference val-
ues (Table I in [29]) reveals that our constraints using
CMB+DESI-DR2+PPS reduce the S8 tension in full-
shape measurements from 4.5σ to just 1.6σ, represent-
ing an approximate 65% improvement in dataset concor-
dance. It is important to note that the RSD and full-
shape analyses are model-dependent, and a re-analysis
in this context is necessary for a more meaningful com-
parison. However, the scenario presented here may still
prove to be favorable. A more detailed exploration of
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these perspectives, considering their complexity, will be
presented in future work.

Finally, we can conclude our analysis of the parameters
in Table III by examining the transition epoch (repre-
sented by zeq,dark). The values obtained for this param-
eter in both data combinations (CMB+DESI-DR2 and
CMB+DESI-DR2+PPS) are consistent with constraints
from previous studies using DR1 data [100]. Moreover,
the intriguing negative correlation with H0 and positive
correlation with S8 observed in [100] also appear in our
results, further reinforcing the consistency of the model.

In order to elucidate the contribution of DESI data, we
conducted a comparative analysis between the observed
cosmic distances and the theoretical predictions of the
S-IDE, IDE, and ΛCDM models. Figure 4 presents: (i)
the best-fit predictions derived from the CMB+DESI-
DR2 combination for the three rescaled distance vari-
ants investigated through BAO measurements; and (ii)
the correlation DM/(zDH) as a function of redshift for
both S-IDE and ΛCDMmodels. The lower panel displays
the normalized residuals between the DESI observational
data and the model predictions—ΛCDM (represented by
circles) and S-IDE (indicated by crosses)—in units of ob-
servational uncertainty σ. To gain further insight into
how S-IDE and ΛCDM perform when compared against
individual BAO measurements, we examine Table IV,
which displays the theoretical predictions of both mod-
els (and traditional IDE) for the four different types of
rescaled observables probed by DESI-DR2, evaluated at
their respective best-fit parameters obtained from the
CMB+DESI-DR2 dataset. For each data point, we show
the difference between the predicted and observed val-
ues, normalized by the observational uncertainty σ, thus
quantifying the level of agreement or tension. In gen-
eral, the S-IDE model exhibits residuals that are com-
parable to or smaller than those of the ΛCDM and IDE
models in most redshift bins. Notably, at z = 0.934 in
the zDH(z)/(rd

√
z) observable, S-IDE predicts a resid-

ual of 0.28σ, which is slightly lower than ΛCDM (0.59σ)
and IDE (0.40σ), suggesting a better fit. Similarly, in
the DM (z)/(rd

√
z) prediction at z = 0.510, S-IDE gives

a residual of 1.95σ, closely matching ΛCDM (1.70σ)
and outperforming the IDE model (2.46σ). Although
all three models show some level of tension with the
DESI-DR2 data at specific redshifts, the S-IDE scenario
tends to perform consistently well across multiple estima-
tors and redshifts. This suggests that the inclusion of a
sign-switching interaction in the dark sector improves the
agreement with DESI data, potentially alleviating small-
scale discrepancies and complementing global likelihood
analyses. While these differences are modest in isolation,
they collectively contribute to the overall improvement
in the goodness-of-fit observed in Table III, where the
S-IDE model achieves a better fit to the CMB+DESI-
DR2 dataset compared to the traditional IDE case, with
a reduction in ∆χ2

min from 1.1 to 0.14, almost statisti-
cally indistinguishable from ΛCDM. This confirms that
the overall preference for S-IDE over traditional IDE is

partly driven by its enhanced ability to accommodate key
features of the new DESI BAO data.

TABLE IV. The DESI results (and their 1σ errors) are pre-
sented for four distinct types of distances investigated by BAO
measurements. For each data point, we indicate the consis-
tency between the best-fit predictions of the S-IDE, IDE, and
ΛCDM models and the observed data, expressed in units of
observational uncertainties (#σ).

Distance Redshift S-IDE(#σ) ΛCDM(#σ) IDE(#σ)

DV (z)/(rd
√
z) 0.295 +0.63σ +0.21σ +1.39σ

0.510 +0.74σ +0.52σ +1.44σ

0.706 −2.15σ −2.20σ −1.49σ

0.922 +0.27σ +0.37σ +0.97σ

0.934 −0.81σ −0.70σ −0.02σ

0.955 −0.39σ −0.33σ −0.01σ

1.321 −0.60σ −0.44σ −0.20σ

1.484 +0.45σ +0.52σ +0.62σ

2.330 −0.22σ −0.10σ +0.04σ

DM (z)/(rd
√
z) 0.510 +1.95σ +1.70σ +2.46σ

0.706 −0.50σ −0.68σ +0.04σ

0.922 +0.75σ −0.63σ +1.34σ

0.934 −1.01σ −1.14σ −0.32σ

0.955 −1.15σ +1.20σ −0.84σ

1.321 −0.71σ −0.71σ −0.37σ

1.484 +0.64σ +0.65σ +0.78σ

2.330 −0.02σ +0.04σ +0.20σ

zDH(z)/(rd
√
z) 0.510 −1.64σ −1.58σ −1.49σ

0.706 −1.98σ −1.81σ −1.86σ

0.922 −0.64σ −0.36σ −0.53σ

0.934 +0.28σ +0.59σ +0.40σ

0.955 +1.48σ +1.68σ +1.56σ

1.321 +0.23σ +0.45σ +0.28σ

1.484 −0.25σ −0.18σ −0.24σ

2.330 −0.41σ −0.27σ −0.37σ

DM (z)/(zDH) 0.510 +2.03σ +1.88σ +2.15σ

0.706 +1.20σ +1.01σ +1.35σ

0.922 +0.81σ +0.57σ +1.02σ

0.934 −0.65σ −0.94σ −0.43σ

0.955 −1.59σ −1.76σ −1.46σ

1.321 −0.50σ −0.65σ −0.36σ

1.484 +0.49σ +0.45σ +0.54σ

2.330 −0.22σ +0.18σ +0.34σ

Figure 5 presents the reconstruction of the H(z) func-
tion obtained from the joint CMB+DESI-DR2 analysis.
It compares the best-fit curves, along with their 2σ con-
fidence regions, for the IDE, S-IDE, and ΛCDM mod-
els against the observational DESI data (from both DR1
and DR2). It is evident that the new DR2 measure-
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FIG. 4. Upper panel : Best-fit predictions for the (rescaled) distance–redshift relations for S-IDE (solid curves) and ΛCDM
(dashed curves), obtained from the analysis of Planck-2018+DESI-DR2 data. These predictions are shown for the three types
of distances probed by BAO measurements, each indicated by the colors reported in the legend. The error bars represent
±1σ uncertainties. Lower panel : Differences between the model predictions and the data points for each BAO measurement,
normalized by the observational uncertainties. The IDE predictions are represented by ’x’-shaped points, while the ΛCDM
predictions are represented by ’o’-shaped points.

ments exhibit significantly reduced uncertainties com-
pared to DR1, with denser coverage in the low-redshift
region (z < 1). This improvement allows for a more ac-
curate and precise characterization of the recent cosmic
expansion. Of particular interest are three data points at
z = {0.510, 0.706, 0.955}, which show recurrent discrep-
ancies across all theoretical scenarios considered. These
inconsistencies could be indicative of intrinsic limitations
within the IDE, S-IDE, and ΛCDM models, or they may
point to unaccounted observational systematics that need
further investigation. The observed deviations in these
redshift bins highlight the potential challenges in fully
capturing the dynamics of cosmic expansion with the cur-
rent theoretical models and datasets.
The S-IDE scenario exhibits a particularly intrigu-

ing dynamical behavior through its effective equation of
state:

weff(z) = −1 + ξ(z) = −1 +
ξi
3
sgn [zeq,dark − z] . (9)

The observational constraints presented in Table III
reveal a well-defined cosmological transition within this
model. In the initial phase, corresponding to redshifts
greater than zeq,dark (ξ < 0), the system resides in
the phantom regime, characterized by weff < −1. As
the universe evolves toward lower redshifts (ξ > 0),
a smooth transition occurs to the quintessence regime,
where weff > −1.

0.0 0.5 1.0 1.5 2.0 2.5
z

57.5

60.0

62.5

65.0

67.5

70.0

72.5

H(
z)

/(1
+z

) [
km

/s
/M

pc
]

Best-fit CDM
Best-fit S-IDE
Best-fit IDE
DESI-DR2
DESI-DR1

FIG. 5. Statistical reconstruction of the (rescaled) expansion
rate of the universe, H(z)/(1 + z), at 2σ confidence levels
for the ΛCDM, S-IDE, and IDE models, based on the joint
analysis of CMB+DESI-DR2, compared to DESI-DR2 mea-
surements.

This dynamical feature is in remarkable agreement
with recent DESI-DR2 results [105], where the collab-
oration analyzed the (w0, wa) plane using the parame-
terization w(a) = w0 + wa(1 − a) and found a clear ob-



10

servational preference for the conditions w0 > −1 com-
bined with w0 + wa < −1. This strongly suggests a uni-
verse in which dark energy undergoes an evolutionary
transition—exhibiting a phantom-like nature (w < −1)
in early epochs and adopting quintessence-like charac-
teristics (w ≥ −1) in more recent cosmic eras, thereby
corroborating the physical framework proposed by the
S-IDE model.

V. FINAL REMARKS

In this work, we have explored the implications of the
S-IDE model in comparison with the standard ΛCDM
and traditional IDE frameworks, using the DESI-DR2
measurements of BAO samples. For the first time, for the
IDE scenarios considered here, we combine DESI-DR2
data with CMB measurements and the most robust SN
samples currently available in the literature. We find that
the inclusion of these datasets significantly improves the
precision of the cosmological constraints, particularly in
the low-redshift region. The data suggest a reduction in
theH0 tension to approximately 2.7σ, offering a potential
alleviation of the long-standing discrepancy between the
local and early-universe measurements of the Hubble con-
stant. However, while the S-IDE model shows promise, it
does not provide a complete resolution to the H0 tension,
but rather offers significant statistical relief. The behav-
ior of the S8 parameter in the IDE scenario aligns with
the latest measurements from the KiDS Legacy, while
the S-IDE model permits lower values of S8, which may
be consistent with alternative perspectives on the cur-
rent tension surrounding the S8 parameter from other
observational probes.
From a model comparison perspective, we observe that

the S-IDE framework exhibits a dynamic evolution in the
equation of state, transitioning from a phantom regime
to a quintessence-like behavior. This transition aligns
with current DESI-DR2 results and presents a novel ap-
proach to understanding dark energy and its interactions.
However, at low redshifts (z < 0.7), the discrepancies be-
tween the models (IDE, S-IDE, and ΛCDM) in explaining
the new measurements may indicate intrinsic limitations
within the current theoretical frameworks or suggest un-
accounted systematic uncertainties in the data.

Looking ahead, future work will focus on extending
these analyses by incorporating additional datasets,
including the formation of non-linear scale structures,
refining model comparisons, and addressing the discrep-
ancies observed at specific redshifts. Improved precision
from upcoming observational surveys, such as future
DESI releases and complementary probes like Euclid,
will further enhance our understanding of the potential
interaction between dark matter and dark energy.

Data Availability: The datasets and products
underlying this research, such as Boltzmann codes and
likelihoods, will be available upon reasonable request to
the corresponding author after the publication of this
article.
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[92] W. Giarè, M. A. Sabogal, R. C. Nunes, and

E. Di Valentino, (2024), arXiv:2404.15232 [astro-
ph.CO].

[93] Y. Zhai, M. de Cesare, C. van de Bruck, E. Di Valentino,
and E. Wilson-Ewing, (2025), arXiv:2503.15659 [astro-
ph.CO].

[94] T.-N. Li, G.-H. Du, Y.-H. Li, P.-J. Wu, S.-J. Jin, J.-F.
Zhang, and X. Zhang, (2025), arXiv:2501.07361 [astro-
ph.CO].

[95] L. Feng, T.-N. Li, G.-H. Du, J.-F. Zhang, and X. Zhang,
(2025), arXiv:2503.10423 [astro-ph.CO].

[96] J. S. Lima, R. von Marttens, and L. Casarini, (2024),
arXiv:2412.16299 [astro-ph.CO].

[97] Y.-H. Yao, J.-Q. Liu, Z.-Q. Huang, J.-C. Wang, and
Y. Su, (2024), arXiv:2409.04678 [astro-ph.CO].

[98] Z. C. Santana Júnior, M. O. Costa, R. F. L. Holanda,
and R. Silva, Phys. Rev. D 109, 123542 (2024),
arXiv:2405.15726 [astro-ph.CO].

[99] M. A. Sabogal, E. Silva, R. C. Nunes, S. Kumar,
E. Di Valentino, and W. Giarè, Phys. Rev. D 110,
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