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The ACDM model has successfully explained a wide range of cosmological observations, but is
increasingly challenged by the emergence of cosmological tensions, particularly the Hubble Tension
Hp and the Ss tension. The Hubble Tension, with a significance above 50, and the Sg tension,
showing a discrepancy of approximately 2-4o, highlight inconsistencies between measurements of
the local and early universe. This paper expands a well-established Interacting Dark Energy (IDE)
phenomenological scenario, where dark matter (DM) can transfer energy to dark energy (DE) or vice
versa, depending on the sign of the coupling parameter £. The novel feature consists in a transition
mechanism which reverses the direction of the energy-momentum transfer after the redshift where
the densities of the dark species are the same. We evaluate this model using a comprehensive set
of recent observational data, including Baryon Acoustic Oscillations (BAO) from the DESI survey,
Type Ia Supernovae from the PantheonPlus, DESY5 and Union3 samples, and Cosmic Microwave
Background (CMB) data from Planck. Our analysis shows that this scenario can potentially relax
both the Hy and Sg tensions simultaneously. We find the new model to be weakly preferred over
ACDM by BAO-DESI data. However, we show that the IDE model features positive Bayesian
evidence compared to ACDM only when Cepheid distance calibration in the SHOES sample is used

to calibrate SNIa data from PantheonPlus.

I. INTRODUCTION

The standard cosmological model (ACDM) has per-
formed well in explaining observations made over recent
decades [1-6]. However, with the improvement in mea-
surement precision, several gaps have emerged that this
model cannot address. The most statistically significant
of these concerns the rate of cosmic expansion today.
Probes of the local universe provide higher values for the
Hubble constant Hy, while probes of the early universe
assuming a ACDM scenario indicate lower values [7—23].
This discrepancy, known as the Hubble Tension, cur-
rently has a significance above 50 [7, 16]. Additionally,
there is a growing tension in the parameter Sg, which
relates the amplitude of matter fluctuations to the total
matter density parameter () via Sg = g4/ /0.3.
Measurements from the early universe, such as those from
Planck CMB, indicate a higher value of Sg compared to
values obtained from weak gravitational lensing, galaxy
cluster, and cluster counts surveys, with a discrepancy of
approximately 2-4o [24-36]. In addition to the aforemen-
tioned issues, recent literature highlights other anomalies
and discrepancies in the ACDM framework [11, 15, 37—
55].
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Motivated by these gaps, cosmologists have been ex-
ploring alternative cosmological models in addition to
seeking systematic errors [56-82] (see also these Re-
views [11, 46] and references therein). Within this con-
text, we can highlight an alternative known in the lit-
erature as Interacting Dark Energy/Dark Matter (IDE)
scenario (see [83] for a review), a model that retains the
simplicity of ACDM while introducing an additional pa-
rameter, known as the coupling parameter (£), which
governs the non-gravitational interactions between dark
matter (DM) and dark energy (DE) [84-115].

As disagreements and tensions between the ACDM
model and observations continue to grow, there is an
increasing interest in developing models that extend be-
yond ACDM, particularly those that incorporate late-
time transitions. For example, modifications of grav-
ity that account for late transitions have been explored
in [116, 117]. Additionally, transitions involving phantom
and quintessence fields have been examined in [118-122].
Another avenue of research includes models with a sign-
switching cosmological constant, as discussed in [74, 123
129]. Other proposals for late-time transitions have also
been investigated, including those in [39, 130-132].

Recent work by [133] has highlighted that IDE models
can help to alleviate the Hy tension when the DM-DE
coupling parameter, £, is negative, and the Sg tension
when £ is positive. This dual capability suggests that a
phenomenological IDE model, which permits both pos-
itive and negative values of £ via distinct interaction
channels, has the potential to resolve or mitigate both
tensions simultaneously. Motivated by this possibility,



in this paper we propose a novel interaction model that
parametrizes a simple transition in which the direction of
energy-momentum transfer reverses after the redshift of
equality of DM and DE densities (%eq,dark). We develop
this framework and assess its capacity to address both
the Hy and Sg tensions concurrently.

This paper is structured as follows: Sec. II introduces
the IDE model we are considering here. Sec. I1I describes
the methodology and datasets used in this study. The
results of the analyses are presented in Sec. IV. Finally,
Sec. V presents the conclusions drawn from our analyses.

II. A NEW DARK SECTOR INTERACTION
MODEL

To start reviewing the basic features of IDE models,
we adopt a spatially flat Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric. In the absence of interactions
between the fluids associated with DE and DM, their
stress-energy tensors, denoted by T*” for DE and T} for
DM, respectively, are individually covariantly conserved.
In IDE models, a parameterization is introduced in the
conservation equations such that the individual stress-
energy tensors are no longer conserved, but their sum
remains conserved [83]. Therefore, the evolution of the
covariant derivatives of the stress-energy tensors for DE
and DM can be expressed as:
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where the index j runs over DE and DM, a is the scale
factor, u¥ denotes the DM four-velocity vector, and Q. =
—@Q«x = @ is the DE-DM interaction rate with units of
energy per volume per time. In the presence of such
interaction, the continuity equations for the DM and DE
energy densities p. and px are modified to:

[)C + 3HPC = Qa (2)
px +3H (1 +wy) px = —Q, (3)

in which H denotes the conformal Hubble rate, and wy
the DE equation of state (EoS). Due to the unknown
nature of the dark sector, one must phenomenologically
select the functional form of Q. In this study, we intro-
duce a variation of a widely recognized interaction ker-
nel [108, 134-136], @ = &(a)Hpx, where £(a) is a new
function that governs the strength of the interaction be-
tween DE and DM, given by,

§(a) = 52 Sgn [aeq,dark - CL} y (4)

where the dimensionless free parameter £; € R charac-
terizes the magnitude and initial direction of the energy-
momentum flow when a — 0. The new solutions for the
density evolution of dark fluids are now given by
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Note that, due to the transition in the interaction
between the dark components, the density evolutions
in these models differ from the standard cases [84, 85,
90, 107, 133, 137]. The usual solutions are recovered
when deq,dark = 1 (for simplicity in the above equations,
(eq,dark Was simplified to aeq), indicating no transition in
the energy-momentum transfer between the fluids.

The sign-switching transition of ¢ is implemented via
the signum function (sgn) at (eq,dark, corresponding to
the cosmic epoch when the total matter and dark energy
densities are equal, Qp,/Qy (deq,dark) = 1,

1
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(6)

with the effective equation of state denoted as weg =

In this parametrization, when & < 0, energy-

momentum transfers from DM to DE, while for £ > 0,

energy flows from DE to DM. It should be noted that in
our formalism, ACDM is recovered for & = 0.

The choice of redshift for the transition in dark cou-
pling is motivated by the cosmic coincidence prob-
lem [138-140], which occurs when the densities of DM
and DE are exactly the same. Cosmic coincidence refers
to the observation that, at the present epoch of the uni-
verse’s evolution, the energy densities associated with
DM and DE are of similar magnitudes, leading to their
comparable effects on the dynamics of the universe. The
model presented here is not designed to solve the cos-
mic coincidence problem; rather, we use this fact to pro-
pose a transition in the sign change of interaction within
the dark sector. On the other hand, it has been investi-
gated whether a sign-change transition in the dark sec-
tor yields stable predictions or is even possible in model-
independent analyses [104, 111, 141-143].

Since the dark interaction is assumed to always exist
throughout cosmic evolution, we will use the following
strategies in our analyses to determine the initial signal
and when the signal will change:

e Step 1: Prior to the transition described by Eq. (6),
the sign of &; remains free, to be determined solely
by fitting the data during the MCMC analysis.

e Step 2: To prevent instabilities, we adopt the
standard procedure, where the quantities (1 4 wy)
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FIG. 1. A visual representation of our model demonstrating
the shift in the direction of the energy-momentum flow be-
tween DE and DM.

and ¢ must have opposite signs [144, 145]. Ac-
cordingly, depending on the value of &;, we assign
wy = —0.999 for & < 0 or wy = —1.001 for &; > 0.

e Step 3: Once the initial value of ¢; is obtained, its
sign is reversed at deq,dark. Following this transi-
tion, the direction of energy-momentum transfer is
also inverted.

e Step 4: The magnitude of the interaction remains
constant before and after the transition. In other
words, the magnitude of £ does not change; only its
sign reverses at the transition.

The steps outlined above provide an efficient strategy
for implementing this new model. Our proposal builds on
well-established models (see [87, 100, 101, 108, 134, 144—
147]), now modified to effectively explore the possibil-
ity of sign switching in dark sector coupling interactions
across the entire parameter space. Naturally, more com-
plex scenarios could be proposed and explored. However,
in this work, we focus on a simpler case to facilitate an
observational investigation of the new scenario. For in-
stance, if the best-fit value of the coupling is £; < 0 when
a — 0, then according to our model, £ must necessar-
ily become positive after the transition, i.e., £ > 0. The
magnitude of £ will remain the same as &;, with only
its sign changing. Specifically, for all cosmic times prior
to the transition, we have & < 0, and after the transi-
tion, £ > 0, while the magnitude of ¢ remains constant
throughout cosmic history. The interpretation is reversed
if & > 0. Figure 1 visually illustrates the reversal of
energy-momentum flow for various transition points and
coupling magnitudes.

Within the framework of linear perturbations, as al-
ready well known in the literature, the non-gravitational

interaction between DE and DM also affects their evo-
lution. In this case, the solution remains the same as
in the standard IDE model [134, 144-146], with a sim-
ple transformation of the coupling parameter, £ — &(a).
However, this does not imply that the effects are iden-
tical. The evolution of perturbations is also shaped by
variations in the expansion rate, H, as well as the mod-
ified solutions for p. and py. In the scenario explored in
this work, the Boltzmann equations take the following
form in the synchronous gauge
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where the source terms of interaction are given by

r — gm% Sgn [aeq — a] (8a)
3H?2 k i
E=4& ?(17wx)+%+g sgn [aeq — al . (8b)

In the absence of any interaction within the dark sec-
tor, the standard ACDM model is recovered. In what
follows, we will discuss our statistical methodology and
the dataset used in our analysis.

IIT. DATASETS AND METHODOLOGY

To test our new theoretical framework, we imple-
mented it in the Boltzmann solver code CLASS [148] and
used the publicly available sampler MontePython [149,
150] to perform Markov Chain Monte Carlo (MCMC)
analyses, ensuring a Gelman-Rubin convergence crite-
rion [151] of R —1 < 1072 in all runs. We assumed
flat priors on the set of sampled cosmological param-
eters {Qph?, Qch?, Treio, 10005, log(1010Ay), ng, &3,
where the first six are baseline parameters within the
ACDM context. Specifically, these parameters include
the present-day physical density parameters of baryons
(wp = Qph?) and dark matter (w. = Q:h?), the op-
tical depth of reionization (7yeio), the angular size of
the sound horizon at recombination (6s), the ampli-
tude of the primordial scalar perturbation (Ag), and the
scalar spectral index (ng). The ranges of the priors



are: wp € [0.0,1.0], weam € [0.0,1.0], 10065 € [0.5,2.0],
In(101°A,) € [1.0,5.0], ns € [0.1,2.0], Treio € [0.004,0.8],
and §; € [—1.5,1.5]. In all analyses, we used the Python
package GetDist! to analyze the MCMC chains and ex-
tract the numerical results, as well as the 1D posteriors
and 2D marginalized probability contours. 2

The datasets used in the analyses are described below.

e Cosmic Microwave Background (CMB): We utilize
temperature and polarization anisotropy measure-
ments of the CMB power spectra from the Planck
satellite [2], along with their cross-spectra from the
Planck 2018 legacy data release. Specifically, we
employ the high-¢ P1ik likelihood for TT (in the
multipole range 30 < ¢ < 2508), TE, and EE
(30 < ¢ < 1996), as well as the low-¢ TT-only
(2 < ¢ < 29) likelihood and the low-¢ EE-only
(2 < ¢ < 29) SimAl1 likelihood [3]. Additionally,
we include CMB lensing measurements, which are
reconstructed from the temperature 4-point corre-
lation function [152]. We refer to this dataset as
CMB.

e Baryon Acoustic Oscillations (DESI): We con-
sider Baryon Acoustic Oscillation (BAO) measure-
ments from the Dark Energy Spectroscopic In-
strument (DESI) survey, which encompasses ob-
servations of galaxies and quasars [153] as well as
Lyman-« [154] tracers. These measurements, sum-
marized in Table I of Ref. [53], cover both isotropic
and anisotropic BAO measurements within the red-
shift range 0.1 < z < 4.2, divided into seven
redshift bins. The isotropic BAO measurements
are expressed as Dy(z)/rq, where Dy represents
the angle-averaged distance, normalized to the co-
moving sound horizon at the drag epoch. The
anisotropic BAO measurements include Dy(2)/7q
and Dy(z)/rq, where Dy denotes the comoving
angular diameter distance and Dy represents the
Hubble horizon. We also account for the correla-
tion between measurements of Dy/rq and Dy /rq.
We refer to this dataset as DESI.

e Type Ia Supernovae (SN Ia): Type Ia supernovae
act as standardizable candles, providing a crucial
method for measuring the universe’s expansion his-
tory. Historically, SN Ia played a pivotal role in
the discovery of the accelerating expansion of the
universe [155, 156], building upon earlier, more
complex arguments supporting A-dominated mod-
els from large-scale structure observations. In this
work, we will use the following recent samples:

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

2 In all analyses carried out in this paper, we expanded the prior
ranges by up to one order of magnitude beyond the values men-
tioned and those typically used in standard analyses. We did not
find any significant differences in the results, indicating that our
conclusions are robust to the choice of prior ranges.

(i) PantheonPlus and Pantheon-
Plus&SHOES: We integrated the latest
distance modulus measurements from SN
Ia in the PantheonPlus sample [157] which
includes 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 SHOES
Cepheid host distance anchors [7] to calibrate
the absolute magnitude of SN Ia, rather
than centering a prior on the Hy value from
SHOES. 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 [158]. Notably,
1363 of these SN Ia overlap with the Pan-
theonPlus sample. This dataset features a dis-
tinct treatment of systematic errors and un-
certainties, employing Bayesian Hierarchical
Modeling. We refer to this dataset as Union3.

(iii) DESY5: As part of their Year 5 data re-
lease, the Dark Energy Survey (DES) recently
published results from a new, homogeneously
selected sample of 1635 photometrically-
classified SN Ia with redshifts spanning 0.1 <
z < 1.3 [159]. This sample is complemented
by 194 low-redshift SN Ia (shared with the
PantheonPlus sample) in the range 0.025 <
z < 0.1. We refer to this dataset as DESY5.

A. Tension metrics

To quantify the degree of tension between two datasets,
we will use the quadratic estimator introduced in [160].
This estimator is defined as:

X2 = (xi— %) (Ci+C) 7 (ki — %), 9)

where x; and x; are vectors containing the mean values of
the cosmological parameters inferred from datasets ¢ and
j, respectively. The quantities C; and C; denote the cor-
responding covariance matrices associated with the pa-
rameter estimates for each dataset.

This estimator provides a robust statistical measure of
the agreement or tension between the datasets, reflecting
how well they align within the parameter space of the
theoretical model. By comparing the datasets in terms
of their mean values and associated uncertainties, the
method helps to identify discrepancies that may point to
systematic errors, inconsistencies, or the need for modi-
fications to the underlying theoretical framework.



TABLE 1. Marginalized constraints, mean values with 68% CL, on the free and some derived parameters of the new IDE
model from the CMB dataset and its combinations with DESI, PPS, PP, Union3, and DESY5. In the last rows, we provide
AxZin =X (IDE) — i (acoays AAIC = AICipE — AICAcDM, and the Bayes factors In B;; as defined in Eq. (11). Negative
values of Ax2,, and AAIC indicate a better fit of the IDE model compared to the ACDM model, while a negative value of
In B;; indicates a preference for the IDE model over the ACDM model.

Parameter |  CMB CMB + DESI CMB + PPS CMB + PPS + DESI| CMB + PP CMB + Union3 CMB + DESY5
100Q,h* 2.242 +0.015 2.246 + 0.015 2.251 4+ 0.014 2.254 + 0.014 2.237 +0.014 2.236 + 0.015 2.23510-012
Qch? 0.127175:00%5 0.124375:00%8 0.1241F5:00%% 0.12357599%% 0.120055:0039 0.12175:9%%8 0.124015:00%2
1006, 1.04192 4 0.00030 1.04196 4 0.00028 1.04203 + 0.00029  1.04209 + 0.00028 1.04186 + 0.00029 1.04186 + 0.00030 1.04185 + 0.00029
Treio 0.054070:5056  0.0554 +0.0080  0.0567F5-95%5 0.057579-0965 0.054979:9054  0.0538 + 0.0074 0.054879-9066
ns 0.9670 + 0.0046  0.9681 +0.0041  0.9689 = 0.0040 0.9695 + 0.0037 0.9657 + 0.0040  0.9649 + 0.0042  0.9645 + 0.0041
log(10'° Ay) 3.046 +0.016  0.9681 + 0.0041 3.0470 012 3.049 +0.014 3.04610:01% 3.045 4+ 0.014 3.047 +0.014
& 0431072 —0.37£0.20 —~0.35+0.11 —0.32£0.10 0.12%973 0.225017 0.325 + 0.093
H, (km/s/Mpc) 70.4133 70.3+ 1.1 70.34 4 0.71 70.29 + 0.58 66.45 + 0.93 65.611% 64.6915:57
(9 0.30470:040 0.298610:0037  0.2976 £ 0.0045 0.2969 + 0.0035 0.324170:09%¢ 0.3371055% 0.35270 555
S 0.76910:0% 0.77310:032 0.771£0.016 0.772 £0.013 0.84510-017 0.85210:00% 0.857T0:00%s
Zeq,dark 0.24815-969 0.24815-022 0.24970:617 0.25770:94% 0.32070:52% 0.3217093% 0.321 4 0.042
AXin 0.02 ~3.28 —~11.36 —10.50 —0.12 —0.96 —4.56
AAIC 2.02 -1.28 —9.36 —8.50 1.88 1.04 —2.56
In Bj; —0.15 —0.74 —2.80 —2.84 1.29 0.38 -1.26
CMB CMB + PP
B CMB + DESI HEE CMB + Union3
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FIG. 2. Left panel: Marginalized one-dimensional posterior distributions and contours (68% and 95% CL) for the parameters
&i, Ho, and Sg in the IDE model from CMB and its combinations with DESI and PPS data, as shown in the legend. Right
panel: Same as the left panel but for the parameters & and Hy from combinations of CMB with PP, Union3, and DESY5, as

described in the legend.

son of the IDE model with the ACDM scenario using the
well-known Akaike Information Criterion (AIC) [161].

The AIC is defined as:

B. Bayesian Model Comparison

To better assess the level of agreement (or disagree-
ment) between the models and their association with

each analyzed dataset, we perform a statistical compari- (10)

AIC = —2In L. + 2N,



where L ,.x is the maximum likelihood of the model, and
N is the total number of free parameters in the model.
The lower the value of AIC, the better the model’s per-
formance in terms of both the quality of the fit and its
complexity. Specifically, the AIC incorporates a penalty
for the number of parameters in the model, discouraging
the inclusion of unnecessary parameters that could lead
to overfitting.

Beyond a simple AIC assessment, the Bayesian Evi-
dence (BE) offers a more formal quantification by cal-
culating the Bayes factor, which compares an extended
model relative to a baseline model. The BE accounts
for the trade-off between the higher likelihood of the ex-
tended model and the penalty imposed by its increased
complexity and prior volume. To illustrate the BE calcu-
lation, consider a dataset x and two competing models,
M; and M, characterized by parameters 8; and 8, re-
spectively. In the case of nested models, 8; may be a
subset of 8, or vice versa. The Bayes factor B;;, which
quantifies the strength of evidence in favor of model M;
over model M, is given (under the assumption of equal
prior probabilities for the two models, which is often the
case) by:

p(M;[x) /deﬂ(eilMi)E(xwi,Mi)
B0 = oMo

(1)
/ d0; 7 (8,1M,) £ (x16,, M)

where p(M;|x) represents the Bayesian evidence for
model M;, m(6;|M;) denotes the prior distribution of
the model parameters, and £(x|6;, M;) is the likelihood
of the data given the model’s parameters. A Bayes fac-
tor B;; > 1 indicates that the data provide stronger sup-
port for model M; (in this case, the ACDM model) over
model M; (IDE), even if model M, demonstrates a su-
perior data fit due to the penalty on the latter model’s
increased complexity. The interpretation of different val-
ues of B;; (or equivalently In B3;;) follows various qualita-
tive scales. In this work, we adopt the scale proposed by
Raftery [162], which is summarized as:

e 0 < |InB;;| < 1: Weak evidence.

e 1 <|InB,;;| < 3: Definite/Positive evidence.
e 3 <|InB;;| < 5: Strong evidence.

e |InB;;| > 5: Very strong evidence.

Therefore, a negative value of InB;; suggests a pref-
erence for the IDE model over ACDM, while positive
values of InB;; indicate a preference for ACDM over
the IDE model. To compute the Bayes factors, we em-
ploy the MCEvidence package, which is publicly avail-
able [163, 164].2

In the following sections, we present our main findings.

3 Can be accessed at the following link: https://github.com/
yabebalFantaye/MCEvidence.

IV. RESULTS AND DISCUSSIONS

In Table I, we summarize the results of our analyses,
first considering CMB data alone, followed by joint anal-
yses with PPS and DESI. As is well known for IDE mod-
els, we observe that CMB data alone exhibit a degenerate
parameter space, meaning they lack strong constraining
power when considering dark sector coupling. Since the
predicted value of Hy is high and consistent with local
measurements, we can, without loss of generality, com-
bine CMB with PPS. This contrasts with the ACDM sce-
nario, where these datasets cannot be statistically con-
sistently combined. Furthermore, we incorporate recent
BAO-DESI measurements to improve constraints on the
model’s baseline.

Compared to previous studies based on the constant
coupling & (see for instance [87, 100, 101, 108, 137, 147]),
the main novelty of our model lies in demonstrating that
a late-time transition in the coupling sign, from &; < 0
to & > 0, has a potentially non-negligible impact, lead-
ing to higher Hy values. Although the £-Sg correlation
had already been identified in earlier works, particularly
in [84, 85], our analysis shows that this transition not
only supports high Hy values, consistent with distance
ladder measurements, but also predicts lower Sg values,
which are more closely aligned with weak lensing results
(see Figure 2). Furthermore, this model introduces ad-
ditional improvements, including tighter constraints on
Qn, now centered around ~ 0.3 (see Table I), ensuring
consistency with observational data and enhancing its
ability to effectively probe large-scale structure forma-
tion.

At this stage, considering our joint analysis of CMB +
PPS + DESI data, we find Sg = 0.772 + 0.013 at 68%
CL, with corresponding constraints Hy = 70.29 + 0.58
at 68% CL. In this scenario, the Hy tension is reduced
to 2.30, while the constraints on Sg show no tension
with the formation and evolution of cosmic structures at
late times, as predicted by surveys such as DES [24] and
KiDS-1000 [165]. Since the late-time growth of structure
is modified in these models, a more quantitative compar-
ison requires re-analyzing the weak lensing and galaxy
clustering measurements from these surveys, as the con-
straints in this context are also model-dependent. How-
ever, we do not expect this to significantly alter the cor-
relations in the £-Sg plane. In future work, the full DES
and/or KiDS-1000 likelihood for IDE models should be
developed to confirm our findings. Partially, we can con-
clude that due to statistical correlations for a model with
& < 0, and with a late transition to &; > 0, the scenario
can generate simultaneously high values of Hy and low
values of Sy, compared to the ACDM model case.

From the joint CMB + PPS analysis, we observe that
& < 0 at more than 30, with a chi-square difference of
Ax2;, = —11.36, indicating a significant improvement
over the ACDM model, reinforce by AAIC = —9.36 and
a definite evidence of InB;; = —2.8. A similar trend is
observed in the CMB + PPS + DESI analysis, where



Ax2., = —10.5, AAIC = -85 and, InB;; = —2.84.
This provides strong evidence for & < 0 in the global
fit compared to the ACDM model. In Table I, we also
present the constraints on Zeq dark, reconstructed as a de-
rived parameter from eq. (6). We find Zeqdark ~ 0.25
across all the analyses discussed above.

It is worth mentioning that the joint CMB + DESI
analysis alone suggests evidence for §; < 0 at nearly 20,
with correspondingly high values of Hy and low values
of Sg. In addition, the analysis yields negative values
for the quantities Ax2, = —3.28, AAIC = —1.28, and
InB;; = —0.74, demonstrating a mild preference for the
model over ACDM.

As shown in Table I, the analysis using only CMB
data is effectively neutral, indicating that the ACDM
and IDE models are statistically indistinguishable. This
suggests that the IDE model does not degrade the
fit to the CMB data. However, as discussed in the
previous paragraphs, incorporating additional datasets
in combination with the CMB (e.g., CMB + DESI, CMB
+ PPS, CMB + PPS + DESI, and CMB + DESY5)
can, in some cases—primarily due to the inclusion of
PPS samples—reveal a significant preference for the IDE
model.

Assessing Consistency Across Multiple Supernova
Samples: We now proceed to evaluate the consistency of
the model with respect to various SN Ia samples. Cur-
rently, three different SN Ia samples are publicly available
in the literature, namely PP, Union3, and DESY5. The
right side of Table I shows the constraints for the IDE
model in this work combining the three samples individ-
ually with CMB. Figure 2 in the right panel shows 1D
and 2D contours at 68% and 95% CL in the plane & — Hy,
illustrating the impact of these analyses.

All analyses show a statistical trend favoring values of
& > 0. Notably, the combination of CMB + PP data
yields constraints on &; that are fully consistent with the
null hypothesis, i.e., & = 0. In contrast, the CMB +
Union3 dataset suggests a slight preference for & > 0, al-
though this trend remains within the 1o level. The most
significant result arises from the CMB + DESY5 combi-
nation, which indicates strong evidence for &; > 0, reach-
ing up to 30 confidence. This clearly demonstrates that
different SN Ia samples can have a substantial impact
on the observational constraints of &;. It is interesting to
note that the parametric space for the parameters &;, Hy,
and Sg, derived from the CMB + DESI and CMB + PPS
combinations 4, suggest possible evidence for & < 0. In
contrast, the CMB + SN (PP, Union3, DESY5) datasets
tend to favor & > 0. These joint analyses, which fa-
vor opposite signs for &;, are in tension with each other

4 By imposing a Gaussian prior on Mg = —19.243540.0373 [166],
we confirm that the analyses using CMB + PPS and CMB + PP
+ Mp are statistically equivalent. Consequently, all interpreta-
tions and results derived in this work under the CMB + PPS
framework remain valid when incorporating CMB + PP + Mp.

according to Eq. (9), specifically, the CMB + PP anal-
ysis shows a tension of 2.3¢ with CMB + DESI, CMB
+ Union3 exhibits a 2.60 tension, and CMB + DESY5
reaches up to a 3.80 tension. Due to these tensions, we
chose not to combine the SN datasets (which favor £; > 0)
with DESI for a joint analysis to avoid potential bias in
our analysis.

The tension observed between the uncalibrated PP
data and DESI, which is resolved when using the cali-
brated PPS data, can be attributed to the new correla-
tions introduced by the additional parameters in the IDE
model, particularly £, which strongly affects Hy. The
parameter ¢ is significantly correlated with Hp, and its
sign can either increase or decrease Hy values, as dis-
cussed earlier. The critical aspect lies in the role of the
DESI sample. While the PP and other SN samples nat-
urally predict lower values of Hy, driving & to positive
values, the DESI-BAO measurements—unlike previous
BAO samples from the SDSS era—provide constraints in
the &-Hy plane that allow for relatively higher H val-
ues (see [137] for details). This explains why the DESI
data align well with the calibrated PPS dataset within
the IDE framework. Since the PPS dataset is calibrated
using SHOES measurements, which predict higher Hy val-
ues, the compatibility of the DESI sample with PPS is
unsurprising. In the IDE context, the DESI sample also
predicts slightly higher Hj values. Conversely, datasets
such as PP, DESY5, and Union 3.0, which exhibit ten-
sion with PPS in Hy even within the ACDM model, also
show tension with DESI under the IDE framework due
to their inherent preference for lower H values.

While there is a general trend toward &; > 0, influenced
by the new correlations introduced by the model, this
scenario is associated with lower values of Hy and higher
values of Sg when compared to the standard ACDM pre-
dictions. In other words, although the datasets exhibit a
statistical preference for &; > 0, this scenario does not re-
solve, and may even worsen, the existing tensions in both
Hy and Sg. Despite these tensions, the scenario with
& > 0 is still seen as providing a better fit compared
to the standard ACDM model in certain respects. For
joint analysis CMB + DESY5, we find Ax2, = —4.56,
AAIC = —2.56 and, InB;; = —1.26. It is interesting to
note that, when including the SN Ia samples in a joint
analysis, we find a predicted value of zeqdark ~ 0.32,
which is slightly higher than values derived from other
analyses. This suggests that SN Ia data can have a sig-
nificant impact on models with late-time transitions.

As noted in [167], a magnitude offset of approximately
0.04 mag between low and high redshifts was identi-
fied between the PantheonPlus and DESY5 samples.
This discrepancy contributes to the observed deviations
from ACDM cosmology when analyzing the DESY5 data.
If this offset is not attributable to systematics in the
DESY5 sample, our model indicates that a transition in
the underlying dynamics may occur at late times, within
redshift intervals corresponding to these magnitude dif-
ferences. In such a scenario, models with & > 0 could
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FIG. 3. Left panel: Statistical reconstruction of the rescaled expansion rate of the universe, H(z)/(1 + z), at 1o and 20 for
the ACDM and IDE models, based on the joint analysis of CMB + DESI+ PP and CMB + DESI+ PPS data respectively,
compared to DESI measurements. Right panel: Comparison between the ACDM and IDE theoretical predictions for the
temperature anisotropy power spectrum, with all cosmological parameters fixed to their respective best-fit values based on the
CMB + DESI + PP joint analysis for ACDM and CMB + DESI + PPS for IDE. The error bars associated with the data
points represent +1c uncertainties. In the lower panel, we show the relative deviation between the IDE and ACDM theoretical

predictions.

provide an alternative phenomenological explanation for
the observed discrepancy.

Figure 3 (left panel) presents a statistical reconstruc-
tion up to 20 for the expansion rate H(z) in both the IDE
model and ACDM, using the best-fit values and covari-
ance matrix from the joint CMB + PPS + DESI analy-
sis. Generally, in this case, the expansion rate H(z) pre-
dicted by the IDE model is consistently higher than that
predicted by ACDM. In the right panel, we present the
theoretical effects on the temperature anisotropy power
spectrum, with all cosmological parameters fixed at their
respective best-fit values based on the CMB + DESI
+ PPS joint analysis. We observe differences between
the two models only at large angular scales, where the
best-fit IDE temperature anisotropy power spectrum ex-
hibits a slightly greater amplitude compared to the base-
line ACDM case. This difference arises primarily from
the late integrated Sachs-Wolfe effect, which is attenu-
ated due to the presence of dark coupling. Consequently,
this alters the ratio between the densities of Qcqm(2) and
Q. (z) at late times compared to the ACDM model, lead-
ing to the observed effects shown in the figure, since the
other parameters, such as Ag and ng, are essentially iden-
tical between the IDE and ACDM models (see Table I).

V. CONCLUSIONS

Due to various observational tensions on some cosmo-
logical parameters assuming the ACDM model, cosmo-
logical models based on a non-gravitational interaction
between DM and DE have been extensively explored
in the recent literature as an alternative to the stan-

dard paradigm. Interacting scenarios involving energy-
momentum transfer from DE to DM, and vice versa, have
typically been investigated separately. In this work, we
have proposed a more general framework where, in ad-
dition to the presence of a coupling in the dark sector
throughout cosmic time, there is also an abrupt transi-
tion in the direction of energy-momentum transfer be-
tween the dark species at late times. In other words, the
sign of the coupling parameter is allowed to change at
low redshifts, which we name zeq dark, marking a shift in
the interaction dynamics.

This shift is motivated by the need to resolve persistent
tensions in cosmological observations, particularly the Hy
and Sy tensions, and may offer a more flexible mechanism
for accommodating late-time observational data. How-
ever, such models are known to suffer from various the-
oretical instabilities, which can challenge their viability.
To address these issues, we have developed a consistent
numerical implementation that ensures the stability of
the system while allowing for a change in the sign of the
coupling parameter, as detailed in section II.

Our results show that the change in the sign of the
coupling function in the dark sector can alter the cor-
relations between cosmological parameters established in
previous studies. Specifically, for models where & < 0
transitions to & > 0 at late times, this framework can
predict higher values of Hy and lower values of Sg in a
controlled manner. Scenarios with these key characteris-
tics could be strong candidates for simultaneously resolv-
ing both tensions. Further, the new observational con-
straints are evaluated using the most recent and robust
SN Ia samples available in the literature, which suggest
that different SN ITa datasets can affect the constraints



on the coupling parameter differently. The joint analysis
CMB + PPS provides evidence for & < 0, whereas the
CMB + DESY5 analysis suggests the opposite, favoring
& > 0.

Another intriguing aspect to explore in future studies
is the epoch of the transition. Since deriving a theoreti-
cal motivation from first principles is non-trivial, or even
impossible to postulate at this moment, our robust joint
analysis fixes the transition timing around the cosmic
coincidence period, yielding zeqdark ~ 0.25. However,
we observe that zeq darx exhibits a negative correlation
with Hy and a positive correlation with Sg. Therefore,
selecting different ad hoc transition times could poten-
tially offer a complete and simultaneous solution to both
tensions.

Although the potential of interacting dark energy
models to resolve the Sg tension has been discussed
previously in (see [85] for example), our model expands
this well-established phenomenological framework. This
extension has the potential to address both the Sg and
Hy tensions simultaneously, while maintaining stable
constraints on €2, and og in comparison with mea-
surements of large-scale structures, a success observed
in only a few models proposed in recent literature
[74, 127, 168-170]. A limitation found in our results is
that this pattern appears only when Cepheid distance
calibration in the SHOES samples is taken into account
or when BAO-DESI data are included in the analysis,
indicating the need for a broader range of observational
tests to draw more definitive conclusions. When fitting
other datasets and their combinations, our model does
not show a statistically significant preference for higher
values of Hy, but in the presence of some recent SN Ia

samples, it can lead to &; > 0.

Data Availability: The datasets and products un-
derlying this research will be available upon reasonable
request to the corresponding author after the publication
of this article.
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