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We present an interacting scenario between dark energy (DE) and dark matter (DM), where DE has an
emergent nature, that means, DE was absent in the early Universe but it becomes effective only at late
times. We consider two specific emergent DE models, one with no free parameters and the other featuring
two parameters describing the speed and epoch of the transition. We constrain both scenarios using the
cosmic microwave background (CMB) measurements from the Planck 2018 release, baryon acoustic
oscillations from DESI DR2, and three different compilations of Type Ia supernovae (PantheonPlus, DES-
Dovekie, and Union3). Our analysis indicates that current cosmological probes are not able to tightly
constrain the speed of the transition. For both scenarios, the posterior distribution of the interaction
parameter is shifted away from zero at more than 95% CL whenever the CMB data are combined with any
of these additional probes, with the preferred direction corresponding to a transfer of energy from DE to
DM. While CMB alone yields a high value of H0, in agreement with local determinations, this effect is
reduced when DESI is added and disappears once supernova data are included. In contrast, the clustering
parameter S8 is consistently shifted toward lower values in the combined datasets, and it is correlated with
the preference for a negative interaction. However, according to the Δχ2min and Bayesian evidence, none of
the interacting models is favored over ΛCDM or w0waCDM, indicating that the interaction does not rescue
these emergent DE models. Our results therefore highlight the limitations of these scenarios in addressing
current cosmological tensions, while pointing to the crucial role of future data in further assessing their
viability.
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I. INTRODUCTION

According to the observational evidence available so far,
our Universe is currently expanding with acceleration [1,2].
This accelerating phase is driven either by some hypo-
thetical dark energy (DE) [3,4] or by a geometrical DE
[5–11] component, but the origin of this dark component is

not yet clearly understood. Observational data further sug-
gest that nearly 96% of the total energy budget of our
Universe consists of dark matter (DM) and DE (or geomet-
rical DE), with about 68% attributed to DE (or geometrical
DE). DM is responsible for the observed structure formation
of the Universe. This information is well described by the Λ
cold dark matter (ΛCDM) cosmological model, in which the
cosmological constant Λ, inserted into Einstein’s General
Relativity, acts as the sourceofDE,whileDMis pressureless.
In the ΛCDM framework, DM and DE are conserved
separately; that is, apart from gravitational interaction, these
components do not interact with each other. According to
observational evidence, the ΛCDM model has been quite
successful in explaining a large number of astronomical
surveys. However, based on past and present cosmological
records, ΛCDM faces several theoretical and observational
challenges. It is strongly argued that ΛCDMmay be only an
approximation of a more realistic theory capable of explain-
ing all observational discrepancies [12,13].
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One of the natural generalizations of theΛCDMmodel is
to consider a mutual interaction between DM and DE. The
possibility of such an interaction has been widely inves-
tigated in the literature [14–25] (see the reviews on
interacting DE [26–28]). In particular, it has been found
that interacting cosmologies may weaken the cosmic
coincidence problem [14,29–33], allow the crossing of
the phantom divide line without invoking scalar field theory
[34–36], alleviate the Hubble constant tension—one of the
greatest puzzles of the present time [19,22,37–39]—and
reduce the clustering tension [40–42]. Thus, the interaction
framework can be considered a strong generalization of the
noninteracting ΛCDM model. In interacting cosmologies,
the DE equation of state is usually taken to be either
constant [38,43–45] or time-dependent [16,39,43,46]. In
this work, we investigate an interacting scenario between
DM and DE in which DE has an emergent nature in recent
times; that is, DE had no effective presence in the early
Universe but emerges at late times. As the DE equation of
state is dynamical, therefore the underlying interacting
scenario generalizes those with a constant DE equation of
state. The emergence of DE has recently received signifi-
cant attention in the community [47–54], but the possibility
of an interaction between emergent DE and DM has never
been reported in the literature. We consider two emergent
DE models; one with no free parameters [47,48], and
another, newly introduced in this work, featuring two free
parameters corresponding to the epoch and the speed of the
transition.
The article is organized as follows. In Sec. II, we introduce

the emergent DE and the interaction scenario. In Sec. III, we
describe the observational datasets and the fitting technique
used to constrain the proposed scenario. Section IV presents
the results of the interacting scenario. Finally, Sec. V
provides an overall summary and conclusions.

II. INTERACTING EMERGENT DARK ENERGY

We consider that the geometry of our Universe on large
scales is described by the spatially flat Friedmann-
Lemaître-Robertson-Walker (FLRW) line element,

ds2 ¼ −dt2 þ a2ðtÞðdx2 þ dy2 þ dz2Þ; ð1Þ
where ðt; x; y; zÞ are the comoving coordinates, and aðtÞ is
the expansion scale factor of the Universe, which depends
on the cosmic time t. We further assume that the gravita-
tional sector of the Universe is described by Einstein’s
general relativity (GR), while the matter sector is composed
of baryons, radiation, pressureless DM, and DE. Among
these four components, only DM and DE are allowed to
interact with each other.
The conservation equations of the interacting DM–DE

fluids take the forms

dρDM
dt

¼ −3HρDM −Q; ð2Þ

dρDE
dt

¼ −3Hð1þ wDEÞρDE þQ; ð3Þ

where wDE is the barotropic equation-of-state (EOS)
parameter of the DE fluid, Q describes the interaction rate
between the two sectors, and H is the Hubble parameter
of the FLRW Universe, which is constrained by the
Friedmann equation

H2 ¼ 1

3M2
p

X
i

ρi; ð4Þ

withM2
p ¼ ð8πGÞ−1 being the reduced Planckmass. Here, ρ

denotes the energy density of a fluid, and ρi specifically
represents the energy density of the ith component. We
assume that wDE is time-dependent. Note that for Q > 0,
energy is transferred fromDM to DE, whileQ < 0 indicates
energy transfer in theopposite direction, i.e., fromDE toDM.
Once the interaction functionQ and the DE equation of state
wDE are specified, the expansion history of the Universe can
be determined either analytically or numerically, depending
on the form of Q. Concerning the choice of the interaction
function, one may in principle adopt an arbitrary form, since
no fundamental action formalism is available yet. However,
in the present work we consider the most well-known
interaction function,

Q ¼ 3HξρDE; ð5Þ

where ξ is the dimensionless coupling parameter of the
interaction. According to the rule of energy transfer, ξ > 0
corresponds to the flow of energy from DM to DE, while
ξ < 0 denotes the opposite flow, from DE to DM. It is worth
noting that the above choice is not made purely on phenom-
enological grounds. In fact, this form of interaction can be
recovered from scalar field potentials [55]. Moreover, it has
been explicitly shown in [56] that such interaction functions
can also arise in other cosmological theories.We also refer to
a series of earlier works, where it has been demonstrated
that interaction models can be derived from an action
principle [57–60].
It is interesting to note that any coupled DE–DM system

can be recast as an equivalent uncoupled system of DE and
DM. This can be seen by rewriting the conservation
equations (2) and (3) in terms of the effective EOS of
the dark fluids:

dρDM
dt

¼ −3HρDMð1þ weff
DMÞ; weff

DM ¼ Q
3HρDM

; ð6Þ

dρDE
dt

¼ −3HρDEð1þ weff
DEÞ; weff

DE ¼ wDE −
Q

3HρDE
: ð7Þ

The above equations show that an interacting scenario
between DE and DM is equivalent to a noninteracting
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scenario in which the EOS parameters of the dark fluids
become dynamical [24,61]. On the DM side, weff

DM can take
either positive or negativevalues depending on the sign of the
coupling function. On the DE side, the effective EOS is also
modified. In particular, if wDE > −1, one can obtain an
effectiveDE scenariowithweff

DE < −1, or it may remain in the
quintessence regime (if the interaction is not strong enough to
driveweff

DE into the phantom regime), or the effective scenario
can mimic weff

DE ¼ −1.1 Similar situations can arise for the
cases wDE < −1 or wDE ¼ −1. These behaviors depend on
both the strength and the sign of the interaction.
At this point, we would like to remark that the equiv-

alence established through Eqs. (6) and (7) implies an
additional insight. Without introducing a dynamical EOS
for DE, i.e., by considering a constant DE EOS, one can
obtain an identical effective EOS for DE through the
introduction of a dynamical coupling, ξðaÞ. Interacting
models with a dynamical coupling have been investigated
recently, where the DE EOS has been taken either as −1
[62,63] or as a constant different from −1 [64]. In
particular, in Ref. [63], assuming wDE ¼ −1 as the simplest

case, the interacting model Q ¼ 3HξðaÞρDE has been
confronted with recent observational data for two different
choices of the coupling function: one in which ξðaÞ takes
a linear form in the scale factor, ξðaÞ ¼ ξ0 þ ξað1 − aÞ
(with ξ0 and ξa constants), and another with a single
free parameter given by ξðaÞ ¼ ξ0ð1þ 1−a

a2þð1−aÞ2Þ [63].

Additionally, we note that, with a dynamical coupling
ξðaÞ, the effective EOS of DM also depends on the
interaction function Q, and therefore its evolution is
determined by the specific choice of the coupling function.
To understand the full picture of the interacting model,

one needs to investigate its behavior in the large scale of the
Universe. Thus, we now move to the investigation of the
interacting scenario at the level of perturbations. We
consider the perturbed line element in the synchronous
gauge: ds2 ¼ a2ðτÞ½−dτ2 þ ðδij þ hijÞdxidxj�, where τ is
the conformal time, δij (hij) corresponds to the unperturbed
(perturbed) metric tensor. For this metric, one can write the
evolution equations for the density perturbations and the
velocity divergences in the Fourier space as follows:

δ0DE ¼ −ð1þ wDEÞ
�
θDE þ

h0

2

�
− 3Hðc2s;DE − wDEÞ

�
δDE þ 3Hð1þ wDEÞ

θDE
k2

�
ð8Þ

− 3Hw0
DE

θDE
k2

þ 9H2ξðc2s;DE − wDEÞ
θDE
k2

; ð9Þ

θ0DE ¼ −Hð1 − 3c2s;DEÞθDE þ
c2s;DE

ð1þ wDEÞ
k2δDE þ 3Hξ

�
θDM − ð1þ c2s;DEÞθDE

1þ wDE

�
; ð10Þ

δ0DM ¼ −
�
θDM þ h0

2

�
þ 3Hξ

ρDE
ρc

ðδDM − δDEÞ; ð11Þ

θ0DM ¼ −HθDM; ð12Þ

where a prime denotes the derivative with respect to τ, h
(only here) is the trace of the metric perturbations, k is the
wave number in the Fourier space and c2s;DE is the square of
the sound speed of DE in its rest frame which we set to be
unity, as usually considered in the context of minimally
coupled scalar field models.

A. Models

Focusing now on the DE EOS, we consider it to be
time-varying, but we do not adopt any of the usual
parametrizations. A particular model of DE was recently

proposed in Ref. [47] (see also Ref. [48], where its pertur-
bative behavior was investigated), referred to as the phe-
nomenologically emergent DE. In this model, DE has no
effective presence in the early Universe but emerges only at
recent times. This is a phenomenologically appealing pro-
posal, since cosmic acceleration, as indicated by Type Ia
supernovae and other probes, began only recently, with DE
becoming dominant in the energy budget of the Universe.
Along this line, a DEmodel that is only recently active in the
cosmic setup is particularly appealing. The EOS of such an
emergent DE has the following form [47,48]:

wDEðaÞ ¼ −1 −
1

3 ln 10
½1 − tanhðlog10 aÞ�: ð13Þ

Note that the EOS in (13) does not contain any free
parameter. Within this parametrized EOS, in the very

1One can easily verify that an effective description with
weff
DE ¼ −1 can be obtained with a suitable choice of the inter-

action, Q ¼ 3Hð1þ wDEÞρDE. This indicates that the coupling
parameter of the interaction should depend on the EOS of DE.
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early-epoch, i.e., a → 0, wDEðaÞ ∼ −1.29; in the present
epoch, wDE remains in the phantom regime [wDEðaÞ ¼
−1 − 1=ð3 ln 10Þ] and in the far future, DE EOS asymptoti-
cally reaches the cosmological constant, i.e., wDEðaÞ ∼ −1.
This is not surprising since the above parametrization is
purely motivated from the phenomenological ground, and
thus, the values of wDE adopted in different phases of the
Universe are solely dependent on the functional form of
wDEðaÞ. While a different phenomenological parametriza-
tion of emergent DEmay yield a different early-time value of
wDEðaÞ, and therefore, without fixing the early-time value of
the DE EOS, one can introduce a new emergent DEmodel in
which the EOS of DE at the early epoch could be a free
parameter. The resulting interacting scenario driven by (13) is
labeled as IPEDE. In the left panel of Fig. 1, we show the
evolution of the DE density normalized to the present critical
density (ρcrit;0) for different values of the coupling parameter
ξ, including the case ξ ¼ 0, which corresponds to the
noninteracting scenario [47,48]. This plot is particularly
interesting, as it clearly demonstrates the late-time emer-
gence of DE. In the right panel of Fig. 1, we display the
evolution of the density parameters of the dark components,
namely ΩDE ¼ ρDE=ρcrit and ΩCDM ¼ ρDM=ρcrit, for differ-
ent values of ξ ranging from negative to positive.

The evolution of the effective EOS parameters is shown
in Fig. 2. From the left panel of Fig. 2, we observe that as ξ
decreases, the effective EOS of DE, weff

DE, approaches the
boundary −1. Thus, for decreasing ξ, it is possible to realize
a crossing from the phantom regime to the quintessential
one, as recently suggested by DESI [65]. The evolution of
weff
DM, shown in the right panel of Fig. 2, is simpler; for

ξ < 0, one finds negative values of weff
DM.

In Fig. 3, we show the CMB TTand matter power spectra
for different values of the coupling parameter ξ. It is evident
that deviations from ξ ¼ 0 lead to noticeable changes in the
CMB spectrum. For instance, when ξ increases in the
positive direction (corresponding to energy transfer from
DM to DE), the height of the first acoustic peak in the CMB
TT spectrum increases compared to the case ξ ¼ 0.
Conversely, for negative values of ξ, the height of the first
peak decreases. Furthermore, modifications in the CMB TT
spectrum are also observed at low multipoles in the
presence of a nonvanishing coupling between DE and
DM. The effects of the coupling parameter are also visible
in the matter power spectrum. We find that for ξ < 0, a
suppression in the matter power spectrum is observed.
This can be understood as follows. ξ < 0 corresponds to a
transfer of energy from DE to DM, so that the DM energy

FIG. 1. Evolution of ρDE=ρcrit;0 (left panel) and evolution of the DE and CDM density parameters, ΩDE and ΩCDM (right panel) for the
IPEDE model.

FIG. 2. Evolution of the effective EOS parameters for different values of the coupling parameter ξ for the IPEDEmodel. The left panel
shows weff

DE, while the right panel shows weff
DM.

SIBO ZHANG et al. PHYS. REV. D 114, 083503 (2026)

083503-4



density decreases more slowly than a−3, which is the
standard behavior in the absence of interaction. As a result,
matter-radiation equality is delayed, leading to a suppres-
sion in the matter power spectrum.
We also consider a generalized EOS that includes both

the epoch of transition (i.e., the epoch at which the
emergent nature of DE turns on) and the speed of the
transition. A possible generalization of Eq. (13) is given by

wDEðaÞ ¼ −1 −
1

3 ln 10
½1 − tanhðα log10ða=atÞÞ�; ð14Þ

where at is the scale factor corresponding to the epoch of
transition and α > 0 determines the speed of the transition.
Although the generalized model extends the emergent
DE model (13) through the introduction of two free
parameters, however, within this generalized framework,
we still notice that, wDEðaÞ ∼ −1.29 as a → 0, wDEðaÞ ¼
−1 − 1=ð3 ln 10Þ at the present epoch and wDEðaÞ asymp-
totically approaches −1 in the far future. This nature
remains similar to the earlier emergent DE model (13)
because the modification does not affect qualitative nature

of the DE EOS. A more general emergent DE model can
treat the early-time value of the DE EOS as a free parameter
and this may result in a three-parameter emergent DE
model. In the present work, however, we restrict our
analysis to the above two-parameter extension of the
original emergent DE model and investigate the DE-DM
interaction. We label the resulting interacting scenario
driven by (14) as IPEDE-gen. We would like to note here
that even if at ≪ 1 corresponding to a very early transition,
this model does not necessarily recover ΛCDM as a
limiting case, despite the fact that wDEðaÞ → −1 in an
asymptotic way. The reason is that the present framework
incorporates an interaction between the dark fluids which
therefore modifies the expansion history at the background
and perturbative levels; and unless one sets ξ ¼ 0, ΛCDM
is never recovered. As in the previous model, in the left
panel of Fig. 4 we show the evolution of the DE density
normalized to the present critical density for different
values of the coupling parameter, fixing α ¼ 2 and
at ¼ 0.5. This plot clearly exhibits the emergent nature
of DE. The evolution of the density parameters of the dark
components (right panel of Fig. 4), obtained for different
values of ξ (with α ¼ 2 and at ¼ 0.5), is almost identical to

FIG. 3. Effects of different values of the coupling parameter in the IPEDE scenario on the CMB TT power spectrum (left) and the
matter power spectrum (right). The remaining cosmological parameters (Ωbh2, Ωch2, and H0) are fixed to the mean values obtained
from the CMBþ DESIþ PantheonPlus combination (see Table II).

FIG. 4. Evolution of ρDE=ρcrit;0 (left panel) and of the DE and CDM density parameters, ΩDE and ΩCDM (right panel), for the IPEDE-
gen model, fixing α ¼ 2 and at ¼ 0.5.
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the right panel of Fig. 1. We now consider the evolution of
the effective EOS parameters. In Fig. 5 we show the
evolution of weff

DE and weff
DM for different values of the

coupling parameter ξ, again fixing α ¼ 2 and at ¼ 0.5. We
observe that as ξ decreases, weff

DE approaches the boundary
−1, similarly to the previous case, although here it lies even
closer to this boundary. Therefore, it is evident that for
decreasing ξ, a transition from the phantom regime to the
quintessence regime can occur. The evolution of weff

DM,
shown in the right panel of Fig. 5, is also similar to the
previous case, i.e., for ξ < 0, negative values of weff

DM are
obtained.
In a similar fashion, in Fig. 6 we show the CMB TT and

matter power spectra for; (i) variations in α (left panels of
Fig. 6), (ii) variations in at (middle panels of Fig. 6), and
(iii) variations in ξ (right panels of Fig. 6). We find that

variations in α do not affect the CMB spectra in any region,
indicating that α is expected to remain largely uncon-
strained by CMB data. When varying at, mild changes are
observed in the low-multipole region of the CMB spectra.
The most significant effects on both the CMB and matter
power spectra are found when varying ξ. A similar behavior
was observed in Fig. 3.

III. OBSERVATIONAL DATA
AND METHODOLOGY

In order to constrain the parameters of the interacting
emergent dark energy scenario, we consider combinations
of the following cosmological datasets:
(1) Cosmic microwave background radiation: We use

cosmic microwave background (CMB) data from

FIG. 5. Evolution of the effective EOS parameters for different values of the coupling parameter ξ in the IPEDE-gen model, fixing
α ¼ 2 and at ¼ 0.5. The left panel shows weff

DE, while the right panel shows weff
DM.

FIG. 6. CMB TT power spectrum (upper panel) and matter power spectrum (lower panel) for the IPEDE-gen scenario. When one
parameter is varied, the other two are kept fixed: (i) when varying α (upper-left and lower-left panels), we fix at ¼ 0.5 and ξ ¼ −0.05;
(ii) when varying at (upper-middle and lower-middle panels), we fix α ¼ 2 and ξ ¼ −0.05; and (iii) when varying ξ (upper-right and
lower-right panels), we fix at ¼ 0.5 and α ¼ 2. The remaining cosmological parameters (Ωbh2;Ωch2; H0) are fixed to the mean values
obtained from the CMBþ DESIþ PantheonPlus combination (see Table III).
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Planck 2018 [66,67]. Specifically, we consider the
CMB temperature and polarization angular power
spectra plikTTTEEE+lowl+lowE.

(2) Baryon acoustic oscillations: We employ baryon
acoustic oscillation (BAO) distance measurements
from several astronomical surveys, with particular
emphasis on the recent DESI BAO DR2 data [65].
These include measurements from the clustering of
galaxies, quasars, and the Lyman-α forest over a
wide redshift range. The BAO signal provides
constraints on a set of key geometrical quantities,
such as the spherically averaged distance scale
DVðzÞ=rd, the comoving angular diameter distance
DMðzÞ=rd, the angular diameter distance DAðzÞ=rd,
and the Hubble parameter HðzÞrd, where rd is the
comoving sound horizon at the baryon drag epoch.

(3) PantheonPlus: Type Ia supernovae (SNe Ia) serve as
precise cosmological distance indicators, providing
strong constraints on the expansion history of the
Universe and the dark energy equation of state. We
employ the Pantheonþ supernova dataset [68], a
comprehensive compilation of 1701 light curves
from 1550 spectroscopically confirmed SNe Ia,
systematically collected from eighteen independent
astronomical surveys.

(4) Union3: We also adopt the Union3 dataset [69],
which contains 2087 cosmologically useful SNe Ia
from 24 independent surveys.

(5) DES-Dovekie: Finally, we utilize a new re-analysis
of the 5-year supernova survey data from the Dark
Energy Survey (DES-Dovekie) [70].2

We now describe the methodology related to the statistical
analyses. We modified CAMB [72,73], a freely available
advanced cosmological package, and performed Markov
chain Monte Carlo (MCMC) analyses using Cobaya [74,75],
a publicly available sampler. The MCMC chains were run
until convergence according to the Gelman-Rubin criterion
[76], requiring R − 1 < 0.01. The model contains seven
free parameters; one coupling parameter, ξ, and six
standard ΛCDM parameters, namely, Ωbh2 (physical
baryon density), Ωch2 (physical CDM density), τ (optical
depth to reionization), θMC (angular scale of the sound
horizon at recombination), As (amplitude of the primordial

scalar perturbations), and ns (scalar spectral index). In
Table I, we show the flat priors assumed for the seven free
parameters of this interacting model.
For model selection, we also evaluate the Bayesian

evidence. For a model Mi with parameter vector Θ, the
evidence is Bi ¼

R
LðDjΘ;MiÞπðΘjMiÞdΘ, where L is

the likelihood of the data D and π the prior. Model
comparison proceeds via the Bayes factor Bij ¼ Bi=Bj

(Bi is the interacting scenario and Bj is the reference
model), commonly reported as the relative log-evidence
lnBij ¼ lnBi − lnBj, with positive values favoring model i
over j. We interpret lnBij using the revised Jeffreys’ scale
[77]: [0, 1] inconclusive, [1, 2.5] weak, [2.5, 5] moderate,
[5, 10] strong, and>10 very strong evidence. In this article,
we consider two reference models; ΛCDM and the
Chevallier-Polarski-Linder (CPL) model [78,79]. In prac-
tice, we compute lnB ¼ lnBModel − lnBΛCDMor CPL with
MCEvidence [80,81]. Alongside this, we use Δχ2min ¼
χ2minðModelÞ − χ2minðΛCDMor CPLÞ. These statistics will
be used in Sec. IV to assess the performance of the IPEDE
and IPEDE-genmodels relative to ΛCDM and CPL. Under
the above definitions, Δχ2min < 0 indicates that the model is
preferred over the reference model as per the chi-squared
statistic, and lnBij > 0 indicates that the model is favored
as per Bayesian evidence analysis.

IV. RESULTS AND ANALYSES

In this section we summarize the observational con-
straints on the IPEDE and IPEDE-gen scenarios from the
datasets described in Sec. III. To assess statistical viability,
we use the indicators introduced in Sec. III, namely Δχ2min
and the logarithmic Bayes factor Δ lnBij (with Δχ2min > 0

and Δ lnBij < 0 indicating preference for the reference
ΛCDMmodel). In the following, we present the key results
of this interacting scenario.

A. IPEDE

In Table II and in Figs. 7 and 8 we summarize the main
results of the interacting scenario. We start with the con-
straints from CMB alone (second column of Table II). In this

TABLE I. Priors adopted for the cosmological parameters
varied independently in the statistical analysis.

Parameter Prior

Ωbh2 [0.005, 0.1]
Ωch2 [0.001, 0.99]
τ [0.01, 0.8]
ns [0.8, 1.2]
log½1010As� [1.61, 3.91]
100θMC [0.5, 10]
ξ ½−1; 1�
α [0, 10]
at [0, 1]

2At this point, we would like to remark that the PantheonPlus
compilation used here predates the Dovekie photometric recali-
bration. As reported in Refs. [70,71], the Dovekie photometric
recalibration may affect the PantheonPlus sample and therefore
with the new PantheonPlus sample the constraints may alter.
However, a fully recalibrated PantheonPlus likelihood is not yet
publicly available. In the current article we use the publicly
available PantheonPlus dataset [68], and in addition to that we
have also used the recent DES-Dovekie [70] and Union3 [69]
compilations. In the following section, we compare the cosmo-
logical constraints obtained from the three SN Ia compilations
aiming to examine how different SN Ia dataset affects the
constraints.
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case, the data do not indicate any significant preference for a
couplingbetween the dark sectors.Nevertheless, as is already
well known for the noninteracting PEDE framework, CMB
data alone lead to a higher value of the Hubble constant,
yielding H0 ¼ 72.6þ4.0

−2.8 km=s=Mpc at 68% CL. This alle-
viates the long-standingHubble tension between Planck [66]
and SH0ES [82] (see also the review [83]). The parameter S8
also takes a higher value in this framework. Overall, with
CMB data alone the IPEDE scenario provides a reasonable
solution to the H0 tension, but not to the S8 tension.
When DESI is combined with CMB, notable changes are

found in the constraints of the interacting scenario. In
particular, we now obtain evidence for a coupling between
the dark fluids at more than 95% CL; ξ ¼ −0.106þ0.079

−0.074
(CMBþ DESI). The Hubble constant remains rela-
tively high, with H0 ¼ 69.52þ0.95

−0.95 km=s=Mpc at 68% CL
(CMBþ DESI), compared to the Planck baseline assuming
ΛCDM[66]. However, relative to theCMB-alone case in this
interacting framework, the value of H0 is slightly reduced.
This reduction can be understood from the direction of the
energy flow: here, ξ < 0 atmore than 95%CL,which implies
a transfer of energy from DE to CDM. As a consequence,
Ωm increases compared to the CMB-alone case
(Ωm ¼ 0.272þ0.018

−0.033 at 68% CL, CMB alone), and the value
of H0 is mildly lowered due to the well-known geometrical
degeneracy between Ωm and H0, as illustrated in Fig. 7.
Importantly, even with this reduction, the Hubble constant
obtained with CMBþ DESI still corresponds to a value that
alleviates the H0 tension to below the 3σ level when
compared to local determinations from SH0ES [82], while
remaining consistent with the fact that PEDE-type models
are known to pushH0 in the right direction. Alongside these
changes, the most notable shift occurs for the clustering
parameter S8. With CMBþ DESI we find S8 ¼ 0.685þ0.044

−0.035
at 68%CL,which is significantly lower than the value for the
CMB-alone case (S8 ¼ 0.86þ0.11

−0.15 at 68% CL, CMB alone),
and also lower than the value inferred in the Planck ΛCDM
baseline [66]. Since ξ is strongly correlatedwithS8, as shown
in the right panel of Fig. 8, this improvement can be traced
back to the preference for ξ < 0. This trend is especially
relevant given the long-standing S8 tension between weak-
lensing surveys and Planck assumingΛCDM [84].While the
degree of alleviation remains model-dependent and a full
assessment requires a direct comparison with weak-lensing
measurements in the context of the IPEDE framework, the
results clearly indicate that the inclusion of DESI not only
reduces the Hubble constant tension but also points towards
an improved agreement on S8.
Next we combine three different compilations of SNe Ia,

namely PantheonPlus, Union3, and DES-Dovekie, with
CMBþ DESI. In all three cases, we find very strong
evidence for an interaction at a high significance level,
with ξ < 0, clearly visible in the left panel of Fig. 8. This
indicates that, independently of the specific supernova
compilation used, the energy transfer occurs from DE toTA
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DM. The 95% CL constraints on the interaction parameter
are ξ ¼ −0.164þ0.048

−0.045 (CMBþ DESIþ PantheonPlus),
ξ ¼ −0.163þ0.055

−0.053 (CMBþ DESIþ Union3), and ξ ¼
−0.172þ0.042

−0.041 (CMBþ DESIþ DES-Dovekie). The mean
values obtained with PantheonPlus and Union3 are very
close to each other, while DES-Dovekie prefers slightly
more negative values of ξ. This is because DES-Dovekie
tends to favor a higher matter density, which in turn drives a
stronger energy transfer from DE to DM (the negative
correlation between ξ and Ωm can be seen in Fig. 7). The
most conservative errors are obtained with Union3, while
PantheonPlus and DESY5 show comparable uncertainties.
The trend is also reflected in the Hubble constant; we find
its 68% CL constraints as H0 ¼ 68.09þ0.59

−0.59 km=s=Mpc
(CMBþDESIþPantheonPlus),H0¼68.11þ0.69

−0.69 km=s=Mpc

(CMB+DESI+Union3), and H0 ¼ 67.88þ0.52
−0.53 km=s=Mpc

(CMBþ DESIþ DES-Dovekie). As Ωm increases in these
combinations, H0 correspondingly decreases because of the
geometrical degeneracy between the two parameters. As a
result, the H0 tension is effectively restored. It is important to
stress that both PEDE and the interaction can in principle
alleviate theH0 tension. In fact, in the CMB-only case, PEDE
alone is sufficient to push H0 to values in excellent agree-
ment with local measurements. With the addition of DESI,
this effect is weakened but still present. However, when
supernova datasets are considered, the situation changes
completely; the preference for ξ < 0 leads to an increase in
Ωm, lowering H0 and bringing the model back in tension
with SH0ES.
In Fig. 9, we show the evolution of the effective EOS

parameters with their 68% CL credible regions for different

FIG. 7. One-dimensional posterior distributions and two-dimensional joint contours for the most relevant parameters of the IPEDE
scenario from different combinations of cosmological datasets.
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datasets. We see that for the combined datasets, namely
CMBþ DESIþ PantheonPlus, CMBþ DESIþ Union3,
and CMBþ DESIþ DES-Dovekie, a clear transition of
weff
DE from the phantom to the quintessence regime is

observed, i.e., a crossing of the phantom divide [85].
This behavior is consistent with the recent DESI results
[65], which also report evidence for a dynamical dark
energy component, although within the context of specific
parametrizations of wðzÞ, such as the CPL form or its
extensions. A growing body of analyses now supports this
picture of DDE using DESI and complementary probes
[86–95]. Our results therefore provide an independent
indication, within the interacting emergent DE framework,
of a similar underlying trend. The fact that our combined
datasets robustly prefer a transition of weff

DE across the −1

boundary underscores the flexibility of interacting cos-
mologies in capturing features typically difficult to accom-
modate in standard ΛCDM extensions. On the other
hand, except for CMB alone, all other dataset combina-
tions consistently suggest negative values of weff

DM, which
is again a direct consequence of the strong evidence
for ξ < 0.
Finally, from the statistical quantities Δχ2min and lnBij

computed for all the datasets, we find that the reference
models (ΛCDM and CPL) remain preferred over this
emergent interacting scenario. This outcome is not unex-
pected, since PEDE is not a nested extension of ΛCDM or
CPL, but rather forces the fit into a specific region of
parameter space that is not the one preferred by the data in
the standard model framework.

FIG. 9. Evolution of the effective EOS parameters, including their 68% CL credible regions, as a function of the scale factor for IPEDE
scenario. The left panel shows weff

DE, while the right panel shows weff
DM. In both plots, the curve obtained from CMBþ DESIþ

PantheonPlus (green) is indistinguishable from that of CMBþ DESIþ Union3 (red), since the constraints from these combined
datasets are nearly identical.

FIG. 8. Left: constraints in the ðH0; ξÞ plane for various dataset combinations. Right: constraints in the ðξ; S8Þ plane for all datasets.
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B. IPEDE-gen

In Table III and Fig. 10,3 we summarize the constraints
on this general interacting scenario.
Starting with the CMB-only constraints (see the second

column of Table III), we find that α remains unconstrained,
while at is constrained only at 68% CL (at ¼ 0.535þ0.403

−0.200 )
but remains unconstrained at 95% CL. From the constraint
on at, one can mildly infer that DE turns on relatively early
in this emergent interacting scenario. The coupling param-
eter ξ does not show any significant evidence for a nonzero
value (ξ ¼ 0.026þ0.063

−0.099 at 68% CL). However, the model
leads to a high value of the Hubble constant, H0 ¼
70.6þ3.7

−4.8 km=s=Mpc at 68% CL, and consequently a lower
value of Ωm ¼ 0.272þ0.094

−0.072 at 68% CL. This is mainly due
to the existing anticorrelation betweenΩm and the coupling

parameter (see Fig. 10). On the other hand, the S8
parameter takes a high value, S8 ∼ 0.856, for this dataset.
With the inclusion of DESI in combination with CMB,

we find that α acquires a lower bound, whereas it was
unconstrained in the CMB-only case. This indicates that
DESI adds constraining power when combined with CMB.
On the other hand, at is constrained at 68% CL, while at
95% CL it attains only an upper bound. We observe a mild
reduction in at (at ¼ 0.456þ0.15

−0.088 at 68% CL) compared to
the CMB-only case (at ¼ 0.54þ0.40

−0.20 at 68% CL), sug-
gesting, similarly to CMB alone, that the emergence of
DE occurs relatively early in this scenario. We also find a
very mild indication for a nonzero coupling at slightly
more than 68% CL (ξ ¼ −0.039þ0.038

−0.041 at 68% CL). Since
ξ < 0, the energy flow proceeds from DE to DM, leading
to a higher value of the matter density parameter
(Ωm ¼ 0.327þ0.031

−0.026 at 68% CL) and consequently a lower
value of H0 (H0 ¼ 68.51þ0.75

−0.85 km=s=Mpc at 68% CL).
Interestingly, in this case we also observe a lower value of
S8, yielding S8 ¼ 0.789þ0.019

−0.025 at 68% CL.
For the remaining three combined datasets, namely

CMBþ DESIþ SNe Ia (PantheonPlus, Union3, and

FIG. 10. One-dimensional posterior distributions and two-dimensional joint contours for the most relevant parameters of the IPEDE-
gen scenario from different combinations of cosmological datasets.

3We note that in Fig. 10 we do not show the CMB-only
contours, since α remains unconstrained in this case. Moreover,
as we shall illustrate later, as α attains its upper limit for the
remaining datasets, therefore, we do not present a plot analogous
to Fig. 9.
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DES-Dovekie), we find that α reaches only an upper bound.
From the constraints, we also note that the epoch of
transition, at, lies within ∼0.45–0.47, indicating that DE
turns on relatively early in this emergent interacting
scenario. The posterior distribution of the interaction param-
eter is shifted away from zero at more than 95% CL. The
corresponding 95% CL constraints on the coupling param-
eter are ξ ¼ −0.057þ0.050

−0.035 (CMBþ DESIþ PantheonPlus),
ξ ¼ −0.063þ0.054

−0.039 (CMBþ DESIþ Union3), and ξ ¼
−0.060þ0.050

−0.042 (CMBþ DESIþ DES-Dovekie). This indi-
cates that the posterior distribution of ξ remains shifted away
fromzero evenwhenα is notwell constrained. Since ξ < 0 in
all cases, this indicates an energy transfer from DE to
CDM, and as a consequence of this,matter density parameter
takes higher values. The corresponding estimates of H0 in
these combined datasets are very close to the PlanckΛCDM
values [66], however, the values of S8 are slightly lower
(S8 ∼ 0.778–0.781) compared to the Planck ΛCDM
result [66].
We now consider the model comparison statistics.

Taking ΛCDM as the reference model, we find that the
χ2min analysis favors IPEDE-gen for all datasets except for
CMB alone (Δχ2min ¼ 1) and the combined dataset CMBþ
DESIþ DES-Dovekie (Δχ2min ¼ 4.3). However, the situa-
tion changes when CPL is used as the reference model. In
this case, the χ2min analysis disfavors IPEDE-gen for all
datasets, except for CMB alone (Δχ2min ¼ −0.3),4 which is
nevertheless inconclusive. When the Bayesian evidence is
taken into account, we find that the reference models
(ΛCDM and CPL) are generally favored over this scenario.
In particular, lnBij < 0 for all datasets when CPL is used as
the reference model, indicating that CPL remains preferred.
On the other hand, when ΛCDM is taken as the reference
model, we find lnBij ¼ 0.2 > 0 only for the CMB+DESI
+Union3 combination, which corresponds to inconclusive
evidence.

V. SUMMARY AND CONCLUSIONS

In this article we have investigated a novel interacting
scenario between DE and CDM. The novelty of this
framework lies in the nature of DE, which emerges only
at late times and has no effective presence in the early
Universe. Consequently, the interaction between DE and
CDM is also absent in the past and becomes relevant only
in recent epochs. This emergent behavior of DE, together
with its coupling to CDM, distinguishes the present
scenario from existing works in this direction. We consider
two choices for the DE equation of state, wDE; one is the
well-known emergent DE model with no free parameters
[Eq. (13)] [47,48], and the other is a newly proposed

emergent DE model with two free parameters [see
Eq. (14)], one determining the scale factor at which DE
turns on (at) and the other corresponding to the speed of
the transition (α). For concreteness, we have adopted a
well-known interaction form proportional to the DE den-
sity, Q ¼ 3HξρDE, with a constant coupling parameter ξ.
The resulting scenarios are labeled as IPEDE [interacting
emergent DE with wDE given in Eq. (13)] and IPEDE-gen
[interacting emergent DE with wDE given in Eq. (14)].
We have constrained both IPEDE and IPEDE-gen

scenarios using the latest cosmological probes; CMB,
DESI BAO, and three different SNIa compilations
(PantheonPlus, Union3, and DES-Dovekie). The observa-
tional results are summarized in Tables II and III and
illustrated in Figs. 7–10. For both interacting scenarios,
posterior distribution of the coupling parameter ξ is shifted
away from zero only when the CMB data are combined
with additional datasets. In particular, for all the combined
datasets, the posterior distribution of ξ is consistently
shifted toward negative values (ξ < 0) corresponding to
an energy transfer from DE to CDM. However, for the
IPEDE-gen scenario, constraining the speed of the tran-
sition remains challenging with the current datasets,
although at is tightly constrained when all three datasets
are combined, indicating that DE starts becoming signifi-
cant at relatively early times, at ∼ 0.45–0.47.
Regarding the cosmological parameters, CMB alone

yields high values of H0 ¼ 72.6þ4.0
−2.8 km=s=Mpc at

68% CL for IPEDE (H0 ¼ 70.60þ3.67
−4.80 km=s=Mpc at

68% CL for IPEDE-gen) and S8 ¼ 0.86þ0.11
−0.15 at 68% CL

for IPEDE and (S8 ¼ 0.856þ0.023
−0.075 at 68% CL for IPEDE-

gen). This relieves theH0 tension (this is effective in PEDE
compared to IPEDE-gen) but leaves S8 inconsistent with
both the ΛCDM prediction from Planck [66] and recent
measurements from KiDS [96,97] and DES-Y3 [98].
However, the CMB-only constraints are not robust, being
affected by known statistical degeneracies. When CMB is
combined with other datasets, the inferred values of H0

decrease while their uncertainties are significantly reduced.
The highest value is obtained with CMBþ DESI
(H0 ¼ 69.52� 0.95 km=s=Mpc at 68% CL for IPEDE
and H0 ¼ 68.51þ0.75

−0.85 km=s=Mpc at 68% CL for IPEDE-
gen), while the lowest comes from CMBþ DESIþ
DES-Dovekie for IPEDE (H0 ¼ 67.88þ0.52

−0.53 km=s=Mpc
at 68% CL) and from CMBþ DESIþ Union3 for
IPEDE-gen (H0 ¼ 67.76þ0.56

−0.62 km=s=Mpc at 68% CL).
In contrast, the values of S8 inferred from the combined

datasets are significantly lower than those from Planck and
recent weak-lensing surveys, with representative 68% CL
results of S8 ∼ 0.63–0.69 for IPEDE and S8 ∼ 0.778—
0.789 for IPEDE-gen. This is particularly intriguing given
that recent studies have suggested a consistency between
Planck and lensing surveys [96–98]. Our findings therefore
highlight a potential reemergence of the S8 problem in the
context of interacting emergent DE.

4We note that for CMB alone, at remains unconstrained;
therefore, even this very mild preference should not be considered
statistically significant.
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Beyond the parameter constraints, our results high-
light a distinctive behavior of the emergent DE scenar-
ios; with CMB alone, IPEDE successfully relieves the
H0 tension, with values fully consistent with local
determinations (for IPEDE-gen, although the H0 tension
is alleviated at slightly more than 68% CL, this is
mainly driven by the large error bars). This improve-
ment persists, though at a reduced level, when DESI is
included, but is completely lost once supernovae data-
sets are added. In this regard, PEDE is able to solve the
Hubble constant tension when dealing with CMB data
alone, still resisting with CMBþ DESI, but losing in the
full combination. At the same time, the overall statistical
comparison continues to favor ΛCDM and CPL since
IPEDE and IPEDE-gen are not nested extensions of the
standard model and hence they are penalized in the
Bayesian evidence. While the posterior distributions of
the coupling parameter are shifted away from zero,
neither IPEDE nor IPEDE-gen is preferred over the
reference models according to the Bayesian evidence,
indicating that the improvement obtained by allowing an
interaction is insufficient to compensate for the addi-
tional parameter freedom. Although the present inter-
acting framework is relatively complex due to the
combination of an interaction model and emergent
DE models, this phenomenological set-up remains
appealing as it explores a specific cosmic phase in
which an emergent DE component interacts with CDM
and affects the late-time evolution of the Universe.
Future cosmological surveys will provide more stringent
tests of these interacting emergent DE scenarios and
clarify whether they can play a significant role in the
late-time evolution of the Universe.
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