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A pressureless dark matter component őts well with several cosmological observations. However,
there are indications that cold dark matter may encounter challenges in explaining observations at
small scales, particularly at galactic scales. Observational data suggest that dark matter models
incorporating a pressure component could provide solutions to these small-scale problems. In this
work, we investigate the possibility that present-day dark matter may result from a decaying non-
cold dark matter sector transitioning into the dark energy sector. As the sensitivity of astronomical
surveys rapidly increases, we explore an interacting scenario between dark energy and non-cold
dark matter, where dark energy has a constant equation of state (wde), and dark matter, being
non-cold, also has a constant (non-zero) equation of state (wdm). Considering the phantom and
quintessence nature of dark energy, characterized by its equation of state, we separately analyze
interacting phantom and interacting quintessence scenarios. We constrain these scenarios using
Cosmic Microwave Background (CMB) measurements and their combination with external probes,
such as DESI-BAO and PantheonPlus. From our analyses, we őnd that a very mild preference for
non-cold dark matter cannot be excluded based on the employed datasets. Additionally, for some
datasets, there is a pronounced preference for the presence of an interaction at more than 95%
conődence level (CL). Moreover, when the dark energy equation of state lies in the phantom regime,
the S8 tension can be alleviated. This study suggests that cosmological models incorporating a non-
cold dark matter component should be considered as viable scenarios with novel phenomenological
implications, as reŕected in the present work.

PACS numbers: 98.80.-k, 95.36.+x, 95.35.+d, 98.80.Es

I. INTRODUCTION

The Λ-Cold Dark Matter (ΛCDM) model has achieved
great success over the years due to its simplicity and its
agreement with a variety of cosmological probes. Within
this simple cosmological framework, our universe is pri-
marily dominated by a positive cosmological constant
and a cold dark matter (CDM) component, where the
CDM sector comprises nearly 28% of the total energy
budget of the universe, while the cosmological constant
Λ accounts for approximately 68% of the total energy
density [1]. Despite the success of the ΛCDM model, the
nature of its two main components, namely the cosmo-
logical constant Λ and CDM, remains unknown. More-
over, recent advancements in observational cosmology
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suggest that estimates of some key cosmological parame-
ters within the minimal ΛCDM framework, derived from
Cosmic Microwave Background (CMB) observations by
Planck [1], differ signiőcantlyÐat multiple standard de-
viationsÐfrom those obtained through other astronomi-
cal observations. One notable example is the estimation
of the Hubble constant by Planck (within the ΛCDM
paradigm) [1], which is in 5σ tension with the measure-
ment obtained by the SH0ES (Supernova H0 for the
Equation of State of Dark Energy) collaboration [2]. Fur-
thermore, the estimated value of the S8 parameter, de-
őned as the combination of the amplitude of the mat-
ter power spectrum σ8 with the present-day matter den-
sity Ωm0, S8 = σ8

√
Ωm0/0.3, as measured by Planck

within the ΛCDM framework, differs from the values ex-
tracted from other astronomical missions, such as weak
gravitational lensing and galaxy clustering [3ś10]. These
discrepancies indicate that a revision of the ΛCDM cos-
mology is essential to address the mismatches in cosmo-
logical parameter estimates across different astronomical
surveys. As a result, a variety of cosmological models
beyond the standard ΛCDM paradigm have been pro-

ar
X

iv
:2

50
4.

11
97

3v
1 

 [
as

tr
o-

ph
.C

O
] 

 1
6 

A
pr

 2
02

5

mailto:d11102004@163.com
mailto:supriya.maths@presiuniv.ac.in
mailto:e.divalentino@sheffield.ac.uk
mailto:omena@ific.uv.es
mailto:d.f.mota@astro.uio.no
mailto:schakraborty.math@gmail.com


2

posed [11ś14]. Nevertheless, the search for a cosmologi-
cal model that can satisfactorily resolve all the existing
tensions within the standard ΛCDM framework is still
ongoing.

In most cosmological models, the equation of state of
the dark matter (DM) component is typically set to zero,
implying that dark matter is assumed to be pressure-
less. This assumption is justiőed by the abundance of
the CDM component in the universe and by the fact that
setting the DM equation of state to zero reduces degen-
eracies in the parameter space. However, there is ongoing
debate regarding the possibility of a nonzero equation of
state for DM, which would suggest the existence of non-
cold DM in the universe. This possibility has been ex-
plored in several works in the literature [15ś20]. Since the
fundamental nature of both DM and dark energy (DE)
remains unclear, and given that recent observations sug-
gest the need for a revision of ΛCDM cosmology, it is
natural to consider a more complete picture in which the
equation of state of DM is allowed to be nonzero and de-
termined by the observational data. From a theoretical
standpoint, one may speculate that the current abun-
dance of CDM could result from a decaying non-cold
DM component transitioning into DE over the history
of the universe. This hypothesis implies an interaction
mechanism between DE and non-cold DM that could ex-
plain the present abundance of CDM. Interacting dark
sector scenarios have been widely investigated over the
past several years due to their potential to address vari-
ous cosmological puzzles, ranging from the cosmic coin-
cidence problem [21ś27] to the current cosmological ten-
sions [28ś35]. Numerous authors have explored these sce-
narios in detail (see, e.g., [21, 23ś25, 28, 29, 36ś115]; see
also reviews [116ś118]). Following this perspective, in the
present work, we explore a non-gravitational interaction
scenario between DE and non-cold DM, aiming to deter-
mine whether a decaying non-cold DM model is favored
by current observational data.

The article is organized as follows. In section II, we
describe the basic equations governing the interaction be-
tween non-cold dark matter and dark energy at both the
background and perturbation levels. Then, in section III,
we present the observational datasets and the statistical
methodology employed in our analysis. In section IV,
we discuss the results obtained from our study. Finally,
in section V, we summarize our main őndings and pro-
vide concluding remarks.

II. INTERACTION BETWEEN NON-COLD
DARK MATTER AND DARK ENERGY

We consider the spatially ŕat Friedmann-Lemaître-
Robertson-Walker (FLRW) line element, given by

ds2 = −dt2 + a2(t)(dx2 + dy2 + dz2), (1)

where a(t) is the expansion scale factor of the universe,
and (t, x, y, z) are the comoving coordinates. We assume
that the gravitational sector of the universe is well de-
scribed by General Relativity, and within the matter sec-
tor, there exists a non-gravitational interaction between
two dark ŕuids, namely dark energy and non-cold dark
matter. The conservation equations for dark energy and
non-cold dark matter in the presence of their interaction
are given by

ρ̇de + 3(1 + wde)Hρde = Q(t), (2)

ρ̇dm + 3(1 + wdm)Hρdm = −Q(t), (3)

where an overhead dot denotes the derivative with re-
spect to cosmic time, and H is the Hubble rate of the
FLRW universe, which satisőes the constraint

3H2 = 8πG(ρb + ρr + ρν + ρdm + ρde), (4)

where ρb, ρr, ρν , ρdm, and ρde denote the energy densities
of baryons, radiation, neutrinos (assuming one massive
neutrino with a őxed mass of 0.06 eV and two mass-
less neutrinos), non-cold dark matter with a constant
equation-of-state (EoS) parameter, and dark energy with
a constant EoS parameter wde, respectively. A crucial
term in the above equations is the interaction function
Q(t), which governs the transfer of energy and/or mo-
mentum between the dark sectors. The sign of Q(t) de-
termines the direction of energy transfer: for Q(t) > 0,
energy ŕows from DM to DE, while for Q(t) < 0, energy
ŕows from DE to DM. Note that eqns. (2) and (3) can
alternatively be written as, ρ̇de + 3

(
1 + weff

de

)
Hρde = 0,

and ρ̇dm + 3
(
1 + weff

dm

)
Hρdm = 0, where weff

de ≡ wde −

Q(t)/(3Hρde), w
eff
dm ≡ wdm +Q(t)/(3Hρdm) respectively

denote the effective EoS for DE and DM. One can clearly
notice that, in the presence of an interaction between
these dark sectors, the effective EoS parameters of the
dark components could be dynamical even if the individ-
ual nature of the EoS parameter remains non-dynamical.
In fact, one can view this interacting scenario as an ef-
fective prescription of two non-interacting dark ŕuids en-
joying dynamical EoS. Once the interaction function is
speciőed, the dynamics of the universe can be determined
either analytically or numerically. In the present work,
we consider a well-known interaction function [41, 46, 49ś
51, 57, 70ś72, 74, 96, 100, 104, 117, 119ś121]

Q = 3Hξρde, (5)

where ξ is the coupling parameter of the interaction func-
tion, assumed to be constant. In an expanding universe
(i.e., H > 0), a positive coupling parameter (ξ > 0) im-
plies energy transfer from DM to DE, while a negative
coupling parameter (ξ < 0) signiőes energy transfer from
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DE to DM.1 For this interaction function, solving the
conservation equations (2) and (3) leads to explicit solu-
tions for the energy densities of the dark components:

ρde = ρde,0 a
−3(1+wde−ξ), (6)

ρdm = ρdm,0 a
−3(1+wdm) + ρde,0

(
ξ

wdm + ξ − wde

)

×

[
a−3(1+wdm) − a−3(1+wde−ξ)

]
, (7)

where ρdm,0 and ρde,0 denote the present values of ρdm
and ρde, respectively. Notably, in the absence of in-
teraction (i.e., ξ = 0), the standard evolution equa-
tions for DM and DE are recovered, corresponding to a
non-interacting cosmological scenario. Thus, using equa-
tions (6) and (7), along with the Hubble equation, one
can, in principle, determine the background evolution (ei-
ther analytically or numerically) of the universe.

Once the evolution at the background level is deter-
mined, it is essential to investigate the dynamics of the
interacting scenario at the perturbation level. To ex-
plore this, we consider the perturbed metric of the FLRW
spacetime in a general gauge, given by [124ś126]:

ds2 = a2(τ)

[
− (1 + 2ϕ)dτ2 + 2∂iBdτdx

i

+

{
(1− 2ψ)δij + 2∂i∂jE

}
dxidxj

]
, (8)

where ϕ, B, ψ, and E are gauge-dependent scalar quan-
tities representing metric perturbations, and τ denotes
the conformal time. The four-velocity of a given ŕuid
component A (where A = {de, dm} represents either DE
or DM) is given by [49, 127]:

uµA = a−1(1− ϕ, ∂ivA), (9)

where vA is the peculiar velocity potential of ŕuid A. In
Fourier space k, it is related to the volume expansion θA
via:

θA = −k2(vA +B). (10)

A general energy-momentum transfer in the context of an
interaction between two ŕuids can be decomposed as [49,
127]:

Qµ
A = Q̃Au

µ + Fµ
A, (11)

where

Q̃A = QA + δQA, Fµ
A = a−1(0, ∂ifA). (12)

Here, QA represents the background interaction rate,
while fA is the momentum transfer potential. The per-
turbed energy-momentum transfer four-vector is then de-
composed as [49, 127]:

QA
0 = −a[QA(1 + ϕ) + δQA], (13)

QA
i = a∂i[QA(v +B) + fA]. (14)

Now, the evolution equations for the dimensionless den-
sity perturbation δA = δρA/ρA and the velocity pertur-
bation (θA) can be written as (avoiding the anisotropic
stress of the ŕuids) [49ś51, 127]:

δ′A + 3H(c2sA − wA)δA + 9H2(1 + wA)(c
2
sA − c2aA)

θA
k2

+(1 + wA)θA − 3(1 + wA)ψ
′ + (1 + wA)k

2(B − E′)

=
a

ρA
(−QAδA + δQA) +

aQA

ρA

[
ϕ+ 3H(c2sA − c2aA)

θA
k2

]
,

(15)

θ′A +H(1− 3c2sA)θA −
c2sA

(1 + wA)
k2δA − k2ϕ

=
a

(1 + wA)ρA

[
(QAθ − k2fA)− (1 + c2sA)QAθA

]
,

(16)

where the prime corresponds to differentiation with re-
spect to the conformal time τ ; H = a′/a is the conformal
Hubble rate; c2aA is the adiabatic sound speed of the ŕuid
A, deőned as c2aA = p′A/ρ

′
A = wA + w′

A/(ρ
′
A/ρA); c

2
sA is

the physical sound speed of the ŕuid A in the rest frame.
For a barotropic ŕuid, they are equal, i.e. c2sA = c2aA,
and for constant wA, which we have considered in this
article, c2sA = wA. Therefore, the sign of wA is impor-
tant, because for negative wA, c2sA becomes imaginary,
which is unphysical, and hence this quantity should be
non-negative [127]. Now, in the synchronous gauge, i.e.
ϕ = B = 0, ψ = η, and k2E = −h/2− 3η, in which h, η
denote the metric perturbations (see [125] for more de-
tails), one can write down the above equations explicitly
for DE and DM components as follows:

1 It should be noted here that one can equally consider a differ-
ent interaction model which is either proportional to the en-

ergy density of DM, i.e. Q = 3Hξρdm [39, 117], or which
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δ′de = −(1 + wde)

(
θde +

h′

2

)
− 3H(c2s,de − wde)

[
δde + 3H(1 + wde)

θde
k2

]
+ 9H2ξ(c2s,de − wde)

θde
k2
, (17)

θ′de = −H(1− 3c2s,de)θde +
c2s,de

(1 + wde)
k2δde + 3Hξ

[
θdm − (1 + c2s,de)θde

1 + wde

]
, (18)

δ′dm = −(1 + wdm)

(
θdm +

h′

2

)
− 3H(c2s,dm − wdm)

[
δdm + 3H(1 + wdm)

θdm
k2

]

+ 3Hξ
ρde
ρdm

[
−δdm + δde + 3H(c2s,dm − wdm)

θdm
k2

]
, (19)

θ′dm = −H(1− 3c2s,dm)θdm +
c2s,dm

(1 + wdm)
k2δdm + 3Hξ

ρde
ρdm

[
θdm − (1 + c2s,dm)θdm

1 + wdm

]
. (20)

Following the earlier notations, c2s,dm, c2s,de respectively
denotes the physical sound speeds of non-cold dark mat-
ter and dark energy in their respective rest frames. And
as already mentioned, we should be careful about the
sign of both c2s,dm, c2s,de. Following [127], we őx c2s,de = 1,
and on the other hand, for the sake of simplicity, and
since dark matter is responsible for the formation of
large-scale structures in the universe, the sound speed
of non-cold dark matter is set to c2s,dm = 0. We close
this section with the choice of the parameter space of
the underlying interacting scenario, because the early-
time instabilities of the interacting models are sensitive
to the parameter space. As discussed in [46], the stabil-
ity of an interacting model can be assessed through the
analysis of the doom factor, which in our case becomes
d ≡ −Q/[3H(1 + wde)ρde] = −ξ/(1 + wde). The early-
time stability of the interaction model requires d ≤ 0 [46].
Hereafter, based on this doom factor analysis [46], we
test two models (with different parameter priors) against
observational datasets:

(i) ξ ≤ 0 and wde < −1, labeled as IWDM-DEp (p
stands for phantom dark energy).

(ii) ξ ≥ 0 and wde > −1, labeled as IWDM-DEq (q
corresponds to quintessence dark energy).

Note that IWDM (Interacting Dark Matter with
equation-of-state W) follows the earlier nomenclature in-
troduced in [119].

III. OBSERVATIONAL DATASETS

In this section, we describe the observational datasets
and the numerical methodology adopted to constrain the

could involve the energy densities of both DM and DE, e.g.
Q = 3Hξ(ρdm + ρde) [117] (one can consider a more gen-
eral form such as Q = 3Hξ1ρdm + ξ2ρde [42, 61, 64, 122]) or
Q = 3Hξρdmρde × (ρdm + ρde)

−1 [123]. All of them are phe-
nomenologically very appealing. A comparison between the out-
comes of these interaction models will shed further light on this
particular interacting set-up where DM enjoys a non-cold EoS.

interacting scenarios. We utilize the following cosmolog-
ical probes:

• CMB: We use Cosmic Microwave Background
(CMB) observations from the Planck 2018 team [1,
128]. Speciőcally, we consider the CMB tempera-
ture and polarization angular power spectra plik-

TTTEEE+lowl+lowE.

• DESI-BAO: We incorporate the BAO measure-
ments from the DESI collaboration [129] in the
redshift range 0.1 < z < 4.16. These measure-
ments are based on the clustering of multiple trac-
ers, including the Bright Galaxy Sample (BGS), the
Luminous Red Galaxy (LRG) sample, the Emis-
sion Line Galaxy (ELG) sample, the combined
LRG+ELG sample, quasars, and the Lyman-α for-
est. This dataset serves as our baseline BAO sam-
ple.

• PantheonPlus: Type Ia supernovae (SNe Ia) pro-
vide crucial distance measurements for probing the
background evolution of the universe, particularly
the equation of state of dark energy. In this anal-
ysis, we utilize SN data from the Pantheon+ sam-
ple [130], which consists of 1701 light curves of 1550
spectroscopically conőrmed SNe Ia from eighteen
different surveys.

To constrain the interacting scenarios IWDM-DEp

and IWDM-DEq, we have modiőed the CosmoMC
package [131], a publicly available cosmological analy-
sis framework (available at http://cosmologist.info/
cosmomc/). This package supports the Planck 2018 like-
lihood [128] and employs a convergence diagnostic based
on the Gelman and Rubin criterion [132]. Both interact-
ing scenarios involve nine free parameters. Six of these
parameters are identical to those in the standard ŕat
ΛCDM model, while the additional three free parame-
ters are wdm, ξ, and wde. Table I summarizes the priors
imposed on the free parameters considered in this anal-
ysis.

http://cosmologist.info/cosmomc/
http://cosmologist.info/cosmomc/
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Parameter Prior (IWDM-DEp) Prior (IWDM-DEq)

Ωbh
2 [0.005, 0.1] [0.005, 0.1]

Ωdmh2 [0.01, 0.99] [0.01, 0.99]

τ [0.01, 0.8] [0.01, 0.8]

ns [0.5, 1.5] [0.5, 1.5]

log[1010As] [2.4, 4] [2.4, 4]

100θMC [0.5, 10] [0.5, 10]

wdm [0, 1] [0, 1]

ξ [−1, 0] [0, 1]

wde [−2,−1] [−1, 0]

TABLE I. Priors imposed on the free parameters of the proposed cosmological scenarios for the statistical analysis.

Parameters CMB CMB+DESI CMB+PantheonPlus CMB+DESI+PantheonPlus

Ωdmh2 0.133+0.006+0.018
−0.013−0.015

0.133+0.007+0.016
−0.012−0.015

0.138+0.010+0.012
−0.005−0.014

0.137+0.010+0.013
−0.005−0.015

Ωbh
2 0.02230+0.00015+0.00030

−0.00015−0.00030
0.02230+0.00015+0.00029

−0.00015−0.00030
0.02226+0.00015+0.00030

−0.00015−0.00030
0.02233+0.00015+0.00030

−0.00015−0.00031

100θMC 1.03998+0.00065+0.0010
−0.00055−0.0011

1.03998+0.00058+0.0010
−0.00058−0.0010

1.03967+0.00045+0.00096
−0.00052−0.00088

1.03985+0.00042+0.00096
−0.00054−0.00088

τ 0.0546+0.0075+0.016
−0.0081−0.015

0.0555+0.0078+0.016
−0.0077−0.015

0.0548+0.0075+0.017
−0.0083−0.015

0.0568+0.0077+0.017
−0.0085−0.015

ns 0.9740+0.0044+0.0088
−0.0044−0.0088

0.9749+0.0041+0.0080
−0.0041−0.0080

0.9729+0.0043+0.0086
−0.0044−0.0084

0.9769+0.0039+0.00752
−0.0039−0.0076

ln(1010As) 3.055+0.016+0.032
−0.016−0.031

3.056+0.016+0.032
−0.016−0.032

3.056+0.016+0.034
−0.016−0.031

3.057+0.016+0.034
−0.018−0.032

wdm < 0.00035, < 0.00081 < 0.00042, < 0.00085 < 0.00033, < 0.00076 0.00050+0.00015
−0.00048

, < 0.00110

wde −1.56+0.20+0.49
−0.35−0.43

−1.137+0.077
−0.062

, > −1.261 > −1.054, > −1.096 > −1.055, > −1.096

ξ > −0.048 > −0.086 > −0.062 > −0.098 −0.063+0.019+0.051
−0.039−0.046

−0.063+0.019+0.051
−0.038−0.045

Ωm0 0.224+0.029+0.107
−0.070−0.083

0.314+0.022+0.046
−0.027−0.043

0.361+0.025+0.038
−0.019−0.042

0.348+0.024+0.034
−0.016−0.038

σ8 0.889+0.085+0.15
−0.085−0.15

0.778+0.044+0.076
−0.045−0.074

0.738+0.023+0.066
−0.042−0.054

0.733+0.022+0.067
−0.042−0.055

H0 > 78.0 70.6+1.5+3.3
−1.8−3.1

66.76+0.82+1.7
−0.83−1.6

67.80+0.68+1.3
−0.67−1.3

S8 0.755+0.034+0.069
−0.038−0.063

0.794+0.019+0.037
−0.020−0.036

0.809+0.019+0.041
−0.021−0.038

0.788+0.016+0.036
−0.020−0.034

rdrag 147.21+0.31+0.62
−0.31−0.61

147.29+0.27+0.53
−0.27−0.54

147.14+0.30+0.59
−0.30−0.60

147.45+0.25+0.50
−0.25−0.49

TABLE II. Observational constraints on the interacting scenario IWDM-DEp using various datasets.

IV. RESULTS

In this section, we describe the observational con-
straints obtained after analyzing the interacting scenar-
ios. In the őrst two subsections, we present the con-
straints on the interacting models under the assumption
wdm ∈ [0, 1], as speciőed in Table I. Subsequently, we re-
lax this assumption by allowing wdm to vary freely in the
range [−1, 1] to investigate whether observational data
suggest any preference for a negative EoS for the DM
component. Thus, the key parameters of the interact-
ing scenarios under consideration are wdm and ξ. Our
primary objective is to determine whether observational
evidence supports nonzero values of wdm and ξ, and if
so, to assess how these parameters inŕuence the over-
all cosmological scenario, particularly in relation to the
remaining key parameters.

A. IWDM-DEp

Table II and Fig. 1 summarize the observational con-
straints on this interacting scenario. When considering
CMB data alone, no signiőcant evidence for wdm ̸= 0
or ξ ̸= 0 is found; instead, a non-interacting cosmolog-
ical scenario remains in good agreement with observa-
tions. However, an interesting result emerges: we ob-
tain a low value for the parameter S8 = 0.755+0.034

−0.038,
which signiőcantly alleviates the S8 tension between
Planck [1] and cosmic shear measurements, including
low-redshift lensing and galaxy cluster observations [133ś
139]. When DESI-BAO observations are incorporated
alongside CMB data, the values of wdm and ξ remain
similar to those in the CMB-only case (i.e., wdm = 0 and
ξ = 0 are consistent within 68% CL). However, unlike
the CMB-only scenario, which favored a very high value
of H0, in this case, we obtain H0 = 70.6+1.5

−1.8 km/s/Mpc

at 68% CL along with S8 = 0.794+0.019
−0.020 at 68% CL, con-

tinuing to provide relief for both the H0 and S8 tensions.

When PantheonPlus observations are combined with
CMB measurements, no evidence for wdm ̸= 0 is found.
However, an indication of a nonzero interaction is ob-
tained at more than 95% CL, with ξ = −0.063+0.051

−0.046
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FIG. 1. One-dimensional marginalized posterior distributions and two-dimensional joint contours for the interacting scenario
IWDM-DEp, considering different combinations of cosmological measurements.

Parameters CMB CMB+DESI CMB+PantheonPlus CMB+DESI+PantheonPlus

Ωdmh2 < 0.080 < 0.113 0.061+0.034+0.049
−0.028−0.052

0.086+0.035+0.039
−0.012−0.056

0.090+0.027+0.031
−0.010−0.045

Ωbh
2 0.02226+0.00015+0.00029

−0.00015−0.00029
0.02230+0.00015+0.00030

−0.00015−0.00030
0.02224+0.00016+0.00029

−0.00014−0.00031
0.02233+0.00016+0.00030

−0.00016−0.00032

100θMC 1.0446+0.0020+0.0048
−0.0037−0.0042

1.0445+0.0016+0.0042
−0.0028−0.0036

1.0428+0.0007+0.0040
−0.0023−0.0027

1.0426+0.0007+0.0030
−0.0017−0.0021

τ 0.0547+0.0076+0.016
−0.0076−0.015

0.0561+0.0074+0.016
−0.0080−0.015

0.0548+0.0075+0.016
−0.0076−0.015

0.0571+0.0072+0.017
−0.0083−0.015

ns 0.9732+0.0042+0.0086
−0.0043−0.0083

0.9754+0.0040+0.0078
−0.0039−0.0078

0.9730+0.0043+0.0086
−0.0043−0.0084

0.9774+0.0039+0.0078
−0.0038−0.0079

ln(1010As) 3.056+0.016+0.032
−0.016−0.031

3.057+0.016+0.032
−0.015−0.031

3.056+0.016+0.032
−0.016−0.032

3.058+0.015+0.035
−0.017−0.032

wdm < 0.00031, < 0.00074 < 0.00046 < 0.00093 < 0.00032 < 0.00076 0.00052+0.00015
−0.00050

, < 0.00116

wde > −0.885, > −0.747 > −0.905, > −0.824 −0.880+0.047+0.13
−0.091−0.12

−0.899+0.043+0.11
−0.072−0.10

ξ < 0.2653, < 0.2657 0.146+0.078+0.12
−0.067−0.12

< 0.120 < 0.224 < 0.094, < 0.177

Ωm0 0.18+0.06+0.16
−0.13−0.14

0.173+0.066+0.11
−0.069−0.12

0.245+0.080+0.09
−0.030−0.13

0.248+0.060+0.071
−0.024−0.099

σ8 1.65+0.21+2.0
−0.98−1.1

1.50+0.16+1.42
−0.70−0.85

1.10+0.03+0.79
−0.35−0.43

1.00+0.04+0.47
−0.22−0.27

H0 69.2+4.3+6.5
−2.9−7.0

70.2+1.4+3.1
−1.6−2.8

66.59+0.83+1.7
−0.89−1.7

67.65+0.70+1.4
−0.70−1.3

S8 1.08+0.08+0.50
−0.27−0.30

1.03+0.06+0.40
−0.21−0.26

0.94+0.02+0.27
−0.12−0.15

0.886+0.022+0.17
−0.082−0.10

rdrag 147.16+0.30+0.60
−0.30−0.60

147.33+0.26+0.52
−0.27−0.52

147.14+0.30+0.60
−0.30−0.59

147.47+0.26+0.52
−0.26−0.51

TABLE III. Observational constraints on the interacting scenario IWDM-DEq using various datasets.
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FIG. 2. One-dimensional marginalized posterior distributions and two-dimensional joint contours for the interacting scenario
IWDM-DEq, considering several combinations of cosmological observations.

Parameters CMB CMB+DESI CMB+PantheonPlus CMB+DESI+PantheonPlus

Ωdmh2 0.136+0.007+0.017
−0.011−0.014

0.134+0.008+0.016
−0.012−0.015

0.1381+0.0086+0.013
−0.0084−0.013

0.136+0.011+0.013
−0.006−0.015

Ωbh
2 0.02247+0.00017+0.00034

−0.00017−0.00033
0.02239+0.00017+0.00033

−0.00017−0.00033
0.02244+0.00017+0.00034

−0.00017−0.00034
0.02236+0.00016+0.00034

−0.00017−0.00033

100θMC 1.03969+0.00060+0.0010
−0.00054−0.0011

1.03994+0.00057+0.0010
−0.00056−0.0010

1.03957+0.00049+0.00095
−0.00053−0.00091

1.03988+0.00044+0.00099
−0.00057−0.00087

τ 0.0521+0.0074+0.015
−0.0074−0.015

0.0554+0.0074+0.016
−0.0081−0.015

0.0529+0.0076+0.016
−0.0076−0.016

0.0569+0.0075+0.017
−0.0082−0.015

ns 0.9680+0.0050+0.010
−0.0051−0.010

0.9742+0.0040+0.0079
−0.0040−0.0078

0.9674+0.0048+0.0097
−0.0049−0.0096

0.9767+0.0038+0.0076
−0.0038−0.0075

ln(1010As) 3.052+0.015+0.030
−0.015−0.030

3.055+0.016+0.033
−0.016−0.032

3.054+0.016+0.032
−0.016−0.031

3.057+0.015+0.034
−0.017−0.031

wdm −0.00109+0.00070+0.0013
−0.00069−0.0014

−0.00009+0.00048+0.00094
−0.00048−0.00093

−0.00114+0.00064+0.0013
−0.00063−0.0013

0.00035+0.00044+0.00085
−0.00044−0.00086

wde −1.66+0.35+0.64
−0.37−0.56

−1.179+0.092+0.16
−0.074−0.16

−1.087+0.060+0.087
−0.039−0.086

−1.045+0.045+0.045
−0.012−0.057

ξ > −0.049 > −0.089 > −0.064 > −0.098 −0.053+0.043
−0.027

, > −0.102 −0.061+0.020+0.052
−0.040−0.046

Ωm0 0.245+0.036+0.13
−0.088−0.10

0.312+0.022+0.045
−0.026−0.041

0.378+0.023+0.043
−0.023−0.042

0.347+0.025+0.035
−0.017−0.040

σ8 0.882+0.088+0.16
−0.096−0.15

0.780+0.041+0.075
−0.046−0.074

0.747+0.030+0.057
−0.037−0.055

0.736+0.024+0.068
−0.044−0.056

H0 82+11+18
−11−18

71.1+1.6+3.5
−1.9−3.3

65.32+0.99+2.0
−0.98−1.9

67.73+0.69+1.4
−0.70−1.3

S8 0.782+0.039+0.078
−0.043−0.073

0.793+0.019+0.036
−0.019−0.035

0.838+0.023+0.045
−0.023−0.045

0.790+0.017+0.037
−0.020−0.033

rdrag 146.75+0.37+0.73
−0.37−0.72

147.24+0.27+0.54
−0.27−0.52

146.72+0.34+0.67
−0.34−0.68

147.44+0.25+0.50
−0.25−0.50−0.65

TABLE IV. 68% and 95% CL constraints on the free and derived parameters of the IWDM-DEp scenario, assuming wdm is a
free parameter varying in the range [−1, 1], and considering CMB from Planck 2018, CMB+DESI, CMB+PantheonPlus, and
CMB+DESI+PantheonPlus.
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FIG. 3. A wider version of the IWDM-DEp scenario, allowing ξ to vary in the range [−1, 1] and considering all possible
combinations of the datasets.

Parameters CMB CMB+DESI CMB+PantheonPlus CMB+DESI+PantheonPlus

Ωdmh2 < 0.082 < 0.118 0.049+0.023
−0.039

< 0.097 0.075+0.040+0.048
−0.018−0.060

0.084+0.034+0.039
−0.012−0.056

Ωbh
2 0.02244+0.00017+0.00033

−0.00017−0.00033
0.02238+0.00017+0.00033

−0.00017−0.00033
0.02243+0.00017+0.00034

−0.00017−0.00034−0.00044
0.02235+0.00017+0.00034

−0.00017−0.00033

100θMC 1.0444+0.0020+0.0048
−0.0038−0.0043

1.0454+0.0022+0.0040
−0.0027−0.0038

1.0434+0.0010+0.0045
−0.0027−0.0032

1.0430+0.0007+0.0040
−0.0022−0.0027

τ 0.0524+0.0075+0.015
−0.0074−0.015

0.0560+0.0076+0.016
−0.0083−0.015

0.0529+0.0074+0.016
−0.0079−0.015

0.0571+0.0077+0.017
−0.0085−0.0158−0.022

ns 0.9663+0.0051+0.0101
−0.0051−0.0099

0.9747+0.0040+0.0080
−0.0039−0.0077

0.9668+0.0049+0.0098
−0.0049−0.0095

0.9769+0.0039+0.0079
−0.0039−0.0076

ln(1010As) 3.054+0.015+0.031
−0.015−0.031

3.056+0.016+0.032
−0.016−0.032

3.054+0.016+0.032
−0.016−0.031

3.057+0.016+0.035
−0.016−0.033

wdm −0.00134+0.00069+0.0014
−0.00068−0.0014

−0.00004+0.00047+0.00096
−0.00048−0.00092

−0.00121+0.00066+0.0013
−0.00066−0.0013

0.00037+0.00044+0.00085
−0.00045−0.00085

wde < −0.864 < −0.717 < −0.909 < −0.830 < −0.850 < −0.754 −0.889+0.043
−0.086

, < −0.845

ξ 0.19+0.13+0.15
−0.08−0.19

0.180+0.091+0.12
−0.049−0.13

0.15+0.07+0.15
−0.11−0.15

< 0.116 < 0.214

Ωm0 0.20+0.07+0.19
−0.15−0.16

0.147+0.045+0.12
−0.086−0.11

0.231+0.093+0.11
−0.047−0.14

0.234+0.074+0.09
−0.029−0.12

σ8 1.6+0.2+2.1
−1.0−1.1

1.80+0.26+1.9
−0.98−1.1

1.28+0.06+1.2
−0.51−0.6

1.10+0.03+0.80
−0.34−0.44

H0 66.0+4.2+6.8
−3.3−7.1

70.5+1.5+3.0
−1.6−2.9

65.2+1.0+2.0
−1.1−1.9

67.64+0.71+1.4
−0.70−1.4

S8 1.14+0.09+0.55
−0.30−0.33

1.12+0.10+0.48
−0.28−0.33

1.03+0.04+0.40
−0.19−0.23

0.92+0.02+0.26
−0.12−0.15

rdrag 146.62+0.37+0.73
−0.37−0.72

147.28+0.27+0.53
−0.27−0.52

146.67+0.35+0.70
−0.35−0.69

147.46+0.26+0.52
−0.26−0.51

TABLE V. 68% and 95% CL constraints on the free and derived parameters of the IWDM-DEq scenario assuming that
wdm is a free-to-vary parameter in [−1, 1] and considering CMB from Planck 2018, CMB+DESI, CMB+PantheonPlus, and
CMB+DESI+PantheonPlus.
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FIG. 4. A wider version of the IWDM-DEq scenario, allowing ξ to vary in the range [−1, 1] and considering all possible
combinations of the datasets.

at 95% CL for CMB+PantheonPlus. This result comes
at the expense of a higher value for the current mat-
ter density parameter, Ωm0 = 0.361+0.025

−0.019 at 68% CL
(CMB+PantheonPlus), due to the energy ŕow from
DE to DM, which consequently leads to a lower value
of H0. Additionally, this dataset combination yields
a lower value of S8 = 0.809+0.019

−0.021 at 68% CL, com-
pared to the Planck-based ΛCDM framework [1], thereby
mildly alleviating the S8 tension. Finally, for the
combined dataset CMB+DESI+PantheonPlus, wdm is
found to be nonzero at slightly more than 1σ sig-
niőcance, with wdm = 0.00050+0.00015

−0.00048 at 68% CL
(CMB+DESI+PantheonPlus), though within 95% CL,
wdm = 0 remains consistent with the data. Moreover,
an interaction is detected at more than 95% CL, with
ξ = −0.063+0.051

−0.045 at 95% CL, again implying an energy

ŕow from DE to DM. In this case, we also őnd a lower
value of S8 = 0.788+0.016

−0.020 at 68% CL, further alleviating
the S8 tension. However, the value of H0 remains very
similar to that of the Planck-based ΛCDM model.

B. IWDM-DEq

Table III and Fig. 2 summarize the constraints on
this interacting scenario. Starting with the constraints
from CMB alone, we őnd no evidence for wdm ̸= 0.
On the other hand, although ξ is statistically consis-
tent with zero, its effects on the current matter density
parameter are evident, yielding a much lower value of
Ωm0 = 0.180+0.06

−0.13 at 68% CL compared to the stan-
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dard ΛCDM framework. This result arises due to the
energy transfer from the DM component to the DE com-
ponent. As a consequence of this energy ŕow, a higher
value of the Hubble constant is naturally obtained, with
H0 = 69.2+4.3

−2.9 km/s/Mpc at 68% CL. When DESI-BAO
data is added to CMB, our conclusion on wdm remains
unchanged, meaning that wdm is still consistent with
zero at 1σ. However, we őnd evidence for an interac-
tion at more than 2σ, with ξ = 0.15 ± 0.12 at 95% CL
for CMB+DESI. Since ξ > 0, as previously stated, en-
ergy ŕows from DM to DE. As a result, a lower value
of the matter density parameter is still observed, with
Ωm0 = 0.173+0.066

−0.069 at 68% CL, along with a higher value

of H0 = 70.2+1.4
−1.6 km/s/Mpc at 68% CL. Therefore, the

combination of CMB+DESI favors an interaction in the
dark sector, which helps alleviate the H0 tension between
Planck and SH0ES.

However, the inclusion of PantheonPlus with CMB
leads to different results. In this case, no evidence for
wdm ̸= 0 or for an interaction (i.e., ξ ̸= 0) is found.
On the contrary, CMB+PantheonPlus reduces the mean
value of H0 compared to CMB alone, bringing it in line
with the non-interacting ΛCDM cosmology as inferred by
Planck [1]. The combination of CMB, DESI, and Pan-
theonPlus provides very mild evidence for a nonzero value
of wdm (wdm ̸= 0 at 68% CL, though still consistent with
zero within 95% CL) along with evidence for an inter-
action at more than 95% CL. However, in this case, the
estimated value of Ωm0 is higher than in the CMB and
CMB+DESI scenarios, leading to an H0 value that is
very similar to its Planck-based ΛCDM prediction [1].

C. Allowing for more freedom in the DM EoS

In the earlier sections, we presented results under the
assumption that the DM EoS remains non-negative, i.e.,
wdm ≥ 0. While this is the most widely accepted as-
sumption in modern cosmology, here we take a heuristic
approach by allowing wdm to vary within [−1, 1] to in-
vestigate whether observational data suggest deviations
from the usual scenario. In other words, we permit the
EoS of DM to take negative values and allow observa-
tional data to determine its preferred range. Keeping the
same ŕat priors on all other parameters (see Table I),
we perform the analyses within the IWDM-DEp and
IWDM-DEq cosmologies, considering the same obser-
vational datasets. Tables IV and V present the results
for these two scenarios, and Figs. 3 and 4 provide the
corresponding graphical representations.

Focusing on IWDM-DEp, we observe that for CMB
alone, there is a mild preference for a negative wdm

(wdm ̸= 0 at slightly more than 68% CL, though still con-
sistent with zero within 95% CL). This trend is also sup-
ported by CMB+PantheonPlus, while for CMB+DESI,
wdm remains consistent with zero at 68% CL. However,
for the combined dataset CMB+DESI+PantheonPlus,
the preferred values of wdm shift to the positive range

(though still consistent with zero at 68% CL), along
with a preference for an interaction at more than 95%
CL. Thus, a mild deviation from wdm = 0 is suggested
across all data combinations. Moreover, except for the
CMB+PantheonPlus combination, the other three cases
yield a lower value of S8, alleviating the S8 tension be-
tween Planck and cosmic shear measurements.

For the other scenario, IWDM-DEq, we obtain simi-
lar results as in IWDM-DEp. Speciőcally, for CMB and
CMB+PantheonPlus, wdm remains in the negative range
at slightly more than 68% CL but is still consistent with
zero within 95% CL (or within 68% CL for CMB+DESI).
For the őnal case, CMB+DESI+PantheonPlus, the mean
value of wdm is positive, though still consistent with zero
at 68% CL. Additionally, CMB+DESI+PantheonPlus
exhibits a preference for an interaction at more than 95%
CL.

V. SUMMARY AND CONCLUSIONS

An interacting DM−DE scenario, where energy ex-
change between these two dark components is allowed,
is the central theme of this work. Models in this cate-
gory have received signiőcant attention in the cosmology
community due to their potential to address key cosmic
puzzles. From the cosmic coincidence problem (the “why

now” problem in cosmology) to current cosmological ten-
sions indicated by various astronomical observations, in-
teracting cosmological scenarios have demonstrated their
ability to alleviate such issues. The interaction function,
Q, which appears in the conservation equations of DM
and DE (see Eqs. (2) and (3)), plays a crucial role in
the dynamics of the universe, as it modiőes the expan-
sion history at both background and perturbation levels.
However, beyond the interaction function itself, the na-
ture of the dark components is also a key ingredient in the
interacting dynamics. For instance, the DE involved in
the interaction process could be vacuum energy decaying
into DM, or it could represent a DE ŕuid with a constant
or dynamical equation of state. Similarly, the DM com-
ponent could be either cold or non-cold. Nevertheless, in
almost all interacting DM-DE models, the pressure of the
DM component is assumed to be zero. This assumption
of cold DM in the context of DM-DE interactions is pri-
marily motivated by the present-day abundance of CDM.
However, since the fundamental nature of DM and DE
remains unknown, there is no a priori reason to impose
additional constraints on any cosmic component. In fact,
the current abundance of CDM in the dark sector might
be the result of decaying dark matter that was non-cold
at earlier times.

In the present work, we have raised the above ques-
tion and investigated an interacting DM-DE scenario in
which the EoS parameters of DM and DE are constant.
Considering the large-scale stability of this interacting
scenario, which depends on both wde and the coupling
parameter ξ of the interaction function, we have divided
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the parameter space into two regions:

(i) wde < −1, ξ ≤ 0 (labeled as IWDM-DEp)

(ii) wde > −1, ξ ≥ 0 (labeled as IWDM-DEq)

We constrained these two scenarios using CMB ob-
servations from Planck 2018, BAO from DESI measure-
ments, and the PantheonPlus sample of SNe Ia. We ex-
plored two different cases: one in which wdm is restricted
to non-negative values (Tables II and III), and another
in which wdm is allowed to take both negative and posi-
tive values (Tables IV and V). Our őndings reveal some
interesting results:

• When wdm is restricted to positive values, we őnd
that for both IWDM-DEp and IWDM-DEq, an
indication of wdm ̸= 0 at slightly more than 68% CL
is obtained only for CMB+DESI+PantheonPlus.
Additionally, in the IWDM-DEp scenario,
evidence for an interaction at more than 95%
CL is found for CMB+PantheonPlus and
CMB+DESI+PantheonPlus, while for IWDM-

DEq, interaction is detected at more than 95%
CL only for CMB+DESI. Furthermore, the
IWDM-DEp cosmology alleviates the S8 tension
in all cases explored in this work, whereas the
IWDM-DEq scenario does not. Notably, for the
IWDM-DEp case, the CMB+DESI combination
is particularly interesting as it also alleviates the
H0 tension.

• When wdm is allowed to vary freely in the
range [−1, 1], we őnd that for both CMB and
CMB+PantheonPlus, the mean value of wdm is
negative regardless of the cosmological scenario
(IWDM-DEp or IWDM-DEq), with wdm ̸= 0 at
slightly more than 68% CL (though consistent with
zero at 68% CL for CMB+DESI). In the combined
analysis CMB+DESI+PantheonPlus, the mean
value of wdm is positive but remains consistent with
zero within 68% CL. Moreover, in the IWDM-

DEp scenario, evidence for an interaction is found
for CMB+PantheonPlus (at more than 68% CL),
and CMB+DESI+PantheonPlus (at more than
95% CL), while for IWDM-DEq, interaction is
detected at more than 68% CL for CMB and
CMB+PantheonPlus, but for CMB+DESI, this ev-
idence is found at more than 95% CL. Additionally,
we őnd that, except for CMB+PantheonPlus, the
IWDM-DEp scenario continues to weaken the S8

tension between the CMB-based ΛCDM prediction
and cosmic shear measurements.

On the basis of the outcomes, there is no doubt that
the interacting scenario IWDM-DEp (energy transfer

occurs from DE to DM), is appealing speciőcally because
of its ability to alleviate the the S8 tension, however, con-
sidering the evidence of interaction in IWDM-DEq (en-
ergy ŕow occurs from DM to DE) which is pronounced
when wdm is allowed to vary in a wide region, one may
argue that the present-day abundance of CDM might be
the result of a decaying non-cold DM component transi-
tioning into DE due to an interaction between the two.
Although such scenario will be physically realistic if a
dynamical wdm is considered instead of its constant na-
ture, because, with such dynamical EoS of DM, it might
be possible to realize the transition of wdm from its past
non-cold nature to present cold nature, and this needs
further investigations as a future work. Our analysis of
the latest cosmological data suggests that a small fraction
of non-cold DM may still exist in the present universe.
This is an intriguing result, as it could provide insights
into small-scale structures and galaxy properties that are
in tension with a purely CDM-dominated scenario.
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