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Abstract. In most cosmological models, the equation of state of the dark matter is assumed
to be zero, which means that the dark matter is pressure-less or cold. While this hypothesis is
based on the abundance of cold dark matter in the universe, however, there is no compelling
reason to assume that the equation of state of dark matter is exactly zero. A more general
approach would be to allow for a range of values for the dark matter equation of state and
use the observational data to determine which values are most likely. With the increasing
accuracy of experimental data, we have chosen to explore the possibility of interacting non-
cold dark matter — vacuum scenario, where the equation of state of the dark matter is
constant but can take different values within a specific range. Using the Cosmic Microwave
Background (CMB) anisotropies and the CMB lensing reconstruction from the Planck legacy
release, plus other non-CMB measurements, namely, the baryon acoustic oscillations distance
measurements, and the Pantheon catalogue from Type Ia Supernovae, we have analyzed this
scenario and found that a non-zero value for the dark matter equation of state is preferred
with a confidence level of over 68%. While this is not significant by itself, however, it does
suggest that investigating the possibility of non-cold dark matter in the universe is worth
exploring further to gain a better understanding of the nature of dark matter.
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1 Introduction

Observational evidence suggests that our universe is dominated by two dark fluids: one is
dark matter (DM) and the other is dark energy (DE) (in the context of Einstein’s General
Relativity) or geometrical DE (in the context of modified gravity theories) [1]. However, the
nature of these dark fluids has remained mysterious in recent years. Although the standard
A-Cold Dark Matter scenario (henceforth ACDM) has been very successful in fitting a series
of astronomical data sets, several theoretical and observational signatures argue that ACDM
cosmology needs to be revised. The tensions in cosmological parameters have been quite
serious in recent years [2-5]. This has motivated our scientific community to build new
cosmological scenarios and test them against observational evidences, and, as a result, this
has led to a vast literature of DE and geometrical DE models, see for instance refs. [6-24].
If one carefully examines the existing literature, one discovers that a common practice in
building cosmological models is to assume the DM equation of state equal to zero, or, in
other words, that the universe is filled with cold DM. While this assumption is motivated by
structure formation, and is indeed based on the enormous success of the ACDM cosmology,
however, let us recall that the nature of DE and DM is not yet truly known. So instead of
setting the DM equation of state to zero by hand, as the sensitivity in the experimental data
grows over time, we could test this assumption by allowing a free DM equation of state and let
the observational data come to a conclusion. This approach has motivated several researchers
to examine whether observational data indicate any non-cold nature in DM [25-30].

In the present article we actually focus on an interacting cosmological theory between
DM and DE, where DM has an equation of state that varies freely over a certain range, a
well justified assumption in an interacting scenario, and DE represents the vacuum energy.
The interacting DM-DE models, widely known as the Interacting Dark Energy (IDE) mod-
els/Coupled dark Energy (CDE) models, are very rich both theoretically and observationally.
In recent years, IDE models have been extensively investigated by many researchers, which
has led to a number of interesting possibilities, including a possible alleviation of the cosmic
coincidence problem [31-37], phantom crossing [38—41] and recently the alleviation of the
cosmological tensions [42-59]. We recall that the origin of IDE theory was motivated by a
previous proposal by Wetterich in which the author argued that the cosmological constant
problem might be solved through an interaction in the cosmic sector [60]. The dynamics of



the IDE models is primarily controlled by an interaction function that modifies the expansion
history of the universe at the background and perturbation levels. We refer to an incom-
plete list of works on the IDE models studied over the years [31-37, 42-50, 61-98]. In this
article, we consider a very well known and most used interaction function and constrain the
scenario using various observational data sets, namely, the Cosmic Microwave Background
(CMB) anisotropies, the CMB Lensing reconstruction from the Planck legacy release, Baryon
Acoustic Oscillations (BAO) distance measurements from several astronomical missions and
finally the Pantheon catalogue from Type la Supernovae, with the aim of understanding
whether a non-zero equation-of-state of DM is suggested by current observational data sets.

The manuscript is organized as follows. In section 2 we describe the key equations
of the interacting non-cold dark matter — vacuum scenario. Then in section 3 we describe
observational data sets and statistical methodology. In section 4 we describe the observational
constraints and implications of the interacting non-cold DM — vacuum scenario. Finally, we
summarize the results of the manuscript in section 5.

2 Interacting non-cold dark matter and vacuum energy

We consider an interacting scenario between vacuum energy and a non-cold dark matter fluid
with equation of state W (labeled as “ITIWDM?”, read as Interacting DM with equation-
of-state W), in a homogeneous and isotropic universe characterized by the spatially flat
Friedmann-Lemaitre-Robertson-Walker (FLRW) universe. The vacuum energy is character-
ized by its equation of state wge = —1 and the equation-of-state of the non-cold DM, W, could
be either constant in time or dynamical. Here we explore the simplest scenario where W is
constant (labeled as wg,, for simplicity and to match with the DM abbreviation), which can
vary freely over a non-negative interval.! In presence of an interaction between the non-cold
DM and the vacuum sector, the continuity equations read

ViI"=Qf 2.Q7 =0, (2.1)

J

where j runs for the non-cold DM and the vacuum sector. The four-vector Qé-‘ controls the
energy exchange between the dark sectors. We assume that Q;‘ is given by [64, 70]

Qf = (Qj +0Q))u* + ff, (2.2)

in which u# denotes the four-vector velocity; ); denotes the background energy transfer; f;
stands for momentum transfer. Note that from now on we will use the more commonly used
notation Q; = Q. In the FLRW background, from eq. (2.1), the conservation equations of
the interacting fluids can be written in their well known forms and are,

pde = Q(t)a (23)
pdm + 3H(1 + wdm)pdm = _Q(t)v

where an overhead dot represents the derivative with respect to the cosmic time; pge, pPam
are respectively the energy density of the vacuum sector and DM; H = a/a (‘a’ denotes

1'We limit ourselves to non-negative values of the DM equation-of-state to avoid any exotic touch on the
DM since the negative values of wg,, could raise some unphysical issues, for example, if wg,, becomes negative,
then it might be difficult to distinguish between the DM and DE sectors from their evolution equations.



the scale factor of the FLRW universe) is the Hubble rate of the FLRW universe which
provides an additional constraint on the total energy density of the universe as 3H? =
87 G(pde+ pam~+ po+ pr), where the remaining two terms, namely, p, and p, denote the energy
density of baryons and radiation, respectively; G is the Newton’s gravitational constant; the
remaining Q(¢) denotes the interaction function that determines the energy flux between the
vacuum energy and the non-cold DM. For Q(t) > 0, the energy flows from the non-cold DM to
the vacuum while for Q(¢) < 0, the energy flows in the opposite direction, i.e. from the vacuum
to the non-cold DM. Here, we consider the best known interaction function [42, 46, 65]:

Q(t) = 3H¢&pde (25)

where £ is the coupling parameter of the interaction function. Following the sign convention
in Q(t), one infers that & > 0 denotes the energy transfer from the non-cold DM to the
vacuum sector while £ < 0 denotes the energy flow in the opposite direction (i.e. from the
vacuum sector to the non-cold DM). We note that the choice of the interaction function in
eq. (2.5) is not phenomenological, on the contrary, this particular choice of the interaction
function can be derived from an action formalism [99]. Furthermore, as we will show below,
for this interaction function, the evolution of the non-cold DM and the vacuum sector in terms
of their energy densities can be found analytically. Now in presence of the above interaction
function, the conservation equations, i.e. eq. (2.3) and eq. (2.4) can also be rewritten as

pae +3H(1 4+ wsH)pge = 0, (2.6)
pam + 3H(1 + wS ) pam = 0, (2.7)

where wflg and wflgl termed as the effective equation-of-state parameters of the vacuum and
the non-cold DM, are given by

eff Q (t)

= 1 -7 2.
eff Q (t)

= . 2.

Notice from eq. (2.8) that for Q(t) > 0, wgg goes beyond the cosmological constant boundary
(ie. wSl < —1) and this is justified because Q(t) > 0 implies an energy transfer from DM to
the vacuum sector. While for Q(¢) < 0, which represents an energy transfer from the vacuum

sector to non-cold DM, the effective equation of state of the vacuum energy, i.e. wflg may

behave like a quintessence DE (wgg > —1). In principle, the exact evolution of the effective
equation-of-state parameters can be traced once the evolution of the energy densities of the
dark components has been found analytically and this certainly depends on the interaction
function, Q(t) itself. While we note that it is always possible to find out the numerical
evolution of all the quantities involved regardless of the choice of the interaction function,
Q(t). Interestingly, for the present interaction model of eq. (2.5), the energy densities of

vacuum and non-cold DM can be expressed analytically:

Pde = Pdeo 0™, (2.10)

Pim = P @~ 30 wam) | ffi% [as+wan) _ g2¢] (2.11)

where pam.0, pde,o are respectively the present day values of pgm, pge and § = 1+ & + wapm.
From eq. (2.10) and eq. (2.11) one can quickly see that for & = 0 (i.e. in absence of any



interaction), one recovers the usual evolution equations for DE and DM. It is essential to
mention that the parameter ¢ should not vanish because for § = 0, the energy density of the
DM sector will diverge at a finite time and this is unphysical. Consequently, the effective
equation-of-state of the vacuum sector, i.e. eq. (2.8) becomes trivial leading to wflg =-1-¢
and the effective equation-of-state of the cold DM sector of eq. (2.9) becomes

30
eff _ £6a
Wyam = Wdm + 5(1 _a35) —|—7“(](5’

(2.12)

where 70 = pdm.,0/pde,o and 0 is defined above. The previous expression for w(eiffn offers an
effective evolution of the DM sector in presence of the interaction function of eq. (2.5). Note
that such effective prescription is subject to the choice of the interaction function.

As already noted, the evolution of the interacting scenario at the background level is
influenced by the equation-of-state of DM, the new ingredient of the interacting scenario.
Similarly, the equation-of-state of DM, could equally affect the evolution of the interacting
scenario at the perturbation level and, consequently, the resulting perturbation equations
become different than the perturbation equations for wg,;, = 0. In the following we describe
the evolution of the interacting scenario at the level of perturbations.

In a general gauge, the scalar perturbations of the flat FLRW metric are given by [100—
102]

ds®> = a*(1)| — (1 + 2¢)dr? + 20; Bdrdx’ + {(1 — 200)0;5 + 2aiajE}dxidxj] : (2.13)

where 7 is the conformal time and ¢, B, ¢, F are the gauge-dependent scalar perturbations
quantities. The four-velocity of the fluid A = {de,dm} represents either DE or DM, is given
by [64, 71]:

uy =a (1 - ¢,0'va), (2.14)
where v4 is the peculiar velocity potential of the fluid A whose relation with the volume
expansion in the Fourier space k is given by §4 = —k?(v4+ B). In the interacting background
characterized by the evolution equations in (2.1), a general energy-momentum transfer can
be divided relative to the total four-velocity as [64, 71]

i = Qau + F, (2.15)

where @A =QaA+0Q4 and Fl = a=1(0,07f4); here Q 4 refers to the background term of the
interaction rate, and f4 is a momentum transfer potential. The perturbed energy-momentum
transfer four-vector can be decomposed as [64, 71]

Q= —alQa(1+¢) + Q4] (2.16)
Q' = adi[Qa(v+ B) + fal, (2.17)

The perturbed energy and momentum balance equations for each fluid A can be derived
easily as follows [64, 71]

5pA+3H(Bpa+0pa) —3(pa+pa)t —k*(pa+pa)(va+E) =aQad+adQa, (2.18)
dpa+[(pa+pa)va+B) +4H(pa+pa)(va+B)+(pa+pa)p=aQa(v+B)+afa, (2.19)



where the prime denotes the derivative with respect to the conformal time 7, and H is
the conformal Hubble rate. Note that to derive the above equations we have neglected the
presence of the anisotropic stress in the energy-momentum tensor [64]. While one can consider
the presence of the anisotropic stress in the energy-momentum tensor and as a result, the
resulting equation (2.19) will include an extra term due to the anisotropic stress, see ref. [64].
Now introducing the density contrast as d4 = dpa/pa, one can find the evolution equations
for the density perturbations and velocity perturbations of the fluid A [64, 71]

04
S A3H (2 A—wa)da+IH2 (1+wa) (P g =2 4) =+ (14w )04 —3(1+w) Y

k2
+(1+WA)’<?2(B—E')=p%(—QA5A+5QA) Q4 l¢+3’H( cia—ch )%;] (2.20)
' 2 sA 2 2 a 2 2

where ¢2, is the physical sound speed of the fluid A in the rest frame (rf), defined as 2, =
(6pa/dpa)|pf and c2 4 is the adiabatic sound speed of the fluid A defined as 2, = p/y/p/y =
wa + w'y/(p'y/pa). These are the general equations of the interacting scenario between DE
and DM at the level of perturbations where w4 denotes the equation-of-state parameter of
the fluid A. However, when DE is represented by the vacuum energy sector characterized by
the equation-of-state —1, then the evolution equations of the interacting vacuum model at the
level of perturbations will be much simplified that we shall describe below. Now, focusing on
the general equations, one can notice that for a barotropic fluid, cg A= cg 4, and in addition,
if wy is constant, then cg A= cz 4 = wa. Now if we consider that DE is an adiabatic fluid,
then cs de = ide = wge < 0, and hence ¢, 4. becomes imaginary and as a result we encounter
with the instabilities in the DE sector. Therefore, in order to fix this issue, one needs to
impose 2 < de > 0 by hand [103] and set a positive value for c? 5de- Lhe natural choice for c? s de
is 1 as obtamed in the scalar field models [64]. This is What is done in the cosmologlcal
packages, e.g. CAMB? and others. In our case we have a simple cosmological scenario
in which vacuum energy interacts with the DM sector, hence the resulting perturbations
equations will be different from the non-interacting cosmological scenarios involving DE and
DM as described in [101] for both the synchronous and conformal Newtonian gauges. Here,
we work in the synchronous gauge, that means, ¢ = B = 0, 1 = 7, and k*E = —h/2 — 3n
(h, n denote the metric perturbations). Within this present interaction scheme, one can see
that the evolution equations at the perturbations level take simple forms. We adopt the
methodology already described in refs. [46, 70, 104]. We consider an energy flow parallel to
the 4-velocity of the non-cold DM: QY = —Quf, = [46, 70, 104]. In this case, the DM follows
the geodesics [104, 105] which means that in the non-cold DM comoving frame, the vacuum
energy perturbations vanish [46, 70, 104]. Subsequently, for the non-cold DM, the evolution
equations for the density perturbations (dg4,,) and the velocity perturbations (64,) for the

https://camb.info/.
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Parameter Prior
Qph? [0.005,0.1]
Qamh? [0.01,0.99]
T [0.01,0.8]
ns [0.5,1.5]
log[1019 A] [2.4, 4]
1000p¢ [0.5,10]
Wam [0, 1]
¢ -1,1]

Table 1. We show the flat prior used on the cosmological parameters varied independently during
the statistical analysis.

interaction function of eq. (2.5) can explicitly be recast as

n m
5élm = —(1+ wam) <9dm + 2) — 3H(Cz,dm — Wam) | Oam + 3H(1 + wdm)%
BHELE |5~ BH( gy — i) (2.22)
Ddm s,dm 2 |
By = —H(1—3¢2 ;)0 Cutm_j25
dm — — ( - cs,dm) dm + m dm
Ogm — (L +¢2 . )0am
+ 3HE Pde [ d ( s,dm) d ] (223)
Pdm 1+ wgm

where ci 4m 18 the physical sound speed of non-cold DM in the rest frame. As the DM sector
is responsible for the structure formation of the universe, so the sound speed of non-cold DM
is assumed to be ci am = 0. Thus, having the evolution equations of the dark components at
the level of background and perturbations, one can now proceed to constrain the interacting
scenario using the available cosmological probes.

3 Observational data sets

Here we describe the observational data sets that we used to constrain the interacting sce-
nario.

1. Cosmic Microwave Background Radiation: Cosmic Microwave Background
(CMB) data from Planck 2018 [1, 106] have been used. In particular, we have used the
CMB temperature and polarization angular power spectra plikTTTEEE+lowl+lowE.

2. Lensing: CMB Lensing reconstruction likelihood from Planck 2018 team [107] has
been considered.

3. Baryon acoustic oscillations: baryon acoustic oscillations (BAO) distance measure-
ments from various astronomical surveys, such as 6dFGS [108], SDSS-MGS [109], and
BOSS DR12 [110] have been considered in the analysis.

4. Pantheon: we also include the Pantheon catalogue of the Type Ia Supernovae [111].



Parameters

CMB

CMB+Lensing

CMB+BAO

CMB+Pantheon

CMB+Lensing+BAO+Pantheon

Quh? 0.02248*0Goo17 Fo.000ss  0-022497 5000187000053 002250156016 "5.0o0s1  0-02247 755001770 00053 0.02252*065015 000030
Qamh? 007725033 < 0.14 0.08276:035 < 0.14 010455335030 0109756170023 0.112F908540:020
1000 LOWGTENAINN  Loa3tONMON  LoNgriRNNE oAl O 10T o
r 0.05FENTIANT 00526 STAONT 005 RTINS 005348000 0.0539 20T+ 0018
s 0.9628750016 0ooss 0963610001 0 00se  0.9637T00013 0008 0-96237560316 0% 0.9646 7506550 0075
MO0A) 30467025000 5.04370811 0022 3046700180022 3046150127008 30441501002
Wam 0.0012219:9505% < 0.0025 0.0011215090047 < 0.0023 0.00115F9-5009% < 0.0025 0.0012317 99052 < 0.0031 0.0010819-5004¢ < 0.0023
¢ 01 0.10°83%517 DOMSTHIA  ooslin 0025512 03
Qm 0217051701 0.2270537017 0.270%5636 011 0.28575.652 0 066 0.28975.655 0055
s LA0TG35759 1327675763 0.957057 058 0.898¥5.067 016 0.8695687 015
Ho [Km/s/Mpc] 70.615578% 70.315375% 68.8515757 68.251075 68.3355. 5715
Ss LO1¥053750 % 0.98%551 021 0.88075071 011 0-86970035 0666 0-84970631 5 053
Tarag [Mpc] 146.8075 35705 146.917535%6:37 146.90753176:85 146.785 357055 146,985 37055
Qmh? 0100756550 06 0105156560670 012775 5350610 01327 017065 0135156003 %5.0%0
Table 2. 68% and 95% CL constraints on the IWDM scenario are presented for CMB,

CMB+Lensing, CMB+BAO, CMB+Pantheon and CMB+Lensing+BAO+Pantheon data sets.

Parameters CMB CMB+BAO CMB+Pantheon
2 +0.000154+0.00030 +0.00014+0.00028 -+0.00015+4+0.00029
Qbh 0'02233700001570.00029 0‘0223370.0001470.00029 0'0223370.0001570.00029
2 -+0.003740.0054 -+0.00114+0.0022 -+0.0022+4-0.0038
Qdmh 0‘116970.002070.0065 0‘118670.001170.0022 0'117870.001770.0042
+0.00035+0.00075 +0.00029+0.00059 +0.00032+0.00062
1009MC 1‘04111—0.00039—0.00068 1‘04101—0.00029—0.00058 1‘04106—0.00032—0.00063
+0.0076+0.016 +0.0073+0.016 +0.0076+0.016
T 0‘0551—0.0075—0.015 0‘0546—0.0081—0.015 0‘0547—0.0076—0.015
-+0.004840.0098 +0.0038+0.0076 -+0.0042+0.0081
Nng O‘967470.004870.0092 0‘965870.003970.0075 0'966570.004270.0083
10 +0.016+0.033 -+0.016+4+0.032 +0.016+0.032
111(10 AS) 3‘04870.01670.031 3'04670.01670.031 3'04670.01670.032
Wi < 0.0013 < 0.0030 < 0.00072 < 0.0012 < 0.0010 < 0.0020
+0.027+0.038 +0.00824-0.015 +0.017+0.027
Qm 0'290—0.014—0‘047 0‘3030—0.0075—0.016 0'297—0.012—0.030
-+0.0124-0.045 -+0.010+0.024 +0.012+0.032
g8 0‘83570.02670.035 0‘82470.01470.022 0'82970.01870.028
H, 69.5150+43 68.3610-08+13 68.88F0-90+2.8
+0.0204-0.036 +0.013+0.026 +0.016+40.031
SS 0‘821—0.018—0.039 0‘828—0.013—0.025 0‘825—0.016—0.031
Tdrag 147175031106 147.1070 501057 147.1370:3570:28
2 -+0.00374+0.0053 -+0.00114-0.0021 -+0.002240.0037
th’ 0‘139870.001970.0065 0‘141670.001170.0022 0'140870.001670.0041

Table 3. Summary of the observational constraints at 68% and 95% CL on the first simplest extension
of the ACDM cosmological model (Non-interacting scenario 1) where the dark energy equation of state,
wge = —1, and the CDM part has been replaced by the non-cold DM characterized by wg,, using
three important data sets, namely, CMB, CMB+BAO, and CMB+Pantheon.

To constrain the interacting scenario, we make use of the modified CosmoMC pack-
age [112]. This package is freely available and supports Planck 2018 likelihood [106]. Ad-
ditionally, CosmoMC package is equipped with convergence diagnostic by Gelman and Ru-
bin [113]. In table 1 we display the priors on the free parameters of this model, that are, the
baryon density (h?, the dark matter density assumed to be non-cold instead of cold Qg4,,h?,
the optical depth 7, the spectral index and the amplitude of the primordial scalar perturba-
tions ns and As, the ratio of the sound horizon to the angular diameter distance 8¢, the
equation of state of the non-cold DM wyg,,, and the coupling parameter of the interaction
function Q(t) between the non-cold DM and the vacuum ¢&.
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Figure 1. We show the one dimensional posterior distributions and two dimensional joint contours
for the most relevant parameters of the IWDM scenario using several observational data sets, namely,
CMB, CMB+Lensing, CMB+BAO, CMB+Pantheon and CMB+Lensing+BAO-+Pantheon.

4 Results

In table 2 and figure 1 we summarize the constraints on the interacting sce-
nario for various cosmological probes, namely, CMB, CMB+Lensing, CMB+BAO,
CMB+Lensing+BAO+Pantheon. The two key free parameters of this scenario are the cou-
pling parameter £ and the eos of DM, wgy,.

We begin by discussing the constraints on the interacting scenario for CMB alone and
then gradually investigate the effects of other cosmological probes as they are added to
CMB. For CMB alone, we find an indication for a non-cold DM at more than 68% CL
(Wi = 0.00122f8:8888§ at 68% CL). This supports the decay of the non-cold DM in vacuum
(i.e. an energy transfer from non-cold DM to vacuum) because we also notice an indication
for a non-zero coupling at more than 68% CL (¢ = 0.1170 42 at 68% CL). Due to the transfer
of energy from the non-cold DM to the vacuum, we detect a smaller amount of DM which
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Figure 2. We present the CMB TT, TE, and EE spectra for the IWDM scenario for various values
of the DM equation-of-state parameter wg,, in comparison with the ACDM scenario. Regarding the
CMB TT spectra, for the upper right panel, we have used the logarithmic scale to more accurately
show the effects in the low multipole regime, that are not so clear in the upper left panel, where we
instead prefer a linear scale.
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Figure 3. We show the matter power spectra for the IWDM scenario for various values of the DM
equation-of-state parameter wg,, in comparison with the ACDM scenario.

is clearly reflected by the estimated value of the matter density parameter 2, = 0.21f8:(1]z

at 68% CL (for CMB alone) compared to the ACDM value obtained from Planck [1]. It
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Figure 4. One dimensional posterior distributions and two dimensional joint contours for the most
relevant parameters of the Non-interacting scenario 1 using three important data sets, namely, CMB,
CMB+BAO, CMB+Pantheon.

is worth noting that given only an upper limit on Qg,h% in the CMB only case due to
the interaction, and given the strong correlation with many parameters of the model (see
figure 1), this produces highly non-Gaussian posteriors for all of them. Furthermore, this
results in a higher value of the Hubble constant (Ho = 70.675% km/s/Mpc at 68% CL for
CMB alone) than the Hy value obtained by Planck alone (within the ACDM paradigm) [1]
due to the anti-correlation existing between Hy and €,,, see figure 1. Actually, the positivity
of the coupling parameter (i.e. £ > 0) implies an energy flow from the non-cold DM to the
vacuum sector which produces as effect a lower value of €2,,, and, consequently, a higher value
of Hy is returned. We also notice a very large error bars on Hy due to an increase in the
volume of the parameter space. As a result, the Hy constraint is significantly relaxed due
to such large error bars, and as a result, the 50 tension on Hy between Planck (within the
ACDM paradigm) [1] and the SHOES (Supernovae and Hy for the Equation of State of dark
energy) collaboration (Hy = 73.04 £+ 1.04 km/s/Mpc) [114] is reduced to 1o for this case. It
should be noted that this alleviation of the H tension depends on the shift in the mean value
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Parameters CMB CMB+BAO CMB+Pantheon
2 0.0001510.00030 0.0001510.00029 70.00015+0.00029
Qph 0.02236 Z5'00015-0.00030  0-022327600015-0.00030  0-02233%.00015-0.00029
Qs ONBETN o nTS  on pion
m N —0. —0. N —0. —0. . —0. —0.
£0.000354-0.00075 +0.000324-0.00064 £0.000344-0.00070
1000pc  1.041157500039—0.00069  1-04108Z500032—0'00064  1-04107Z5 00033000065
ST T N T
40.00484-0.0097 40.00434-0.0083 40.0046+-0.0093
Ns 0.96797( 0048-0.0092 0.9666 " 004300083 0.9665 (604600090
10 40.0164-0.033 40.01640.032 40.0164-0.032
In(10"°Ay) 3.046 5'0160.032 3.047Z0 016 0,032 3.047Z0 0160031
Wm, < 0.0013 < 0.0030 < 0.0011 < 0.0022 < 0.0011 < 0.0025
ve  LREREE ooelEREE Lo
e * - . - . * - . - . N - . - .
40.016-40.089 40.01240.022 £0.017-40.028
Q, 0186250500060 0.305%0,01120.023 0.29475 012 0031
40.09240.12 40.019+0.038 40.01540.034
o8 0.990%¢ 0420 15 0.820%5 0190037 0.83215'018-0.032
iy s 241 o tEiss o171 137
10.02140.058 40.01440.027 40.017+0.032
Sg 0.769%6:031 0050 0.8272.013-0.026 0.8247 017 0,031
L 1T TV 11 R
rag 2010-32+0. 14702040 1310-30+0.
2 40.003740.0054 40.00254-0.0040 40.0032--0.0047
Qmh 0.1396 4001900066 0.1405%6 601600045 0.14057 601700057

Table 4. Summary of the observational constraints at 68% and 95% CL on the second extension of
the ACDM cosmological model (Non-interacting scenario 2) where the dark energy equation of state,
Wge, has been kept free and the CDM part has been replaced by the non-cold DM characterized by
Wqm using three important data sets, namely, CMB, CMB+BAO, and CMB+Pantheon.

of Hy and mainly on the increased error bars, caused by the increase in the volume of the
parameter space. The equation-of-state of the non-cold DM, wg,,, plays no role in alleviating
the Hy tension, it is the interaction between the dark components. As seen from figure 1, no
correlation (anti-correlation) is observed between Hy and wg, unlike the existing correlation
(anti-correlation) between Hy and & (€2,).

The inclusion of CMB Lensing to the CMB temperature and polarization data (i.e.
CMB+Lensing) offers results almost similar to those of the CMB alone. For example, also
here we obtain an upper limit on Q4,,h? because of the interaction, which is reflected on highly
non-Gaussian posteriors for the parameters correlated with it. This analysis also indicates an
existence of non-cold dark matter at more than 68% CL (wg,, = 0.00112f8:8883{ at 68% CL)
and of a non-zero coupling in the dark sector at more than 68% CL (§ = O.lOfg:ég at 68% CL),
alleviating the Hy tension within lo. Similar to the CMB alone case as described above, the
high value of Hy is due to the interaction between the non-cold DM and the vacuum sector but
not to the equation-of-state in the non-cold DM, wg,,,. Again we note that the alleviation on
the Hy tension is driven mainly by its very high error bars caused by an increase in the volume
of the parameter space rather than the actual shift in the mean value of Hy. Analogous to
the CMB alone case, here too, the equation-of-state of the non-cold DM, wg,,, plays no role
in alleviating the Hg tension, but this is due to the interaction between the dark components.

When BAO data are added to CMB, we observe some changes in the constraints. In
particular, we observe that the mean values of the cosmological parameters are shifted to-
wards the ACDM values, while an indication for a non-cold DM is still retained at more
than 68% CL (wgm = 0.0011570:00062 at 68% CL for CMB-+BAO). Unlike the previous two
cases, here the coupling parameter is back in agreement with £ = 0 within 1o and the mean
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Figure 5. One dimensional posterior distributions and two dimensional joint contours for the most
relevant parameters of the Non-interacting scenario 2 using three important data sets, namely, CMB,
CMB+BAO, CMB+Pantheon.

value of the coupling parameter is decreased to £ = 0.048f8:822 at 68% CL. Hence, we find

no strong evidence of £ # 0 for this dataset since both positive and negative values are
equally allowed in 1 standard deviation. Due to the positive correlation between & and Hy,
the reduction in the mean value in ¢ implies a reduction in the mean value of Hy = 68.871%
km/s/Mpc at 68% CL and consequently we find a higher value of Q,,, = 0.2707003 than the
previous two constraints obtained in CMB only and CMB+Lensing cases. We note a shift
in the mean value of Hy away from the SHOES measure [114]. Finally, we note that the H
tension between Planck (within the ACDM paradigm) [1] and the SHOES collaboration [114]
is however reduced to 2.6 and this reduction is mainly influenced by the large error bars in
Hy, not due to the presence of wgy,.

The inclusion of Pantheon to the CMB shifts the mean values of the parameters to
the ACDM values but the indication for a non-cold DM (wg,,, # 0 at more than 68% CL)
is kept: wgmy, = 0.001231“8:88883 at 68% CL. Similar to the CMB+BAO analysis, we find no
clear evidence of a non-zero coupling. The correlation between & and Hy remains the same as
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observed in the previous cases and also the matter density parameter increases. Finally, we
note that the Hy tension between Planck (within the ACDM paradigm) [1] and the SHOES
collaboration [114] is reduced to 3.4c for this dataset combination. The reduction in the
Hj tension in this case is not comparable to the CMB and CMB+Lensing analyses since we
notice (i) a shift in the mean value of Hy away from the SHOES estimate [114], and (ii) the
error bars on Hy are stronger than both CMB and CMB+Lensing analyses. Similar to the
earlier cases, we confirm that wy, does not affect Hj.

For the most complete dataset, i.e. CMB+Lensing+BAO+Pantheon, we get the most
stringent constraints on the interacting scenario. We still find a non-zero value of the DM eos
at more than 68% CL (wg,, = 0.0010815-0005% at 68% CL). Similarly to the previous case (i.e.
CMB+Pantheon), we find no evidence for £ # 0 and the mean value of £ is further reduced
with respect to CMB+Pantheon. The Hubble constant turns out to be Hy = 68.337057
km/s/Mpc at 68% CL, which in any case reduces the 50 tension between Planck (within
the ACDM paradigm) [1] and the SHOES collaboration [114] down to 3.60. We note that
the slight increase in the mean value of Hy with respect to the Planck’s estimate within the
ACDM paradigm [1] is solely responsible for the energy flow from the non-cold DM sector
to the vacuum sector (i.e. £ > 0) since, due to the existing anti-correlation between Hy and
Q,, as explained previously, we have a slight increase in the mean value of Hy. However, the
dark matter equation-of-state, wg,,, does not affect Hp in any way.

We also analyze the impacts of the IWDM scenario on the CMB power spectra and
matter power spectra for different values of wg, as well as the coupling parameter £. In
figure 2 we plot the CMB TT, TE, and EE spectra by setting the cosmological parameters
to the best fit values of the parameters obtained from CMB+Lensing+BAO+Pantheon data
analysis, with a fixed value of ¢ = 0.025.2 We then consider different values wg,, starting from
Wym = 0, i.e. the usual interacting cold DM scenario, up to 0.05 in different combinations,
together with the spectra representing the non-interacting ACDM cosmological model as the
reference scenario. Focusing on the CMB T'T spectra, we see that the value of the equation-
of-state parameter of the non-cold DM, i.e. wg,, affects the entire CMB spectrum and this
effect increases for enhancement of wg,,. In particular, as wy,, increases, the amplitude of the
first acoustic peak, and in general, the amplitude of the odd peaks, in the CMB TT and TE
spectra is suppressed with respect to the non-interacting standard ACDM model (solid grey
curve) and the interacting cold DM (red dashed curve). However, the amplitude of the second
acoustic peak, and in general, the amplitude of the even peaks, increases for increasing values
of wgm. In other words, we see changes in the ratio of odd and even numbered peak heights
of the TT (and TE) power spectrum. This effect resembles the one obtained by decreasing
the baryon density, because both of them are weakening the gravity: the asymmetry of
the oscillations is altered, and a reduction of the compression peaks (odd) compared to the
rarefaction peaks (even) is observed. We also see that the amplitude of the ISW plateau
in the low multipole regime (¢ < 100) of the CMB TT spectrum increases significantly by
enhancing wg,, with respect to the ACDM and interacting cold DM scenarios, indicating a
dominance of the DE component. Finally, in figure 3 we show the increase of the amplitude
of the matter power spectrum as the wg,, value increases.

3Note that IWDM with ¢ = 0 and wg,, = 0.01 or 0.05 as kept in the upper left plot of figure 2 refers to
the non-interacting scenario.
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4.1 IWDM and the non-interacting scenarios

After presenting the results on the IWDM scenario, we now proceed to investigate the
physics of the non-interacting scenarios, that means we aim to investigate the dark sec-
tors physics when @ is absent in the picture. We consider two very well known extensions
of the standard ACDM cosmological scenario, namely, (i) the cosmological scenario with
wge = —1 being the dark energy equation of state but the DM equation-of-state wg,, is con-
stant (labeled as Non-interacting scenario 1), and (ii) the cosmological scenario where the
dark energy equation-of-state wg. and the DM equation-of-state wg,, are constants (labeled
as Non-interacting scenario 2). We note that Non-interacting scenario 1 has “seven free pa-
rameters” {Qph?, Qamh?, 7, ng log[1019A,], 10004/¢, wam} and the Non-interacting scenario
2 has “eight free parameters” {Qyh?, Qamh?, 7, ns log[101YA,], 10005/, Wam, wae}. We con-
strained both the scenarios considering three effective data sets, namely CMB, CMB+BAO
and CMB+Pantheon* considering the flat priors on the parameters {Quh%, Qg h%, 7, ng
log[10'°A,], 1000, wam} as in table 1 while we use [—3,0] as the flat prior for wg.. We
have considered the well known perturbations equations as described in ref. [101].

In table 3 and table 4, we present the observational constraints on these two scenarios for
CMB, CMB+BAO and CMB+Pantheon data sets. And in figure 4 and figure 5 we show the
corresponding graphical variations. From table 3, we notice that for all three data sets, wg,
does not exhibit any non-null behaviour in the Non-interacting scenario 1 and it is actually
consistent with wg,, = 0 but interestingly we observe from figure 4 that wg,, is correlated with
most of the parameters. However, we find that the Hubble constant takes a relatively higher
value compared to what we obtain in the ACDM paradigm by Planck 2018 collaboration [1].
This is mainly due to the existing correlation with wg,, and Hy as seen in figure 4. For
Non-interacting scenario 2, we also do not find any evidence of wg,, # 0, and all three data
sets indicate that wy,, is consistent to zero. On the other hand, the dark energy equation
of state crosses the phantom divide line wg, = —1.52f8:§[8) at 68% CL in agreement with the
usual wCDM scenario [115]. When the external probes, namely, BAO and Pantheon are
independently added to CMB, the cosmological constant is restored. This effectively means
that this extended model has similar features as in the usual wCDM model. Contrary to
this, if we allow for an interaction between the dark sectors, we observe only a very weak
evidence (at more than 68% CL) of non-cold DM, as indicated by all the observational data
sets (see table 2). This observation is noteworthy because, based on the current observational
data, the presence of an interaction between DE and non-cold DM suggests that the non-cold
DM sector may not be entirely excluded, even though the evidence for such a sector remains
weak.

4.2 Bayesian evidence

The Bayesian evidence plays a very crucial role to understand the fitness of a cosmological
scenario with respect to a given set of cosmological probes and a given reference model. As
the IWDM is a new cosmological scenario, therefore, it is essential to understand the sound-
ness of the model. Concerning the reference model, the ACDM model is undoubtedly the
best choice for this purpose even though one can set a different reference model. In this work
we have considered the ACDM model as the reference model and performed the Bayesian

4While it is possible to perform various combinations as presented in table 2, however the intrinsic nature
of the cosmological scenarios does not change significantly, which does not indicate anything particularly
appealing.
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Dataset In B;;

CMB —2.5
CMB+Lensing -3.3
CMB+BAO —4.2
CMB+Pantheon —4.9
CMB+Lensing+BAO+Pantheon —5.1

Table 5. Summary of the In B;; values (i refers to IWDM and j refers to the reference model
ACDM) for all the data sets. The negative value in In B;; indicates that the data set prefers ACDM
over the IWDM scenario.

evidence analysis (see [116] for more details on the methodology). We have used the MCEvi-
dence package [117, 118] to compute the Bayes factor In B;; of the IWDM scenario compared
to the ACDM scenario for all the data sets (see table 5) where the negative value of In B;;
indicates that data prefer the ACDM model over the IWDM model. From the table 5, we
find that ACDM remains preferred over the interacting scenario proposed in this work. This
is due to the extra free parameters in the IWDM scenario compared to the ACDM model,
which are complicating the model and are therefore disfavored by Occam’s razor principle.
Note in fact that IWDM has two extra free parameters than the 6-parameter ACDM model.

5 Summary and conclusions

Cosmological scenarios in which DM and DE can exchange energies with each other have
been found very appealing both from a theoretical and observational perspective. Such sce-
narios are generalized versions of non-interacting cosmologies and offer a rich phenomenology
of the dark sector. In most of the interacting scenarios between DM and DE (even in the
non-interacting DE-DM scenarios), the equation of state of DM is assumed to be zero, which
means that the DM sector is assumed to be cold or pressure-less. While the assumption of a
pressure-less DM is a very natural choice that is motivated by the formation of structure of
our universe on the large scale and the marvellous success of the standard ACDM cosmology,
nevertheless, let us recall that the intrinsic nature of DM remained mysterious after a series
of astronomical tests. Furthermore, since the interaction between DE and DM involves an en-
ergy transfer between them, it cpuld therefore be argued that the abundances of the pressure-
less DM in the universe sector could be the result of a decaying DM with a non-vanishing
equation-of-state in DE during the evolution of the universe. The statement — “whether one
should consider a pressure-less DM or a non-cold DM” (alternatively, whether there is a non-
cold DM species in the universe sector) can continue to be debated, however, with the increas-
ing sensitivity in experimental data, probably the best approach is to consider a free-to-vary
equation-of-state of the DM and let observational data decide the most preferable scenario.

Following this, in this article, we have considered an interacting (non-cold) DM scenario
(labeled as “IWDM?”) with the vacuum sector through a very well known interaction function
Q(t) = 3HEpge. The vacuum sector has the equation-of-state wge = —1 and the (non-cold)
DM has a constant equation-of-state wg,, which is free-to-vary in [0, 1]. Considering the evo-
lution of the IWDM scenario at both background and perturbation levels, we constrained the
scenario using a set of cosmological probes, such as CMB from Planck 2018, CMB+Lensing,
CMB+BAO, CMB+Pantheon and CMB+Lensing+BAO+Pantheon (see section 3 for the
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details of the data sets). The results are summarized in table 2 and figure 1. We find that
Wy Temains non-zero at more than 68% CL for all observational data sets. This means that
the existence of a non-cold DM (albeit slight) in the universe sector cannot be discarded. The
coupling parameter £ remains non-zero at more than 68% CL for CMB and CMB+Lensing
which signals an energy transfer from DM to DE. However, for the remaining data sets, i.e.
for CMB+BAO, CMB+Pantheon and CMB+Lensing+BAO+Pantheon, we find no strong
evidence for £ # 0. We also find that the existing 50 tension on the Hubble constant be-
tween Planck (within the ACDM paradigm) [1] and the SHOES collaboration [114] is reduced
by many standard deviations for the data sets used. We found that in this interacting
scenario, this tension on Hj is reduced down to 0.60 (for CMB and CMB+Lensing), 2.50
(CMB+BAO), 3.30 (CMB+Pantheon) and 3.60 (CMB+Lensing+BAO+Pantheon). And
this reduction is mainly due to: (i) the energy flow from the non-cold DM to the vacuum
sector, and (ii) the large error bars on Hy as a result of the increase in the volume of the
parameter space. The inclusion of the dark matter equation-of-state does not affect Hy and
most of the constraints, see figure 1.

Additionally, we plot the CMB TT, TE, and EE spectra (figure 2) and matter power
spectra (figure 3) for the IWDM scenario with the goal to understand how differently the
values of wy, affect them. We find significant evidence in CMB TT spectra showing that
with the increase of wy,,, the amplitude of the odd acoustic peaks in the CMB TT and TE
spectra is suppressed and the amplitude of the even acoustic peaks increases, relative to the
non-interacting ACDM and the interacting cold DM scenarios. Differences are also observed
in the low multipole regime (¢ < 100) of the CMB TT spectrum for increasing values of wg,,
affecting the ISW plateau. In the matter power spectra, the effects of the non-cold DM are
also captured where we see that the amplitude of the matter power spectrum increases as
Wy INcreases.

On another side, we have compared the IWDM scenario with two non-interacting
scenarios which are the minimal extensions of the ACDM cosmological model aiming to
distinguish between the interacting and non-interacting scenarios in the light of the non-
cold DM component. In tables 3 and 4 we have summarized the constraints on these non-
interacting scenarios considering three important data sets , namely CMB, CMB+BAO and
CMB+Pantheon. However, our results indicate that there is no evidence of wg,, # 0 for any
of the data sets. This is in contrast to the IWDM scenario, where there is still a suggestion
of wgm # 0, albeit very weak, based on the data. According to the Bayesian evidence analy-
sis (table 5), the ACDM model still remains the favored cosmological scenario. However, it is
important to note that the IWDM scenario introduces two additional free parameters com-
pared to the ACDM model, so it is disfavored by the Occam’s razor principle. This is one of
the reasons why the ACDM model is consistently preferred over IWDM in our comparisons.

Based on the current outcomes, it could be argued that setting the equation-of-state
of DM to zero could make the underlying cosmological scenario simple but at the expense
of some important information loss regarding the dark sector. The cosmology with non-cold
DM may be more exciting as we note that such scenarios have not received much attention
without compelling reasons. We also add that the evolution of this interacting scenario
beyond the linear perturbation regime could be an interesting investigation. We trust that
with the emergence of potential cosmological probes in the near future more exciting news
on the non-cold DM cosmologies are yet to appear. We anticipate that this could herald the
beginning of a new era in cosmology.
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