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We investigate the recently introduced metastable dark energy (DE) models after the final Planck 2018
legacy release. The essence of the present work is to analyze their evolution at the level of perturbations.
Our analyses show that both the metastable dark energy models considered in this article, are excellent
candidates to alleviate theH0 tension. In particular, for the present models, Planck 2018 alone can alleviate
the H0 tension within 68% CL. Along with the final cosmic microwave background data from the Planck
2018 legacy release, we also include external cosmological datasets in order to asses the robustness of
our findings.
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I. INTRODUCTION

The nature of dark energy (DE) or geometrical dark
energy (GDE) is one of the intrinsic queries of modern
cosmology that we are still looking for. According to the
analyses of the high quality observational data, the present
accelerating phase of the universe is quite well described
in the framework of the general relativity together with a
cosmological constant—the so called ΛCDM model.
However, due to many theoretical and observational short-
comings associated with the ΛCDM cosmology, searches
for alternative descriptions have been necessary. Apart from
the well-known cosmological constant/fine tuning and
cosmic coincidence problems affecting the ΛCDM sce-
nario, recent observations indicate that the CMB measure-
ments of some key cosmological parameters within this
minimal ΛCDM scenario do not match with the values
measured by other cosmological probes. Specifically, one
is the long standing H0 tension (above 4σ) between the
estimated value of H0 provided by Planck [1] (in agree-
ment with [2–24]) and that one measured by the SH0ES

collaboration [25] (see also [26–41]). Despite the above
measurements, there are local expansion estimates which
indicates that the tension is close to ∼2σ, i.e., preferring a
lower value with respect to the SH0ES result. Moreover, in
Ref. [42] it has been speculated that a systematic bias of
0.1–0.15 mag in the intercept of the Cepheid period-
luminosity relations of SH0ES galaxies could resolve the
H0 tension. However, the final result from the Maser
Cosmology Project [43], completely independent from
these considerations, measuring geometric distances to 6
masers in the Hubble flow, found H0 ¼ ð73.9�
3.0Þ km=s=Mpc, completely in agreement with the
SH0ES value. The other one is the S8 tension between
Planck and the cosmic shear measurements KiDS-450
[44–46], Dark Energy Survey (DES) [47,48] or CFHTLenS
[49–51]. Furthermore, when a curvature is considered into
the cosmic picture [52], all these tensions are exacerbated
revealing a possible crisis for the cosmology. Thus, in order
to circumvent these problems, several alternative cosmo-
logical models have been introduced in the literature
aiming to solve or alleviate such tensions in an effective
way. In the literature there is a large family of models that
alleviate the H0 tension among which “multiparameter”
dark energy [53–57], early dark energy [58–63], interacting
dark energy [64–73], modified gravity models [74–76], and
the list goes on (see [13,16,31,77–110]. On the other hand,
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for the well known S8 ¼ σ8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm0=0.3

p
tension we refer the

reader the following works [56,71,99,111–114]. The above
family of models provide a framework of alleviating such
tensions within 3σ, but the problem still remains open.
In this article we consider two metastable DE models

introduced recently by Shafieloo et al. [94] (also see [95]).
The basic ingredient of these models is that the decay of DE
does not depend on the external parameters, such as the
expansion rate of the universe etc. These models depend
only on the intrinsic properties of DE. Thus, it is expected
that metastable DE models could explore some inherent
nature of the dark sector, specially the DE. Our observa-
tional constraints on the metastable DE models should be
considered stringent for the following reasons: (i) we have
considered the cosmological perturbations for the models,
an indispensable tool to understand the large scale structure
of the universe, and (ii) we have included the final Planck
2018 data [1,115,116]. A quick observation from our
analyses is that the metastable DE models are able to
alleviate the H0 tension.
The article is organized in the following way. In

Sec. II, assuming the Friedmann-Lemaître-Robertson-
Walker (FLRW) universe, we present the gravitational
equations and two metastable DE models that we wish
to study in this work. In Sec. III we discuss the observa-
tional data and the methodology applied to constrain the
models. Then we discuss the results of our analyses in
Sec. IV. Finally, in Sec. V we close our work with a brief
summary of all the findings.

II. METASTABLE DARK ENERGY MODELS

In this section we review two metastable DE models
introduced recently by [94,95]. We assume the spatially
flat Friedmann-Lemaître-Robertson-Walker (FLRW) geom-
etry which is characterized by the line element ds2 ¼
−dt2 þ a2ðtÞ½dx2 þ dy2 þ dz2�, where aðtÞ (hereafter a)
is the scale factor of the universe. The gravitational sector of
the universe follows Einstein’s general relativity where in
addition we assume that the matter content of the universe is
minimally coupled to gravity. Further, we assume that the
entire universe is comprised of baryons, radiation, pressure-
less dark matter and a dark energy fluid. Throughout the
present work we shall identify ρi and pi as the energy
density and pressure of the ith fluid. Here, i ¼ fb; r; c; xg
stands for baryons (b), radiation (r), pressureless or cold
dark matter (c) and DE (x). Within this framework, one
could write down the Einstein’s field equations:

3H2 ¼ 8πG
3

X
i

ρi; ð1Þ

2 _H þ 3H2 ¼ −4πG
X
i

pi; ð2Þ

where an overhead dot denotes the derivative with respect to
the cosmic time; H ≡ _a=a is the Hubble rate of the FLRW
universe and 8πG is the Einstein’s gravitational constant
(G is the Newton’s gravitational constant). Let us note that
using either the Bianchi’s identity or using the gravitational
equations (1) and (2), one could derive the conservation
equation of the total fluid

X
i

_ρi þ 3H
X
i

ðρi þ piÞ ¼ 0: ð3Þ

So, out of the three equations, namely, Eqs. (1)–(3), only two
of them are independent. Since DE plays a crucial role in the
dynamics of the universe, over the last two decades, several
forms of DE have been studied in the literature. In most of
the cases, it has been assumed that DE density depends on
the external parameters, such as the scale factor, a, of the
FLRWuniverse; its expansion rate,H; or its scalar curvature.
While one may naturally consider a scenario in which DE
depends from its intrinsic composition and structure. The
motivation of the metastable DE models is along the latter
lines. In the following we shall introduce two metastable DE
models and discuss their physical origin.

A. Model I

The first metastable DE model that we aim to study
follows the evolution law [94,95]:

_ρx ¼ −Γρx; ð4Þ

where ρx, as already mentioned, denotes the energy density
of DE and Γ is a constant which could be either positive or
negative and its dimension is same as that of the Hubble
rate, H, of the FLRW universe. Note that, Γ ¼ 0 implies
ρx ¼ constant, featuring the cosmological constant. Note
further that other cosmic fluids, namely baryons, radiation
and cold dark matter follow the usual conservation equa-
tion, that means, _ρiþ3HðpiþρiÞ¼0, where i ¼ fb; r; cg.
The evolution of DE characterized in Eq. (4) is exponential,
and for Γ > 0 DE density has a decaying character, while
for Γ < 0 DE density is increasing. This kind of evolution
is actually motivated from the “radioactive decay” scheme
in which unstable nuclei and elementary particles may
decay. Moreover, as we have already mentioned, the energy
densities of radiation, baryons, and cold dark matter obey
the standard scaling laws implying that this model can be
viewed in the context of dynamical dark energy. Hence, one
can introduce a homogeneous scalar field ϕ [117,118]
rolling down the potential energy VðϕÞ, and therefore it
could resemble a scalar field model of DE. Now, if we focus
on the evolution of DE as given in Eq. (4), that means,
_ρx þ Γρx ¼ 0, one could quickly find its equivalent struc-
ture by comparing it with the standard evolution of DE

_ρx þ 3Hð1þ wxÞρx ¼ 0; ð5Þ
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which naturally introduces a dynamical equation of state of
DE, wx ¼ px=ρx. Thus, comparing (4) and (5), one could
determine, wx ¼ −1þ Γ=H0

3H=H0
, where we introduce H0, i.e.,

the present value of H. In other words, Γ will give us an
estimate of the deviation of the dark energy equation of
state from the cosmological constant.
Let us now proceed with the evolution of this model at

the level of perturbations. Here we consider the perturbed
FLRW metric in the synchronous gauge [119]

ds2 ¼ a2ðτÞ½−dτ2 þ ðδij þ hijÞdxidxj�; ð6Þ

where τ is the conformal time; δij, hij respectively denote
the unperturbed and perturbed metric tensors. Now, for the
above metric (6), using the conservation equation for the
total fluid, one can conveniently derive the corresponding
evolution equations Fourier space k, and they are

δ0x ¼ −ð1þ wxÞ
�
θx þ

h0

2

�
− 3Hðc2sx − wxÞ

×

�
δx þ 3Hð1þ wxÞ

θx
k2

�
− 3Hw0

x
θx
k2

; ð7Þ

θ0x ¼ −Hð1 − 3c2sxÞθx þ
c2sx

1þ wx
k2δx; ð8Þ

δ0c ¼ −
�
θc þ

h0

2

�
; ð9Þ

θ0c ¼ −Hθc; ð10Þ

where the primes attached to any quantity denote the
derivative of that quantity with respect to the con-
formal time τ; H ¼ a0=a, denotes the conformal Hubble
factor; h ¼ hjj is the trace of the metric perturbations hij;

θi ≡ iκjvj (here i ¼ c, x) is the divergence of the ith fluid
velocity. Finally, δi ¼ δρi=ρi denotes the density perturba-
tion for the ith fluid, that means δx is the density
perturbation for the dark energy fluid while δc refers to
the density perturbation for the cold dark matter fluid.
Notice that c2sx ¼ δpx=δρx, is the effective sound speed of
the DE perturbations in the rest frame [120] (the corre-
sponding quantity for matter is zero in the dust case), which
determines the amount of DE clustering and it can be
treated as a free parameter without any problem. However,
we need to have in mind that the inclusion of the sound
speed as a free parameter actually increases the degeneracy
among the model parameters. On the other hand, for
barotropic DE with constant equation of state wx,
c2sx ¼ wx < 0, and hence instabilities appear in the DE
fluid [121,122]. In order to avoid instabilities one has to
impose c2sx > 0 [121,122]. It is well known that in the case
of a homogeneous dark energy we have c2sx ¼ 1, hence, the
corresponding pressure suppresses any DE fluctuations at
subhorizon scales, and consequently, the quantities δx and
θx are vanished. On the other hand, for c2sx ¼ 0, DE clusters
similar to that of dark matter perturbations. The clustering
of DE modifies the evolution of dark matter fluctuations
perturbations (for more discussion see [123–128] and the
references therein). In the current paper we have set
c2sx ¼ 1, which implies that dark energy is nonclustering,
hence one should consider the perturbation equations along
with the background ones.
In this context, let us now provide the temperature

anisotropies of the CMB spectra and the matter power
spectra of Model I. In Fig. 1, we have shown the
corresponding plots for various numerical values of the
dimensionless parameter Γ=H0. In particular, we show
the CMB TT spectra in the left panel and matter power
spectra in the right one. One can clearly see that even if we
increase the magnitude of Γ=H0, there is no significant
changes in the spectra. However, a mild deviation from

FIG. 1. CMB temperature angular power spectra (upper left) and matter power spectra (upper right) for different values of the
dimensionless parameter Γ=H0 of Model I have been shown.
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ΛCDM (Γ=H0 ¼ 0) appears only for low multipoles of the
CMB spectra.

B. Model II

We now introduce the second metastable DE model in
this work which is an interacting dark scenario between a
pressureless dark matter and vacuum energy characterized
by the conservation equations:

_ρx ¼ −Q; ð11Þ

_ρc þ 3Hρc ¼ Q; ð12Þ

whereQ refers to an interaction function between these dark
sectors. Now, given a specific functional form for Q, one
may determine the dynamics of the interacting universe by
solving the above conservation equations together with the
Hubble equation in Eq. (1). The possibility of an interaction
in the cosmic sector was initially motivated to explain the
cosmological constant problem [129] and later this theory
was found to provide with an appealing explanation to the
cosmic coincidence problem [130–133]. These results moti-
vated several investigators to work in this region. Therefore,
in the last two decades, cosmological scenarios that allow
interaction between the cosmic fluids, namely between the
dark sectors of the universe have been extensively studied,
see for instance [121,122,134–177]. For these models it has
been proposed that interaction function takes the following
forms Q ∝ ρc, Q ∝ ρx, Q ∝ ðρc þ ρxÞ, while there are also
some other choices which include more complex forms as
far as Q is concerned (see [122]).
We would like to stress our original approach regarding

the present metastable model has been phenomenological.
Phenomenology is a valid and frequently used method in
theoretical cosmology, especially over the last decade.
Indeed a plethora of papers have been published in
metastable dark energy studies, without necessarily provid-
ing a physical interpretation. Nevertheless, since Model II
allows interactions in the dark sector we would like to point
out that there are several attempts regarding the physical
interpretation of these interactions based on action princi-
ples [178–183]. We remind the reader that in this case cold
DM interacts with DE (or vacuum), hence the cold DM
density does not follow the standard power-law a−3.
Specifically, it has been found in Ref. [183] that the

interaction function Q ∝ ρx has a field theoretic descrip-
tion. Moreover, following the recent works [184,185] if we
treat ρx as a running vacuum density ρΛðtÞ then Model II
can be seen within the context of a string-inspired effective
theory in the presence of a Kalb-Ramond (KR) gravita-
tional axion field which descends from the antisymmetric
tensor of the massless gravitational string multiplet.
In the present article, we shall use Q ¼ Γρx as consid-

ered in [94,95] where Γ is the coupling parameter. Here we
assume that Γ is constant and it has the same dimension as

that of the Hubble constant, hence Γ=H0 is the dimension-
less quantity which we attempt to place constraints from the
observational data. Notice that the present interaction rate
does not depend on any parameter related to the expansion
of the universe, for instance the Hubble rate of the FLRW
universe as considered in many works just for mathematical
convenience, and this is the basic feature of the metastable
DE models. The sign of Γ determines the flow of energy
between the dark two sectors. For Γ > 0, DE decays into
DM while for Γ < 0, the situation is reversed, that means
energy flows from DM to DE. We consider a general
picture allowing Γ to take both positive and negative values,
with Γ ¼ 0 recovering the noninteracting ΛCDM cosmol-
ogy. Having presented the gravitational equations for this
model at the level of background, one can now proceed
toward its understanding at the level of perturbations.
In order to understand the evolution of the model at the

level of perturbations, we recall the perturbed FLRWmetric
in the synchronous gauge given in Eq. (6). Within this
formalism, one can write down the perturbations equations
of the above model as [186,187]:

δ0c ¼ −
�
θc þ

h0

2

�
−
aQ
ρc

δc ¼ −
h0

2
−
�
aΓρx
ρc

�
δc; ð13Þ

θ0c ¼ −Hθc; ð14Þ

where prime denotes the differentiation with respect to the
conformal time; h is the trace of the metric perturbations hij
[see the perturbed metric (6)]; and δc is the density
perturbations for the CDM fluid and θc is the volume
expansion scalar for the CDM fluid. Notice here that,
following [186], we consider an energy flow parallel to the
four velocity of the CDM fluid. As a result, CDM particles
follow geodesics as in ΛCDM and consequently, the
vacuum energy perturbations will vanish in the CDM-
comoving frame. Now, from the residual gauge freedom in
the synchronous gauge, one may take θc ¼ 0 as we have
taken, and hence θ0c ¼ 0.
We now proceed toward the understanding of the effects

of this model through various quantities. In Fig. 2 we plot
the temperature anisotropy of the CMB spectra and the
matter power spectra for various numerical values of the
dimensionless parameter Γ=H0. Specifically, the left panel
of Fig. 2 shows the CMB TT power spectra and the right
panel of Fig. 2 shows the matter power spectra. The
features of the spectra are quite different compared to
the Model I. As one can see from the CMB TT power
spectra, a mild change in the dimensionless coupling
parameter Γ=H0 produces an observable change in the
spectrum and this clearly distinguishes Model II from
Model I (see Fig. 1). In fact, for negative values of
Γ=H0 (DM decaying into DE), the amplitude of the first
acoustic peak in the CMB TT spectra decreases. The
opposite scenario holds when the energy flow takes place
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from DE to DM (Γ > 0). Similar effects are observed in the
matter power spectra, but in this case when Γ=H0 increases,
the amplitude of the matter power spectrum becomes more
suppressed.

III. OBSERVATIONAL DATA AND
METHODOLOGY

This section is devoted to describe the observational
datasets, statistical techniques and the priors imposed on
various free parameters related to the aforementioned
metastable dark energy models, namely, Model I and
Model II.
Our baseline dataset is Planck 2018, i.e., the latest

cosmic microwave background (CMB) temperature and
polarization angular power spectra plikTTTEEEþ
lowlþ lowE from the final 2018 Planck legacy release
[1,115,116]. Moreover, we test the robustness of our result
by including a few cosmological probes, choosing a subset
between all the datasets available in the literature (see for
example [188]):

(i) BAO: Measurements of the BAO data from different
astronomical missions [189–191] have been used.

(ii) DES: The galaxy clustering and cosmic shear
measurements from the Dark Energy Survey
(DES) combined-probe Year 1 results [47,48,192],
as adopted by the Planck collaboration in [1] have
been analyzed.

(iii) R19: The recent measurement of the Hubble con-
stant from a reanalysis of the Hubble Space Tele-
scope data using Cepheids as calibrators, giving
H0 ¼ 74.03� 1.42 km=s=Mpc at 68% CL [25] has
been considered. It is important to comment that this
H0 value is in tension at 4.4σ with the Planck’s
estimation within the ΛCDM cosmological set-up.

To constrain the metastable DE scenarios we use our
modified version of the publicly available markov chain
monte carlo package CosmoMC [193,194], an excellent

cosmological code having a fine convergence diagnostic
by Gelman-Rubin [195]. This code includes the support for
Planck 2018 likelihood [115,116]. The models we are
considering have one extra free parameter, Γ, compared to
the flat ΛCDMmodel (six-parameters). Let us also mention
that in the current analysis, we have fixed the sound speed
of DE to unity (c2sx ¼ 1), which means that we are dealing
with a homogeneous DE. Therefore, the parameter space of
the models is

P1 ≡ fΩbh2;Ωch2; 100θMC; τ; ns; log½1010As�;Γ=H0g;
ð15Þ

where Ωbh2, Ωch2, are the dimensionless densities of
baryons and cold dark matter, respectively; θMC denotes
the ratio of the sound horizon to the angular diameter
distance; τ refers to the reionization optical depth; ns
denotes the scalar spectral index; As being the amplitude
of the primordial scalar power spectrum; and Γ=H0 being
the free parameter of the metastable models normalized to
the Hubble constant value. For the statistical analyses, we
have imposed flat priors (see Table I) on the above free
parameters.

IV. RESULTS AND ANALYSES

In this section we present the observational constraints on
the present metastable DE scenarios by considering data
from Planck 2018 and other cosmological probes III.
Regarding the initial conditions that are used during the
analysis the situation is as follows. For the first model of our
consideration, namely Model I, by following the notations of
[196], we have assumed adiabatic initial conditions. Now,
although Model II represents a coupled cosmic scenario, if
one assumes adiabatic initial conditions for the standard
components, namely radiation and baryons, then the inter-
acting dark fluids also follow the adiabatic initial conditions,
see [143,146,197]. The observational constraints for both the

FIG. 2. CMB temperature angular power spectra (upper left) and matter power spectra (upper right) for different values of the
dimensionless coupling parameter Γ=H0 of Model II have been shown.
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models are summarized in Tables II (for Model 1) and
Table IV (for Model 2). Further, the constraints on the
ΛCDM cosmology (equivalently, Γ ¼ 0) have been shown
in Table III for comparing the models with Γ ≠ 0.
Additionally, in Figs. 3 and 6 we present the corresponding
contour plots (68% and 95% CL) for each model
respectively.

A. Model I

Let us start with the presentation of the results for Model
I. Using the data from Planck 2018 only (see second
column of Table II) we observe that the dimensionless
parameter Γ=H0 deviates from zero at more than 1σ, and it
is completely unconstrained at 95% CL. We find that this
parameter is correlated with most of the key parameters of
the model. The fact that the Γ=H0 is unconstrained from
Planck 2018 data, can be easily verified if we look at
Fig. 1. We notice a strong positive correlation of the Hubble
constant, H0, with Γ=H0, hence H0 takes a relatively large
value with very high error bars (H0 ¼ 69.3þ5.9

−3.5 , 68% C.L.,
Planck 2018) with respect to that of ΛCDM model (see
Table III). Therefore, in the context of Model I the H0

measurement provided by Planck 2018 is compatible
(within one standard deviation) with that of R19. Thanks

to the geometrical degeneracy between H0 and Ωm0

appeared in the CMB data, we also find that Model I
prefers a lower value of the matter density. Indeed as we can
see from Fig. 4, there is a strong anticorrelation between
Γ=H0 and Ωm0.
Combining BAOs and Planck 2018 data we can place

constraints on Γ=H0 at 95% C.L., (see third column
of II and the 3D scattered plot of Fig. 4). This is due to
the strong power of BAO data in constraining Ωm0 which
anticorrelates with Γ=H0. Notice, that in this case we
have Γ=H0 ¼ 0, i.e., in agreement with the ΛCDM
model, within 1σ. Further, regarding H0 using Planck
2018þ BAO dataset, we observe 2.6σ compatibility
(H0 ¼ 68.3þ1.6

−1.7 ) with the corresponding value obtained
R19, while in the case of the concordance ΛCDM model
the difference is close to ∼4.4σ.
Now let us test the combination Planck 2018þ DES

data. The results of Planck 2018þ DES combination are
summarized in the fourth column of Table II. In this case
we have a lower limit of Γ=H0, which is above zero (i.e., a
cosmological constant model), at 2σ level, implying a
decaying DE component. Concerning Ωm0, its best fit
value becomes relatively low, namely Ωm0 ¼ 0.263þ0.012

−0.027
(68% C.L., Planck 2018þ DES). Thanks to the three-
parameter correlation shown in Fig. 4, we find that the best
value of H0 tends to that of R19 together, while the
corresponding errors bars are quite large.
Now the statistical results of the combined dataset

Planck 2018þ R19 are shown in the fifth column of
Table II. For this combination of data we find a strong
indication of decaying DE with Γ=H0 > 0 at more than 2σ,
namely we obtain Γ=H0 > 0.53 at 95% C.L. These con-
straints are in very good agreement with those of Planck
2018þ DES, showing a resolution of the tension with the
cosmic shear data at the same time.
Finally, using Planck 2018þ BAOþ DESþ R19 we

present the corresponding results in the last column of

TABLE I. We show the flat priors on the free parameters of both
metastable DE models for the statistical simulations.

Parameter Prior (Model I) Prior (Model II)

Ωbh2 [0.005, 0.1] [0.005, 0.1]
Ωch2 [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]
log½1010As� [2.4, 4] [2.4, 4]
100θMC [0.5, 10] [0.5, 10]
Γ=H0 ½−1; 1� ½−1; 0.7�

TABLE II. Summary of the observational constraints and lower limits at 68% and 95% CL on the cosmological scenario driven by the
metastable DE scenario, Model I, using different observational datasets. The parameters are varying in the ranges described in Table I.

Parameters Planck 2018
Planck

2018þ BAO
Planck

2018þ DES
Planck

2018þ R19
Planck

2018þ BAO þ DESþ R19

Ωch2 0.1205þ0.0014þ0.0027
−0.0014−0.0027 0.1197þ0.0013þ0.0024

−0.0012−0.0024 0.1183þ0.0011þ0.0022
−0.0011−0.0022 0.1203þ0.0013þ0.0026

−0.0013−0.0025 0.1190þ0.00098þ0.0019
−0.00099−0.0020

Ωbh2 0.02231þ0.00015þ0.00029
−0.00015−0.00031 0.02236þ0.00015þ0.00028

−0.00014−0.00029 0.02246þ0.00014þ0.00028
−0.00014−0.00028 0.02232þ0.00014þ0.00029

−0.00016−0.00029 0.02243þ0.00014þ0.00026
−0.00014−0.00026

100θMC 1.04062þ0.00031þ0.00060
−0.00030−0.00062 1.04072þ0.00029þ0.00061

−0.00031−0.00060 1.04084þ0.00030þ0.00061
−0.00032−0.00060 1.04065þ0.00031þ0.00064

−0.00032−0.00061 1.04077þ0.00031þ0.00058
−0.00030−0.00058

τ 0.054þ0.0074þ0.015
−0.0074−0.015 0.056þ0.0077þ0.017

−0.0079−0.016 0.055þ0.0077þ0.017
−0.0077−0.016 0.055þ0.0077þ0.016

−0.0084−0.015 0.053þ0.0073þ0.015
−0.0073−0.015

ns 0.9722þ0.0043þ0.0086
−0.0044−0.0086 0.9740þ0.0040þ0.0078

−0.0040−0.0078 0.9766þ0.0039þ0.0078
−0.0040−0.0077 0.9729þ0.0043þ0.0083

−0.0042−0.0084 0.9750þ0.0038þ0.0074
−0.0038−0.0072

lnð1010AsÞ 3.055þ0.015þ0.031
−0.015−0.031 3.056þ0.016þ0.035

−0.017−0.033 3.051þ0.016þ0.033
−0.016−0.031 3.055þ0.016þ0.032

−0.017−0.031 3.048þ0.015þ0.032
−0.016−0.029

Γ=H0 > 0.04; unconstrained 0.17þ0.26þ0.47
−0.23−0.47 > 0.54 > −0.01 0.78þ0.19

−0.08 > 0.53 > 0.367 > 0.193

Ωm0 0.303þ0.026þ0.080
−0.053−0.065 0.306þ0.014þ0.028

−0.016−0.026 0.263þ0.012þ0.048
−0.027−0.037 0.263þ0.0089þ0.020

−0.011−0.019 0.275þ0.0076þ0.018
−0.0089−0.017

H0 69.3þ5.9þ7.3
−3.5−8.3 68.3þ1.6þ3.2

−1.7−3.4 73.6þ3.7þ4.9
−1.8−6.2 73.8þ1.4þ2.5

−1.2−2.6 71.94þ1.08þ2.21
−1.08−2.42

χ2 2771.046 2779.456 3293.906 2771.620 3313.11
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Table II. Also in this case Γ=H0 deviates from zero at 2σ
and we observe 1σ compatibility of all acquired parameter
values with the corresponding values obtained from
Planck 2018þ DES data.
Lastly, for a better understanding on the constraints on

H0 of different observational datasets, in Fig. 5 we present

all of them in a whisker plot diagram, where we display the
constraints onH0 from the observational datasets employed
for this model as well as we show two different vertical
bands referring to the constraints from Planck 2018 (the
vertical grey band) [1] and the local estimation (the vertical
sky-blue band) from R19 [25].

FIG. 3. 68% and 95% CL constraints on the metastable DE scenario,Model I, using various observational datasets have been displayed.

TABLE III. We show the constraints on the ΛCDM scenario (corresponding to Γ ¼ 0) using the same observational data.

Parameters Planck 2018
Planck

2018þ BAO
Planck

2018þ DES
Planck

2018þ R19
Planck

2018þ BAO þ DESþ R19

Ωch2 0.1202þ0.0014þ0.0027
−0.0014−0.0026 0.1193þ0.0010þ0.0019

−0.0010−0.0020 0.1179þ0.0010þ0.0021
−0.0010−0.0021 0.1179þ0.0012þ0.0025

−0.0012−0.0025 0.1172þ0.00084þ0.0017
−0.00094−0.0016

Ωbh2 0.02236þ0.00015þ0.00029
−0.00015−0.00028 0.02243þ0.00014þ0.00027

−0.00014−0.00027 0.02251þ0.00014þ0.00027
−0.00014−0.00026 0.02255þ0.00014þ0.00028

−0.00014−0.00028 0.02260þ0.00013þ0.00025
−0.00012−0.00026

100θMC 1.04091þ0.00030þ0.00061
−0.00031−0.00061 1.04100þ0.00029þ0.00057

−0.00029−0.00058 1.04113þ0.00030þ0.00060
−0.00030−0.00059 1.04120þ0.00030þ0.00057

−0.00030−0.00059 1.04125þ0.00029þ0.00055
−0.00029−0.00056

τ 0.054þ0.0071þ0.016
−0.0083−0.015 0.055þ0.0076þ0.017

−0.0084−0.015 0.055þ0.0072þ0.016
−0.0081−0.015 0.058þ0.0075þ0.016

−0.0085−0.016 0.056þ0.0071þ0.015
−0.0073−0.015

ns 0.9647þ0.0044þ0.0085
−0.0043−0.0084 0.9669þ0.0038þ0.0075

−0.0038−0.0073 0.9694þ0.0039þ0.0078
−0.0039−0.0078 0.9704þ0.0041þ0.0082

−0.0041−0.0083 0.9715þ0.0035þ0.0072
−0.0036−0.0072

lnð1010AsÞ 3.045þ0.015þ0.032
−0.017−0.030 3.045þ0.016þ0.034

−0.016−0.032 3.039þ0.015þ0.032
−0.017−0.030 3.047þ0.016þ0.033

−0.017−0.034 3.042þ0.015þ0.030
−0.015−0.028

Ωm0 0.317þ0.0084þ0.017
−0.0084−0.016 0.311þ0.0060þ0.012

−0.0060−0.012 0.303þ0.0061þ0.012
−0.0061−0.012 0.302þ0.0073þ0.015

−0.0073−0.014 0.298þ0.0048þ0.010
−0.0054−0.0092

H0 67.27þ0.61þ1.20
−0.60−1.20 67.68þ0.45þ0.91

−0.44−0.87 68.28þ0.47þ0.96
−0.48−0.91 68.35þ0.55þ1.12

−0.56−1.11 68.66þ0.41þ0.73
−0.38−0.76

χ2 2773.168 2779.690 3294.578 2791.542 3318.602
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B. Model II

The results of the observational constraints for the
second model of our analysis; that is, for Model II, are
shown in Table IV and in Fig. 6. In Fig. 6, for some of
the key parameters of this model we show their one-
dimensional posterior distributions and the 2-dimensional
joint contours at 68% and 95% C.L.

For Planck 2018 alone we find an indication of a Γ=H0

different from zero at more than 1σ. In fact, we have the
upper limit Γ=H0 < −0.39 at 68% C.L. This clearly shows
that the transfer of energy from DM to DE is preferred
by Planck 2018 data. However, at 2σ, Γ ¼ 0 is back in
agreement with the data. On the other hand, from Fig. 6 we
find a strong anticorrelation betweenH0 and Γ=H0, thus, as

FIG. 4. 3D scattered plots at 95% CL in the plane Γ=H0 vs Ωm0, coloured by the Hubble constant value H0 for Model I. A strong
anticorrelation between Γ=H0 andΩm0, and a positive correlation between Γ=H0 andH0 are present. For Planck alone, upper left panel,
Γ=H0 is unconstrained, while the addition of external datasets to Planck 2018 helps in constraining this parameter.
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long as Γ=H0 decreases, H0 should increase. This fact is
reflected by the Hubble constant constraint H0 ¼ 70.3þ3.3

−2.0
(68% C.L.), which clearly shows that the tension on H0

between Planck 2018 and R19 is solved within 2 standard
deviation. Moreover, for this model, because of the flow of
energy from DM to DE, we find a lower estimation of cold
dark matter (Ωm0 ¼ 0.18þ0.07

−0.13 at 68% C.L.) than its esti-
mation within the ΛCDM model as obtained by Planck
2018 in [1]. This is clearly expected for the geometrical

degeneracy present in the CMB data: if we have less dark
matter, we see a shift of the acoustic peaks and we need a
larger H0 value to have them back in the original position.
When BAO data are added to Planck 2018, thanks to the

robust constraint BAO data give on the matter density Ωm0,
we find that Ωm0 slightly increases with respect to the
Planck 2018 alone case (Ωm0 ¼ 0.242þ0.079

−0.063 at 68% C.L.),
but it is still lower than the Planck 2018 value in the
context of ΛCDM model [1]. Due to the positive

TABLE IV. Summary of the observational constraints and upper limits at 68% and 95% CL on the cosmological scenario driven by the
metastable DE scenario, Model II, using different observational datasets. The parameters are varying in the ranges described in Table I.

Parameters Planck 2018
Planck

2018þ BAO
Planck

2018þ DES
Planck

2018þ R19
Planck

2018þ BAO þ DESþ R19

Ωch2 0.064þ0.022
−0.062 < 0.134 0.091þ0.034þ0.051

−0.023−0.056 0.0998þ0.0071þ0.015
−0.0077−0.014 < 0.050 < 0.099 0.0983þ0.0079þ0.0153

−0.0090−0.0142

Ωbh2 0.02231þ0.00015þ0.00030
−0.00015−0.00031 0.02233þ0.00014þ0.00028

−0.00014−0.00028 0.02237þ0.00015þ0.00029
−0.00015−0.00029 0.02236þ0.00014þ0.00030

−0.00016−0.00028 0.02246þ0.00013þ0.00026
−0.00013−0.00026

100θMC 1.0444þ0.0031þ0.0049
−0.0033−0.0049 1.0425þ0.0012þ0.0037

−0.0022−0.0032 1.04183þ0.00050þ0.00095
−0.00049−0.00101 1.0461þ0.0031þ0.0039

−0.0017−0.0046 1.04202þ0.00057þ0.00101
−0.00052−0.00101

τ 0.054þ0.0075þ0.016
−0.0077−0.015 0.055þ0.0076þ0.016

−0.0081−0.015 0.055þ0.0077þ0.016
−0.0076−0.016 0.055þ0.0071þ0.016

−0.0081−0.015 0.058þ0.0074þ0.016
−0.0077−0.015

ns 0.9724þ0.0040þ0.0082
−0.0042−0.0081 0.9736þ0.0039þ0.0079

−0.0039−0.0079 0.9739þ0.0041þ0.0081
−0.0040−0.0083 0.9740þ0.0041þ0.0083

−0.0041−0.0082 0.9761þ0.0038þ0.0068
−0.0037−0.0071

lnð1010AsÞ 3.055þ0.016þ0.033
−0.016−0.033 3.056þ0.015þ0.032

−0.016−0.032 3.056þ0.015þ0.033
−0.017−0.032 3.056þ0.015þ0.032

−0.015−0.030 3.059þ0.016þ0.033
−0.016−0.031

Γ=H0 < −0.39 < 0.19 −0.29þ0.30þ0.54
−0.28−0.53 −0.219þ0.082þ0.17

−0.090−0.17 < −0.66 < −0.21 −0.219þ0.089þ0.174
−0.099−0.160

Ωm0 0.18þ0.07þ0.19
−0.13−0.16 0.242þ0.079þ0.13

−0.063−0.14 0.261þ0.017þ0.038
−0.019−0.034 0.127þ0.031þ0.140

−0.084−0.098 0.254þ0.018þ0.038
−0.023−0.035

H0 70.3þ3.3þ4.3
−2.0−4.9 69.0þ1.4þ3.1

−1.8−3.0 68.62þ0.54þ1.1
−0.54−1.1 72.0þ2.1þ2.7

−1.0−3.4 69.12þ0.46þ0.83
−0.45−0.86

χ2 2771.716 2780.014 3295.094 2775.360 3315.868

FIG. 5. Whisker plot with 68% CL constraints on H0 for the metastable DE models (Model I and Model II) for various observational
datasets use here. The grey vertical band corresponds to the estimation of H0 by the final Planck 2018 release [1] and the sky blue
vertical band corresponds to the R19 value of H0, as measured by the SH0ES collaboration in [25].
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correlation between Ωm0 and Γ=H0, as we can see from
Figs. 7 and 6, we find that Γ=H0 is in agreement with the
zero value within one standard deviation. This means that
Γ=H0, i.e., the rate of energy transfer between the dark
sectors, is in agreement with the expected value in the
ΛCDM model. Hence, because of the very well known
anticorrelation between Ωm0 and H0, we see that the
Hubble constant shifts toward lower value compared to
its estimation from Planck 2018 alone, and moreover, its
error bars are significantly decreased. Thus, the tension on
H0 slightly increases at 2.5σ, but of course it is always less
than the 4.4σ tension between Planck 2018 [1] and the
SH0ES collaboration [25] within the ΛCDM scenario.
Moreover, because of the extraction method, the BAO
data are not completely reliable in fitting extended DE
models, as already pointed out in [72].
We continue by considering the next two datasets

Planck 2018þ DES and Planck 2018þ R19. For both
cases since the tension between the datasets (Planck 2018,
DES) and (Planck 2018, R19) is solved in this scenario,
we can safely combine them, that means, we can consider
the combined analysis Planck 2018þ DES and Planck

2018þ R19. The results for Planck 2018þ DES and
Planck 2018þ R19 are shown in the last two columns
of Table IV. For Planck 2018þ DES we remark a really
strong bound on Γ=H0, which is lower than zero at
more than 2σ and very well constrained. Since Γ=H0

takes larger values than Planck 2018 and Planck
2018þ BAO, and as we observe in Fig. 7 for the three
parameter correlation, it follows a slightly larger value of
Ωm0 and a smaller value ofH0 with respect to the previous
cases. For this reason the Hubble constant tension with
R19 is restored in this scenario at about 3.6σ. For Planck
2018þ R19 we find a very strong upper limit on Γ=H0,
that is less than zero at several standard deviations. That
means essentially we have an increasing DE scenario for
this metastable DE model. Concerning Ωm0 estimations,
similarly to the previous cases, the matter density again
decreases.
Finally, we combined all the datasets and showed the

results in the last column of Table IV. Our results are similar
to what we have observed with Planck 2018þ DES. That
means an indication of negative value of Γ=H0 is supported
by the combined data.

FIG. 6. 68% and 95% CL constraints on the metastable DE scenario, Model II, using various observational datasets have been
displayed.
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We refer to Fig. 5 showing the whisker plot of H0

at 68% CL with its measurements by different obser-
vational data. The whisker plot in Fig. 5 clearly
shows how the tension on H0 is alleviated for most
of the data combination, with the exception of Planck
2018þ DES. In summary, within this metastable DE
scenario, the energy density of DE is increasing, as
reported by the observational data preferring a negative
value for Γ=H0.

V. SUMMARY AND CONCLUDING REMARKS

In this work we have investigated two metastable DE
models by considering their evolution at the level of linear
perturbations and constrain their parameter space in light
of the latest observational data with a special focus on
the CMB data from Planck 2018. The consideration of
perturbation equations is one of the main ingredients of our
work and therefore the present article generalizes earlier

FIG. 7. 3D scattered plots at 95% CL in the plane Γ=H0 vsΩm0, colored by the Hubble constant valueH0 for Model II. On the contrary
of Model I, a strong positive correlation between Γ=H0 and Ωm0, and a negative correlation between Γ=H0 and H0 are present.
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publications of [94,95] where the perturbation equations of
the metastable DE models were not considered. Since the
early time instability of any dark energy model can be
visualized directly by investigating its equations at the
perturbative level implies that the inclusion of the pertur-
bations equations are essential in understanding the actual
dynamics of the DE model. Additionally, there is a relation
between the observational constraints of the explored
models and the dynamical level, that means, whether the
dynamics of the model is considered at the background
level or at background plus perturbative levels. Concerning
the observational data, we use the full CMB measurements
from final Planck 2018 release [115,116], BAO [189–
191], DES [47,48,192] and a measurement of H0 from
SH0ES collaboration (R19) [25]. In order to investigate
the present models, we have considered the following
datasets and their combinations: Planck 2018 alone,
Planck 2018þ BAO, Planck 2018þ DES and Planck
2018þ R19. The inclusion of BAO to CMB is used to
break the degeneracies between the parameters. For the last
two cases, i.e., 2018þ DES and Planck 2018þ R19, the
combination of Planck 2018 to either DES or R19 is
possible since the tensions between these datasets are
solved within these models.
For the first metastable DE model (4), we have sum-

marized the results in Table II and in Figs. 3 and 4. We
remark that for all datasets we find Γ=H0 > 0 which
indicates that DE has a decaying nature within this context.
While we mention that for Planck 2018 alone, Γ=H0

remains positive at about 68% CL, such evidence becomes
stronger for the following combinations Planck 2018þ
DES and Planck 2018þ R19. However, for Planck
2018þ BAO, Γ ¼ 0 is consistent within 68% CL.
Additionally, we found that within this model, the tension
on H0 is mostly solved. Specifically, we notice that for
Planck 2018 data alone, Planck 2018þ DES, and Planck
2018þ R19, the tension on H0 is significantly alleviated
within 1σ. However, for Planck 2018þ BAO, the tension
on H0 is just reduced at 2.6σ (see Fig. 5 for a better
understanding).
The results of the second metastable DE model are

shown in Table IV and Fig. 6. From the results, one
can clearly conclude that, within this model scenario,
Γ=H0 < 0 is preferred for all the data combination, with
the exception of Planck 2018þ BAO where Γ ¼ 0 is
consistent within 68% C.L. So, for most of the observa-
tional data, an increasing of DE density (i.e., DM decays
into DE) is favored. The tension on H0 is alleviated for
Planck 2018 within 2σ. However, for Planck 2018þ
BAO it is weakened at 2.5σ and for Planck 2018þ R19 it
is completely solved.
Concerning the earlier publications of [94,95], the main

improvements of the present work can be seen as follows.
First the inclusion of the perturbation equations of the
metastable DE models generalizes the work of [94,95] and

second the present work employs the CMB full likelihood
analysis compared to those of [94,95] where the CMB
distance priors were used. These differences naturally
introduce some differences as far as the observational
constraints are concerned, especially on the estimation of
the Hubble constant, H0. We believe that our work offers a
very transparent picture in alleviating the so called Hubble
constant tension. In fact, from Figs. 1 and 2 one can
understand how the models behave on large scales. In
particular, Fig. 2 clearly demonstrates how the coupling
parameter plays an important role in order to quantify the
behavior of Model II on large scales.
Thus, based on the observational data considered in this

work and the results, specifically, focusing on the nonzero
values of Γ=H0 obtained from the presently used datasets,
one may strongly argue that the metastable DE models
should be investigated further with more data points, see for
instance the updated data points in [188] as well as the
upcoming observational datasets in order to arrive at a
definite conclusion regarding their viabilities. Moreover, as
we have found that the metastable DE models with just an
additional extra free parameter Γ=H0 can solve quite
efficiently the Hubble constant tension.
Last but not least, we would like to emphasize that the

choice of the metastable DE models is not unique. Since the
nature of DE is not purely understood, thus, there is no
reason to exclude other metastable DE models beyond
the present choices. For instance, some alternatives to the
exponential choice of Model I can be considered. In a
similar way, one could also generalize Model II by
considering other functional forms. Although Model II
describes an interacting scenario and similar choices are
available in the literature; however, the exact functional
form of the interaction rate is not yet revealed. Hence, we
believe that metastable DE models should gain significant
attention in the cosmological community due to the fact
that within such models, the extrinsic properties of the
universe do not come into the picture, only the intrinsic
nature of DE plays the master role.
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