
Novel approach toward the large-scale stable interacting dark-energy
models and their astronomical bounds

Weiqiang Yang,1,* Supriya Pan,2,3,† and David F. Mota4,‡
1Department of Physics, Liaoning Normal University, Dalian 116029, People’s Republic of China

2Department of Physical Sciences, Indian Institute of Science Education and Research,
Kolkata, Mohanpur 741246, West Bengal, India

3Department of Mathematics, Raiganj Surendranath Mahavidyalaya,
Sudarshanpur, Raiganj, West Bengal 733134, India

4Institute of Theoretical Astrophysics, University of Oslo, 0315 Oslo, Norway
(Received 4 September 2017; published 5 December 2017)

Stability analysis of interacting dark-energy models generally divides its parameters space into two
regions, (i) wx ≥ −1 and ξ ≥ 0 and (ii) wx ≤ −1 and ξ ≤ 0, where wx is the dark-energy equation of state
and ξ is the coupling strength of the interaction. Because of this separation, crucial information about the
cosmology and phenomenology of these models may be lost. In a recent study, it has been shown that one
can unify the two regions with a coupling function that depends on the dark-energy equation of state. In this
work, we introduce a new coupling function that also unifies the two regions of the parameter space and
generalizes the previous proposal. We analyze this scenario considering the equation of state of dark energy
to be either constant or dynamical. We study the cosmology of such models and constrain both scenarios
with the use of the latest astronomical data from both the background evolution as well as large-scale
structures. Our analysis shows that a nonzero value of the coupling parameter ξ as well as the dark-energy
equation of state other than −1 are allowed. However, within 1σ confidence level, ξ ¼ 0 and the dark-
energy equation of state equal to −1 are compatible with the current data. In other words, the observational
data allow a very small but nonzero deviation from the Λ cosmology; however, within the 1σ confidence
region, the interacting models can mimic the Λ cosmology. In fact, we observe that the models both at the
background and perturbative levels are very hard to distinguish from each other and from Λ cosmology as
well. Finally, we offer a rigorous analysis on the current tension on H0, allowing different regions of the
dark-energy equation of state, which shows that interacting dark-energy models reasonably solve the
current tension on H0.
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I. INTRODUCTION

Dark matter (DM) and dark energy (DE) are the two
heavy constituents of our Universe [1]. The first one, i.e.,
the dark matter, is believed to be responsible for the
structure formation of the universe and is almost pressure-
less, while dark energy, a modification of the matter sector
in the general relativity, is assumed to be responsible for the
current observed acceleration of the universe. Both of them
comprise approximately 96% of the total energy density of
the universe with unknown character and origin. Thus, the
dynamics of the universe heavily rests on this sector. Now,
since the character of this dark sector is unknown, thus,
sometimes it is assumed that perhaps the dark matter and
dark energy are coupled to each other so that they behave
like a single dark fluid. Although this consideration sounds
slightly phenomenological, but such a possibility cannot be
ruled out in any ways. From the philosophical point of

view, we do not have any strong evidence to exclude the
phenomenon of dark matter–dark energy interaction. So,
one can of course think of some interaction between these
two fields. In fact, the standard cosmological laws can be
retrieved at any time under the no-interaction limit.
Additionally, the dynamics of the universe in the presence
of any coupling between dark matter and dark energy
becomes quite richer with many possibilities. On the other
hand, from the theory of particle physics, any two fields can
interact with each other. Since both dark energy and dark
matter can be thought to be of some fields, for instance,
some scalar field, the idea behind the dark matter–dark
energy interaction is also supported from the particle
physics view point. This henceforth initiated a new branch
in the physics of dark energy in the name of interacting
dark-energy theory. The idea of coupling in the dark sectors
was initiated by Wetterich [2] and subsequently by
Amendola [3]. Thus, so far, this particular scenario has
been explored in the context of current cosmology with
some interesting outcomes. The coupling between the dark
matter and the dark energy may provide an explanation to
the cosmic coincidence problem [4], a generic problem in
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the dynamical dark-energy models and even in the Λ-Cold
Dark Matter (ΛCDM) cosmology. Thus, in the last couple
of years, a rigorous analysis has been performed by several
authors with many interesting possibilities; see, for in-
stance, Refs. [5–38]. The investigations in coupled dark
energy were further fueled when the latest observational
data estimated a nonzero interaction in the dark sector
[39–44]. Although most of the studies in this direction
automatically assume the interaction between dark matter
and dark energy, a generalized version of the interacting
dark energy, in which the interacting components could be
any two barotropic fluids, is also appealing [45].
In this work, we propose a novel mechanism to test the

stability of interacting dark-energy models in which the
dark-energy equation of state can be unrestricted, unlike
other interacting dark-energy models in which the state
parameter for dark energy is necessarily restricted. To
illustrate more in this direction, we consider a spatially
flat Friedmann-Lemaître-Robertson-Walker universe in
which pressureless dark matter interacts with dark energy
through a nongravitational interaction function. We find
that, using the pressure perturbation equation for dark
energy, it is quite possible to construct several interaction
models that can be tested without any prior limitation
imposed on the dark-energy equation of state. The newly
constructed interaction functions do have a direct depend-
ence on the dark-energy equation of state. However, the
entire picture becomes exciting when the interaction
function automatically contains such dependence on the
dark-energy equation of state. We examine the interacting
scenario both for the constant and dynamical nature of the
dark-energy equation of state. Finally, we constrain both
the interacting scenarios using the latest observational data
from different astronomical sources, namely, the cosmic
microwave background radiation [46,47], baryon acoustic
oscillations distance measurements [48–50], joint light
curve analysis from Supernovae Type Ia [51], weak lensing
[52,53], redshift space distortion data [54–59], and finally
the Hubble parameter measurements from cosmic chro-
nometers [60] plus the local Hubble constant [61]. We note
that the use of several observational data provides better
and tight constraints on the models.
The paper is organized as follows. In Sec. II, we describe

the background equations of an interacting universe with
the new interacting dark-energy model with constant and
dynamical dark-energy equation of state. Thus, essentially,
we focus on two interacting cosmological scenarios in this
study. In Sec. III, we discuss the interacting cosmology in
the perturbative universe. In Sec. IV, we describe the
astronomical data sets that have been used to constrain
the models, and Sec. V follows the observational con-
straints of the proposed models. After that, in Sec. VI, we
compare the current models from the statistical ground and
also make a comparison with other existing interaction
models. Section VII contains an extensive analysis on the

current tension on H0. Finally, we close the work in
Sec. VIII with a short summary of the results obtained.

II. INTERACTING COSMOLOGY:
BACKGROUND UNIVERSE

In this section, we describe the governing equations
for any interacting dark-energy model. The background
geometry is set to be a spatially flat Friedmann-Lemaître-
Robertson-Walker (FLRW) universe characterized by the line
element ds2 ¼ −dt2 þ a2ðtÞ½dr2 þ r2ðdθ2 þ sin2 θdϕ2Þ�,
where aðtÞ is the expansion scale factor of the universe.
The conservation equation of a coupled dark-matter
and dark-energy system in the FLRW universe can be
written as, _ρc þ 3Hρc ¼ −_ρx − 3Hðpx þ ρxÞ, which can
be decoupled into

ρ0c þ 3Hρc ¼ −aQ; ð1Þ
ρ0x þ 3Hðpx þ ρxÞ ¼ aQ; ð2Þ

with a new quantityQ, known as the interaction rate between
the dark sectors. Here, H ¼ a0=a is the conformal Hubble
parameter in which the prime denotes the differentiation with
respect to the conformal time; ρc and ρx are, respectively, the
energy densities of pressureless dark matter and dark energy;
andpx is the pressure of the dark-energy fluid. In addition, we
consider the nonrelativistic baryons (energy density≡ ρb)
and relativistic radiation (energy density≡ ρr). Since the
physics of baryons and radiation are quite well known, we
assume that they are conserved independently, which means
the evolution laws of baryons and radiation are ρb ∝ a−3 and
ρr ∝ a−4, respectively. The dynamics of the universe is
constrained by the Friedmann equation�

H
a

�
2

¼
�
8πG
3

�
ðρb þ ρr þ ρc þ ρxÞ; ð3Þ

which is the constraint equation of the cosmological scenario.
Now, to go ahead, one needs a specific functional form forQ,
and we follow the same tradition. In the literature, several
forms ofQ exist, and the most used interactions areQ ∝ ρc,
Q ∝ ρx, Q ∝ ðρc þ ρxÞ. In this work, we propose a new
interaction of the form

Q ¼ ξ_ρx ¼ ðξ=aÞρ0x; ð4Þ

where the dot represents the derivative with respect to the
cosmic time, while the prime, as mentioned, stands for
the derivative with respect to the conformal time and ξ is
the coupling parameter. The direction of energy flow that is
determined by the sign of Q is dependent on the sign of the
coupling parameter ξ as well as with the evolution of ρx.
Precisely, if ξ > 0, thenQ > 0 whenever ρ0x > 0, and on the
other hand, for ξ > 0, one may obtain Q < 0 for ρ0x < 0.
Similarly, for ξ < 0, one can also derive the direction of
energy flow between the dark sectors from the character of ρ0x.
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Now, using the conservation equation (2), the interaction (4)
can be written in a general form as

Q ¼ 3

a

�
ξ

ξ − 1

�
Hðpx þ ρxÞ ¼

3ξe
a

Hðpx þ ρxÞ; ð5Þ

where we call ξe ¼ ξ=ð1 − ξÞ the effective coupling param-
eter in the interaction scenario. It is clearly seen from Eq. (5)
that for ξ ¼ 1 the interaction Q becomes infinite. However,
we remark that ξ ¼ 1 represents a very strong interaction in
the dark sector, which is not allowed by the observational
data; see, for instance, Refs. [39–44]. The interaction (5) has a
very special and nice property. For a barotropic equation of
state px ¼ wxρx, the interaction is linear, while, on the other
hand, for any complicated equation of state other than the
barotropic equation of state, the interaction (5) represents a
nonlinear interaction in the dark sector. Another interesting
scenario we observe in the above interaction is as follows. If
we the dark energy is assumed to be the cosmological
constant, that means px ¼ −ρx, then the coupling becomes
zero (Q ¼ 0) even if the coupling parameter is nonzero. That
means that, although an interaction exists, the evolution
equations do not change. In the present work, we consider
that the dark-energy fluid obeys a barotropic equation of state
wx and thus the interaction (5) can be recast as

Q ¼ 3

a

�
ξ

ξ − 1

�
Hð1þ wxÞρx: ð6Þ

Now, in order to measure the coupling of the interac-
tion in presence of a dark-energy fluid, we consider two
distinct possibilities: (A) when the dark-energy equation of
state is constant or (B) when the dark-energy equation of
state is dynamical. For the dynamical dark energy equation
of state, we consider the most well known dark energy
parametrization known as Chevallier-Polarski-Linder (CPL)
parametrization [62,63], where the equation of state for dark
energy is represented by wx ¼ w0 þ wað1 − aÞ. Here w0 is
the current value of wx, i.e., w0 ¼ wx at a ¼ 1 (we note that
the present value of the scale factor has been set to be unity)
and wa ¼ dwx=da at a ¼ 1.

III. INTERACTING COSMOLOGY:
PERTURBED UNIVERSE

Now, in order to study the linear perturbations of the
interacting dark-energy models, we introduce the most
general scalar mode perturbation, defined by the metric
[64–66]

ds2 ¼ a2ðτÞ½−ð1þ 2ϕÞdτ2 þ 2∂iBdτdxi

þ ðð1 − 2ψÞδij þ 2∂i∂jEÞdxidxj�; ð7Þ

where ϕ, B, ψ , and E are the gauge-dependent scalar
perturbations quantities. Let us proceed with the general
perturbation equations. We consider the 4-velocity of any

fluid (denoted by A) as uμA ¼ a−1ð1 − ϕ; ∂ivAÞ, where vA is
the peculiar velocity potential, which in Fourier space is
related to the volume expansion θA ¼ −k2ðvA þ BÞ. Now,
since we are considering a coupling between dark matter
and dark energy, we have the constraint ∇νT

μν
A ¼ QA,

where
P

AQA ¼ 0 and Tμν
A is the usual energy-momentum

tensor of the fluid A. Now, because of the coupling between
the dark sectors, the energy flow and the momentum flow
take place in general, thus representing ~QA and Fμ

A as,
respectively, the energy transfer rate and the momentum
transfer rate, relative to the 4-velocity uμ, following
Refs. [14,67,68], one can write

Qμ
A ¼ ~QAuμ þ Fμ

A; ð8Þ
where ~QA ¼ QA þ δQA, Fμ

A ¼ a−1ð0; ∂ifAÞ in which
QA is the background interaction (in fact, QA ¼ Q), and
fA is the momentum transfer potential. The perturbed
interaction assumes Q0

A¼−a½QAð1þϕÞþδQA� and Qi
A ¼

a∂i½QAðvþ BÞ þ fA�, and, finally, the continuity as well as
the Euler equations can, respectively, be written as

δ0A þ 3Hðc2sA − wAÞδA þ 9H2ð1þ wAÞðc2sA − c2aAÞ
θA
k2

þ ð1þ wAÞθA − 3ð1þ wAÞψ 0 þ ð1þ wAÞk2ðB − E0Þ

¼ a
ρA

ðδQA −QAδAÞ þ
aQA

ρA

�
ϕþ 3Hðc2sA − c2aAÞ

θA
k2

�
;

ð9Þ

θ0A þHð1 − 3c2sAÞθA −
c2sA

1þ wA
k2δA − k2ϕ

¼ a
ð1þ wAÞρA

½ðQAθ − k2fAÞ − ð1þ c2sAÞQAθA�;

ð10Þ

where we have used the notation δA ¼ δρA=ρA known as
the density contrast and considered πA ¼ 0. The symbols
c2sA and c2aA, respectively, denote the adiabatic and physical
sound velocity, and θ ¼ θμμ is the volume expansion scalar.
We note that, in order to escape from any kind of
instabilities, we need to assume c2sA ≥ 0. Now, for this
specific interaction between dark energy and dark matter,
the above perturbation equations can be recast as

δ0x ¼ −ð1þ wxÞ
�
θx þ

h0

2

�

− 3Hðc2sx − wxÞ
�
δx þ 3Hð1þ wxÞ

θx
k2

�

þ 3H
ξ

ξ − 1
ð1þ wxÞ

�
θ þ h0=2

3H
þ 3Hðc2sx − wxÞ

θx
k2

�
;

ð11Þ
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θ0x ¼ −Hð1 − 3c2sxÞθx þ
c2sx

ð1þ wxÞ
k2δx

þ 3H
ξ

ξ − 1
½θc − ð1þ c2sxÞθx�; ð12Þ

δ0c ¼ −
�
θc þ

h0

2

�
þ 3H

ξ

ξ − 1
ð1þ wxÞ

ρx
ρc

×

�
δc − δx −

θ þ h0=2
3H

�
; ð13Þ

θ0c ¼ −Hθc; ð14Þ
where δH=H ¼ ðθ þ h0=2Þ=ð3HÞ is the perturbed Hubble
expansion rate [69] in which the prime denotes the
derivative with respect to the conformal time.
Now, due to the presence of interaction between dark

matter and dark energy, the pressure perturbation equation
for dark energy directly includes the interaction rate Q, and
consequently, the stability of the interaction model
becomes sensitive to the specific forms for Q. Moreover,
the stability of the interaction model is also related to the
dark energy equation of state which appears in the pressure
perturbation equation for dark energy as [70]

δpx ¼ c2sxδρx

þ 3Hρxð1þwxÞðc2sx − c2axÞ
�
1−

aQ
3Hρxð1þwxÞ

�
θx
k2

;

ð15Þ

from which one can define the doom factor [70]: d≡
−aQ=½3Hρxð1þ wxÞ� which analyzes the stability of the
concerned interaction model by its sign and the stability is
achieved for d ≤ 0. Now, for any interaction Q ¼ ξQ̄
(Q̄ > 0, but ξ, the coupling parameter of the interaction
Q, is unrestricted in sign), the stability criterion (i.e., d ≤ 0)
provides a restriction on the parameters space as either
(i) ξ ≥ 0 and ð1þ wxÞ ≥ 0 or (ii) ξ ≤ 0 and ð1þ wxÞ ≤ 0.
That means in order to test the stability of any interaction
two separate regions must be investigated. Now, if the
interaction contains a factor ð1þ wxÞ, that means if Q ¼
ξð1þ wxÞQ̄ (where similarly Q̄ > 0), the doom factor
becomes d≡ −aξQ̄=ð3HρxÞ, and it shows that the stability
of the interaction is now only characterized by the sign of ξ
only. That means the inclusion of the factor ð1þ wxÞ in the
interaction releases the prior on wx, which is a beautiful
result because now the restriction on the parameter wx is
withdrawn, and hence one can test the stability of such
interaction models for all wx. This observation has been
noticed in a recent paper [71]; however, the current work is
different. Here, we do not need to include the extra factor
ð1þ wxÞ because the interaction that we propose in this
work already contains such a factor and hence the prior on
the dark-energy equation of state, wx, automatically
released. To show this, we consider the doom factor for

the current interaction (5), which becomes d ¼ ξ=ð1 − ξÞ.
Since for d ≤ 0 the perturbation evolutions are stable, we
conclude that the present interacting dark-energy model
will be stable if either ξ ≥ 1 or ξ ≤ 0. However, the
possibility ξ ≥ 1 refers to a strong interaction in the dark
sector, which is not allowed by the present observational
data, so we confine our discussions over ξ ≤ 0.
Finally, we close this section with the introduction of

growth of matter perturbations. Under the assumption that
dark energy does not cluster on the sub-Hubble scale [14],
one can safely neglect the velocity perturbations of
δx ¼ δρx=ρx. This assumption is genuine because during
the matter dominated era the acting of dark energy should
be subdominant. Therefore, using Eq. (13), one can derive
the second-order differential equation for the density
perturbations of pressureless dark matter,

δ00c þ
�
1 − 3

ξ

ξ − 1
ð1þ wxÞ

ρx
ρc

�
Hδ0c

¼ 3

2
H2Ωbδb þ

3

2
H2Ωcδc

�
1þ 2

ξ

ξ − 1
ð1þ wxÞ

ρt
ρc

ρx
ρc

×

�
H0

H2
þ 1 − 3wx þ 3

ξ

ξ − 1
ð1þ wxÞ

�
1þ ρx

ρc

�

þ w0
x

Hð1þ wxÞ
��

; ð16Þ

where H2 ¼ ð8πGa2=3Þρt and ρt, is the total energy
density of the universe, which means ρt ¼ ρrþ
ρb þ ρc þ ρx. The absence of interaction directs the equa-
tion (16) into δ00m þHδ0m ¼ 4πGρmδm (ρm ¼ ρc þ ρb).
Certainly, it is evident that the evolution of δc without
any interaction is affected in presence of any interaction as
shown in Eq. (16). One natural choice is to measure the
expansion history due to the interaction, denoted by Heff,
and it can be calculated as

Heff

H
¼ 1 −

3ξ

ξ − 1
ð1þ wxÞ

ρx
ρc

; ð17Þ

which shows that for ξ ¼ 0, when there is no interaction
between darkmatter and dark energy,Heff ¼ H.1Moreover,
one can also see that for wx ¼ −1, when cosmological
constant interacts with dark matter,Heff ¼ H. While on the
other hand, there is another quantity, namely, the gravita-
tional constant,G, that is alsomodified in the presence of the
interaction.We denote themodified gravitational constant as
Geff , defined by

Geff

G
¼ 1þ 2ξ

ξ − 1
ð1þ wxÞ

ρt
ρc

ρx
ρc

�
H0

H2
þ 1 − 3wx

þ 3ξ

ξ − 1
ð1þ wxÞ

�
1þ ρx

ρc

�
þ w0

x

Hð1þ wxÞ
�
: ð18Þ

1We one may note that Heff
H ¼ Heff

H .
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It is easy to see that in the absence of any coupling, i.e., when
ξ ¼ 0, Geff ¼ G, as expected. Also, for the case of an
interacting cosmological constant, this equality holds well.
From the evolution ofHeff=H andGeff=G, one can quantify
the actual deviation ofH andG, when interaction in the dark
sectors is considered. Lastly. wewould like to remark on the
growth rate of dark matter, which is fc ≡ d

d ln a ðln δcÞ. Since
the Euler equation is modified in the presence of the
interaction, the dark matter may not follow the geodesics
[72]. So, this quantity also plays an important role in
measuring the deviation of the interacting models from
the noninteracting one.

IV. DATA AND THE METHODOLOGY

In this section, we shall shortly describe the astronomical
data that have been used to constrain both the interacting
dark-energy models and the methodology that we use to
constrain the interacting scenarios:

(i) CMB data: Cosmic microwave background (CMB)
data provide tight constraints on the cosmological
models. Here, we take the CMB data from the latest
observations by the Planck team [46,47] that combine
the likelihoods CTT

l , CEE
l , and CTE

l in addition to
low-l polarization. We shall denote these data by
Planck TT, TE, EEþ lowTEB as denoted in Ref. [1].

(ii) BAO data: The baryon acoustic oscillation (BAO)
data are also powerful to probe the nature of
dark energy. In our analysis, we use the estimated
ratio rs=DV as a “standard ruler” in which rs is
the comoving sound horizon at the baryon drag
epoch and DV is the effective distance determined
by the angular diameter distance DA and Hubble
parameter H as DVðzÞ ¼ ½ð1þ zÞ2DAðaÞ2 z

HðzÞ�1=3.
Three different measurements such as rsðzdÞ=
DVðz ¼ 0.106Þ ¼ 0.336� 0.015 from six-degree
Field Galaxy Redshift Survey (6dFGRS) data
[48], rsðzdÞ=DVðz¼ 0.35Þ¼ 0.1126�0.0022 from
Sloan Digital Sky Survey (SDSS) Data Release
(DR) 7 data [49], and rsðzdÞ=DVðz ¼ 0.57Þ ¼
0.0732� 0.0012 from the SDSS DR9 [50] have
been considered.

(iii) Joint Light Curves (JLA) sample: The first data set
that proved the existence of some dark-energy fluid
in the universe sector is the Supernovae Type Ia
(SNIa). In the current analysis, we use the latest
compilation of the SNIa, namely, the JLA sample
[51] that constrains 740 SNIa in the redshift
range z ∈ ½0.01; 1.30�.

(iv) Weak lensing (WL) data: We add the weak gravi-
tational lensing data from blue galaxy sample
complied from Canada-France-Hawaii Telescope
Lensing Survey [52,53] to other data sets.

(v) Redshift space distortion (RSD) data: We use RSD
data from different observational surveys from

2dFGRS [54], the WiggleZ [55], the SDSS LRG
[56], the BOSS CMASS [57], the 6dFGRS [58], and
theVIPERS [59]. For themeasured values of RSD,we
refer Table I of Ref. [16].

(vi) Cosmic chronometers (CC) data: We add the Hubble
parameter measurements to our analysis. To measure
the Hubble parameter values at different redshifts,
we use the cosmic chronometers data that have been
recently released in the redshift interval 0 < z < 2
[60], and such CC data are very powerful to probe
the nature of dark energy due to their model
independent character. For a detailed analysis of
the data and the methodology, we refer to Ref. [60].

(vii) Local Hubble constant: Finally, we add the local
Hubble constant value H0 ¼ 73.02� 1.79 km=s=
Mpc obtained with 2.4% precision by the Riess et al.
[61]. We denote it by R16.

Now, to constrain the present interacting models, we use
the likelihood L ∝ e−χ

2
tot=2. Here, χ2tot ¼

P
iχ

2
i , and i runs

over the all data sets that we use, which means CMB
(Planck TT, TE, EEþ lowTEB), BAO, BAO, WL, RSD,
CC, and R16. Then we use the COSMOC [73], a Markov
chain Monte Carlo simulation to extract the cosmological
parameters associted with the model. Corresponding to
each interacting model, our parameter space is increased in
compared to the ΛCDMmodel with minimum dimensional
parameter space; see Ref. [74] for more discussions in this
direction. For the interacting model with a constant
equation of state in dark energy, wx, we have the eight-
dimensional parameters space

TABLE I. The table summarizes the constraints on the free
parameters of IDE 1 (IDE with constant wx) for the joint analysis
Planck TT, TE, EEþ lowTEBþ BAO þ JLAþ RSDþ
WLþ CCþ R16. Here, we mention that Ωm0 ¼ Ωc0 þ Ωb0.

Parameters Priors Mode �1σ � 2σ Best fit

Ωch2 [0.01, 0.99] 0.11773þ0.00143þ0.00268
−0.00128−0.00273 0.11725

Ωbh2 [0.005, 0.1] 0.02228þ0.00016þ0.00032
−0.00017−0.00029 0.02230

100θMC [0.5, 10] 1.04068þ0.00033þ0.00062
−0.00031−0.00064 1.04051

τ [0.01, 0.8] 0.06593þ0.01599þ0.03192
−0.01618−0.03060 0.07098

ns [0.5, 1.5] 0.97692þ0.00389þ0.00787
−0.00404−0.00777 0.98041

lnð1010AsÞ [2.4, 4] 3.06864þ0.03149þ0.06361
−0.03129−0.05905 3.07831

wx ½−2; 0� −1.01014þ0.03101þ0.05702
−0.02583−0.05786 −1.02844

ξ ½−1; 0� −0.00857þ0.00857þ0.00857
−0.04001−0.23056 −0.02682

Ωm0 � � � 0.29674þ0.00959þ0.01877
−0.00877−0.01902 0.29510

σ8 � � � 0.81393þ0.01165þ0.02510
−0.01411−0.02289 0.819897

H0 � � � 68.60277þ0.79166þ1.63707
−0.82512−1.55987 68.82080

χ2min � � � � � � 13720.258
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P1 ≡ fΩbh2;Ωch2;ΘS; τ; wx; ξ; ns; log½1010AS�g; ð19Þ

while for the interacting model with dynamical dark-
energy equation of state wx ¼ w0 þ wað1 − aÞ, the nine-
dimensional parameters space

P2 ≡ fΩbh2;Ωch2;ΘS; τ; w0; wa; ξ; ns; log½1010AS�g ð20Þ

is considered. We note that in both Eqs. (19) and (20), the
common parameters, Ωbh2, Ωch2, ΘS, τ, ns, and AS, are,
respectively, identified as the baryons density, cold dark-
matter density, ratio of the sound horizon to the angular
diameter distance, optical depth, scalar spectral index, and
amplitude of the initial power spectrum, whereas wx and ξ
are the model parameters of the parameters space P1, and
w0, wa, and ξ are the model parameters of the space P2.

V. RESULTS AND INTERPRETATIONS

We present a detailed analysis of the interacting scenario
considering that the equation of state for dark energy,
i.e., wx, could be either constant or dynamical. For
convenience, we rename the interacting scenario with a
constant equation of state in DE as IDE 1, while the
interacting scenario with dynamical DE assuming the CPL
parametrization by IDE 2. In the following subsections, we
separately discuss both the scenarios.

A. IDE 1: Constant wx

For the constant dark-energy equation of state, we have
analyzed the interacting model with the combined analysis
Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþ
WLþ CCþ R16. In Table I, we summarize the observa-
tional constraints of this scenario for these combined data,

FIG. 1. 68.3% and 95.4% confidence-level contour plots for different combinations of the free parameters of IDE 1 have been shown
for the combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.
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and the corresponding contour plots at 68.3% (1σ) and
95.4% (2σ) confidence levels for different combinations of
the model parameters along with the one-dimensional
posterior distributions of the model parameters have been
displayed in Fig. 1.
From our analysis, it is evident that for IDE 1 the

coupling parameter as well as the effective coupling
parameter are always nonzero. That means the observa-
tional data cannot strictly rule out the possibility of a
noninteracting scenario. However, within the 1σ confidence
level, ξ ¼ 0 is compatible according to the present obser-
vational data. Additionally, it is interesting to note that the
best-fit value as well as the mode value of the equation of
state of DE crosses the phantom divide line; however,
the analysis also tells us that within 1σ confidence-level
wx ¼ −1 is consistent with the current astronomical data.
Thus, within the 1σ confidence region, this interaction
model can mimic the Λ cosmology. To characterize the
large-scale behavior of the IDE models, in Fig. 2, we
display the angular CMB temperature anisotropy spectra

compared to the ΛCDM cosmology. In particular, in the left
panel of Fig. 2, we show the angular CMB temperature
anisotropy spectra for different values of the equation of
state of DE, and in the right panel of Fig. 2, we show the
temperature anisotropy of the angular CMB spectra for
different values of the coupling parameter. From the left
panel of Fig. 2 we see that the IDE 1 with wx < −1 does not
deviate much from the ΛCDM cosmology. The deviation is
very clear when wx > −1. However, from the right panel of
Fig. 2, we see that the small or large coupling basically does
not indicate any significant deviation from the ΛCDM
cosmology. This is a surprising result. From the left panel
of Fig. 2, we see that ifwx increases (i.e., ifwx becomesmore
quintessential) then we find the deviation in the CMB
spectra from that of the standard ΛCDM cosmology.
Further, in Fig. 3, we depict the evolution of the modified
Hubble function Heff and the modified gravitational con-
stant Geff in the presence of the coupling between the
dark sectors. The plots in Fig. 3 clearly show that as the
magnitude of the coupling parameter increases the deviation
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FIG. 2. The plots show the angular CMB temperature anisotropy spectra for IDE 1 over the standard ΛCDM cosmology using the joint
analysis data Planck TT, TE, EEþ lowTEBþ BAO þ JLAþ RSDþWLþ CCþ R16. In the left panel, we have varied the constant
equation of state wx, while the right panel stands for different values of the coupling parameter ξ. We note that the curves in the right
panel are so close to each other that they are practically indistinguishable from each other.

FIG. 3. For different coupling parameters, we show the evolutions of Heff=H (left panel) and Geff=G (right panel) for the interacting
dark-energy model with constant wx. The deviation is measured from the noninteracting scenario (i.e., ξ ¼ 0) and also from the mean
value of ξ ¼ −0.1690 obtained from the combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.
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of both the modified Hubble function and the gravitational
constant increases from that of the noninteracting
wxCDM model.
Finally, we close our analysis with an interesting

observation reflected in Fig. 4, which contains the two-
dimensional marginalized posterior distribution for the
parameters ðwx; ξÞ. The sample points have been taken
from the Markov chain Monte Carlo analysis, and they
have been colored by the values ofH0. From this figure, we
see that the higher values of H0 favor the phantom dark
energy, while for the lower values of H0, the quintessential
dark energy is recommended. Moreover, a shifting of the
dark-energy equation of state from its quintessential to
phantom behavior is observed as H0 decreases. This is one
of the interesting observations in this work.

B. IDE 2: Dynamical wx

For the interacting DE with the dynamical equation of
state (IDE 2), we present the observational constraints in
Table II using the same combined analysis Planck TT, TE,
EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.
The corresponding contour plots at 68.3% and 95.4% con-
fidence regions for different combinations of the free
parameters of this scenario plus the one-dimensional pos-
terior distribution of the free parameters have been shown in
Fig. 5. Our analysis shows that the mode value as well as the
best-fit values of the present dark-energy equation of state
have phantom behavior. However, from the observational
data, one can infer that, within 1σ confidence level, w0 ¼ −1
is compatible. The coupling parameter ξ as seen from
Table II is nonzero, which signals a noninteracting cosmo-
logical scenario, while within 1σ confidence level, ξ ¼ 0 is
also consistent with the present observational data. That
means that within 1σ confidence level the interacting model
is indistinguishable from Λ cosmology.
On the other hand, from the CMB spectra (see Fig. 6), we

observe similar results as we find in IDE 1. That means that
the CMB spectra do not show any significant variation for

different values of the coupling parameter, while for
different values of w0 and wa, we may expect slight
variation on the CMB spectra; for instance, in the left
panel of Fig. 6, we see that for the high quintessential
nature of the dark-energy equation of state a slight differ-
ence from the ΛCDM cosmology is observed. Thus, one
can assume that if w0 increases then the deviation would be
prominent. Similarly, in the middle panel of Fig. 6, we see
that for wa > 0 slight variation from ΛCDM cosmology
has appeared. In addition to that, like IDE 1, in Fig. 7, we
show the evolution of the modified Hubble function Heff
and the modified gravitational constant Geff for different
values of the coupling parameter. We observe a behavior
equivalent to that of IDE 1. The plots in Fig. 7 clearly show
that as the magnitude of the coupling parameter increases
the deviation of both the modified Hubble function and the
gravitational constant increases from that of the noninter-
acting wxCDM model in which wx is dynamical with the
form chosen in this figure. However, one may note that the
rate of increment of the quantitiesHeff=H and Geff=G from
the noninteracting models as shown in Fig. 7, is slightly
lower in compared to the plots in Fig. 3.
Using the same combined analysis, in Fig. 8, we show

two-dimensional marginalized posterior distributions for
the parameters ðwa; w0Þ and ðw0; ξÞ colored by the H0

sample from the Markov chain Monte Carlo analysis. From
the left panel of Fig. 8, we find that for higher values of H0

the present value of the dark-energy equation of state, i.e.,
w0, favors the phantom behavior, while for lower values of
H0, the current value of the dark-energy equation of state,

FIG. 4. Markov chain Monte Carlo samples in the ðwx; ξÞ plane
colored by the Hubble constant valueH0 for IDE 1 analyzed with
the combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ
JLAþ RSDþWLþ CCþ R16.

TABLE II. Summary of the constraints on the free parameters
of IDE 2 (IDE with dynamical wx) using the joint analysis Planck
TT, TE, EEþ lowTEBþBAOþ JLAþRSDþWLþCCþR16.
Here, we note that Ωm0 ¼ Ωc0 þ Ωb0.

Parameters Priors Mode �1σ � 2σ Best fit

Ωch2 [0.01, 0.99] 0.11766þ0.00158þ0.00301
−0.00119−0.00316 0.11410

Ωbh2 [0.005, 0.1] 0.02224þ0.00017þ0.00030
−0.00015−0.00029 0.02241

100θMC [0.5, 10] 1.04061þ0.00031þ0.00064
−0.00030−0.00063 1.04088

τ [0.01, 0.8] 0.06443þ0.01633þ0.03277
−0.01599−0.03523 0.06886

ns [0.5, 1.5] 0.97561þ0.00410þ0.00783
−0.00408−0.00799 0.98110

lnð1010AsÞ [2.4, 4] 3.06729þ0.03133þ0.06551
−0.03077−0.06602 3.07243

w0 ½−2; 0� −1.04169þ0.05331þ0.10939
−0.06889−0.10442 −1.04824

wa ½−3; 3� 0.04941þ0.19888þ0.30253
−0.13556−0.34331 0.11464

ξ ½−1; 0� −0.00989þ0.00989þ0.00989
−0.03969−0.34569 −0.45436

Ωm0 � � � 0.29986þ0.00987þ0.01713
−0.00888−0.01795 0.29201

σ8 � � � 0.82023þ0.01291þ0.02687
−0.01489−0.02599 0.79875

H0 � � � 68.42602þ0.74521þ1.53486
−0.87900−1.51089 68.75732

χ2min � � � � � � 13721.564
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FIG. 5. 68.3% and 95.4% confidence-level contour plots for different combinations of the free parameters of IDE 2 have been shown
for the combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.
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FIG. 6. The plots show the angular CMB termperature anisotropy spectra for IDE 2 over the standard ΛCDM cosmology using the
joint analysis data Planck TT, TE, EEþ lowTEBþ BAO þ JLAþ RSDþWLþ CCþ R16. In the left panel, we have varied the free
parameter w0 (i.e., the current value of the equation of state for DE) of the CPL parametrization; in the middle panel, we have varied the
parameter wa of the CPL parametrization, and the right panel stands for different values of the coupling parameter ξ. We note that,
although the curves in the left and middle panels are identified, the curves in the right panel are so close to each other that they are
practically indistinguishable from each other.
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FIG. 7. For the interacting dark-energy model with its dynamical equation of state, wx ¼ w0 þ wað1 − aÞ, in this plot, using different
coupling parameters, we show the evolutions of Heff=H (left panel) and Geff=G (right panel). The deviation is measured from the
noninteracting scenario (i.e., ξ ¼ 0) and also from the mean value of ξ ¼ −0.1360 obtained from the combined observational analysis
Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.

FIG. 8. We show the Markov chain Monte Carlo sample in this figure. In the left panel, we show the two-dimensional posterior
distribution for the parameters ðw0; waÞ colored byH0. In the right panel, the sample space contains the ðw0; ξÞ plane colored byH0. We
note that all the chains have been analyzed with the combined observational data Planck TT, TE, EEþ lowTEBþ BAOþ
JLAþ RSDþWLþ CCþ R16.

FIG. 9. The figuremakes a comparisonof the one-dimensional posterior distribution for the free andderived parameters for IDE1and IDE2.
The observational data used are Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.We note that in the top left panel
we have used only the parameter wx, which is also the w0 parameter of the dynamical DE identified by wx ¼ w0 þ wað1 − aÞ.
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i.e., w0, shifts toward the quintessence regime. The right
panel of Fig. 8 concludes similar behavior obtained from its
left panel.

VI. COMPARISONS BETWEEN IDE 1 AND IDE 2
AND WITH OTHER INTERACTIONS

Interacting models with dynamical dark energy are quite
appealing and interesting. In this work, since we consider
both constant and time-dependent dark-energy equations of
state, it is reasonable to measure their qualitative changes
both at the background and perturbative levels. To compare
both the models, in Fig. 9, we show the one-dimensional
posterior distribution for the free and derived parameters of
the interacting models. From the figure, we do not observe
any significant changes in the parameters. Although a slight
difference appears in wx, this does not seem to be a notable
one. Moreover, in Fig. 10, we plot the Hubble parameter

functions for both IDE models with CCþ R16. From this
figure, we see that both models are very close to the Λ
cosmology, and in fact, at low redshift, they are quite
consistent with the observed data, which are shown in the
above plots with their error bars. Therefore, it is clear that at
the background level both IDE models are very close to
each other and they have considerable closure with the
ΛCDM cosmology. It is even very interesting to see that at
the perturbative level we do have the same feature.
If we look at the CMB temperature anisotropy spectra in

Fig. 11, we see that both IDE 1 and IDE 2 are very close to
each other and they are also very close to ΛCDM. The
slight differences between these models can be detected
when the growth rate of cold dark matter is encountered in
the picture. We illustrate these slight differences between
these two interacting models in Fig. 12. In the left panel of
Fig. 12, we display the growth rate of dark matter when the
interacting dark energy has a constant equation of state
where for different coupling parameter ξ, we show a couple
of plots. From the plots, we see that as jξj increases the
growth rate for cold dark matter decreases. Similar behavior
is observed when the interacting dark energy has dynamical
character. However, for the dynamical DE, we have some-
thing more. Here, the growth rate for cold dark matter
decreases much more than the growth rate for cold dark
matter in the framework of interacting DE with a constant
equation of state. However, in summary, one can easily
conclude that the models IDE 1 and IDE 2 are statistically
very close to each other.
Moreover, we find that the current interaction model is

qualitatively different than other interaction models. As of
now, in the current literature, different coupled dark-energy
models have been introduced and analyzed with the
astronomical observations. The most studied and well-
known coupled DE models include the interactions
Q ¼ 3Hξρc, Q ¼ 3Hξρx, and Q ¼ 3Hξðρc þ ρxÞ (ξ is
the coupling parameter), and there are many more; see
Refs. [5–44]. In this work, we introduce an interaction with
the form Q ∝ _ρx, which is different from the others since
the variation of the dark-energy density is considered here.

FIG. 10. The evolution of the Hubble parameter for two different IDE models compared to the flat ΛCDMmodel and the error bars of
the observed Hubble data are shown. The fitting analysis is the same: Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþ
WLþ CCþ R16.

FIG. 11. Using the mean values of the free parameters (from the
combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ
JLAþ RSDþWLþ CCþ R16) associated with IDE 1 and
IDE 2, in this plot, we show the angular CMB temperature
anisotropy spectra to make a comparison of these two interacting
scenarios with respect to the ΛCDM cosmology. The curves as
seen from the plot are completely indistinguishable.
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This interaction has a great advantage in compared to some
well known interaction models. To clarify such an issue, let
us recall the observational bounds on the existing interact-
ing models in the literature. The past analysis of coupled
dark-energy models in the large-scale universe reports that
the models with Q ¼ 3Hξρc, Q ¼ 3Hξρx, and Q ¼
3Hξðρc þ ρxÞ can only be tested for two separate intervals,
which means when ðwx ≥ −1; ξ ≥ 0Þ or ðwx ≤ −1; ξ ≤ 0Þ.
See Table III where we present some well known inter-
action models as well as the present interaction model with
their testable regions. Clearly, while constraining the above
interaction models, we perceive a discontinuity in the
parametric space. To remove such a discrepancy in the
interaction models, a recent investigation [71] found
that the whole parametric space can be tested if a phe-
nomenological factor ð1þ wxÞ is introduced in the inter-
action function, Q. Originally, the hints to introduce such a
factor ð1þ wxÞ in the interaction function are motivated
from the pressure perturbation of dark energy. Using
such a formalism, three interactions have been tested
with positive results, namely, Q ¼ 3Hξð1þ wxÞρx, Q ¼
3Hξð1þ wxÞρcρx=ðρc þ ρxÞ, and Q¼ 3Hξð1þwxÞρ2x=ρc
in [71]. However, the current interaction provides some-
thing more. We see that the interaction (6) does not need
any extra factor ð1þ wxÞ from the outside to test the entire
parametric space since it automatically contains such a
factor within it. Thus, this interaction differs from other
interaction models in this way, and it is worth noting that
the entire parameters space can be constrained unlike other
interaction models.

VII. TENSION ON H0: ALLEVIATION THROUGH
INTERACTING DARK ENERGY

From the analysis of cosmic microwave background
temperature and polarization data by Planck [1], the
Hubble constant value is constrained to be H0 ¼ 67.27�
0.66 km s−1 Mpc−1, assuming ΛCDM as the base model,
while on the other hand, from the local measurements

performed recently by Riess et al. [61], the Hubble constant
appears to beH0 ¼ 73.24� 1.74 km s−1 Mpc−1. This local
Hubble constant value is about 3σ higher than its prediction
by the Planck measurements. The difference appearing in
the estimation of H0 from the local and global measure-
ments is quite large. It is indeed a very big issue2 in the
cosmological theory—known as the tension on H0.
The interacting dark-energy mechanism carries a rea-

sonable justification to reconcile such a tension that has
already been suggested in some recent works [41,44,77]; in
Ref. [77], the dark-energy equation of state was constant
and allowed to be phantom, while in the other two works,
namely, in Refs. [41,44], the dark-energy equations of state
were, respectively, constant (other than the cosmological
constant) and the cosmological constant.
The current interaction model is completely different

compared to the works [41,44,77] because here the model
can be tested without any restriction on the dark-energy
equation of state as explained earlier. Additionally, here, we
investigate the dynamics of the universe for both the
constant and dynamical dark-energy equations of state.
We also note that for both the models the combined
analysis has been fixed to be Planck TT, TE, EEþ
lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.

(i) Constant equation of state in DE and H0 tension:
We investigate the tension on H0 for four different
intervals of the dark-energy equations of state:
(a) We allow a wide range of the dark-energy

equation of state from quintessence to phantom,
in particular, wx ∈ ½−1.5;−0.9�.

(b) We consider the dark-energy equation of state to
vary from the cosmological constant boundary to
beyond; hence, we fix wx ∈ ½−2;−1�.

(c) We consider only phantom dark energy with
when wx ∈ ½−2;−1.01�.

FIG. 12. The evolution of the growth rate of cold dark matter has been shown for both interacting dark-energy models. In the
left panel, we show the evolution of the growth rate of cold dark matter for IDE 1, while the right panel contains the same information
but for IDE 2. We use the combined observational data Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþ
WLþ CCþ R16.

2The continuous progress toward more consistent observatio-
nal measurements could reveal some more information in this
regard; see, for instance, Refs. [75,76].
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(d) We consider a super phantom dark-energy equa-
tion of state as wx ∈ ½−2;−1.2�.
For four different priors on the dark-energy

equation of state, we present the astronomical
constraints on the cosmological parameters in
Table IV in which the mean values of the
parameters are reported. The two-dimensional
contour plots of the parameters (wx, H0) have
been shown in Fig. 13 for four different priors of
the dark-energy equation of state. The analyses
show that for wx ∈ ½−1.5;−0.9� and wx ∈
½−2;−1�, and wx ∈ ½−2;−1.01�, the Hubble con-
stant value is close to the measured value of H0

(¼ 67.27�0.66 kms−1Mpc−1) from Planck [1]
and the tension is released at < 2σ C.L. On the

other hand, for wx ∈ ½−2;−1.2�, the result is
slightly different because here H0 catches the
local Hubble constant value measured by Riess
et al. (H0 ¼ 73.24� 1.74 km s−1Mpc−1) [61]
within the confidence level slightly greater than
2σ. So, the tension is not released here. Thus, we
see that for the current interaction model the
tension can be released. However, one can note
that if the dark energy has a strong phantom
nature, for instance, here, wx < −1.2, then some
discrepancies may appear. In summary, the phan-
tom dark-energy equation of state might resolve
the current tension on H0 in agreement with a
recent work [77]; however, the physics with the
high phantom dark-energy equation of state

TABLE III. Some known interaction models and the current model with their testable regions.

Models Coupling Large-scale stability

Model I Q ¼ 3Hξρc either wx ≥ −1 and ξ ≥ 0 or wx ≤ −1 and ξ ≤ 0
Model II Q ¼ 3Hξρx either wx ≥ −1 and ξ ≥ 0 or wx ≤ −1 and ξ ≤ 0
Model III Q ¼ 3Hξðρc þ ρxÞ either wx ≥ −1 and ξ ≥ 0 or wx ≤ −1 and ξ ≤ 0
Present model Q ¼ ξ_ρx for all wx and ξ ≤ 0

TABLE IV. For the constant dark-energy equation of state, wx, we present the results of the interaction model for four different
regions of wx. The analysis has been performed for the combined analysis Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ
RSDþWLþ CCþ R16. As mentioned earlier, Ωm0 ¼ Ωc0 þΩb0.

Parameters wx ∈ ½−1.5;−0.9� wx ∈ ½−2;−1� wx ∈ ½−2;−1.01� wx ∈ ½−2;−1.2�
Ωch2 0.11694þ0.00194þ0.00302

−0.00128−0.00353 0.11702þ0.00161þ0.00287
−0.00129−0.00311 0.11747þ0.00136þ0.00264

−0.00132−0.00258 0.12011þ0.00206þ0.00332
−0.00121−0.00376

Ωbh2 0.02230þ0.00014þ0.00029
−0.00014−0.00028 0.02228þ0.00015þ0.00028

−0.00014−0.00028 0.02226þ0.00015þ0.00029
−0.00014−0.00029 0.02202þ0.00013þ0.00026

−0.00012−0.00025

100θMC 1.04070þ0.00032þ0.00062
−0.00033−0.00060 1.04069þ0.00029þ0.00059

−0.00027−0.00059 1.04066þ0.00036þ0.00060
−0.00030−0.00064 1.04023þ0.00031þ0.00061

−0.00030−0.00064

τ 0.06765þ0.01602þ0.03418
−0.01862−0.03345 0.06539þ0.01775þ0.03354

−0.01700−0.03331 0.06178þ0.01613þ0.03366
−0.01627−0.03299 0.03222þ0.01031þ0.02317

−0.01690−0.02221

ns 0.97639þ0.00419þ0.00870
−0.00428−0.00822 0.97559þ0.00385þ0.00842

−0.00390−0.00784 0.97491þ0.00416þ0.00731
−0.00366−0.00804 0.96665þ0.00339þ0.00693

−0.00368−0.00674

lnð1010AsÞ 3.07394þ0.03206þ0.06496
−0.03451−0.06387 3.07116þ0.03186þ0.06265

−0.03289−0.06678 3.06402þ0.03184þ0.06524
−0.03180−0.06427 3.01185þ0.02230þ0.05185

−0.03145−0.04863

wx −1.02320þ0.03135þ0.05197
−0.02383−0.05423 −1.03245þ0.03058þ0.03245

−0.00939−0.04405 −1.04669þ0.03195þ0.03669
−0.01327−0.04508 −1.20660þ0.00660þ0.00660

−0.00092−0.01332

ξ −0.23758þ0.23758þ0.23758
−0.08064−0.28867 −0.20708þ0.20708þ0.20708

−0.03706−0.38948 −0.09160þ0.09160þ0.09160
−0.03856−0.11641 −0.02830þ0.02830þ0.02830

−0.00377−0.05692

Ωm0 0.29786þ0.00969þ0.01723
−0.00930−0.01803 0.29640þ0.00756þ0.01418

−0.00723−0.01474 0.29454þ0.00764þ0.01450
−0.00754−0.01481 0.27442þ0.00637þ0.01300

−0.00663−0.01308

σ8 0.81384þ0.01299þ0.02568
−0.01288−0.02521 0.81543þ0.01284þ0.02542

−0.01290−0.02615 0.81797þ0.01409þ0.02489
−0.01357−0.02544 0.84356þ0.01297þ0.02624

−0.01284−0.02679

H0 68.54857þ0.76687þ1.50829
−0.80198−1.43037 68.72657þ0.58200þ1.35008

−0.72678−1.27043 69.04942þ0.66552þ1.40722
−0.76261−1.41469 72.13901þ0.56189þ1.11083

−0.60082−1.08626

FIG. 13. Contour plots for the parameters (wx, H0) considering four different regions of the constant dark-energy equation of state.
The analysis adopted here is the joint analysis from Planck TT, TE, EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16.
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needs further investigation. Finally, we remark
that we are dealing with phenomenological mod-
els of interaction.

(ii) Dynamical equation of state in DE and H0 tension:
For dynamical dark energy, we perform the same
analysis considering four different ranges of w0, the
current value of the dark-energy equation of state
wx ¼ w0 þ wað1 − aÞ. The constraints on the model
parameters have been summarized in Table V, in
which their mean values have been shown, while the
contour plots for the parameters (w0, H0) for four
different priors on w0 have been shown in Fig. 14.
We find that the interaction model with dyna-
mical DE preserves behavior almost similar to that
of the interaction model with the constant dark-
energy equation of state. For w0 ∈ ½−1.5;−0.9�,
w0 ∈ ½−2;−1�, and w0 ∈ ½−2;−1.01�, the tension
on H0 is released within the confidence-level inter-
val (1σ; 2σ). On the other hand, for w0 ∈ ½−2;−1.2�,
the tension is not released. That means IDE 2 has
similarities with IDE 1, as we can see.

VIII. SUMMARY AND CONCLUSIONS

The stability analysis of interacting dark-energy models
generally divides the parameters space into two separate
regions, (i) wx ≥ −1 and ξ ≥ 0 or (ii) wx ≤ −1 and ξ ≤ 0, in
which wx is the state parameter for dark energy and ξ is the
coupling parameter of the interaction. That means a dis-
continuity in the parameters space. Avery recent study [71]
shows that such difficulties concerning the discontinuity in
the parameters space can be solved with a new interaction
that includes ð1þ wxÞ in the interaction functionQ. Such a
construction of the interaction function ismotivated from the
pressure perturbations for dark energy, which informs that
the inclusion of such a factor releases the prior on the dark-
energy equation of state. That means the factor “ð1þ wxÞ”
seems to play a vital role in the analysis of the interacting
dark-energy models at the large scale of the universe.
Motivated by this fact, in this work, we introduce an
interaction, Q ¼ ξ_ρx, which automatically contains a term
ð1þ wxÞ [see Eq. (6)], and consequently, this model holds
the same features as in the models of Ref. [71].

TABLE V. For the dynamical dark-energy equation of state, wx ¼ w0 þ wað1 − aÞ, we present the results of the interaction model for
four different regions of w0, the current value of wx. The analysis has been performed for the combined analysis Planck TT, TE,
EEþ lowTEBþ BAOþ JLAþ RSDþWLþ CCþ R16. As mentioned earlier, Ωm0 ¼ Ωc0 þ Ωb0.

Parameters w0 ∈ ½−1.5;−0.9� w0 ∈ ½−2;−1� w0 ∈ ½−2;−1.01� w0 ∈ ½−2;−1.2�
Ωch2 0.11670þ0.00279þ0.00422

−0.00120−0.00583 0.11630þ0.00266þ0.00423
−0.00153−0.00484 0.11680þ0.00159þ0.00289

−0.00126−0.00285 0.11614þ0.00271þ0.00528
−0.00266−0.00535

Ωbh2 0.02228þ0.00015þ0.00030
−0.00015−0.00031 0.02229þ0.00015þ0.00029

−0.00014−0.00029 0.02229þ0.00015þ0.00029
−0.00014−0.00028 0.02225þ0.00018þ0.00033

−0.00017−0.00035

100θMC 1.04069þ0.00032þ0.00071
−0.00036−0.00064 1.04072þ0.00032þ0.00064

−0.00033−0.00061 1.04070þ0.00032þ0.00060
−0.00030−0.00060 1.04071þ0.00038þ0.00074

−0.00038−0.00072

τ 0.06519þ0.01664þ0.03306
−0.01686−0.03507 0.06610þ0.01609þ0.03227

−0.01802−0.03025 0.0666þ0.01578þ0.03067
−0.01650−0.03087 0.06021þ0.02037þ0.03488

−0.01744−0.03822

ns 0.97556þ0.00448þ0.00869
−0.00439−0.00850 0.97578þ0.00421þ0.00802

−0.00428−0.00825 0.97613þ0.00399þ0.00777
−0.00414−0.00737 0.97483þ0.00577þ0.00938

−0.00471−0.01079

lnð1010AsÞ 3.07082þ0.03230þ0.06407
−0.03246−0.06887 3.07179þ0.03156þ0.06314

−0.03482−0.05927 3.07275þ0.03083þ0.05896
−0.03112−0.05991 3.06041þ0.03982þ0.06591

−0.03212−0.07292

w0 −1.02042þ0.10065þ0.12042
−0.05121−0.14529 −1.07026þ0.07026þ0.07026

−0.01821−0.10996 −1.05620þ0.04620þ0.04620
−0.01190−0.05875 −1.22159þ0.02159þ0.02159

−0.00307−0.04641

wa −0.04104þ0.22222þ0.54574
−0.30556−0.46861 0.10561þ0.18514þ0.38729

−0.20733−0.34558 0.07982þ0.12230þ0.24061
−0.11395−0.25762 0.47808þ0.19475þ0.29336

−0.10169−0.38255

ξ −0.27803þ0.27803þ0.27803
−0.07809−0.50761 −0.19671þ0.19671þ0.19671

−0.03874−0.33102 −0.13835þ0.13256þ0.13835
−0.05235−0.16374 −0.09762þ0.09762þ0.09762

−0.02265−0.15496

Ωm0 0.29657þ0.01197þ0.02164
−0.00837−0.02268 0.29318þ0.01031þ0.01949

−0.00926−0.01932 0.29538þ0.00877þ0.01602
−0.00807−0.01591 0.28267þ0.00880þ0.01552

−0.00818−0.01598

σ8 0.81234þ0.02206þ0.04015
−0.01528−0.03984 0.81058þ0.02005þ0.03590

−0.01586−0.03690 0.81333þ0.01479þ0.02705
−0.01234−0.02853 0.81078þ0.02225þ0.04082

−0.02158−0.04294

H0 68.63729þ0.73591þ1.61172
−0.88622−1.46090 68.93131þ0.77984þ1.47811

−0.75984−1.54095 68.79597þ0.71402þ1.48429
−0.68156−1.41596 70.14999þ0.73942þ1.95652

−1.06080−1.70609

FIG. 14. Contour plots for the parameters (w0, H0) considering four different regions of w0, the current value of the dynamical dark-
energy equation of state. The analysis adopted here is the joint analysis from Planck TT, TE, EEþ lowTEBþ BAO þ JLAþ
RSDþWLþ CCþ R16.
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We constrained such a typical interaction using the com-
bined astronomical data Planck TT, TE, EEþ lowTEBþ
BAOþ JLAþ RSDþWLþ CCþ R16. From Tables I
and II, we see that both IDE 1 and IDE 2 allow a very
small but nonzero interaction in the dark sectors; how-
ever, the zero value of the coupling parameter ξ is not
rejected at all. In fact, within 1σ confidence level, ξ ¼ 0
is consistent with the observational data. Further, the
analysis also shows that the current value of the dark-
energy equation of state (both the mean and the best fit)
in both interacting models favors its phantom behavior,
while in the 1σ confidence level, wx ¼ −1, is compatible
with the observational data we employ. That means both
the interacting models exhibit a very slight deviation
from the Λ cosmology while within 1σ confidence-region
Λ cosmology is consistent with the observational data. It
is also interesting to note that at the perturbative level the
models are found to be very close to each other and also
to the Λ cosmology.
Our analysis also shows that for both IDE 1 and IDE 2 if

the Hubble parameter values decrease the dark-energy
equation of state shifts its behavior from phantom to

quintessence. This behavior was exactly observed in a
recent work [71]. It is also interesting to remark that the
current IDE models can alleviate the tension on H0 that is
observed in its global [1] and local measurements [61]. In
fact, the theory of interacting dark energy can be a
reasonable direction to talk about the current tension on
H0. We paid a considerable attention to this issue with
different regions of the dark-energy equation of state,
which concludes that the tension on H0 is reconciled in
the phantom region, while the analysis also makes a note
that the dark-energy equation of state with strong phantom
nature needs further attention to reach a definite conclusion.
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