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We investigate interacting scenarios that belong to a wider class, since they include a dynamical dark
energy component whose equation of state follows various one-parameter parametrizations. We confront
them with the latest observational data from the cosmic microwave background, the joint light-curve
sample from type Ia supernovae, baryon acoustic oscillations, Hubble parameter measurements from
cosmic chronometers (CC), and a Gaussian prior on the Hubble parameter H,. In all examined scenarios we
find a nonzero interaction; nevertheless, the noninteracting case is allowed within 2¢. Concerning the
current value of the dark energy equation of state for all combinations of data sets, it always lies in the
phantom regime at more than 2—-3 standard deviations. Finally, for all interacting models, independently of
the combination of data sets considered, the estimated values of the present Hubble parameter H, are
greater compared to the ACDM-based Planck estimate and close to the local measurements, thus

alleviating the H tension.
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I. INTRODUCTION

It has been 20 years since the detection of the late-time
Universe acceleration, and—despite the accumulation of a
huge amount of data—many are still looking for
the actual underlying theory that explains it. In general,
there are two widely accepted approaches that could
accommodate it. The first one is the introduction of some
hypothetical dark energy fluid [1] in the context of
Einstein’s gravitational theory. The second one is to
consider modified or alternative gravitational theories
where the extra geometrical terms may reproduce the
effects of dark energy [2-4].

On the other hand, a mutual interaction between the dark
matter and dark energy sectors was initially introduced in
order to investigate the cosmological constant problem [5].
However, later on it was found that it could also alleviate

*supriya.maths @presiuniv.ac.in

'd11102004@163.com
eleonora.divalentino @manchester.ac.uk

§msaridak@phys.uoa. ar

I schakraborty @math.jdvu.ac.in

2470-0010/2019,/100(10)/103520(19)

103520-1

the cosmic coincidence problem in a natural way [6—11],
and this led to many investigations of interacting cosmol-
ogy [12-61] (see also Refs. [62,63] for recent reviews on
interacting dark matter—dark energy scenarios). An addi-
tional advantage of interacting scenarios is the easy
realization of the phantom-divide crossing without theo-
retical ambiguities [64—66]. Finally, interacting scenarios
prove to be efficient at alleviating the two known tensions
of modern cosmology, namely, those of H, [67-95], and oy
[90,96-98].

Despite the extended investigation of interacting scenar-
i0s, the form of the interaction function remains unknown.
Thus, in general one considers phenomenological models
for the interaction form and explores the cosmological
dynamics by confronting it with observational data. The
complication in the above procedure, which is not usually
taken into account, is that in principle apart from the
unknown interaction form there is also an ambiguity in
the dark-energy equation-of-state parameter. Hence, in the
present work we are interested in performing a systematic
comparison of interacting dark energy scenarios, consid-
ering all well-studied parametrizations for the dark-energy
equation-of-state parameter. Only such a complete and
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We consider interacting scenarios in which the dark
energy equation of state is parametrized with forms that
include one free parameter. Such one-parameter models are

consistent analysis can extract safe results about the
more economical compared to two-parameter models;

observational validity of the examined scenarios.
moreover, it was recently found that these one-parameter

dynamical dark-energy parametrizations are very efficient
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picture in which the interaction should also be allowed, and
to check whether the H, tension is still alleviated, since it
has been argued that the allowance of a nongravitational
interaction between dark matter and dark energy naturally
increases the error bars on H, (due to the existing
correlation between H, and the coupling parameter of

at alleviating the H,, tension in the simple noninteracting
framework [83]. This motivates us to consider a wider

the interaction models) and consequently alleviates the
corresponding tension [69,70,79,81]. Thus, the present

essentially work aims to investigate whether the release
of H, tension discussed in Ref. [83] is influenced by the
presence of an interaction between dark matter and dark

The work is organized as follows. In Sec. II we describe
the basic equations for any interacting dark energy model
at the background and perturbative levels. Additionally,
we present various one-parameter w, parametrizations.
Section III deals with the observational data that we consider

energy.

in this work. In Sec. IV we describe the main observational

results extracted for all of the examined scenarios. In Sec. V
we compute the Bayesian evidences of the models with

respect to the reference ACDM paradigm. Finally, in Sec. VI
we conclude the present work with a brief summary of our

findings.

INTERACTING SCENARIOS
The Universe is well described by the homogeneous and

isotropic Friedman-Lemaitre-Robertson-Walker (FLRW)

line element given by

II. COSMOLOGICAL EQUATIONS IN

Priors imposed on various free parameters of the

interacting scenarios during the statistical analysis.

TABLE I

Prior
[0.005, 0.1]

[0.01, 0.99]
[0.5, 1.5]

[0.01, 0.8]

Parameter
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dr?

2 g2 0
ds* = —dr* + a*(1) [— K2

+ (d&* + sin?0dg?) |, (1)

where a(¢) is the expansion scale factor and K = 0, —1, +1
correspond to flat, open, and closed spatial geometry,
respectively. Since observations imply near spatial flatness,
we shall restrict ourselves to K = 0 throughout this work.

The total matter content of the Universe consists of
radiation, baryons, pressureless dark matter, and a dark
energy fluid (which may be a real fluid or an effective one
arising from modified gravity). Moreover, we allow the
dark matter and dark energy to have a mutual (nongravita-
tional) interaction, while the remaining two fluids follow
the usual conservation laws. Hence, the Friedmann equa-

tion is given by

0.0100 -

0.0075 -

0.0050 [~

0.0025 -

8rG

IT(ﬂr+ﬂb +pe+po)s

H2

(2)

in which H = a/a is the Hubble rate, and p; is the energy
density of the ith fluid sector (with i = r for radiation,
i = b for baryons, i=c for cold or pressureless dark matter,
and i=ux for dark energy). The conservation equation of the
total fluid pyo = p, + pp + p. + p, 1s given by

Prot + 3H (Pt + Piot) = 0, (3)
where p,, is the total pressure of the fluids, defined as
Dot = Pr+ Py + Pe + p,. Since radiation and baryons
satisfy their own conservation equations, namely, p, +

3Hp, = 0and p, + 4Hp, = 0, then the conservation equa-
tion for the total fluid (3) gives rise to
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The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDEI, using different

observational astronomical data sets. Additionally, we display the one-dimensional marginalized posterior distributions of some free

parameters.
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4)

Ppark + 3H(Ppark + Ppark) = 0,

where ppai = pe + px and ppgi = pe + Py
In interacting cosmology one splits the conservation

equation for the dark sector (4) into

pe+3Hp. = =0(t) (5)

and

P+ 3H(1 +wy)p, = Q(1) (6)
by introducing a new function Q(¢) that actually character-
izes the rate of energy transfer between these dark fluids.
Thus, whenever the interaction Q is prescribed, using the

conservation equations (5)—(6) as well as the Friedmann

0.009 =

X
0003 - \ -
I y/ I
T

equation (2), one can determine the dynamics of this
interacting scenario.

Since the nature of both dark fluids is unknown, there is
an ambiguity in the choice of the interaction function.
Thus, in general one considers phenomenological choices
for Q, and through observational confrontation arrives at
the best interaction model. In the present work we will
focus on a well-motivated interaction that induces stable
perturbations [99]:

0= 3£H(1 + Wx)px’ (7)
where ¢ is the coupling parameter characterizing the
interaction strength.

Let us briefly describe the perturbation equations for an
interacting dark energy model following Refs. [100-102].
The scalar perturbations of the FLRW metric read as
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FIG. 2. The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE1 using only the
CMB + BAO and CMB + BAO + R19 data sets, and the corresponding one-dimensional marginalized posterior distributions.
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ds* = a*(r)[-(1 + 2¢)d7* + 20;Bdrdx’
+ (1 = 2y)8,; + 20,0,E)dx'dx’], (8)

where 7 is the conformal time and ¢, B, v, and E are the
gauge-dependent scalar perturbation quantities. Additionally,
for an interacting universe the conservation equations
become [103-105]

VI =0, ) 0h=0, )
A

where A is used to represent either pressureless dark matter
(A = ¢) or dark energy (A = x). Here, the quantity Q% is

04 = (04 +8Q4)u" 4+ a=(0,0'f,) (10)

relative to the four-velocity u*, in which Q, presents the
background energy transfer (i.e., Q4 = Q) and f, is the
momentum transfer potential. Following earlier works [103—
105], we restrict ourselves to the simplest possibility, i.e., we
assume that the momentum transfer potential is zero in the

rest frame of the dark matter, from which one can derive that
K2 f4 = Q4(6 — 0,) (where k is the wave number, 6 = & is
the volume expansion scalar of the total fluid, and .. is the
volume expansion scalar for the cold dark matter fluid).

We proceed by applying the synchronous gauge to derive
the perturbation equations for the interacting scenarios.
Thus, in the synchronous gauge we have ¢ = B =0,
w=mn, and k’E = —h/2 —3n (where h and 7 are the
metric perturbations; see Ref. [101] for details).
Additionally, we assume the absence of an anisotropic
stress, and we define the density perturbations for the fluid
A as 6, = 6ps/pa- The resulting perturbation equations
become

/

h
8= —(1+w,) (ex *E) — 3Hw,

0,
K
2 ex
—3H(cs, —wy) |6, + 3H(1 + wy) 2
a0 50 ) ]
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FIG. 3.

T T
80 90

Whisker plot with the 68% C.L. constraints on the Hubble constant for all interacting models and all combinations of data sets

considered in this work. The grey vertical band corresponds to the R19 value for the Hubble constant H,, as measured by SHOES in
Ref. [113], and the red vertical band is the estimate from the Planck 2018 release [116].
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III. OBSERVATIONAL DATA
In this section we describe the observational data that we
use to investigate the interacting dark energy models and

provide a brief description of the methodology.
(1) The data from cosmic microwave background

Eq. (18) as IDEA4.

(CMB) observations are very powerful for analyzing

cosmological models.

Here we use the high-7

temperature and polarization as well as the low-£
temperature and polarization 2015 CMB angular
power spectra from the Planck experiment (Planck
TT, TE, EE + lowTEB) [106,107].

(2) We include the joint light-curve analysis (JLA)

sample from type la supernovae data [108].
(3) We use the baryon acoustic oscillation (BAO)

I TdVL

distance measurements from Refs. [109-111].
(4) We consider the measurements of the Hubble

parameter at various redshifts using cosmic chro-

nometers (CCs) [112].
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(5) We adopt a Gaussian prior on the Hubble
constant (R19), Hy = 74.02 & 1.42, as obtained by
SHOES [113].

In order to extract the observational constraints on
the model parameters of the interaction scenarios, we use
the efficient cosmological code cosmomc [114,115], a
Markov chain Monte Carlo package which (i) has a
convergence diagnostic and (ii) supports the Planck
2015 likelihood code [107]. The dimension of the param-
eter space for all interaction scenarios is eight, where
P= {Qbhz, Qchz, 1009MC7 7, Wy, f, ng, log[IOIOAS]} Here
Q,h? is the physical baryon density, Q.h? is the physical
density of cold dark matter, 1006y;c denotes the ratio of the
sound horizon to the angular diameter distance, r denotes
the reionization optical depth, n, is the scalar spectral
index, Ag is the amplitude of the primordial scalar power
spectrum, wg is the current value of the dark energy

0.006 -

WS 0.004 |-

0.002 -

parameter, and ¢ is the coupling parameter of the inter-
action. In Table I we summarize the flat priors on the model
parameters during the statistical analysis.

IV. RESULTS AND IMPLICATIONS

In this section we extract the observational constraints
on the present four interacting dark energy scenarios
where dark energy has a time-dependent equation-of-
state parameter. For all interacting scenarios we perform
several analyses using the observational data described in
Sec. IIL

A. IDE1: Interacting dark energy with
w, =woal1 - log(a)]
The summary of the observational constraints for this
interaction scenario using different observational data sets

I IDE2 with CMB+BAO
I |DE2 with CMB+BAO+JLA
I IDE2 with CMB+BAO+JLA+CC
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FIG. 4. The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE2, using different
observational astronomical data sets. Additionally, we display the one-dimensional marginalized posterior distributions of some of the

free parameters.
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is presented in Table II, while the two-dimensional (2D)
contour plots and one-dimensional (1D) marginalized
posterior distribution are shown in Figs. 1 and 2. We
mention that in the figures we do not include the sole CMB
case, since its parameter space is larger than the other data
sets; however, we note that the qualitative features of the
correlations between the parameters for the CMB-only case
and other cases are similar. Moreover, we notice that the
addition of CC to the CMB + BAO + JLA combination
does not add extra constraining power, and hence the
constraints from CMB + BAO+JLA and CMB +
BAO +JLA + CC are actually the same in the fourth
and fifth columns of Table II.

From the results we observe that for both CMB and
CMB + BAO £ =0 is consistent within the 68% C.L.
After the addition of JLA and JLA + CC to the combined
data set CMB + BAO, we find that an interaction
of about £ = 0.003 £ 0.002 is suggested at the 68% C.L.

In addition, if we combine CMB with R19 (we can
safely do this since the tension on H|, is less than 20, as
we can see in Fig. 3) we find an improved constraint
(statistically very mild) that is always in agreement with
£=0, while combining CMB + BAO + R19 gives
slightly relaxed constraints Therefore, we conclude that
for CMB +BAO +JLA, CMB +BAO +JLA + CC,
CMB +R19, and CMB + BAO + R19, £ # 0 at 1o; how-
ever, within the 95% C.L., £ is consistent with zero.

For all combinations of data sets the current value of the
dark energy equation of state w, always lies in the phantom
regime at more than 2-3 standard deviations. If we compare
these results with those without an interaction obtained in
Ref. [83], we see that they are perfectly in agreement and
very robust, even in those cases where an interaction
different from zero is favored.

Regarding the estimated values of Q,,,, one can clearly
see that for the CMB-only case, Q,,, is really small
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FIG. 5.

The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE2 using only the

CMB + BAO and CMB + BAO + R19 data sets, and the corresponding one-dimensional marginalized posterior distributions.
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summary, as we can see from the results, most of the data
sets indicate a nonzero interaction together with the
existence of a phantom dark energy. The estimated values
of Q¢ are similar to those found in IDE1, especially for its
lower value for the CMB-only analysis.

Regarding the estimates of the Hubble parameter H, we
see that for CMB data alone H acquires a very high value
with very large error bars compared to the Planck one
within the minimal ACDM model [116] (in particular,
H, = 8471* at the 68% C.L. for CMB data alone). This is
due to the strong correlation between w, and H,. When
external data sets (such as BAO, JLA, CC, R19, and their
combinations) are added, the estimates of H, decrease with
a significant reduction in the error bars, but they can still
relieve the tension with Ref. [113] within 3 standard

deviations.
/X\
0.004

0.002 |- I .
|
1 1 1

0.006 [~

C. IDE3: Interacting dark energy with
wy(a)=woa[l+ sin(1-a)]

The summary of the observational constraints for this
interaction scenario using different observational data sets
is presented in Table IV, and in Figs. 6 and 7 we show the
2D contour plots and 1D posterior distributions for some of
the free parameters and data set combinations.

Concerning the coupling parameter, our analysis
reveals some interesting features. In particular, as we
can see, for CMB data alone we have &= 0 within
68% C.L. and hence it is consistent with a noninteracting
cosmology. Nevertheless, as soon as external data sets
(namely, BAO, JLA, CC, or R19) are added in different
combinations (such as CMB + BAO, CMB + BAO+
JLA, CMB + BAO +JLA + CC, and CMB + R19) we
see that a nonzero interaction is favored at more than lo.

s IDE3 with CMB+BAO
I IDE3 with CMB+BAO+JLA
I IDE3 with CMB+BAO+JLA+CC
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FIG. 6. The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE3, using different
observational astronomical data sets. Additionally, we display the one-dimensional marginalized posterior distributions of some free

parameters.
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FIG.7. The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE3 using only the
CMB + BAO and CMB + BAO + R19 data sets, and the corresponding one-dimensional marginalized posterior distributions.

However, we mention that within the 95% C.L. these
combinations of observational data sets allow for a non-
interacting cosmology. We note that the R19 data has similar
effects when combined with CMB and CMB + BAO, as
reported previously for IDE2.

Concerning the current value of the dark energy equation
of state w, we find a similar character to what we already
found in IDE1 and IDE2. In particular, the results show
that, irrespective of the observational data sets that we have
used in this work, w, remains less than —1 at more than
95% C.L. (i.e., in the phantom region) for the CMB-only
case, and several standard deviations (more than 5) for the
combinations with the other cosmological probes. If we
compare this table with the results shown in Ref. [83] for
the same model without an interaction, we can see that
the constraints are very robust, and only the upper limit of
wqy for the CMB-only case is slightly shifted to less

phantom values. Furthermore, we mention that in this
scenario the CC data set does not improve the constraints
at all. Let us note that, similar to IDE1 and IDE2, for the
CMB-only analysis ,,, acquires a lower value compared
to Planck [117].

Finally, regarding the H, parameter we again find a
similar behavior to what we observed for IDE1 and
IDE2. Since a higher value of the Hubble parameter
corresponds to a phantom dark energy equation of state,
due to their negative correlation, the highly negative w,
values that we obtain are accompanied by a high value
of H, with large asymmetric error bars. Specifically, we
find Hy = 84"1* at the 68% C.L., which is much higher
than the recent ACDM-based estimate by Planck [116]
but in agreement with the direct measurements H, =
73.24+1.74 [118], Hy =73.48 £ 1.66 [119], or H, =
74.03 +1.42 [113]. However, after the inclusion of the
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woa[l + arcsin(1 — a)] (Model IV) for

TABLE V. 68% and 95% confidence level constraints on the interacting scenario IDE4 with the dark energy equation of state w,(a)

Q, + Q,, and H is in units of km/sec/Mpc.

various observational data sets. Here Q,,, is the present value of the total matter density parameter Q,,

CMB + BAO + R19

0.1201 +0.0012+0.0026

CMB + R19

CMB + BAO + JLA + CC
0 1208+0.0015+0.0022

CMB + BAO + JLA

0.1 192+0.001 14-0.0022

CMB + BAO

0.1 200+0.00 12+0.0026

CMB

0.121 2+0.0017+0.0034

Parameters

—0.0012-0.0026

0.0221 7+0A00014+0.00027

—0.0013-0.0024

0.0221 2+0.0001 3+0.00028

—0.0011-0.0020

0.1193+0.0010-+-0.0022
0.02222+0.00015+0.00027

—0.0011-0.0022

0 02222-#0‘00013-»‘—0‘00029

—0.0012-0.0026

0 02217-#0.00014-%—0‘00027

—0.0019-0.0032

0.02214+0-00018-0.00034

Qh?

—0.00015-0.00028

1 04040-»‘—0‘00033—#0.00060

—0.00017-0.00025

1.04027 +0.000364-0.00057

—0.00014-0.00027

1 04050+0.00031+0,00059

—0.00014-0.00028

1 04046+0.00032+0.00056

—0.00015-0.00027

1 O4040+0.00032+0.00062

—0.00018—0.00034

1.040277+0:00042+0.00076

Q1

—0.00031-0.00058

0 088+0A018+0A033

—0.00031-0.00060

0 077+0.025 —+0.035

—0.00030—-0.00060

0 096+0.019+0.036

—0.00026—0.00057

0 096+0.0 16+0.034

—0.00032—-0.00059

0 089+0A018+0A033

—0.00034—0.00080

0 079+0A019+0A032

1000y

T

—0.017-0.033

0 9739+0.0042+0.0081

—0.018-0.038

0.9721 +0.0046+0.0078

—-0.016—-0.036
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—-0.016—0.034
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0.9741 +0.0042+0.0081

—0.017-0.034

0.9721 -+0.0044+0.0092

—0.0042-0.0080
3.1 18+0A035+0.064

—0.0036-0.0084

3 .099+0.048+0.067

—0.0038-0.0078

3.1 32+0,037+0.069

—0.0044-0.0080

3.1 32+0.034+0.064

—0.0042—-0.0082

3 120+0A035+0A066

—0.0047-0.0087

3.1 03+0.037+0.063

n

—0.032-0.066

—1 353+0.048+0.084

—0.034-0.076

-1 394+0.045+0.098
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—1.331 +0.067+0.12
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In(10'°4,)

Wo
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0 260+0,011+0.024
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—0.0080-0.016
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69.9199
0.81 0+0.022+0.038
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external data sets such as BAO, JLA, CC, and R19, we
find that H, decreases with respect to its estimate from
CMB data alone, and additionally its error bars are
significantly reduced.

In summary, we find that the alleviation of the H, tension
is more robust in this scenario compared to IDE1 and IDE2
(see also Fig 3). Indeed, the estimated values of H, from the
different combinations of observational data sets are as
follows:

(1) CMB + BAO: H,=73.5"1¢ at the 68% C.L.

(Hy=173.5+3.2 at the 95% C.L.);
(2) CMB +BAO +JLA:  Hy =70.067%% at the
68% C.L. (Hy = 70.17%0 at the 95% C.L.);
(3) CMB +BAO +JLA + CC: Hy = 70.1 £ 1.0 at the
68% C.L. (Hy = 70.17]¢ at the 95% C.L.),
where the first one is in perfect agreement with Ref. [113],
and the last two alleviate the tension at about 2o.

D. IDE4: Interacting dark energy with
w.(a) =wyall + arcsin(1-a)]

The summary of the observational constraints for this
interacting scenario using different observational data
sets is displayed in Table V, and in Figs. 8 and 9 we
present the 2D contour plots and 1D posterior distribu-
tions. The behavior of this interaction scenario has some
similarities to that of IDE1. Looking at the results, in
this case we also find that for the analysis with the
CMB-only and CMB + BAO data sets, the coupling
parameter is consistent with & = 0 within the 68% C.L.
The addition of JLA or CC data (namely, the data-set
combinations CMB + BAO 4 JLA and CMB + BAO+
JLA + CC) instead gives an indication that £# 0 at
more than 68% C.L., but it is always in agreement with
zero within 20. We mention that, similar to the previous
IDE1 scenarios, here we also see that the addition of
R19 data to CMB and CMB + BAO data improves the
constraints on &; however, it only gives an upper bound
on it.

Concerning the dark energy equation-of-state parameter
at present, we extract a similar conclusion to the previous
interacting scenario IDE3, namely, we find that w, < —1 at
more than 95% C.L. for the CMB-only case, and several
standard deviations for its combination with the external
data sets. Furthermore, for this scenario the CMB-only
case has a slightly less phantom w than the same case
without an interaction, as can be seen in Ref. [83]. As
already reported in earlier IDE models, Q,,, for the CMB-
only case obtains a lower value, contrary to Planck
observations [117].

Now we focus on the trend of the Hubble parameter
H,. For the data sets we use, in this case it is again
anticorrelated with w, as we can see in Fig. 8. We note that,
similar to the previous interaction scenarios, the CMB-only
fit gives a very high value for H, with large error bars,
which are reduced after the inclusion of the external data
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The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE4, using different

observational astronomical data sets. Additionally, we display the one-dimensional marginalized posterior distributions of some free

parameters.

sets such as BAO, JLA, and CC. For this scenario we also
conclude that the tension with the direct measurements
[113,118,119] is solved for the CMB and CMB + BAO
cases, while with the addition of JLA and JLA + CC it is at
about 2¢. For this reason, we can safely add the R19
measurements to the CMB and CMB + BAO data, and we
show the results in the last two columns of Table V.

V. BAYESIAN EVIDENCE

In this section we compute the Bayesian evidences of all
of the examined interacting models in order to compare
their observational soundness with respect to some refer-
ence model, and in particular to ACDM cosmology. We use
the publicly available code MCEvidence [120,121] to com-
pute the evidences, since the code directly accepts the
Markov chain Monte Carlo chains of the analysis. We refer

to Ref. [83] for discussions on Bayesian evidence analysis,
and in Table VI we provide the revised Jeffreys scale by
Kass and Raftery [122].

For all of the examined scenarios we compute the values
of In B;;, which are summarized in Table VII. From this
table one can see that the ACDM paradigm is usually
preferred over the present IDE models, with the exception
of the CMB + R19 combination, where we see a weak/
positive evidence for all IDE models against ACDM. This
is expected since the number of free parameters of all IDE
models is eight, that is, two more than the six parameters
of ACDM.

VI. CONCLUDING REMARKS

Interacting scenarios have attracted much interest as they
are efficient at alleviating the coincidence problem, and
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FIG.9. The 68% and 95% C.L. contour plots between various combinations of the model parameters of scenario IDE4 using only the
CMB + BAO and CMB + BAO + R19 data sets, and the corresponding one-dimensional marginalized posterior distributions.

additionally they seem to alleviate the H, tension and oy
tensions. In the present work we investigated interacting
scenarios that belong to a wider class, since they include a
dynamical dark energy component whose equation of state
follows various one-parameter parametrizations. In par-
ticular, our focus was to see if a nonzero interaction is
favored, and if the H, tension is still alleviated.

TABLE VI. Revised Jeffreys scale [122] that quantifies the
comparison of the models.

InB; Strength of evidence for model M;
0<InB; <1 Weak

1<InB; <3 Definite/Positive
3<InB;; <5 Strong

InB;; >5 Very strong

We considered a well-known interaction of the form
0 =3HE(14+w,)p,, and we took the dark energy equation-
of-state parameter w, to be w,(a) = wya[l —log(a)]
(Model IDE1), w, =wgaexp(1—a) (Model IDE2), w,(a) =
woa[l +sin(1 —a)] (Model IDE3), or w,(a)=wga[l +
arcsin(1 —a)] (Model IDE4). Additionally, we used the
latest observational data from CMB, JLA, BAO, Hubble
parameter measurements from CCs, and a Gaussian prior
on H, labeled as R19 from SHOES [113].

Our analysis shows that the coupling strength for all
interacting scenarios is quite small, and thus the models are
consistent with the noninteracting w, cosmology. In par-
ticular, all scenarios are in agreement with £ = 0 within 2o,
but an indication for £ greater than zero appears at 16 when
JLA and JLA + CC are added to CMB + BAO, or when
R19 is added to both CMB and CMB + BAO in the IDE1
and IDE2 scenarios.
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TABLE VII. The values of In B;

ij>

where j stands for the reference model ACDM and i stands for the IDE models. A negative sign
indicates that the reference model is favored over the IDE models.

Data set Model In B;; Strength of evidence for reference model ACDM
CMB IDE1 2.8 Definite/Positive
CMB + BAO IDE1 —4.6 Strong

CMB + BAO + JLA IDE1 =73 Very strong

CMB + BAO + JLA 4 CC IDEI —6.7 Very strong

CMB + R19 IDE1 +1.0 Weak for IDE1
CMB + BAO + R19 IDE1 -0.7 Weak

CMB IDE2 —4.3 Strong

CMB + BAO IDE2 —4.9 Strong

CMB + BAO + JLA IDE2 -8.3 Very strong

CMB + BAO +JLA + CC IDE2 -8.9 Very strong

CMB + R19 IDE2 +1.6 Definite/Positive for IDE2
CMB + BAO + R19 IDE2 2.2 Definite/Positive
CMB IDE3 2.1 Definite/Positive
CMB + BAO IDE3 -7.6 Strong

CMB + BAO + JLA IDE3 —8.8 Strong

CMB + BAO +JLA + CC IDE3 -9.5 Strong

CMB + R19 IDE3 +2.0 Definite/Positive for IDE3
CMB + BAO + R19 IDE3 —1.1 Definite/Positive
CMB IDE4 2.0 Definite/Positive
CMB + BAO IDE4 =52 Definite/Positive
CMB + BAO + JLA IDE4 —9.6 Strong

CMB + BAO +JLA + CC IDE4 -9.7 Strong

CMB + R19 IDE4 +0.9 Weak for IDE4
CMB + BAO + R19 IDE4 2.3 Definite/Positive

Concerning the current value of the dark energy equation
of state wy, for all interacting scenarios and for all
combinations of data sets it always lies in the phantom
regime at more than 2-3 standard deviations. Moreover, we
find a robust anticorrelation between wy and H,,.

However, the most striking feature, and one of the
main results of the present work, is that for all interacting
models—independent of the combination of data sets
considered—the estimated values of the Hubble parameter
H, are greater compared to the ACDM-based Planck
estimate [117] and close to the local measurements of
H, from Refs. [113,118,119]. This is triggered by the
aforementioned anticorrelation between w, and H(, and the
strongly phantom values we obtained for w. The allevia-
tion of H tension is independent of the interaction model
due to the absence of correlation between ¢ and H, as
shown in the two-dimensional joint contours obtained for
all observational data sets.

In summary, the extended interacting scenarios that
include dark energy sectors with a dynamical equation

of state with only one free parameter are very efficient at
alleviating the H, tension.
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