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ARTICLE INFO ABSTRACT

Affidf? history: Interacting dark energy models may play a crucial role in explaining several important observational
Received 11 September 2023 issues in modern cosmology and also may provide a solution to current cosmological tensions. Since
Eg;g“’ed in revised form 17 September the phenomenology of the dark sector could be extremely rich, one should not restrict the interacting

models to have a coupling parameter which is constant in cosmic time, rather allow for its dynamical
behaviour, as it is common practice in the literature when dealing with other dark energy properties, as
the dark energy equation of state. We present here a compendium of the current cosmological constraints

Accepted 17 September 2023

gz‘f:(ggs&er on a large variety of interacting models, investigating scenarios where the coupling parameter of the
Dark energy interaction function and the dark energy equation of state can be either constant or dynamical. For the
Interacting cosmologies most general schemes, in which both the coupling parameter of the interaction function and the dark
Cosmological observations energy equation of state are dynamical, we find 95% CL evidence for a dark energy component at early
times and slightly milder evidence for a dynamical dark coupling for the most complete observational
data set exploited here, which includes CMB, BAO and Supernova la measurements. Interestingly, there
are some cases where a dark energy component different from the cosmological constant case at early
times together with a coupling different from zero today, can alleviate both the Hp and Sg tension for the
full dataset combination considered here. Due to the energy exchange among the dark sectors, the current
values of the matter energy density and of the clustering parameter og are shifted from their ACDM-like
values. This fact makes future surveys, especially those focused on weak lensing measurements, unique

tools to test the nature and the couplings of the dark energy sector.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Interacting dark energy cosmologies Amendola (2000) are very
appealing scenarios where to alleviate current cosmological prob-
lems, such as the cosmic coincidence (i.e. the so-called why now?
problem) Berger and Shojaei (2006); Cai and Wang (2005); del
Campo et al. (2006, 2008, 2009); Huey and Wandelt (2006); Pavon
and Zimdahl (2005); Wetterich (1995) and cosmological tensions,
such as the one between CMB estimates Aghanim et al. (2020a);
Aiola et al. (2020); Dutcher et al. (2021) and SHOES (Supernovae
and Hy for the Equation of State of dark energy) measurements
of the Hubble constant Riess et al. (2021, 2022), with a signifi-
cance of ~5.30 (see also Refs. Abdalla et al. (2022); Anchordoqui
et al. (2021); Colgain et al. (2022a,b); Di Valentino (2021, 2022); Di
Valentino et al. (2021a,c); Jedamzik et al. (2021); Knox and Millea
(2020); Krishnan et al. (2021); Naidoo et al. (2022); Perivolaropou-
los and Skara (2022); Riess (2019); Schéneberg et al. (2022); Shah
et al. (2021); Verde et al. (2019)). Therefore, over the last sev-
eral years, the intriguing possibility of an interaction between
the dark matter and dark energy fluids has been thoroughly in-
vestigated using different available cosmological observations Bar-
row and Clifton (2006); Beltrdn Jiménez et al. (2021); Casas et
al. (2016); Cheng et al. (2020); Cid et al. (2021); da Fonseca et
al. (2022); Di Valentino and Mena (2020); Di Valentino et al.
(2017, 2020a,b, 2021b); Gariazzo et al. (2022); Gavela et al. (2009,
2010); Gémez-Valent et al. (2020, 2022); Harko et al. (2022); Kang
(2021); Kumar (2021); Kumar and Nunes (2016, 2017); Kumar et
al. (2019); Landim (2022); Li et al. (2018, 2020); Li and Zhang
(2014); Lucca (2021a,b); Lucca and Hooper (2020); Martinelli et
al. (2019); Mawas et al. (2021); Mifsud and Van De Bruck (2017);
Mifsud and van de Bruck (2019); Nunes and Di Valentino (2021);
Nunes et al. (2022); Oikonomou (2019); Paliathanasis et al. (2019,
2021); Pan and Sharov (2017); Pan et al. (2018, 2019, 2020c); Pot-
ting and Sa (2021); Sa (2020, 2021); Salvatelli et al. (2014); Sharov
et al. (2017); Thipaksorn et al. (2022); Valiviita et al. (2008); Van
De Bruck and Mifsud (2018); van de Bruck et al. (2016, 2017);
Wang et al. (2022, 2014); Yang et al. (2016, 2017a,b, 2018a,b,c,d,
2019a,b,c,d,e, 2020a,b,c,d, 2021); Yao and Meng (2020b,a, 2022);
Yengejeh et al. (2022) (also see Bolotin et al. (2015); Wang et al.
(2016), two review articles on interacting dark energy models).

The basic underlying idea in these theories relies on the pos-
sible non-gravitational interaction between dark matter (DM) and
dark energy (DE). Such an interaction can be characterized by a
continuous flow of energy and/or momentum between these dark
sectors. This energy flow modifies the expansion history of the uni-
verse both at the background and perturbation levels.

The interaction function, also known as the coupling func-
tion, is the main feature of interacting dark energy theories: once
the interaction function is prescribed, the dynamics of the uni-
verse can be determined either analytically or numerically. Despite
the fact that in the literature it is usually assumed a pure phe-
nomenological approach for the dark sectors coupling, a class of
interaction functions can be derived from the field theory perspec-
tive Boehmer et al. (2015a,b); Chatzidakis et al. (2022); D’Amico et
al. (2016); Gleyzes et al. (2015); Pan et al. (2020b); van de Bruck
and Morrice (2015). Thus, theoretically, the interaction functions
can also be well-motivated.

The most exploited parameterization of the interaction function
is Q =3HE f(ppm, ppe) Gavela et al. (2009), where £ is the cou-
pling parameter that characterizes the strength of the interaction
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function, H is the Hubble parameter of the FLRW universe and
f(ppm, ppE) is any continuous function of ppm, EpE, i.e. of the en-
ergy densities of dark matter and dark energy. For simplicity, the
coupling parameter, &, is commonly assumed to be independent
of the cosmic time. This economical assumption has been how-
ever questioned in Refs. Li and Zhang (2011); Wang et al. (2014);
Yang et al. (2019b, 2020a), where it has been argued that there
is no fundamental symmetry in nature forcing that coupling to be
zero or constant. The assumption of a constant coupling parame-
ter, together with a constant equation of state for the dark energy
component provide only a minimal picture of a (possibly) very rich
dark sector dynamics. A mandatory exercise is therefore to under-
stand the quality of the fit of the different interacting scenarios to
the observational constraints, assessing the preference for a con-
stant versus a dynamical coupling parameter in scenarios where
the dark energy equation of state is either constant or dynami-
cal. We follow a bottom up approach here, increasing step by step
the complexity of the dark sectors, starting from the simplest sce-
nario to arrive to the most general one. The main purpose is to
scrutinize the quality of the fitting of the possible scenarios to the
observational data, devoting special attention to their parameter
degeneracies and their ability in solving the present cosmological
tensions.

The study is presented as follows. Sec. 2 presents the basic
equations of interacting scenarios. Sec. 3 contains the description
of the observational data and the fitting methodology applied to
constrain the interacting models. In Sec. 4 we discuss the results
in the different scenarios, ordered from less to more complexity.
Finally, we conclude the study in Sec. 6, discussing some remarks
relevant for future work in interacting dark sector cosmologies.

2. Interacting dark sector scenarios

We consider a homogeneous and isotropic description of our
universe which is well described by the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric:

dr?
1—kr2

expressed in terms of the comoving coordinates (t,r, 0, ¢) where
a(t) refers to the expansion scale factor of the universe and k is
the curvature scalar. The curvature scalar may take three distinct
values, k=0, +1, —1, to represent three different geometries
of the Universe, spatially flat, closed and open, respectively. In the
following, we shall work in a flat universe with an interaction be-
tween the pressure-less dark matter/cold dark matter (abbreviated
as CDM) and the dark energy components, governed by the con-
servation equation:

ds? = —dt? + a?(t) [ +r? (d02 + sin? 9d¢2)] ,

VETEM + TR =0, (1)

which can be decoupled into two equations with the introduction
of an interaction function Q (t) as follows

Ocom +3Hpeom = —Q (1) , (2)
PpE+3H(1 +w)ppe =Q (t) ; (3)

where H =ad/a is the Hubble rate of a FLRW flat universe and w
denotes the equation of state of the dark energy component. Let
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us note that for Q (t) > 0, the energy transfer occurs from CDM
to DE, while Q < 0 indicates the transfer of energy in the reverse
direction, i.e. from DE to CDM. In this work we shall consider the
following two well-known interaction functions:

Model 1: Q4 =3HE& ppg,

/OCDM PDE ) ,
pcom + PpE )

where & is a coupling parameter of the interaction functions and
it could be either time-dependent or time-independent. Now, in
agreement with the sign convention of the interaction function,
& > 0 (equivalently, Q > 0) means an energy transfer from CDM to
DE and £ < 0 means that the energy flow is from DE to CDM. No-
tice that for some interaction models the energy density of dark
matter and/or of dark energy could be negative Pan et al. (2020a).
In this regard we do not impose any further constraints on the
fluids and let the data discriminate between the most observation-
ally favoured scenarios. We believe this approach is appropriate
because it avoids unwanted biases and also considers the rising
interest in the community in the putative presence of a negative
cosmological constant Calderén et al. (2021); Delubac et al. (2015);
Poulin et al. (2018); Visinelli et al. (2019); Wang et al. (2018). We
therefore extract the constraints on the cosmological parameters,
assuming both the choices of the interaction functions, namely,
Model 1 of Eq. (4) and Model 2 of Eq. (5), where the coupling
parameter of these two interaction models can be either constant
or dynamical. Notice that, as the dynamics of the interacting cos-
mologies will also be controlled by the dark energy equation of
state parameter w, different choices of the dark energy equation of
state parameter will result into different constraints for the model
parameters. Therefore, for completeness, it is essential to allow for
freedom in the dark energy equation of state parameter. In what
follows we shall specify the models that we will study in this
work.

(4)

Model 2: Qp = 3HE ( (5)

2.1. Constant coupling

The first scenario is the one where a vacuum energy compo-
nent, characterized by the equation of state w = —1, interacts with
cold dark matter via the interaction functions Q4 and Qgp, see
Egs. (4) and (5) respectively, where &, the coupling parameter, is
constant in cosmic time (redshift). We refer to these interactions
as “£IVSQ4” and “£0IVSQ3”.

The next interacting scenario is the one where the dark en-
ergy component, with a constant equation of state w other than
w = —1, interacts with cold dark matter through the interaction
functions Q 4 or Qg. We refer to these scenarios as “£owWIDEQ 4 p".
Due to the stability criteria of interacting cosmologies Gavela et al.
(2009), we have divided the models into two regions, accordingly
to the values of the dark energy equation of state: quintessence
(w > —1) and phantom (w < —1) models. We therefore divide
the corresponding interacting scenarios as “£owqIDEQ4 g” and
“£owpIDEQ4,5”, where the subscripts g and p of w denote that
the dark energy equation of state is either in the quintessence
(wg > —1) or in the phantom (wp, < —1) regimes.

The most generalized interacting scenario in this category is
the one where the dark energy equation of state is dynamical.
We shall assume the well-known CPL dark energy parametriza-
tion w(a) = wg + wq(1 — a) Chevallier and Polarski (2001); Linder
(2003), which we reformulate as Valiviita et al. (2010):
w(a) =woa+ we(l—a),

(6)

in which it is straightforward to identify w, = wg + wq, pro-
viding the value of w(a) in the early times, and wq giving the
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current value of w(a). In order to ensure the stability of the in-
teraction models, we shall consider, in the following, two different
cases: (i) & > 0, wg > —1, we > —1 (that is, where w(a) remains
in the quintessence regime); and (ii) & < 0, wg < —1, W, < —1
(i.e. where w(a) remains in the phantom regime). Thus, we divide
the corresponding interacting scenarios as “éfowgwngEQA, g” and
“£owh wlIDEQ 4 5” where the subscripts g and p of w denote that
the dark energy equation of state remains within the quintessence
(wg > —1) or the phantom (w, < —1) regime.

2.2. Dynamical coupling

In this study we shall also consider interacting scenarios de-
scribed by the interaction functions Q 4, Eq. (4), and Qp, Eq. (5),
where the coupling parameter & is dynamical and takes the fol-
lowing simple form Yang et al. (2019b):

f@=é+& (-0,

where & and &, are both constant parameters.

In the very same spirit than in the constant coupling case,
we shall explore one scenario in which a vacuum energy com-
ponent with w = —1 interacts with cold dark matter (labelled as
“£0£,1VSQ 4,5”) and another one in which a dark energy fluid with
a constant equation of state w other than w = —1, interacts with
the cold dark matter through the interaction functions Q4 and
Q3. Following the stability criteria, we shall consider the follow-
ing cases: (i) £ > 0,&; >0 and w > —1; and (ii) §0 <0, &; <0 and
w < —1. We divide the corresponding different parameter spaces
as “£0&awq pIDEQ 4" and “£9&,wq pIDEQ”, where the subscripts
g and p of w denote that the dark energy equation of state is ly-
ing in the quintessence (wq > —1) or in the phantom (w, < —1)
regimes.

Finally, we consider the most general interacting scenario, for
which both the interaction rate &(a) and the dark energy equation
of state w(a) are dynamical. We shall use the CPL parameterization
for w(a) before described.

The stability criteria also defines in this case certain allowed
regions in the parameter space: (i) & > 0,&; > 0; wg > —1, we >
—1 (i.e. where wy and w, remain in the quintessence regimes);
and (ii) & < 0,& < 0; wg < —1, w, < —1 (i.e. where wg and w,
remain in the phantom regimes). The interacting scenarios will be
defined as “w{* wiP&£IDEQ4 5" where the subscripts g and p
of w refer to either the quintessence (wg > —1) or in the phantom
(wp < —1) regimes and A, B to the interacting model Q4 or Qp,
respectively.

(7)

3. Methodology

In the following we shall briefly describe the observational
datasets that are used to constrain all the interacting scenarios pre-
viously detailed.

e Cosmic Microwave Background (CMB): we shall consider the
CMB measurements from Planck 2018 final release Aghanim et
al. (2020a,b).

e Baryon Acoustic Oscillation (BAO) distance measurements:
measurements of BAO data from a number of large scale sur-
veys are also considered in our analyses, namely, those from
6dFGS Beutler et al. (2011), SDSS-MGS Ross et al. (2015), and
BOSS DR12 Alam et al. (2017) (as used by the Planck 2018
collaboration Aghanim et al. (2020a)).

e Supernovae Type la (Pantheon): the Pantheon sample of the
Supernovae Type Ia comprising 1048 data points in the red-
shift interval z € [0.01, 2.3] Scolnic et al. (2018) have also been
included in the analyses.
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Fig. 1. One-dimensional marginalized posterior distributions and two-dimensional joint contours for the most relevant
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parameters of the interacting vacuum scenario

“£0IVSQ 4~ for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

To derive cosmological constraints on the different interacting sce-
narios above detailed, we make use of a modified version of
the publicly available Monte-Carlo Markov Chain package Cos-
moMC Lewis and Bridle (2002). The CosmoMC package is furnished
with a convergence diagnostic based on the Gelman and Rubin
statistic Gelman and Rubin (1992). In Table 1 we have shown the
flat priors on various free parameters that we have considered dur-
ing the statistical analyses.

4. Numerical analyses
4.1. Constant coupling &

This section covers the observational constraints extracted out
of all the interacting scenarios when the coupling parameter is
constant.

4.1.1. Constant dark energy equation of state

The observational constraints on the interacting scenarios when
the dark energy represents the vacuum energy (i.e. w = —1) are
shown in Tables 2 and 3 and Figs. 1 and 2.

The constraints arising from CMB, CMB + BAO, CMB + Pan-
theon, and CMB + BAO + Pantheon observations on the &IVSQ 4
model are shown in Table 2. Even if for CMB alone there is a very
mild evidence for a non-zero coupling (§9 = 0.132fg:(1)‘7"é at 68% CL),
this evidence gets completely diluted when we include BAO mea-
surements (& = 0.05970:933 at 68% CL for CMB+BAO). A similar
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Table 1

List of the parameters varied and the external flat priors assumed.
Parameter WA Quintessence Phantom
Qph? [0.005, 0.1] [0.005, 0.1] [0.005, 0.1]
Qch? [0.001, 0.99] [0.001, 0.99] [0.001, 0.99]
100 Oy [0.5, 10] [0.5, 10] [0.5, 10]
T [0.01, 0.8] [0.01, 0.8] [0.01, 0.8]
log(10'°A5)  [1.61, 3.91] [1.61, 3.91] [1.61, 3.91]
ng [0.8,1.2] [0.8,1.2] [0.8, 1.2]
wo - [-1,1] [-3, —1]
We - [-1,1] [-3, 1]
) [-1,1] [-1,0] [0, 1]
&a [-1,1] [-1,0] [0, 1]

situation happens with 0, o0g and Hg. The large shifts in the
mean values of these parameters obtained in the case of CMB data
alone disappear when adding BAO information. Namely, the lower
value of Q0 (due to the energy flow from the dark matter sector
to the dark energy one), the higher value of og (to compensate for
the lower value of the matter energy density) and the higher value
of the Hubble constant (to keep €,0h? unchanged) from CMB data
alone analyses are restored to their ACDM values after the addi-
tion of BAO in the data analyses, see Fig. 1. For the CMB+Pantheon
case, instead we observe a mild preference for a non-zero cou-
pling (& = 0.039fg:8§2 at 68% CL) but with the inclusion of BAO to
CMB+Pantheon the coupling parameter is back in agreement with
zero (£ = 0.03275-9323 at 68% CL).
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Observational constraints on the interacting vacuum scenario “£pIVSQ 4™ obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
o’ <0.093 <0.134 0.100' g8 00 01085813100 01121 g0
i 0.0230'0001550m0 002233000000 0022300 000 00008 0,023 i s
1000yc 104t 0T 1041000 BN oarse SR 1 om0 B
T 0.05421'0:00751'0:8}2 0.0555f°:007‘5f°:8}g 0.05421'0:00831'0:3}2 040558f°:°°77f°:8}g
. oo ool oomon il ooms il
1004y 3050 0BEEET 30se 0BT 5 gssepbibdl 3057:001 000
) 0.13 008 090 0.059 061 10 0.039 08 "og 0.032 )05 0060

Qmo 0.191095 4017 0.261 563" 0 005 0.283% 01053 0 064 0.2857 00560 oeo
o 16794143 0.97%050 0 0.895% 5 00 0115 0.878 5002 015

Ho [km/s/Mpc]  70.87,3733 68.87 15 3¢ 68.0710" 30 68.17 0 16

Ss 1.06%530% 0% 088170071010 0.864 7055 0063 0.851%0 032 0 06
Tarag [Mpc] 147.087035 0% 14717553705 147.087050 05 147.237097 05
Table 3

Observational constraints on the interacting vacuum scenario “£pIVSQp” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
Qch? 01205633 6076 0.11175,610°0 075 0112590086 5 013 0112170 6o 0 013
2 0.02230 000012 000031 002234 ooz oo 0022300 0013 ooz 0-02235 g 000t "0 0003
1000y 1.0408 0003 000z 104120 000 o015 1.04107 00005 g 0017 1.04115 000051 0.00g7
4 0054470 oo g 01c 0055470 00> 0013 005430 oo g 13 005530 005" 0.1
ns 09721 0onp 005 09734 000m 0000 097230 gpar go0ss  0:9734% 0040 0070
In(10'A;) 3.05510017 0,032 3.056 007" 0037 3.055 0012 0 072 3.056" 60160 033
0 00170705 0.062* 9005 05 0.055% g0 015 0.052*90e1 0,
QmO 0351_»81%1»831 042884:0:0344:0:062 0-294t0:027t0105161 02914:00224:08212
o 0.82"051 06 08430524 "5.03s 084175051 6.7, 0838”0536 0,066
Ho [km/s/Mpc]  66.3%677}; 68.313553 67.95771157 68.19%0¢, ¢
Ss 0.823505 015 082379130 03¢ 0830706156030 082475013 0034
Tarag [Mpc] 147.08%930 0’50 147.19%0 55 56 147097930 '50 147207535055

Table 4

Observational constraints on the interacting scenario “ow,IDEQ 4" obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
2 +0.007+40.017 +0.0099+0.014 +0.009+0.015 +0.0098+0.014
e O o0 ogmieai 010 ooncao oo 01350 000eatoots e
o it e 1 TR et G T
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Table 3 summarizes the observational constraints on vari-
ous parameters of the interacting scenario &yIVSQjp for vari-
ous datasets, namely, CMB alone, CMB+BAO, CMB+Pantheon and
CMB+BAO+Pantheon. For all the datasets, the coupling parame-
ter is statistically consistent with a vanishing value, i.e. with a
non-interacting model within 1o. Notice that the shift in the pa-
rameters is the opposite of what we found for Q4, see Fig. 2. In
this case, the energy flow is such that the amount of dark mat-
ter today is higher, as the energy transfer is from the dark energy
sector to the dark matter one. Consequently, the mean value of
Qmo is higher and those of og and Hp are lower compared to the
interacting scenario with Q4. Nevertheless the addition of BAO
measurements restores their usual (i.e. canonical, ACDM-like) val-
ues, as in the case of Q4.
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Table 4 and Fig. 3 shows the observational constraints for the
model &w,IDEQ 4, characterized by a parameter space given by
wp < —1, & < 0 and the coupling function Q4, see Eq. (4).
Note that, following section 2.1, we use w, to represent the
phantom dark energy equation of state and wq representing the
quintessence dark energy equation of state. From the CMB data,
we do not find any evidence for a non-zero coupling. However,
what we observe for CMB data alone is a preference for phantom
dark energy at more than 95% CL (wp = —1.58f8:ﬁ at 95% CL)
and a much larger value of the Hubble constant, as expected in
these scenarios Di Valentino et al. (2016) and also noticed from the
results depicted in Fig. 3. Once BAO observations are also consid-
ered, a very mild evidence for a non-vanishing coupling parameter
is found (£p = —0.0527033% at 68% CL for CMB+BAO). Also, the
mean values of the parameters are shifted closer to their ACDM-
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Fig. 2. One-dimensional marginalized posterior distributions and two-dimensional joint contours for the most relevant parameters of the interacting vacuum scenario
“£0IVSQp” for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

like values and the preference for w, < —1 is decreased(w, =
—1.0947307% at 68% CL for CMB+BAO). However, the value of Qmo
(og) is still mildly higher (lower) than in the canonical ACDM pic-
ture. The inclusion of Pantheon data leads to very similar results to
the CMB+BAO case except for w, which, in this case, remains in
the phantom regime, w, = —1.087f8:8§g at 95% CL for CMB+Pan-
theon. Finally, the constraints from CMB+BAO+Pantheon are very
similar to those obtained with CMB+Pantheon, i.e. show an indica-
tion for a phantom interacting scenario at 1o level. However, we
observe that this full dataset prefers a smaller value of Sg com-
pared to the Planck’s estimation Aghanim et al. (2020a) (within the
canonical ACDM picture), improving the consistency with weak
lensing measurements Abbott et al. (2022); Heymans et al. (2021);
Secco et al. (2022); Troster et al. (2021).

We present in Table 5 and Fig. 4 the constraints for the
model &wgIDEQy,, ie. (wg > —1, & > 0 and the coupling func-
tion Q4, see Eq. (4)) for CMB and CMB+BAO, CMB+Pantheon and
CMB+BAO+Pantheon measurements. For CMB alone we find a mild
preference of a non-zero coupling at 68% CL (& = 0.15f8:é} at
68% CL). When BAO measurements are added to the CMB, the be-
haviour of the coupling parameter remains the same, that means,
we find a mild evidence of the coupling parameter at 68% CL
(&0 = 0.119‘:8:833 at 68% CL). Interestingly, for this case, the ad-
dition of BAO does not restore the values of the parameters (other
than wq) to their ACDM-like ones. Namely, the value of the matter
density is much lower (due to the energy flow) and consequently,
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to leave unchanged the overall power spectra normalization, the
clustering parameter og is required to be much higher than in the
standard paradigm, and its value is much relaxed, with very large
error bars. The addition of Pantheon to CMB does not offer any-
thing new compared to the CMB+BAO constraints except for some
mild shifts in the mean values of the parameters and a 95% CL
significance for a coupling different from zero. Finally, the results
for the combined analysis CMB+BAO+Pantheon are also similar to
those of CMB+BAO.

Table 6 presents the observational constraints of the model
&wpIDEQ g, characterized by a parameter space given by w, <
—1, & < 0 and the coupling function Qp, see Eq. (5) for CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon. Focusing on
the CMB constraints, we do not find any evidence for a non-zero
value of the coupling parameter & but the dark energy equation
of state shows its phantom behaviour at more than 95% CL (wp =
—1.67f8:if at 95% CL). Notice that a much larger value of the
Hubble constant is also obtained, as expected in these phantom
scenarios Di Valentino et al. (2016). When the BAO data are added
to CMB, the mean values of some of the parameters are shifted
to their ACDM-like values, and the preference for w, < —1 is
somehow decreased (w, = —1.1111’8:8?12 at 68% CL for CMB+BAO).
However, the value of Qo (o3g) is still mildly higher (lower) than
in the ACDM model. For the remaining two combined datasets,
namely, CMB+Pantheon and CMB+BAO+Pantheon, the results do
not significantly differ compared to the constraints obtained with
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Fig. 3. One dimensional marginalized posterior distributions and two-dimensional joint contours for the most relevant parameters of the interacting scenario “ow,IDEQ A"
for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

Table 5

Observational constraints on the interacting scenario “5ow4IDEQ4” obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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the CMB+BAO combination. This means that we do not find any
evidence for a non-zero coupling in the dark sector. The phantom
nature of the dark energy equation of state is evident at more than
68% CL and for both the datasets the value of Qo (0g) is still
mildly higher (lower) than in the ACDM model.

To conclude with the constant coupling and constant dark en-
ergy equation of state framework, we show in Table 7 the con-
straints on the model £&wyIDEQg, characterized by a parameter
space given by wq > —1, & > 0 and the coupling function Qg, see
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Eq. (5), for the observational datasets CMB, CMB+BAO, CMB+Pan-
theon and CMB+BAO+Pantheon. Starting with the CMB constraints,
we note that the model does not lead to any non-zero value of
the coupling parameter and it is very close to the non-interacting
scenario. The Hubble constant takes a slightly lower value (Hy =
65.21%2 km/s/Mpc at 68% CL) compared to the ACDM value due
to a slightly higher value of the matter density parameter and also
to the fact that the dark energy equation of state is required to
lie within the quintessence region. When the BAO observations are
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Table 6

Observational constraints on the interacting scenario “£yw,IDEQ " obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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added to CMB, we find that the values of the parameters are very
similar to their ACDM-like ones. Our findings do not change for
the remaining two cases with CMB+Pantheon and CMB+BAO+Pan-
theon datasets.

4.1.2. Dynamical dark energy equation of state

We extend in this section the previous scenarios by allowing
the dark energy equation of state to be dynamical, adopting the
most common choice in the literature, see Eq. (6). The stability of
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these interacting scenarios strongly relies on the parameter space.
We shall follow here the analysis of Ref. (Gavela et al., 2009),
dividing the parameter space into two distinct regions, namely,
& <0,wg<—1,we < —1 and & > 0, wg > —1, we > —1, where
the cosmological evolution will be stable. In the following, we shall
describe the constraints for all the interacting scenarios.

We start by presenting in Table 8 the constraints on the in-
teracting scenario éowgwf IDEQ 4, characterized by the parameter
space & <0, wh < —1, w} < —1 and the interaction function Q4,
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Observational constraints on the interacting scenario “5owqIDEQ " obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Table 8

Observational constraints on the interacting scenario “égwg wPIDEQ4” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Eq. (4), by making use of the CMB, CMB+BAO, CMB+Pantheon and
CMB+BAO+Pantheon datasets. For CMB alone, we do not find any
indication for a non-zero coupling in the dark sector and we also
do not get any evidence for phantom dark energy at the present
time: indeed, wg remains unconstrained at 95% CL. On the other
hand, the evidence for a dark energy component at early times
(different from pure vacuum energy) is also not present. The strong
degeneracy between the dark energy equation of state parameter
and the Hubble constant leads to a much larger value of Hgp, and
consequently, to a much lower value of Qn0, to leave unchanged
Qmh?. When the BAO observations are added to CMB measure-
ments, we still do not find any evidence of a non-zero coupling pa-
rameter but the mean values of some of the parameters are shifted
closer to their ACDM-like values, leaving a signal for a dark energy
component at early times (different from the minimal cosmologi-
cal constant) at 68% CL (wf = —1.117329 at 68% CL for CMB+BAO)
which is of phantom nature, and solving the Hubble constant ten-
sion Hg within 2¢. Interestingly, the addition of Pantheon to CMB
data shows an evidence for a non-zero coupling in the dark sector
at more than 95% CL (£ = —0.060139:8 at 95% CL for CMB+Pan-
theon) and the mean values of some of the parameters are shifted
closer to their ACDM-like values. The inclusion of both BAO and
Pantheon observations to CMB does not change the overall pic-
ture except for an evidence of early dark energy (different from a
cosmological constant at early times) at 68% CL compared to the
CMB+Pantheon constraints. Similarly to the CMB+Pantheon case,
the coupling parameter is found to be non-zero at more than 95%
CL (0 = —0.05673023 at 95% CL for CMB+BAO+Pantheon). It is im-
portant to note that for this full dataset combination the Hubble
constant tension Hy is alleviated at 2.50, and we also obtain a
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lower value for Sg, improving the consistency with weak lens-
ing data Abbott et al. (2022); Heymans et al. (2021); Secco et al.
(2022); Troster et al. (2021).

Table 9 corresponds to the constraints on the interacting sce-
nario SowgwngEQA characterized by the parameter space & >
0, wg > —1,wg > —1 and the interaction function Qj4, given in
Eq. (4), for CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pan-
theon datasets. We find that CMB alone shows a preference of a
non-zero coupling at 68% CL (&9 = 0.25f8:}i at 68% CL) while this
preference is diluted within 95% CL. When BAO data are added to
CMB alone, the preference of a non-zero coupling is pronounced
as we can see from its 95% CL constraints: & = 0.176fg:}§ at 95%
CL for CMB+BAO. The preference for a non-zero coupling at more
than 95% CL is also found for CMB+Pantheon and CMB+BAO+Pan-
theon. Notice the extreme low values of ©2:h? (and, consequently,
the very high values of og), which are a consequence of two ef-
fects. On one hand, the values of Q0 are very small, due to the
energy flow from the dark matter sector to the dark energy one.
On the other hand, since the equation of state parameter is re-
quired to lie within the quintessence region, the values of Hy are
lower. The product of these two parameters (i.e. 2mo and Hp) is
consequently much lower.

In Tables 10 and 11 we have summarized the constraints for
the interaction scenarios driven by the interaction function Qgp,
Eq. (5), for different parameter spaces. More concretely, Table 10
corresponds to the interacting scenario fowg wPIDEQp character-
ized by the parameter space & < 0, wg < —1,wf < —1. Focusing
on the CMB constraints, notice that we do not find any evidence
for a non-zero coupling in the dark sector. Further, the present
value of the dark energy equation of state lies in the phantom
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Observational constraints on the interacting scenario “EowgwngEQA” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.
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Table 10

Observational constraints on the interacting scenario “éowg wPIDEQ3” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Table 11

Observational constraints on the interacting scenario “égwnglDEQB" obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Observational constraints on the interacting scenario “£,&,IVSQ 4" obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Table 13

Observational constraints on the interacting scenario “£,£,IVSQ” obtained from several observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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regime at 68% CL (w) = —1.96'073 at 68% CL for CMB alone)
while it remains unconstrained at 95% CL. Due to the strong degen-
eracy between the dark energy equation of state and the Hubble
constant, a very high value of Hg is also found. A mild evidence
for an early dark energy component (which is not vacuum en-
ergy at early times) for CMB data alone appears (w’ = —1.694_“8:?3
at 68% CL). When BAO data are added to CMB observations, the
mean values of some of the parameters are shifted to their ACDM
values, except for the mild preference for a dark energy compo-
nent different from the standard cosmological constant case at
early times (we # —1), which still persists (wf = —1.1370.0} at
68% CL, CMB+BAO), and the value of Q0 (og), which are higher
(lower) than in the ACDM picture. Interestingly, the inclusion of
Pantheon data to CMB measurements leads a non-null value of the
coupling parameter (&9 = —0.33fg% at 68% CL, CMB+Pantheon).
Again we see that for CMB+Pantheon dataset, the value of Q0
(og) is still mildly higher (lower) than in the ACDM picture. Fi-
nally, for CMB+BAO+Pantheon, we have the same indication for
a non-zero coupling at 1o together with an early dark energy
parameter (wf = —1.12470030 at 68% CL), which shows a mild
preference for early dark energy instead than for vacuum energy,
compared to the constraints from CMB+Pantheon.

In Table 11 we summarize the constraints on the scenario
gowgweIDEQgp characterized by the parameter space & > 0, wj >
—1,wd > —1 arising from CMB, CMB+BAO, CMB+Pantheon and
CMB+BAO+Pantheon datasets. For CMB alone, we do not find any
indication for a non-zero coupling in the dark sector. The mat-
ter density parameter takes a very high value due to the energy
flow and also by the fact that w(a) > —1. As a consequence, the
Hubble constant assumes a relatively small value, to leave Qch?

unchanged. When the BAO observations are added to CMB, the
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mean values of the parameters are shifted toward their ACDM val-
ues and again no evidence for a non vanishing coupling parameter
is found, and similar conclusions hold for CMB+Pantheon. For the
remaining CMB+BAO+Pantheon, we obtain instead very similar re-
sults to those obtained with CMB+BAO and CMB+Pantheon, with
the exception of 10 preference for a coupling different from zero.

4.2. Dynamical coupling & (a)

In the following sections we shall present the interacting cos-
mologies for the two interaction functions Q4 and Qp of Egs. (4)
and (5) assuming that a time-dependent coupling parameter &(a),
see Eq. (7).

4.2.1. Constant dark energy equation of state

The simplest interacting cosmological scenario in this frame-
work is the one where the dark energy equation of state mimics
the vacuum energy, corresponding to w = —1. In Tables 12 and 13
we present the constraints for the two interacting scenarios driven
by the functions Q4 and Q g, respectively.

Table 12 summarizes the constraints of the interacting sce-
nario £&,IVSQ 4 using the different observational datasets, namely,
CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon. A com-
mon feature which remains valid for all the observational datasets
is that we do not find any preference for (&, &;) # (0,0), i.e. we
do not find any evidence for a non-zero coupling in the dark sector.
Nevertheless there are large differences in the cosmological param-
eter constraints arising from CMB alone and from CMB plus other
external datasets, such as BAO or Pantheon. For CMB alone, we see
a very low value of the matter density parameter which is due to
the energy flow from the dark matter sector to the dark energy
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Observational constraints on the interacting scenario “£9&;w,IDEQ " obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Table 15

Observational constraints on the interacting scenario “£o£,wqIDEQ4” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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one, which is always associated to a larger value of the Hubble
constant. However, when BAO observations are added to CMB, the
mean values of all the parameters shift to closer values to the
ACDM framework. The matter density parameter increases signifi-
cantly (compared to the CMB alone case) because in this case the
one probability distribution of & is shifted towards negative val-
ues of this parameter, changing the energy flow at present times
(i.e. from the dark energy to the dark matter one). That means the
transfer of energy is reversed after the inclusion of BAO data to
CMB, fact that is clear from the mean value of &y: & = —0.051010

0.14
at 68% CL for CMB+BAO, while & = 0.097012 at 68% CL for CMB
alone. When Pantheon SNla survey measurements are added to
CMB observations, no significant changes appear except a mild re-
duction of the matter density parameter, and a slight increase in
og parameter compared to the CMB+BAO case. The final analysis
with CMB+BAO+Pantheon leads to very similar constraints to the
CMB+BAO dataset.

Table 13 summarizes the constraints of the interacting sce-
nario £0&,IVSQp using the observational datasets, namely, CMB,
CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon. For CMB alone,
we do not find any evidence of (£o,&;) # (0,0) and therefore
this scenario is very close to the non-interacting one. When the
BAO observations are added to CMB, the mean values of some of
the parameters slightly change, and the most interesting change
appears in & which prefers a non-zero value at 68% CL (& =
0.371'8:‘3% at 68% CL, CMB+BAO) and hence a mild evidence of a
dynamical &(a) is suggested for CMB+BAO. The inclusion of Pan-
theon to CMB slightly changes the mean values of the parameters,
however, we do not find any indication for a non-zero dynami-
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cal coupling in the dark sector. Finally, for the combined dataset
CMB+BAO+Pantheon we find, again, a mild evidence of a non-zero
& (= 0.38“:8:;71) at 68% CL, that means, a dynamical coupling in the
dark sector is mildly preferred also for this dataset. This feature is
mainly driven by the BAO data.

The consideration of w other than —1 but constant generalizes
the previous interacting scenarios (for which w = —1). Here we
explore the constraints on the interacting scenarios with a dynam-
ical coupling parameter when the dark energy equation of state is
constant but it is other than —1. As already mentioned, the nature
of w may affect the stability of the interacting scenario. Therefore,
following the doom factor analysis of Ref. Gavela et al. (2009), one
can select accordingly the parameter space where the interacting
scenario will be free of instabilities.

In Tables 14 and 15 we have summarized the constraints on
the interacting scenarios driven by the interaction function Q4 of
Eq. (4) assuming two different regions of the parameter space.

Table 14 presents the observational constraints of the model
&0&awpIDEQ 4 characterized by the parameter space & < 0, & <0,
wp < —1 for CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pan-
theon. For CMB alone we do not find any preference for a non-zero
and dynamical coupling parameters, however, we observe a pref-
erence for the phantom dark energy at 68% CL (w, = —1.83f8:§§
at 68% CL) and a higher value of the Hubble constant, due to the
strong correlation between these two parameters. Additionally, we
find a lower (higher) value of Q0 (0g) compared to its estima-
tion within the canonical ACDM picture, due to the fact that the
energy flows from the dark matter sector to the dark energy one.
When BAO observations are added to CMB data we have no ev-
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Observational constraints on the interacting scenario “£o£,w,IDEQp” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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Table 17

Observational constraints on the interacting scenario “£o&,wqIDEQp” obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
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idence for a non-zero dynamical coupling in the dark sector but
in this case the preference for w, < —1 is much more signifi-
cant, as wy remains in the phantom region at more than 95% CL

(wp = —1.217920 4t 95% CL). The inclusion of Pantheon data to

—0.22
CMB observations leads to a non-zero value of &; (= —0.071f8:838

at 68% CL, CMB+Pantheon) although the present day value of £(a),
i.e. &, does not show any preference for a non-vanishing value.
The dark energy equation of state remains in the phantom regime
at more than 95% CL (wp = —1.20fg:}g at 95% CL). We also find in
this case that Q0 and og take larger and smaller values compared
to their values in the canonical ACDM picture, respectively. Similar
results are obtained for the combined dataset CMB+BAO+Pantheon
except in the constraints on Hy and Sg: there is no indication for
a non-zero dynamical coupling in the dark sector, and the dark
energy equation of state remains again in the phantom regime at
more than 95% CL (w) = —].13f8:}} at 95% CL). As observed in
the earlier cases with CMB plus either BAO or Pantheon data, in
this case, Qmo (og) adopts a higher (lower) value compared to the
ACDM picture (however, it should be noted that Q9 takes rela-
tively a lower value compared to the CMB+Pantheon case), due to
the energy flow. Lastly, we notice that Hy is increased slightly, al-
leviating the Hubble tension within 3o, and additionally we obtain
a smaller value of Sg compared to the Planck’s estimation (within
the canonical ACDM picture Aghanim et al. (2020a)), indicating
a better consistency with the weak lensing measurements Abbott
et al. (2022); Heymans et al. (2021); Secco et al. (2022); Troster et
al. (2021).

Table 15 presents the observational constraints of the model
&0EqWqIDEQ 4, characterized by the parameter space & > 0, & >
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0, wg > —1 using the observational datasets CMB, CMB+BAO,
CMB+Pantheon and CMB+BAO+Pantheon. Our observations for CMB
alone are as follows. We find no evidence of dynamical coupling
in the dark sector, but an indication for a non-zero coupling to-
day at 1o (&9 = 0.136f8:8§§) at 68% CL for CMB alone. The matter
density parameter takes a very low value due to the exchange
of energy from the dark matter to dark energy and also due to
the fact that the dark energy equation of state is required to
lie within the quintessence region. Despite the very strong anti-
correlation between wg and Hp, a higher value of Ho compared
to the ACDM picture is obtained to increase the $,;h? parameter,
governing the angular location of the CMB acoustic peaks. When
BAO observations are added to CMB data, we find no preference
for either a non-zero or a dynamical coupling in the dark sec-
tor. Even if the value of the matter density parameter increases,
Qmo = 0.220f8:8§é at 68% CL, the value is low if compared to its
estimated figure within the ACDM picture. The inclusion of the
Pantheon catalogue to CMB (i.e. CMB+Pantheon) does not lead to
any significant changes in the constraints (the same is true for
CMB+BAO+Pantheon dataset).

Tables 16 and 17 together with Figs. 5 and 6 summarize the
observational constraints on the interacting scenarios driven by the
interaction function Qpg, Eq. (5), for two different regions of the
parameter space.

Firstly, Table 16 presents the constraints on the model
&0&qwpIDEQ g, characterized by the parameter space & <0, & <
0, wp <—1 for CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pan-
theon. For CMB alone, we find no indication for a non-zero &g
and a non-zero &;, but the dark energy equation of state deeply
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most relevant parameters of the interacting scenario

“E0&qwpIDEQp” for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

lies in the phantom region, wy, = —2.10fg:§2 at more than 95%

CL. Due to the phantom nature of wp, this scenario leads to a
high value of the Hubble constant, see Fig. 5. The addition of
BAO observations to CMB data shifts the parameter values. First
of all, we get an evidence for a non-zero & at more than 68%
CL (£, = —0.2170 3% at 68% CL) while within 95% CL, we do not
have any evidence for &; # 0. Even though the dark energy equa-
tion of state remains in the phantom regime at more than 95%
CL (wp = 1267037 at 95% CL, CMB+BAO), the indication for a
phantom nature is slightly decreased (compared to what it is ob-
served in the CMB data alone case). Additionally, we find a very
high (low) value of Qno (0g), and the requirement of a lower value
of Hp, see the one-dimensional probability distribution for Qpmg in
Fig. 5. The inclusion of Pantheon measurements to CMB also offers
almost similar results to the CMB+BAO case: we find &; # 0 at 68%
CL but it is found to be unconstrained within our prior at 95%; w,
remains in the phantom region at more than 95% CL but also the
preference for a phantom nature has decreased compared to the
CMB alone case. The final combination CMB+BAO+Pantheon does
not exhibit any indication for & # 0 and &; # 0O, but the dark en-
ergy equation of state behaves such as w, < —1 (at more than 95%
CL). The other parameter values are very close to the CMB+BAO
constraints.

Secondly, Table 17 shows the constraints on the model
£0&awqIDEQ p characterized by the parameter space & > 0, & > 0,
wq > —1 for CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pan-
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theon. For all the four datasets, we find no indication for a non-
zero and dynamical coupling in the dark sector. And the remaining
parameters take values very similar to those in the ACDM cos-
mology: in practice, this scenario is perfectly consistent with the
non-interacting standard cosmological scenario, see also the one-
dimensional probability distributions in Fig. 6.

4.2.2. Dynamical dark energy equation of state

In the following, we shall present the constraints on the most
general scenario so far discussed in this work. Despite the dimen-
sion of the parameter space, we restrict ourselves to the regions
allowed by the doom factor analyses provided in Ref. Gavela et
al. (2009). We have therefore explored the interacting scenarios
driven by Egs. (4) and (5) dividing the entire parameter space into
two disjoint regions.

Namely, Table 18, together with Fig. 7, summarize the observa-
tional constraints on the interacting model éosawg wPIDEQ 4, char-
acterized by the parameter space wh < —1, wh <—1, & <0, &<
0 for the CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon
datasets. For CMB alone, we find a preference for a non-zero &,

at 68% CL (& = —0.07375:93%) which is diluted at 95% CL. The

dark energy remains in the phantom region at 68% CL (wg =
—2.00fg:g§), and it is unconstrained at 95% CL. The Hubble con-
stant assumes a higher value which is, as usual, driven by the
phantom dark energy. As a consequence, a relatively small value
of the matter density parameter compared to what we see in
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Fig. 6. One dimensional marginalized posterior distributions and the two-dimensional joint contours for the most relevant parameters of the interacting scenario
“E0EqwqIDEQp” for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

Table 18

Observational constraints of the interacting scenario “éfoéawg wg IDEQ 4” obtained from several observational datasets, namely,
CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
e Ol L CIBUGEREL T oue g o p it
i 0.02247 0001 D 0.02047 QTR 0 02244 b 0 0 02as L oy
ooe  Losssr BT oo EGIE  osossmy B osorstaBl i
. oosas'RCE T oosartdRARAETT  oosaagiiee T oosagian
n 09677 BN oorsti M osess dMME 0067 b0l
(04 303970000} 30027001000k 30417901000 30417001 00)

wh —2.001085 unconstr. >—120 > —1.46 >—124>-145 >-1.11>-1.20

wh > —2.07 unconstr. —1.34+021+0.31 -1.277322 > ~1.56 —1.321019+0.28

£ > —0.033 > —0.072 > —0.040 > —0.075 > —0.033 > —0.067 > —0.042 > —0.078

& —0.07370%%9 >~ —0.154  —0.06410052 > —0.131  —0.08410.520+0.07] —0.06570%%2 > —0.136
o 02567004012 034570024000 03757002 b o 035670005 0%

o 0.863°0 0627013 0.760°0 05008 074700068 074000210638

Ho [km/s/Mpc] 8471017 69.4715132 67.2715127 68.26 051 1t

S5 0.786 0 o050 0815700100 0.8347 0500 0816700100
rasg Mpe]  147.187020°0%0 1472070 3038 147137300 147237450 %

the ACDM picture is required (see Fig. 7). When the BAOs are
added to CMB, we find no evidence for wg < —1 but an indication
for an early dark energy component different from a cosmolog-
ical constant at early times is suggested at more than 95% CL

(wf = —1.34Jj8§; at 95% CL, CMB+BAO). Interestingly, we notice

that &, is non-zero at 68% CL (£ = —0.0647952 at 68% CL) but
this indication is diluted at a higher significance. Notice that the
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value of Qo (og) is still mildly higher (lower) than in the ACDM
model. When the Pantheon catalogue is added to CMB, no evi-
dence for wg < —1 is found, as already observed in CMB+BAO
case, and the evidence for an early dark energy fluid and not
for the simplest vacuum energy scenario is reduced down to 68%
CL (w} = —1.27%333 at 68% CL for CMB+Pantheon). Interestingly,
we find a strong evidence for a dynamical & at more than 95%
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Fig. 7. One-dimensional marginalized posterior distributions and two-dimensional joint contours for the most relevant parameters of the interacting scenario
“(okqwl WP IDEQ 4™ for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

CL (= —0.084709%) at 95% CL, CMB+Pantheon) and a very large
(small) value of Qno (0g) (while the remaining parameters take
almost similar results than the ACDM values). For the final com-
bination, i.e. CMB+BAO+Pantheon, our results are similar to the
CMB+BAO analysis, that means, no preference for wg < —1 and
& <0 at 68% CL are obtained, but an indication for an early dark
energy component different from the cosmological constant pic-
ture is suggested with a significance above 95% CL, see the one-
dimensional distribution for w? in Fig. 7.

Table 19 and Fig. 8 show the constraints on the interacting
scenario &&wiweIDEQ,, characterized by the parameter space
wg > -1, wg > —1, & > 0, & > 0 for CMB, CMB+BAO, CMB+Pan-
theon and CMB+BAO+Pantheon data analyses. For CMB alone, we
find a strong evidence for a non-zero interaction (& = 0.26f8:§;
at 95% CL) while &; is consistent with a null value, i.e. there is
no evidence for a dynamical coupling for this dataset. The mat-
ter density parameter takes a very low value due to the values of
both w(q) an &, see the parameter degeneracies illustrated in the
two-dimensional contours in Fig. 8. As a result, this leads to a very
high value of the og parameter. When BAO are added to CMB, the
mean values of the parameters are shifted: namely, the evidence
for a non-zero & is reduced down to 68% CL (& = 0.17f8f)(7) at
68% CL). For CMB+Pantheon instead we find a strong evidence for
a non-zero & at more than 95% CL while no indication for a non-
zero &, is observed. Finally, for the entire combined dataset, i.e.
for CMB+BAO+Pantheon, an evidence for a non-zero & is found
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at more than 95% CL, and the same significance is present for a
quintessence dark energy today, while the behaviours of the other
parameters are similar to the previous cases, including we a very
small value of the matter density parameter and a very large value
of og.

Tables 20 and 21 summarize the observational constraints on
the interacting scenarios driven by the interaction function Qp of
Eq. (5) for two disjoint parameter spaces, ensuring the stability of
the scenarios at the level of perturbations.

Table 20 corresponds to the constraints on the interacting
scenario sgéawgwg IDEQp characterized by the parameter space
wh < —1, wl < —1, & <0, & <0 for the observational datasets
CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon. For CMB
alone we find an evidence for a dynamical coupling at 68% CL:
& —0.44f8:?g at 68% CL (even though at 95% CL, this parame-
ter is found to be unconstrained) together with an evidence for a
phantom dark energy at present (wg < —1 at 68% CL) and also for
an early dark energy component (wf < —1). Due to the phantom
nature of wg, we find a higher value of the Hubble constant. When
BAO are added to CMB, the evidence for a dynamical coupling
is still found at more than 68% CL (although it remains uncon-
strained at 95% CL) together with an early dark energy fluid instead
of the minimal cosmological constant, present at more than 95%
CL (wh = —1.487033 at 95% CL, CMB+BAO). Additionally, a higher
(lower) value of Qmo (og) is found, due to both the energy flow
and the parameter space of w(a). The inclusion of the Pantheon
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relevant parameters of the interacting scenario

“60éq wg wngEQA" for several datasets, namely, CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

Table 19

Observational constraints on the interacting scenario “£p&, wg wngEQA" obtained from several observational datasets, namely,
CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
Qch? < 0.050 <0.091 < 0.060 <0.095 <0.046 <0.090 <0.054 <0.095
2 +0.00016+0.00032 +0.00015+-0.00030 +0.00015+0.00029 +0.00015+-0.00029

o Tosegrolmiaer e oaygmon SR ngs g IS 4amIs g0

e ooy Egme  CUTameme  COTempame 0 a0 g

. pypowes 17 A et 1 bt 1/t MO L

1010 Soagodmmare g DR g R e

o e 0 R S e s et g L

Wo —0.42755, > —0.82 —0.6875 15 027 —0.7667 655 0.17 —0.770750770.19

we <—-0.91 <-0.80 <—0.92 <-0.834 <—-0.93 <-0.85 <—0.92 < -0.82

2 0262511703 017257 <0.30 022255701 020250601

& <0.090 <0.219 < 0.068 <0.160 <0.036 < 0.079 < 0.036 < 0.080
+0.05+0.17 +0.049+0.13 +0.031+0.12 +0.040+0.13

o Toradie e Sl 2 208050 >0 050D

o8 1955544 18550512 225050 2057505

Ho [km/s/Mpc]  61.372575¢ 66.6717°35 68.1714753 68.03 05617
+0.19+0.58 +0.13+0.49 +0.2140.52 +0.174+0.50

> B B T oA B B B

Tdrag [Mpc] 147.09%530 0’5 147.16%530 05 147.05%030 0’50 147.124535% 057

catalogue to CMB shifts the mean values of the parameters a bit.
Notice that, similarly to the CMB+BAO case, we find an evidence
for an early dark energy component at more than 95% CL together
with an evidence for a dynamical coupling in the dark sector at
68% CL, which is diluted at 95% CL (unlike to the previous cases,
where &; has been found to be unconstrained). The final dataset
combination, i.e. CMB+BAO+Pantheon, leads to very similar results

35

to the CMB+BAO case, except for (very mild) changes in the mean
parameter values.

To conclude, Table 21 corresponds to the constraints on the in-
teracting scenario §0§awgwngEQB, characterized by the parame-
ter space wg > —1, wg > —1, & > 0, & > 0, for the observational
datasets CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon.

For all four cases, the results agree completely with the ACDM
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Observational constraints on the interacting scenario “£0&, wg wf IDEQ 3" obtained from several observational datasets, namely,

CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon

2 +0.018-+0.026 40.013+0.023 10.011+0.019 40.014+0.023
thz o1 577022]5070(())'106210 00033 0.151 500123 0.00030 o1 5870%905%'1052490 00032 01 5270'%3070%'10 #40.00030
o et At O amieoge (R omeame0 207 g g
Jome 0020 BRI Ol on R e TS g0
‘ 01052910:0044410:8(])32 0-054810:0044;0:8628 010538%:00464:018(1)81 0-055810:004210:811)(759
1o Soagodmger g DR Togiegen g e
In(1070Ay) 3.0407 0914 0.030 3.044 75017 0030 3.04275'016 0,034 3.04574015 0,031
wy —2.0%2; unconstr. >-1.19 > —1.44 >—1.31> —1.60 >-1.10> -2.0

p +0.64 +0.30+0.43 +0.2240.40 +0.28+0.37
We —1.977y54 unconstr. —1.487651 045 —1.487054 039 =147 51 039
& > —0.405 > —0.712 > —0.264 > —0.507 > —0.244 > —0.484 > —0.272 > —0.521
& —0.447038 unconstr. —0.447338 unconstr. -0.611013 <0.19 —0.477339, unconstr.
40.040+0.14 +0.031+0.062 £0.036-0.065 +0.034+0.056
e Py TR P L e R e
08 O-8ﬁ21£1)£91 —0.15 0'74}_?%:2%14—0:080 0.71 iT%:Eso—o:oss 0.7281823‘1‘1_105:075
Ho lan/s/Mpc] 85773:3 028+0.078 69'31:3613&0 033 66.97136%&0 039 68'1618:8}5166032
> R Syl L oy rolaa e Ty 2085000
Tdrag [Mpc] 147.157530 060 147.18729 050 147.107630 060 147.2079 39 055
Table 21

Observational constraints on the interacting scenario “£p&, WgwngEng

” obtained from several observational datasets, namely,
CMB, CMB+BAO, CMB+Pantheon and CMB+BAO+Pantheon are presented.

Parameters CMB CMB+BAO CMB+Pantheon CMB+BAO+Pantheon
a D121 CRERE T oo AR T otoss TSR T o.0ss St
Qh’ 0.02233 000013 000000 002239 000012 000030 002236 700012 niono  0-02238 00015 0000
$0.00033+0.00088 10.00036-+0.00078 10.00041+0.00084 10.00035-+0.00077
1006mc 1.04134 500028 g.000s6 104160 000045 000071 1-04158 70 00045 "0'00080  1-04159 /00040 000071
: oo I oossa R oosear gl oosar gl
g ooois SEARE oo AN oossr B oses BB
10 +0.016+0.031 +0.015+0.032 +0.016+0.032 +0.016-+0.033
In(107Ay) 3.04375015 0032 3.0457 015 0031 3.04475016 0,031 3.044 75017 0031
Wg < —0.706 < —0.333 < —0.846 < —0.704 < —0.944 < —-0.884 < —0.938 < —-0.877
Wg < —0.879 <—-0.731 < —0.933 < —-0.856 < —0.929 < —-0.847 < —0.933 < —-0.846
& < 0.070 < 0.158 < 0.082 <0.168 <0.094 <0.188 < 0.089 <0.183
&a < 0.096 < 0.228 < 0.140 < 0.266 < 0.135 < 0.259 <0.132<0.243
S BT AT T B
o oros MEEEL o dHE owedBIE osa fHEAH
Ho [km/s/Mpc]  63.6742+64 66.811.6+26 67.911.0+22 67.877072+1>
$0,030°0.039 180750027 180170032 1061515026
> LR gLl Y P i SR Y
Tdrag [Mpc] 147.04453170'58 147.21%555 05 147.1155:557 05 147161557 034

scenario: we find no evidence for & # 0, & # 0, while statistically
we cannot exclude the possibility for a non-zero coupling, and for
a dark energy instead of the cosmological constant. Further, for
CMB data alone we obtain a relatively higher value of Q0 (caused
due to the exchange of energy from the dark energy sector to the
dark matter one), and consequently, a lower value of the Hubble
constant is found. For the remaining three analyses, i.e. CMB+BAO,
CMB+Pantheon and CMB+BAO+Pantheon, we notice that both free
and derived parameters, adopt very similar values to the ACDM
case.

5. Bayesian evidence analysis

In this section we present a further statistical test of inter-
acting dark energy cosmologies by means of Bayesian evidence
analysis Trotta (2008, 2017). The main goal is to examine whether
the interacting scenarios with a constant coupling parameter in
the coupling functions are preferred over the interacting scenar-
ios with a variable coupling parameter in the interaction function,
or vice-versa. Since in the present work we have considered two
interaction functions (namely, Q 4 of Eq. (4) and Qp of Eq. (5)), for
the calculations of the Bayes factors of the interacting scenarios
driven by the interaction function Q 4, we have chosen &IVSQ 4
as the reference model and for the interacting scenarios driven
by the interaction function Qp we have chosen &IVSQjp as the
reference model. For numerical purposes we exploit the cosmo-
logical package MCEvidence Heavens et al. (2017b,a), a publicly
available code, and compute the evidences in terms of the loga-
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rithm of the Bayes factor In B;; of the interacting scenarios for all
the observational datasets. The numerical values of In Bj; quantify
the observational support of the underlying model with respect to
the reference model. Following the revised Jeffreys scale Kass and
Raftery (1995); Trotta (2008), for 0 < |InBjj| < 1, the model has
an inconclusive evidence; (ii) for 1 <|InB;j| < 2.5, the model has
a weak evidence; (iii) for 2.5 < |In Bjj| < 5, the model has a mod-
erate evidence, and, finally, (iv) for |InB;j| > 5, the model has a
strong evidence. In Tables 22 and 23, we respectively show the
In B;; values for all the interacting scenarios considering £IVSQ 4
and &IVSQp as the reference models. Note that a negative value of
In B;j obtained for a particular dataset indicates that the data pre-
fer the reference model M; (either £&IVSQ 4 or £IVSQp according
to the choice) with respect to the interacting scenario M; for this
dataset.

Looking at the numbers of InB;; as displayed in Tables 22
and 23, one can clearly see that the nature of the dark energy
equation-of-state parameter plays a crucial role in this context.
We observe that interacting scenarios in which either wg > —1
or wg > —1,w? > —1 are not preferred over the reference mod-
els (except for the interacting scenario &wgwgIDEQ, where for
the CMB alone case we notice InB;; = 0.5 while for the remain-
ing datasets we find InB;j < 0). For the interacting scenarios in
which w, < —1 or wg < -1, Wg < —1, we have mixed evidences,
that means from the Bayesian point of view, both the scenarios are
equally preferred. That further implies that the interacting models
where the interaction function allows a variable coupling param-
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The values of InB;; computed for the interacting scenarios driven by the interaction
function Q4 of eqn. (4) with respect to the reference model £1IVSQ 4, considering all
the observational datasets. We note that here i refers to the interacting scenario M; and
j refers to the reference model M; (i.e. £IVSQ4). According to the sign convention,
negative value of InBj; obtained for a particular observational data indicates that the
reference model &IVSQ 4 is favored over the interacting scenario for this dataset.

CMB+Pantheon =~ CMB+BAO+Pantheon
—2.2 —2.2
-2.9 -2.6
0.9 -0.1
-0.9 -1.0
0.6 —-2.0
—0.8 -2.1
—4.3 —4.4
-1.4 -2.5
-3.3 -3.9

Model CMB  CMB+BAO
EwpIDEQ4 0.9 —0.7
EwqIDEQ 4 -1.0 17
&wwlIDEQ,4 0.8 0.9
&wgwIDEQ4 0.5 -0.3
£0£41VSQ 4 0.2 -1.0
&06awpIDEQ 4 1.4 —2.0
E0kqWqIDEQ 4 —-32 —43
&&wiWPIDEQ, 1.0 14
Eo&wWowiIDEQq  —2.6 2.7
Table 23

The values of InBj; computed for the interacting scenarios driven by the interaction
function Qp of eqn. (5) with respect to the reference model &IVSQ g, considering all
the observational datasets. We note that here i refers to the interacting scenario M; and
j refers to the reference model M; (i.e. £IVSQp). According to the sign convention,
negative value of In Bj; obtained for a particular observational data indicates that the
reference model £1IVSQp is favoured over the interacting scenario for this dataset.

Model CMB  CMB+BAO
&wpIDEQ; 0.6 0
&wqIDEQp -3.0 27
gwl wlIDEQp 0.7 0.6

sow wiIDEQp -19 -21
£0£,IVSQ 3 —01 06

08w pIDEQp 0.2 0.5
£0&qWqIDEQp —42 34
Eo&w)WIIDEQp 0.6 -0.8
fofawgWiIDEQs -39 43

CMB+Pantheon = CMB+BAO+Pantheon
—-2.1 —0.6

—5.5 —4.4

—-1.2 —0.7

—5.8 -53

—0.8 0.5

-0.1 —4.1

—5.8 -5.0

—0.5 -2.0

-7.6 —6.2

eter can compete equally with the interaction functions having a
constant coupling parameter.

6. Discussion and summary

Interacting dark energy models are very appealing cosmologies
which play a crucial role in explaining several important observa-
tional issues in modern cosmology. Ranging from the ‘why now?’
problem in cosmology, where interacting theories have shown
their ability to offer a possible explanation Amendola (2000);
Berger and Shojaei (2006); Cai and Wang (2005); del Campo et
al. (2006, 2008, 2009); Huey and Wandelt (2006); Pavon and Zim-
dahl (2005) to current cosmological tensions Di Valentino et al.
(2017, 2021c); Kumar and Nunes (2017); Pan et al. (2019, 2020c);
Yang et al. (2018a,c), these particular theories have a very rich
phenomenology. The underlying mechanism of interaction between
dark matter and dark energy is driven by an energy and/or mo-
mentum transfer between these dark fluids and this is usually
quantified by an interaction function, Q. The function Q modi-
fies the expansion history of the universe both at the background
and the perturbation levels, and, as a consequence, cosmological
parameters are directly affected. Nevertheless, and for the shake
of simplicity, almost all works in the literature have assumed a
constant coupling parameter. Considering this issue, the possibil-
ity of dynamical nature in the coupling parameter has been raised
and investigated by a few authors in a few articles Guo et al.
(2018); Li and Zhang (2011); Wang and Zhao (2018); Yang et
al. (2019b, 2020a). Note that interacting scenarios with dynami-
cal coupling parameter offer a much more general picture of the
universe in which a constant coupling parameter would be a spe-
cial case of the former. On the other hand, there is no reason
to exclude the possibility of the dynamical coupling parameter
in the interaction functions. In this article we have investigated
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this issue with a special focus on the dark energy sector, mak-
ing the analyses as general as possible. We have therefore con-
sidered three different types of dark energy, quantified through
their equation-of-state, namely, vacuum energy (characterized by
w = —1), a dark energy fluid with constant w # —1, and a dy-
namical w(a) with w(a) = woa + we(1 — a), in which wq refers
to its present value and w, refers to its value in the early time.
Additionally, following Refs. Yang et al. (2019b, 2020a), we have
assumed that the coupling parameter takes the following expres-
sion, &(a) = & + &;(1 — a), which as one can recognizes quickly,
is the first two terms of the Taylor expansion of &(a) around the
present value of the scale factor, i.e. unity. We note that the above
choice of the coupling parameter is the most natural one in or-
der to detect the deviation, if any, of the coupling parameter from
&(a) = &o = constant. Finally, we further note that we have consid-
ered two interaction functions, Q4 and Qgp, given by Egs. (4) and
(5) respectively.

We summarize below the most relevant results of our analy-
ses, focusing on the key issue of the article, namely, the constant
coupling parameter versus the dynamical coupling parameter.

o Constant dark energy - dark matter coupling:
The simplest interacting scenario in this class of models is the
one where the dark energy equation of state w is equal to —1.
We find only mild evidence for a coupling parameter (quanti-
fied through &, # 0) at 68% CL for model A, that is completely
diluted when considering BAO observations. For the case in
which w # —1, we have divided the parameter space into two
regions, to satisfy the stability requirements. For model A and
w < —1, i.e. for the interacting scenario £&w,IDEQ 4, & is re-
quired to be such that & < —1. In this case, there is a strong
preference for w < —1 together with a very large value of
Hy without BAO data. Once BAO measurements are consid-
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ered, the data suggest a phantom-interacting scenario at 1o,
that persists and increases with the addition of the Pantheon
data. For model A and dark energy within the quintessence re-
gion, £wgIDEQ 4, there is a preference for a (constant) dark
coupling that is not diluted after including BAO and Pan-
theon measurements, but rather exacerbated at 2o. Model B
gives no indication for a coupling for all the combination of
datasets considered, contrarily to model A, in the phantom
region, while in the quintessence region it is very consistent
with a ACDM non-interacting scenario. Finally, we have also
explored the case of a time-varying dark energy equation of
state governed by two parameters, wg, which states its cur-
rent value, and w,, which refers to its component at early
times. For model A and &y < 0 (and therefore both wgy and w,
in the phantom region), for the most complete combination
of data sets, i.e. CMB+BAO+Pantheon, the coupling parameter
is found to be non-zero at 95% CL, and a slight (68% CL) evi-
dence for an early dark energy component (i.e. a dark energy
fluid different from a cosmological constant) is also found. In
this case the Hubble tension is alleviated at 2.5¢0 and the Sg
tension is relaxed. For the very same model but for & > 0
(and therefore both wg and w, in the quintessence region)
and also for the most complete combination of data sets, i.e.
CMB+BAO+Pantheon, there is evidence for a quintessence in-
teracting scenario today at more than 95% CL, but the value of
Qmo is much lower than its ACDM-like value. This case exac-
erbates the so-called Sg tension, as the value of the clustering
parameter og is much higher than in the canonical ACDM
scheme. For model B and & < 0 (and therefore both wg and
we in the phantom region), we only find slight evidence for
a non-zero coupling and for an early dark energy component
different from a cosmological constant at 1o for the full com-
bination CMB+BAO+Pantheon, while if we restrict the model to
the quintessence region and & > 0, we just note a 1o indica-
tion for & # 0 for the most complete data set.
o Dynamical dark energy - dark matter coupling:

In the following, we shall summarize our main results for a
dynamical coupling of the form & + & (1 — a), see Eq. (7).
For vacuum dark energy and model A, the parameter values
are shifted accordingly to the sign of &: if & < 0 (& > 0),
the energy flows from the dark energy (matter) sector to the
dark matter (energy) one, resulting in higher (lower) values
of Qmo and lower (higher) values of og. However, all the
datasets are in agreement with no interaction in the dark
sector. For model B, BAO data seems to prefer & # 0 at
68% CL, and therefore a mild evidence for a dynamical cou-
pling arises when considering the former observations. If in-
stead w # —1, we have as usual the phantom (associated to
& <0 and & < 0) and quintessence (associated to & > 0 and
&; > 0) regions. For model A in the phantom region w > —1
at more than 95% CL and there is mild evidence for & # 0
when Pantheon observations are added to CMB data. For this
very same model but within the quintessence region, the dark
matter energy density is very low due to the energy flow
and no evidence for a dynamical dark sector is found. For
Model B, we find again strong evidence for w < —1 within
the phantom region (éosawgwngEQB) and a mild evidence
for & # 0 in some parameter combinations. The quintessence
region (£0awwlIDEQp) is extremely in agreement to a non-
interacting model.

Finally, we consider the most generalized interacting scenar-
ios in which both the coupling and the dark energy equa-
tion of state are dynamical. Following the stability crite-
ria Gavela et al. (2009) to have divided the parameter space.
For model A in its phantom region (wg <—1and wf < -1,
i.e. éosawg WPIDEQ,), the coupling parameters are required

38

Journal of High Energy Astrophysics 40 (2023) 19-40

to be negative, and we find evidence at 95% CL (68% CL) sig-
nificance for an early dark energy component (a dynamical
coupling) for CMB+BAO+Pantheon. In the case of the model
£0&aWWIIDEQ,, the energy flow is reversed and therefore
Qmo (og) takes much lower (higher) values than within the
minimal ACDM scenario. For CMB+BAO+Pantheon a non-zero
value of & and wg are found at more than 95% CL, or an indi-
cation for a quintessence interacting model. Concerning model
B within its phantom region (&&whwfIDEQp) the results are
very similar to model A in this very same region, finding evi-
dence at 95% CL (68% CL) significance for an early dark energy
component (a dynamical coupling) for CMB+BAO+Pantheon.
Model éosawgwngEQB instead provides results in agreement
with the canonical non-interacting case except for slightly
larger (smaller) values of Q0 (o0g) for the CMB alone data,
due to the energy exchange among the dark sectors.

Our summary above clearly states that interacting cosmologies
have a very rich phenomenology. In particular, really interesting
are those cases, where a dark energy component different from
the cosmological constant at early times, and a coupling differ-
ent from zero today are explored, that for the full combination
CMB+BAO+Pantheon can alleviate both the Hy and Sg tensions, as
for example for the “nggwleEQA“ model. Scenarios in which
the coupling parameter is time dependent are highly promising,
even from the Bayesian point of view, and are expected to be
strongly constrained with upcoming cosmological observations.
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