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We investigate generalized interacting dark matter—dark energy scenarios with a time-dependent
coupling parameter, allowing also for freedom in the neutrino sector. The models are tested in the phantom
and quintessence regimes, characterized by equations of state, w, < —1 and w, > —1, respectively. Our
analyses show that for some of the scenarios, the existing tensions on the Hubble constant H, and on the
clustering parameter Sg can be significantly alleviated. The relief is either due to (a) a dark energy
component which lies within the phantom region or (b) the presence of a dynamical coupling in
quintessence scenarios. The inclusion of massive neutrinos into the interaction schemes does not affect
either the constraints on the cosmological parameters or the bounds on the total number or relativistic
degrees of freedom N, which are found to be extremely robust and, in general, strongly consistent
with the canonical prediction N s = 3.045. The most stringent bound on the total neutrino mass M, is
M, < 0.116 eV and it is obtained within a quintessence scenario in which the matter mass-energy density
is only mildly affected by the presence of a dynamical dark sector coupling.
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I. INTRODUCTION

Cosmological models where a nongravitational interac-
tion between the dark fluids of the Universe, dark matter
and dark energy, are still a very appealing and interesting
solution to the so-called why now? problem. Early models
were based on coupled quintessence scenarios [1-7], while
more recent phenomenological approaches have adopted a
number of possible parametrizations of the energy exchange
rate; see, e.g., [8-54]. Following our pioneering previous
work [55] we shall consider here a time-dependent coupling
in nonminimal cosmologies. Given the fact that neutrinos
can play a nonstandard role within nonminimal dark energy
scenarios [56-66], we extend our previous analyses by
inspecting the impact of neutrino properties within interact-
ing cosmologies with a time-dependent coupling. We also
generalize the work of Ref. [55] with the inclusion of a
constant dark energy state parameter that may freely vary in
a certain region. This picture also entails the case of a
coupling parameter that remains constant in cosmic time. For
our analyses we have assumed that our Universe is homo-
geneous and isotropic, that is, its geometry is well described
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by the Friedmann-Lemaitre-Robertson-Walker (FLRW) line
element. In order to perform robust statistical analyses, we
shall make use of various cosmological datasets such as the
Cosmic Microwave Background radiation, Baryon Acoustic
Oscillation distance measurements, and, finally, a local
measurement of the Hubble constant from the Hubble
Space Telescope.

The manuscript has been organized as follows: In Sec. II
we briefly introduce the gravitational equations for the two
interacting dark fluids. Section III describes the observa-
tional data, methodology, and the priors imposed on the
cosmological parameters. Section IV presents the current
observational constraints on the interacting cosmic scenarios
considered here. Section V contains our main conclusions.

II. INTERACTING DARK SECTORS:
GRAVITATIONAL EQUATIONS

Observations suggest that at large scales, our Universe is
homogeneous and isotropic and therefore well described by
the FLRW line element

dr?

ds® = —dt* + a*(1) | ;o5 + r(d6” + sin’0dg?) | (1)

— k72

where a(¢) is the expansion scale factor of the Universe and
(1,r,0, @) are the comoving coordinates. Having specified
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the metric of the underlying geometry of our Universe, we
assume in the following that the gravitational sector of the
Universe is described by general relativity, the matter sector
is minimally coupled to gravity, and, finally, that there is a
nongravitational interaction between the dark sectors of
the Universe, namely, between the pressureless dark matter
(DM) and the dark energy (DE) fluids:

pc + 3Hp¢ - _Q’ (2)
px+3H(1+wo)p =0, (3)

where H = a/a is the Hubble rate of the FLRW universe;
Pe (Pe)s pe (py) are the energy density (pressure) for DM
and DE, respectively (albeit the DM fluid, being pressure-
less here, has p. = 0), w, = p,/p, denotes the barotropic
DE equation of state parameter (assumed here to be
constant) and, finally, Q determines the interaction rate
between DM and DE. In general, when a specific form of
the interaction rate is given, one can solve either analyti-
cally or numerically the background evolution for p,. and
p.- We shall explore here the (time-dependent) interacting
dark energy (IDE) models of Ref. [55]:

IDE1:Q = 3&(a)Hp,, (4)
PePx

IDE2:Q = 3&(a)H 22 5

Q =3¢t = ®)

where &£(a) is a time-dependent dimensionless coupling
parameter. Similar to our earlier work [55], we keep the
parametrization of &(a) as follows:

é(a) =&+ &.(1 - a), (6)
where &, and &, are real constants. Finally, based on the
stability criteria of the perturbation evolution [12,13], we
shall classify the models as

IDElp:w, < —-1,&, < 0,¢, <0, (7)

IDElq:w, > —1,&, > 0,&, > 0, (8)
for the IDE1 case, and, equivalently,

IDE2p:w, < —1,&, < 0,¢, <0, 9)

IDE2q:w, > —1,&, > 0,¢, > 0, (10)

for the IDE2 model, where p and q in IDEp and IDEq stand
for phantom and quintessence regimes, respectively.

III. OBSERVATIONAL DATA AND
METHODOLOGY

In the following we briefly describe the cosmological
datasets used in this work.

(i) Cosmic microwave background (CMB): our de-
fault dataset is the one containing the latest CMB
temperature and polarization measurements in both
the high and low multipole regions, i.e., Plik TT,
TE, EE + lowl 4 lowE, from the final 2018 Planck
legacy release [67—69].

(i) Baryon acoustic oscillations (BAQO): we make use
of several BAO measurements from different cos-
mological observations, as considered by the Planck
Collaboration [67]: 6dFGS [70], SDSS-MGS [71],
and BOSS DR12 [72] surveys.

(iii) Hubble constant Gaussian prior (R19): we assume
a Gaussian prior on the Hubble constant, in agree-
ment with that obtained by the SHOES Collabora-
tion in 2019, i.e., Hy = 74.03 4+ 1.42 km/s/Mpc at
68% CL [73].

For the analysis of the cosmological data, we adopt a
fiducial model described by nine cosmological parameters.
In particular, we vary the six parameters of the standard
ACDM model, i.e., the baryon energy density Q,h?, the
cold dark matter energy density Q_h?, the ratio between the
sound horizon and the angular diameter distance at decou-
pling 1008,,¢, the reionization optical depth z, the spectral
index n,, and the amplitude of the scalar primordial power
spectrum A,. In addition, we vary the three parameters
of the dark sector physics considered here, i.e., the DE
equation of state w, and the strength of the coupling,
parametrized by &, and &,,; see Eq. (6). The parameter space
will therefore be described by

P={Q,h, Q.2 1000,,c. 7, n,, log[101°4 ],
&0, Ear Wi} (11)

As aforementioned, the stability of the perturbation evo-
lution restricts the IDE scenarios to two phantom cases
(w, < —1)[IDElp, Eq. (7) and IDE2p, Eq. (9)] with &, < 0
and £, <0 and two quintessence regimes (w, > —1)
[IDElq, Eq. (8) and IDE2q, Eq. (10)] with & > 0 and
£, > 0. Table I lists the priors on all the parameters
considered in this work.

We shall also consider an enlarged cosmological sce-
nario with eleven parameters, allowing the sum of the
neutrino masses M, and the number or relativistic degrees
of freedom N to freely vary (IDE + M, + N):

P={Q,h?, Q.2 1000,,c. 7, n,, log[101°A ],
§0v§a’wx7MwNeff}’ (12)

and also in this case we will have four cases, depending
on the scenario of IDE considered and on the phantom
or quintessence regime, i.e., IDElp, IDE1q, IDE2p, and
IDE2q, respectively.

To derive the constraints on the cosmological parameters
we shall use a modified version with models IDE1 and
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TABLE I. The table shows the flat priors imposed on various
free parameters of the cosmological scenarios to be discussed in
this work.

Parameter Prior Prior
Q,h? [0.005, 0.1] [0.005, 0.1]
Q. h? [0.01, 0.99] [0.01, 0.99]
T [0.01, 0.8] [0.01, 0.8]
ng [0.5, 1.5] [0.5, 1.5]
log[IOIOAS] (2.4, 4] (2.4, 4]
1000y, [0.5, 10] [0.5, 10]
Wy (-3, -1] [-1.0]
o [-1,0] [0, 1]
fu [_1’0] [0, 1]
M, [0, 1] [0, 1]
Negr [0.05, 10] [0.05, 10]

IDE2 implemented from the publicly available Markov
chain Monte Carlo code CosmoMC [74,75] package. This
version supports the new 2018 Planck likelihood [69] and
uses a convergence diagnostic following the Gelman-Rubin
criteria [76].

IV. RESULTS
A. IDE1

In the following we shall show the results obtained for
the IDE1 scenario presented in Eq. (4), both in the phantom
and in the quintessence regimes, and with and without
varying the neutrino sector.

1. IDEIp

The results for the IDEI model in the phantom regime,
ie., with w, < -1, £ <0 and &, <0, are reported in
Table II and Fig. 1.

TABLE II.
measurements of H, from R19.

For an interacting dark energy with a phantomlike
equation of state, the cold dark matter (CDM) energy
density Q.h?> is larger than in the ACDM model,
provided the energy transfer is from the DE to the
DM sector [65,77]. Furthermore, due to the strong
degeneracy between w, and H,, see Fig. 1, the
Hubble constant is almost unconstrained for CMB only
data. The well-known H|, tension is strongly alleviated
within this model. While &, has only a lower limit for all
the combinations of data considered here, being therefore
consistent with a vanishing interaction at present, we find
£, different from zero at 1 standard deviation for the
CMB only (£, = —0.077700% at 68% CL) and for the
CMB +R19 (&, = —0.0771005; at 68% CL) cases. A
very interesting feature of this model is the strong
evidence for a phantomlike equation of state w, < —1
for all the data combinations, with a statistical signifi-
cance increasing from 1o for the CMB only case
(w, =—-1.8070% at 68% CL) to about 25 for
CMB + BAO. Finally, the Sg parameter moves towards
lower values for the CMB only case, enough to bring it
in agreement with the cosmic shear experiments DES
[78,79], KiDS-450 [80-82], CFHTLenS [83-85], or the
combination of KiDS+VIKING-450 and DES-Y1 [86],
ie., Sg =0.789 £ 0.037 at 68% CL. However, when the
BAO or the R19 priors are added to the CMB, the Sg
values are increased, restoring the tension at more than 3
standard deviations.

Finally, in Table X, we show the y* values for this
model, as well as other models considered in this work,
for all the observational datasets employed here. In the
same Table X, we have also shown the )(2 values for the
noninteracting scenario wCDM model as the reference
model. From Table X we can see that the y? values
obtained for this scenario (i.e., IDE1p) are improved with

95% CL constraints on the interacting scenario IDE1p using CMB from Planck 2018, BAO, and local

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q. 0.1482501 0.141556,3 0.147-9014
Q,h? 0.02246 55005 0.02246 550030 0.02244 109555
1006y,¢ 10395700012 10398900023 103960301
v 0.0531001¢ 0.055%0013 0.05315015
n, 0.967 100088 09678100087 0.9668 00087
In(101°4,) 303910031 304310032 3.04010031
W, > 253 —1.21402 —1.50+030
& > —0.061 > —0.084 > —0.071
&, > —0.16 > —0.091 > —0.15
Qo 0.27+013 0.3414993% 0.3105036
o 0.85+014 0.761+00¢] 0.800%503
Holkm/s/Mpc] > 63.9 69.4134 74.0137

Sg 0.78910:9¢7 0.81070933 0.812700%7
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B IDE1lp: Planck 2018
I IDElp: Planck 2018+BAO
Il IDE1lp: Planck 2018+R19
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One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting

scenario IDEIp for the cosmological dataset combinations considered in this study.

respect to the wCDM model of about 2 (for Planck
2018 +BAO) and 4.5 (Planck 2018 4+ R19), even if in
our case we have two more degrees of freedom compared
to the wCDM model.

2. IDElp +M,, +Neff

The results for the IDE1 model in the phantom regime
with the addition of the neutrino parameters, i.e., M, and
N, are shown in Table III and Fig. 2.

The constraints from the previous section on the
cosmological parameters and their correlations (IDElp)
are barely affected by allowing M, and N to freely vary
simultaneously. In particular, Q h? is larger than in the
ACDM model and the Hubble constant tension with
R19 is solved within 36 even when BAO data are
included. Also in this case &, has just a lower limit
and is consistent with zero, while &, is different from
zero at 1 standard deviation for the CMB only (£, =
—0.081709%9 at 68% CL) and CMB+RI9 (&, =
—0.08710:03 at 68% CL) cases, but consistent with zero
when BAO data are included.

The indication for a phantom equation of state w, < —1
is instead present for all the dataset combinations with a

statistical significance always larger than 2 standard
deviations, even for the CMB only case. The neutrino
sector parameters M, and N are mostly uncorrelated
with the other cosmological parameters, with the excep-
tion of w, that strongly anticorrelates with the total
neutrino mass, M,. The existence of anticorrelation
between w, and M, is not new, in fact, in the usual
noninteracting w(z)CDM cosmology, this has been
already pointed out [59]; however, the interesting obser-
vation in this case that we find, even if the presence
scenario allows an interaction in the dark sector, is that
this anticorrelation does not get affected due to such
interaction. The preference for w, < —1 is therefore the
reason for the much weaker upper limits on M, with
respect to the same combinations of data within a ACDM
model [59]. The most stringent limit we find on the sum of
the neutrino masses is when adding BAO data to the
CMB, i.e., M, <0.162 eV at 95% CL.

Regarding the constraints on the effective number of
relativistic degrees of freedom N, these are completely
unaffected by the inclusion of the interaction &(a): in this
scenario N is always consistent with its expected value of
3.045 [87,88].
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TABLE III.  95% CL constraints on the interacting scenario IDElp + M, + N using CMB from Planck 2018,
BAO, and local measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q. 0.147:0018 0.140:0017 0.1467001
Q,n 0.0223500000 0.022430 00040 0.02234-000047
1006, 1.03960.0013 1.040010:0012 1.03967 00013
T 0.05379012 0.0551901% 0.053739016
n, 0.96310918 0.966-091% 0.96310918
In(10'04;) 3.0361 098 3.0417097 3.036109%!
W, —1.887108 -1.21192 -1.631037
& > —0.067 > —0.083 > —0.066
&, > —0.16 > —0.090 > —0.17
Qo 0.27591} 0.34170041 03117003
o3 0.847013 0.76200%) 0.791°50%%
Ho[km/s/Mpc] g1+18 69.213% 74.0133
M, [eV] <0.438 < 0.162 < 0.437
Nt 2.96-040 3.012049 2.9619%
Qn’ < 0.0047 < 0.0017 < 0.0046
S 0.78170071 0.811200%7 0.803504¢

In Table X we can see that the y> values for this scenario 2018 + R19. We note that the model IDElp + M, +
(i.e., IDElp + M, + N;) are always below compared to Ny has two more degrees of freedom compared to the
the wCDM + M, 4+ N model, up to 4.2 for Planck  wCDM + M, + N model.

I IDElp+M,+Ny: Planck 2018
I IDElp+M,+Ny: Planck 2018+BAO
I IDElp+M,+N.: Planck 2018+R19

o ey '\,

“a=

60 T
. R L RS S B .
-2.4-2.0-1.6 -0.10 -0.05 -0.2 -0.1 02 04 06 08 24 28 32 36 0.2 0.3 04 05 060.70.8091.0 60 90
Wy o & M, Negt Qmo o Hy

FIG. 2. One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting
scenario IDElp + M, + N for the cosmological dataset combinations considered in this study.
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TABLE IV. 95% CL constraints on the interacting scenario IDE1q using CMB from Planck 2018, BAO, and local
measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q.h? <0.109 0.077-9.943 < 0.075
Q,h? 0.022327 000031 0.022337 000020 0022347000020
1000y, 1045039045 1043610004 104680004
v 0054301 0055143t 0054301
g 0.964110:0065 0.9647 1005 0.9645 00080
In(10'°4;) 3.04610 041 3.0461005 3.0455005
W, < —-0.77 < =0.77 < —-0.89
& <0.25 <0.22 0.197919
&, < 0.046 <0.043 < 0.054
Qo 0.17%013 0.22103 0.106% 077
oy 17539 12554 22112
Ho[km/s/Mpc] 70.2:87 68.4121 73.6133
Sg 106504} 0.95503 1195948

3. IDEIq smaller than in a ACDM model: indeed, only an upper limit

for this cosmological parameter is found [65,77,89]. The
most interesting feature of this IDE1q scenario is that, even
if the well-known anticorrelation between w, and H, is
present, see Fig. 3, the positive correlation between &, and

The results for the IDE1 model in the quintessence
regime, Eq. (8), are reported in Table IV and Fig. 3.

For an interacting dark energy with a quintessencelike
equation of state, the CDM energy density Q /h? is always

B IDElqg: Planck 2018
I DElqg: Planck 2018+BAO
I DElqg: Planck 2018+R19

EFENF

L L L L L L L L P L L L L I S SR L
—0.9-0.8-0.7-0.6  0.080.16 0.240.32  0.020.040.060.08 01020304 1 2 3 4 5 60 66 72 78

Wy o & Qo a8 Hy

FIG. 3. One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting
scenario IDE1q for the cosmological dataset combinations considered in this study.
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TABLE V. 95% CL constraints on the interacting scenario IDE1q + M, + N using CMB from Planck 2018,

BAO, and local measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q. h? <0.108 0.0751 0943 < 0.076
Q,h? 0.02217000046 0.02223+0.00040 0.02229"0.00041
1000, 10450700048 10439700043 104700003
T 0.0547 0018 0.05470013 0.0547 0018
0.9587001 0.960°001¢ 09630012
In(10'°A)) 3.0381 007 3.039 058 3.04310%7
w, < —0.105 < —0.781 < —0.881
£ <026 <023 0.19%515

£ <0.052 < 0.050 < 0.060
Qg 018943 0211013 0.104200%
o3 16117 12755 22114
Hylkm/s/Mpc] 68.775% 67.853% 733133
M, [eV] <0.326 <0.189 <0.221
Neg 2.897039 2.921037 2.9910:3
Qh? < 0.0034 < 0.0020 < 0.0024
Sg 1.047957 0.957932 1.1979%

H, shifts the Hubble constant towards higher values,
solving the H, tension within 1o for the CMB only case
(Ho = 70.275 km/s/Mpc at 68% CL).

Contrarily to the IDE1p case, in this IDE1q scenario the
value of &,, i.e., the interaction today, is found to be
different from zero at low (high) significance for the
CMB (CMB + R19) data. While for the CMB only and
the CMB+R 19 cases only an upper limit on w, is found, an
indication at 1o for w, > —1 appears for CMB + BAO
(wy, = —0.89570%39 at 68% CL). In this scenario, the Sg
parameter moves towards larger values; however, the error
bars are very large, enabling an agreement with cosmic
shear experiments.

Finally, in Table X we can see that the y for this scenario
(i.e., IDE1q) is systematically higher than the wCDM
model; therefore, it is disfavored by the fit of the data.

4. IDE1q + M, + N

The results for the IDE1 model in the quintessence
regime extended to include the neutrino parameters are
shown in Table V and Fig. 4.

Similarly to the phantom case, both the constraints on the
cosmological parameters and the correlations presented
above are robust and are not affected by the introduction of
the neutrino parameters M, and N. ;. As in the previous
section, &, is found to be different from zero at 1 standard
deviation for the CMB only dataset (& = 0.13713%87 at
68% CL), at several standard deviations for CMB + R19,
and it has just an upper limit for the CMB + BAO case. In
this extended scenario &, is always consistent with zero, as
well as w, is consistent with —1 at 95% CL for all the data
combinations.

Also in this case the only important correlation
between the neutrino sector and the remaining cosmo-
logical parameters is the one present between M, and w,.
However, in this quintessence regime, the CMB only
upper limit on M, is stronger than the one found in
the phantom regime (see Ref. [59]), and including the
R19 prior this upper bound becomes even stronger
(M, <0.221 eV at 95% CL). We note here that similar
to the w(z)CDM case explored in [59] the anticorrelation
between M, and w, remains unaltered in the presence of
the interaction between these dark sectors. This is an
important point which clarifies that the anticorrelation
between M, and w, seems to be independent of the
coupling in the dark sector. The most stringent limit in
this case we find on the sum of the neutrino masses is
when adding BAO data to the CMB, i.e., M, < 0.189 eV
at 95% CL.

Finally, in this extended scenario (as in the phantom
one), the constraints on the effective number of relativistic
degrees of freedom N are completely consistent with its
canonical value N = 3.045 for all the data combinations.

In Table X we can see that the y? values for this scenario
(i.e., IDElq+ M, + N.) are always larger than the
wCDM + M, + N model. Therefore, this case is also
disfavored by the data.

B. IDE2

In the following we shall show the bounds on the
cosmological parameters obtained for the IDE2 scenario,
see Eq. (5), both in the phantom and in the quintessence
regimes, and with and without varying the neutrino
sector.
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I IDElg+M,+ Ny Planck 2018
I IDE1qg+M,+ N Planck 2018+BAO
I IDE1g+M,+ Ng: Planck 2018+R19

.
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FIG. 4. One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting
scenario IDE1q 4+ M, + N for the cosmological dataset combinations considered in this study.

1. IDE2p

The results for the IDE2 model in the phantom regime
are reported in Table VI and Fig. 5.

In the IDE2 model, the interaction rate depends on
both the cold dark matter density and the dark energy
density. For this reason the flux of energy in the dark

TABLE VI.  95% CL constraints on the interacting scenario IDE2p using CMB from Planck 2018, BAO, and local
measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q. 0.12031 05028 0.1206+.5024 0.1208+0.992
Q,h? 0.022350 0005 0.022319 5000 0.0223119 500%
1000yc 1.04088 000063 1.0408670 %0000 1.0408370 00061
T 0.0557 0018 0.0557001¢ 0.0557 0016
0.9639 %) 0g 0.9629 %0007 0.9627 5085
In(10'04,) 3.0461 0932 3.0481 0932 3.0475905¢
w, —1.6710% > —1.173 ~1.25%340
& > —0.65 > —0.41 > —0.49

¢, unconstrained > —0.72 > —0.85
Q.0 0.1867 0084 0.298 7002 0.2607 002
oy 0937512 0.797 10048 08341555
Ho[km/s/Mpc] > 73 69.4729 74.413%

S 0.72510%) 0.7957 0% 0.776*0052
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B IDE2p: Planck 2018
I [DE2p: Planck 2018+BAO
I [DE2p: Planck 2018+R19
s
<
g’ 0.9
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FIG. 5.

One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting

scenario IDE2p for the cosmological dataset combinations considered in this study.

sector, from DE to DM and vice versa, can change with
time. In this scenario, the bound on the cold dark matter
energy density Q.h* is in perfect agreement with that
obtained within a ACDM model, as we can notice from
Table VI. The well-known negative correlation present
between w, and H, when w, is in the phantom regime
(see Fig. 5) shifts the Hubble constant towards much
larger values. The H,, tension is then reduced within 3
standard deviations for all the combinations of datasets
considered in this work.

Both the interaction parameters &, and £, have only a
lower limit for all the dataset combinations at 68% CL and
are consistent with zero, i.e., consistent with a model
without interaction, as we notice from Table VI. Strong
evidence for a phantom equation of state w, < —1 is
present at more than 26 for the CMB only case and at
many standard deviations for the CMB + R19 combina-
tion. However, this is not the case for CMB + BAO data. In
this scenario IDE2p, the Sg value shifts down enough to
solve the tension with the cosmic shear experiments for all
the data combinations considered here.

Finally, for this IDE2p scenario, we have that the y?
values are systematically higher than the wCDM model, as

we can see in Table X, showing that this is disfavored by
the fit of the data.

2. IDE2p + M, + N g

The results for the IDE2 model within the phantom
regime with the addition of the neutrino parameters, i.e., M,
and N, are shown in Table VII and Fig. 6.

As in the IDE1 model, the results from the previous
section are not modified significantly with the introduc-
tion of M, and N as extra parameters. Indeed, in this
scenario the bound on QA is really robust, shifted only
1 standard deviation towards lower values with respect to
the case in which the neutrino parameters are fixed, but
still in agreement with what is obtained in a ACDM
model; see, e.g., Tables VI and VII. Also, here the
Hubble constant is almost unconstrained when the CMB
data only is considered, due to the negative correlation
with w,; see Fig. 6. For the very same reason, the H,
tension is reduced within 2.5¢ even after including BAO
data in the analysis.

The neutrino sector parameters M, and N. do not
show any strong correlation with the other cosmological
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TABLE VII. 95% CL constraints on the interacting scenario IDE2p + M, 4+ N using CMB from Planck 2018,
BAO, and local measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 4 R19
Q.n? 0.11761 0505 0.11797 99059 0.11761000%9
Q, 0.0221510 5004 0.02217 550010 0.02210 55004
1000,¢ 104117155082 1041181050087 1041191055087
: 0.05410010 005510918 0.053%5013
n, 0.9567001¢ 095610012 0.9542501¢
In(10194,) 3.0360038 3.039+00% 3.0361 0050
W, ~1.76+00 > —1.22 -1.337028
& > —0.70 > —0.43 > —0.52

¢, unconstrained > —0.77 unconstrained
Quo 0.185100% 0299002, 0.2560023
oy 0.921043 0.791503 082525065
Hylkm/s/Mpc] > 171 68.7437 74.213]
M, [eV] < 0.365 <0.181 <0.339
Negr 2.84703/ 2.86103 2.82%)3%
Qn? < 0.0038 < 0.0019 < 0.0035
S 0.71470083 0.789-00%8 0.762%5 060

independent of the coupling in the dark sector. The
preference for w, < —1 is the reason for the softening of
the M, upper limit. The most stringent bound we find on

parameters, with the exception of w,, which is anticorre-
lated with the total neutrino mass M,. As already
pointed out, this anticorrelation between w, and M, is

I IDE2p+M,+Ny: Planck 2018
Il IDE2p+M,+Ny: Planck 2018+BAO
I |IDE2p+M,+ Ny Planck 2018+R19

W

A -
N o
60
P R SR S S S .
-2.8-2.4-2.0-1.6 -0.8-0.6-0.4-0.2 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 2.4 2.7 3.0 3.3 0.120.180.240.300.36 0.7 0.8 0.9 1.0 1.1 60 80 100
Wy o &a M, Nege Qmo oy Hy

FIG. 6. One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting
scenario IDE2p + M, + N for the cosmological dataset combinations considered in this study.
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TABLE VIII.

local measurements of H, from R19.

95% CL constraints on the interacting scenario IDE2q using CMB from Planck 2018, BAO, and

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q.h? 0.120015:005 0.1188-09022 0.117579.3925
Q,h? 0.02238+0:90030 0.02246+0:50028 0.02258 590022
1000,¢ 1.04094 1055089 1.04108 0002 1.0412410550%0
c 0.053 0010 0.05420013 0.057105;
ng 0.9659 00087 0.9689* .37 0.97201 03083
In(1094,) 3.042:0033 3.0421003 3.04310033
Wy < -0.79 < -0.925 < -0.975
& < 0.159 < 0.195 < 0.224

&, <0.36 <0.37 <0.44
Q0 0.337-908 0.3167017 0.30270012
oy 0.8070042 0.8207093¢ 0.827:5031"
Ho[km/s/Mpc] 65.2133 67.141°2 68.3113

S 0.855+0038 0.84110036 0.830%5030

the sum of the neutrino masses is when adding BAO data
to the CMB, i.e., M, < 0.181 eV at 95% CL. The mean
values of the effective number of relativistic degrees of
freedom N,z are lower than in a model without

interaction &(a), even if it is always highly consistent
with its expected value Nz = 3.045.

In Table X we can see that the y* value for Planck 2018
data for this scenario (i.e., IDE2p + M, + Ng) is larger

B IDE2q: Planck 2018
I IDE2q: Planck 2018+BAO
Bl IDE2q: Planck 2018+R19

B R

N

o W
4

N

>

Om
7

N

.

| 4

L L L
-0.80 -0.64 0.1 0.2 0.3 0.4
Wy f() é‘a

FIG. 7.

L L L L T T S S L L L L
0.2 0.4 0.6 0.8 0.280.320.360.400.44 0.70 0.75 0.80 0.85

56 60 64 68
Qo g Hy

One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting

scenario IDE2q for the cosmological dataset combinations considered in this study.
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FIG. 8.

TABLE IX. 95% CL constraints on the interacting scenario IDE2q 4+ M, + N using CMB from Planck 2018,

BAO, and local measurements of H, from R19.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
Q. 0.11879.0060 0.1190 0060 0.1237+00057
Q,h? 0.0222570 00040 0.022471 06003 00228400003
1000yc 1.041052500088 1.04107 5000087 1.0405700007
0.016 0.016 0.016
T o.ossj%%1158 o.ossj%%1155 0.05838%llg
s 0.961%) 015 096910015 0.985 5013
In(10'04,) 3.03710938 3.04210957 3.0601 093
Wy <-0.77 <-0915 < —0.965
& <0.17 <0.17 <023
&, <0.39 <0.39 <048
Qo 03531506 031555016 0.294 5016
oy 0.7880-066 0.822700%7 0.8527000
Ho[km/s/Mpc] 63.7:33 672134 70757
M,[eV] <041 <0.137 <0.116
Negr 2.947939 3.0610:3 34310154032
Q,h? < 0.0043 < 0.00150 <0.00129
Ss 08537003 0.842700% 0.84410 0%

Qmﬂ

N, eff

[ IDE2q+MV+Neff:
| ] IDE2q+My+Neff:
| IDE2q+Ml,+Neff:

Planck 2018
Planck 2018+BAO
Planck 2018+R19

L
..... M
..... —+—+
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I S T TR T T 1 1 1 1 1 1 1 1 1 1 1
-0.9-0.8-0.7-0.6 0.1 0.2 0.3 0.4 0.2 04 0.6 0.8 0204 06 08 2428323640 0.300.360.420.48 0.640.720.800.88 55 60 65 70
Wy ) & M, Negr Qo o3 Hy

One-dimensional marginalized posterior distributions and 68% and 95% CL two-dimensional contours for the interacting
scenario IDE2q + M, + N for the cosmological dataset combinations considered in this study.
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TABLE X. Best fit 4 for the cases analyzed here and the comparison with wCDM and wCDM + M, + N

models.

Parameters Planck 2018 Planck 2018 + BAO Planck 2018 + R19
wCDM 2767.124 2777.664 2771.262
IDElp 2767.166 2775.306 2766.776
IDElq 2775.446 2780.372 2774.392
IDE2p 2769.308 2781.104 2773.456
IDE2q 2773.834 2779.528 2790.99
wCDM + M, + N 2768.422 2779.370 2771.166
IDElp + M, + N 2766.376 2776.278 2766.948
IDEIq + M, + N 2773.570 2779.448 2774.210
IDE2p + M, + N 2769.558 2777.012 2770.830
IDE2q + M, + N 2775.076 2777.986 2782.564

than the corresponding y? value obtained for the wCDM +
M, + N model, but concerning the other two datasets,
the »? values for IDE2p + M, + N are lower than the
wCDM + M, 4+ N model. However, these lower values
are consistent with the introduction of two more degrees,
so they do not correspond to an actual improvement of the
fit. Therefore, these cases are almost equivalent.

3. IDE2q

The results for the IDE2 model in the quintessence
regime, Eq. (10), are presented in Table VIII and Fig. 7.

In the IDE2q scenario, the well-known anticorrela-
tion present between w, and H, shifts the Hubble
constant towards lower values, see Fig. 7, exacerbating
the H, tension at more than 40 with respect to previous
models.

Both the interaction parameters &, and &, are constrained
by an upper limit for all the dataset combinations and are
uncorrelated with the other cosmological parameters, as
can be noticed from Fig. 7. Only an upper limit is present
also for the equation of state in the quintessence regime
w, > —1, and the Sg tension with the cosmic shear experi-
ments is restored.

Finally, even this IDE2q scenario is disfavored by the fit
of the data as showed in Table X.

4. IDE2q +M,,+Neff

The results for the IDE2 model in the quintessence
regime with M, plus N as additional parameters are
shown in Table IX and Fig. 8. However, for this model
IDE2q, the neutrino parameters M, and N.; are corre-
lated with other cosmological parameters. In particular,
we notice an important correlation with the Hubble
constant H. This degeneracy is responsible, when the
R19 prior is included in the data, i.e., for the combination
CMB + R19, for the shift of N towards higher values.
The value N = 3.431“8"112 at 68% CL deviates from the
canonical expectation more than 2 standard deviations.
In this IDE2q scenario we obtain our strongest limit on

the M,, M, <0.116 eV at 95% CL, as expected in
quintessential noninteracting scenarios [59] where an
antifcorrelation between w, and M, exists similar to this
coupled case.

In Table X we can see that the y? values for IDE2q +
M, + N are larger than the y? values obtained in the
wCDM + M, + N model for Planck 2018 alone and
Planck 2018 + R19, but lower for Planck 2018 4+ BAO.
However, this improvement quantified through Ay? ~ 2 is
consistent with the fact that in the interacting scenario we
have two extra degrees of freedom, so it does not
correspond to an actual improvement of the fit.

V. SUMMARY AND CONCLUSIONS

In this manuscript we further investigate the presence of
an exchange rate Q between DM and DE allowing for a
time-dependent coupling [55]. We add new ingredients in
the models, such as (i) freely varying neutrino parameters
and (ii) a DE with a constant, freely varying equation of
state, rather than vacuum dark energy. We restrict ourselves
to the natural form of the coupling parameter £(a) = &, +
(1 —a)é, and consider two interacting models, namely,
IDE1 (Q =3H[& +&,(1 —a)lpy) and IDE2 (Q =
3H[E + £,(1 —a)] L) In order to avoid instabilities

in the perturbation evolution, we consider the regions
A)w, <-1,&£<0,¢&,<0, and B) w, > -1, & >0,
£, > 0, and investigate the interacting scenarios with and
without the presence of neutrinos. The scenario with
phantom DE equation of state (w, < —1) is labeled as
IDEp and the scenario where DE has a quintessencelike
equation of state (w, > —1) is labeled as IDEq. Let us
summarize the main observational results that we find for
all these scenarios:

(i) IDEI: We have explored this interaction model for
both regimes, namely, w, < — and w, > —1 with
and without the presence of neutrinos. We have
therefore investigated four different scenarios:
IDElp, IDElp + M, + N, IDE1q, and IDE1q +
M vt N, eff -
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We find that for both IDElp and IDElp +
M, + N, Q.h? is larger than within the ACDM
cosmology and w, prefers a phantom nature with high
significance. The parameter &, determining the cur-
rent value of the DM-DE interaction is consistent
with a null value, while &, prefers a value different
from zero (albeit only mildly). We also notice that
within these two phantom frameworks, the tension on
H, is alleviated satisfactorily for all the data combi-
nations considered here (CMB, CMB + BAO, and
CMB + R19). Concerning the Sg parameter, its

tension is significantly reduced only for the case of

CMB data alone. The inclusion of M, and N to
IDE1p does not change the constraints on other
parameters. The most stringent bound on M, is
obtained for the CMB + BAO case and is M, <
0.162 eV at 95% CL.

As regards the remaining two scenarios IDE1q and
IDE1q + M, + N, similarly to the phantom case,
the inclusion of the neutrinos does not affect the
constraints on the remaining cosmological parame-
ters. The tightest bound on M, appears for the CMB +
BAO case (M, < 0.189 eV at 95% CL) which is
slightly larger than the one obtained within the
ACDM framework for the same data combination.
Contrarily to the previous two cases, the value of Q4>
is much smaller. The parameter &, is found to be
nonzero for all the cases. However, &, is consistent
with zero for all the datasets exploited in this work.
The H, tension is solved for the CMB case
(Hy = 70273 km/s/Mpc)and due to the very large
error bars on the Sg parameter, the Sg tension is mildly
alleviated.

(i) IDE2: Using the very same observational data then
for IDE1, we have investigated four scenarios,
namely, IDE2p, IDE2p + M, + N, IDE2q, and
IDEZq + My + Neff‘

The scenario IDE2p is very interesting because
both the H, and Sg tensions are alleviated for all
the data combinations used in this analysis. The
dark energy equation of state shows a strong
preference for a phantom nature. When neutrinos
are considered into this picture (IDE2p + M, +
Ngr) no significant changes are obtained, apart from

the large anticorrelation between w, and M,. The
DE equation of state still prefers w, < —1 with high
significance. Finally, for both IDE2p and IDE2p +
M, + N models we find that &, and &, are
consistent with zero, leading to a negligible prefer-
ence for an interacting scenario.

The scenario IDE2q is quite different from the
previous cases. Within this interaction scheme we
find that none of the tensions (H, Sg) are alleviated.
We do not find any evidence for an interaction among
the dark sectors, since both the parameters &, and &,,
quantifying the interaction, are consistent with zero.
An interesting outcome of this scenario is that it
provides the most stringent bound on M, found in
this study (M, < 0.116 eV at 95% CL), which is
obtained for the combination of CMB + R19.

Finally, to conclude, the bounds on the effective number
of neutrino species N as we see in almost all of the
scenarios above are extremely robust and consistent with
the standard value of N.; = 3.046 and are, therefore,
completely unaffected by the dynamics of the dark sectors.
However, the H, tension scenario, which for some cases in
this work is alleviated, needs further investigation in light
of other cosmological datasets. The excess of lensing in the
CMB damping tail (see for instance [90]) might be an
appealing investigation in this context.
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