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In this paper we explore possible extensions of interacting dark energy cosmologies, where dark energy
and dark matter interact nongravitationally with one another. In particular, we focus on the neutrino sector,
analyzing the effect of both neutrino masses and the effective number of neutrino species. We consider the
Planck 2018 legacy release data combined with several other cosmological probes, finding no evidence for
new physics in the dark radiation sector. The current neutrino constraints from cosmology should therefore
be regarded as robust, as they are not strongly dependent on the dark sector physics, once all the available
observations are combined. Namely, we find a total neutrino mass M, < 0.15 eV and a number of effective

+0.33

relativistic degrees of freedom N = 3.037y33, both at 95% C.L., which are close to those obtained within
the ACDM cosmology, M, < 0.12 eV and N4 = 3.00f8_‘§’56, for the same data combination.
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I. INTRODUCTION

An overwhelming number of observations confirm that
our Universe is undergoing a phase of accelerated expan-
sion. Within the context of general relativity, this effect can
be described by adding a dark energy (DE) component,
characterized by a negative pressure. According to the
observational evidence, nearly 68% of the total energy
budget of the Universe consists of such a dark energy fluid.
Observations further predict that around 28% of the total
energy budget of the Universe corresponds to nonluminous
dark matter (DM) [1-3]. Observations from different astro-
nomical sources seem to point to a DE component that is
very similar to a cosmological constant, and to a pressureless
DM component, also known as cold dark matter (CDM).
These two components are the basic ingredients of the so-
called ACDM cosmology. However, given the fact that
(a) the precise nature of the DE and DM fluids remains
unknown, despite the large number of devoted measure-
ments to unravel the underlying physics [4-8], and (b) due to
a number of persisting tensions within the minimal ACDM
scheme, there is still plenty of room for other possible
scenarios with nonminimal dark sector physics. In this
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regard, we shall consider here interacting dark sector
cosmologies, in which the DE and the DM components
interact nongravitationally [9—45]. Indeed, the dynamics of
such a universe could have been present since early times,
modifying other dark sector physics, such as that of dark
radiation, i.e., that of the neutrinos. Therefore, the question
we would like to address here is the following: are
cosmological limits on the standard physics of dark radiation
strongly dependent on the dark sector model?

In order to investigate this issue we use a set of
observational data from various important cosmological
sources. This set includes the cosmic microwave back-
ground radiation, baryon acoustic oscillation distance mea-
surements, local measurements of the Hubble constant from
the Hubble Space Telescope, the Pantheon sample of type la
supernovae, and finally the Hubble parameter measurements
at different redshifts from cosmic chronometers.

The structure of the paper is as follows. Section II
introduces the cosmological model explored here, while
Sec. III describes the methodology and measurements
exploited in our data analyses. Section IV presents our
results, and we conclude the paper in Sec. V.

II. INTERACTING DARK UNIVERSE

We consider an interacting dark sector scenario between
cold DM and DE in a homogeneous and isotropic flat
universe where the gravitational sector is described by
Einstein’s general relativity. The conservation of the

© 2020 American Physical Society
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energy-momentum tensor for cold DM and DE leads to the
coupled equations

pe + 3Hp, = -0, (1)
/)x + 3H(1 + Wx).ox =0, (2)

where we have explicitly used the DE state parameter w, =
P/ py (here p, is the pressure of the DE fluid and p, is its
energy density), while for DM we used its pressure p,. (which
for a CDM component is 0) and energy density p,.. Note that
here H denotes the Hubble rate of the prescribed homo-
geneous and isotropic universe, i.e., a Friedmann-Lemaitre-
Robertson-Walker universe. In Eq. (1) we have introduced
the quantity Q, which is known as the interaction rate between
the dark sectors. While the exact form of the interaction rate is
not known, possible phenomenological descriptions at the
classical and quantum levels have been developed in the
literature (see Ref. [46] for a comprehensive review) in an
attempt to recover some different interaction models from
scalar field theories; see, e.g., the recent Ref. [47], or for other
cosmological contexts see, e.g., Ref. [48]. In the present
work, we restrict ourselves to the most well-known para-
metric form of the coupling function Q:

Q = 3H¢p,, (3)

where & is the coupling parameter that characterizes
the strength of the coupling. For convenience, the
condition & < 0 corresponds to energy flow from DE
to DM, and & > O represents the opposite case. We refer
to Refs. [27,31,34,40,41] for details concerning the linear
perturbation theory within these coupled cosmologies.

ITII. OBSERVATIONAL DATA AND
METHODOLOGY

We now briefly describe the observational data sets that

we use in the present work.

(1) Cosmic microwave background (CMB): We make
use of the latest CMB measurements from the final
2018 Planck legacy release [1-3].

(2) Baryon acoustic oscillations (BAO): A number of
BAO constraints from different astronomical mis-
sions are exploited, namely, those from the 6dFGS
[49], SDSS-MGS [50], and BOSS DR12 [51] sur-
veys, as considered by the Planck Collaboration [2].

(3) R19: We adopt the latest measurement of the Hubble
constant obtained by a reanalysis of the Hubble Space
Telescope data using Cepheids as calibrators, i.e.,
Hy = 74.03 + 1.42 km/s/Mpc at 68% C.L. [52].

(4) Pantheon: We analyze the luminosity distance data
of type la supernovae from the Pantheon catalog
[53], including 1048 data points in the redshift
region z € [0.01,2.3].

(5) Cosmic chronometers (CC): Thirty measurements of
the Hubble parameter at different redshifts extracted

from cosmic chronometers in the redshift range
0 <z<2 (as tabulated in Ref. [54]) are also
considered in our data analyses.

We consider a fiducial cosmology described by eight
cosmological parameters: six from the standard ACDM
model (the baryon and cold dark matter energy densities
Quh? and Q_ h?, the ratio between the sound horizon and
angular diameter distance at decoupling 1000, the
reionization optical depth 7, and the spectral index and
amplitude of the scalar primordial power spectrum n, and
Ajy), and two that account for the dark sector physics (the
dark energy equation of state w, and the strength of the
coupling &). Therefore, the interacting dark energy (IDE)
scenario is described by

P = {Q,h2 Q.h?, 1000y¢. 7. n,, log[101°A ], £, w, . (4)

We consider ¢ < 0 in the phantom scenario (w, < —1)
and ¢ > 0 in the quintessence regime (w, > —1) to avoid
early-time instabilities [13,14]; see Table I for the priors on
all of the parameters. It is important to mention that the
division of the parameter space into (£ <0, w, < —1) or
(& > 0,w, > —1) is motivated by the doom factor analysis
[14]. Following the notation of Refs. [26,27,40], the doom
factor d is defined as d = —Q[3H(1 +w,)p,]”!. The
interacting model becomes stable for d < 0, which for
the present model Q = 3H&p, requires either £ < 0, w, <
—loré > 0,w, > —1. Hence, as we can see this division is
necessary to maintain the early-time instability in the
perturbation evolution of the scalar modes of the dark
species (DM and DE). In this paper, we refer to the scenario
with a phantom-like DE equation of state (w, < —1) as
IDEp, and the IDE scenario with a quintessence-like DE
equation of state (w, > —1) as IDEq.

Then, we allow for freedom in the dark radiation sector
by enlarging the fiducial cosmological scenario with the
sum of the neutrino masses M, (IDE + M),

P = {Q,h2, Q.h?, 1000yc. 7. n,, log[10°A ], &, w.. M, },
(5)

TABLE L. List of the flat priors on the cosmological parameters
assumed in this work.

Parameter Prior phantom Prior quintessence
Quh? [0.013, 0.033] [0.013, 0.033]
Q.h? [0.001, 0.99] [0.001, 0.99]
1000y,¢ [0.5, 10] [0.5, 10]

T [0.01, 0.8] [0.01, 0.8]
ng [0.7, 1.3] [0.7, 1.3]
log[10'°A,] [1.7, 5.0] [1.7, 5.0]
Wy =3, 1] [=1.0]

¢ [-1.0] (0, 1]
M, [0, 1] [0, 1]
Negr [0.05, 10] [0.05, 10]
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or with extra-relativistic at recombination

(IDE + Negr),

species

P = {Q,h%, Q% 1000)c. 7. n,, 10g[10'0A], &, w,, Negr
(6)

Finally, we also the full scenario

IDE + MD + Neff:

analyze

P = {Q,h2, Q.h%, 1000, 7. n,. log[10°A ],

g’mewNeff}- (7)

For numerical purposes, we make use of the latest version
of the publicly available Markov chain Monte Carlo code
COSMOMC [55,56] package which supports the new 2018
Planck likelihood [1] and has been modified to include IDE
scenarios. The convergence diagnostic follows the Gelman-
Rubin criteria [57].

IV. RESULTS

Throughout this section we present the results obtained
within the different IDE scenarios.

A. IDE with w, < -1

Here we start by analyzing the constraints obtained under
the assumption of a phantom-like dark energy equation of
state w, < —1.

1. IDE

The results for our baseline IDE scenario, based on eight
parameters, with a dark energy equation of state w, < —1
are shown in Table II and Fig. 1.

Notice that, regardless of the data set combination, the
CDM energy density Q_A? is larger than that in the ACDM

TABLEIL. 95% C.L. constraints within the minimal IDE model

model. This is mainly due to the energy flow between the
dark sectors which, for this phantom case with £ < 0 (i.e.,
energy flux flowing from DE to DM), results in a larger
density for cold dark matter at present; see also Ref. [58].
Also, the Hubble constant is always much larger than that in
the canonical ACDM scenario when considering CMB only,
due to the fact that in the phantom region there is a strong
degeneracy between w, and H, at the level of the CMB (see
Fig. 1). When the dark energy equation of state is allowed to
vary in the w < —1 region, H, must be larger to prevent a
shift in the CMB peaks. Notice that here there is no
preference for a nonzero dark sector coupling, and the so-
called Hubble constant tension is greatly alleviated due to
the phantom character of the DE component and not from
the presence of a coupling. From CMB measurements alone,
we find that a dark energy equation of state w, < —1 is
preferred at a significance above the 20 level and a lower
limit of £ > —0.090 at 95% C.L. The value of Sg is instead
shifted in the right direction to solve the tension between
Planck and the cosmic shear experiments DES [59,60],
KiDS-450 [61-63], or CFHTLenS [64-66], i.e., Sz =
0.756 £ 0.034 at 68% C.L. for CMB in the IDE model,
to be compared with Sg = 0.822 £ 0.015 at 68% C.L. in the
ACDM scenario for the same data set, or Sg = 0.777 70922 at
68% C.L. forawCDM cosmology. When including the BAO
data (see the third column of Table II), the six parameters of
the standard ACDM model are almost unmodified, while w,
is now perfectly consistent with a cosmological constant at
the 20 level. For CMB + BAO, H shifts back towards a
lower value (H, = 68.7"3 km/s/Mpc at 95% C.L.). The
value of the clustering parameter oy is still below those in
ACDM and wCDM, due to the correlation with & (see Fig. 1).
When considering the combination of CMB + R19 (shown
in the fourth column of Table II), we find a value for the
Hubble constant in agreement with the R19 measurement,
together with a preference at more than 3¢ for a phantom

in the phantom-like dark energy scenario (w, < —1) from several data

set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
Q.hn? 0.13470017 0.1357031 0.1341017 0.13510013 0.1357031 0.13475018
Q,n? 0.022397500050  0.0223970 0008 700002 0,02238 105505 0.022361 00000 0.0224010000as  0.02242 500058
1000),¢ 1.0402- 9001 1.0401 550010 1040250010 1040170000 10401105010 1.0402105010
T 0.0540913 0.0557018 0.05470918 0.0541001° 0.0557018 0.0555001%
ng 0.96527 00086 0.9657- 0008 0.964870008¢  0.964710005  0.9660 0 00es  0.96621 0008
In(10'04,) 3.04370:0% 3.0451 0932 3.0441 0031 3.04510933 3.04550033 3.04555033
W, —1.58704) —1.094- 3% -1.27401) —1.085700%3 —1.080 078 — 11391058
3 > —0.090 > —0.101 > —0.094 > —0.100 > —0.101 > —0.099
Qo 0.237544 0.3361 004 0.2867 0038 0.33870030 0.3391 0957 0.31870038
o3 0.891013 0.760° 0078 0.811°9072 0.7629:06¢ 0.75510:068 0.77475:066
Hylkm/s/Mpc] >68 68.7:31 74.272% 68320 6831 70357
Ss 0.7567 964 0.8021 0938 0.79010 047 0.8080 0% 0.80170:%37 0.79610.949
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68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the minimal IDE model in the

phantom-like dark energy scenario (w, < —1) from several data set combinations. Only a subset of cosmological parameters are shown.

dark energy (w, = —1.2770-7 at 99% C.L.). Adding the
Pantheon and CC measurements to the CMB (see the fifth
column of Table II) leads to constraints that are very similar
to the CMB + BAO case. The combination CMB + BAO +
Pantheon 4 CC (see the sixth column of Table II) only
diminishes the error bars when compared to the previous
case. Finally, the data combination of CMB + R19 +
Pantheon 4+ CC (see the last column of Table II) is com-
pletely driven by the discrepancies between the CMB +
Pantheon 4+ CC data combination and the R19 measure-
ments. Therefore, the Hubble constant shifts slightly
towards higher values, reducing the tension with R19 at
2.30 and leading to evidence for a phantom dark energy
component w, < —1 at a high significance.

2. IDE +M,: Nine parameters

The results for an IDE + M, scenario, based on nine
parameters, with a dark energy equation of state w, < —1
are shown in Table III and Fig. 2.

In this scenario—extended to include the total neutrino
mass M,—independently of the data combination chosen,
all of the constraints on the six cosmological parameters of
the ACDM model as well as on the dark energy equation of
state w, and all the derived parameters (H, €2,,9, og, and

Sg) are very similar to those in the minimal IDE scenario of
the previous section (see Table II). Therefore, the addition
of the total neutrino mass does not introduce new corre-
lations between the previous cosmological parameters, as
we can see in Fig. 2. The well-known correlations between
M, and the dark energy equation of state w,, the matter
density Q,,, and the clustering parameter og are present in
this model, and are especially visible for the CMB + BAO
and CMB + R19 data combinations. However, the also
very well-known degeneracy between H, and M, disap-
pears completely in this scenario. For this reason, the M,
and Q, k> upper limits are identical in the CMB and
CMB + R19 cases, instead of being improved when R19
measurements are added to CMB observations (as it
happens in the ACDM + M, model). Comparing the
constraints obtained in this extended IDE scenario with
those obtained within a ACDM scenario for the same
combination of data sets, one can notice that the upper
limits on M, are slightly relaxed in this case, because of the
phantom behavior of the dark energy equation of state and
the M, —w, correlation. Cosmological neutrino mass
bounds are softened if the dark energy equation of state
is taken as a free parameter. If w, is allowed to vary, the
matter energy density takes very high values, and this can
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TABLE III.

95% C.L. constraints within the IDE + M, model in the phantom-like dark energy scenario (w, < —1) from several data

set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
Q.hn? 0.1337501% 0.13670013 0.13570017 0.135- 9014 0.13570012 0.1347 9018
Q,h? 0.022377 5000030 0.0223870050%8  0.02236 000051 0.022357300059  0.022407 0507 0.0224310500%
1000),¢ 1040239019 1.0401 705010 1.0401 759019 1.0401 739010 10401505010 1.0402 050
T 0.0547 0018 0.0557301¢ 0.0547 9018 0.0541301¢ 0.0557301¢ 0.05519 011
s 0.9650% 0005 0965450y 09646050 0.9645T0nee 096601000 0.96637 003
In(10'°A,) 3.04310%3 3.0451 0031 3.0441093 3.04510%7 3.0455003 3.045109%
v, 160702 >~ 122 —129%0%  —1.092/5%% >-LIS 1136002
3 > —0.086 > —0.101 > —0.098 > —0.102 > —0.101 > —0.100
Qo 0.231 04 0.3373 0% 0.288700% 0.342109% 0.33970%7 0.3187005%
oy 0.887012 0.7581907¢ 0.8037507¢ 0.756- 5071 0.756 5072 0.7751957
Hylkm/s/Mpc] >68 68.8738 74.2127 68.272! 68.3112 704117
M, [eV] <0.313 <0.183 <0.313 <0.255 <0.156 <0.151
Qhn’ <0.0034 <0.0020 <0.0034 <0.0027 <0.0017 <0.0016
Sg 0.7541 306 0.80270:03 0.7857 044 0.806 047 0.8027 0038 0.7967 0012

be compensated with a larger neutrino mass. Indeed, the
authors of Ref. [67] found that a larger neutrino mass would
be allowed when a dark coupling is present. The most
stringent limit we find on the total neutrino mass is for the

—0.06

—0.12 |

T
0.6 |

0.45

2 03F

0.15

04
S 032

C: 0.24

0.16

b\

CMB + R19+Pantheon+CC data combination, M, <
0.151 eV at 95% C.L. The former bound is very similar
to the one obtained for CMB + BAO + Pantheon + CC,
M, < 0.156 eV at 95% C.L.

B IDEp+M,: Planck 2018
I IDEp+M,: Planck 2018+BAO
I IDEp+M,: Planck 2018+R19
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H,

FIG. 2. 68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the IDE + M, model in the
phantom-like dark energy scenario (w, < —1) from several data set combinations. Only a subset of cosmological parameters are shown.
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TABLEIV. 95% C.L. constraints within the IDE 4 N scheme in the phantom-like dark energy scenario (w, < —1) from several data
set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
Q.2 0.13170912 0.13370017 0.13170018 0.13470917 0.1359017 0.138-901%
Q,h? 0.02227105503  0.022307 00005 0.022261055008  0.0223210 50058 0.02238109993¢  0.022551 0 0005,
1000,,¢ 1040453901 10404505012 1.040470-9012 1.04027 09012 1040250012 1.03997 09012
T 0.05379018 0.0547901¢ 0.05375:018 0.0547901¢ 0.0557901¢ 0.0561 0012
n 0.96020017 0.962913 0.96070017 0.963+0013 0.965-0914 0.972:0013
In(10'04,) 3.0371093 3.0391093¢ 3.0361 005 3.042109% 3.04310:93¢ 3.0531093
w, 161703 >~ 1.22 SI3UOE —10o0 0 —10s2700 —112270 0
3 > —0.087 > —0.099 > —0.094 > —0.101 > —0.101 > —0.101
Qo 0.22042 0.3347004¢ 0.28170:039 0.3401°940, 0.33910:03¢ 0.321790%7
oy 0.8970-12 0.761-571 0.81470:072 0.7587 5068 0.7547 0068 0.7731957
H,ykm/s/Mpc] >67 68.4732 74.2737 68.015¢ 68.277] 70.929
Neg 2911038 2.947038 2.9010:38 2991032 3.021032 3.227931
Sg 0.7537 3068 0.80170:03¢ 0.7851 004 0.8067 0040 0.8007:037 0.798 1004
3. IDE + N¢¢: Nine parameters constraints on the cosmological parameters of the ACDM

model, with the exception of the spectral index ng, are very
similar to those obtained in previous scenarios. Due to the
well-known correlation between N and ng, we notice a

The results for an IDE + N4 scenario, based on nine
parameters, with a dark energy equation of state w, < —1 are
shown in Table IV and Fig. 3. Notice that in general the

I IDEp+N.: Planck 2018
I |IDEp+N: Planck 2018+BAO
I IDEp+N.: Planck 2018+R19

—0.06 |
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Wy 13 Negr Qo o3 H,

FIG.3. 68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the IDE + Nz model in the
phantom-like dark energy scenario (w, < —1) from several data set combinations. Only a subset of cosmological parameters are shown.
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very mild shift in the mean value of the spectral index toward
smaller values. The effective number of relativistic degrees
of freedom N4 we recover in this modified cosmological
scenario is perfectly consistent with its standard value
N = 3.046 [68,69]. Also in this scenario, the addition
of the effective number of neutrino species N as a free
parameter does not introduce a new direction of correlation
between the previous cosmological parameters; see Fig. 3.
The well-known correlation between N and the Hubble
constant H, disappears completely in this scenario, since the
dark energy equation of state is also an additional free
parameter. For this very same reason, the constraints on N
are the same for the CMB and CMB + R19 cases. When
adding Pantheon and CC data to the CMB (see the fifth
column of Table IV), the relativistic degrees of freedom shift
towards higher values (N = 2.99 £0.16 at 68% C.L.)
with respect to the CMB-only case (where N = 2.91 &+
0.019 at 68% C.L.). When we further add the R19 mea-
surements, i.e., we consider CMB + R19 + Pantheon +
CC (see the last column of Table IV), we obtain our most
stringent bound N ; = 3.22f8.'§91 at 95% C.L. associated
with the highest mean value for N .

4. IDE + M, + N Ten parameters

The results for an IDE + M, + N scenario, based on
ten parameters, with a dark energy equation of state w, <
—1 are shown in Table V and Fig. 4. In this scenario the
spectral index n, is shifted further down and we obtain an
indication that w, is a phantom at a high significance for the
CMB + R19 data set combination; see Table V.

The considerations we made in the previous cases about
the directions of the correlations between the cosmological
parameters are unaltered by the variation of M, and N at

the same time. While the constraints on the effective number
of neutrino species N for all data set combinations are
identical to the IDE + N scenario, the upper limits on the
total neutrino mass M, are mildly relaxed with respect to the
IDE + M, model. The most stringent bound on this param-
eter is now obtained for the combination CMB + BAO +
Pantheon 4+ CC (see the sixth column of Table V), and it
corresponds to M, < 0.160 eV at 95% C.L.

B. IDE with w, > -1

In the following sections we present the constraints for
the case of a quintessence-like dark energy equation of
state w, > —1.

1. IDE

The results for our baseline IDE scenario, based on eight
parameters, with a dark energy equation of state w, > —1
are shown in Table VI and Fig. 5.

Notice that the amount of cold dark matter is much lower
than that in the canonical ACDM scenario. The reason for
this is due to the energy flow from the DM to DE sector
and, consequently, the current amount of dark matter
energy density decreases as & increases; see Fig. 5 and
Refs. [58,70]. For this very same reason the CMB + R19
data combination prefers a nonzero value of the coupling &
at a very high significance.

For the CMB-only case (see the second column of
Table VI), the Hubble constant is shifted towards a higher
value, mildly alleviating the Hubble constant tension with
R19 data at 1.1¢ (mainly via the degeneracy between £ and
H,), as can be seen in Fig. 5. When including the BAO data
(see the third column of Table VI), most of the parameters

TABLE V. 95% C.L. constraints within the IDE + M, + N4 scheme in the phantom-like dark energy scenario (w, < —1) from
several data set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO,
CMB + R19, CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon 4 CC, respectively.

Parameters CMB CB CRI19 CPCC CBPCC CR19PCC
Q.h? 0.13210912 0.13470017 0.13210018 0.13559017 0.1359017 0.13979018
Q,n? 0.02223 1080090 0.02230 0 oo0as 0.02223105008 0.0223210000as  0.02237105505¢  0.022561 0 0005
1000),¢ 1040455013 1.0403 50015 1.0404-5013 1.040250013 1040250015 1.03997 013
T 0.05319918 0.05410918 0.05370017 0.05419918 0.05570012 0.0561001¢
ng 0.959- 3017 0.9627001¢ 0.959- 9017 0.9637 001 0.965- 9014 09739013
In(10'04,) 3.0361 0937 3.04070057 3.03759032 3.0437003¢ 3.0435003 3.054150%7
W, >-2.13 >-1.23 —1.3449° —1.09700% > —1.158 —1.12370653
5 > —0.093 > —0.101 > —0.097 > —0.101 > —0.101 > —0.102
Qo 0.23913 0.3362004 0.28375040 0.3421 5041 0.33970937 0.3221 9038
o3 0.87108 0.757105% 0.8057 0978 0.7551058 0.75610 00 0.772:500%3
Hykm/s/Mpc] > 65 68.473! 742733 68.0737 68.2137 70957
M,[eV] < 0.367 <0.184 <0332 < 0.263 < 0.160 <0.172
Negr 2.89103 2.94103 2.88103 3.001033 3.02593 3.227939
Qn? < 0.0037 < 0.0019 < 0.0034 < 0.0028 < 0.0017 < 0.0018
Sg 0.75110:9¢8 0.80010 937 0.77910 944 0.8057004 0.80370057 0.7987 007
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Il IDEp+M, + Ny Planck 2018
I |DEp+M, + Ny Planck 2018+BAO
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FIG. 4. 68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the IDE + M, + N
model in the phantom-like dark energy scenario (w, < —1) from several data set combinations. Only a subset of cosmological
parameters are shown.

are unmodified with respect to the CMB-only case. The  case, they are still far from those corresponding to the
tension on H, with R19 data is at the 2.9¢ level. While the =~ ACDM model, even if they are in agreement due to the very
values of og and Sg go down with respect to the CMB-only  large error bars.

TABLE VI. 95% C.L. constraints within the IDE model in the quintessence-like dark energy scenario (w, > —1) from several data set
combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
Q.h? <0.115 0.0767 004 <0.055 0.0757 304 0.077-304 0.057-5:049
Q, h? 0.022367 0000 0.022397 000020 0.02238 000050 0.02236 00000 0.02239F 095058 0.0224170000%
1000,,¢ 1.04481 03059 1043870003 1.0476-5:00%7 1043870004 1043750004 1.04507 5904
T 0.0547001¢ 0.05591! 0.05479013 0.0547001° 0.05591% 0.0557901¢
n, 0.96501 0508+ 0.9658700082 0.96590.5080 0.964870.0082 0.9660730078 0.9661+0:5083
In(10'0A,) 3.0457 003! 3.0451093 3.0441093! 3.04510932 3.045700% 3.0451003
w, <=0.77 <—0.80 < —0.904 <=0.79 <=0.79 <—0.834

£ <0.27 <0.24 0.231+9960 <0.25 <0.24 0.1621;
Qo 018/ 02141 0,089 021741 022739 01679
oy 1.617) 1349 2.6014% 13552 1.245% 16533
Hy[km/s/Mpc] 69.3102 68.4131 73.3133 68.211 68.371¢ 70.2144

Sg 1.077932 0.97103 1.32193) 0.98793% 0.971933 1.067052
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68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the IDE model in the

quintessence-like dark energy scenario (w, > —1) from several data set combinations. Only a subset of cosmological parameters are shown.

When considering the CMB + R19 combination (see
the fourth column of Table VI), the Hubble constant value
moves in agreement with the R19 measurement within 1o,
leading to a stronger upper limit on the dark energy
equation of state w, and pushing the value towards the
cosmological constant case. In particular, we have w <
—0.904 at 95% C.L. for CMB + R19. As previously
stated, we find a mean value of the coupling ¢ that is
different from zero at many standard deviations, due to the
flux of energy from the DM to DE sector. Both og and Sg
move towards extremely high values with very large error
bars, increasing the tension between Planck and the
cosmic shear data. The addition of Pantheon and CC
to CMB measurements (fifth column of Table VI) leads
to a Hubble constant disagreement with R19 data at the
30 level. The data set combination CMB + R19+
Pantheon 4+ CC provides constraints that lie between the
CMB + Pantheon + CC and CMB + R19 cases, slightly
shifting the Hubble constant towards higher values (and
therefore reducing the tension with R19 data down to the
2.40 level) and setting limits on the coupling & that are
different from zero at a high significance.

2. IDE + M, : Nine parameters

The results for an IDE + M, scenario, based on nine
parameters, with a dark energy equation of state w, > —1
are shown in Table VII and Fig. 6. The addition of a varying
neutrino mass does not change the directions of the
correlations between the cosmological parameters we have
without M,, as can be seen in Fig. 6. The well-known
correlation between M, and the dark energy equation of
state w, is present also in this model, while the negative
degeneracy present between H, and M, is completely
absent in this scenario with w, > —1. With respect to the
phantom regime, a very mild correlation between M, and &
appears, especially in the case of the CMB + R19 data set
combination, as we can see in Fig. 6. For this reason, the
M, and Q,h*> upper limits improve in the CMB + R19
case, contrary to what happens when w, < —1 (see
Table III). Similarly to the phantom model case, the M,
upper limits are relaxed, and the most stringent limit we
find on the total neutrino mass is for the CMB +
Pantheon - CC and CMB + R19+Pantheon+CC data
combinations, for which M, < 0.152 eV at 95% C.L.
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TABLE VII.  95% C.L. constraints within the IDE + M, model in the quintessence-like dark energy scenario (w, > —1) from several
data set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
Q.h? <0.116 0.073105%8 <0.056 0.074199%8 0.0761 0% 0.05910 0!
Q,h? 0.02233700003  0.022387 005038 0.02238 1000050 0.022347300039  0.02239F 09508 0.02242705002
1000),¢ 10448700047 1043970004 1.0476- 30027 1.04387 00053 1043750508 1044910558
T 0.0547 0018 0.05579017 0.0547 9018 0.05413016 0.0557301¢ 0.0557 9018
s 0.9644 00000 0966075005 09657 nngs  0.9646%0005  0.9660%0000  0.9665 50055
In(10'°4,) 3.04510932 3.0457 0033 3.04410:033 3.0451 0932 3.0457 0033 3.04510033
Wi <-0.76 <-0.79 <—0.905 <-0.80 <-0.79 <-0.835
£ <0.28 <0.25 0.23470:0¢7 <0.26 <0.24 0.1587014
Qo 0.19%013 .15 0217013 0.089% 0083 021113 0213 0.17251%
og 1617 1.3%)3 2.6718 1.3} 127 15704
Hylkm/s/Mpc] 68.8166 68.515% 73.37%2 68.1721 68.31]¢ 70.21}7
M, <0318 <0.173 <0.203 <0.263 <0.152 <0.152
Q,n? <0.0034 <0.0019 <0.0022 <0.0028 <0.0016 <0.0016
Sg 1.08703] 0.9910:39 1337932 0.981057 0.977934 1057952
3. IDE + N¢¢: Nine parameters correlation between N and ng, we notice a shift of 1o

Table VIII and Fig. 7 depict the results for an IDE + N of .the spec‘qal index towgrds !ower values, followed by a
scenario, based on nine parameters. Concerning the  Shift of Ho in the same direction.

Bm IDEq+M,: Planck 2018
I IDEqg+M,: Planck 2018+BAO
I IDEqg+M,: Planck 2018+R19

N

[

-0.9-0.8-0.7-0.6 0.1 0.2 0.3 0.4 0.2 04 06 0.000.150.30045 15 3.0 45 54 60 66 72 78
Wy, M, mo g H,

FIG. 6. 68% and 95% C.L. allowed contours and one-dimensional posterior probability distributions within the IDE + M, model in the
quintessence-like dark energy scenario (w, > —1) from several data set combinations. Only a subset of cosmological parameters are shown.
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TABLE VIII. 95% C.L. constraints within the IDE + N_¢ model in the quintessence-like dark energy scenario (w, > —1) from several
data set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CRI19 CPCC CBPCC CR19PCC
Q.h? <0.113 0.0747904 <0.065 <0.112 0.077-39% 0.0641 0047
Q,h? 0.02223 00004 0.022317 05504 0.02237 100004y 0.022327 000038 0.02237F 095057 0.022547 090037
1000),¢ 1.0448 700009 10439705039 1047510503 10439100037 1043750505 1.04451 00032
T 0.053j§;§1:§ o.ossj?‘j;oz;g; 0.054j§~§1£ 0.054j§;§1:§ 0-055f§:oz§ 0.056j§-§lg
ng 0.960 0917 0.963 10913 0.9650013 0.963 10914 0.9661 0914 0.97310913
In(10'04;) 3.0381 0937 3.0411003¢ 3.04410937 3.042509% 3.0441003¢ 3.05470%2
W <-0.76 <-081 <-0.902 <-0.79 <=-0.79 <-0.823
£ <0.27 <0.24 0.22970580 0.137013 <0.24 0.157012
Qo 0.19%16 021551 0.09227 061 0.21%15 0.22%g13 0.175517
oy 1.6+20 1.24702 26118 13553 12559 15533
Hykm/s/Mpc] 68.173 68.1°30 73.2%4 68.0132 68217 70.91%9
Nefe 2.921038 2.971032 3.04103¢ 3.005037 3.037032 3.231039
S 107°03) 0.97:03) 131508 0.99:032 0.96°87 104703

The effective number of relativistic degrees of freedom  with mean values similar to those obtained in the w, < —1
N 1s perfectly consistent with its standard value N = scenario. A freely varying effective number of neutrino
3.046 [68,69] for all data set combinations considered here, species N does not affect the directions of the correlations

I
032 g
0.24 ) 1
M o1 ) E
0.08 ) 1
1 1 1 1 1
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>
1 1 1 i
N

I IDEg+ N Planck 2018
I IDEg+N.: Planck 2018+BAO
I IDEg+N.: Planck 2018+R19

N

N\

e
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Wy, Nege Qo o H,

FIG.7. 95% C.L. constraints within the IDE + N model in the quintessence-like dark energy scenario (w, > —1) from several data
set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.
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TABLE IX. 95% C.L. constraints within the IDE + M, 4+ N4 model in the quintessence-like dark energy scenario (w, > —1) from
several data set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO,
CMB + R19, CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.

Parameters CMB CB CR19 CPCC CBPCC CR19PCC
th <0.113 ) o.o7of%(§;;‘(§) . < 0.0?;003 0.074j%gog‘0§; . 0.07700%3 i ().064:‘)’;(3’3‘?3
Q,h 0.022221095049¢ 0.022311 00y 0.02238T5000%9  0.022321055050  0.022367 0008 0022547300036
1000),¢ 1 .0448j§;§(?§§ 1.0442t§;8°(1?§g 1 .0476t§;§(]‘;$2 1 .0439f§;8°(1?§§ 1 .o437t8°;§(l?§§ 1.0444j§;§(1?§§
T 0.05333);%1167 0.054j%;%1166 0.054:());(())112 0.05438);%1155 0.05533);%112 0.056f%'%1153
s 0.959%) 017 0962715 0.966 014 0.963 013 0.965 013 097325013
In(10'°4,)  3.039*006 3041053 3.04420677 304310056 30442002 30542003
W <-075 <-0.80 <—-0.90 <-0.80 <-0.79 <-03818
£ <0.28 <0.26 0.231+0.068 <025 <0.24 0155047
Qo 0.19°8¢ 0.20°03 0.0914% 02174} 022799 01729,
I L6117 13553 26113 13558 1.2%5¢ 15255
Hy 67.7113 68.1733 73273 68.013/ 68.2137 70.87%9
M, <0.337 <0.170 <0.199 <0.243 <0.156 <0.158
Nesr 2.921038 2.961931 3.05103 3.011903 3.02°93 3.221939
Qn’ <0.0035 <0.0018 <0.0021 <0.0026 <0.0017 <0.0017
Sg 1.067550 1.007533 1327949 0.987932 0.961953 1041053

B IDEq+M, + Ng: Planck 2018
I IDEq+M, + Ng: Planck 2018+BAO
I IDEq+M, + Ng: Planck 2018+R19
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FIG. 8. 95% C.L. constraints within the IDE + M, + N in the quintessence-like dark energy scenario (w, > —1) from several data
set combinations, where CB, CR19, CPCC, CBPCC, and CR19PCC correspond to the combinations CMB + BAO, CMB + R19,
CMB + Pantheon + CC, CMB + BAO + Pantheon + CC, and CMB + R19 + Pantheon + CC, respectively.
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between the cosmological parameters, as we can see in
Fig. 7, while the very strong correlation between Ny and
the Hubble constant Hy present within the ACDM model is
considerably reduced in this interacting scenario. The N
values obtained for the CMB + R19, CMB + Pantheon +
CC, and CMB + BAO + Pantheon + CC data combina-
tions are very similar and very close to 3. However, if we
consider the CMB + R19 + Pantheon + CC data combi-
nation (see the last column of Table VIII), we obtain N ¢ =

3.231930 at 95% C.L.

4. IDE + M, + N;: Ten parameters

The results for this scenario are shown in Table IX and
Fig. 8. In this full scenario, where both the total neutrino
mass M, and the effective number of relativistic degrees of
freedom N vary simultaneously, both n, and H, are
shifted to lower values when compared to the previous
IDE + Nz model shown in Table VIIIL

The upper limits on the total neutrino mass M, are only
mildly relaxed with respect to the IDE + M, model shown
in Table III for the CMB-only case, while they are slightly
stronger for the CMB + Pantheon + CC data set combi-
nation. The most stringent upper limit we have on this
parameter is obtained for the data set combination CMB +
BAO + Pantheon + CC (see the sixth column of Table IX),
for which M, < 0.156 eV at 95% C.L.

V. SUMMARY

In this paper we have explored possible extensions of
interacting dark energy, where the dark energy and dark
matter fluids interact with each other. We have focused on
the impact of such interactions on the dark radiation sector,
allowing the neutrino mass and effective number of
neutrino species to vary freely, both individually and
simultaneously. The effect of such a dark coupling on
the dark radiation sector was analyzed within two different
dark energy regimes: a phantom scenario (w, < —1) and a
quintessence scenario (w, > —1). We have exploited the
most recent publicly available cosmological observations,
which include the Planck 2018 legacy data, baryon acoustic
oscillations, the most recent measurement of the Hubble

constant using Cepheids as calibrators, type Ia supernovae
Pantheon data, and measurements of the Hubble parameter
from cosmic chronometers. We found, in general, that the
constraints on the dark radiation sector physics are quite
close to those found within the minimal ACDM cosmology.
The derived bounds are almost independent of the dark
energy regime (phantom versus quintessence), contrary to
the case without a dark coupling [71,72]. We found a total
neutrino mass M, < 0.15 eV and a number of effective
relativistic degrees of freedom Nz = 3.03*_’8_'33;, both
at 95% C.L., which are indeed not that far from those
obtained within the ACDM cosmology, M, < 0.12 eV and
Negr = 3.00f8§56, for the same data combination. Current
cosmological observations are therefore powerful enough
to disentangle the physical effects associated with the
different dark sector components, i.e., dark energy, dark
matter, and dark radiation.

On the other hand, it might be interesting to investigate
the mutual interaction scenario in the full dark sector of the
Universe (namely, between dark energy, dark matter, and
dark radiation) and consider different rates of interaction,
and examine how such coupling can affect both the dark
and neutrino sectors in light of recent cosmological
observations.
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