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We revisit a class of coupled dark energy models where dark energy interacts with dark matter via
phenomenological energy exchange terms. We include the perturbation of the Hubble rate in the interaction
term, which was absent in previous works. We also consider more recent datasets such as cosmic
microwave background (CMB) anisotropies from Planck 2018, type I-a supernovae (SNIa) measurements
from Pantheon+ and data from baryon acoustic oscillations (BAO), and redshift space distortions (RSD).
One of the models presents a strong incompatibility when different cosmological datasets are used. We
analyze the influence of the SHOES Cepheid host distances on the results and, although for one model the
discrepancy of H,, is reduced to 3.2c when compared to the value obtained by the Planck collaboration and
3.60 when compared to the SHOES team, joint analysis is incompatible. Including BAO with RSD shows
incompatibility with SHOES for all models considered here. We perform a model comparison and, although
there is a preference for interacting dark energy over ACDM for all of the models for joint analysis
CMB + BAO + RSD + SNIa, most of the 2D contours do not overlap. We conclude that the models of
interactions in the dark sector considered in this paper are not flexible enough to fit all the cosmological
data including values of H, from SHOES in a statistically acceptable way. Therefore, the addition of one
extra degree of freedom (i.e., the coupling between dark matter and dark matter) does not help enough to
alleviate the already existing tension in the vanilla ACDM, suggesting that the models would need to be
modified to include further flexibility of predictions to help elucidate this issue.
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The lack of a satisfactory theoretical explanation for the
nature of the cosmological constant, used as the standard
candidate for the late time accelerated expansion of the
Universe [1], added to the existing tensions in the A-cold
dark matter (ACDM) model, such as the Hubble tension
[2-5], make room for alternative explanations of dark
energy (DE). There has been a plethora of alternative
candidates to explain the cosmic acceleration, such as
scalar and vector fields [6], metastable DE [7], holographic
DE [8], models using extra dimensions [9], alternative
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fluids [10,11], etc. Among the many possibilities, interact-
ing DE (IDE) [12—-16] can help to alleviate the coincidence
problem [17] and the Hubble tension [18,19].

The interaction between dark matter (DM) and DE has
been vastly explored in the literature, using different forms
for the interaction. While the main aim is to have a
canonical field theory description of the dark sector, it is
still far from reach. A full description should include
gravity, thus nonrenormalizability is a severe constraint
and possibly has to go through the construction of quantum
gravity [20] (see also [21]).

A subclass of IDE consists of an interaction at the
background level proportional to a weighted sum of the
energy densities of DM and DE [Q = H(4,pgm + 42Pde)—
see [13] for a review]. Latest constraints on the coupling
constants were presented in [16], using Planck 2015, while
forecasts on such models have been produced for several
upcoming observational programs [22].

Although such kernels for IDE have been widely
investigated, none of the previous works took into account
the perturbation of the Hubble rate in the perturbation
equations. As already pointed out in [23], the unperturbed
H appeared in the interaction in many previous works to
simplify the solution of the equations, not resulting from
physical principles. The authors of [24] decided that H is
not the global (average) expansion rate but a local expan-
sion rate and hence perturbed H. This was also required by
gauge invariance, as pointed out in [24], where the authors
identified the neglected term from the Hubble rate and
corrected the perturbation equations. However, such a
correction has not been done yet for the interaction
considered here. The presence of the perturbation of the
Hubble rate is required by gauge invariance although one
may simply guess that there is no physical reason to ignore
such a term since the perturbation of the product of two
variables acts as a chain rule.

In addition to the correction of the perturbation equa-
tions, we use more recent cosmological datasets than the
ones assumed in [16] to constrain the models, including
cosmic microwave background (CMB) anisotropy mea-
surements from Planck 2018 [25], type I-a supernovae
(SNIa) from Pantheon+ [26], data from baryon acoustic
oscillations (BAO), and redshift space distortions (RSD).
Additionally, we performed some analysis using the
SHOES Cepheid host distance anchors in the likelihood
[R22; [3]], aiming to investigate whether or not these
models can alleviate the Hubble tension. The tension arises
from the 5o discrepancy between the value of H, obtained
by Planck (67.4+0.5 km/s/Mpc) [2] and that derived
from the SHOES team (73.04 + 1.04 km/s/Mpc).

After a detailed analysis of the different kernels, we
obtained more stringent constraints on these IDE models,
however, for any model the 2D contours do not overlap at
16 when the combination of datasets CMB, BAO, RSD,
and SNIla is taken into account. The calculated evidences

indicate a preference for IDE models over ACDM across all
individual and partial combinations of datasets. However,
when all datasets are combined, the preference shifts
slightly in favor of ACDM. For one of the models, the
value obtained for H, (69.18%03% km/s/Mpc) differs by
3.2¢ from both the Planck collaboration measurements and
3.60 for the R22 measurements in the ACDM model.

This paper is organized in the following manner.
Section II presents the models and the background and
perturbation equations. In Sec. III we show the cosmo-
logical datasets used and the results. Section IV is reserved
for conclusions. We use natural units (c = 7 = 1) through-
out the text.

II. INTERACTING DARK ENERGY MODELS

Interaction in the dark sector can be a complex and
difficult issue. We assume here that both DE and DM are
described by ideal fluids—thus a non-Lagrangian descrip-
tion. In that case, with an interaction between DE and DM
the energy-momentum tensor of each component is no
longer individually conserved, but both tensors satisfy

VTl = iy (1)

where the index i represents either the DM component
(with index “dm”) or the DE component (with index “de”).
The four-vector Qﬁi) regulates the flux between the two

species of the dark sector and, due to the Bianchi identities,
the total energy-momentum tensor should be conserved,
implying that Q4 = —Q4.. Many different phenomeno-
logical couplings Q* have been used in the literature. Here
we restrict to the class of models where the interaction is
present only in the zeroth component of the coupling
vector, i.e., Qém’de =0.!

Assuming a Friedmann-Lemaitre-Robertson-Walker
metric, the continuity equations for DE and DM are

Pdm T 3dem = angm =aQ, (2)
Pae + 3H(1 +w)pge = a* QY. = —aQ, (3)

where w is a constant DE equation of state, a dot represents
a conformal time derivative, H = aH is the Hubble rate for
the conformal time, and we assume the interaction to be
given by Q = H(A1pqm + 42p4e) [27]. A positive Q corre-
sponds to DE being transformed into DM (as in the case
of the alleviation of the coincidence problem in [17]),
while negative Q means the transformation in the opposite
direction.

'In these models the intrinsic momentum transfer potential f 4
(see Sec. II of [23]) is proportional to the momentum transfer

fa=0404/K.
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Considering the usual three different choices for the
coupling constants ({4, # 0,4, =0}, {4, =0,4, # 0},
{41 = A, =4}), it is possible to find analytic solutions
for the continuity equations above. For 4; #0, 1, =0
we have

_ eff
Pam = Pamod ), (4)
Pamoa 1)

Pam0% 1 g3 | (5)
TrarUN R

Pde =Paeod ) + 1,

where w§tt = -4, /3.
For 4, =0, 4, # 0 the solutions are [19]

pacod [1-a>¥]. (0

- eff
Pde = Pde.0? 34wl >’ (7)

where Wi = w + 4,/3.
The solution for the case 4y =1, =4 is [17]

A A
Pam = We_f{‘{ [(1 +w+ §>Pdm,o + gpde,o} (a* —a)

+ pamo(S_a® — S a%+) }, (8)
A A
Pde = ng% =Pamo — | 1 =% )paeo | (a* — a®-)
3 3
+pua(S-a* = 5,00 | )

where we = (W? +44w/3)"/2 and S, = —(1+w/2) F
Wett / 2.

An advantage of the IDE models is that the coincidence
problem can be alleviated. When the interaction is either
proportional to Py, OF Pam + Pde» the ratio pym /pye reaches a
plateau for very high or very low redshifts. Therefore, for
these models, the ratio is practically constant. One can then
use the continuity equations for DM and DE to obtain the
solutions of the equation i~ = 0, where r = py,/pge- The
two solutions are [27]

3 A A
alr+:_5(w+§+§)

3 2 1
+§\/W2 +§W(/11 +/12) +§(/11 —/12)2, (10)

30 A A
aro=-2(wyy 22
17— 2<W+3+3>

3

2 1
_E\/ g +§W(/11 + ) +§(/11 - k)% (11)

These equations will be useful later.

The linear order perturbation equations for DM and DE
can be found using the gauge-invariant equations presented
in [23,24,28]. In the synchronous gauge, they are

, h .
Ogm = —Oqm — 5 + Ha, Pe (6de = Oam)

Pdm

Pde kUT h
A+ A — 4+, 12
+<1+2pdm)<3 +6) ( )

Oam = —HO4m — (/11 + 4 &> HO . (13)

dm

g) —3H(1 = )84

+ HA Pam (8de = Bam)
Pde

e =—(1+w) <9de +

Pdm Hede
A
Pde * 2:| k2

Pdm va h
— (2 L) [ZE+2), 14
() (59 "

; 1 Pdm k2
Qe =2HOge | L +———( A==+ 1p | | +7—0s  (15)

—3H(1 —w) [3(1 W)+ 4

1+w\  pge I+w

where the DE effective sound speed is set to 1, the adiabatic
sound speed is set to be w, and the center of mass velocity
for the total fluid vy is defined as [24]

(L+wp)or = (14 w,)Qu0,. (16)

a

There is an extra term in the equations for the density
contrasts (12) and (14) due to the perturbation of the
Hubble rate 0H, which was absent in all previous works in
the literature that considered the assumed phenomenologi-
cal interaction (see, e.g., [16,27]). This extra term is

kUT h
0H = —+—. 17
3 e (17)
The adiabatic initial conditions for DM and DE in the
synchronous gauge are given by [27,29]

y 3 A
532—15£)(1+w+?1r+§2), (18)

by 3. M Al
53&:159(1—%—%;), (19)
v = ol (20)

[

where the index “r” represents radiation, while for the other
species, they remain the same as in ACDM. The residual
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TABLE 1. Stability conditions for the models analyzed in the
present work.

Model (0] Equation of state Constraints

I AZdee w ?é -1 /12 < —-w

I j'aldm W<—1 OSAI <—3W
I AH (pam + Pc) w< —1 0<21<-3w/4

freedom of the synchronous gauge is fixed by choosing a
comoving frame such that the DM velocity is zero. These
initial conditions can be simplified by noticing that in the
early Universe either the ratio py,/pge is constant (for
interactions o pg, OF X Pgm + Pde) OF Pde/Pam =0 (for
0 x pg.) [17,27]. Using Eqs. (10) and (11) the initial
conditions become, for Q & pym,

0 _ ) 3 A
s :(sgrz,:zan(l_?), (21)
while for Q « py4. we have
n_ 3 A
5§g—25£><1+w+§>, (22)
3
s = 155). (23)

The initial conditions for Q « py, + p4e remain the ones in
Egs. (18) and (19) with r given by Eq. (10) and 4; = 4,.

To avoid complex or negative energy densities and early
or late time instabilities, the couplings and the equation of
state for DE should be restricted to the values presented in
Table I [16,27,30]. Although the phantom behavior might
be problematic because it leads to an increasing energy
density in some cases, or to an inconsistent relativistic
energy-momentum relation, if one uses a scalar field with
the opposite sign kinetic term, we leave the equation of
state free to reach values smaller than —1 for the sake of
completeness.

A. Comparison with model Q" =EHpg4 1y,

Before moving to the results, we present here the
differences between the models we investigated and one
well-studied model in the literature (which we will label as
Model IV). This scenario is presented in [19] and refer-
ences therein and we just present the main differences in
terms of equations, which will be used to show a com-
parison in the next section.

The interaction is proportional to the energy density of
DE and to the CDM four-velocity u . Among other
reasons, this parametrization is chosen to avoid momentum
transfer in the DM rest frame. At the background level, this
model corresponds to our models I or II, but with w ~ —1

TABLE II. Priors.
Parameter Priors
Quh? [0.020, 0.024]
Q.h? [0.00, 0.14]
1006, [1.03, 1.05]
In(10'°4,) [2.90, 3.20]
ng [0.92, 1.00]
T [0.01, 0.12]
Model 1 Model 11 Model Il Model 1V
w [-3.0,—-0.3] [-3.0,—1.0] [-3.0,—1.0] —0.999
A1) [-1.5,1.5] [0.0, 0.04] [0.0, 0.04] [-1.5,0.0]

(w = —0.999 in practice), with the energy density for DM
and DE given by Egs. (6) and (7), respectively.

Because the difference in the interactions only comes
from the DM four-velocity, the equations for the DE
overdensities are the same, Eqs. (12) and (14), with 4, =&
and vy ~ 0.2 Equations for the fluid velocities, on the other
hand, become

édm = _Hedm’ (24)

04 = 2HO 1+i1 Oam +k—25 (25)
de T AT T 204 [

III. DATASETS AND RESULTS

To constrain the three different IDE models assumed
here, we use the most recent data from different surveys:
CMB anisotropies from Planck 2018 high-# and low-¢
temperature and polarization power spectra (TT, TE, EE)
[31] and lensing measurements [32], 1701 light curves of
SNIa from Pantheon+ [26], BAO measurements from
6dFGS [33], MGS [34], BOSS DR12 [35], DES [36],
eBOSS [37], WiggleZ [38], and RSD data from 6dFGS
[39], Fastsound [40], GAMA [41], and WiggleZ [42]. We
also included in some analysis the SHOES Cepheid host
distance anchors in the likelihood [3], denoting the joint
constraints by “H,.” We implemented the background
and perturbation equations in a modified version of
CLASS [19,43]3 and used the code PLINY [44] to execute
the Markov chain Monte Carlo (MCMC) analysis with the
nested sampling technique [45]. PLINY also produces an
evidence calculation, though it becomes relevant only when
comparing models with some difference between their
parametrizations. For this, the Bayes ratio is employed,
incorporating the priors of the models into the evaluation.
This ratio is defined as

*The total fluid velocity is zero because w ~ —1 and Q,,4 was
ne%lected in Eq. (16) [19].

The code is public available at https://github.com/ricardoclandim/
class_IDE_pheno.
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D|IDE
5 _E(DIDE)

~ &(D|ACDM)’ (26)

The influence of curvature, neutrino masses, and the
effective number of neutrino species is beyond the scope

of this work. We therefore fix these parameters to their
standard values: Qx =0, m, =0.06eV, and N = 3.046.
We adopt flat priors, as listed in Table II. During internal
tests, we observed that the nested sampling algorithm
occasionally converged to a subdominant local maximum
of the posterior when the prior ranges were too broad. This
behavior is expected when combining datasets that exhibit
some degree of tension, such as Planck and SHOES, which

where £(D|M) represents the evidence of a model M

considering the data D. Accordingly, a positive (negative)

value of 2 In B signifies an inclination towards IDE (ACDM).
The cosmological parameters in our analysis are

{Quh%, Q.h?, 10005, In(10'°A), ng, 7, w, Mt (27)
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FIG. 1. 2-D contours (68% and 95% CL) of selected cosmological parameters for model I, using different combinations of datasets.
The inclusion of datasets other than CMB improves significantly the constraints. The different contours, however, do not superimpose
and the degeneracies between Q k% and 4, and between w and H|, are not broken by the combination of data.
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can lead to a multimodal posterior distribution. If the
algorithm is not configured to handle multimodality, or
if the number of live points is insufficient, it may become
stuck in a local mode. To deal with this issue without
significantly increasing computational cost, we explored
different prior ranges to locate the dominant maximum of
the posterior more efficiently. We used the y> value as a
diagnostic to identify the correct solution. The final results,
including best-fit values and 68% credible intervals for the

parameters, are presented in Tables IV-VI. For all MCMC
runs shown here, we use 250 live points and set the
convergence criterion to a likelihood ratio of 10~* between
the live points and the final sample.

In contrast to ACDM, some cosmological parameters in
the models remain poorly constrained when using only
CMB data, as also noted in [16]. In particular, Q /4% and H,
have values very different from the ones in ACDM.
However, from Figs. 1-3 we see that w and H, degenerate

CMB

CMB+HO0
CMB+BAO+SNIa+RSD+HO0

e

AN
N
—

P @ A O
Hy

1D

08

Q i) N )
A1 [X 10_3]

N SIS N 2
WIS N

0.h? Wo

FIG. 2. 2-D contours (68% and 95% CL) of selected cosmological parameters for model II, using different combinations of datasets.
Contrary to model I, the degeneracies between some cosmological parameters are broken by the combination of datasets. The contours
of all datasets (but SHOES) are overlapped with only CMB. When SHOES is taken into account with CMB the contours no longer
superimpose, showing that even if the Hubble tension is alleviated it cannot be solved by this model.
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2-D contours (68% and 95% CL) of selected cosmological parameters for model III, using different combinations of datasets.

Similarly to model II, the degeneracies are broken by the combination of datasets and the contours overlap for some parameters,

although not in all of the cases.

while there is also a degeneration between Q 4% and the
coupling constant, indicating that ACDM can be recovered
and a deviation in one parameter brings the other one away
from the ACDM value. The combination of CMB with BAO,
RSD, and SNIa reduces the uncertainties on the parameters,
however, the resulting contours do not overlap for model 1.
The low-redshift data suggest a preference for values of the
parameters that are consistent with the ones of ACDM. The
degeneracies aforementioned are maintained for model I,

although with more constrained contours, while for models
IT and III they are broken in some cases.

The nonoverlapping of the joint contours of all datasets
with the CMB one for model I suggests that this model is
not compatible with all cosmological data. A similar
situation happens for model III for the w — H contour.
Only model II is consistent with all datasets (but H).

The value of H, using CMB data alone is large enough to
possibly alleviate the Hubble tension and to investigate its
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impact on the results we use the SHOES Cepheid host
distance anchors in the likelihood as well, producing two
joint analyses with CMB. The parameters are then even
more constrained, however, the contours are no longer
overlapped for all data, as they were in some cases.
When all datasets are considered together, H, has its
discrepancy reduced to 0.13¢ (5.406) when compared to the
standard ACDM (R22) value for model III, while for
models I and II the values are 3.2¢ and 2.26 (3.60 and
4.30) away from Planck (R22), respectively. However, only

model II presents a consistent overlap of CMB and CMB +
BAO + SNIa + RSD contours. When all datasets are
analyzed together, only for some parameters the 2-D
contours are overlapped, indicating that SHOES is not
compatible with BAO, RSD, and SNIa for any IDE model
assumed here.

Moreover, we constrained the model presented in
Sec. IT A, whose results are found in Table VII and Fig. 4.
They reproduced partially the findings in [19], but the
difference here is the inclusion of more recent datasets

CMB
CMB+BAO+SNIa+RSD
CMB+HO0
CMB+BAO+SNIa+RSD+HO0

0.h2
o o
‘os %o
> %D

‘0
2z

a

.00

- \)

o
RS

J/

SR N R SR
Y Y DT NN
Qch? ¢

FIG. 4. 2-D contours (68% and 95% CL) of selected cosmological parameters for model IV, using different combinations of datasets.
Here the degeneracies are not broken by the inclusion of other datasets and the contours mostly do not overlap. The shape of the contours

is very similar to what was obtained in previous work [19].
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TABLE . Ay? = y2y: — xXcpm and evidence level in 2 In B scale compared to ACDM. The ? value for each model was calculated
as y> = —2In L, where £ is the maximum likelihood.
CMB CMB + BAO -+ SNIa + RSD CMB + H, CMB + BAO + SNIa + RSD + H,,

Model Ay? 2InB Ay? 2InB Ay? 2InB Ay? 2InB
I =3.7 4.8 -1.2 15.4 -20.5 19.3 -25.2 8.5
II -2.6 2.5 -0.2 15.3 —-14.7 15.7 —13.5 -0.8
I -2.5 2.5 -1.1 15.9 —18.8 17.1 =52 -11.0
v -0.1 2.3 -0.5 15.2 -25.6 27.3 -6.2 -9.8
TABLE IV. Cosmological parameters—model I.

CMB CMB + BAO + SNIa + RSD CMB + H, CMB + BAO + SNIa + RSD + H,
Parameter Best fit 68% limits Best fit 68% limits Best fit  68% limits Best fit 68% limits
Q,h? 0.02229 0.02243 £ 0.00016  0.02247  0.02244 39013 0.02240 0.02232 00008 0.022445 0.02243110000048
Q.h? 0.124 0,054j8~8§§ 0.1228 0.1222 +0.005  0.0607 0,0576j8>885575 0.1232 0.1230 + 0.0011
10005 1.0419 1.04204£0.00029 1.04199  1.042017000929 104193 1.04187:00006  1.04206  1.042090900'3
In(10'°4,) 3.018  3.039+£0.027  3.095 3.0921005 3067 3.061+0.014  3.0763 3.08307 0000
ng 0.9628 0.9682+£0.0044 09676  0.96817500%  0.9670 0.9658 +0.0024  0.9685 0.9695-0:0015
T 0.0541  0.050110 5% 0.0526 0.051713%07  0.0525  0.052370%0% 0.0524 0.05261 0001
wo -259  -2.08+£047 0997 —0998100%  —1.029 —1.028100%  —1.054 ~1.056 +0.011
A 0.022 -0.357013 0.041 0.036100:° —0.460  —0.4927001) 0.045 0.04410910
H, 126 1103 67.34 67.4370% 7315 730570 69.10 69.181026
o3 1.19 1935 0.801 0.803 £0.023 1434 14927010 0.8067 0.8103+0:9068
Age/Gyr 13.339 133677009 13.800  13.800 +0.020 13.699 13.709+£0.013  13.7649 13.76352 0007
Sg 0.66 0.91:51 0.827  0.827+0.014  1.032  1.056%0%% 0.8135 0.8162+90053
pen 2762.45 4206.31 6339.80 7784.30
TABLE V. Cosmological parameters—model II.

CMB CMB + BAO + SNIa + RSD CMB + H, CMB + BAO + SNIa + RSD + H,
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q.h? 0.02237 0.02248 4+ 0.00017 0.02238 0.02246 + 0.00015 0.022481 0.0225 14j8'-88887659 0.02251 0.02251 + 0.000044
Q. 0.1201  0.1207°09923  0.11878  0.11956:0090%  0.1284  0.1290£0.0011  0.11885  0.11891 = 0.00011
1000 1.04191  1.041947000031  1.04201  1.04197:00092  1.04164 1.04164+0.00014 1.04203  1.04202 4 0.00015
In(10'%4,) 3.020 3.045 £0.028 3.077 3.081 £0.024 3.031 3.030 £0.013 3.0849 3.0884 £ 0.0077
ng 0.9654 0965438822 0.9661 0,9670j8:88_3378 0.9585  0.9575 4+ 0.0023 0.9672 0.9672 £+ 0.00011
T 0.0483  0.0497 30078 0.0516 0.05101 05073 0.0508 0.0503* 0301 0.0509 0.05181 0507
wo -2.19 ~1.70793% —1.006 —1.01470911 —1.484 —1.507109% —1.0390 —1.04427 00074
M 0.00068 o_oo14j8{-{)’8]1;‘ 0.000012 0-00086f8.'8882§ 0.00742 0007783.888% 0.00133 0‘00167jg:ggg§§
Hy, 108 87j1'§ 67.89 67.63 £+ 0.49 73.50 73,57j8ﬁ? 68.55 68.55 £0.18
oy 1.110 0.975 008 0.8224 0.82041 0558 0.8624 0.8627" 0301 0.8232 0.823370:0040
Age/Gyr 1342 13561043 13.795 13.81770% 13902 13.910+0.022  13.802 13.8127091
Sg 0.707 0,769j8:82§ 0.831 0.835 £0.012 0.8320  0.8330 4 0.0063 0.8243 0,8245j8:88§3
poen 2763.53 4207.37 6345.58 7796.09
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(such as Pantheon+) and the usage of R22 instead of [46].
The results for the cosmological parameters only using
Planck are equivalent; however, the other combinations of
surveys produce generally tighter constraints. The inclusion
of all datasets but H produces an incompatibility with the
case of CMB alone. Here we used more cosmological data
than [19]. The value of H,, for the combination of all
datasets, gives a discrepancy of 0.66 from ACDM (instead
of the previously found 2.5¢) and 5.1¢ from R22 (instead of
2.60). The Hubble tension is therefore not alleviated,
because the value of H, is very similar to the ACDM

TABLE VI. Cosmological parameters—model III.

one. The joint contours of all datasets are roughly con-
sistent with CMB alone or CMB + H,,

Regarding the values of og inferred here, they are
between 0.8 and 1.9 with the exception of model III which
reaches 0.75 (CMB), although its best fit is 0.84. The 2-D
plots are not completely overlapped when we assume the
different datasets. The results for o3 do not seem to help
much to alleviate the oy tension, as the values are close to
the Planck one (see more details about this tension in [47]).

Finally, we use the Bayes ratio in Eq. (26) to compute the
values of 21n B shown in Table III. The results indicate a

CMB

CMB + BAO + SNIa + RSD

CMB + H, CMB + BAO + SNIa + RSD + H,

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q. h? 0.02237 0.02249 £ 0.00016 0.02233  (.0224600%15  0.022603 0.02264573900078  0.022578  0.022575 + 0.000034
Q.h? 0.1199  0.1202730%¢ 0.11896  0.119287090088  0.11914  0.118777599988  0.11891 0.1189110:9%012
1000 1.04201  1.041971000029  1.04198  1.04202+0.00028 1.04217 1.04220+0.00016 1.04215  1.04217 = 0.00013
In(10'°4,) 3.005  3.017+£0.027  3.063 308210024 3.040 304910013 3.0774 3.075810.0072
ng 0.9664 0967070994 0.9653  0.9676 +0.0037  0.9692  0.9707 +0.0022  0.96559 0.96575+0.00104
T 0.0519  0.0493 +£0.0078  0.0507 0051470071 0.0476  0.0483+0.0028  0.0510 0.0510 = 0.0029
Wo -2.26 -1 ,77jg‘-34g —1.0100  —-1.01 14j3—88;§ —2.036 —2-014f8f855g —1.0078 _1,()()99jg;gg§§
2 0.00057  0.0013%501t  0.00020  0.000747 500  0.00202  0.00210730005  0.00072 0.000823000%7
H, 775 65.6162 67.20 66.96+032 73.26 73.15403 67.43 67.331013
og 0.843 o,747j8_»8_§; 0.809 0.810 £0.011 0.8016 O.8013f8;885586 0.8100 0,3075jg‘-gg§g
Age/Gyr  13.40 13.53+019 13.807 13.812:0:026 13.453  13.450 £ 0.018 13.792 13.793 105059
Sg 0.749 0.772f8;82267 0.826 0-832f8f8113 0.7521 0-7520f8]883§1 0.8250 0.8235 + +0.0041
P 2763.66 4206.40 6341.54 7804.30
TABLE VII. Cosmological parameters—model IV.
CMB CMB + BAO + SNIa + RSD CMB + H, CMB + BAO + SNIa + RSD + H,

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q.2 0.02244 0.02241 +0.00016 0.02238  0.02239 £ 0.00014 0.022436 (.0224430000077 0.022451  0.022451 = 0.000037
Q.n? 0.095 0.0687992 0.1191 0.1177+00015 0.0656  0.06341009%  0.118718  0.118731+9:39%001
10065 104196 1.04199100902  1.04196 1.04196 +0.00029 1.04199  1.04198*09%!¢  1.04219 1.04222:10.00013
In(10'°4,) 3.065  3.069 £ 0.028 3.072 3.077 + 0.024 3.082  3.084+0.014  3.0810 3.0806.+0.0069
ng 0.9656  0.9682 +0.0042  0.9654 0.9666° 00937 0.9699  0.970670%%2%  0.96914 0.9688510 0050

0.0496  0.0496 +0.0079  0.0503 0.05050.9076 0.0557  0.05557090% 0.0519 0.0518 = 0.0028
& -0.21 —0.421047 —0.00031  —0.01270910 —0413  —042670%  —0.0044 —0.0057 + 0.0024
H, 69.8 72272 67.53 67.70 + 0.42 7227 72491033 67.702 67.675 £ 0.090
o 1.00 1331064 0.820 0.832:991? 1364 13947005 0.8273 0.8283100053
Age/Gyr 13752 13.710100 13.803 13.798* 0550 13.710  13.707%0g), ~ 13.7878 13.7866000%
Sg 0.90 1.01+029 0.834 0.839 £ 0.011 1.022 1.0317003 0.8382 0.839610.0040
P 2766.04 4207.00 6334.64 7803.40

023523-10



CONSTRAINTS ON INTERACTING DARK ENERGY REVISITED: ...

PHYS. REV. D 112, 023523 (2025)

significant preference for IDE models when considering
individual datasets such as CMB, CMB + BAO + SNIa+
RSD, and CMB + H,. When combining all datasets, the
preference shifts towards ACDM in all cases except for
model I. However, we cannot conclude that there is strong
evidence in favor of model I due to the inconsistency
among the joint contours from various datasets. This
tension may bias the Bayesian evidence, making any
comparison between models also biased.

IV. CONCLUSIONS

Interacting dark energy has been an alternative to the
standard ACDM model for many years. With the release of
new datasets, the free parameters of the model can be even
more constrained, reaching a level of precision not obtained
before.

In this paper, we have investigated a class of coupled DE
models, where DE is interacting with DM phenomeno-
logically. We have included a term in the perturbation
equations for both fluids that was absent in previous works
but is required by gauge invariance and considers the
perturbation of the Hubble rate. Furthermore, we have
obtained updated constraints on the cosmological param-
eters, using more recent data from CMB anisotropies,
BAO, RSD, and SNIa, showing tighter constraints on
the coupling constants. However, model III and especially
model I show incompatibility with every cosmological data
because we can see that the contours do not overlap when
different datasets constrain the cosmological parameters.

We used the SHOES Cepheid host distance anchors
combined with other likelihoods to constrain H, in the

different models. Model I is the one that presents a better
alleviation of the Hubble tension. Model IV also produces a
lower discrepancy of H, although the new data (including
the new result from SHOES, R22) made the tension less
alleviated than the previous work [19]. However, when all
datasets are taken into account, no overlap between the 2D
contours exists for any of the models, still indicating an
incompatibility between low-redshift data and H,.

Finally, we performed a statistical model comparison,
and a preference for IDE over ACDM happens for all the
models, when the datasets CMB, BAO, RSD, and SNIa are
included. However, the 2D plots do not overlap for the
majority of models.

We conclude that the IDE models considered in this
paper are not flexible enough to fit all cosmological data
including values of H, from SHOES in a statistically
acceptable way. The already existing tension in ACDM
cannot be significantly alleviated in the scenario analyzed
here; therefore, the models would need to be modified to
include further flexibility of predictions.
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