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We present a comprehensive reassessment of the state of interacting dark energy (DE) cosmology,
namely models featuring a nongravitational interaction between dark matter and DE. To achieve high
generality, we extend the dark sector physics by considering two different scenarios: a nondynamical
DE equation of state w0 ≠ −1, and a dynamical wðaÞ ¼ w0 þ wað1 − aÞ. In both cases, we distinguish
two different physical regimes resulting from a phantom or quintessence equation of state. To
circumvent early time superhorizon instabilities, the energy-momentum transfer should occur in
opposing directions within the two regimes, resulting in distinct phenomenological outcomes. We study
quintessence and phantom nondynamical and dynamical models in light of two independent cosmic
microwave background (CMB) experiments—the Planck satellite and the Atacama Cosmology
Telescope. We analyze CMB data both independently and in combination with supernovae distance
moduli measurements from the Pantheon-Plus catalog and baryon acoustic oscillations from the SDSS-
IV eBOSS survey. Our results update and extend the state-of-the-art analyses, significantly narrowing
the parameter space allowed for these models and limiting their overall ability to reconcile cosmological
tensions. Although considering different combinations of data leaves some freedom to increase H0

towards the value measured by the SH0ES collaboration, our most constraining dataset (CMBþ baryon
acoustic oscillationsþ supernovae) indicates that fully reconciling the tension solely within the
framework of interacting DE remains challenging.
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I. INTRODUCTION

In spite of the successes accumulated in past decades, the
standard ΛCDM (cold dark matter) model of cosmology

seems to be struggling to provide an exhaustive description
of the most recent observations. As experimental precision
has improved, various anomalies and tensions between
experiments have come to light [1–4]. Among them, one in
particular seriously calls into question the validity of our
best-working model of the Universe: the so-called Hubble
tension [5–8].
The Hubble tension refers to a ∼5σ disagreement

between the value of the Hubble constant as inferred by
CMB data from the Planck collaboration [9] assuming a
ΛCDM cosmology (H0 ¼ 67.4� 0.5 km=s=Mpc) and the
value of the same parameter as directly obtained by local
distance ladder measurements from type Ia supernovae
from the SH0ES collaboration [10,11] (H0 ¼ 73�
1 km=s=Mpc). Barring any possible systematic origin of
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the tension,1 an exciting possibility to consider is that this
problem could represent an indication of new physics
beyond the standard cosmological paradigm.
In this regard, we note that a somewhat surprising

outcome of modern cosmology is that merely 5% of the
total energy density of the Universe comprises baryonic
matter, whose physical properties are fairly well understood
in the framework of the Standard Model (SM) of particle
physics. In stark contrast, the remaining 95% is attributed
to enigmatic entities—dark energy (DE) and dark matter
(DM)—whose origins remain an enigma for modern
cosmology and high-energy physics. Within the ΛCDM
model, we opt for a quite minimal parametrization, describ-
ing DM as a perfect fluid made of cold nonrelativistic
particles with low momenta that do not interact with the
other SM particles except through gravity. In addition, we
assume DE to be a cosmological constant (Λ) in the
Einstein equation. However, it seems natural to speculate
that, given our limited understanding of DM and DE, a part
of the aforementioned tensions could originate from an
oversimplification of the theoretical parametrization
adopted for the dark sector of the cosmological model.
For this reason, several intriguing alternatives involving
additional interactions or couplings in the dark sector have
been considered.
A model among many that has gained some research

attention is the so-called interacting dark energy (IDE)
cosmology [12–74]. At its core, the model postulates a
nongravitational interaction between DM and DE, allowing
an exchange of energy-momentum between the two, see
also Refs. [19,75] for reviews.
It is worth noting that, from a purely theoretical point of

view, there is no fundamental symmetry in nature for which
nongravitational DM-DE interactions are forbidden.
Cosmological models featuring an interacting dark sector
(in part motivated by the idea of coupled quintessence
[30,76–83]) have been largely explored and discussed in
the literature, see, e.g., [12,13,21,31,36,84–129]. Further-
more, many have speculated that a coupled dark sector
could help address the coincidence (or “why now?”)
problem [130–134].
On the other hand, from a more observational standpoint,

IDE cosmology has emerged as a possible solution to cos-
mological tensions [15,20,24,25,29,29,33–38,69,135–149].
Allowing an exchange of energy momentum from DM to
DE, can increase the value of H0 inferred from CMB
observations, possibly restoring the agreement with the
direct measurement provided by the SH0ES collaboration.
In addition, as recently shown by some of us in Ref. [69],
IDE seems to be supported by different independent CMB

experiments, leading to an overall consistency of view
concerning the amount of energy momentum transferred in
the dark sector. Having said that, whether or not this model
could provide a successful solution for the Hubble trouble
is still a matter of debate. The model suffers from the typical
problem faced by any late-time solution (i.e., solutions
that are aimed to solve the Hubble tension by introducing
new physics postrecombination). Namely, baryon acoustic
oscillation (BAO) data and distance moduli measure-
ments for supernovae (SN) are very constraining on local
distances, leaving us with little freedom to introduce
any deviation from a basic ΛCDM late-time cosmo-
logy [150,151]. As a result, when considering low-redshift
(z) probes, the ability of IDE to increase the present-day
expansion rate of the Universe is strongly reduced, if not
completely lost.2

To better understand the extent to which IDE (and their
relatives) can provide an actual solution to the H0 tension,
in this work, we focus more closely on the role played by
the DE equation of state (EOS) in IDE cosmology. First and
foremost, we note that the nature of the DE EOS acquires
primary importance in the model. We will be more precise
on this in the next sections (specifically in Secs. II and III),
but we anticipate that to avoid early time superhorizon
instabilities with cosmological perturbations [152–154],
the EOS must be theoretically confined to either the
quintessence or phantom regime, depending on the direc-
tion in which energy momentum is transferred between
DM and DE. In the scenario we will consider in this work,
a quintessential DE EOS (w0 > −1) implies an energy-
momentum flow from DM to DE. Conversely, a phantom
DE EOS (w0 < −1) implies a transfer of energy-
momentum from DE to DM.
An implicit assumption underlying a large portion of

the results mentioned thus far is fixing the DE EOS to a
very tiny quintessence value, w0 ≃ −0.999 ≃ −1, essen-
tially resembling a cosmological constant. Nevertheless, a
few scattered analyses (largely conducted by some of us)
have already considered the possibility of leaving the EOS
w0 a free parameter of the model [38,53,64,155]. We refer
to scenarios featuring a nondynamical w0 ≠ −1 EOS as
w0IDE. For these models, many important aspects remain
unclear, and important questions are pending. For example,
in Ref. [38], nondynamical models were examined in the
context of Planck-2018 data along with BAOs and (SH0ES
calibrated) SN data. This analysis revealed a significant
preference for quintessence IDE, establishing the model
as a highly promising solution to the Hubble tension.

1Although it cannot be ruled out entirely, this possibility is
becoming increasingly unlikely, given the extensive analysis
performed by the SH0ES collaboration [10] and the common
pattern observed in the distribution of other local and early time
independent measurements of H0.

2It is worth mentioning some caveats surrounding the use of
BAO data. First, volumetric BAO data might retain a residual
model dependence from the template used in the analysis pipe-
line. In addition, as pointed out by some of us in Ref. [70],
volumetric BAO data produce somewhat conflicting constraints
on IDE compared to transverse 2D-BAO measurements, provid-
ing another element of concern.
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However, as far as we know, the state-of-the-art constraints
on w0IDE remain largely unchanged since 2019, and such
preferences have not been tested subsequently with CMB
data other than Planck or against the latest low-redshift
probes. Therefore, as a first step, we undertake a compre-
hensive reassessment of the constraints on the nondynam-
ical w0IDE scenario, updating the constraints on the w0IDE
model (for both the quintessence and phantom regime), and
incorporating the latest BAO, SN, and CMB data in the
analysis. In this regard, we aim to clarify the following
important aspects:
(1) We place special emphasis on the constraints arising

from (updated) local distance measurements in the
form of SN and BAO measurements to examine if
any leeway remains to address cosmological ten-
sions through DM-DE energy-momentum transfer
(in either the quintessence or phantom regimes). In
this context, interesting aspects to clarify are whether
the latest BAO and SN data independently validate
or dismiss the w0IDE scenario as a viable solution to
the Hubble tension and shed light on the role of the
SH0ES calibration for SN.

(2) As we already mentioned, in Ref. [69], some of us
pointed out that different CMB experiments share a
consistent view on IDE when w0 ≃ −1 is fixed. Here
we extend the analysis of small-scale CMB mea-
surements released by the Atacama Cosmology
Telescope (ACT) to the case where w0 is let free
to vary. In this regard, a particularly relevant aspect
to clarify is whether the well-documented Planck
preference for a phantom DE EOS [9,156] (not
confirmed by ACT [157–159]) could play any
effect on the amount of energy-momentum trans-
fer supported by data and, more broadly, if inde-
pendent CMB experiments validate or dismiss the
w0IDE scenario as a viable solution to the Hubble
tension.

We then move to consider more exotic models where the
DE EOS wðzÞ is dynamical and changes with cosmic
expansion. We refer to this scenario as wðzÞIDE. Notice
that the interaction between DM and DE via dynamical DE
EOS has been investigated in various other contexts, see,
e.g., Refs. [16,64,98]. Here, we describe the dynamical
evolution of wðzÞ by adopting a simple Chevallier-Polarski-
Linder (CPL) parametrization [160,161] and provide a
comprehensive overview of the most recent observational
constraints on the dynamical wðzÞIDE cosmology. We are
fueled by the following motivations:
(1) To the best of our knowledge, a proper updated

analysis aimed to understand whether the dynamical
wðzÞIDE model could represent a solution to the
Hubble tension (either in the quintessence regime or
in the phantom regime) is missing. Therefore, we
believe it is intrinsically interesting to understand
how a possible dynamic behavior of the DE EOS

could impact the constraints derived for the non-
dynamical case.

(2) From a more practical point of view, the questions
we seek to answer are not different from what we
already pointed out: interesting aspects to clarify are
whether the latest BAO and SN data independently
validate or dismiss the wðzÞIDE scenario as a viable
solution to the H0 tension. Additionally, we want to
assess whether ACT and Planck always share a
consistent view on wðzÞIDE.

The paper is organized as follows. In Sec. II, we
introduce the theoretical framework that underpins our
study. In Sec. III, we outline the methodology and the
updated datasets used to establish observational constraints
within the models considered in this work. Moving further,
Secs. IV and V delve into our primary findings for the
nondynamical and dynamical cases, respectively. Finally,
in Sec. VI, we summarize our conclusions and offer
insights into future perspectives. As usual, a subindex zero
attached to any quantity means that it must be evaluated at
present time.

II. INTERACTING DARK ENERGY COSMOLOGY

In this section, we review in a nutshell the well-
established aspects of background evolution and linear
perturbations that govern the coupling between two dark
fluids. We consider that the gravitational sector of the
Universe is described by the Einstein’s general relativity
and a flat Friedmann-Lemaître-Robertson-Walker line
element in the synchronous gauge ds2 ¼ a2ðηÞ½−dη2þ
ðδij þ hijÞdxidxj�, where aðηÞ is the scale factor as a
function of the conformal time η; δij, hij are, respectively,
the unperturbed and perturbed metric tensors. The con-
servation equations of DM and DE in the presence of a dark
interaction, characterized by a coupling function QðtÞ, can
be expressed as follows:

∇νT
μν
DM ¼ Quμ

aðηÞ ; ð1Þ

∇νT
μν
DE ¼ −

Quμ

aðηÞ ; ð2Þ

where Tμν
DM and Tμν

DE are, respectively, the energy-momen-
tum tensor for DM and DE; uμ is the four-velocity vector of
DM which in the synchronous gauge can be defined as
uμ ¼ aðηÞð−1; uiÞ, where μ ¼ 0, 1, 2, 3, i ¼ 1, 2, 3 and ui

is the proper velocity of the DM fluid. Now, to understand
the evolution of the dark fluids, at the background and
perturbation levels, one needs to prescribe the nature of the
dark fluids and also the interaction function. We assume
that DM is pressureless, with ρc denoting its energy density,
while DE enjoys a (dynamical or nondynamical) barotropic
equation of state, represented by wx ¼ px=ρx, where px and
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ρx are, respectively, the pressure and energy density of the
DE fluid. By examining the sign ofQðtÞ, we can determine
the direction of energy transfer between the dark compo-
nents. When Q > 0, energy transfers from DE to CDM,
while Q < 0 indicates the reverse situation, signifying
energy transfer from CDM to DE.
Given the complexity of describing both dark species, at

this stage, to proceed, an exact phenomenological approach
that quantifies the coupling must be assumed. Several
proposals in this regard have been put forward in the
literature in recent times. In this article, we consider a
widely studied model of the interaction function, which has
received considerable attention in recent years. The inter-
action rate that we employ is as follows:

Q ¼ ξHρx; ð3Þ
where ξ represents the dimensionless coupling constant
which is independent of cosmic time. Here, H denotes the
conformal Hubble parameter, following the standard def-
inition as in general relativity: 3H2 ¼ 8πGa2ðηÞP ρi,
where ρi represents the energy density of the ith fluid.
In addition to CDM and DE, we have also accounted for the
presence of baryons, radiation, and neutrinos, including
one massive and two massless species. Hence, consistent
with the sign convention of QðtÞ, ξ > 0 (< 0) denotes the
transfer of energy from DE to CDM (from CDM to DE),
respectively.3

Now, considering the linear perturbations and to prevent
any potential unphysical scenarios related to the DE
equation of state and c2s;x, we set the DE sound speed
c2s;x ¼ 1. This allows us to express the evolution of density
perturbations in terms of δc;x and velocity perturbations
(θc;x) as follows:

δ0x ¼ −ð1þ wxÞ
�

θx þ
h0

2

�

− ξ

�
kvT
3

þ h0

6

�

− 3Hð1 − wxÞ
�

δx þ
Hθx
k2

ð3ð1þ wxÞ þ ξÞ
�

; ð4Þ

θ0x ¼ 2Hθxþ
k2

1þwx
δxþ 2H

ξ

1þwx
θx− ξH

θc
1þwx

; ð5Þ

δ0c ¼ −θc −
1

2
h0 þ ξH

ρx
ρc

ðδx − δcÞ þ ξ
ρx
ρc

�
kvT
3

þ h0

6

�

; ð6Þ

θ0c ¼ −Hθc; ð7Þ

where h is the trace of the scalar metric perturbation hij; k is
the Fourier-space wave number; the prime attached to any

quantity denotes its derivative with respect to the conformal
time and vT refers to the center of mass velocity of the total
fluid [154].
Ensuring the stability of linear perturbations over time is

crucial within the dynamical scenarios considered for the
dark coupling in this study. As demonstrated in [13],
the parameter known as the “doom factor,” denoted as
d ¼ Q=ð3Hð1þ wxÞÞ, plays a pivotal role in determining
the stability of the scalar modes. When d < 0, indicating
stability, it implies that, for Q > 0, the equation of state
parameter wx must be less than −1. Conversely, for Q < 0,
wx needs to be greater than −1 to maintain stability. In the
following section, wewill delve into a detailed description of
the parameter space that ensures an absence of instabilities.

III. METHODOLOGY AND DATA

A. Markov chain Monte Carlo analysis

We perform Markov chain Monte Carlo (MCMC) analy-
ses using the publicly available sampler COBAYA [163]. The
code explores the posterior distributions of a given parameter
space using the MCMC sampler developed for CosmoMC

[164] and tailored for parameter spaces with speed hierarchy,
implementing the “fast dragging” procedure detailed in
Ref. [165]. We compute the theoretical model by means
of the Cosmic Linear Anisotropy Solving System code,
CLASS [166], modified to introduce the possibility of
interactions between dark energy and dark matter.
Our sampling parameters are the usual six ΛCDM

parameters, namely the baryon ωb ≐ Ωbh2 and cold dark
matter ωc ≐ Ωch2 energy densities, the angular size of
the horizon at the last scattering surface θMC, the optical
depth τ, the amplitude of primordial scalar perturbation
logð1010AsÞ, and the scalar spectral index ns. In addition,
we consider the coupling parameter ξ defined in Eq. (3) and
the set of parameters describing the DE EOS. In this regard,
we distinguish two different cases:
(1) Nondynamical DE EOS—In this case w0 becomes

an additional free parameter that we vary in two
different regimes: the quintessence regime where
w0 > −1 and the phantom regime where w0 < −1.
To avoid instabilities in primordial perturbations, the
coupling parameter ξ can vary within the following
priors: ξ < 0 when w0 > −1 and ξ > 0 when
w0 < −1.4 Therefore the behavior of the DE EOS
fixes the direction of energy-momentum transfer
between DM and DE. In summary:

3It is worth noting that Ref. [162] explicitly demonstrated how
interaction rates, as considered in Eq. (3), can naturally arise from
first principles when exploring well-motivated field theories for
scenarios of IDE.

4Note that, in the quintessence case, the upper prior limit is set
at w0 < 1. This is a common choice widely used in the literature
and can be partly justified by the fact that quintessence models are
typically based on scalar field realizations. Within the minimal
theoretical framework, the EOS cannot exceed w0 ¼ 1, providing
a physical rationale for this upper limit, while also allowing
sufficient margin for the necessary condition to achieve accel-
eration, w0 < − 1

3
.
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(i) w0 > −1 ⇔ ξ < 0 ⇔ DM toDE, and
(ii) w0 < −1 ⇔ ξ > 0 ⇔ DE toDM.

(2) Dynamical DE EOS—In this case, we adopt a CPL
parametrization:

wðaÞ ¼ w0 þ wað1 − aÞ; ð8Þ

where w0 represents the present value wða ¼ 1Þ,
and wa is another free parameter such that

dw
d lnð1þzÞ jz¼1 ¼ wa

2
. As usual, we distinguish two

different regimes:
(i) The quintessence regime where wðzÞ > −1 for

any z. In the MCMC analysis, we sample over
these two parameters, ensuring that for every
randomly sampled pair of values w0-wa, the
condition wðzÞ > −1 holds true at any z.5 If this
condition is not met, the point is rejected.
The test is performed dynamically during the
MCMC run, without assuming any restrictive
prior on the parameter wa controlling the dyna-
mical evolution of wðzÞ. In contrast, we assume
a prior w0 > −1 that automatically follows
from requiring wðzÞ > −1 at z ¼ 0. Our meth-
odology ensures proper sampling of the param-
eter space and convergence of the chains.

(ii) The phantom regime where wðzÞ < −1 for any
z. We ensure that for every sampled pair of
values w0-wa during the MCMC run, the
condition wðzÞ < −1 is satisfied at any z. If
this condition is not met, the point is rejected.
Also in this case the test is performed dynami-
cally without assuming any restrictive prior on
wa and imposing a prior w0 < −1 that auto-
matically follows from requiring wðzÞ < −1
at z ¼ 0.

As for the coupling parameter ξ, to avoid instabilities in
primordial perturbations, in the quintessence regime we
need ξ < 0, while in the phantom case ξ > 0. Therefore,
also in the dynamical case, the DE EOS regime determines
the direction of the energy and momentum flow between
DM and DE. In summary:

(i) wðzÞ > −1 ∀ z ⇔ ξ < 0 ⇔ DM toDE, and
(ii) wðzÞ < −1 ∀ z ⇔ ξ > 0 ⇔ DE toDM.
A summary of the uniform prior distributions adopted for

all the cosmological parameters considered in the analysis
is given in Table I (except for the optical depth at
reionization τ for which we adopt a prior distribution
that depends on the specific CMB dataset, as discussed
below). We test the convergence of the chains obtained
using this approach by means of the Gelman-Rubin
criterion. We establish a threshold for chain convergence
of R − 1≲ 0.02.

B. Cosmological data

Our reference datasets for both the dynamical and
nondynamical IDE scenarios are the following:
(1) The Planck 2018 temperature and polarization (TT

TE EE) likelihood, which also includes low multi-
pole data (l < 30) [9,167,168] and the Planck 2018
lensing likelihood [169], constructed from measure-
ments of the power spectrum of the lensing potential.
We refer to this dataset as P18.

(2) Atacama Cosmology Telescope temperature and
polarization anisotrpy DR4 likelihood in combina-
tion with the gravitational lensing DR6 likelihood
covering 9400 deg2 reconstructed from CMB
measurements made by the Atacama Cosmology
Telescope from 2017 to 2021 [170,171]. In our
analysis for the lensing spectrum we include only
the conservative range of lensing multipoles
40 < l < 763. We consider a Gaussian prior on
τ ¼ 0.065� 0.015, as done in [157]. We refer to this
dataset as ACT.

(3) Baryon acoustic oscillation data from the finalized
SDSS-IV eBOSS survey. These data encompass
both isotropic and anisotropic distance and expan-
sion rate measurements, as outlined in Table 3 of
Ref. [172]. We refer to this dataset as BAO.

TABLE I. List of the uniform parameter priors for the phantom
and quintessence regimes. When considering the ACT CMB data,
we assume a Gaussian prior τ ¼ 0.065� 0.015 with a width
much smaller than the uniform prior reported in this table.

Parameter Phantom Quintessence

Ωbh2 [0.005, 0.1] [0.005, 0.1]
Ωch2 [0.01, 0.99] [0.01, 0.99]
100θMC [0.5, 10] [0.5, 10]
τ [0.01, 0.8] [0.01, 0.8]
logð1010ASÞ [1.61, 3.91] [1.61, 3.91]
ns [0.8, 1.2] [0.8, 1.2]
w0 ½−3;−1Þ ð−1; 1�
wa ½−3; 2� ½−3; 2�
ξ [0, 1] ½−1; 0�

5Previous studies typically imposed priors on the CPL para-
metrization’s free parameters to force the model into the phantom
or quintessence regime; see, e.g., Ref. [64], where some of
us considered the CPL parametrization in similar yet distinct
IDE cosmologies. In contrast, our approach ensures that wðzÞ
can always lie in the quintessence (wðzÞ > −1) or phantom
(wðzÞ < −1) regime at any z without assuming priors but by
dynamically checking wðzÞ during the MCMC. Although this
may seem like a technical detail within the CPL parametrization
(where both approaches yield similar results), it becomes crucial
when studying dynamical dark energy models beyond CPL
(which is not done in this study). In such cases, conditions on
wðzÞ cannot always be easily mapped into priors on parameters,
and our method allows for proper sampling of the parameter
space, which has not been explored in the literature.
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(4) Distance modulus measurements of type Ia super-
novae obtained from the Pantheon-Plus sample [173].
This dataset comprises 1701 light curves representing
1550 unique type Ia supernovae, spanning a redshift
range from 0.001 to 2.26. In all our analyses, we
consider two distinct possibilities. On the one hand,
we consider the uncalibrated Pantheon-Plus SNe Ia
sample that we will henceforth refer to as SN. On the
other hand, we will consider the SH0ES Cepheid host
distances to calibrate the SNe Ia sample [10]. We refer
to the SH0ES-calibrated SN dataset as SNþ SH0ES.

IV. RESULTS FOR NONDYNAMICAL EOS

In this section, we present the results obtained consid-
ering a nondynamical DE EOS. We divide the section into
two different subsections. In Sec. IVA, we focus on
quintessence models characterized by w0 > −1 and a

negative DM-DE coupling ξ < 0. These models feature
a flow of energy momentum from the DM sector to the DE
sector of the theory. Conversely, in Sec. IV B, we study
phantom models with w0 < −1 and ξ > 0. In this case the
energy momentum is transferred from DE to DM.

A. Quintessence EOS

The results obtained considering a quintessence DE EOS
are provided in Tables II and III. In particular, Table II
focuses on P18 temperature polarization and lensing data
on their own and in different combinations with BAO and
SN measurements while in Table III we present the results
obtained considering the small-scale CMB temperature
polarization and lensing data released by ACT (DR4 and
DR6), always on their own and in combinations with BAO
and SN. In what follows we summarize the most interesting
findings.

TABLE II. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the w0IDE model with w0 > −1. The
results are obtained by different combinations of P18, BAO, and SN (with and without the SH0ES calibration) measurements.

Parameter P18 P18þ SN P18þ SNþ SH0ES P18þ BAO P18þ BAOþ SN

Ωbh2 0.02238� 0.00015 0.02235� 0.00014 0.02252� 0.00014 0.02243� 0.00014 0.02243� 0.00014
Ωch2 0.071� 0.032 0.098þ0.022

−0.015 0.072þ0.026
−0.012 0.1117� 0.0039 0.1122þ0.0044

−0.0040
100θs 1.04191� 0.00029 1.04185� 0.00029 1.04208� 0.00029 1.04195� 0.00029 1.04195� 0.00029
τreio 0.0560� 0.0066 0.0544� 0.0067 5.7872þ0.0072

−0.0080 0.0580� 0.0077 0.0580� 0.0073
ns 0.9658� 0.0044 0.9644� 0.0040 0.9690� 0.0040 0.9671� 0.0038 0.9669� 0.0036
logð1010AsÞ 3.047� 0.013 3.045� 0.013 3.049� 0.015 3.050� 0.015 3.050� 0.014
ξ −0.39þ0.36

−0.13 ð> −0.759Þ > −0.475 −0.37þ0.18
−0.11 ð−0.37þ0.26

−0.31 Þ −0.067þ0.045
−0.029 ð> −0.126Þ −0.063þ0.048

−0.026 ð> −0.123Þ
w0 < −0.787 < −0.815 < −0.843 < −0.920 < −0.915
H0 [km=s=Mpc] 68.8� 3.2 66.56� 0.76 69.75� 0.67 67.40� 0.66 67.13� 0.57
Ωm 0.204� 0.083 0.274þ0.050

−0.035 0.197þ0.054
−0.029 0.297� 0.011 0.300� 0.010

σ8 1.50þ0.51
−1.1 0.98þ0.17

−0.26 1.299þ0.043
−0.385 0.848� 0.025 0.843þ0.024

−0.027
rdrag 147.16� 0.28 147.10� 0.25 147.35� 0.25 147.31� 0.23 147.30� 0.23

TABLE III. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the w0IDE model with w0 > −1. The
results are obtained by different combinations of ACT, BAO, and SN (with and without the SH0ES calibration) measurements.

Parameter ACT ACTþ SN ACTþ SNþ SH0ES ACTþ BAO ACT þ BAOþ SN

Ωbh2 0.02161� 0.00030 0.02162� 0.00031 0.02193� 0.00030 0.02166� 0.00029 0.02165� 0.00030
Ωch2 < 0.112 0.062þ0.028

−0.047 < 0.096 0.1126þ0.0043
−0.0037 0.1127þ0.0045

−0.0038
100θs 1.04324� 0.00067 1.04320� 0.00067 1.04378� 0.00065 1.04334� 0.00063 1.04330� 0.00065
τreio 0.068� 0.014 0.068� 0.014 8.264� 0.014 0.077� 0.012 0.077� 0.012
ns 0.996� 0.012 0.995� 0.012 0.996� 0.012 0.996� 0.012 0.996� 0.012
logð1010AsÞ 3.068� 0.026 3.070� 0.026 3.096� 0.025 3.084� 0.022 3.084� 0.022
ξ −0.50þ0.15

−0.30 ð> −0.80Þ −0.45� 0.23ð> −0.786Þ −0.49þ0.13
−0.25 ð−0.49þ0.34

−0.29 Þ > −0.107 > −0.110
w0 < −0.56 < −0.699 −0.869þ0.077

−0.059 ð< −0.775Þ < −0.888 < −0.898
H0 [km=s=Mpc] 66.9þ5.8

−3.5 66.32� 0.90 69.96� 0.70 66.85þ0.93
−0.84 66.72� 0.61

Ωm 0.181þ0.050
−0.130 0.192� 0.075 0.146þ0.044

−0.086 0.302� 0.011 0.303� 0.010

σ8 1.91þ0.25
−1.15 1.66þ0.58

−1.2 1.95þ0.26
−1.06 0.856� 0.022 0.854þ0.022

−0.025
rdrag 148.03þ0.71

−0.64 148.06� 0.62 148.66� 0.60 148.43� 0.49 148.43� 0.51
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1. CMB-only

Considering only CMB temperature, polarization, and
lensing spectra, we have limited power to simultaneously
constrain the DE EOS w0 and the coupling parameter ξ.
Concerning the former, from P18, we obtain an upper limit
of w0 < −0.787 at 95% CL. Replacing P18 with ACT data
further relaxes this upper limit to w0 < −0.56. As for the
coupling ξ, in both experiments we observe a 68% CL
preference for nonvanishing energy-momentum flow
(ξ ¼ −0.39þ0.36

−0.13 from P18 and ξ ¼ −0.39þ0.15
−0.30 from

ACT). However, this preference diminishes at the 95% con-
fidence level, and the analysis of both datasets indicates a
broad lower bound of ξ≳ −0.8, which lacks specificity and
informative value. As expected, the main challenge arises
from the so-called geometrical degeneracy among param-
eters. Essentially, different combinations of late-time cos-
mic parameters can be adjusted to keep the acoustic angular
scale θs—defined by the ratio of the comoving sound
horizon at recombination to the comoving distance to last
scattering—constant as long as both quantities change
proportionally. As a result, measurements based solely
on CMB data, which can accurately determine this scale,
cannot impose strong constraints on the (dynamical) IDE
model by themselves unless late-time data are also incor-
porated to partially break this degeneracy.
When it comes to the present-day expansion rate, we

obtainH0 ¼ 68.8� 3.2 km=s=Mpc from Planck andH0 ¼
66.9þ5.8

−3.5 km=s=Mpc from ACT. We can compare these
results with those in Table I of Ref. [69] that were derived
under the assumption w0 ≃ −1. This comparison reveals
that allowing the EOS to freely vary in the cosmological
model can have significant implications for the results.
On the one hand, allowing an additional parameter to vary
produces a significant increase in the uncertainties. This is
largely expected when studying models featuring new
physics at late times only in light of CMB data. The reason
is that we face the well-known geometrical degeneracy
problem, namely the fact that different combinations of
parameters can be arranged to maintain the same CMB
acoustic angular scale θs. This degeneracy makes it
challenging to disentangle their effects on the CMB spectra
(unless perturbation-level effects are included). On the
other hand, referring back to Ref. [69], we notice that
when w0 is left free to vary in the quintessence regime, in
both experiments, the fitting value ofH0 significantly shifts
towards values closer to the one obtained within a ΛCDM
model of cosmology. This shift is partly expected due to a
simple argument: neglecting any interactions, it is a well-
known fact that a quintessence EOS typically correlates
with the present-day expansion rate of the Universe in such
a way that smaller values of H0 are required to compensate
for a (deep) quintessence w0.
Summing up, when w0 can vary in the quintessence

regime, given the large uncertainties observed in both CMB

experiments, it is difficult to derive definitive conclusions
concerning the effective ability of the model to represent
a valid solution to the Hubble constant tension. However,
our analysis suggests from the onset that fixing w0 to a
value resembling the cosmological constant can represent
an ansatz for the model with non-negligible impact on
the results.

2. CMB and SN

As a next step, to gain some constraining power, we
incorporate SN data into our analysis. When dealing with
SN, a decision needs to be made regarding whether to
consider the uncalibrated dataset or introducing the SH0ES
calibration for the absolute SN magnitude. On the one
hand, a conservative approach would involve using the
uncalibrated Pantheon-Plus dataset and examining it
alongside CMB measurements. On the other hand, if we
take the results of the CMB-only analysis at face value, the
Hubble tension is significantly reduced (mainly due to
larger uncertainties). Therefore, using the SH0ES calibra-
tion is an alternative compelling decision in some
specific cases.6

We start by considering uncalibrated SN in combination
with CMB measurements. In this case, the 95% CL
constraints on the DE EOS become w0 < −0.815 from
P18þ SN and w0 < −0.699 for ACTþ SN. The upper
limits on the coupling ξ are improved compared to the
CMB-only case for P18þ SN (ξ > −0.475), while they
remain almost unchanged for ACTþ SN (ξ > −0.786).
However, the largest improvement in terms of constraining
power is observed in the results on the Hubble para-
meter. The analysis of Planckþ SN (H0 ¼ 66.56�
0.76 km=s=Mpc) and ACTþ SN (H0 ¼ 66.32�
0.90 km=s=Mpc) agrees on values of H0 that are in strong
tension with respect to the local measurement provided
by the SH0ES collaboration. As a result, taking the

6In this regard, we would like to clarify some important aspects
concerning the tension among datasets. As already pointed out in
the text, when CMB data are analyzed alone, H0 is poorly
constrained. Due to the large uncertainties, the value of H0

inferred from CMB data in this model is not necessarily in
disagreement with SH0ES. This allows us to legitimately
calibrate SN with SH0ES and analyze P18þ SNþ SH0ES to
see whether the SH0ES calibration is supported by the model
(i.e., to what extent we can increase H0). On the other hand, the
Hubble tension can be reframed as a tension among calibrators:
SN calibrated with SH0ES and BAO calibrated with CMB,
assuming standard early time (i.e., prerecombination) cosmology
(as in the IDE model), are in strong tension (see Fig. 1 of
Ref. [174]). This means that combining CMBþ BAO þ SNþ
SH0ES would be inappropriate due to this tension. Indeed, we
never consider such a combination of data. Conversely, when
CMBþ BAOþ SN are analyzed together, the SH0ES calibra-
tion is never used. Therefore, we ensure that we never combine
datasets that are in tension with each other while exploring all
possible informative combinations of data.
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CMBþ SN datasets at face value, the model would be
unable to resolve the Hubble tension.
Having said that, it is worth considering that the situation

looks very different when SN are calibrated with SH0ES.7

In this case, the constraints on the DE EOS become more
restrictive on deviations away from the cosmological
constant. We get w0 < −0.843 and w0 < −0.775 for
P18þ SNþ SH0ES and ACTþ SNþ SH0ES, respec-
tively. In addition, from both P18þ SNþ SH0ES (ξ ¼
−0.37þ0.18

−0.11 ) and ACTþ SNþ SH0ES (ξ ¼ −0.49þ0.13
−0.25 ),

we observe a preference for a nonvanishing energy-
momentum flow that is in remarkable agreement for the
two experiments and persists at 95% CL. This preference
for a nonvanishing interaction produces higher values
of the Hubble parameter (H0 ¼ 69.75� 0.67 km=s=Mpc
and H0 ¼ 69.96� 0.70 km=s=Mpc for Planckþ SNþ
SH0ES and ACTþ SNþ SH0ES, respectively).
In conclusion, combining CMB observations with unca-

librated supernovae does not lead to an increase in the
measured expansion rate of the Universe. However, using a
calibrated supernova dataset may result in a slight increase
in the Hubble constant which is primarily driven by the
SH0ES calibration.

3. CMB and BAO

We now turn to the study of the effects of BAO data. As
largely expected, BAOs are very constraining on deviations
away from the cosmological constant. The combination
of P18þ BAO data produces upper limits w0 < −0.920,
while from ACTþ BAO we get w0 < −0.888, both at
95% CL. Additionally, we strongly constrain the amount of
energy momentum that can be transferred from DM to DE.

For P18þ BAO and ACTþ BAO, the constraints are
improved all the way up to ξ > −0.126 and ξ > −0.107,
always at 95% CL. Easy to guess, the value of the
Hubble parameter is now essentially the one predicted
in the standard cosmological paradigm as we get H0 ¼
67.40� 0.66 km=s=Mpc for P18þ BAO and H0 ¼
66.85þ0.93

−0.84 km=s=Mpc for ACTþ BAO.
When we analyze SN and BAO separately, the impact of

different geometric measurements on our primary parame-
ters of interest becomes apparent. Specifically, the BAO
sample plays a crucial role in breaking the statistical degene-
racy within our extensive parameter space. In conclusion,
including BAO data, no room is left to solve the Hubble
tension and the coupling parameter is very well limited.

4. Joint analyses

We conclude by considering CMB, BAO, and (uncali-
brated) SN data altogether in the analysis. In this case,
which represents the most constraining dataset analyzed in
the work, we show the joint constraints on w0, ξ and H0 in
Fig. 1. Taking the numerical results at face value, they read
w0 < −0.915 and ξ > −0.123 for P18þ SNþ BAO.
Instead, for ACTþ SNþ BAO, we get w0 < −0.898,
ξ > −0.110, in very good agreement with the former. As
largely expected from previous discussions on BAO and
SN data, once we consider these combinations together, the
constraints on the expansion rate of the Universe are very
tight: H0 ¼ 67.13� 0.57 km=s=Mpc for P18þ SNþ
BAO and H0 ¼ 66.72� 0.61 km=s=Mpc for ACTþ
SNþ BAO. These values are in line with those derived
within a standard cosmological model and therefore in ∼5σ
tension with SH0ES.

B. Phantom EOS

We now turn to studying the phantom regime. The
results obtained imposing a phantom EOS are provided in

FIG. 1. Joint marginalized contours at 68% and 95% CL illustrating the correlation between the coupling parameter ξ, the
nondynamical quintessence DE EOS w0, and the Hubble parameter H0 for P18þ BAO þ SN and ACTþ BAOþ SN.

7We would like to cautiously remark that CMB ðP18=ACTÞ þ
SN and SNþ SH0ES are in tension at more than 3σ, highlighting
the significant impact of assuming or not assuming a SH0ES
calibration when dealing with SN measurements.
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Table IV for the combinations of data involving the
P18 CMB measurements and in Table V for the ACT
data. As for the quintessence case, we consider CMB
observations on their own and in different combinations
involving SN and BAO distance measurements. In what
follows, we summarize the most interesting findings.

1. CMB only

As usual, geometrical degeneracy among different
parameters strongly reduces the precision we can achieve
from CMB data. In this case, from P18, we obtain
w0 > −2.40 and ξ < 0.297. Interestingly, for ACT, we
find w0 > −2.38 and ξ < 0.150. Therefore, we note that
the well-known Planck preference for a phantom equation
of state observed within the minimal extended w0CDM

model [156] (i.e., with no energy-momentum transfer
between dark matter and dark energy) here is reflected
in the fact that P18 prefers a larger ξ compared to ACT.
That being said, we stress once more that both of these
bounds are very large, confirming that focusing exclusively
on CMB measurements is not ideal to constrain IDE when
the DE EOS is allowed to vary in the model. This lack
of constraining power mainly reflects on the results we
can obtain for the present-day expansion rate, which is
essentially unconstrained in both P18 (H0 ¼ 94�
20 km=s=Mpc) and ACT (H0 ¼ 91þ11

−23 km=s=Mpc).

2. CMB and SN

As a next step, we introduce SN measurements from the
Pantheon-Plus catalog. Following what has been done for

TABLE IV. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the w0IDE model with w0 < −1. The
results are obtained by different combinations of P18, BAO, and SN (with and without the SH0ES calibration) measurements.

Parameter P18 P18þ SN P18þ SNþ SH0ES P18þ BAO P18þ BAOþ SN

Ωbh2 0.02242� 0.00014 0.02233� 0.00014 0.02249� 0.00014 0.02236� 0.00014 0.02237� 0.00013
Ωch2 0.134þ0.011

−0.012 0.147� 0.011 0.141� 0.013 0.1257þ0.0043
−0.0054 0.1241þ0.0030

−0.0037
100θs 1.04190� 0.00030 1.04180� 0.00030 1.04200� 0.00029 1.04186� 0.00029 1.04188� 0.00028
τreio 0.0544� 0.0066 0.0538� 0.0076 0.0574� 0.0077 0.0543� 0.0073 0.0568� 0.0073
ns 0.9662� 0.0042 0.9632� 0.0042 0.9673� 0.0040 0.9644� 0.0039 0.9650� 0.0037
logð1010AsÞ 3.042� 0.013 3.044� 0.015 3.048� 0.015 3.044� 0.014 3.049� 0.014
ξ < 0.297 0.29þ0.14

−0.17 ð< 0.515Þ < 0.475 < 0.135 < 0.0990

w0 > −2.40 > −1.16 −1.132þ0.063
−0.052 ð−1.13þ0.11

−0.10 Þ > −1.20 > −1.07
H0 [km=s=Mpc] 94� 20 66.69� 0.82 69.82� 0.70 70.1� 1.2 68.02� 0.52
Ωm 0.196þ0.069

−0.087 0.382� 0.030 0.336� 0.029 0.303� 0.011 0.3180� 0.0091

σ8 0.92� 0.12 0.690þ0.049
−0.056 0.722� 0.058 0.805þ0.024

−0.021 0.794þ0.020
−0.018

rdrag 147.26� 0.27 147.08� 0.26 147.32� 0.26 147.12� 0.24 147.17� 0.22

TABLE V. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the w0IDE model with w0 < −1. The results
are obtained by different combinations of ACT, BAO, and SN (with and without the SH0ES calibration) measurements.

Parameter ACT ACTþ SN ACTþ SNþ SH0ES ACTþ BAO ACT þ BAOþ SN

Ωbh2 0.02157� 0.00030 0.02156� 0.00030 0.02188� 0.00030 0.02158� 0.00030 0.02155� 0.00030
Ωch2 0.1335þ0.0070

−0.0144 0.146� 0.011 0.1360þ0.0085
−0.0167 0.1262þ0.0047

−0.0058 0.1251þ0.0035
−0.0041

100θs 1.04327� 0.00068 1.04314� 0.00066 1.04370� 0.00066 1.04313� 0.00064 1.04324� 0.00065
τreio 0.065� 0.014 0.066� 0.014 0.082� 0.014 0.066� 0.012 0.071� 0.011
ns 1.001� 0.012 0.996� 0.012 0.994� 0.017 0.996� 0.012 0.998� 0.012
logð1010AsÞ 3.057þ0.026

−0.025 3.064� 0.025 3.094� 0.024 3.063� 0.022 3.071� 0.021

ξ < 0.150 0.28þ0.13
−0.17 ð0.28þ0.25

−0.28 Þ < 0.438 < 0.149 < 0.120

w0 −1.71þ0.61
−0.30 ð> −2.38Þ > −1.15 −1.097þ0.062

−0.036 ð> −1.184Þ > −1.18 > −1.07
H0 [km=s=Mpc] 91þ11

−23 66.39� 0.86 69.97� 0.69 69.2þ1.1
−1.3 67.64� 0.58

Ωm 0.208þ0.042
−0.106 0.382� 0.029 0.324þ0.020

−0.034 0.310� 0.012 0.322� 0.011

σ8 0.93� 0.14 0.709� 0.048 0.746þ0.071
−0.050 0.817þ0.026

−0.023 0.809þ0.023
−0.021

rdrag 148.39� 0.67 147.99� 0.62 148.61� 0.60 148.03� 0.50 148.14� 0.48
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quintessence models, we distinguish two different cases,
presenting the results obtained with uncalibrated SN and
SH0ES calibrated SN separately.
To begin with, we consider the uncalibrated dataset. In

this case, the constraints on the DE EOS (w0 > −1.16 for
P18þ SN and w0 > −1.15 for ACTþ SN) are signifi-
cantly more constraining, ruling out a large portion of the
parameter space allowed in the CMB-only case and
narrowing down deviations from a cosmological constant
to ≲15%. Interestingly, when we break the degeneracy
between the different parameters, from P18þ SN we get an
indication at 68% CL for a nonvanishing interaction,
ξ ¼ 0.29þ0.14

−0.17 , which is supported by ACTþ SN ξ ¼
0.28þ0.13

−0.17 . However, in both cases, this indication is
essentially lost at 95% CL. Concerning the Hubble
parameter, just like in the quintessence case, including
uncalibrated SN leads to values of H0 in tension with
SH0ES: from P18þ SN we get H0 ¼ 66.69�
0.82 km=s=Mpc while from ACTþ SN we get H0 ¼
66.39� 0.86 km=s=Mpc. As a result, also in the phantom
case considering uncalibrated SN measurements we are
unable to alleviate the Hubble tension.
Considering SN calibrated with SH0ES, from P18þ

SNþ SH0ES we constrain w ¼ −1.132þ0.063
−0.052 . This is in

good agreement with the result we get for ACTþ SNþ
SH0ES: w ¼ −1.097þ0.062

−0.036 , both given at 68% CL.
Additionally, including the SH0ES calibration allows for
a larger amount of energy momentum to be transferred
from DE to DM. This is evident from the upper limits on
the coupling parameter (ξ < 0.475 for P18þ SNþ SH0ES
and ξ < 0.438 for ACTþ SNþ SH0ES). As a result, we
are now able to increase the present-day expansion rate of
the Universe to H0 ¼ 69.82� 0.70 km=s=Mpc and H0 ¼
69.97� 0.69 km=s=Mpc for P18þ SNþ SH0ES and
ACTþ SNþ SH0ES, respectively. Therefore, in this case,
the Hubble tension would be reduced down to ∼2.5–2.7σ,
just like in the quintessence case. However, in this case, the
tension is reduced because of the effects of phantom EOS
rather than because of interactions.
In conclusion, taking SN data at face value and focusing

on phantom models, we reach the very same conclusion
already pointed out for the quintessence regime. Regardless
of whether the energy-momentum transfer flows from DM
to DE or from DE to DM, if we consider uncalibrated
supernovae data, IDE cannot represent a solution to the
Hubble tension. However, we can mitigate the problem by
calibrating this dataset with SH0ES.

3. CMB and BAO

We shall now consider CMB data in combination with
BAO. In this case, we find a somewhat surprising outcome.
First and foremost, we note that from P18þ BAO, we get
w0 > −1.20, in good agreement with ACTþ BAO, which

gives w0 > −1.18. As usual, BAO data strongly limit the
total amount of energy transferred from DE to DM,
resulting in very tight 95% upper limits on the coupling
parameter: ξ < 0.135 for P18þ BAO and ξ < 0.149 for
ACTþ BAO. Notice also that the two CMB experiments
agree quite well. Nevertheless, the real element of surprise
is that in this case, we can fit CMB and BAO data while
obtaining a value of H0 in agreement with local distance
ladder measurements. Indeed, from Planckþ BAO,
we get H0 ¼ 70� 1.2 km=s=Mpc, and similarly from
ACTþ BAO, we have H0 ¼ 69.2þ1.1

−1.3 km=s=Mpc. This
is the opposite behavior we observed in the quintessence
case. It is also very different from the results we obtained
analyzing uncalibrated SN. In this regard, the difference
with respect to SN measurements is that BAO seems to
prefer a smaller matter density parameter Ωm compared to
SN, resulting in a smaller amount of energy converted from
DE to DM (i.e., into more stringent constraints on the
coupling ξ) and increasing H0.
In conclusion, based on CMBþ BAO data, a minimal

phantom w0IDE cosmology could possibly represent a
possible solution for the Hubble constant tension.

4. Joint analyses

As usual, we conclude by performing a joint analysis of
CMB, BAO, and SN data, namely our most constraining
dataset. The correlation among ξ, w0 and H0 are shown in
Fig. 2 for both P18þ BAOþ SN and ACTþ BAOþ SN.
When we combine all these data together, we become very
restrictive on the DE EOS. Essentially, both P18þ BAOþ
SN and ACTþ BAOþ SN analyses yield w0 > −1.07 at a
95% CL. This limit reduces our freedom to consider
deviations away from a value resembling a cosmological
constant to less than 7%. Similarly, we become very
constrained on the coupling between DM and DE, limiting
ξ < 0.0990 for P18þ BAOþ SN and ξ < 0.120 for
ACTþ BAOþ SN. Concerning the value of the present-
day expansion rate, from P18þ BAOþ SN, we haveH0 ¼
68.02� 0.52 km=s=Mpc, while from ACTþ BAOþ SN,
we get H0 ¼ 67.64� 0.58 km=s=Mpc. Therefore, com-
bining BAO and SN data together, we lose the ability to
increase the expansion rate of the Universe observed in the
CMBðþBAO=SNþ SH0ESÞ analyses, see also Fig. 2.
Essentially, we obtain values of H0 that, while larger than
what is obtained within a minimal ΛCDM model of
cosmology, remain in strong tension with local measure-
ments from the SH0ES collaboration at ∼4σ.
We conclude this section with an important final remark:

the cases w0 > −1 and w0 < −1 do not necessarily produce
the same magnitudes of the coupling parameter ξ, nor the
same value of H0 in the limit ξ → 0. These discrepancies
arise because the sign of ξ induces different corrections in
H0 and Ωm, which combine with the well-known correla-
tion between w0 and H0, differing in the quintessence and
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phantom regimes. As a result, due to the varying correla-
tions introduced by ξ, the final outcomes of analyses with
w0 > −1 and w0 < −1 should not be expected to match.
However, from a physical point of view, this is not a cause
for concern because the two regimes differ significantly in
their physical nature and potential microphysical realiza-
tions. The sign of ξ predicts distinct cosmological behav-
iors, featuring an energy-momentum flow in opposite
directions, and this could fundamentally alter the model’s
physical and theoretical characteristics.

V. RESULTS FOR DYNAMICAL EOS

In this section, we discuss the results for a dynamical
DE EOS given by the CPL parametrization in Eq. (8).
We divide the section into two different subsections. In
Sec. VA, we focus on quintessence models characterized

by an EOS wðzÞ > −1 at any z and a DM-to-DE energy-
momentum flow (i.e., ξ < 0). Instead, in Sec. V B, we
study phantom models with wðzÞ < −1 at any z and a
DE-to-DM energy-momentum transfer (ξ > 0).

A. Quintessence EOS

The results obtained imposing a quintessence dynamical
DE EOS are provided in Table VI for the combinations of
data involving P18 and in Table VII for those involv-
ing ACT.

1. CMB-only

First and foremost, we note that all the concerns we
pointed out in the nondynamical case about the geometrical
degeneracy among cosmological parameters observed for

FIG. 2. Joint marginalized contours at 68% and 95% CL illustrating the correlation between the coupling parameter ξ, the
nondynamical phantom EOS w0, and the Hubble parameter H0 for P18þ BAOþ SN and ACTþ BAO þ SN.

TABLE VI. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the dynamical wðzÞIDE model with
wðzÞ > −1 at any z. The results are obtained by different combinations of P18, BAO, and SN (with and without the SH0ES calibration)
measurements.

Parameter P18 P18þ SN P18þ SNþ SH0ES P18þ BAO P18þ BAOþ SN

Ωbh2 0.02239� 0.00015 0.02230� 0.00014 0.02251� 0.00014 0.02242� 0.00014 0.02238� 0.00014
Ωch2 0.068� 0.033 0.1157þ0.0052

−0.0039 0.0987� 0.0079 0.1142þ0.0036
−0.0031 0.1160þ0.0029

−0.0025
100θs 1.04192� 0.00030 1.04180� 0.00030 1.04205� 0.00029 1.04192� 0.00028 1.04190� 0.00028
τreio 0.0531� 0.0072 0.0522� 0.0073 0.0577� 0.0077 0.0564� 0.0073 0.0558� 0.0072
ns 0.9661� 0.0043 0.9627� 0.0040 0.9684� 0.0040 0.9663� 0.0038 0.9653� 0.0037
logð1010AsÞ 3.041� 0.014 3.041� 0.014 3.048� 0.015 3.047� 0.014 3.047� 0.014
ξ −0.40þ0.36

−0.15 ð> −0.766Þ > −0.126 −0.171þ0.082
−0.070 ð−0.17þ0.15

−0.14 Þ −0.046þ0.044
−0.013 ð> −0.0970Þ > −0.0781

wa > −1.22 > −1.21 > −1.25 > −1.24 > −1.19
w0 � � � � � � � � � � � � � � �
H0 [km=s=Mpc] 71.6� 2.5 67.50� 0.60 69.81� 0.65 68.16� 0.48 67.86� 0.43
Ωm 0.182� 0.077 0.304þ0.016

−0.013 0.250� 0.020 0.2956� 0.0099 0.3019� 0.0084

σ8 1.63þ0.55
−1.3 0.845þ0.027

−0.038 0.959þ0.074
−0.085 0.843þ0.021

−0.024 0.835þ0.018
−0.021

rdrag 147.18� 0.27 146.99� 0.26 147.33� 0.26 147.25� 0.23 147.18� 0.22
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the CMB-only case apply also in the dynamical case. This
problem can become even more relevant since we now
have one additional parameter, wa, describing the redshift
evolution of wðzÞ. With this premise, it is not surprising that
for P18 we are not able to constrain w0.

8 However, we can
get a 95% lower limit on wa > −1.22. Similar results are
obtained for ACT:w0 is unconstrained while wa turns out to
be wa > −1.21 at 95% CL. Concerning the coupling
parameter, we note that in the dynamical case, we get a
preference for a nonvanishing interaction ξ ¼ −0.40þ0.36

−0.15
for P18 and ξ ¼ −0.49þ0.23

−0.28 for ACT. Also in the dynamical
case, the two experiments agree about the possible amount
of energy momentum to be transferred from DM to DE.
This preference towards an interacting dark sector produces
higher values of the present-day expansion rate which
reads H0 ¼ 71.6� 2.5 km=s=Mpc for P18 and H0 ¼
72.6þ3.1

−2.7 km=s=Mpc for ACT. Therefore, despite having
large uncertainties, the CMB-only case suggests that
considering dynamical quintessence models can facilitate

solving the Hubble tension compared to the respective
nondynamical case. However, to confirm this preference, it
is mandatory to test the model against low-redshift data.

2. CMB and SN

As usual, we consider both uncalibrated and SH0ES
calibrated SN data. The first thing we stress is that
including low-redshfit observations does not significantly
improve the constraints on the EOS parameters, w0 and wa.
In this extended model the EOS can change over time
while allowing energy-momentum exchange. Due to the
large number of free degrees of freedom, data do not
have enough power to constrain all the parameters
simultaneously.
Despite not being able to say much about the DE EOS,

considering uncalibrated SNe significantly increases the
constraining power on ξ. Specifically, we lose the prefer-
ence for interactions, obtaining ξ > −0.126 from P18þ
SN and ξ > −0.146 from ACTþ SN, both at 95% CL. As
a result, we recover values of the Hubble parameter in line
with a baseline ΛCDM cosmology, and in tension with
SH0ES (H0 ¼ 67.50� 0.60 km=s=Mpc for P18þ SN and
H0 ¼ 67.07� 0.78 km=s=Mpc for ACTþ SN).
Following the other option on the table, we consider the

Pantheon-Plus catalog calibrated with SH0ES. We stress
again that this possibility is well motivated as the CMB-
only analysis, despite large uncertainties, suggests a sig-
nificant shift towards higher fitting values of H0. From
P18þ SNþ SH0ES (ξ ¼ −0.171þ0.082

−0.070 ) and ACTþ SNþ
SH0ES (ξ ¼ −0.127þ0.10

−0.049), we find a mild preference for a
nonvanishing interaction. However, these results are much
more constraining about the total amount of energy-
momentum transfer allowed in the model, if compared
with the CMB-only case. This somehow reduces the

TABLE VII. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the dynamical wðzÞIDE model with
wðzÞ > −1 at any z. The results are obtained by different combinations of ACT, BAO, and SN (with and without the SH0ES calibration)
measurements.

Parameter ACT ACTþ SN ACT þ SNþ SH0ES ACTþ BAO ACT þ BAOþ SN

Ωbh2 0.02161� 0.00030 0.02153� 0.00029 0.02188� 0.00030 0.02163� 0.00030 0.02159� 0.00029
Ωch2 < 0.0713 0.1158þ0.0056

−0.0043 0.1017þ0.0088
−0.0079 0.1154þ0.0031

−0.0026 0.1167þ0.0025
−0.0022

100θs 1.04329� 0.00066 1.04303� 0.00065 1.04370� 0.00063 1.04320� 0.00063 1.04317� 0.00062
τreio 0.067� 0.014 0.059� 0.013 0.080� 0.013 0.070� 0.011 0.069� 0.011
ns 0.999� 0.012 0.995� 0.012 0.995� 0.012 0.996� 0.012 0.996� 0.012
logð1010AsÞ 3.063� 0.025 3.050� 0.024 3.091� 0.023 3.071� 0.021 3.069� 0.020
ξ −0.49þ0.23

−0.28 ð−0.49þ0.49
−0.36 Þ > −0.146 −0.127þ0.10

−0.049ð> −0.252Þ > −0.0779 > −0.0642
wa > −1.21 > −1.22 > −1.22 > −1.29 > −1.16
w0 � � � � � � � � � � � � � � �
H0 [km=s=Mpc] 72.6þ3.1

−2.7 67.07� 0.78 70.08� 0.68 67.87� 0.54 67.57� 0.48

Ωm 0.148þ0.078
−0.095 0.307þ0.018

−0.016 0.253� 0.019 0.2990� 0.0094 0.3045� 0.0079

σ8 2.10þ0.91
−1.6 0.869þ0.031

−0.043 0.947þ0.072
−0.086 0.856þ0.018

−0.022 0.851þ0.015
−0.018

rdrag 148.30� 0.64 147.71� 0.59 148.55� 0.58 148.22� 0.48 148.12� 0.47

8Given that the constraints on the DE EOS often reach the prior
bounds, a few important remarks on the prior range adopted for
w0 and wa and their possible implications for constraints on
relevant parameters such as H0 and ξ are in order. First, we note
that no significant correlation is found between the parameters
describing the EOS, H0, and ξ. As seen from Figs. 3 and 4, the
probability contours at 68% and 95% are essentially flat and do
not show significant shifts in ξ andH0 when w0 and wa are varied.
Therefore, the choice of prior on the DE EOS is not crucial for the
constraints on key parameters related to cosmological tensions.
We explicitly tested this aspect by adopting different case study
priors on w0 and wa without observing any relevant changes in
the results forH0 and ξ (in both quintessence and phantom cases).
Notice also that, for direct comparison of the results, we are using
the standard priors on all parameters that are widely adopted in
the literature.
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model’s ability to predict higher values of the present-day
expansion rate (H0 ¼ 69.81� 0.65 km=s=Mpc for P18þ
SNþ SH0ES and H0 ¼ 70.08� 0.68 km=s=Mpc for
ACTþ SNþ SH0ES). Despite this limitation, quintes-
sence dynamical models are still able to reduce the H0

tension to 2.4–2.7σ.
As a result, for the dynamical quintessence case, we can

derive the same conclusions obtained for the nondynamical
quintessence model: combining CMB with uncalibrated
SN the model can hardly be considered a possible solution
to the Hubble tension. However, using the SH0ES cali-
bration leaves enough room to mitigate (but not completely
solve) the problem.

3. CMB and BAO

As a next step, we consider CMBþ BAO. In this case,
we become very restrictive on the coupling ξ. From
P18þ BAO, we still get a very tiny preference for ξ ¼
−0.046þ0.044

−0.013 . However, this preference is lost at 95% CL
and is not confirmed by ACT (ξ > −0.0779). Concerning
the Hubble rate, from P18þ BAO, we obtain H0 ¼
68.16� 0.48 km=s=Mpc. Similarly, for ACT, we getH0 ¼
67.87� 0.54 km=s=Mpc. Both these values are larger than
the respective results in ΛCDM cosmology, yet in tension
with SH0ES at more than 4σ.
As a result, one more time BAO data do not leave room

to solve the Hubble tension in the contest of IDE, not even
allowing for a dynamical quintessence EOS.

4. Joint analyses

We conclude the study of the dynamical quintessence
model by analyzing CMB, SN, and BAO data together. In
this case, the 2D correlations between the coupling ξ, the
EOS parameters w0 and wa, and the Hubble rate H0 are
shown in Fig. 3. From the figure, it is evident that even for
our most constraining dataset, we do not have enough
power to narrow down the parameter space allowed

for w0 and wa that shape the redshift behavior of wðzÞ.
In contrast, we are very restrictive on both ξ and H0.
The numerical results read ξ > −0.0781 andH0 ¼ 67.86�
0.43 km=s=Mpc for P18þ BAOþ SN, while for ACTþ
BAOþ SN we have ξ > −0.0642 and H0 ¼ 67.57�
0.48 km=s=Mpc. Again, everything is in agreement with
a baseline ΛCDM cosmology.

B. Phantom EOS

We conclude our explorative study of IDE cosmology
by considering models featuring a phantom dynamical
EOS wðzÞ < −1. The results involving P18 are given in
Table VIII, those involving ACT are given in Table IX.

1. CMB only

As usual, we start by considering only CMB temper-
ature, polarization and lensing observations. Comparing the
results with those derived for the nondynamical case, we
note that considering a dynamical phantom EOS allows a
much larger fraction of energy-momentum flow from DE
to DM. This is because within a CPL parametrization, we
have more parameters to constrain. Taking the results at
face value, from P18 we obtain ξ < 0.522, while for ACT
we obtain ξ < 0.499. These large values of ξ result in a
preference for a larger matter fraction (fed by DE)
and consequently into a shift in the Hubble parameter
towards values smaller than the ΛCDM one (H0 ¼
65.1þ1.9

−1.7 km=s=Mpc for P18 and H0 ¼ 65.1�
1.7 km=s=Mpc for ACT). Therefore, dynamical phantom
models may actually prove to be less effective in potentially
addressing the Hubble constant tension compared to their
nondynamical counterpart. Having said that, as usual,
CMB-only data leaves us with very large error bars,
making the inclusion of additional local Universe probes
a necessary step to take before deriving any definitive
conclusions.

FIG. 3. Joint marginalized contours at 68% and 95% CL illustrating the correlation between the coupling parameter ξ, the dynamical
EOS parameters w0 and wa of the CPL parametrization [obtained by imposing a quintessence EOS wðzÞ > −1 for any z], and the Hubble
parameter H0 for P18þ BAOþ SN and ACTþ BAOþ SN.
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2. CMB and SN

Combining CMB and SN together, we enhance the
constraining power, narrowing down the upper limit on the
coupling parameter ξ. Specifically, using uncalibrated SN,
for P18þ SN we obtain ξ < 0.224, while for ACTþ SN,
we get ξ < 0.269. Further tightening occurs when consid-
ering the SH0ES calibration. For P18þ SNþ SH0ES and
ACTþ SNþ SH0ES, we find ξ < 0.0647 and ξ < 0.103,
respectively. However, uncalibrated SN data yield lower
values H0 ¼ 66.31� 0.72 km=s=Mpc for P18þ SN and
H0 ¼ 66.14� 0.89 km=s=Mpc for ACTþ SN. These
results are in clear tension with SH0ES.

Overall, SN confirm that dynamical phantom models
struggle to represent a possible solution to the H0 tension,
in line with what we anticipated from the CMB-only
analysis.

3. CMB and BAO

When it comes to considering BAO data, we find that the
coupling parameter is constrained to ξ < 0.0583 for P18þ
BAO and ξ < 0.0748 for ACTþ BAO. Both datasets
predict values of H0 that are essentially the same obtained
for ΛCDM.

TABLE VIII. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the dynamical wðzÞIDE model with
wðzÞ < −1 at any z. The results are obtained by different combinations of P18, BAO, and SN (with and without the SH0ES calibration)
measurements.

Parameter P18 P18þ SN P18þ SNþ SH0ES P18þ BAO P18þ BAOþ SN

Ωbh2 0.02232� 0.00015 0.02235� 0.00014 0.02263� 0.00014 0.02243� 0.00013 0.02241� 0.00013
Ωch2 0.140þ0.014

−0.015 0.1302þ0.0061
−0.0069 0.1197þ0.0022

−0.0027 0.1212þ0.0020
−0.0024 0.1218þ0.0021

−0.0025
100θs 1.04181� 0.00029 1.04184� 0.00030 1.04217� 0.00028 1.04196� 0.00029 1.04193� 0.00028
τreio 0.0543� 0.0076 0.0548� 0.0076 0.0633� 0.0082 0.0594� 0.0074 0.0587� 0.0074
ns 0.9632� 0.0042 0.9639� 0.0040 0.9716� 0.0039 0.9671� 0.0037 0.9664� 0.0037
logð1010AsÞ 3.045� 0.015 3.045� 0.015 3.057� 0.016 3.053� 0.014 3.052� 0.015
ξ < 0.522 < 0.224 < 0.0647 < 0.0583 < 0.0642
wa � � � < 1.11 < 1.12 < 1.05 < 1.10
w0 � � � � � � � � � � � � � � �
H0 [km=s=Mpc] 65.1þ1.9

−1.7 66.31� 0.72 68.48� 0.48 67.62� 0.44 67.47� 0.42

Ωm 0.387þ0.051
−0.061 0.349þ0.021

−0.024 0.3049þ0.0084
−0.0094 0.3156þ0.0079

−0.0089 0.3182þ0.0079
−0.0090

σ8 0.707� 0.061 0.753� 0.034 0.792þ0.018
−0.014 0.797þ0.015

−0.012 0.796þ0.015
−0.013

rdrag 147.07� 0.27 147.11� 0.26 147.57� 0.25 147.31� 0.23 147.26� 0.22

TABLE IX. Constraints at 68% (95%) CL and upper limits at 95% CL on the parameters of the dynamical wðzÞIDE model with
wðzÞ < −1 at any z. The results are obtained by different combinations of ACT, BAO, and SN (with and without the SH0ES calibration)
measurements.

Parameter ACT ACTþ SN ACTþ SNþ SH0ES ACTþ BAO ACTþ BAOþ SN

Ωbh2 0.02156� 0.00030 0.02160� 0.00030 0.02197� 0.00029 0.02162� 0.00029 0.02158� 0.00029
Ωch2 0.139� 0.013 0.1308þ0.0069

−0.0082 0.1185þ0.0033
−0.0041 0.1215þ0.0025

−0.0029 0.1225þ0.0026
−0.0031

100θs 1.04317� 0.00066 1.04315� 0.00066 1.04394� 0.00063 1.04328� 0.00063 1.04330� 0.00063
τreio 0.069� 0.014 0.069� 0.014 0.093� 0.013 0.076� 0.011 0.075� 0.011
ns 0.995� 0.012 0.994� 0.012 0.995� 0.012 0.998� 0.012 0.998� 0.012
logð1010AsÞ 3.069� 0.025 3.071� 0.024 3.116� 0.023 3.081� 0.019 3.079� 0.020
ξ < 0.499 < 0.269 < 0.103 < 0.0748 < 0.0864
wa < 1.11 � � � < 1.12 � � � � � �
w0 � � � � � � � � � � � � � � �
H0 [km=s=Mpc] 65.1� 1.7 66.14� 0.89 69.39� 0.63 67.44� 0.53 67.21� 0.50
Ωm 0.384þ0.052

−0.060 0.350þ0.024
−0.027 0.293þ0.011

−0.013 0.3161� 0.0094 0.3205� 0.0093

σ8 0.728� 0.062 0.767þ0.049
−0.042 0.806þ0.028

−0.022 0.815þ0.019
−0.016 0.812þ0.020

−0.018
rdrag 148.05� 0.63 148.09� 0.59 149.09� 0.56 148.37� 0.46 148.31� 0.47
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4. Joint analyses

Finally, we come to the most constraining CMBþ SNþ
BAO dataset. The correlations among the most relevant
parameters are shown in Fig. 4. As evident from the figure,
the joint analysis confirms the overall trend observed
consistently in the phantom dynamical case. The amount
of energy and momentum that can be transferred from DE
to DM is very constrained for both P18þ BAOþ SN
(ξ < 0.0642) and ACTþ BAOþ SN (ξ < 0.0864).
Everything is in line with a late-time ΛCDM cosmology,
including the value inferred for the Hubble parameter.

VI. CONCLUSIONS

In this paper, we undertake a comprehensive reassess-
ment of the constraints on IDE cosmology, namely cosmo-
logical models featuring energy-momentum flow between
DM and DE.
Our model is detailed in Sec. II. On top of this model, we

expand the dark sector physics, allowing for more freedom
in the DE sector by not restricting the EOS to being that of a
cosmological constant. We review, update, and extend the
state-of-the-art analyses performed in earlier similar studies
by considering two distinct physical scenarios: IDE cos-
mology with a nondynamical EOS w0 ≠ −1, and IDE
models with a dynamical EOSwðzÞ. For the latter, we adopt
a simple CPL parametrization given by Eq. (8).
Avoiding early time superhorizon instabilities in the

dynamics of cosmological perturbations imposes stability
conditions on the DM-DE coupling ξ and the DE EOS,
forcing the fraction ξ=ð1þ wÞ to be positive. Both in the
dynamical and nondynamical case, we have carefully taken
into account stability conditions, studying separately two
physical regimes represented by phantom and quintessence
EOS. In the quintessence and phantom regimes, the energy-
momentum transfer is forced to flow in different directions
(from DM to DE and from DE to DM, respectively),

producing a quite different phenomenology both in terms
of perturbations and background dynamics.
Aimed to conclusively assess whether IDE models

featuring dynamical and/or nondynamical DE EOS can
represent a possible solution to the Hubble constant
tension, we systematically study all the possibilities deriv-
ing updated observational constraints from the latest cos-
mological and astrophysical observations. Specifically, we
consider two different independent CMB experiments: the
Planck-2018 temperature polarization and lensing data as
well as small-scale Atacama Cosmology Telescope CMB
measurements. CMB experiments are considered on their
own as well as in different combinations involving low-
redshift probes, such as supernovae distance moduli mea-
surements from the Pantheon-Plus catalog and the most
recent baryon acoustic oscillations from the SDSS-IV
eBOSS survey.
Our updated and extended analysis reveals significant

differences compared to the state-of-the-art results, signifi-
cantly restricting the parameter space allowed to IDE
models with dynamical and nondynamical EOS, as well
as limiting their overall ability to reconcile cosmological
tensions. Notably, all our most important findings are
always independently corroborated by the two different
CMB experiments (which share a consistency of view on
IDE even allowing the dark sector physics), making the
conclusions of our analysis robust. The most important
takeaway results read as follows:
(1) IDE models featuring a nondynamical quintessence

EOS (w0 > −1) produce larger values of the present-
day expansion rate H0 when analyzed in terms of
CMB data. This is due to the fact that the total
amount of energy-momentum flow allowed from
the DM to the DE is poorly constrained, leaving
enough freedom to obtain large negative ξ and
higher H0. However, including low-redshift probes,
this preference is essentially lost. While using SN

FIG. 4. Joint marginalized contours at 68% and 95% CL illustrating the correlation between the coupling parameter ξ, the dynamical
EOS parameters w0 and wa of the CPL parametrization (obtained by imposing a phantom EOS wðzÞ < −1 for any z), and the Hubble
parameter H0 for P18þ BAOþ SN and ACTþ BAOþ SN.
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measurements calibrated with SH0ES, we can still
obtain a value of H0 large enough to reduce the
Hubble tension down to 2.5–2.7σ. Considering the
uncalibrated SN dataset or BAO distance measure-
ments (both separately and in conjunction), we
become very constrained on the coupling ξ, and
no room is left to increase H0 towards local distance
ladder values anymore. The most constraining cos-
mological bounds on these scenarios are summa-
rized in Fig. 1.

(2) IDEmodels featuring a nondynamical phantom EOS
(w0 < −1) predict an energy-momentum transfer
from the DE to DM. Interestingly, when this model
is analyzed with CMB and CMBþ BAO, and
CMBþ SNþ SH0ES data, we get larger values
of the Hubble constant, primarily due to a phantom
DE EOS. Therefore, this model can, in principle,
help with the Hubble tension as well. However,
considering uncalibrated SN (both in combination
CMBþ SN and CMBþ BAOþ SN), the prefer-
ence for larger H0 is strongly reduced. Also, in this
case, the joint analysis of CMB, SN, and BAO data
(whose results are shown in Fig. 2) strongly limits
the ability of the model to represent a solution to the
Hubble tension.

(3) IDE models featuring a dynamical quintessence
EOS [wðzÞ > −1 at any z] perform better in attempt-
ing to increase the value of H0 compared to the
respective nondynamical case. However, even
allowing for a dynamical wðzÞ, when considering
the joint analysis of CMB, BAO, and SN data, we
are not able to significantly increase H0 to solve the
tension, as clear from Fig. 3.

(4) IDE models featuring a dynamical phantom EOS
perform worse than the nondynamical case. We
experience the same pattern noticed in the other
scenarios: local universe observations rule out the
model as a possible solution to the Hubble tension.
This becomes pretty much evident when considering
CMB, BAO, and SN data altogether, see also Fig. 4.

Overall, our comprehensive reanalysis shows that
updated BAO and SN data appear to constrain the pos-
sibility that w0IDE or wðzÞIDE alone can conclusively
resolve the Hubble tension for the proposed interaction
model. Using the SH0ES calibration for SN (which is a
well-motivated choice given the larger values of H0

produced by the CMB-only analysis), we still have room

to mitigate, although not fully solve, the Hubble trouble.
Additionally, some scatter combinations of data involving
BAO also lead to a higher present-day expansion rate for
the phantom case. However, considering the joint CMBþ
SNþ BAO measurement, we always settle down to values
of H0 similar to those inferred within a ΛCDM-like late-
time cosmology. Yet another interesting aspect of our
updated analysis is that the state-of-the-art constraints on
the DE EOS are relaxed in models that feature a dynamic
evolution of wðzÞwhen interactions in the dark sector of the
cosmological model are considered. This is due to the
increased dimensionality of the parameter space that
introduces additional degeneracies among the parameters,
leading to larger uncertainties. Therefore, a potential
direction for future work could involve extending the
analysis to additional observational probes, particularly
those related to perturbations and the growth of structures
(e.g., weak lensing), which are not accounted for in this
work due to the complexity of treating nonlinear scales.
Overall, it is worth investigating whether some new
ingredients could be added to the IDE cosmology, which
can overcome the SN and BAO issues pointed out in this
article.
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[159] W. Giarè, arXiv:2305.16919.
[160] M. Chevallier and D. Polarski, Int. J. Mod. Phys. D 10, 213

(2001).
[161] E. V. Linder, Phys. Rev. Lett. 90, 091301 (2003).
[162] S. Pan, G. S. Sharov, and W. Yang, Phys. Rev. D 101,

103533 (2020).
[163] J. Torrado and A. Lewis, J. Cosmol. Astropart. Phys. 05

(2021) 057.
[164] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002).
[165] R. M. Neal, arXiv:math/0502099.
[166] D. Blas, J. Lesgourgues, and T. Tram, J. Cosmol. Astro-

part. Phys. 07 (2011) 034.
[167] N. Aghanim et al. (Planck Collaboration), Astron. As-

trophys. 641, A5 (2020).
[168] N. Aghanim et al. (Planck Collaboration), Astron. As-

trophys. 641, A1 (2020).
[169] N. Aghanim et al. (Planck Collaboration), Astron. As-

trophys. 641, A8 (2020).
[170] M. S. Madhavacheril et al. (ACT Collaboration),

Astrophys. J. 962, 113 (2024).
[171] F. J. Qu et al. (ACT Collaboration), Astrophys. J. 962, 112

(2024).
[172] S. Alam et al. (eBOSS Collaboration), Phys. Rev. D 103,

083533 (2021).
[173] D. Brout et al., Astrophys. J. 938, 110 (2022).
[174] L. Pogosian, M. Raveri, K. Koyama, M. Martinelli,

A. Silvestri, G.-B. Zhao, J. Li, S. Peirone, and A.
Zucca, Nat. Astron. 6, 1484 (2022).

TIGHTENING THE REINS ON NONMINIMAL DARK SECTOR … PHYS. REV. D 110, 063527 (2024)

063527-19

https://doi.org/10.1140/epjc/s10052-020-08457-y
https://doi.org/10.1140/epjc/s10052-020-08457-y
https://doi.org/10.1140/epjc/s10052-020-08682-5
https://doi.org/10.1103/PhysRevD.101.063511
https://doi.org/10.1103/PhysRevD.101.063511
https://doi.org/10.1016/j.physletb.2020.136056
https://doi.org/10.1103/PhysRevD.102.054507
https://doi.org/10.1093/mnras/stz1293
https://doi.org/10.1093/mnras/stz1293
https://doi.org/10.1103/PhysRevD.102.103503
https://doi.org/10.1103/PhysRevD.102.103503
https://doi.org/10.1088/1475-7516/2023/07/019
https://doi.org/10.1088/1475-7516/2023/07/019
https://doi.org/10.1088/1475-7516/2022/11/059
https://doi.org/10.1103/PhysRevD.108.084070
https://doi.org/10.1103/PhysRevD.73.123510
https://doi.org/10.1103/PhysRevD.74.103007
https://doi.org/10.1103/PhysRevD.74.103007
https://doi.org/10.1088/1475-7516/2009/01/020
https://doi.org/10.1088/1475-7516/2009/01/020
https://doi.org/10.1103/PhysRevD.95.023515
https://doi.org/10.1103/PhysRevD.95.023515
https://doi.org/10.1088/1475-7516/2018/02/041
https://doi.org/10.1088/1475-7516/2017/01/028
https://doi.org/10.1093/mnras/stw2073
https://doi.org/10.1093/mnras/stw2073
https://doi.org/10.1103/PhysRevD.96.123508
https://doi.org/10.1103/PhysRevD.96.123508
https://doi.org/10.1016/j.dark.2018.100261
https://doi.org/10.1016/j.dark.2018.100261
https://doi.org/10.1103/PhysRevD.98.103530
https://doi.org/10.1103/PhysRevD.98.043517
https://doi.org/10.1103/PhysRevD.98.043517
https://doi.org/10.1103/PhysRevD.98.123527
https://doi.org/10.1103/PhysRevD.98.123527
https://doi.org/10.1007/s11433-019-9439-8
https://doi.org/10.1007/s11433-019-9439-8
https://doi.org/10.1088/1475-7516/2019/12/023
https://doi.org/10.1088/1475-7516/2019/12/023
https://doi.org/10.1093/mnras/stac229
https://doi.org/10.1093/mnras/stac229
https://doi.org/10.1093/mnras/stad1814
https://arXiv.org/abs/2310.07260
https://doi.org/10.1051/0004-6361/202449883
https://arXiv.org/abs/2404.15232
https://arXiv.org/abs/2408.12403
https://doi.org/10.1088/1361-6382/ac1a81
https://doi.org/10.1088/1361-6382/ac1a81
https://doi.org/10.1103/PhysRevLett.131.111002
https://doi.org/10.1103/PhysRevLett.131.111002
https://doi.org/10.1016/j.physletb.2008.11.062
https://doi.org/10.1016/j.physletb.2008.11.062
https://doi.org/10.1103/PhysRevD.79.043526
https://doi.org/10.1103/PhysRevD.79.043526
https://doi.org/10.1088/1475-7516/2010/11/044
https://doi.org/10.1016/j.jheap.2021.08.001
https://doi.org/10.1088/1475-7516/2024/05/091
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1103/PhysRevD.106.103506
https://doi.org/10.1103/PhysRevD.106.103506
https://arXiv.org/abs/2305.16919
https://doi.org/10.1142/S0218271801000822
https://doi.org/10.1142/S0218271801000822
https://doi.org/10.1103/PhysRevLett.90.091301
https://doi.org/10.1103/PhysRevD.101.103533
https://doi.org/10.1103/PhysRevD.101.103533
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1103/PhysRevD.66.103511
https://arXiv.org/abs/math/0502099
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201833880
https://doi.org/10.1051/0004-6361/201833880
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.3847/1538-4357/acff5f
https://doi.org/10.3847/1538-4357/acfe06
https://doi.org/10.3847/1538-4357/acfe06
https://doi.org/10.1103/PhysRevD.103.083533
https://doi.org/10.1103/PhysRevD.103.083533
https://doi.org/10.3847/1538-4357/ac8e04
https://doi.org/10.1038/s41550-022-01808-7

