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Abstract. We analyze a cosmological model featuring an interaction between dark energy
and dark matter in light of the measurements of the Cosmic Microwave Background released
by three independent experiments: the most recent data by the Planck satellite and the
Atacama Cosmology Telescope, and WMAP (9-year data). We show that different combina-
tions of the datasets provide similar results, always favoring an interacting dark sector with
a 95% C.L. significance in the majority of the cases. Remarkably, such a preference remains
consistent when cross-checked through independent probes, while always yielding a value of
the expansion rate H0 consistent with the local distance ladder measurements. We investi-
gate the source of this preference by scrutinizing the angular power spectra of temperature
and polarization anisotropies as measured by different experiments.
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1 Introduction

The standard cosmological model, known as ΛCDM, describes the Universe as isotropic and
homogeneous on large scales. The majority of the matter in the model is made up of Cold
Dark Matter (CDM), which is parametrized as a perfect fluid of collisionless particles that
interact solely through gravity. The model also accounts for the existence of Dark Energy,
represented by a cosmological constant Λ in the Einstein equations, which is responsible
for the observed accelerated expansion of the Universe at later stages. To set the initial
conditions, the model relies on cosmological inflation, an early phase of almost de-Sitter
expansion, which leads the Universe towards homogeneity and flatness, while also providing
a compelling explanation for the origin of primordial density fluctuations.

Despite involving such poorly understood physics, the ΛCDM model has been highly
successful over the last few decades in providing an accurate fit to a broad range of cosmolog-
ical and astrophysical observations. Nevertheless, as error-bars on cosmological parameters
began to narrow, different intriguing tensions and anomalies emerged at various statisti-
cal levels [1–3]. Currently, the most significant tension is between the Hubble constant (H0)
value, as measured by the SH0ES collaboration, that is using a distance ladder with Cepheids
variables to calibrate Type Ia supernovae [4] (H0 = 73.04 ± 1.04 km/s/Mpc), and the value
inferred by the Planck satellite from Cosmic Microwave Background (CMB) observations [5]
(H0 = 67.4 ± 0.5 km/s/Mpc) assuming a ΛCDM model for the expansion history of the
Universe. The so-called H0 tension [6, 7] has recently overcome the threshold of 5 standard
deviations [4, 8], essentially ruling out the possibility of a statistical fluke. It is also im-
portant to note that several alternative observations of the late-time Universe support the
SH0ES result, and none of these measurements suggests a value lower than early Universe
estimates [9–21]. Additionally, Planck-independent observations of the CMB temperature
and polarization anisotropies always predict an expansion rate consistent with Planck and
never higher than late-time probes [22, 23], assuming a ΛCDM scenario. Consequently, the
H0 tension suggests a discrepancy between our comprehension of the early and late Universe.

Certainly, discrepancies in the observational data may point to the presence of unac-
counted-for systematic errors. Although it cannot be ruled out entirely, this possibility is
becoming increasingly unlikely, given the extensive analysis performed by the SH0ES collab-
oration [4] and the distribution of the local measurements, that are made by different teams
with different probed and calibration methods: when these measurements are combined to-
gether, even removing a few of them, the total tension with the CMB estimate still persists
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at the 4 − 6σ level [24, 25]. More excitingly, the H0 tension can indicate the necessity of
new physics, because inferring H0, i.e. the rate at which the Universe is expanding today,
from observations of the Cosmic Microwave Background necessarily relies on the cosmological
model and its underlying assumptions. In more complex cosmologies beyond ΛCDM, values
of H0 consistent with local distance ladder measurements can be obtained, and numerous
potential solutions have been proposed in the literature, see, e.g., refs. [1, 26–29] for recent
reviews.

One model that has gained popularity for potentially resolving the H0 tension is the
interacting dark energy (IDE) scenario, where a non-gravitational interaction between dark
matter (DM) and dark energy (DE) is postulated [25, 30–68]. The state-of-the-art constraints
on IDE cosmologies arise primarily from the CMB data released by the Planck collaboration,
which provides a mild-to-moderate indication for an interacting dark sector, yielding a value
of the expansion rate H0 consistent with the local SH0ES measurements. However, when
the Planck observations are considered in combination with robust external probes, as mea-
surements of the late-time expansion history from BAO and SN, such preference is usually
mitigated [67]. Nonetheless, recent studies suggest a significant reliance on the cosmologi-
cal model in the matter clustering 3D BAO measurements [69]. Exploiting a 2D transverse
projection of the BAO dataset (where the dependence on the cosmological model is much
reduced) leads to very different constraints than the traditional 3D BAO approach, resulting
in a very strong evidence in favor of IDE cosmologies.

In this paper, we aim to evaluate the robustness of this indication for Interacting Dark
Energy by further testing it against different CMB observations, beyond those from the
Planck satellite [5]. Namely, we explore the constraints derived from the Atacama Cosmology
Telescope data [70], both alone and in combination with the 9-year data release from the
WMAP satellite [71]. Our findings reveal that different independent combinations of data
yield comparable results in favor of the IDE scenario, which is consistent with the bounds
obtained from the Planck experiment solely. To understand the underlying cause of this
preference, we conduct a comprehensive analysis of the angular power spectra of temperature
anisotropies and polarization as measured by the different CMB probes across various scales.

This work is organized as follows: in section 2 we describe the theoretical model. In
section 3 we discuss the datasets and the methodology used in our analyses. In section 4 we
discuss our results. Finally, in section 5 we present our conclusions.

2 The IDE model

Within the minimal ΛCDM framework, dark energy and dark matter only interact through
gravity. Therefore, due to the energy-momentum conservation, ∇µT µ

c ν = ∇µT µ
x ν = 0, where

c and x denote dark matter and dark energy, respectively. However, there is no a priori reason
why these two quantities should not interact in other ways, and it has been shown that an
interaction that assumes an energy flow from dark energy to dark matter (or vice versa) is
consistent with the data [69, 72–74]. In the following, we concentrate on an IDE model in
which the interaction is featured by the energy density of dark energy ρx and 4-velocity of
dark matter vc. In the synchronous gauge, the metric is defined as:

ds2 = a2
[

− dτ2 +
(

δij + hij
)

dxidxj
]

. (2.1)
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This IDE model introduces energy-momentum transfer from dark energy to dark matter
by modifying their individual energy conservation equations as follows:

∇µT µ
c ν = +

Q(vc)ν

a
(2.2)

∇µT µ
x ν = −Q(vc)ν

a
. (2.3)

The energy density transfer rate Q can have many different phenomenological expressions.
In this work we focus on an interacting model with an interacting rate given by:

Q = ξHρx , (2.4)

where ξ is a dimensionless coupling constant, with (vc)ν = a(−1, (vc)i) in the synchronous
gauge. Note that if ξ < 0 the energy flows from the dark matter sector to the dark energy one.

The energy density perturbation is δ = δρ/ρ and the divergence of the fluid proper
velocity is θ = ik · v. At linear order, the perturbations in the dark fluids δx,c and θx,c evolve
as [30, 75]:

δ′

x = −(1 + w)

(

θx +
h′

2

)

− ξ

(

kvT

3
+

h′

6

)

− 3H(1 − w)

[

δx +
Hθx

k2
(3(1 + w) + ξ)

]

, (2.5)

δ′

c = −θc − 1

2
h′ + ξHρx

ρc
(δx − δc) + ξ

ρx

ρc

(

kvT

3
+

h′

6

)

, (2.6)

θ′

x = 2Hθx +
k2δx

w + 1
+ 2H ξ

w + 1
θx − ξH θc

w + 1
, (2.7)

θ′

c = −Hθc, (2.8)

where h is the trace of metric perturbation hij , and ′ denotes taking derivative with respect
to τ : h′ ≡ ∂h/∂τ . vT is the centre of mass velocity for the total fluid, defined as:

vT(k) =

∑

i(1 + wi)ρiθj/k
∑

i(ρi + Pi)
, (2.9)

where the index i runs from corresponding species of the fluid, here dark matter and dark
energy. The sound speed in dark energy rest frame is assumed to be c2

s = 1. In this work,
δPx/δρx in the synchronous gauge is calculated following the discussion in refs. [31, 76].

In order to avoid gravitational and early-time instabilities we have to impose wx 6= −1
(fixing wx = −0.999) and that ξ and (1 + wx) have opposite signs [31, 75]. We therefore
analyze the ξ < 0 case, that has also been shown to be able to help with the H0 tension.

3 Datasets and methodology

We exploit the publicly available code COBAYA [77] to study the observational constraints on
the IDE cosmological model. The code explores the posterior distributions of a given parame-
ter space using the Markov Chain Monte Carlo (MCMC) sampler developed for CosmoMC [78]
and tailored for parameter spaces with speed hierarchy implementing the “fast dragging” pro-
cedure [79]. To compute the theoretical model and introduce the possibility of interactions
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between dark energy and dark matter, we exploit a modified version of the Cosmic Linear
Anisotropy Solving System code, CLASS [80]. Our baseline sampling parameters are the usual
six ΛCDM parameters, namely the baryon ωb

.
= Ωbh2 and cold dark matter ωc

.
= Ωch

2 en-
ergy densities, the angular size of the horizon at the last scattering surface θMC, the optical
depth τ , the amplitude of primordial scalar perturbation log(1010As) and the scalar spectral
index ns. In addition, we consider the coupling parameter ξ defined in eq. (2.4). We select
uniform prior distributions for all the parameters considered in our analysis, except for the
optical depth at reionization (τ), for which we adopt a prior distribution that aligns with the
CMB dataset, as discussed below. To test the convergence of the chains obtained using this
approach, we utilize the Gelman-Rubin criterion [81], and we establish a threshold for chain
convergence of R − 1 . 0.02.

Our baseline CMB datasets consist of:

• The full Planck 2018 temperature and polarization likelihood [5, 82, 83], in combination
with the Planck 2018 lensing likelihood [84], reconstructed from measurements of the
power spectrum of the lensing potential. We refer to this dataset as “Planck”.

• The full Atacama Cosmology Telescope temperature and polarization DR4 likeli-
hood [70], assuming a conservative Gaussian prior on τ = 0.065 ± 0.015 as done in [22].
We refer to this dataset as “ACT”.

• The full Atacama Cosmology Telescope DR4 likelihood, combined with WMAP 9-years
observations data [71] and a Gaussian prior on τ = 0.065 ± 0.015, as done in [22]. We
refer to this dataset combination as “ACT+WMAP.”

• The full Atacama Cosmology Telescope temperature and polarization DR4 likeli-
hood [70], in combination with the Planck 2018 TT TE EE likelihood [5, 82, 83] in the
multipole range 2 ≤ ℓ ≤ 650 and the Planck 2018 lensing likelihood [84]. We refer to
this dataset as “ACT+Planck”.

• A gaussian prior H0 = (73.04 ± 1.04) km/s/Mpc on the Hubble constant as measured
by the SH0ES collaboration [4]. We refer to this data set as SH0ES.

Finally, to conduct a model comparison, we calculate the Bayesian evidence for each
one and then estimate the corresponding Bayes factors, which are normalized to a baseline
ΛCDM scenario (i.e., without an interacting Dark sector). To perform this task, we employ
the MCEvidence package, which is publicly available [85, 86].1 This package has been appro-
priately modified to be compatible with COBAYA. We use the convention of a negative value if
the IDE model is preferred against the ΛCDM scenario, or vice versa, and we refer to the re-
vised Jeffrey’s scale by Trotta [87, 88], to interpret the results. We will say that the evidence
is inconclusive if 0 ≤ |ln Bij | < 1, weak if 1 ≤ |ln Bij | < 2.5, moderate if 2.5 ≤ |ln Bij | < 5,
strong if 5 ≤ |ln Bij | < 10, and very strong if |ln Bij | ≥ 10.

4 Results

We show in table 1 the constraints at 68% C.L. (upper limits at 95% C.L.) on the cosmological
parameters for the IDE scenario studied in this work.

1The MCEvidence package can be accessed at the following link: https://github.com/yabebalFantaye/

MCEvidence.
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Parameter Planck ACT ACT+WMAP ACT+Planck

Ωbh2 0.02237 ± 0.00015 0.02153 ± 0.00032 0.02238 ± 0.00020 0.02238 ± 0.00013

Ωch
2 0.067+0.042

−0.031 (< 0.115) < 0.0754 (< 0.111) 0.070+0.046
−0.021 (< 0.117) 0.067+0.042

−0.030 (< 0.115)

H0 71.6 ± 2.1 72.6+3.4
−2.6 71.3+2.6

−3.2 71.4+2.5
−2.8

τreio 0.0534 ± 0.0079 0.063 ± 0.015 0.061 ± 0.014 0.0533 ± 0.0073

log(1010As) 3.042 ± 0.016 3.046 ± 0.030 3.064 ± 0.028 3.047 ± 0.014

ns 0.9655 ± 0.0045 1.010 ± 0.016 0.9741+0.0066
−0.0064 0.9699 ± 0.0038

ξ −0.40+0.23
−0.20 −0.46+0.20

−0.28 −0.38+0.35
−0.14 −0.40+0.27

−0.23

S8 1.10+0.19
−0.35 1.18+0.26

−0.38 1.08+0.19
−0.31 1.09+0.19

−0.34

ln Bij −0.17 −0.07 0.06 −0.25

Table 1. Constraints (upper limits) at 68% (95%) C.L. on the parameters of the IDE model obtained
from different combinations of CMB data, without introducing any prior from the SH0ES collabora-
tion. The Bayes factors ln Bij = ln ZLCDM − ln ZIDE calculated as the difference between the evidence
for ΛCDM and IDE model in such a way that a negative value indicates a preference for the IDE
model over the ΛCDM scenario.

The first and most important thing to notice is that, independently on the CMB data
analysed, a coupling between DM and DE ξ is always preferred with a statistical significance
above 1σ. Indeed, in the majority of the cases the preference is very close to the 95% C.L.
The non-zero preferred value of the coupling is translated into a smaller amount of cold dark
matter at present, regardless of the CMB observations exploited in the data analysis. Such a
lack of cold dark matter is a straightforward consequence of the non-gravitational interaction
among the dark sectors: in the presence of a negative coupling in the rate given by eq. (2.4),
due to the energy flow among the dark sectors, the current amount of cold dark matter is
reduced with respect to the canonical ΛCDM scenario. The smaller amount of cold dark
matter in interacting scenarios is translated into a value of the Hubble constant H0 higher
than in standard scenarios, required to compensate for the lower value ρc. This is a very
important outcome of our numerical analyses: for all the CMB data sets considered here, the
mean value of H0 is much larger, and the significance of the H0 tension is therefore strongly
reduced. Notice in addition that the solution to the tension is mainly led by the shift in the
mean value of the Hubble constant and not by the larger size of the errors. Interestingly,
the model-comparison results lead to a negative values of the Bayes factor ln Bij for most
of the CMB data combinations considered here. Therefore, even if the preference remains
inconclusive, there is a tendency from current CMB measurements towards an IDE cosmology.
Such a preference could potentially improve with future CMB observations.2

Figure 1 depicts a comparison of the ACT and Planck plus ACT results for the temper-
ature angular power spectra in the upper panels, together with the residuals (showing the
departure from the minimal ΛCDM cosmology) in the lower panels. In the case of Planck
data we only show the low multipole measurements (ℓ < 650) data. Data points for these
two experiments are also illustrated. We show the results for both the canonical ΛCDM as

2The rest of the cosmological parameters depicted in table 1 show values close to those obtained within the
ΛCDM minimal cosmology except for the scalar spectral index, which is close to unity when ACT observations
are included in the analyses. We refer the interested reader to the recent work of ref. [89] for a comprehensive
analysis.
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Figure 1. Left (right) panel: comparison of the ACT (Planck plus ACT) best fit and mean-value
temperature angular power spectra (upper panels) for IDE and ΛCDM cosmologies and residuals
(lower panels), plotted against the ACT and Planck (ℓ < 650) data.

well as for IDE cosmologies from the best-fit and mean-value cosmological parameters arising
from our Monte Carlo data analyses. Focusing on the multipole range 2 . ℓ . 650 probed
by the Planck data, the most notable difference in the angular power spectra is observed
at very low multipoles3 where the error bars are significantly large and at ℓ ∼ 300 where
the model exhibits a slight deviation from the observed data-points (also leading to a minor
worsening of the fit in this specific range of multipoles). Therefore, when combining the two
experiments, the high multipole ACT CMB data at ℓ & 650 are mainly those driving the
preference for ξ < 0 and are also responsible for the global improvement in the fit within the
context of IDE models with respect to the minimal ΛCDM. Such an improvement is due to
the contribution from the multipole range 650 . ℓ . 1000, as well as to the lower amplitude
of the ACT acoustic modes at high ℓ & 3000. Therefore it is a real effect, rather than that
explored in ref. [48] for Planck data only, in which the detection of a coupling ξ < 0 was
indeed a fake effect induced by parameter degeneracies. To further reassess these findings
we have combined ACT with the SH0ES prior on the Hubble constant, obtaining a value for
the coupling and H0 of ξ = −0.45+0.24

−0.20 and H0 = 72.9 ± 1.1 respectively. Notice that these
values are very close to those obtained with ACT only data (see table 1) and that the most
relevant effect when adding the prior on the Hubble constant is a decrease on its error, being
the change on its mean value completely negligible and therefore making the hints for an
IDE cosmology from high multipole data a neat result.

We measure the level of agreement between Planck and ACT under the Interacting
Dark Energy cosmology, adopting the Suspiciousness statistics [90–92]. This methodology

3Notice that the IDE effects enhance power in the lowest multipoles, known as the ISW plateau. The
amplitude of the ISW plateau is primarily controlled by the spectral index ns and the amplitude of the late-
time ISW effect which depends on the duration of the dark energy-dominated era, approximately given by
the ratio ΩDE/Ωm ≃ ΩDE/(1 − ΩDE). While ns is almost indistinguishable between the IDE and ΛCDM, the
IDE model predicts a transfer of energy from dark matter to dark energy, resulting in a higher value of ΩDE.
A larger ΩDE implies a longer period of DE domination and, consequently, an enhanced late-time ISW effect.

– 6 –
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provides a comprehensive overview of how these discrepancies evolve in extended parameter-
spaces, without being influenced by biases resulting from prior volume effects. In particular,
to avoid any unintended influence of the prior volume, we separate the Bayes Ratio into
two parts: the Information (I), which is dependent on the prior, and the Suspiciousness
(S), which is independent of the prior. If the datasets are uncorrelated and the posterior
distributions follow a Gaussian-like distribution with means of µ and a covariance matrix of
Σ, the Suspiciousness can be estimated as [90–92]

log S =
d

2
− χ2

2
(4.1)

where d represents the dimension of the parameter volume of the cosmological model and χ2

is given by
χ2 = (µA − µB) (ΣA + ΣB)−1 (µA − µB) (4.2)

with [A, B] ≡ [Planck, ACT]. Notice that the χ2 can be converted easily into a tension
probability by the survival function of the χ2 distribution

p =

∫

∞

χ2

xd/2−1e−x/2

2d/2Γ(d/2)
dx (4.3)

and, so into a Gaussian equivalent tension via the inverse error function:

σ(p) =
√

2 erfc−1(1 − p). (4.4)

For the 7-dimensional IDE model considered in this work, we find that the tension between
ACT and Planck persists at a Gaussian equivalent level of 2.3σ (log S = −4.7, p = 0.0217,
χ2 = 16.4), similar to the baseline cosmological model [91, 92]. Therefore, we conclude that
IDE cosmologies do not provide a resolution to the discrepancies observed between the two
CMB probes. In fact, the tension between ACT and Planck is mainly driven by differences
in the value of the spectral index ns and Ωbh

2 [22, 89], and both present also in this model,
as evident from table 1.

We would like to conclude this section with some final remarks: the substantial flow of
energy (of approximately 40%) from the dark matter sector to the dark energy sector consis-
tently favored by all the CMB probes analyzed in this study, may have significant implications
for other cosmological and astrophysical observables. For instance, it can affect the growth
of structures in the Universe as well as the fraction of gas fgas derived from galaxy cluster
data. In the context of the IDE model, it has been pointed out several times that matter
cluster parameters such as σ8 or S8 tend to be higher compared to the estimates obtained
from weak lensing and galaxy clustering surveys assuming the ΛCDM framework [93], see
e.g., [37, 64, 69] and discussions therein. However, these estimates also come with large error
bars, making it inconclusive to draw any definitive conclusions about the galaxy clustering
predictions for IDE models, see also table 1. Furthermore, it is important to note that the
comparison of the these cluster parameters may not be directly relevant as the value of S8

is model-dependent. To properly assess the compatibility, the S8 value derived from weak
lensing and galaxy clustering surveys should be compared with values obtained from CMB
data, such as Planck or ACT, assuming the same underlying model of cosmology. Similar
conclusions can be derived for the determination of fgas. Using the most recent measurements
available in the literature [94], it is evident that the fgas fraction is inversely proportional
to the total matter density, Ωm, and directly proportional to the Hubble function H(z). In

– 7 –



J
C
A
P
0
7
(
2
0
2
3
)
0
3
2

the IDE model, it is predicted that Ωm is lower at late times compared to ΛCDM while the
expansion rate of the Universe H(z) is expected to be higher. As a result, one can argue that
the IDE model would predict a higher fgas compared to ΛCDM. However, it is essential to
highlight once again that accurate modeling of the IDE framework is missing, particularly in
terms of its dynamics on non-linear scales and its impact on related observables. Therefore, it
is currently premature to draw conclusive findings regarding the tension in the S8 parameter
with weak lensing and galaxy clustering data or other astrophysical observables within the
IDE framework. In this regard, future investigations are needed and this is beyond the aim
of this work.

5 Conclusions

Interacting dark sector cosmologies with an energy-momentum transfer between dark energy
and dark matter are very appealing scenarios to be confronted against observations, given
the fact that no fundamental symmetry in nature forbids those non-gravitational couplings.
In this manuscript we test these cosmologies in light of Cosmic Microwave Background mea-
surements released from three independent experiments: the Planck satellite, the Atacama
Cosmology Telescope, and WMAP (9-year data).

Our results, summarized in table 1 and figure 2, point to a preference for a non-zero
interacting rate among dark energy and dark matter with a 95% C.L. significance in the
majority of cases. This preference does not depend on the data set nor in the data combi-
nation considered, and as a byproduct implies a much higher value for the Hubble constant,
which becomes always in agreement with local distance ladder measurements. The reason
for this higher value of H0 is due to the transfer of energy from the dark matter sector to the
dark energy one, which results in a reduced amount of cold dark matter at the present time,
regardless of the CMB observations used in the analyses. This reduction in cold dark matter
results from the non-gravitational interaction between the dark sectors, which is featured
by a negative coupling in the rate given by eq. (2.4). To compensate the lower value of ρc,
the mean value of H0 gets significantly higher, and the tension associated with H0 is greatly
reduced. Therefore, the model can provide a potential solution to the H0 tension that is
primarily driven by this physical shift and not by larger errors. By including a prior on H0

based on the value measured by the SH0ES collaboration, the mean value of the Hubble
constant barely changes, clearly stating our arguments above. This is evident in the right
panel of figure 2.

We examined the reason for this preference by analyzing angular power spectra from
various experiments. In figure 1, the top panels compare the temperature angular power
spectra from two experiments, ACT and Planck plus ACT, along with the respective data
points. The lower panels illustrate the deviations from the minimal ΛCDM cosmology using
residuals. Our analysis indicates that the preference for ξ < 0 is primarily driven by the
high multipoles data. For instance, in both ACT and ACT+Planck, this improvement is
due to the lower amplitude of the ACT acoustic modes at high ℓ, which represents a genuine
effect rather than the fake one discussed in ref. [48] for Planck data alone. Future accurate
measurements of the CMB damping tail can shed much light not only on IDE cosmologies but
also in extended ΛCDM scenarios (such as those with extra relativistic degrees of freedom)
making therefore stronger the case for these future CMB probes, as the CMB stage IV
mission [95].
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Figure 2. 2D contours at 68% and 95% C.L. and 1D posteriors for the coupling parameter ξ
and the expansion rate H0, as inferred by the different combinations of CMB data listed in the
legend; both with (right panel) and without (left panel) assuming a prior on the value of H0 =
73.04 ± 1.04 km/s/Mpc as measured by the SH0ES collaboration (grey vertical region in the plot).
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