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Abstract. In recent years discrepancies have emerged in measurements of the present-day
rate of expansion of the universe H0 and in estimates of the clustering of matter S8. Using
the most recent cosmological observations we reexamine a novel model proposed to address
these tensions, in which cold dark matter disintegrates into dark radiation. The disintegration
process is controlled by its rate Q = αHρddm, where α is a (constant) dimensionless parameter
quantifying the strength of the disintegration mechanism and H is the conformal Hubble rate
in the spatially flat Friedmann-Lemaître-Robertson-Walker universe and ρddm is the energy
density of the disintegrating cold dark matter. We constrain this model with the latest
2018 Planck temperature and polarization data, showing that there is no evidence for α 6= 0
and that it cannot solve the H0 tension below 3σ, clashing with the result obtained by
analyzing the Planck 2015 temperature data. We also investigate two possible extensions of
the model in which the dark energy equation-of-state parameter w 6= −1. In this case it is
possible to combine Planck data with the SH0ES measurement, and we demonstrate that
in both these models the H0 tension is resolved at the 1σ level, but the condition w 6= −1
exacerbates the S8 tension. We also demonstrate that the addition of intermediate-redshift
data (from the Pantheon supernova type Ia dataset and baryon acoustic oscillations) weakens
the effectiveness of all these models to address the H0 and S8 tensions.

Keywords: CMBR theory, cosmological parameters from CMBR, cosmological simulations,
dark energy theory
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1 Introduction

Over the last decade or so, the successful operation of WMAP [1] and Planck [2] satellites to-
gether with large-scale galaxy surveys and observations from the Hubble space telescope have
provided an avalanche of data, leaving no doubt that a new era is beginning for “precision
cosmology”. Currently, the concordance model of cosmology is ΛCDM. Within this model
the expansion of the universe today is dominated by the cosmological constant Λ and cold
dark matter (CDM). Even though ΛCDM has become established as a well tested model,
various discrepancies have emerged, including the more than 4σ tension between the ob-
served [3, 4] and inferred [5] values of the Hubble constant H0 ≡ 100h km/s/Mpc [6], as well
as the discrepancy between the cosmological and local determination of S8 ≡ σ8

√

Ωm/0.3 [7]
that quantifies the r.m.s. density fluctuations when smoothed with a top-hat filter of radius
8h−1/Mpc(≡ σ8) as a function of the present day value of the non-relativistic matter density
parameter Ωm [6, 7]. Assuming a flat ΛCDM model the best-fit to extract cosmological pa-
rameters by the Planck collaboration leads to H0 = 67.27 ± 0.60 km/s/Mpc at 68% C.L. [5],
whereas the SH0ES collaboration finds a larger value H0 = 73.2 ± 1.3 km/s/Mpc [4]. On the
assumption of ΛCDM the Planck collaboration reported S8 = 0.830 ± 0.013 [5], which is in
3σ tension with KiDS-1000 data (S8 = 0.766+0.020

−0.014) [8] and 3.4σ tension with a combination
of BOSS and KV450 data (S8 = 0.728 ± 0.026) [9]. Systematic effects do not seem to be
responsible for these discrepancies [10–12] and thus a plethora of new cosmological models
have been proposed to accommodate the data [13, 14].

The above mentioned discrepancies have become a common test-ground to uncover
properties of the dark sector. New cosmological models modifying the dark sector now may
include a period of early dark energy [15–22], phantom dark energy [23–27], interacting
dark energy [28–43], emergent dark energy [44–49], scattering-induced disintegrating dark
matter [50–53] and decaying dark matter [54–61]. It would be engaging and at the same
time intriguing if both the H0 and S8 discrepancies were to be resolved simultaneously, but
as yet model building of the dark sector on this front has not been done to a satisfactory
degree [62, 63].

– 1 –
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In this paper we reexamine the idea that scattering-induced disintegration of dark mat-
ter into dark radiation (dr), with an interaction rate proportional to the Hubble param-
eter, could re-accelerate the expansion rate to accommodate the H0 tension. The rela-
tivistic degrees of freedom are generally parametrized via Neff [64] and constrained by ob-
servations of the cosmic microwave background (CMB). In the Standard Model, we have
NSM

eff = 3.046 [65–69], and so the disintegrating dark matter (ddm) model would produce
∆Neff ≡ Neff − NSM

eff > 0. At the same time the ddm would reduce the amount of CDM
relaxing the S8 tension. Indeed, in ref. [52] a likelihood analysis was carried out considering
only 2015 Planck TT CMB data at high multipoles and the local SH0ES prior on H0. This
study leads to a 1% upper bound of CDM disintegration decreasing the S8 tension down
to 0.3σ while simultaneously increasing the central value of H0 by a factor of about 1.023.
However, the addition of intermediate-redshift data from supernova and baryon acoustic os-
cillations (BAO) weakens the effectiveness of the ddm model, because when these data sets
are included the upper bound on ddm reduces to about 0.5% (bringing the S8 tension to
roughly 1.5σ) and the increment in the mean value of H0 is only a factor of 1.005 (alleviating
the tension at the 2.5σ level). Herein we combine the ddm idea with various dark energy
sectors including the dynamical dark energy as a generalized candidate of the dark energy.
To constrain the models we adopt the Planck 2018 observations, which feature the addi-
tion of the high multipole polarization data that break the correlations among some model
parameters, exacerbating the H0 tension beyond the 3σ level.

Before proceeding, we pause to note that since a fraction of dark matter disintegrates
into dr per Hubble time, the effect is amplified near the onset of matter domination and
therefore becomes constrained by CMB data. Now, the baseline Planck 2015 dataset only
contains information on the temperature spectrum, featuring a large correlation between Neff

and H0. This implies that by accommodating a ∆Neff > 0 it is possible to naturally increase
H0. To improve the determination of Neff , in our study we consider the latest Planck 2018
data sample which contains both temperature and polarization measurements, together with
a new optical depth τ estimate which strongly correlates with this parameter, and shifts the
Neff best fit towards lower values. Thereby, although Neff affects the temperature spectrum
modifying the smoothing in the damping tail and increasing the early Integrated Sachs-
Wolfe (eISW) effect [70, 71], the polarization is not affected by the eISW effect, breaking the
degeneracy while yielding a very robust measurement of dr [72].1 The dr measurement is so
robust, that even adding additional data (BAO or Pantheon) the central value does not shift
from 3.046.

The paper has been organized as follows. In section 2 we present the background and
perturbations equations of the ddm scenarios. After that in section 3 we describe the obser-
vational datasets and the statistical methodology to constrain all the cosmological scenarios
described in this article. Then, in section 4 we discuss the observational constraints ex-
tracted out of all the scenarios considered. Finally, in section 5 we close this article with a
brief summary of the results.

1The well-known eISW effect encodes the contribution to CMB anisotropies originating in time-varying
gravitational potentials at early times, shortly after recombination, when the universe was not entirely matter-
dominated [73, 74].

– 2 –
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2 Disintegrating dark matter: background and perturbations

We consider a spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) line element
which provides a good description of our homogeneous and isotropic universe:

ds2 = −dt2 + a2(t) δij dxidxj , (2.1)

where a(t) is the expansion scale factor of the universe. We expand the metric tensor into
spatial average and small linear perturbations. We work in the synchronous gauge in con-
formal time dη = dt/a, for which the scalar component of the inhomogeneous line element
reduces to,

ds2 = a2(η)[−dη2 + (δij + hij) dxidxj ] , (2.2)

with hij a rank-2 symmetric tensor field associated to the six components of the perturbations
of the spatial part. Following [75], hij is parametrized in Fourier space k. We assume
that the gravitational sector of the universe is perfectly described by the General Relativity
and within the matter sector not all the components are independently conserved. Here
we explore the cosmology of the disintegration mechanism between CDM and dr but the
remaining components, namely baryons and dark energy are independently conserved. In
the scattering-induced ddm model, the CDM (with equation of state parameter wddm = 0)
disintegrates into dr (with wdr = 1/3), and hence the continuity equations read:

ρ′
ddm + 3Hρddm = −Q, (2.3)

ρ′
dr + 4Hρdr = Q , (2.4)

where ρddm and ρdr are respectively the densities of ddm and dr, the prime denotes the
derivative with respect to the conformal time η, Q = αHρddm is the interaction rate that
characterizes the disintegration process, H is the conformal Hubble rate, and α > 0 is the
coupling parameter that quantifies the strength of the CDM disintegration into dark radia-
tion. Before proceeding, we pause to note that the assumption of Q ∝ Hρddm has a priori no
physical basis2 and from the phenomenological point of view, the most general form of this
interaction function may look like either Q ≡ HQ(ρddm, ρdr) or Q ≡ Q(ρddm, ρdr) (without
the presence of the conformal Hubble factor), where Q(ρddm, ρdr) is any abribrary function
of ρddm, and ρdr. However, in this work we keep the choice of the interaction function as
adopted in refs. [50, 52] because we are interested in studying the impact of including the
high-ℓ polarization Planck data into the analysis.

The evolution of the ddm and dr components at the background level can be completely
solved from eqs. (2.3) and (2.4), leading to:

ρddm = ρddm,0 a−(3+α), (2.5)

ρdr = β a−4 +
α

1 − α
ρddm,0 a−(3+α) , (2.6)

where β is a constant. For simplicity, herein we assume that the initial abundance of CDM
≡ ddm is established at some early time tprod ≪ tLS and that ∆Neff ≪ 1 at tprod, where tLS

denotes the time of last scattering. All through the paper we adopt the subscript 0 to indicate

2At this point the readers might be interested to know that in the interacting dark matter — dark energy
scenarios, some attempts have been made to justify the choice of the interaction functions, see for instance
refs. [76–81].
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the quantities are evaluated today, with a0 = 1. Note that the first term in the right-hand-
side of eq. (2.6) behaves like a standard radiation density whereas the second term behaves
like a fluid with an equation of state α/3. Following [50, 52], we consider the case of a weak
coupling between dark matter and dark radiation, i.e., α ≪ 1 which under the assumption
that dark radiation is only produced via scattering-induced dark matter disintegration leads
to β ∼ 0. With this in mind, the fraction of dark matter that disintegrates into dark radiation,

fddm =
ρdr,0

ρddm,0
=

α

1 − α
, (2.7)

remains constant over the time and the system of equations describing the evolution of CDM
and dr are simplified to:

ρddm = ρddm,0 a−(3+α), (2.8)

ρdr =
α

1 − α
ρddm,0 a−(3+α) . (2.9)

Now, for the total energy density of the universe given by ρtotal = ρb + ρddm + ρdr + ρde, we
can write down the evolution of the Hubble expansion as follows

H2

H2
0

= Ωb a−3 + Ωddm a−(3+α) +
α

1 − α
Ωddm a−(3+α) + Ωde exp

(

3

∫ 1

a

1 + wde(a
′)

a′
da′

)

,

(2.10)

where Ωi = ρi,0/ρcrit,0 denotes the present-day density parameters, with ρcrit,0 = 3H2
0 /(8πG)

the present-day value of the critical density, and where wde(a) is the barotropic equation of
state of the dark energy, which could be either time independent or time dependent.3 In this
work we consider the two possibilities, with wde(a) defined as follows:

• non-dynamical dark energy: we consider the cosmological constant Λ (i.e. wde(a) = −1)
as the canonical example of non-dynamical dark energy. The Hubble expansion in this
case becomes,

H2

H2
0

= Ωb a−3 + Ωddm a−(3+α) +
α

1 − α
Ωddm a−(3+α) + ΩΛ , (2.11)

and we label this cosmological scenario as Λddm.

• Dynamical dark energy: in this category we assume two different dark energy candidates
as follows

– We consider the simplest dynamical dark energy model characterized by the con-
stant equation of state wde(a) = w0 6= −1. The Hubble expansion in this case
takes the form

H2

H2
0

= Ωb a−3 + Ωddm a−(3+α) +
α

1 − α
Ωddm a−(3+α) + Ωde a−3(1+w0) , (2.12)

and we label this scenario as w0ddm.

3Because we are always referring to the present day density parameters, we omit the subscript 0 in this case.

– 4 –
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– As a general dynamical dark energy model, we assume the most well known dy-
namical equation of state parametrization, namely the Chevallier-Polarski-Linder
(CPL) parametrization wde(a) = w0 + wa(1 − a), where w0 and wa = dwde(a)/da
are the free parameters. The Hubble expansion here becomes,

H2

H2
0

= Ωb a−3 + Ωddm a−(3+α) +
α

1 − α
Ωddm a−(3+α) + Ωde a−3(1+w0+wa) exp[−3wa(1 − a)] ,

(2.13)
and we label this scenario as w0waddm.

All in all, for the ddm scenario described by eqs. (2.3) and (2.4), we can explicitly
solve its evolution at the background level for three specific dark energy equation of state
parameters. Now, to address the impact of the ddm cosmological models on CMB and large-
scale-structure (LSS) observables, we must not only account for the modified evolution of
the background densities, but also include the effect of perturbations. Since dark energy
does not interfere with the dark matter disintegration mechanism, the density and velocity
perturbations for the dark energy fluid will be exactly the same as we have seen in the non-
interacting cosmological models where dark energy is a component. For the perturbations in
the cosmological fluid, the dimensionless density contrast δi = δρi/ρ̄i conveniently describes
the fluctuations in the energy density field of a given cosmological species i and θi the velocity
divergence of the fluid with respect to the expansion, where the bar denotes background
quantities. This means that the density perturbations and the velocity perturbations for the
dark energy fluid assuming the synchronous gauge will respectively be given by the following
set of equations [75]:

δ′
de = −(1 + wde)

(

θde +
h′

2

)

− 3Hw′
de

θde

k2
− 3H

(

c2
s − wde

)

[

δde + 3H(1 + wde)
θde

k2

]

,

(2.14)

θ′
de = −H(1 − 3c2

s)θde +
c2

s

1 + wde
k2δde − k2σde (2.15)

where h ≡ hii denotes the trace part of the metric perturbation and c2
s is the physical sound

speed of the dark energy in the rest frame. We have taken the usual assumption in which
c2

s = 1. Under this assumption we are considering that the dark energy does not cluster in
the sub-Hubble scale. However, one can also consider c2

s to be a free parameter, but this
parameter has been found to be unconstrained, see for instance [82–85]. Thus, the assumption
of free c2

s does not offer any interesting physics. In what follows the shear perturbation of
dark energy is taken to be σde = 0. The most vital changes that appear in the perturbations
equations are due to the disintegration mechanism between CDM and dr.

Putting all this together the density and the velocity perturbation equations for the
ddm and dr sectors are found to be

δ′
ddm = θddm −

h′

2
, (2.16)

θ′
ddm = −H θddm , (2.17)

δ′
dr = −

4

3

(

θdr +
h′

2

)

+ αH
ρddm

ρdr
(δddm − δdr) , (2.18)

θ′
dr =

k2

4
δdr − αH

3ρddm

4ρdr

(

4

3
θdr − θddm

)

− k2σdr . (2.19)

– 5 –
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Figure 1. CMB TT power spectrum obtained by varying α (upper panel) and by varying w0 (bottom
panel) for the w0ddm scenario.
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Figure 2. CMB TE power spectrum obtained by varying α for the w0ddm scenario.
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Figure 3. CMB EE power spectrum obtained by varying α for the w0ddm scenario.

Note that one can set θddm = 0 in the ddm comoving frame and with this consideration (2.16)
and (2.17) simplify to: δ′

ddm = −h′/2 and θ′
ddm = 0. Hereafter, the shear perturbation of

dark radiation is also taken to be σdr = 0.

In figures 1, 2 and 3, we show the effects of the α and w0 parameters in modifying the
CMB power spectrum. We can see that while w0 mainly changes the amplitude of the low-ℓ
multipoles, α completely modifies the CMB peak structure, changing the peak amplitudes
and positions.
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3 Observational data and statistical methodology

In this section we provide a description of the observational datasets and the statistical
methodology. To constrain the free parameters of the ddm models we make use of a series
of cosmological probes:

• CMB: the Planck 2018 legacy release temperature and polarization CMB measure-
ments [5, 86].

• lensing: the Planck 2018 CMB lensing reconstruction likelihood [87].

• BAO: the BAO measurements from 6dFGS [88], SDSS-MGS [89], and BOSS DR12 [90].

• Pantheon: the Pantheon sample of 1048 Supernovae Type Ia distributed in the redshift
interval z ∈ [0.01, 2.3] [91].

• R20: a gaussian prior on the Hubble constant in agreement with the SH0ES collabo-
ration measurement in [4].

To study the impact of the ddm models on the CMB and LSS observables, we modify
the Boltzmann code CAMB [92]. More concretely, we implement the non-standard time evolu-
tion of ddm and dr energy densities according to eqs. (2.16) and (2.19). To investigate and
constrain the imprints of ddm models on the CMB and LSS we adopt Markov Chain Monte
Carlo (MCMC) methods to sample the posterior distribution of the cosmological parameters.
We used a modified version of the MCMC cosmological package CosmoMC [93, 94], publicly
available at http://cosmologist.info/cosmomc/, that is equipped with a convergence diagnos-
tic based on the Gelman-Rubin criterion [95] and supports the Planck 2018 likelihood [86].
We monitor the convergence of the generated MCMC chains using the standard R parameter,
requiring R − 1 < 0.02 for the MCMC chains to be considered as converged. We consider
the models outlined in section 2, which span three different parameter spaces; namely, a
7-dimensional space for Λddm, 8-dimensional for w0ddm, and 9-dimensional for w0waddm.
The free parameters in these models are

P1 = {Ωbh
2, Ωddmh2, 100θMC, τ, ns, ln(1010As), α},

P2 = {Ωbh
2, Ωddmh2, 100θMC, τ, ns, ln(1010As), α, w0},

P3 = {Ωbh
2, Ωddmh2, 100θMC, τ, ns, ln(1010As), α, w0, wa},

where Ωb and Ωddm are the baryons and ddm densities normalized to the critical density,
θMC is an approximation of the ratio of sound horizon to the angular diameter distance
(which is adopted in CosmoMC [93, 94] and is based on fitting formulae given in [96]), τ is
the reionization optical depth, ns is the scalar spectral index, As is the amplitude of the
primordial scalar power spectrum, α gauges the strength of the ddm mechanism, and w0

and wa are the free parameters describing the dark energy equation of state. We impose flat
priors on the free parameters as specified in table 1.

4 Observational results

In this section we summarize the observational constraints extracted out of the three distinct
ddm scenarios distinguished by the dark energy dependence; namely, (i) Λddm, (ii) w0ddm
and (iii) w0waddm.

– 7 –
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Parameter prior

Ωbh
2 [0.005, 0.1]

Ωddmh2 [0.001, 0.99]

100θMC [0.5, 10]

τ [0.01, 0.8]

ns [0.7, 1.3]

ln(1010As) [1.7, 5.0]

α [0, 1]

w0 [−2, 0.5]

wa [−3, 3]

Table 1. Flat priors on various cosmological parameters of the ddm scenarios.

4.1 ddm and non-dynamical dark energy: the Λddm model

In table 2 we display the constraints at 68% C.L. and at 95% C.L. on the free cosmological
parameters of the Λddm model (above the horizontal line) and on the derived parameters
(below the horizontal line). In addition, we display the corresponding 2D contour plots in
figure 4. Remarkably, independently of the dataset combinations considered, we obtain an
upper limit for α that is consistent with zero, recovering the constraints on the cosmological
parameters that we have for a standard ΛCDM model, and therefore the same level of tension
with H0 and S8. Moreover, the upper bound on α is robust and does not change among the
various dataset combinations, with the only exception being the CMB+lensing dataset, for
which the bound becomes more restrictive by a factor of 0.8, and when the R20 prior is
included, as discussed in the appendix. In particular, α < 0.0033 at 95% C.L. for CMB
alone, whereas α < 0.0027 at 95% C.L. for CMB+lensing, while it remains unaltered when
BAO or Pantheon are included in the analysis.

We can conclude that while the analysis of Planck 2015 (high-ℓ TT + low-ℓ TEB)+R18+
JLA+BAO data suggests that the Λddm model could help to reduce (though not fully elim-
inate) the H0 and S8 tensions (specifically, a discrepancy persists at 2.5σ and 1.5σ, respec-
tively) [52], the addition of the high-ℓ polarization data of Planck 2018 into the analysis
changes the overall picture: as we have shown in table 2 the Λddm model cannot solve the
H0 tension below 3σ.

From figure 4 it is possible to understand the effect of the Λddm model on the H0 and
S8 tensions analyzing the correlation between α and the relevant cosmological parameters.
The correlation works in the right direction to potentially alleviate the current cosmological
tensions, being positively correlated with H0 (the Hubble value shifts about 1σ towards a
higher value) and at the same time inversely correlated with the sound horizon rdrag (al-
though mildly in this case), and anticorrelated with both S8 and Ωm. Therefore, we can
speculate that even if the observational datasets do not favor the Λddm scenario for the
present interaction rate, however, the picture may change for a different interaction rate. As
mentioned in section 2, since the choice of the interaction rate is not unique here and one may
consider a very general interaction rate of the form Q ≡ HQ(ρddm, ρdr) or Q ≡ Q(ρddm, ρdr),
therefore, an interaction rate other than Q ∝ Hρddm could offer different constraints on the
free and derived parameters.

– 8 –
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Figure 4. We show the 1-dimensional posterior distributions of some important parameters and the
2-dimensional joint contours at 68% and 95% C.L. between some of the model parameters for the
Λddm scenario using various cosmological probes and their combinations. H0 and rdrag are given in
[km/s/Mpc] and [Mpc], respectively.

4.2 ddm and dynamical dark energy: the w0ddm and w0waddm models

It is well-known that both early-time models (departing from ΛCDM before recombination)
and late-time models (departing from ΛCDM after recombination) cannot alleviate the H0

tension if taken separately. Therefore, in this section we combine the most simple late-time
models featuring a dark energy equation of state free to vary with the proposed early-time
ddm model and investigate whether a correlation between parameters of this hybrid set up
could play a role in the determination of the α parameter.

We begin by considering an extended set up in which the DE equation of state is a
constant, w0, and hence it is expected that the effects of the dynamical dark energy can
be realized from the behaviour of this ddm scenario. In table 3 we present the constraints
at 68% C.L. and 95% C.L. on the cosmological parameters of the w0ddm scenario. The
corresponding 1D posterior distributions and 2D contour plots are shown in figure 5.

As in our previous analysis a robust upper limit on α is obtained for all the dataset
combinations, also when the R20 prior is included. Actually, the upper limits on α in this sce-
nario are almost similar to those bounding the Λddm model. Moreover, since α is consistent
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Figure 5. We show the 1-dimensional posterior distributions of some important parameters and the
2-dimensional joint contours at 68% and 95% C.L. between some of the model parameters for the
w0ddm scenario using various cosmological probes and their combinations. H0 and rdrag are given in
[km/s/Mpc] and [Mpc], respectively.

with zero, the best-fit values of the cosmological parameters are similar to those constraining
the w0CDM scenario; see e.g., table II of ref. [63].

Since this w0ddm scenario solves both the H0 and S8 tensions, we can safely combine
Planck and the R20 prior to understand if the resolution of the Hubble tension emerges at
the price of α 6= 0 or a phantom dark energy w0 < −1. We conclude that the solution is
due to the latter because α remains consistent with zero. We can see that the combination
CMB+R20 fixes H0 in agreement with SH0ES at 1σ level, but the replacement of w0 by
Λ exacerbates the S8 tension. Moreover, as we can see in figure 5, the introduction of w0

breaks down the correlation between α and the parameters of interest, such as H0, rdrag, S8,
and Ωm.

Next, we consider a model in which the dark energy equation of state has a dynamical
nature in terms of the CPL parametrization. In table 4 we show the constraints at 68% C.L.
and 95% C.L. on the cosmological parameters of this scenario. The corresponding 2D contour
plots are shown in figure 6. This further extension of the dynamical DE sector does not change
the conclusions of the previous analyses: α does not correlate with the other parameters of
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Figure 6. We show the 1-dimensional posterior distributions of some important parameters and the
2-dimensional joint contours at 68% and 95% C.L. between some of the model parameters for the
w0waddm scenario using various cosmological probes and their combinations. H0 and rdrag are given
in [km/s/Mpc] and [Mpc], respectively.

the model, and we have a robust upper limit on α for all the dataset combinations. The
constraints on the cosmological parameters are similar to those obtained in the w0waCDM
model, because α is always consistent with zero.

The absence of correlation between α and the dark energy equation of state can be
deduced by comparing the upper and bottom panels of figure 1. This is because even if
the effects of α and w0 are similar in the low-ℓ multipole range, contrarily to w0, α affects
strongly the position of the peaks and the smoothing of the damping tail. Since this high
multipole region is extremely well constrained by the peak structure of the CMB data, the
addition of external datasets or extensions of the minimal Λddm model do not affect the
upper bound on α.

5 Conclusions

We have investigated a specific cosmological set-up where the CDM sector is disintegrated into
dark radiation in the background of a homogeneous and isotropic universe and the remaining
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matter components do not take part in this dynamics. The dark energy sector has been
assumed to be either non-dynamical (the cosmological constant) or dynamical (characterized
by some equation of state). We considered a typical functional form of the disintegration
rate Q = αHρddm, where α > 0 describes the strength of the disintegration [50]. The non-
dynamical model has been proposed as a way of simultaneously diminishing both the H0 and
the S8 tensions, but not to fully resolve them [52]. This proposal is rooted in the analysis
of Planck 2015 (high-ℓTT+low-ℓTEB)+R18+JLA+BAO data. A point worth noting at
this juncture is that adopting the 3rd criterion of the H0 Olympics one can indeed venture
to argue that the Λddm model could help to reduce (though not fully eliminate) the H0

and S8 tensions.4 Specifically, when Λddm is confronted with the above mentioned data a
discrepancy persists at 2.5σ with the SH0ES H0 measurement and at 1.5σ with the local
determination of the weighted amplitude of matter fluctuations, and where the χ2 of the
combined fits to Planck2015 (high-ℓTT+low-ℓTEB)+JLA+BAO+R18 data are 11978.3 and
11977.5 for ΛCDM and Λddm, respectively [52]. We have shown herein that the addition of
the high-ℓ polarization data of Planck 2018 into the analysis acutely changes the picture as
the Λddm model cannot solve the H0 tension below the standard 3σ exclusion level adopted
in the H0 Olympics; see table 2 and figure 4.

In a second phase of the investigation we studied two related models endowed with
dynamical dark energy — one in which the dark energy equation of state is constant with
redshift, wde(a) = w0, and another where wde(a) assumes the CPL parametrization wde(a) =
w0 +wa(1−a). We performed Monte Carlo Markov chain analyses for different combinations
of data sets and for different parameter sets. The results of the second-phase data-analysis
are encapsulated in tables 3 (for w0ddm) and 4 (for w0waddm), and can be summarized as
follows:

• when the R20 prior is used in combination with a compilation of the latest CMB
measurements, the H0 tension is resolved at the 1σ level but the consideration of a
dynamical dark energy component exacerbates the S8 tension. In these cases, there is
agreement between Planck and R20, making the use of the latter safe. The solution of
the H0 tension is attributable to the phantom character of the dark energy.

• We do not find evidence for the disintegration of CDM into dark radiation in any of the
different combinations of observational datasets under study, i.e. α is always consistent
with zero.

The corresponding graphical variations of free parameters in w0ddm and w0waddm models
are displayed in figures 5 and 6 respectively.

In summary, we have shown that when the Planck 2018 temperature and polarization
data are combined with other observations, such as the Hubble diagram of type Ia supernovae
and the large-scale structure of the universe as traced by galaxies, there is no evidence for dark
matter disintegrating at a rate Q ∝ Hρddm. However, one may consider a more generalized
version of the disintegration rate involving both ρddm and ρdr and explore the impact of this
new functional form on the detrmination of the cosmological parameters. We hope to report
the results for different disintegration rates in the future.

4The H0 Olympics establishes a set of criteria to compare the relative success of proposed models to address
the H0 tension [62].
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A CMB+R20

To complete our direct comparison with the results of ref. [52], in this appendix we combine
Planck data with R20, despite the tension between them is above 3σ for the Λddm model.
This combination should be considered therefore with caution, and this is the reason why
it gives completely different results and larger error bars with respect to the CMB alone
case. Actually, the combination of CMB+R20 shifts the H0 value reducing the tension
to 1.4σ because of the prior assumed, while resolving the S8 mismatch at the 1σ level.
This, however, is driven by the H0 prior and manifests at the price of a 1σ indication for
α 6= 0, i.e. α = 0.0038+0.0019

−0.0023 at 68% C.L., and a much larger upper limits at 95% C.L.
than the other dataset combinations. This solution of the Hubble tension is in contrast
with the intermediate-redshift data that reduce the effectiveness of this model to relax the
H0 and S8 tensions. However, it is important to stress that when we compare our results
(which include Planck polarization data at high-ℓ) with those in ref. [52] (which do not
include Planck polarization data at high-ℓ) we observed a measurable improvement on the
constrained parameter space; namely, the mean value of α is shifted towards lower values
and its uncertainty is reduced by about 30%.
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