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The H0 and S8 tensions necessitate early and late time changes to ΛCDM
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An only early or only late time alteration to ΛCDM has been inadequate at resolving both the
H0 and S8 tensions simultaneously; however, a combination of early and late time alterations to
ΛCDM can provide a solution to both tensions. As an illustration, we examine a combined Early
Dark Energy - Decaying Dark Matter model. While early dark energy has the ability to resolve the
H0 tension, it leads to a discrepancy in S8 measurements. We show that the addition of decaying
dark matter helps resolve the S8 discrepancy that would otherwise be enhanced in an early dark
energy model, while the latter is able to relieve the H0 disagreement to within the 95th percentile
interval. Our results show a preference for the combined model over ΛCDM with ∆AIC = −6.72,
hinting that both early and late universe modifications may be necessary to address the cosmological
tensions.

PACS numbers:

I. INTRODUCTION

The standard cosmological model known as ΛCDM,
consisting mostly of dark energy (in the form of a cos-
mological constant Λ) and Cold Dark Matter (CDM)
has come under increasing scrutiny in recent years. The
emergence of tensions between the value of the present-
day Hubble parameter H0 as inferred from early time
cosmology using Cosmic Microwave Background (CMB)
measurements [1] and that from local late time cosmol-
ogy using Type Ia Supernovae [2–4] has been considered
extensively in the literature as possible evidence for the
existence of new physics beyond the standard cosmology
scenario. A similar discrepancy appears in the ampli-
tude of the variance of the matter density field on scales
of 8h−1 Mpc, σ8 (or equivalently in S8 = σ8(Ωm/0.3)0.5,
where Ωm is the total matter density of the universe).
Similar to the H0 tension, late universe measurements of
S8 are in an apparent disagreement with the value of S8
inferred from the CMB [1, 5–13]. Both of these tensions
could be potential evidence that ΛCDM does not fully
describe the observable universe.

Unaccounted systematic uncertainties, in particular,
those with Cepheids and supernovae, have been proposed
as causes for the H0 tension [14–16]. But this class of
explanation appears to be less favorable with a variety
of new data sets coming from various sources [17] con-
firming the tension at the 4.4 - 6σ level. More recently
it has been proposed that systematic uncertainties re-
lated to the choice of Cepheid color-luminosity calibra-
tion method [18] could affect the ability of the distance
ladder to measure the value of H0 to the required pre-
cision. So far a large array of both early and late uni-
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verse modifications to ΛCDM have been proposed: they
are summarized in two recent thorough reviews [17, 19].
While there has been no clear preferred solution to date,
the work of Knox & Millea [20] points out that early
universe solutions are “less unlikely.” However, it seems
that early universe solutions could unfortunately fail to
agree with large scale structure observations as shown in
[21–25] and make the S8 tension even more prominent,
though it was argued that they are not necessarily ex-
cluded and could even be preferred within the CMB mea-
surements [26, 27]. Possible disagreements of the mod-
els with the early integrated Sachs-Wolfe effect have also
been reported [28]. On the other hand, using the age of
the oldest astrophysical objects, it has been argued that
some late universe modifications are necessary [29]. Re-
cently, an alteration in gravitational constant at very late
times has been proposed as a possible solution to both
tensions without early universe modification [30].

The S8 tension, while not as statistically significant
(ranging between 1.5 - 2.5σ) has received a lot of atten-
tion as well. Most proposed solutions introduce some
form of self interactions in the dark sector [31–39] in an
attempt to erase structure in the late universe. Other
proposals include, but are not limited to, dark matter-
neutrino interactions [40], modifications to gravity [41],
or neutrino self-interactions [42]. The apparent correla-
tion between the two tensions indicates that one tension
cannot be addressed without the other.

One notable early universe solution for the H0 tension
is Early Dark Energy (EDE), an early period of dark
energy domination that reduces the size of the acous-
tic horizon and thus increases the value of H0 inferred
from CMB measurements [25, 43–47]. To achieve this,
the model introduces a scalar field that behaves like a
cosmological constant at high redshifts (z > 3000) and
then gets diluted at the same rate as radiation or faster
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as the universe expands.1 Unfortunately, a good fit of
the model to the CMB power spectra requires a higher
value of matter density at recombination than ΛCDM
[22, 23, 25]. This enhances structure formation at late
times and increases the value of S8. Furthermore, it was
shown in a model independent way in [50] that with the
addition of EDE on its own, the S8 tension remains.

On the other hand, the introduction of Decaying Dark
Matter (DDM) has been investigated as a candidate to
solve both tensions simultaneously [51–60]. More specif-
ically, late time decays of a massive cold parent particle
decaying to one massless and one massive daughter par-
ticle of the form ψ → γ′+χ were discussed in [51, 52, 61–
63]. While the model looked promising initially, it was
shown later that these decays cannot resolve the H0 ten-
sion due to imprints induced at late times on low multi-
poles of the CMB power spectrum, which severely con-
strain the model. In addition, it was shown that decaying
dark matter does not favor relieving the S8 tension when
only early universe measurements are considered. But in
a joint analysis with late time constraints on S8, DDM
shows a potential in alleviating the S8 tension [63].

Despite all the efforts invested, it appears that a sin-
gle modification of ΛCDM in either the early or late uni-
verse has yet been successful in solving both tensions at
the same time. One example demonstrating the necessity
for a binary modification to ΛCDM, is a combination of
EDE and additional ultra-light axion oscillating at early
times (z > 104) that suppresses the matter power spec-
trum [64]. This dual modification reduces the tensions
to 1.4σ for H0 and 1.2σ for S8. Other proposals include
two axions oscillating at different times to relax both ten-
sions [65, 66], an early AdS phase with the assistance of
an axion field [67], a mirror twin Higgs model [68], or dark
sector interactions [69]. In a similar spirit, we examine
the simultaneous effects of EDE and late-time DDM on
the cosmological evolution in this article. We will show
that the increase of the energy density at recombination
due to an EDE component and the ability of DDM to
erase the excess matter at later times could help relieve
both H0 and S8 tensions. The paper is structured as fol-
lows: in Sec. II, we review the formalism of both compo-
nents in our model and their cosmological implications,
specifically on the CMB power spectra. In Sec. III we
present the results of a Markov Chain Monte Carlo anal-
ysis applied on a combination of CMB, Baryon Acoustic
Oscillation (BAO), and Type Ia supernovae data. Finally
we conclude in Sec. IV.

1 Implications of the ACT data set for EDE can be found in two
recent works [48, 49].

II. MODEL OVERVIEW

The model we study in this work consists of two mod-
ifications to the standard cosmological model. The first
one is a period of EDE as was proposed in [25]; the second
is the addition of DDM during late cosmological times as
described in [61, 70]. In this section, we will give a brief
summary of these two modifications.

A. First component: Early Dark Energy

The original EDE model utilizes a scalar field φ with a
potential of V (φ) ∝ [1− cos(φ/f)]n, where f is the field
range of φ and n indicates the power.2 To simplify the
effects of EDE, we implement a fluid approximation of
the system based on [25, 71].

However, in our model, we cannot express the EDE
density as a function of redshift as easily as in e.g., [71],
because the subsequent dark matter decays (see Sec. II B)
alter the expansion history in a non-trivial way. Instead,
we follow an alternative approach in which we define a
simple characterization of the equation of state wEDE(z)
and introduce the parameter ρEDE(z = 0), defined as the
EDE energy density today. We also define the density
parameter ΩEDE = ρEDE(0)/ρc,0, where ρc,0 is the crit-
ical energy density today. For wEDE(z), we use a more
general form of the equation of state from [72], which can
be seen as a generalized formulation of the CPL param-
eterization [73, 74] commonly used to study dynamical
dark energy in the late universe,

wEDE = w0 + wa
2 {1− tanh [α log10(aEDE/a)]} . (1)

Here, w0 is the equation of state in the early universe
before the EDE component oscillates. wa controls the
change to the equation of state wEDE after the field begins
to oscillate such that at late times wEDE = w0 + wa =
(n − 1)/(n + 1), where the second equality connects the
equation of state to the power of the scalar potential
n. The scale factor is as usual a = (1 + z)−1, and the
midpoint of the equation of state’s transition between
early and late universe values (wEDE = w0+wa/2) occurs
at aEDE. α is a parameter that controls the rate of the
transition period. We have set α to 5, in close agreement
with the transition rate for the energy density in [71].3

For the EDE perturbations, we follow [71] and write
the perturbation equations for a > aEDE in the syn-

2 This potential is simply a convenient parametrization and we will
not discuss its UV completions here.

3 Connections between EDE cosmological quantities and n, the
power in the scalar potential, could be found in [71].



3

chronous gauge as

δ̇EDE =− (1 + wEDE)
(
θEDE + ḣ

2

)
− 3(c2

s − wEDE)HδEDE

− 9(1 + wEDE)(c2
s − c2

a)HθEDE

k2 , (2)

θ̇EDE =− (1− 3c2
s)HθEDE + c2

sk
2

1 + wEDE
δEDE , (3)

where derivatives are with respect to conformal time, h is
the trace of the metric perturbation, H is the conformal
Hubble expansion rate, k is the wavenumber, c2

s is the
effective sound speed, and c2

a is the adiabatic sound speed
in the synchronous gauge. c2

a and c2
s are given by

c2
a =− 3n+ 1

n+ 1 = −2− wn , (4)

c2
s =2a2(n− 1)ω2 + k2

2a2(n+ 1)ω2 + k2 = 4a2wnω
2 + (1− wn)k2

4a2ω2 + (1− wn)k2 . (5)

Here, wn = (n−1)/(n+1) and ω is the angular frequency
of the oscillating field ω = ω0a

−3wn . For schematic
purposes, we choose the EDE model which gives the
largest enhancement to H0 in [25] as the exemplar EDE
model, namely n = 3. To aid in convergence, we fix
ω0 = 2× 10−4 Mpc−1 as an order of magnitude estimate
for the perturbation behavior rather than letting it float.
While less precise, fixing ω0 is sufficient for our purposes
in demonstrating the capabilities of combining compat-
ible models. For numerical purposes in the subsequent
calculations, we set w0 = −0.9999 and wa = 1.4999. We
would like to emphasize that we did not scan the entire
parameter space to find the five parameters, n, α, w0, wa,
ω0 that optimize the combined model. Please note that
this generalized model constitutes many different types
of models where EDE is simply one of them. By fix-
ing n, α, w0, and wa, we have considered a subspace of
the entire generalized parameter space, or equivalently,
the n = 3 EDE subset of all possible models. Allowing
those values to vary would shift the centers of the pos-
terior distributions obtained in our analysis as well as
consider non-EDE solutions which is beyond the scope
of this work; however, our setup is sufficient to test the
general idea that modifying both the early and late uni-
verse can remove some of the issues related to each single
modification. We only consider the varied parameters as
the degrees of freedom for the n = 3 EDE model we work
on.

B. Second component: Decaying Dark Matter

We consider a massive cold parent particle decaying
to one massless and one massive daughter particle. Such
models arise in extensions to the Standard Model that in-
clude Super WIMPs or excited dark fermions with mag-
netic dipole transitions [75, 76] (for cosmological impli-
cations from such models see [51, 52, 61, 70]).

We denote such decays as ψ → γ′ + χ. From here on,
we will label quantities of the particles involved using
the subscripts 0, 1, and 2 respectively. The model also
introduces two new parameters: the decay width Γ and
the fraction of the rest mass energy of the parent particle
that is transferred to the massless daughter, ε.

The background density evolution of each species can
be described as [61]

ρ̇0 = −3Hρ0 − aΓρ0 , (6)
ρ̇1 = −4Hρ1 + εaΓρ0 , (7)
ρ̇2 = −3(1 + w2)Hρ2 + (1− ε)aΓρ0 , (8)

where ρi is the background energy density of species i
and derivatives are again with respect to the conformal
time η. The dynamical equation of state of the massive
daughter particle w2(a) is

w2(a) = 1
3 〈v

2
2(a)〉 , (9)

where v2 is the speed of a massive daughter particle which
was produced at an earlier time when a = aD. By setting
ã ≡ aD/a, we can write the average speed of the massive
daughter as

〈v2(η)〉 =
∫ η

η?

v2(ã)ṅ2dηD
/∫ η

η?

ṅ2dηD , (10)

where

v2(ã) = ã2β2
2

1 + β2
2 [ã2 − 1] , (11)

β2 = ε/(1 − ε) is the speed of the massive daughter in
units of the speed of light c at the time of production,
η = η(a) is the conformal time that corresponds to scale
factor a, and ṅ2 ≡ dn2/dηD is the time derivative of
the massive daughter’s number density. Finally, we use
a constant a? to define ρ0(η = η?) = ρc,0Ωini

cdm/a
3
? with

ρc,0 being the critical energy density today, η? the con-
formal time for scale factor a?, and Ωini

cdm the initially
assumed dark matter density [77]. The initial conditions
ρ1(η = η?) = ρ2(η = η?) are set to be a small number
that doesn’t affect the early dynamics, and the initial
population quickly becomes insignificant as more decays
occur.

With the background evolution defined, we turn our
attention to the perturbations of linear density, δi; ve-
locity, θi; and shear, σ1, as functions of the wavenumber
k. The perturbations related to the parent particle are
described by

δ̇0 = − ḣ2 , (12)

similar to standard cold dark matter with θ0 = 0. Per-
turbation evolution of the massless daughter particle has
been extensively studied in [51, 62, 63, 78], leading to the
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equations

˙(δ1r1) = −4
3r1θ1 −

2
3r1ḣ+ ṙ1δ0 , (13)

4
3k

˙(θ1r1) = k

3 δ1r1 −
4k
3 r1σ1 , (14)

2 ˙(σ1r1) = 8
15θ1r1 + 4

15r1(ḣ+ 6η̇) + h.o. (15)

where r1 = a4ρ1/ρc,0, h and η are the scalar metric per-
turbations. The higher order terms of the hierarchy of
equations were terminated at the ` = 17 multipole, where
δ, θ, and σ correspond to ` = 0, 1, and 2 respectively (see
[63] for a more detailed description). On the other hand,
the contribution of the massive daughter is a little more
complicated. We adopt the warm dark matter fluid ap-
proximation scheme of [63] and calculate the continuity
equation as

δ̇2 = −3H(c2
sg − w2)δ2 − (1 + w2)

(
θ2 + ḣ

2

)
+ (1− ε)aΓ ρ0

ρ2
(δ0 − δ2) , (16)

and the Euler equation as

θ̇2 = −H(1− 3c2
g)θ2 +

c2
sg

1 + w2
k2δ2 − k2σ2

− (1− ε)aΓ
1 + c2

g

1 + w2

ρ0
ρ2
θ2 . (17)

where c2
sg and c2

g are the synchronous gauge and adia-
batic sound speeds respectively for the massive daughter
and are defined as c2

sg ≡ δP2/δρ2 and c2
g ≡ Ṗ 2/ρ̇2. The

adiabatic sound speed can be written as

c2
g = w2

[
5− p2

P 2
− ρ0
ρ2

aΓ
3w2H

ε2

1− ε

]
×
[
3(1 + w2)− ρ0

ρ2

aΓ
H

(1− ε)
]−1

, (18)

where p2 is known as the psuedo-pressure and it is a
higher moment integral of background quantities [79].
For the synchronous sound speed, we follow the prescrip-
tion in [63]

c2
sg(k) = c2

g

[
1 + 1− 2ε

5

√
k

kfs

]
, (19)

where kfs is the free-streaming length of the daughter
particle

kfs =
√

3
2
H
cg
. (20)

These two equations are sufficient to describe the con-
tribution of the massive daughter particle to the pertur-
bations. Based on our numerical tests, the contribution
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Figure 1: Residual of the CMB temperature correlations for
various models compared with the benchmark ΛCDM model.
For EDE models, we choose log10(aEDE) = −3.7 and n = 3.
The residuals are the two effects combined in an independent
manner, resulting in enhancements on large scales and sup-
pression on small scales. See the main text for details.

of the shear σ2 or higher moments are negligible for the
cold to slightly warm particles we are interested in here.
We tested this up to ε < 0.1 and found at worst only
percent level deviation. For more relativistic particles,
this approximation breaks down, and one has to include
higher moments.

C. Effects of EDE and DDM on the CMB Power
spectra

As expected from their individual effects, introducing
both EDE and DDM results in alterations to the CMB
power spectrum. For a simplified demonstration of these
effects, we show in Fig. (1) the residuals of a comparison
with a baseline ΛCDM model. We define our benchmark
ΛCDM model with the following cosmological parame-
ters: the peak scale parameter 100θs = 1.041783, the
baryon density today Ωbh

2 = 0.02238280, the dark mat-
ter density today ΩCDMh

2 = 0.1201075, the redshift of
reionization τreio = 0.05430842, the matter power spec-
trum value As = 2.100549 × 10−9, and the scalar tilt
ns = 0.9660499 at the pivot scale k = 0.05. These val-
ues are in agreement with Planck 2018 + lowE + lensing
results [1].

As shown in Fig. (1) by the bottom two solid curves,
variations in ΩEDE causes an increase in the power spec-
trum correlations at large scales (small `) and a decrease
at small scales (large `). These dependencies are the same
for n = 3 models as noted in earlier works, see [71].

Fixing the EDE model parameters, the largest alter-
ations of DDM are due to the late-ISW effect as a result
of time varying potential fields from the decaying parti-
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cles and the transition to a Λ dominated universe. With
increasing Γ, this effect gets pushed to earlier times and
increases on larger `. This could be observed in Fig. (1):
at high `’s, the dashed curves with non-zero Γ’s coincide
with the black solid curve with the same ΩEDE but no de-
cays. The two uniformed dashed lines (green and purple)
deviate from the solid curve at the same ` (∼ 100) as they
have the same Γ, while the dot-dashed blue curve devi-
ates at larger ` due to its larger value of Γ. In addition,
for a given Γ, the relative magnitude of the alterations
is controlled by ε: the larger ε is, the bigger the devia-
tion is. The full dynamics is more complicated and is a
combination of effects from varying both Γ and ε. All of
these effects are detailed in prior works, see [51, 62, 63].

From the residuals, we see that the general character-
istics of the two individual components (EDE and DDM)
are additive in our model. As it is presented in the discus-
sion of Fig. (1), the DDM’s contributions add on top of
the EDE ones. They behave independently of each other
as they occur during different epochs. As discussed in the
literature, EDE is consistent with a higher H0, but it in-
troduces a larger S8. DDM cannot raise H0 substantially,
but it is able to force S8 to lower values while remain-
ing compatible with other observations. These properties
when combined together produce the desired effects of in-
creasing H0 and lowering S8 simultaneously. This is the
main point of this paper, and we will now demonstrate
it in detail in the following section.

III. RESULTS

We perform a Markov Chain Monte Carlo (MCMC)
analysis of the combined EDE and DDM cosmolog-
ical model. We use MontePython [80] and the
Planck 2018 TTTEEE+lowl+lowP+lensing data sets [1]
in combination with other probes such as BAO (SDSS
DR7[81], 6FD[82], MGS[83], BOSS DR12[84], eBOSS Ly-
α combined correlations[85, 86]) and the Pantheon SNIa
catalog[87]. ΛCDM is modified with the addition of two
variables, Γ and ε, for the DDM component and two other
variables, ΩEDE and aEDE, for the EDE component. We
use a modified version of CLASS4 [88] to calculate the
cosmological evolution and CMB anisotropies. We use
the shooting method described in [77] to compute the
present-day dark matter density.

The MCMC analysis is conducted with the following
flat priors:

10−3 < Γ/(km/s/Mpc)−1 < 102.5 ,

10−5 < ε < 10−1 ,

10−20 < ΩEDE < 5× 10−6 ,

−5 < log10(aEDE) < −3.1 .

4 http://class-code.net/

The lower limits for Γ, ε, and ΩEDE were chosen due to
limitations in our numerical implementation which re-
quires a non-zero quantity. However, these values are
consistent with zero up to the uncertainties’ of the exper-
iments included in the analysis. The upper boundaries
on these quantities were chosen to prevent numerical in-
stabilities as their effects become large and deviate sig-
nificantly from ΛCDM. The prior bounds for aEDE were
chosen such that the EDE transition is forced to occur
during the matter dominated phase immediately preced-
ing recombination, which is the typical transition time in
EDE models.

First, we study the effects of the addition of EDE and
DDM to the benchmark ΛCDM when fitted on the en-
tire data sets under the additional assumptions of an
H0 prior 73.2 ± 1.3 km/s/Mpc set by the SH0ES col-
laboration measurement [89] and an S8 prior 0.766+0.02

−0.014
constructed from KIDS1000+BOSS+2dfLenS in order to
estimate the likelihood from large scale structure mea-
surements [62, 90]. This approach is similar to the ap-
proach taken in [62, 63], namely, the measurement sets
the prior. The results for select parameters are shown in
Fig. (2). The benchmark ΛCDM is shown in blue. As is
well known, even with the use of the late universe priors,
ΛCDM prefers a lower value of H0 and a higher value of
S8, demonstrating both tensions.

The introduction of DDM is shown in orange on the
same figure. Linear flat priors were assumed for both the
decay rate Γ and the energy fraction going into radiation
ε. In agreement with previous work [51, 62, 63], decays
do not have a substantial effect on the value of H0. [62,
63] also showed that DDM has a tendency to drive S8
to lower values. Here, we observe this reduction with a
median value of 0.78. We also observe a very interesting
feature that is less apparent in previous studies which
used a flat log prior for the DDM parameters [51, 62,
63]. This feature is a splitting of the preferred parameter
space into two distinct regions most apparent in the Γ
and S8 plane. The two regions are separated by the DDM
lifetime τ ∼ 10 Gyr, corresponding to decays that have
already occurred and those that are still ongoing. The
two regions are joined at the top by a high S8 region
which corresponds to degeneracy between DDM and the
benchmark ΛCDM model. Note that large values of ε are
only obtained in the left region with smaller Γ, and the
same low Γ parameter space also allows for slightly higher
Ωini

cdmh
2. It is also important to mention that because the

left and right Γ regions are well separated, but of similar
likelihood, the convergence between the two regions tends
to cause chains to become stuck and can lead to one
region being selected over the other on some runs.

We now turn our attention to the green contours for
which the model includes both DDM and EDE. We again
use flat priors for the parameters of the model and as ex-
pected [25], it raises the value ofH0 to 70.6 at the expense
of an increased value of Ωini

cdmh
2. The necessity of higher

initial matter density for EDE to be able to resolve the
H0 tension, results in the selection of the low Γ region.

http://class-code.net/


6

-4

-3.65

-3.3

lo
g

10
(a

E
D

E
)

0.11

0.125

0.14

Ω
in

i
cd

m
h

2

0.032

0.16

0.288

Γ
/G

y
r−

1

0.01

0.05

0.09

ε

67

70.5

74

H
0
/(

k
m
/s
/M

p
c)

0.716 0.78 0.844
S8

0.469 2.34 4.22
107 ΩEDE

0.716

0.78

0.844

S
8

-4 -3.65 -3.3
log10(aEDE)

0.11 0.125 0.14
Ωini

cdmh
2

0.032 0.16 0.288

Γ/Gyr−1
0.01 0.05 0.09

ε
67 70.5 74
H0/(km/s/Mpc)

ΛCDM + DDM + EDE

ΛCDM + DDM

ΛCDM

Figure 2: Contour triangle plot of select model parameters demonstrating variations between the models: ΛCDM (blue), ΛCDM
+ DDM (orange), and ΛCDM + DDM + EDE (green) on the datasets Planck2018 + BAO + Pantheon + S8 and H0 priors.
The major features of note are with the introduction of DDM, S8 decreases while other parameters remain largely unchanged.
With the introduction of EDE, some of the original parameters change substantially; in particular, both Ωini

cdm and H0 prefer
higher values. However, in contrast to EDE alone where S8 increases, S8 remains at its reduced value.

Without the decays, the increased matter would have
also increased the value of S8 [25], but with the decays,
S8 can be kept under control. The selection of the low Γ
region over the high Γ region in order to reduce the mat-
ter contribution might seem counter-intuitive to initial
expectations since fewer particles have decayed. How-
ever, this selection is due to ε’s properties, particularly
its influence on the lensing potential. Because more de-
cays are needed in order to reduce the growth of structure
in this model, for any given Γ, ε must increase. Changes

to ε result in alterations to the lensing potential which
are more substantial the early the decays occur. While ε
must also increase in order to satisfy S8, its time depen-
dency is smaller. This combination results in preferring
later decays and selecting the small Γ parameter space.
This is further confirmed by the higher median value of
the one dimensional ε distribution compared to the one
without EDE, as well as by the observation that in the
bottleneck-like two dimensional distribution of ε against
ΩEDE, the highest values of ε are centered around the



7

preferred EDE parameter values. A shape of this form
also implies that a further increase of the EDE contribu-
tion would reduce ε in preference of a larger decay rate
Γ, which is consistent with the slight positive correlation
shown on the Γ - ΩEDE panel. Most importantly, while
DDM affects S8, it doesn’t interfere with the ability of
EDE to increase the value of H0 and thus both tensions
could be relieved simultaneously.

Please note that while not that important for the low Γ
results, dark matter decays at redshifts z ∼ 2 in the high
Γ region. This is well within the nonlinear regime, and
for a complete analysis, the nonlinear effects of the decays
should be taken into account; however, this is beyond the
scope of this paper, and we leave it for future work.

In Fig. (3), we reproduce the S8 - H0 contours with the
1σ edges of the priors included. As would be expected
and is evidenced with H0 for EDE [22, 25] and S8 for
DDM [62, 63], the priors drive the distributions towards
the desired H0 and S8 values.

0.716 0.78 0.844
S8

67 70.5 74
H0/(km/s/Mpc)

0.716

0.78

0.844

S
8

ΛCDM + DDM + EDE

ΛCDM + DDM

ΛCDM

Figure 3: A zoomed in version of the S8-H0 panel from
Fig. (2) with 1σ shaded regions indicating the priors used.
As would be expected, the priors pull the contours toward
them as opposed to without (not shown). However, the mag-
nitude is only significant for S8 with the inclusion of DDM
and H0 with the inclusion of EDE.

In order to determine the preference of ΛCDM + DDM
+ EDE over ΛCDM, we calculate the Akaike Informa-
tion Criterion (AIC = 2m − 2 lnLbest), where m is the
number of model parameters [91]. This test is similar
to the likelihood-ratio test with a penalty for additional
degrees of freedom. We find a value of ∆AIC = −6.72
which is just below a strong preference on the Jeffery’s
scale [19, 92, 93]. Note that we found that ΛCDM +
DDM and ΛCDM + EDE (not shown) have values of
∆AIC = −3.38 and −1.74, which show only minor pref-
erences.

With the combination of EDE and DDM as a potential
solution to both tensions, we examine the effects of differ-

ent data sets on the posterior distributions. In Fig. (4),
we present the contours of the full model using Planck18
data alone [1] (grey), Planck18 with the addition of BAO
and Pantheon data [1, 81–87] (purple), and finally, the
full data sets with the the late universe H0 and S8 priors
(green).

The first observation is that the Planck data (grey)
alone does not significantly constrain the parameter
space. This is expected because Planck by itself does
not prefer DDM [51, 62, 63] and only shows mild prefer-
ence for EDE [22, 25]. However, the positive correlation
in the ΩEDE - H0 and the low S8 regions in the decay pa-
rameters give mild credence to the model. As mentioned
before, this increase in the S8 posterior is the main mo-
tivation for this work. EDE has found success at allevi-
ating the H0 tension; however, this comes at the cost of
an increase to the growth of structure. With the help of
DDM, this weakness can be circumvented.

With the addition of the BAO and Pantheon datasets
(purple), the overall picture does not change significantly
with the exception of Γ, which has a much reduced pa-
rameter space. It is particularly noteworthy in the Γ -
S8 plane where we can see a splitting into two distinct
regions. The upper branch is consistent with an S8 value
corresponding to that of ΛCDM and can be viewed as the
degenerate overlap of the combined EDE + DDM model
with ΛCDM. The large range of allowed Γ value in this
branch, which also exists in the Planck (grey) contour, is
a direct consequence of the anti-correlation of the decay
parameters Γ and ε: the larger Γ is, the smaller ε should
be. The lower branch indicates a preferred region where
a substantial amount of decays occur and this lowers S8.
Of special note (and expected from the degenerate behav-
ior with ΛCDM) is that the upper branch lies completely
outside the S8 prior while the lower branch lies strongly
within. This indicates that the S8 prior will select the
lower branch. Note that as in the DDM case, the shape
of the contour can cause the preferred region to differ
between individual runs and increase the likelihood of
chains becoming stuck. This is also one of the leading
factors for the poor convergence in some of the purple
contours.

For the last set of contours (green), we add the H0 and
S8 priors. Returning to the Γ - S8 plane, we see that only
the lower branch is selected resulting in a preference away
from ΛCDM. However, while a preference is observed,
the data sets used here are not sufficient enough to fully
constrain Γ or ε, and we are only able to place upper
bounds at the 68th percentile of Γ < 1.72× 10−2 Gyr−1

and ε < 1.6 × 10−2. Another notable feature is a pref-
erence to have a non-zero ΩEDE as well as a fairly con-
strained time window for the EDE transition with mean
values of ΩEDE = 2.2 × 10−7 and log10(aEDE) = −3.7.
This preference is driven by theH0 prior. Finally, the last
major change is a preference towards higher Ωini

cdm. This
is a direct consequence of EDE with the H0 prior [22].
However, as we stated before, with EDE by itself, this
leads to an increase in S8; however, in combination with
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Figure 4: Contour triangle plot of select model parameters of ΛCDM + EDE + DDM demonstrating variations between the
contours when the datasets Planck18 (grey), Planck18 + BAO + Pantheon (purple), and Planck18 + BAO + Pantheon + H0
and S8 priors (green) are considered. The addition of datasets successively constrains the model with a preference for EDE
and DDM once the final priors have been included.

DDM, S8 is controlled and even lowered to its preferred
value. A summary of our results for the various model
and data set combinations can be found in Tab. I.

A. Linear vs log priors

In prior works, the DDM parameter space was probed
using flat-log priors [51, 62, 63]. Here, we give a brief
investigation on the effect of having flat priors in log or
linear space on the posterior distributions of the parame-

ters of interest. A comparison between the two is shown
in Fig. (5).

While there are multiple features that can be pointed
out, the most notable among the non-DDM parameters
are S8 - ΩEDE/Ωini

cdm using the log priors (red). Here, we
observe two regions forming. The first coincides with the
parameter space found in the combined model with linear
priors (green), which as seen in the S8 - log10 (Γ/Gyr) or
S8 - log10 (ε) planes, corresponds to non-zero DDM pa-
rameters and a reduced S8. On the other hand, looking
at the same planes, the log priors have a region extend-
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Model ΛCDM ΛCDM + DDM ΛCDM + EDE ΛCDM + DDM + EDE
Dataset Planck + BAO + Pan + S8 + H0 Planck Planck + BAO + Pan

100 Ωbh
2 2.260+0.013

−0.013 2.261+0.014
−0.014 2.275+0.020

−0.020 2.275+0.020
−0.020 2.239+0.018

−0.021 2.251+0.015
−0.019

100 θs 1.04211+0.00029
−0.00028 1.04211+0.00028

−0.00029 1.04164+0.00039
−0.00036 1.04138+0.00041

−0.00039 1.04163+0.00039
−0.00033 1.04177+0.00040

−0.00032

ln(1010As) 3.048+0.014
−0.015 3.044+0.016

−0.018 3.052+0.014
−0.015 3.064+0.015

−0.017 3.053+0.016
−0.016 3.052+0.013

−0.017

ns 0.9716+0.0038
−0.0036 0.9719+0.0039

−0.0039 0.9794+0.0060
−0.0065 0.9825+0.0063

−0.0066 0.9679+0.0051
−0.0074 0.9710+0.0042

−0.0068

τreio 0.0581+0.0071
−0.0078 0.0567+0.0076

−0.0084 0.0569+0.0068
−0.0079 0.0594+0.0072

−0.0082 0.0559+0.0076
−0.0081 0.0570+0.0063

−0.0079

Ωini
cdmh

2 0.11748+0.00080
−0.00083 0.1175+0.0009

−0.0010 0.1230+0.0029
−0.0036 0.1273+0.0036

−0.0042 0.1231+0.0016
−0.0035 0.1217+0.0015

−0.0032

Γ/Gyr−1 − Unconstrained − < 0.0172 < 0.138 < 0.0256
ε − < 0.00476 − < 0.0160 < 0.00527 < 0.0184

107ΩEDE − − 1.41+0.68
−0.81 2.16+0.81

−0.87 < 1.09 < 1.00
log10(aEDE) − − −3.68+0.10

−0.12 −3.691+0.064
−0.076 −3.61+0.26

−0.28 −3.61+0.24
−0.26

H0/(km/s/Mpc) 68.58+0.38
−0.38 68.60+0.46

−0.42 70.18+0.87
−1.05 70.64+0.96

−1.04 68.00+0.67
−1.19 68.61+0.54

−1.04

S8 0.8039+0.0090
−0.0092 0.777+0.016

−0.019 0.812+0.010
−0.011 0.776+0.017

−0.019 0.792+0.060
−0.021 0.780+0.056

−0.016

m 28 30 30 (31) 32 (33) 31 (32) 32 (33)
AIC 3938.70 3935.32 3936.96 3931.98 2840.22 3926.72

∆AIC − −3.38 −1.74 (+0.26) −6.72 (−4.72) − −

Table I: The mean with 1σ errors for the six principal ΛCDM model parameters plus the additional DDM and EDE parameters
acquired from our analysis. Also shown are the derived parameters H0 and S8. To compare the various models, we present the
Akaike Information Criterion AIC = 2m− 2 lnLbest where m is the number of model parameters. ∆AIC = −6.72 indicates a
preference for the combined model.[91, 93] Note that ∆AIC is only calculated for similar datasets. Also note that care should
be taken when interpreting the AIC. In our EDE approximation, ω0 is associated with the perturbation scaling. Because it
was not varied, we did not included it in the calculation of ∆AIC for the EDE models. However, it should be included in a
more thorough investigation. If we include it as an additional parameter in the ∆AIC calculation, the values we obtain for
ΛCDM + EDE and the combined model ΛCDM + DDM + EDE are reduced to +0.26 and −4.72 respectively (the values in
parentheses correspond to the adjusted result when including the extra parameter). There is a potential that a better best-fit
would be found, countering this reduction, if ω0 is included in the scan. However, we have conducted preliminary tests and
found minimal to no improvement when including ω0 as a free parameter, though further investigation is warranted. Even
though the results including the ω0 reduction to ∆AIC are weaker, the main result of this work still holds: combining synergetic
models can lead to improved performance and has some preference.

ing to the left at constant S8 distribution. This region
coincides with an insignificant amount of decay energy
transfer and is not present in the linear prior distribu-
tion. The left edge of this tail is obviously arbitrarily set
by the lower edge of the priors. Because changes of the
prior directly influence the volume of the entire preferred
region, a lower log prior edge results in a reduction in the
probability of residing in the parameter space of interest
where DDM can have an effect. Looking to the right
side of the panel, both the log and linear priors produce
a region that prefers lower S8. However, a careful eye
will notice that the log prior version is slightly smaller
as a direct consequence of the volume effect mentioned
earlier.

In other words, when we choose a log prior for positive
definite quantities, we run the risk of artificially increas-
ing the volume of the parameter space by our choice of
prior bounds. This occurs when the parameter does not
have a well defined non-zero region and the posterior can
only be described by a one-tailed distribution [94]. This
is precisely the situation for the DDM parameters dis-
cussed in this work analysed using the current data sets
and is the reason for the large degeneracy region with

ΛCDM when using log priors. In addition, use of the log
priors can potentially hide interesting features since the
chains of the MCMC analysis could spend a lot of time
in the uninteresting regions and under sampling regions
of interest. This effect is also why the Γ - ε contour is
poorly converged in the logarithmic prior case. All points
for either small Γ or ε are equally likely, leading to poor
contours. Since the effect of the smaller DDM parameter
values is trivial and we wish to better sample parameter
space of interest, we made the choice of using the linear
priors to report our results.

IV. CONCLUSION

In this work we have studied the effects of expand-
ing ΛCDM with the addition of a combination of Early
Dark Energy and Decaying Dark Matter. We have shown
that with the addition of EDE in the early universe and
that of DDM in the late universe, both the H0 and S8
tensions can be reduced to within the 95th percentile
uncertainties with H0 = 71 ± 1 (reducing the tension
to 1.6σ) and S8 = 0.78 ± 0.02 (removing the tension
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Figure 5: Comparison between logarithmic (red) and linear (green) flat priors on the DDM parameters. Due to being degenerate
with zero, the choice of lower bounds for log priors is arbitrary; however, this arbitrary choice increases the volume of the probed
parameter space resulting in features being hidden or altered.

with the difference being 0.4σ). Our results show a
preference for EDE with ΩEDE = 2.1+0.8

−0.9 × 10−7 and
log10(aEDE) = −3.69+0.06

−0.08 while setting an upper limit
for DDM with Γ < 0.017 Gyr−1 and ε < 0.016. We find
that the combined model is preferred over ΛCDM with
∆AIC = −6.72.

Our results indicate a strong preference for EDE, that
is in agreement with previous studies [25, 45, 46] and is
not affected by the presence of DDM. On the other hand,
the posterior distributions of Γ and ε are both consistent
with zero, but the effect of the decays is evident on the

rest of the cosmological parameters and they are playing
an important role in restoring the S8 value. Their pres-
ence removes any dependence of S8 on Ωini

cdm and ensures
that the late universe measurements will be in agreement.
The current available datasets don’t allow to set a lower
boundary limit due to the degeneracy with ΛCDM and
thus our results motivate further investigation of this sce-
nario through other means, such as by studying velocity
distribution disruptions in galactic halos.

Finally, our results point to a probable more general
characteristic of the H0 and S8 problems. Trying to solve
either problem on its own has as a side effect other cosmo-
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logical parameters being disturbed. Thus the two prob-
lems have to be addressed together, with a modification
in the early universe needed to increase the H0 value,
due to the intermediate anchor of the BAOs limiting any
late universe solutions and one independent late universe
modification to address the inevitable increase in Ωmh

2

that such an early universe solution could introduce. The
EDE-DDM is such an example of paired modifications
but it is not necessarily the most efficient and further
exploration is necessary.
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Neutrino Puzzle: Anomalies, Interactions, and
Cosmological Tensions,” arXiv e-prints (Feb., 2019)
arXiv:1902.00534, arXiv:1902.00534
[astro-ph.CO].

[43] P. Agrawal, F.-Y. Cyr-Racine, D. Pinner, and
L. Randall, “Rock ’n’ Roll Solutions to the Hubble
Tension,” arXiv:1904.01016 [astro-ph.CO].

[44] M.-X. Lin, G. Benevento, W. Hu, and M. Raveri,
“Acoustic Dark Energy: Potential Conversion of the
Hubble Tension,” Phys. Rev. D 100 no. 6, (2019)
063542, arXiv:1905.12618 [astro-ph.CO].

[45] F. Niedermann and M. S. Sloth, “New Early Dark
Energy,” arXiv e-prints (Oct., 2019) arXiv:1910.10739,
arXiv:1910.10739 [astro-ph.CO].

[46] J. Sakstein and M. Trodden, “Early dark energy from
massive neutrinos – a natural resolution of the Hubble
tension,” arXiv e-prints (Nov., 2019) arXiv:1911.11760,
arXiv:1911.11760 [astro-ph.CO].

[47] G. Ye and Y.-S. Piao, “Is the Hubble tension a hint of
AdS phase around recombination?,” Phys. Rev. D 101
no. 8, (Apr., 2020) 083507, arXiv:2001.02451
[astro-ph.CO].

[48] J. C. Hill, E. Calabrese, S. Aiola, et al., “The Atacama
Cosmology Telescope: Constraints on
Pre-Recombination Early Dark Energy,” arXiv e-prints
(Sept., 2021) arXiv:2109.04451, arXiv:2109.04451
[astro-ph.CO].

[49] V. Poulin, T. L. Smith, and A. Bartlett, “Dark Energy
at early times and ACT: a larger Hubble constant
without late-time priors,” arXiv e-prints (Sept., 2021)

http://arxiv.org/abs/2107.10291
http://dx.doi.org/10.1103/PhysRevD.101.043533
http://arxiv.org/abs/1908.03663
http://dx.doi.org/10.3390/sym11081035
http://arxiv.org/abs/1907.07953
http://dx.doi.org/10.1103/PhysRevD.102.043507
http://dx.doi.org/10.1103/PhysRevD.102.043507
http://arxiv.org/abs/2003.07355
http://arxiv.org/abs/2003.07355
http://dx.doi.org/10.1103/PhysRevD.102.103502
http://dx.doi.org/10.1103/PhysRevD.102.103502
http://arxiv.org/abs/2006.11235
http://arxiv.org/abs/2010.04158
http://arxiv.org/abs/2010.04158
http://dx.doi.org/10.1103/PhysRevLett.122.221301
http://dx.doi.org/10.1103/PhysRevLett.122.221301
http://arxiv.org/abs/1811.04083
http://dx.doi.org/10.1103/PhysRevD.103.123542
http://arxiv.org/abs/2009.10740
http://dx.doi.org/10.1103/PhysRevD.103.063502
http://dx.doi.org/10.1103/PhysRevD.103.063502
http://arxiv.org/abs/2009.10733
http://arxiv.org/abs/2009.10733
http://dx.doi.org/10.1103/PhysRevD.104.063524
http://arxiv.org/abs/2105.10425
http://arxiv.org/abs/2105.10421
http://arxiv.org/abs/2105.10421
http://dx.doi.org/10.1103/PhysRevD.104.L021303
http://dx.doi.org/10.1103/PhysRevD.104.L021303
http://arxiv.org/abs/2102.06012
http://arxiv.org/abs/2102.06012
http://dx.doi.org/10.1103/PhysRevD.94.043518
http://dx.doi.org/10.1103/PhysRevD.94.043518
http://arxiv.org/abs/1604.04222
http://dx.doi.org/10.1103/PhysRevLett.113.181301
http://arxiv.org/abs/1406.7297
http://dx.doi.org/10.1103/PhysRevD.89.083517
http://dx.doi.org/10.1103/PhysRevD.89.083517
http://arxiv.org/abs/1401.1286
http://arxiv.org/abs/1812.02333
http://dx.doi.org/10.1209/0295-5075/120/39001
http://dx.doi.org/10.1209/0295-5075/120/39001
http://arxiv.org/abs/1711.00692
http://dx.doi.org/10.1093/mnras/sty1028
http://arxiv.org/abs/1801.08501
http://dx.doi.org/10.1016/j.physletb.2017.02.033
http://dx.doi.org/10.1016/j.physletb.2017.02.033
http://arxiv.org/abs/1609.02307
http://dx.doi.org/10.1016/j.physletb.2016.10.001
http://dx.doi.org/10.1016/j.physletb.2016.10.001
http://arxiv.org/abs/1608.01083
http://dx.doi.org/10.1016/j.dark.2020.100666
http://dx.doi.org/10.1016/j.dark.2020.100666
http://arxiv.org/abs/1908.04281
http://dx.doi.org/10.1103/PhysRevD.97.043513
http://dx.doi.org/10.1103/PhysRevD.97.043513
http://arxiv.org/abs/1710.02559
http://arxiv.org/abs/1710.02559
http://dx.doi.org/10.1103/PhysRevD.97.103503
http://arxiv.org/abs/1803.01337
http://arxiv.org/abs/1902.00534
http://arxiv.org/abs/1902.00534
http://arxiv.org/abs/1904.01016
http://dx.doi.org/10.1103/PhysRevD.100.063542
http://dx.doi.org/10.1103/PhysRevD.100.063542
http://arxiv.org/abs/1905.12618
http://arxiv.org/abs/1910.10739
http://arxiv.org/abs/1911.11760
http://dx.doi.org/10.1103/PhysRevD.101.083507
http://dx.doi.org/10.1103/PhysRevD.101.083507
http://arxiv.org/abs/2001.02451
http://arxiv.org/abs/2001.02451
http://arxiv.org/abs/2109.04451
http://arxiv.org/abs/2109.04451


13

arXiv:2109.06229, arXiv:2109.06229
[astro-ph.CO].

[50] A. Moss, E. Copeland, S. Bamford, and T. Clarke, “A
model-independent reconstruction of dark energy to
very high redshift,” arXiv e-prints (Sept., 2021)
arXiv:2109.14848, arXiv:2109.14848
[astro-ph.CO].

[51] S. J. Clark, K. Vattis, and S. M. Koushiappas,
“Cosmological constraints on late-Universe decaying
dark matter as a solution to the H0 tension,”
Phys. Rev. D 103 no. 4, (Feb., 2021) 043014,
arXiv:2006.03678 [astro-ph.CO].

[52] K. Vattis, S. M. Koushiappas, and A. Loeb, “Dark
matter decaying in the late Universe can relieve the H0
tension,” Phys. Rev. D 99 no. 12, (June, 2019) 121302,
arXiv:1903.06220 [astro-ph.CO].

[53] L. A. Anchordoqui, V. Barger, H. Goldberg, et al.,
“IceCube neutrinos, decaying dark matter, and the
Hubble constant,” Phys. Rev. D 92 no. 6, (Sept., 2015)
061301, arXiv:1506.08788 [hep-ph].

[54] J. Buch, P. Ralegankar, and V. Rentala, “Late decaying
2-component dark matter scenario as an explanation of
the AMS-02 positron excess,” J. Cosmology Astropart.
Phys. 10 (Oct., 2017) 028, arXiv:1609.04821
[hep-ph].

[55] T. Bringmann, F. Kahlhoefer, K. Schmidt-Hoberg, and
P. Walia, “Converting nonrelativistic dark matter to
radiation,” Phys. Rev. D 98 no. 2, (July, 2018) 023543,
arXiv:1803.03644.

[56] K. L. Pandey, T. Karwal, and S. Das, “Alleviating the
H0 and σ8 anomalies with a decaying dark matter
model,” arXiv:1902.10636 [astro-ph.CO].

[57] A. G. Doroshkevich and M. I. Khlopov, “Formation of
structure in a universe with unstable neutrinos,”
MNRAS 211 (Nov., 1984) 277–282.

[58] A. G. Doroshkevich and M. Y. Khlopov, “Fluctuations
of the cosmic background temperature in
unstable-particle cosmologies,” Pisma v
Astronomicheskii Zhurnal 11 (Aug., 1985) 563–568.

[59] A. G. Doroshkevich, A. A. Klypin, and M. Y. Khlopov,
“Cosmological Models with Unstable Neutrinos,”
Soviet Ast. 32 (Apr., 1988) 127.

[60] D. Hooper, F. S. Queiroz, and N. Y. Gnedin,
“Non-Thermal Dark Matter Mimicking An Additional
Neutrino Species In The Early Universe,” Phys. Rev.
D85 (2012) 063513, arXiv:1111.6599
[astro-ph.CO].

[61] G. Blackadder and S. M. Koushiappas, “Dark matter
with two- and many-body decays and supernovae type
Ia,” Phys. Rev. D. 90 no. 10, (Nov., 2014) 103527,
arXiv:1410.0683.

[62] G. F. Abellán, R. Murgia, V. Poulin, and J. Lavalle,
“Implications of the S8 tension for decaying dark matter
with warm decay products,” Phys. Rev. D 105 no. 6,
(2022) 063525, arXiv:2008.09615 [astro-ph.CO].

[63] G. F. Abellán, R. Murgia, and V. Poulin, “Linear
cosmological constraints on 2-body decaying dark
matter scenarios and robustness of the resolution to the
S8 tension,” arXiv e-prints (Feb., 2021)
arXiv:2102.12498, arXiv:2102.12498
[astro-ph.CO].

[64] I. J. Allali, M. P. Hertzberg, and F. Rompineve, “A
Dark Sector to Restore Cosmological Concordance,”
arXiv e-prints (Apr., 2021) arXiv:2104.12798,

arXiv:2104.12798 [astro-ph.CO].
[65] L. W. H. Fung, L. Li, T. Liu, et al., “Axi-Higgs

cosmology,” J. Cosmology Astropart. Phys. 2021 no. 8,
(Aug., 2021) 057, arXiv:2102.11257 [hep-ph].

[66] L. W. Fung, L. Li, T. Liu, et al., “The Hubble Constant
in the Axi-Higgs Universe,” arXiv:2105.01631
[astro-ph.CO].

[67] G. Ye, J. Zhang, and Y.-S. Piao, “Resolving both H0
and S8 tensions with AdS early dark energy and
ultralight axion,” arXiv e-prints (July, 2021)
arXiv:2107.13391, arXiv:2107.13391
[astro-ph.CO].

[68] S. Bansal, J. H. Kim, C. Kolda, et al., “Mirror Twin
Higgs Cosmology: Constraints and a Possible
Resolution to the H0 and S8 Tensions,” arXiv e-prints
(Oct., 2021) arXiv:2110.04317, arXiv:2110.04317
[hep-ph].

[69] S. Kumar, R. C. Nunes, and S. K. Yadav, “Dark sector
interaction: a remedy of the tensions between CMB and
LSS data,” European Physical Journal C 79 no. 7, (July,
2019) 576, arXiv:1903.04865 [astro-ph.CO].

[70] G. Blackadder and S. M. Koushiappas, “Cosmological
constraints to dark matter with two- and many-body
decays,” Phys. Rev. D. 93 no. 2, (Jan., 2016) 023510,
arXiv:1510.06026.

[71] V. Poulin, T. L. Smith, D. Grin, et al., “Cosmological
implications of ultralight axionlike fields,” Phys. Rev. D
98 no. 8, (Oct., 2018) 083525, arXiv:1806.10608
[astro-ph.CO].

[72] H. B. Benaoum, W. Yang, S. Pan, and E. Di Valentino,
“Modified Emergent Dark Energy and its Astronomical
Constraints,” arXiv e-prints (Aug., 2020)
arXiv:2008.09098, arXiv:2008.09098 [gr-qc].

[73] M. Chevallier and D. Polarski, “Accelerating Universes
with Scaling Dark Matter,” International Journal of
Modern Physics D 10 no. 2, (Jan., 2001) 213–223,
arXiv:gr-qc/0009008 [gr-qc].

[74] E. V. Linder, “Exploring the Expansion History of the
Universe,” Phys. Rev. Lett. 90 no. 9, (Mar., 2003)
091301, arXiv:astro-ph/0208512 [astro-ph].

[75] J. L. Feng, A. Rajaraman, and F. Takayama,
“Superweakly interacting massive particles,” Phys. Rev.
Lett. 91 (2003) 011302, arXiv:hep-ph/0302215.

[76] J. Choquette, J. M. Cline, and J. M. Cornell, “p-wave
Annihilating Dark Matter from a Decaying Predecessor
and the Galactic Center Excess,” Phys. Rev. D 94
no. 1, (2016) 015018, arXiv:1604.01039 [hep-ph].

[77] B. Audren, J. Lesgourgues, G. Mangano, et al.,
“Strongest model-independent bound on the lifetime of
Dark Matter,” J. Cosmology Astropart. Phys. 2014
no. 12, (Dec., 2014) 028, arXiv:1407.2418
[astro-ph.CO].

[78] V. Poulin, P. D. Serpico, and J. Lesgourgues, “A fresh
look at linear cosmological constraints on a decaying
Dark Matter component,” J. Cosmology Astropart.
Phys. 8 (Aug., 2016) 036, arXiv:1606.02073.

[79] J. Lesgourgues and T. Tram, “The Cosmic Linear
Anisotropy Solving System (CLASS) IV: efficient
implementation of non-cold relics,” J. Cosmology
Astropart. Phys. 2011 no. 9, (Sept., 2011) 032,
arXiv:1104.2935 [astro-ph.CO].

[80] T. Brinckmann and J. Lesgourgues, “MontePython 3:
boosted MCMC sampler and other features,” arXiv
e-prints (Apr., 2018) arXiv:1804.07261,

http://arxiv.org/abs/2109.06229
http://arxiv.org/abs/2109.06229
http://arxiv.org/abs/2109.14848
http://arxiv.org/abs/2109.14848
http://dx.doi.org/10.1103/PhysRevD.103.043014
http://arxiv.org/abs/2006.03678
http://dx.doi.org/10.1103/PhysRevD.99.121302
http://arxiv.org/abs/1903.06220
http://dx.doi.org/10.1103/PhysRevD.92.061301
http://dx.doi.org/10.1103/PhysRevD.92.061301
http://arxiv.org/abs/1506.08788
http://dx.doi.org/10.1088/1475-7516/2017/10/028
http://dx.doi.org/10.1088/1475-7516/2017/10/028
http://arxiv.org/abs/1609.04821
http://arxiv.org/abs/1609.04821
http://dx.doi.org/10.1103/PhysRevD.98.023543
http://arxiv.org/abs/1803.03644
http://arxiv.org/abs/1902.10636
http://dx.doi.org/10.1093/mnras/211.2.277
http://dx.doi.org/10.1103/PhysRevD.85.063513
http://dx.doi.org/10.1103/PhysRevD.85.063513
http://arxiv.org/abs/1111.6599
http://arxiv.org/abs/1111.6599
http://dx.doi.org/10.1103/PhysRevD.90.103527
http://arxiv.org/abs/1410.0683
http://dx.doi.org/10.1103/PhysRevD.105.063525
http://dx.doi.org/10.1103/PhysRevD.105.063525
http://arxiv.org/abs/2008.09615
http://arxiv.org/abs/2102.12498
http://arxiv.org/abs/2102.12498
http://arxiv.org/abs/2104.12798
http://dx.doi.org/10.1088/1475-7516/2021/08/057
http://dx.doi.org/10.1088/1475-7516/2021/08/057
http://arxiv.org/abs/2102.11257
http://arxiv.org/abs/2105.01631
http://arxiv.org/abs/2105.01631
http://arxiv.org/abs/2107.13391
http://arxiv.org/abs/2107.13391
http://arxiv.org/abs/2110.04317
http://arxiv.org/abs/2110.04317
http://dx.doi.org/10.1140/epjc/s10052-019-7087-7
http://dx.doi.org/10.1140/epjc/s10052-019-7087-7
http://arxiv.org/abs/1903.04865
http://dx.doi.org/10.1103/PhysRevD.93.023510
http://arxiv.org/abs/1510.06026
http://dx.doi.org/10.1103/PhysRevD.98.083525
http://dx.doi.org/10.1103/PhysRevD.98.083525
http://arxiv.org/abs/1806.10608
http://arxiv.org/abs/1806.10608
http://arxiv.org/abs/2008.09098
http://dx.doi.org/10.1142/S0218271801000822
http://dx.doi.org/10.1142/S0218271801000822
http://arxiv.org/abs/gr-qc/0009008
http://dx.doi.org/10.1103/PhysRevLett.90.091301
http://dx.doi.org/10.1103/PhysRevLett.90.091301
http://arxiv.org/abs/astro-ph/0208512
http://dx.doi.org/10.1103/PhysRevLett.91.011302
http://dx.doi.org/10.1103/PhysRevLett.91.011302
http://arxiv.org/abs/hep-ph/0302215
http://dx.doi.org/10.1103/PhysRevD.94.015018
http://dx.doi.org/10.1103/PhysRevD.94.015018
http://arxiv.org/abs/1604.01039
http://dx.doi.org/10.1088/1475-7516/2014/12/028
http://dx.doi.org/10.1088/1475-7516/2014/12/028
http://arxiv.org/abs/1407.2418
http://arxiv.org/abs/1407.2418
http://dx.doi.org/10.1088/1475-7516/2016/08/036
http://dx.doi.org/10.1088/1475-7516/2016/08/036
http://arxiv.org/abs/1606.02073
http://dx.doi.org/10.1088/1475-7516/2011/09/032
http://dx.doi.org/10.1088/1475-7516/2011/09/032
http://arxiv.org/abs/1104.2935


14

arXiv:1804.07261 [astro-ph.CO].
[81] B. A. Reid, W. J. Percival, D. J. Eisenstein, et al.,

“Cosmological constraints from the clustering of the
Sloan Digital Sky Survey DR7 luminous red galaxies,”
MNRAS 404 no. 1, (May, 2010) 60–85,
arXiv:0907.1659 [astro-ph.CO].

[82] F. Beutler, C. Blake, M. Colless, et al., “The 6dF
Galaxy Survey: baryon acoustic oscillations and the
local Hubble constant,” MNRAS 416 no. 4, (Oct., 2011)
3017–3032, arXiv:1106.3366 [astro-ph.CO].

[83] A. J. Ross, L. Samushia, C. Howlett, et al., “The
clustering of the SDSS DR7 main Galaxy sample - I. A
4 per cent distance measure at z = 0.15,” MNRAS 449
no. 1, (May, 2015) 835–847, arXiv:1409.3242
[astro-ph.CO].

[84] S. Alam, M. Ata, S. Bailey, et al., “The clustering of
galaxies in the completed SDSS-III Baryon Oscillation
Spectroscopic Survey: cosmological analysis of the
DR12 galaxy sample,” MNRAS 470 (Sept., 2017)
2617–2652, arXiv:1607.03155.

[85] V. de Sainte Agathe, C. Balland, H. du Mas des
Bourboux, et al., “Baryon acoustic oscillations at z =
2.34 from the correlations of Lyα absorption in eBOSS
DR14,” A&A 629 (Sept., 2019) A85,
arXiv:1904.03400 [astro-ph.CO].

[86] M. Blomqvist, H. du Mas des Bourboux, N. G. Busca,
et al., “Baryon acoustic oscillations from the
cross-correlation of Lyα absorption and quasars in
eBOSS DR14,” A&A 629 (Sept., 2019) A86,
arXiv:1904.03430 [astro-ph.CO].

[87] D. M. Scolnic, D. O. Jones, A. Rest, et al., “The
Complete Light-curve Sample of Spectroscopically
Confirmed SNe Ia from Pan-STARRS1 and
Cosmological Constraints from the Combined Pantheon
Sample,” ApJ 859 no. 2, (June, 2018) 101,
arXiv:1710.00845 [astro-ph.CO].

[88] D. Blas, J. Lesgourgues, and T. Tram, “The Cosmic
Linear Anisotropy Solving System (CLASS). Part II:
Approximation schemes,” J. Cosmology Astropart.
Phys. 2011 no. 7, (July, 2011) 034, arXiv:1104.2933
[astro-ph.CO].

[89] A. G. Riess, S. Casertano, W. Yuan, et al., “Cosmic
Distances Calibrated to 1% Precision with Gaia EDR3
Parallaxes and Hubble Space Telescope Photometry of
75 Milky Way Cepheids Confirm Tension with ΛCDM,”
ApJ 908 no. 1, (Feb., 2021) L6, arXiv:2012.08534
[astro-ph.CO].
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