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Abstract. The Hubble tension between the ΛCDM-model-dependent prediction of the current ex-
pansion rate H0 using Planck data and direct, model-independent measurements in the local universe
from the SH0ES collaboration disagree at > 3.5σ. Moreover, there exists a milder ∼ 2σ tension
between similar predictions for the amplitude S8 of matter fluctuations and its measurement in the
local universe. As explanations relying on unresolved systematics have not been found, theorists
have been exploring explanations for these anomalies that modify the cosmological model, altering
early-universe-based predictions for these parameters. However, new cosmological models that at-
tempt to resolve one tension often worsen the other. In this paper, we investigate a decaying dark
matter (DDM) model as a solution to both tensions simultaneously. Here, a fraction of dark matter
density decays into dark radiation. The decay rate Γ is proportional to the Hubble rate H through
the constant αdr, the only additional parameter of this model. Then, this model deviates most from
ΛCDM in the early universe, with αdr being positively correlated with H0 and negatively with S8.
Hence, increasing αdr (and allowing dark matter to decay in this way) can then diminish both ten-
sions simultaneously. We find that this secret interaction, if present in the dark sector, can alleviate
both tensions and slightly improve the fit to data. The tensions are reduced to ∼ 1.5σ for H0 and
0.3σ for S8 when only considering Planck CMB data and the local SH0ES prior on H0. However,
the addition of intermediate-redshift data (the JLA supernova dataset and baryon acoustic oscillation
data) weakens the effectiveness of this model, bringing the tensions back up to ∼ 2.5σ and ∼ 1.5σ
respectively.ar
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1 Introduction

The simple ΛCDM concordance model has been immensely successful in describing numerous cos-
mological observables at different epochs [1–3]. Nontheless, when fit to measurements of the early
universe, the ΛCDM model finds results inconsistent with observations of the late universe [4]. These
include the persistent Hubble tension [5] as well as the milder S8 tension [6].

The current state-of-the-art experiment Planck which measures the cosmic microwave back-
ground (CMB) radiation, assumes a flat ΛCDM model to extract cosmological parameter values and
finds the local expansion rate H0 to be 67.37 ± 0.54 km/s/Mpc [7]. On the other hand, the SH0ES
collaboration finds the larger valueH0 = 73.52±1.62 km/s/Mpc [8, henceforth R18] through model-
independent measurements of the local universe, at & 3.5σ tension with the Planck value. This
tension between the early and late universe exists even without Planck CMB data or the SH0ES dis-
tance ladder [4]. Another direct measurement of H0 = 71.9+2.4

−3.0 km/s/Mpc [9] from the H0LiCOW
collaboration based on lensing time delays is in moderate tension with Planck, while a constraint
from Big Bang nucleosynthesis (BBN) combined with baryon acoustic oscillation (BAO) data of
H0 = 66.98± 1.18 km/s/Mpc [4] is inconsistent with SH0ES.

There is also evidence of & 2σ tension between the constraints from Planck on the matter
density Ωm and the amplitude σ8 of matter fluctuations in linear theory and those from local mea-
surements [6, 10]. Planck derives S8 = σ8(Ωm/0.3)0.5 = 0.832±0.013 whereas local measurements
find the smaller SSZ

8 = σ8(Ωm/0.27)0.3 = 0.78± 0.01 from Sunyaev-Zeldovich cluster counts [11]
and S8 = 0.783+0.021

−0.025 from the DES weak-lensing surveys [12].
Although systematic causes for these discrepancies cannot entirely be ruled out, numerous po-

tential systematics have been investigated and exonerated over the years while the tensions have
persisted and worsened [7, 10, 13–18]. Hence, we must consider the alternative - that the model-
dependent results from the early universe are inconsistent with the model-independent measurements
of the late universe because the ΛCDM model of cosmology is incorrect.

There have been numerous attempts at resolving these discrepancies via non-standard cosmo-
logical models [19–28, and references therein], however, most such attempts at solving the Hubble
tension worsen the S8 tension and vice-versa. Solutions of the Hubble tension must resolve the
tension by reducing the size rs of the sound horizon to remain consistent with data [29–31]. This
requires a modification of early-universe physics [19, 20]. On the other hand, a solution to the S8

tension would require late-universe physics that leads to a suppression of the linear matter power
spectrum.

In this paper, we tackle both requirements with a decaying dark matter (DDM) model. In this
scenario, a fraction of dark matter density decays into dark radiation per Hubble time [32], with
the effect being amplified close to the onset of matter domination. This leads to an increase in the
expansion rate relative to ΛCDM around recombination, resulting in a decrease in rs. Fits to the CMB
then predict a higher H0, alleviating the Hubble tension. Moreover, dark matter decaying into dark
radiation suppresses structure formation at large scales, leading to smaller S8 values. This model
can hence simultaneously diminish both the Hubble and the S8 tensions. Testing against various
cosmological datasets, we find that this DDM model can provide a better fit to some datasets and
simultaneously alleviate the two aforementioned tensions, but not fully resolve them. We also find
that at most, a fraction fdm . 0.003 of dark matter can decay into dark radiation in the light of recent
Planck, supernova and BAO data, and an external prior on H0 from R18. This paper is organised as
follows. A brief description of the model is given in Section 2, along with its effect on observables.
In Section 3, we provide a detailed description of our analysis. Our results are presented in Section 4
and discussed in Section 5 where we also conclude.
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2 Decaying dark matter model

Motivation for exploring a DDM resolution to the Hubble tension comes from considering the ef-
fective radiation degrees of freedom Neff [2, 7, 22]. Increasing the amount of radiation in the early
universe such that ∆Neff ∼ 0.4 − 1 has been shown to diminish the Hubble tension [2]. This extra
radiation must be ‘dark’ as the presence of an extra photon-like component is strongly constrained
by both BBN and the CMB [33]. A fourth, massive, sterile neutrino could provide such extra dark
radiation however, the existence of such a particle is constrained by oscillation experiments [34].

The scenario explored here follows the model proposed by Ref. [32]. It involves dark radia-
tion interacting within the dark sector, in particular, a particle (beyond the framework of the standard
model) decaying into an extra dark radiation component. All the dark radiation in this scenario is a
product of dark matter decay and forms a small fraction of the total dark matter density. The decay
rate Γ determines this fraction fdm of dark matter energy density that decays into dark radiation. This
fraction remains nearly constant over time after matter-radiation equality. If fdm is large, it can alter
the expansion rate as shown in Fig. 1, which we demonstrate leads to a higher predicted H0. More-
over, the decay naturally reduces the amount of dark matter in galaxies and clusters leading to smaller
predicted values of S8. A brief description of the background dynamics of the model, contribution of
dark radiation to Neff and effect on observables is discussed in the following subsections.

2.1 Background dynamics

A general coupling between dark matter and dark radiation can be described by the energy balance
equations [35]

ρ̇dm + 3Hρdm = −Q (2.1)

ρ̇dr + 3H(1 + wdr)ρdr = Q (2.2)

where ρdm and ρdr are the dark matter and dark radiation energy densities andH = ȧ/a is the Hubble
rate, where a is the scale factor and overdots denote derivatives with respect to conformal time. We
also assume dark radiation has an equation of state wdr = Pdr/ρdr = 1/3. A positive rate of energy
transfer Q denotes the direction of energy transfer from dark matter to dark radiation. Non-zero
values of Q imply that dark matter no longer redshifts exactly as a−3 nor dark radiation as a−4. We
adopt the covariant form of the energy-momentum transfer 4-vector introduced in [35]

Q = Γρdm, (2.3)

where the exact form of the interaction rate Γ depends on the details of the particle physics of the
decay process.

Many forms of Γ have been studied in the literature [27, 36–39]. Here, we explore the simple
case where Γ = αH , where α is a constant and H is the Hubble rate. Although we do not model
the particle physics resulting in Γ ∝ H , we refer the reader to two fundamental particle physics
motivations for such an interaction. As discussed in Section 5 of Ref. [32], if dark matter is a coher-
ently oscillating scalar field and decays into light fermions similar to the reheating mechanism, it can
give rise to our DDM set up. It may also arise in the model proposed by Ref. [40], where a fraction
of dark matter converts to dark radiation through late kinetic decoupling and Sommerfeld-enhanced
dark matter annihilation. The mass ranges for dark matter particles in each of these models differ
greatly. As our analysis here is phenomenological, our constraints are independent of the mass of
the dark matter particle undergoing decay. Interpreting these results in the framework of a particular
fundamental model can translate our constraints to particle mass and interaction cross-section.
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For Γ = αH , the background evolution is readily solved

ρdm = ρdm,0a
−(3+αdr) (2.4)

ρdr = ρdr,0a
−3(1+wdr) +

αdr

αdr − 3wdr

ρdm,0a
−3(a−3wdr − a−αdr), (2.5)

where the subscript 0 denotes values today. For wdr = 1/3, Eq. (2.5) can be further simplified to

ρdr = βa−4 +
αdr

1− αdr
ρdm,0a

−(3+αdr), (2.6)

where β is a constant. The first term in Eq. (2.6) behaves like a standard radiation density while the
second behaves like a fluid with an equation of state αdr/3. For weak couplings between dark matter
and dark radiation, αdr � 1 which leads to β ∼ 0. Moreover, the first term redshifts faster than the
second, always being subdominant. Hence, in our analysis, we only retain the second term. With this
assumption, we obtain the fraction fdm of dark matter that decays into dark radiation

fdm =
ρdr

ρdm

→ αdr

3wdr − αdr
=

αdr

1− αdr
' αdr. (2.7)

Therefore, fdm is approximately constant over time and the density of dark radiation ρdr ' αdrρdm.
Our model is then parameterised by a single parameter αdr.

For a detailed description of the perturbations in our model, we refer the reader to Ref. [32, 41].

2.2 Calculation of ∆Neff

In standard cosmology, the energy density ρrad of relativistic species in terms of the photon energy
density ργ is

ρrad =

[
1 +

7

8
Neff

(
4

11

)4/3
]
ργ . (2.8)

This includes standard model (SM) neutrinos (for which Nν,eff = 3.046) [42, 43], and characterizes
any free-streaming radiation beyond the SM expectation. Then, any departure from the SM can be
accounted for through ∆Neff , where Neff = Nν,eff + ∆Neff . In our case, ∆Neff,dr can be expressed
in terms of αdr [32] as

7

8
∆Neff,dr

(
4

11

)4/3 ργ,0
a4

=
1

1− αdr
ρdm,0a

−(3+αdr) − ρdm,0a
−3, (2.9)

making it a derived parameter in our analysis.

2.3 Effects on observables

The main effect of the DDM model is an alteration of the expansion history of the Universe. In
Fig. 1, we show how decaying dark matter affects the CMB, the matter power spectrum and the
expansion rate. All parameters were fixed at their Planck 2015 ΛCDM best-fit values, including the
energy density Ωdm,0 of dark matter today, and we show the effect of varying just αdr. Then, for
αdr > 0, there was more dark matter in the early universe which decayed to match the dark matter
energy density today. This shifts matter-radiation equality to earlier times, reduces the ratio Ωb/Ωdm

of baryons to dark matter in the early universe and elongates the matter-dominated epoch of the
Universe.
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Figure 1. Shown here are the effects of DDM on various observables. These plots were produced using a
modified version of CAMB, fixing all ΛCDM parameters, including Ωdm,0 and varying just αdr. The blue line
with αdr = 0 represents a ΛCDM cosmology. Top: effect of non-zero αdr on the CMB TT power spectrum;
left: effect on the matter power spectrum; right: the DDM expansion rate relative to ΛCDM.

The bottom-right panel of Fig. 1 can then be understood as follows. At early times, the Universe
is radiation-dominated and the Hubble rate H is given by

3H2M2
Pl =

[
1 +

7

8
Nν,eff

(
4

11

)4/3
]
ργ +

1

1− αdr
ρdm,0a

−(3+αdr) + ρb,0a
−3. (2.10)

Here, MPl is the reduced Planck mass and ρb,0 is the baryon density today. The dark radiation added
by the DDM model is always subdominant, and the very early universe resembles a ΛCDM universe.
As we approach matter domination, due to the extra dark matter in the Universe, the expansion rate
increases, reaching a peak deviation close to z ∼ 103. Finally, as the extra dark matter decays into
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dark radiation which quickly redshifts away, the expansion rate relaxes back into agreement with
ΛCDM. This effect is more pronounced as αdr increases. Overall, the expansion rate is increased
in the DDM scenario relative to ΛCDM, the maximum increase occuring close to recombination.
This combined with extra dark matter in the early universe shifts matter-radiation equality as well
as recombination to earlier. If recombination occurs earlier, sound waves in the early universe have
less time to travel, decreasing the sound horizon rs. The Hubble parameter can then increase to
compensate allowing the DDM model to diminish the Hubble tension.

These effects can also be inferred from the top panel of Fig. 1 showing the change in the CMB
TT power spectrum. An increase in the amount of dark matter in the early universe suppresses power
in all CMB peaks, as the enhancement due to acoustic driving is reduced. A smaller sound horizon
shifts peak locations to smaller scales, or larger multipoles `. The effect of the reduced ratio Ωb/Ωdm

is most apparent in the second peak. The heights of odd and even CMB peaks determine Ωb/Ωdm,
with a smaller ratio implying a larger difference in peak heights [44]. Finally, power at large scales
(` . 30) is enhanced because dark matter decaying into dark radiation causes gravitational potential
wells to decay, boosting the late integrated Sachs-Wolfe (ISW) effect.

Similar effects can also be seen in the matter power spectrum shown in the bottom-left panel of
Fig. 1. The location of the peak in the matter power spectrum is dictated by the size of the Universe at
matter-radiation equality, which the DDM model shifts to smaller sizes, or larger wavenumbers keq

[45]. The enhancement of power at small scales is a result of the decrease in Ωb/Ωdm, which leads
to less photon drag and boosts structure formation. On the other hand, large-scale modes enter the
horizon in the late universe which has less dark matter than the early universe, but is still expanding
faster than ΛCDM as seen form Fig. 1. This suppresses structure formation and therefore power
at large scales. In particular, at scales ∼ 8Mpc, power is considerably suppressed, alleviating the
S8 tension. This suppression can also be attributed to DDM causing gravitational potential wells to
decay, becoming shallower in the late universe. Moreover, as DDM dilutes as a−(3+α), it is no longer
pressureless and this pressure resists the growth of gravitational potential wells.

3 Methodology

To investigate this DDM model, we use a modified version of the publicly available Boltzmann
code CAMB [46]. The modified version is based on the dynamics described in [32]; We vary the 6
standard ΛCDM parameters: the baryon density ωb today, the dark matter density ωdm today, the
angular size θMC of the sound horizon at recombination, the optical depth τ to reionisation, the
scalar spectral index ns, and the amplitude As of the primordial power spectrum. To this, we add the
DDM parameter αdr. We then use the publicly available Markov chain Monte Carlo code CosmoMC
[47, 48] to explore our 7-dimensional parameter space with the following assumptions. We assume
a flat universe with Ωk = 0, and a constant dark energy equation of state, wde = −1. We also fix
the running of the scalar spectral index dns/dlnk = 0 and the amplitude Alens = 1 of the lensing
power spectrum. We adopt standard values for the sum of neutrino masses Σmν = 0.06 eV and
the SM Nν,eff = 3.046. The entire DDM model is described by the sole parameter αdr. The dark
radiation energy density Ωdr and ∆Neff,dr are derived parameters which can be expressed in terms of
αdr. Table 1 shows the priors for the 7 varied parameters.

We fit to various early and late-universe data sets in certain combinations. Our data include:

• Planck : The CMB temperature and polarization angular power spectra (high-` TT + low-`
TEB) released by Planck 2015 [33, 49]
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• JLA : Luminosity distance of supernovae Type Ia coming from ‘joint light-curve analysis’
using SNLS (Supernova Legacy Survey) and SDSS (Sloan Digital Sky Survey) catalogs [50]

• BAO : The ‘Baryonic Acoustic Oscillation’ data from DR12-BAO [51], SDSS-6DF [52] and
SDSS-MGS [53]

• R18 : An external gaussian prior on H0 = 73.52± 1.62 km/s/Mpc [8].

We fit to the combinations Planck, Planck+R18 and Planck+JLA+BAO+R18. We adhere to the
Gelman-Rubin convergence criteria of R − 1 < 0.01 and discard the first 30% of our chains as
burn-in.

Parameter ΛCDM DDM

Ωbh
2 [ 0.005 , 0.1 ] [ 0.005 , 0.1 ]

Ωdmh
2 [ 0.001 , 0.99 ] [ 0.001 , 0.99 ]

100θMC [ 0.5 , 10 ] [ 0.5 , 10 ]
τ [ 0.01 , 0.8 ] [ 0.01 , 0.8 ]
ns [ 0.8 , 1.2 ] [ 0.8 , 1.2 ]
ln(1010As) [ 2.0 , 4.0 ] [ 2.0 , 4.0 ]
αdr – [ 0.00 , 0.05 ]

Table 1. Priors on the cosmological parameters we vary in our MCMC analyses

4 Results

Figures 2-4 compare our posteriors for the ΛCDM (blue) and DDM (red) models for various data sets.
Along with posteriors for Ωbh

2, Ωdmh
2 and αdr, we also show posteriors for the derived parameters

H0 and S8. The green bands represent local measurements of H0 and S8. From these figures, the
correlation of H0 with αdr and the anticorrelation of S8 with αdr are apparent. An increase in αdr

results in a greater H0 and a smaller S8. This is the exact effect required to solve the H0 and S8

tensions simultaneously. These correlations are most evident in the posteriors of Planck+R18 in
Fig. 3. The inclusion of BAO data diminishes these correlations as seen in Fig. 4.

As seen from Fig. 2, Planck data places an upper bound on αdr (≤ 0.003). However, the
addition of an external prior onH0 from R18 leads to a small preference for non-zero αdr (≈ 0.005±
0.003) at the ∼ 1.5σ level. With Planck+R18, the Hubble tension is reduced to ∼ 1.5σ and the S8

tension to ∼ 0.3σ. The addition of BAO data weakens these resolutions, as seen form Table 2. For
Planck+JLA+BAO+R18, the H0 and S8 tensions remain at ∼ 2.5σ and ∼ 1.5σ levels respectively.
For all dataset combinations explored, we remain consistent with ΛCDM within 1σ for all ΛCDM
parameters.

Table 3 shows the best-fit χ2 values for the ΛCDM and DDM models. The DDM model leads
to a slight improvement in fit, largely due to fitting the R18 measurement better than ΛCDM.
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the constraints on H0 and S8 coming from [8, R18] and [12, DES-YI, 2017].
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combinations, Planck+R18 and Planck+R18+JLA+BAO. The green bands represent the 1 and 2 σ constraints
on H0 and S8 coming from [8, R18] and [12, DES-YI, 2017]. The scattered points are for the DDM model
representing values of αdr.

In Fig. 5, we show how the decay parameter αdr improves the H0 and S8 tensions. In the DDM
scenario (red contours), αdr increases towards the bottom right. Considering just Planck+R18, the
external prior on H0 pushes the decay rate of dark matter to be ∼ 1% of the Hubble rate. These
large values of αdr alter expansion history enough for the model to predict a larger H0 and suppress
structure formation enough to predict smaller S8. Without data at intermediate redshifts, such large
changes in cosmology are permitted. As seen from the left panel of Fig. 5, within the scope allowed
by Planck+R18, the DDM contours intersect the 1σ local-measurement square (green). For these
datasets, while the 1σ ΛCDM contour (blue) intersects the 1σ local measurement of S8, the 2σ
ΛCDM contour is beyond the 1σ local H0 measurement. Therefore, the DDM model diminishes the
H0 and S8 tensions.

Including data at intermediate redshifts, namely JLA and BAO, the tensions remain unresolved.
As seen from the right panel of Fig. 5, while DDM reduces the S8 tension to the 1σ level, the Hubble
tension still exists at the 2.5σ level. The combined datasets Planck+R18+JLA+BAO do not permit
large deviations from ΛCDM cosmology. Moreover, smaller values of αdr are permitted, with the
decay rate of dark matter constrained to be ∼ 0.5% of the Hubble rate.
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Planck+R18 Planck+JLA+BAO+R18

Parameter ΛCDM DDM ΛCDM DDM

Ωbh
2 0.02251± 0.00022 0.02180+0.00049

−0.00041 0.02243± 0.00020 0.02199+0.00041
−0.00029

Ωdmh
2 0.1161± 0.0019 0.1136± 0.0023 0.1174± 0.0012 0.1170± 0.0012

100θMC 1.04138± 0.00045 1.04118± 0.00045 1.04123± 0.00041 1.04098± 0.00044

τ 0.094± 0.019 0.089± 0.020 0.089± 0.018 0.082± 0.019

ln(1010As) 3.113± 0.037 3.107± 0.038 3.106± 0.035 3.096± 0.037

ns 0.9748± 0.0058 0.9763± 0.0058 0.9715± 0.0043 0.9699± 0.0044

αdr −− 0.0050+0.0023
−0.0034 −− < 0.00332

Ωm 0.293± 0.011 0.274± 0.014 0.3000± 0.0067 0.2950± 0.0074

ΩΛ 0.707+0.012
−0.010 0.725± 0.014 0.7000± 0.0067 0.7044± 0.0073

σ8 0.829± 0.015 0.830± 0.015 0.830± 0.015 0.831± 0.015

S8 0.818± 0.022 0.793± 0.026 0.829± 0.018 0.823± 0.018

H0 69.03± 0.87 70.6+1.1
−1.3 68.44± 0.52 68.81± 0.58

Table 2. Comparison between the standard ΛCDM and the DDM models showing 1σ constraints on parameters
fitting to Planck+R18 and Planck+JLA+BAO+R18

Plank+R18 Plank+JLA+BAO+R18

Dataset ΛCDM DDM ΛCDM DDM

χ2
high`TT 768.352 771.684 767.395 767.154

χ2
lowTEB 10498.3 10496.5 10497.3 10497.9

χ2
JLA −− −− 695.377 695.299

χ2
6DF −− −− 0.0402244 0.0793526

χ2
MGS −− −− 2.34994 2.67358

χ2
DR12BAO −− −− 3.57457 3.96993

χ2
nuisance 1.50061 3.20412 3.11594 2.42671

χ2
R18 7.59589 2.46971 9.11007 7.98282∑
χ2

i 11275.7 11273.8 11978.3 11977.5

∆(
∑
χ2

i ) 0 −1.9 0 −0.8

Table 3. Comparison between the standard ΛCDM and the DDM models: χ2 values for various datasets from
a combined fit to Planck+R18 and Planck+JLA+BAO+R18 are given, with the χ2

nuisance for expectations for
the nuisance and foreground parameters.
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5 Discussion and conclusions

While the ΛCDM model of cosmology fits numerous datasets well, its predictions based on the early
and late universe disagree [4, 31]. The current expansion rate H0 is underpredicted by ΛCDM when
fit to the early universe [7, 8]. Despite this, measurements of the late universe are in agreement
with a ΛCDM expansion history, but with different parameter values [2]. This Hubble tension has
persisted and worsened over the years and no systematic cause has yet been found [5]. Moreover,
ΛCDM overpredicts the amplitude of matter fluctuations S8 relative to direct measurements in the
late universe [6, 10]. Although this is a milder tension, combined, these tensions might hint new
physics beyond the standard model of cosmology.

Theories that address each tension often worsen the other. In this paper, we explored a decaying
dark matter model than can simultaneously improve both tensions. We considered dark matter that
decays into dark radiation, parameterised by a single new parameter [32, 35]. The DDM model
increases the expansion rate relative to ΛCDM, with the largest effect being close to recombination.
This leads to a reduced sound horizon, to compensate for which H0 increases, alleviating the Hubble
tension. The DDM model also reduces the dark matter density in the late universe, suppressing
structure formation and lowering the predicted value of S8. Hence, it offers solutions to both tensions
simultaneously.

Considering just data from the early and current universes, that is the Planck+R18 combina-
tion, we find that the Hubble tension is reduced below the 1.5σ level and the S8 tension below 0.5σ.
DDM not only significantly diminishes both tensions, but also provides a slightly better fit to these
datasets with ∆χ2

tot = −1.9, as seen from Table 3. However, including measurements of the Uni-
verse at intermediate redshifts with Planck+R18+JLA+BAO, we find that the DDM model is strongly
constrained and the H0 and S8 tensions persist at the ∼ 2.5σ and ∼ 1.5σ levels respectively. The
DDM model alters expansion history relative to ΛCDM all through matter domination, as shown in
Fig. 1. As found by numerous models that aim to resolve the Hubble tension through modifications
of the late universe, late-universe datasets such as BAO and JLA strongly constrain expansion history
and keep such models from fully resolving the Hubble tension [7, 22–24]. In this case, the “new
physics” we add is present not only in the early universe where it has maximal effect, but throughout
cosmic history. Its presence in the late universe would spoil the fits to BAO and JLA, keeping it from
diminishing the H0 and S8 tensions further. This can also be seen from the tilt of the H0 and S8

vs αdr contours in Figs. 3 and 4. Without BAO and JLA data, αdr has a stronger correlation with
H0 and anticorrelation with S8 in Fig. 3. This relaxes when intermediate-redshift datasets are added
as in Fig. 4, implying that the addition of BAO and JLA data weakens the effectiveness of DDM at
resolving both tensions.

Numerous models of dark matter interacting within the dark sector have been explored [54–57].
In these models, the interaction is effective only up to a certain scale and negligible at larger scales.
This produces a cut-off-like feature in the matter power spectrum at small scales, keeping the power
in scales ∼ 8Mpc the same as in ΛCDM. For decaying dark matter with a constant time-independent
decay rate [27, 36], the constraints are driven by the change to the late ISW effect on the large-scale
CMB data. To be consistent with it, the dark matter must decay very slowly which only allows a
slight improvement in the S8 tension. The DDM model considered here circumvents this by having
a smaller decay rate in the early universe around decoupling which then increases with time. Models
which introduce a time-dependent dark-matter drag force due to dark radiation which also shut-off at
late times [38] have similar effects.

The S8 and Hubble tensions are intriguing results in cosmology. They require careful investi-
gation whether from a systematic or a new-physics perspective. Future data may shed further light
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on whether these anomalies are hints of physics beyond the standard model of cosmology after all.
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