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H, and Sg tensions necessitate early and late time changes to ACDM
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An only early or only late time alteration to ACDM has been inadequate at resolving both the H,, and Sg
tensions simultaneously; however, a combination of early and late time alterations to ACDM 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 H tension, it leads to a discrepancy in
Sg measurements. We show that the addition of decaying dark matter helps resolve the Sg discrepancy that
would otherwise be enhanced in an early dark energy model, while the latter is able to relieve the H,,
disagreement to within the 95th percentile interval. Our results show a preference for the combined model
over ACDM with AAIC = —6.72, hinting that both early and late Universe modifications may be necessary

to address the cosmological tensions.
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I. INTRODUCTION

The standard cosmological model known as ACDM
consisting mostly of dark energy (in the form of a
cosmological constant A) 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 H, as inferred from early time cosmol-
ogy using cosmic microwave background (CMB) mea-
surements [1] and that from local late time cosmology
using type la 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 amplitude of
the variance of the matter density field on scales of
8h~! Mpc, og (or equivalently, in Sg = 0g(€,,/0.3)%3,
where Q_ is the total matter density of the Universe).
Similar to the H, tension, late Universe measurements of Sg
are in an apparent disagreement with the value of Sg
inferred from the CMB [1,5-13]. Both of these tensions
could be potential evidence that ACDM does not fully
describe the observable Universe.

Unaccounted systematic uncertainties, in particular, those
with Cepheids and supernovae, have been proposed as
causes for the H, tension [14-16]. But this class of
explanation appears to be less favorable with a variety of
new datasets coming from various sources [17] confirming
the tension at the 4.4¢ to 60 level. More recently, it has been
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proposed that systematic uncertainties related to the choice
of the Cepheid color-luminosity calibration method [18]
could affect the ability of the distance ladder to measure the
value of H to the required precision. So far, a large array
of both early and late Universe modifications to ACDM
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 and 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 obser-
vations as shown in [21-25] and make the Sg tension even
more prominent, though it was argued that they are not
necessarily excluded and could even be preferred within the
CMB measurements [26,27]. Possible disagreements of the
models 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].
Recently, an alteration in the gravitational constant at very
late times has been proposed as a possible solution to both
tensions without early Universe modification [30].

The Sg tension, while not as statistically significant
(ranging between 1.5¢ and 2.50) has received a lot of
attention 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 correlation
between the two tensions indicates that one tension cannot
be addressed without the other.

© 2023 American Physical Society
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One notable early Universe solution for the H, tension
is early dark energy (EDE), an early period of dark energy
domination that reduces the size of the acoustic horizon
and thus increases the value of H,, 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 as the Universe
expands.! Unfortunately, a good fit of the model to the
CMB power spectra requires a higher value of matter
density at recombination than ACDM [22,23,25]. This
enhances the structure formation at late times and increases
the value of Sg. Furthermore, it was shown in a model-
independent way in [50] that with the addition of EDE on
its own, the Sg tension remains. On the other hand, the
introduction of decaying dark matter (DDM) has been
investigated as a candidate to solve both tensions simulta-
neously [51-60]. More specifically, late time decays of a
massive cold parent particle decaying to one massless and
one massive daughter particle of the form y — y' + y were
discussed in [51,52,61-63]. While the model looked
promising initially, it was shown later that these decays
cannot resolve the H, tension due to imprints induced at
late times on low multipoles of the CMB power spectrum,
which severely constrain the model. In addition, it was
shown that decaying dark matter does not favor relieving
the Sg tension when only early Universe measurements are
considered. But in a joint analysis with late time con-
straints on Sg, DDM shows potential in alleviating the Sy
tension [63].

Despite all the efforts invested, it appears that a single
modification of ACDM in either the early or late Universe
has yet been successful in solving both tensions at the
same time. One example demonstrating the necessity for a
binary modification to ACDM is a combination of EDE
and additional ultralight axion oscillating at early times
(z > 10%) that suppresses the matter power spectrum [64].
This dual modification reduces the tensions to 1.4¢ for
H, and 1.2¢ for Sg. Other proposals include two axions
oscillating at different times to relax both tensions [65,66],
an early anti—de Sitter 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 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 H, and
Sg tensions. The paper is structured as follows: In Sec. II,
we review the formalism of both components in our model
and their cosmological implications, specifically on the
CMB power spectra. In Sec. III, we present the results of a

lImplications of the ACT dataset for EDE can be found in two
recent works [48,49].

Markov chain Monte Carlo analysis applied on a
combination of CMB, baryon acoustic oscillation
(BAO), and type la supernovae data. Finally, we conclude
in Sec. IV.

II. MODEL OVERVIEW

The model we study in this work consists of two
modifications 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 ¢ with a
potential of V(¢)  [1 —cos(¢p/f)]", where f is the field
range of ¢ 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 the redshift
as easily as in, e.g., [71], because the subsequent dark
matter decays (see Sec. II B) alter the expansion history in a
nontrivial way. Instead, we follow an alternative approach
in which we define a simple characterization of the
equation of state wgpg(z) and introduce the parameter
pepe(z = 0) defined as the EDE energy density today. We
also define the density parameter Qppg = pEpge(0)/pc.0.
where p,  is the critical energy density today. For wgpg(z),
we use a more general form of the equation of state
from [72], which can be seen as a generalized formulation
of the Chevallier-Polarski-Linder parametrization [73,74]
commonly used to study dynamical dark energy in the late
Universe,

Wa
WEDE = Wo + 7{1 — tanh[alog(agpe/a)l}. (1)

Here, w, is the equation of state in the early Universe before
the EDE component oscillates. w, controls the change to
the equation of state wgpg after the field begins to oscillate
such that at late times wgpg = wo +w, = (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)~!, and the midpoint of the equation of
state’s transition between early and late Universe values
(Wgpg = W + w,/2) occurs at agpg. @ is a parameter that
controls the rate of the transition period. We have set a to 5,
in close agreement with the transition rate for the energy
density in [71].3

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

*Connections between EDE cosmological quantities and n, the
power in the scalar potential, could be found in [71].
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For the EDE perturbations, we follow [71] and write the
perturbation equations for a > agpg in the synchronous
gauge as

) h
OEDE = —(1 + WEDE) <9EDE + 5) - 3<C§ - WEDE)H(SEDE

0
—9(1 + wepg)(c? —Cg)H%, (2)
. » c2k?
0 = —(1-=3c5)HO, + S OEDE» 3
EDE ( ¢ ) EDE T 7 ¥ wepe EDE ( )

where derivatives are with respect to conformal time, 4 is
the trace of the metric perturbation, H is the conformal
Hubble expansion rate, k is the wave number, c2 is the
effective sound speed, and c?2 is the adiabatic sound speed
in the synchronous gauge. ¢2 and c? are given by

3n+1
Z— _ =-2—-w,, 4
G-t oo, @

2a*(n — 1)@ + k> 4a*w,d* + (1 —w,)k?
28°(n+ 1)@* + kK 4a*@* + (1 —w,)k?

(5)

cl =

Here, w, = (n—1)/(n+1), and @ is the angular fre-
quency of the oscillating field @ = @ya~>"». For schematic
purposes, we choose the EDE model which gives the
largest enhancement to H,, in [25] as the exemplar EDE
model, namely, n = 3. To aid in convergence, we fix
@y =2 x 107* Mpc~! as an order of magnitude estimate
for the perturbation behavior rather than letting it float.
While less precise, fixing @, is sufficient for our purposes
in demonstrating the capabilities of combining compatible
models. For numerical purposes in the subsequent calcu-
lations, we set wy = —0.9999 and w, = 1.4999. We would
like to emphasize that we did not scan the entire parameter
space to find the five parameters n, a, wy, w,, @, that
optimize the combined model. Please note that this gen-
eralized model constitutes many different types of models
where EDE is simply one of them. By fixing n, a, w,, and
w,, 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 posterior 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 Universe 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
include super-weakly-interacting massive particles or
excited dark fermions with magnetic dipole transitions
[75,76] (for cosmological implications from such models,
see [51,52,61,70]).

We denote such decays as y — ¥’ + y. 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 I" and
the fraction of the rest mass energy of the parent particle
that is transferred to the massless daughter, €.

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

po = —3Hpy — al'py, (6)

p1 = —4Hp, + ealpy,
P2 = =3(1 +wa)Hp, + (1 = €)alpy, (8)

where p; is the background energy density of species i and
derivatives are again with respect to the conformal time 7.
The dynamical equation of state of the massive daughter
particle wy(a) is

(v3(a)). ©)

wy(a) =

W | =

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

(v2(n)) = / " 2 (@)itydin/ / "indnp, (10)

where

ap;

YO

(11)

B> = €/(1 — ¢) is the speed of the massive daughter in units
of the speed of light ¢ at the time of production, n = 5(a) is
the conformal time that corresponds to scale factor a, and
n, = dn,/dnp is the time derivative of the massive daugh-
ter’s number density. Finally, we use a constant a, to define
Po(n=n,) = peoQni_ /a3 with p., being the critical
energy density today, 7, the conformal time for scale factor
a,,and Qggm the initially assumed dark matter density [77].
The initial conditions p, (7 = 1, ) = p,(n = n,) are setto be
a small number that does not affect the early dynamics, and
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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 J;, velocity
0;, and shear o, as functions of the wave number k.
The perturbations related to the parent particle are
described by

: h
So=—=. 12
=1 (12)

similar to standard cold dark matter with 6, = 0.
Perturbation evolution of the massless daughter particle
has been extensively studied in [51,62,63,78], leading to
the equations

: 4 2 .

(5171):—57191—§rlh+7150, (13)
4 . k 4k
ﬁ(elrl):§5lrl—?r10], (14)

.8 4
2(01"1):E91r1+gr1<h+6ﬂ)+h.0., (15)

where r; = a*p;/p.o, h, and n are the scalar metric
perturbations. The higher order terms of the hierarchy
of equations were terminated at the # = 17 multipole,
where 0, 6, and ¢ 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 approximation scheme of [63] and
calculate the continuity equation as

| i
6o = =3H(cE, == (14 w3) (0245

+(1_€>“F2—2(50—5z)» (16)

and the Euler equation as

2

. c
0, = —H(1 —3c2)0 Y k25, — k?
2 H( cg) 2+1+W2 2 %)
14+c2p
- (1=¢)al’ % @927 (17)
L +w;ypy

where c%q and c%] are the synchronous gauge and adiabatic

sound speeds, respectively, for the massive daughter and
are defined as c2, = 6P,/3p, and ¢ = P,/p,. The adia-
batic sound speed can be written as

5 P py al €
A=w |5 - -
g 2 P2 [_)23W2H1—€
poal’ }_1
X |3(14+wy) ———(1—¢ , 18
3w -2 -0 T 0y

where p, 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 prescription

in [63]
1-2¢ [k
+— \/;1 (19)

where kg, is the free-streaming length of the daughter

particle
3H
kig = 4| =—. (20)
’ \/ 2¢,

These two equations are sufficient to describe the
contribution of the massive daughter particle to the per-
turbations. Based on our numerical tests, the contribu-
tion of the shear ¢, or higher moments is negligible for the
cold to slightly warm particles we are interested in here. We
tested this up to € < 0.1 and found at worst only percent
level deviation. For more relativistic particles, this appro-
ximation breaks down, and one has to include higher
moments.

cfg(k) = cﬁ [1

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 ACDM model. We define our benchmark
ACDM model with the following cosmological parameters:
the peak scale parameter 10060, = 1.041783, the baryon
density today Q,h’> = 0.02238280, the dark matter den-
sity today Qcpvh? = 0.1201075, the redshift of reioniza-
tion 7., = 0.05430842, the matter power spectrum value
A = 2.100549 x 107°, and the scalar tilt ny = 0.9660499
at the pivot scale k = 0.05. These values are in agreement
with Planck 2018 + lowE + lensing results [1].

As shown in Fig. 1 by the bottom two solid curves,
variations in Qgpg causes an increase in the power
spectrum 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 alterations
of DDM are due to the late-integrated Sachs-Wolfe effect as
a result of time varying potential fields from the decaying
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FIG. 1. Residual of the CMB temperature correlations for

various models compared with the benchmark ACDM model.
For EDE models, we choose log;o(agpg) = —3.7 and n = 3. The
residuals are the two effects combined in an independent manner,
resulting in enhancements on large scales and suppression on
small scales. See the main text for details.

particles and the transition to a A dominated universe. With
increasing I', 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 nonzero I'"’s coincide with
the black solid curve with the same Qgpg but no decays.
The two uniformed dashed lines (green and purple) deviate
from the solid curve at the same # (~100) as they have the
same I', while the dot-dashed blue curve deviates at larger 7
due to its larger value of I'. In addition, for a given I', the
relative magnitude of the alterations is controlled by e: The
larger e is, the bigger the deviation is. The full dynamics is
more complicated and is a combination of effects from
varying both I' and €. All of these effects are detailed in
prior works; see [51,62,63].

From the residuals, we see that the general characteristics
of the two individual components (EDE and DDM) are
additive in our model. As it is presented in the discussion 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 liter-
ature, EDE is consistent with a higher H, but it introduces
alarger Sg. DDM cannot raise H, substantially, but it is able
to force Sy to lower values while remaining compatible
with other observations. These properties when combined
together produce the desired effects of increasing H( and
lowering Sg 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 cosmological
model. We use MONTEPYTHON [80] and the Planck 2018

TTTEEE + lowl 4+ lowP + lensing datasets [1] in combi-
nation with other probes such as BAO (SDSS DR7 [81],
6FD [82], MGS [83], BOSS DR12 [84], and eBOSS Ly-«
combined correlations [85,86]) and the Pantheon SNIa
catalog [87]. ACDM is modified with the addition of two
variables I' and ¢ for the DDM component and two other
variables Qgpg and agpg for the EDE component. We use a
modified version of crass’ [88] to calculate the cos-
mological 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:

1073 < T'/(km/s/Mpc)~! < 10%3,
107 < e < 1071,
10_20 < QEDE <5x 10_6,

-5< 10g10(“EDE> < =3.1.

The lower limits for T, ¢, and Qgpr were chosen due to
limitations in our numerical implementation which requires
a nonzero quantity. However, these values are consistent
with zero up to the uncertainties of the experiments
included in the analysis. The upper boundaries on these
quantities were chosen to prevent numerical instabilities as
their effects become large and deviate significantly from
ACDM. The prior bounds for agpg were chosen such that
the EDE transition is forced to occur during the matter
dominated phase immediately preceding 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 ACDM when fitted on all datasets
under the additional assumptions of an H, prior 73.2 £
1.3 km/s/Mpc set by the SHOES Collaboration measure-
ment [89] and an Sy prior 0.766" 07, constructed from
KIDS1000 + BOSS + 2dfLenS in order to estimate the
likelihood from large-scale structure measurements
[62,90]. This approach is similar to the approach taken
in [62,63], namely, the measurement sets the prior. The
results for select parameters are shown in Fig. 2. The
benchmark ACDM is shown in blue. As is well known,
even with the use of the late Universe priors, ACDM prefers
alower value of H,, and a higher value of Sg, 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 I" and the energy fraction going into radiation €.
In agreement with previous work [51,62,63], decays
do not have a substantial effect on the value of H,.
References [62,63] also showed that DDM has a tendency
to drive S to lower values. Here, we observe this reduction

4http://class-code.net/.
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FIG. 2. Contour triangle plot of select model parameters demonstrating variations between the models: ACDM (blue), ACDM +
DDM (orange), and ACDM + DDM + EDE (green) on the datasets Planck2018 + BAO + Pantheon + Sg and H, priors. The major
features of note are with the introduction of DDM, Sg decreases while other parameters remain largely unchanged. With the introduction
of EDE, some of the original parameters change substantially; in particular, both Q% and H|, prefer higher values. However, in contrast
to EDE alone where Sg increases, Sg remains at its reduced value.

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 I and Sy plane. The two regions are separated by the
DDM lifetime 7 ~ 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 Sg region which

corresponds to degeneracy between DDM and the bench-
mark ACDM model. Note that large values of € are only
obtained in the left region with smaller I', and the same
low I' parameter space also allows for slightly higher
Qi k2. It is also important to mention that because the
left and right I" 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.
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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
expected [25], it raises the value of H, to 70.6 at the
expense of an increased value of QI /2. The necessity of a
higher initial matter density for EDE to be able to resolve
the H, tension results in the selection of the low I" region.
Without the decays, the increased matter would have also
increased the value of Sg [25], but with the decays, Sg can
be kept under control. The selection of the low I'" region
over the high I' region in order to reduce the matter
contribution might seem counterintuitive to initial expect-
ations since fewer particles have decayed. However, this
selection is due to €’s properties, particularly its influence
on the lensing potential. Because more decays are needed
in order to reduce the growth of structure in this model, for
any given I, ¢ must increase. Changes to ¢ result in
alterations to the lensing potential, which are more sub-
stantial the earlier the decays occur. While ¢ must also
increase in order to satisfy Sg, its time dependency is
smaller. This combination results in preferring later decays
and selecting the small I" parameter space. This is further
confirmed by the higher median value of the one-
dimensional ¢ distribution compared to the one without
EDE, as well as by the observation that in the bottlenecklike
two-dimensional distribution of € against Qgpg, the highest
values of ¢ are centered at the preferred EDE parameter
values. A shape of this form also implies that a further
increase of the EDE contribution would reduce e in
preference of a larger decay rate I, which is consistent
with the slight positive correlation shown on the I'-Qgpg
panel. Most importantly, while DDM affects Sg, it does not
interfere with the ability of EDE to increase the value of H,
and thus both tensions could be relieved simultaneously.

Please note that while not that important for the low I
results, dark matter decays at redshifts z ~ 2 in the high I
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 Sg-H|, contours with the 1o
edges of the priors included. As would be expected and is
evidenced with H, for EDE [22,25] and S3 for DDM
[62,63], the priors drive the distributions toward the desired
H, and Sg values.

In order to determine the preference of ACDM +
DDM + EDE over ACDM, we calculate the Akaike infor-
mation criterion (AIC = 2m — 21n L), 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 AAIC = —6.72 which is just
below a strong preference on the Jeffery’s scale [19,92,93].
Note that we found that ACDM + DDM and ACDM +
EDE (not shown) have values of AAIC = —3.38 and
—1.74, which show only minor preferences.

0.844

w 0.78

0.716 1

: 745
Hy/(km/s/Mpc)

67 70.5

FIG.3. Anenlarged version of the Sg-H, panel from Fig. 2 with
lo 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 magnitude is only signifi-
cant for Sg with the inclusion of DDM and H, with the inclusion
of EDE.

With the combination of EDE and DDM as a potential
solution to both tensions, we examine the effects of
different datasets on the posterior distributions. In Fig. 4,
we present the contours of the full model using Planck18
data alone [1] (gray), Planckl8 with the addition of
BAO and Pantheon data [1,81-87] (purple), and finally,
the full datasets with the late Universe H, and Sg
priors (green).

The first observation is that the Planck data (gray) alone
do not significantly constrain the parameter space. This is
expected because Planck by itself does not prefer
DDM [51,62,63] and only shows mild preference for
EDE [22,25]. However, the positive correlation in the
Qrpe-Hy and the low Sy regions in the decay parameters
give mild credence to the model. As mentioned before, this
increase in the Sg posterior is the main motivation for this
work. EDE has been successful at alleviating the H,
tension; however, this comes at the cost of an increase
in 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 I', which has a much reduced
parameter space. It is particularly noteworthy in the
I'-Sg plane where we can see a splitting into two distinct
regions. The upper branch is consistent with an Sg value
corresponding to that of ACDM and can be viewed as the
degenerate overlap of the combined EDE + DDM model
with ACDM. The large range of the allowed I" value in this
branch, which also exists in the Planck (gray) contour, is a
direct consequence of the anticorrelation of the decay
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——— Planck
= Planck + BAO + Pan
——— Planck + BAO + Pan + Sg + Hy

74

Hy/(km/s/Mpc)

66

o
0
o

0.55

0.469 2.34
10" Qgpr

422 -49 -4.1 -3.3 0.118 (}.1272 0.1360.032
ini

logyp(aepe) Qedmh

0.16 0.288 0.01 0.05
I/Gyr? €

0.09 66 74 0.55 0.7 0.85

70
Ho/(km/s/Mpc) Ss

FIG. 4. Contour triangle plot of select model parameters of ACDM + EDE + DDM demonstrating variations between the contours
when the datasets Planck18 (gray), Planck18 + BAO + Pantheon (purple), and Planck18 + BAO + Pantheon + H, and Sg 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.

parameters " and e: The larger I is, the smaller ¢ should
be. The lower branch indicates a preferred region where a
substantial amount of decays occur and this lowers Sg. Of
special note (and expected from the degenerate behavior
with ACDM) is that the upper branch lies completely
outside the Sg prior while the lower branch lies strongly
within. This indicates that the Sg 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 Hy and Sy
priors. Returning to the I'-Sg plane, we see that only the
lower branch is selected resulting in a preference away
from ACDM. However, while a preference is observed, the
datasets used here are not sufficient enough to fully
constrain I or €, and we are only able to place upper
bounds at the 68th percentile of I" < 1.72 x 1072 Gyr™!
and € < 1.6 x 1072, Another notable feature is a preference
to have a nonzero Qgpg as well as a fairly constrained time
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TABLE I. The mean with 1o errors for the six principal ACDM model parameters plus the additional DDM and EDE parameters
acquired from our analysis. Also shown are the derived parameters H, and Sg. To compare the various models, we present the Akaike
information criterion AIC = 2m — 21n L, where m is the number of model parameters. AAIC = —6.72 indicates a preference for the
combined model [91,93]. Note that AAIC is only calculated for similar datasets. Also note that care should be taken when interpreting
the AIC. In our EDE approximation, @y is associated with the perturbation scaling. Because it was not varied, we did not included it in
the calculation of AAIC for the EDE models. However, it should be included in a more thorough investigation. If we include it as an
additional parameter in the AAIC calculation, the values we obtain for ACDM + EDE and the combined model ACDM + 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 @ is included in the scan. However, we
have conducted preliminary tests and found minimal to no improvement when including @, as a free parameter, though further
investigation is warranted. Even though the results including the @, reduction to AAIC are weaker, the main result of this work still
holds: Combining synergetic models can lead to improved performance and has some preference.

Model ACDM ACDM + DDM ACDM + EDE ACDM + DDM -+ EDE
Dataset Planck + BAO + Pan + Sg + H Planck Planck + BAO + Pan
100 Q, 12 2.26073013 2.2611001 227550080 227550080 2.239100%8 22515091
0.00029 0.00028 0.00039 0.00041 0.00039 0.00040
1006, 1.042111085929  1.042117000028  1.041647 000039 104138 000041 1.041631 35593 1.041770.50040
In(10'°4,) 3.048f%(‘)(’)§8 3.044f%~%%§9 305220015 3.0641 001 3.053*001¢ 3.052i%%§ i
.003 .003 0.0060 0.0063 0.005 .
ng 0.9716t% 0o 0.97191000%  0.9794705060 O.9825f%_%%% 0.9679+:9051 0.97103,,006%
o 0.05811’%‘%%70% ) 0.0567t§;§§%§ 0.0569f§;§§292 0.0594t%;%%§% 0.0559f§;§§8:§ 0.0570t§;§§$§5
Qimh 0.11748 500083 0-1175 50010 0.12302) 0036 0.1273 %0047 0.1231%5 6035 0.1217 5053
I'/Gyr™! Unconstrained < 0.0172 < 0.138 < 0.0256
€ < 0.00476 = < 0.0160 < 0.00527 < 0.0184
107Qep - 1.411068 2161081 < 1.09 < 1.00
log;o(aepE) o e -3.687019 —3.6917 095 -3.61103¢ =3.611034
Hy/(km/s/Mpc)  68.587 038 68.60°0:48 70.181987 70.64100¢ 68.00" 067 68.617054
Sg 0.80390 66055 0.777-9018 0.81279019 0.776:3017 0.7929:0%0 0.78070:0%¢
m 28 30 30 (31) 32 (33) 31 (32) 32 (33)
AIC 3938.70 3935.32 3936.96 3931.98 2840.22 3926.72
AAIC -3.38 —1.74 (+0.26) —6.72 (—4.72) e

window for the EDE transition with mean values of
Qppg = 2.2 x 1077 and log;o(agpg) = —3.7. This prefer-
ence is driven by the H, prior. Finally, the last major change
is a preference toward higher QN . This is a direct
consequence of EDE with the H( prior [22]. However,
as we stated before, with EDE by itself, this leads to an
increase in Sg; however, in combination with DDM, Sy is
controlled and even lowered to its preferred value. A
summary of our results for the various model and dataset
combinations can be found in Table L.

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 of the effect of having flat priors in log or
linear space on the posterior distributions of the parameters
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
Sg-Qppe/QM using the log priors (red). Here, we observe

‘cdm
two regions forming. The first coincides with the parameter

space found in the combined model with linear priors
(green), which as seen in the Sg-log;o(I'/Gyr) or
Sg-logio(€) planes, corresponds to nonzero DDM param-
eters and a reduced Sg. On the other hand, looking at the
same planes, the log priors have a region extending to the
left at constant Sg distribution. This region coincides with
an insignificant amount of decay energy transfer and is not
present in the linear prior distribution. 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 Ss.
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 increasing
the volume of the parameter space by our choice of prior
bounds. This occurs when the parameter does not have a
well-defined nonzero region, and the posterior can only be
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Comparison between logarithmic (red) and linear (green) flat priors on the DDM parameters. Because of 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.

described by a one-tailed distribution [94]. This is precisely
the situation for the DDM parameters discussed in this
work analyzed using the current datasets and is the reason
for the large degeneracy region with ACDM 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 I'-e¢ contour is poorly converged in the
logarithmic prior case. All points for either small I" or ¢ 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 expanding
ACDM 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 H, and Sg tensions can
be reduced to within the 95th percentile uncertainties
with Hy =71+ 1 (reducing the tension to 1.60) and
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Sg = 0.78 £ 0.02 (removing the tension with the difference
being 0.40). Our results show a preference for EDE
with Qgpg =2.1708 x 1077 and logy(agpe) = —3.697000
while setting an upper limit for DDM with I <
0.017 Gyr™! and € < 0.016. We find that the combined
model is preferred over ACDM with AAIC = —6.72.

Our results indicate a strong preference for EDE, which
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 I" and ¢ 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 Sg value. Their presence removes any
dependence of Sy on QiU and ensures that the late
Universe measurements will be in agreement. The current
available datasets do not allow us to set a lower boundary
limit due to the degeneracy with ACDM, and thus our
results motivate further investigation of this scenario
through other means, such as by studying velocity dis-
tribution disruptions in galactic halos.

Finally, our results point to a probable more general
characteristic of the H, and Sg problems. Trying to solve
either problem on its own has as a side effect other

cosmological parameters being disturbed. Thus, the two
problems have to be addressed together, with a modifica-
tion in the early Universe needed to increase the H 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 Q4> 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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