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Abstract We analyze a model for Dark Energy - Dark
Matter interaction, based on a decaying process of the
former constituents into the latter ones. The dynamical
equations are constructed following a kinetic formula-
tion, which separates the interacting fluctuations from
equilibrium distribution of the both the species. The
emerging dynamical picture consists of coupled equa-
tions, which are specialized in the case of a Dark Energy
equation of state parameter: we deal with a modified
Lambda Cold Dark Matter model, which is investigated
versus a possible interpretation of the Hubble tension.
We compare our model with data corresponding to 6
points of the expansion rate from Type Ia Supernovae.
We show that, the proposed model suitably fits data
according to a value of the Hubble constant compati-
ble with the SHOES Collaboration measurement. The
tension is solved because, essentially for redshift greater
than one, the correction to the Lambda Cold Dark Mat-
ter model vanishes and its presence does not affect the
Planck measurements.

Keywords Hubble tension - Cosmological models -
Dark Energy - Dark Matter

1 Introduction

Since the original Hubble measurement, the value of the
Hubble constant, Hy, has played a central role in exper-
imental and theoretical cosmology. Only in the epoch of
the so-called “precision cosmology” it has been detected
with a good degree of accuracy [1L2,3]. However, in re-
cent years, the reliability of the Hubble constant has
been subjected to a surprising fate: clear observational
evidences [3I4LBL6L[7] suggested a possible dependence
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of Hy on the average redshift of the sources adopted
for its determination. This observational discrepancy,
known as the “Hubble tension”, calls attention to an
explanation based on a possible unrecognized redshift
evolution of astrophysical sources (see, e.g. the analysis
in [8OLI0], or on possible “new physics” as discussed in
[AILT2L13].

In [I4] (see also [1BLIGLITLIR]), it was argued that
the decaying tendency of Hy with the increasing dif-
ferent source redshift can also be recovered within the
Type Ia Supernova (SNIa) Pantheon sample and it is
well-reproduced by the functional form Hy o< (142)~,
where « is a parameter of the order 10~2. Such behav-
ior has been properly reproduced via modified f(R)-
gravity in the Jordan frame [T9,20121], as investigated
n [22]. For further studies facing the Hubble tension
via a modified gravity theory, see [23,24], while for ap-
proaches involving also evolutionary phantom energy
see [25126]. A recent model using a slow-rolling scalar
dynamics and dealing with the binned SNIa data, as
processed in [14], see [27]. Finally, for a study of the
creation of scalar matter via the cosmological gravita-
tional field, see [28].

However, the difficulty to reconcile the Baryon Aco-
ustic Oscillation (BAO) [29] data to those ones due to
the SHOES Collaboration on SNIa [7] (which live in
overlapping redshift regions) has motivated early Uni-
verse modification of the dynamics, for instance affect-
ing the sound horizon value, in addition to late Universe
models. In [B0,8T32], it has been suggested that the
most reliable solution to the Hubble tension could re-
quire a combination of late and early Universe modified
physics.

Here, to address the Hubble tension, we consider
a Dark Energy (DE) - Dark Matter (DM) interaction
model (for a review on this topic, see [33]), based on



a kinetic approach to describe the decaying process of
the DE constituents into DM particles. Thus, we as-
sume that the equilibrium configurations for the species
are perturbed by small fluctuations associated with a
Boltzmann equation typical of a decay process from one
species into another one. Actually, while the DM decay
process is described via the kinetic theory, by recon-
structing the macroscopic equation for the DE fluctu-
ation, the transfer of energy to DM via particle cre-
ation is recovered by requiring the conservation of the
total energy-momentum tensor for the two species. As
a result of this underlying physical scenario, we get a
modified Friedmann equation containing an additional
evolutionary term with respect to the Lambda Cold DM
(ACDM) model, which is the net effect of the DE de-
caying process. Clearly, when this additional term van-
ishes, the model is exactly reduced to a ACDM picture,
in the correspondence to the instant when the DE-DM
interaction starts.

We show how the proposed model is able to rec-
oncile the measurements of the Hubble constants due
to the Planck Satellite and the SHOES Collaboration.
Actually, the former is unable to identify the interac-
tion process and the corresponding modified dynam-
ics. This is because we find that the Cosmic Microwave
Background (CMB) luminosity distance is not affected
by the obtained late Universe modification within the
intrinsic error. The SNIa measurement is instead sen-
sitive to the evolutionary term due to the interaction,
and then the achieved value of Hy is correspondingly
enhanced. To reach this result, we use the data pro-
vided in [34] for the expansion rate, which give specific
constraints on the range of the model free parameters.

2 Theoretical framework

We consider here a model of DE-DM interaction, based
on the idea that a fraction of the DE constituents de-
cay versus the creation of DM particles (this process is
viewed in a kinetic formulation).

In order to describe the decaying process of DE
particles (labelled by the suffix de), we first consider
(according to the Planck data analysis in [35]) a flat
isotropic Universe, described by the line element

ds? = dt? — a?(t) (dz? + dy? + d2?) , (1)

where ¢ denotes the synchronous time (we used ¢ =
1 units), (z,y, %) are Cartesian coordinates and a(t)
is the cosmic scale factor, governing the Universe ex-
pansion. Then, we set the DE distribution function as
f = feq(Eae) + 6f(Eqe), where Eg4. denotes the parti-
cle energy, fe, the dominant equilibrium contribution

and d f describes the decaying process. Thus, while f,,
is responsible for the DE density of the Universe, i.e.
pae = P (1 + )33 (pY, being its present-day value
and w < —1/3 the equation of state parameter), ¢ f is
subjected to the following Boltzmann equation [36]:

Py T
1+ zap‘“éf - (1+2)H

d.0f + of (2)

where Py, is DE particle momentum, H = a~'da/dt
is the Hubble parameter and we are using the redshift
time variable z(t) = ap/a — 1 (ap is the today scale
factor). We thus get d(...)/dt = —(1 + z)Hd(...)/d=.
In the equation above, I is a constant such that 1/I’
corresponds to the decaying time of the DE species.

We now recall the definition of the energy density
fluctuation as:

Spse = 5% [ PREwsS dPu. 3)

where gq4. is the particle degree of freedom and we used
the isotropy of the momentum space. Hence, we get the
following equation:

dépde . 3(1 + w)
dz 1+z

H 5pde ) (4)

I
Spae =
pd (1+2)

where we used the following phenomenological relation
for the DE fluctuation pressure dpge

pde = Jde / P 8f dPye = wpge - (5)
272 3Ede

This expression, compared with Eq.7 for negative val-
ues of w (like DE), leads to particles with E7, < 0.
This does not mean that we deal with tachyons but,
more realistically, kinetic theory would suggest that
the DE constituents are not elementary free particles,
while corresponding to relativistic bounded states (self-
interacting micro-clusters).

The solution of Eq.(4)) reads

Spae = 0pge(1+2)*+x

X exp [F/Oz A5 H(7) j,Z)IH(Z,)] ) (6)

where 6p9, = dpac(z = 0). As soon as, we require that
the sum of the DE and DM energy-momentum tensors
be conserved, we find the following equation for the DM
energy density fluctuation §pgm,:

d(spdm 3 r
S P




Now, defining § = dpge + dpdm, from Eqs. and
, we get the following dynamical equation:
do 3 3|w|
22 5= —
dz 14z 14z
= 3| w] 581+ 2)*+2x

<oo |1 [ ) )

where we emphasized the negative values of w for the
DE contribution and we made use of the solution @

5pde =

Finally, we observe that the baryonic component of
the Universe is not involved in the particle creation
process and its energy density pp satisfies the standard
equation

oy 3
dz 1+zpb

~0. (9)

In what follows, we denote by p,, = pam + pp the to-
tal equilibrium value of the matter component of the
Universe.

3 Dynamics for the Hubble parameter

The Friedmann equation corresponding to the scenario
depicted above takes the following form:

H2(2) = § (P + pac +9) (10)

x being the Einstein constant. We introduce the quan-
tities

0 0
_ Pm _ XPge _ X0
Q?nZSHgv Qge:?)[{dza A:3H27 (11)

where p0, and pge are the present-day value of the mat-
ter and DE energy density, respectively, while H, is a
fiducial Hubble constant.

In this scheme, Eq.(L0) can be recast as

=2, (1 +2)° + Q1+ )™+ A(z),  (12)
to be coupled with Eq.7 here restated in the form

A _
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where we set A = xdpY, /3H? and E, = I'/H,. Eqs.(12)
and formally describe the dynamics of the Hubble
parameter.

3.1 Modified ACDM model

In order to develop a dynamical scheme close to the
ACDM model, we study in detail the case w = —1,
i.e. we set pge = const. It is immediate to specialize
Eqs. and to this scenario. By introducing the
definition A = (1 + 2)?>D and the auxiliary function
F(z), the system rewrites

D

B3 () = 25,(1+ 2)° (1+ Q—O) F1-00, (14)

dD 34 piy
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dz ~ (1+2)E.(2)

where, according to the standard ACDM model, we as-
sume 29, =1 — 29, and, for completeness, we remark
that we always coherently assume F'(z = 0) = 0.

From Eq., D is found to be a decreasing function
of z. Thus, if we indicate by z; the instant when D
vanishes (i.e. also A(z;) = 0), then it will increase up
to the today value D(z = 0) = Dy. We regard z; as
the instant at which, in the past, the decaying process
of DE versus DM starts. At z > z;, the process is not
present and the model exactly coincides with a ACDM
dynamics of the Universe.

If we introduce E(z) = H(z)/Hy, following our for-
malism, it results

E(z) = E.(2)H./Hy, (17)
where now
Ho=H.\/1+Dy, (18)
and the Hubble parameter finally reads

QD1 +2)3(1+D/025,) +1— 920, 19
1+ D, - (19)

H?*(z) = H?

In order to reconcile the late Universe predictions with
the CMB data, we set (here and in the following H is
in units: km s~ Mpc™1)

H,=H" =674, (20)
20 = 0P = 0.315, (21)

thus implementing the corresponding values measured
by Planck experiment. In this respect, in order the
satellite be unable to recognize if the addressed late
Universe modification is present (i.e. the term D), the
impact of such a contribution on the CMB luminosity
distance must be smaller than the error in the measure-
ment itself.



We conclude this section by discussing the physical
meaning of the parameter I" regarded as the inverse de-
caying time of the DE constituents. Since H, is assumed
the value of the Hubble constant measured by Planck, it
is clear that, in order the decaying process to take place
at the equilibrium (de facto being efficient), we have to
require £, > 1. In this respect, we observe that, since
DE starts to dominate at the Universe half age [37], it
is reasonable to require that the decaying time of DE
be a fraction of the Universe age, greater than 1/2, in
order to avoid a complete decaying of the DE contri-
bution before z = 0. As a consequence, it is natural to
require that E, < 2. We also observe that the quan-
tity A is the critical parameter for the DE fluctuations
today. According to the perturbation scheme adopted
above, we have to require that this contribution is small
in comparison to the DE equilibrium component of the
present Universe. Moreover, since the DM contribution
is smaller than the DE one, we assume that the corre-
sponding critical parameter for the DM fluctuations be
even smaller.

4 Model testing

In this section, we constrain the model above using the
6 points of the expansion rate for 0.07 < z < 1.5 pro-
vided in [34] for SNIa. This measurements alone ac-
tually constitutes an almost identical characterization
of the complete SNIa sample and they thus represent
a faithfully data compression, combining the Pantheon
sample with 15 distant additional sources.

According the discussion above, we first set the phys-
ical constants of the model at the following nominal
representative values: F, = 1.5 and A = 0.15. The
model parameter Dy is than fixed by the best fit of the
6 points of F(z) in the late Universe. The fit result for

Eq. is:
Dy =0.1724 £ 0.0458 , (22)

with a x2 = 0.12 (p-value= 0.998). The obtained pro-
file of E(z) is depicted in Fig[l] together with the ad-
dressed measurements. According to Eq., this result
provides

Ho =72.98 +1.42, (23)

which is compatible with the SHOES measurement of
the Hubble constant [7]: 73.6 + 1.1.

Moreover, by analyzing the evolution of the function
D(z), we find for this case z; ~ 0.88. We recall that this
corresponds to the instant at which D = 0 and for z >
z;, the model coincides with a flat ACDM dynamics.
The obtained profile of the Hubble parameter in Eq.

3.0

2.54

2.01

E(z)

154

1.0

0.5 T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z

Fig. 1 Plot of the best fit for F(z) constructed with Eq.
(black). Data points from [34] are in blue with the corre-
sponding errors.

is finally reported in Fig[2] together with the expression
specified for the Planck measured values of the param-
eters, i.e. Hp(z) = HEW(Q0PY (1 + 2%) + 1 — Q0PH)1/2,

We finally remark that, as discussed above, the viability
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Fig. 2 Plot of the (normalized) Hubble parameters H(z)
from Eq.(I9) (black) and Hp(z) (cfr. the text) with the er-
rors (red).

of this scenario must be guaranteed the by the unde-
tectable character of the additional late Universe contri-
bution on the CMB luminosity distance. In this respect,
the profile of H(z) for the obtained parameters provides
d$MB = 50.67 (center value) which results compatible
with the Planck value dfM? = 51.17 £ 0.59.

Although the limited number of data prevents a sta-
tistically meaningful test of all the free parameter of the
model, nonetheless it is remarkable that a range of the
physical constants exists for which the SHOES value of
the Hubble constant is reconciled to the Planck mea-
surements. Actually the latter result insensitive to the
dynamical modification of the very late Universe here
considered.



5 Concluding remarks

We derived a kinetic model for the DE-DM interaction,
which separates the equilibrium distribution function of
the two species into their equilibrium component and
small corrections, accounting for the decaying process
of DE constituents into DM particles. This way, we ar-
rive to a set of coupled equations, which are reduced to
their simplified form when the DE parameter is taken
w = —1. This choice has been justified in order to con-
struct a modified ACDM dynamics, appropriate for a
comparison with the SNIa data.

The model we analyzed in detail contained three free
parameters, £, (corresponding to the ratio between the
Universe age and the decaying time of DE constituents),
A (which fixes the value in z = 0 for the DE fluctuation
critical parameter) and Dy (which is the most impor-
tant quantity since it determines H(z = 0)). Then, we
compared the model we set up with the 6 points of
the expansion rate for the SNIa, which are provided in
[34]. The data analysis has been performed by fixing
the values of E, and A, while Dy has been left free for
the fitting procedure. The resulting best fit indicates
that the value of Hy is reconciled with the value pro-
vided by the SHOES collaboration within the errors.
This achievement is relevant for the Hubble tension
since the modification of the ACDM model vanishes
as z 2 1 and, hence the Planck Satellite can not detect
such a modification, because the obtained fluctuation
induced on the luminosity distance is smaller than the
corresponding fluctuation due to the intrinsic error of
the measurement. Moreover, since we fixed F, = 1.5, it
is worth noting that the relatively late triggering of the
DE decay process is the consequence of the significantly
large value of the corresponding characteristic time.

The proposed scenario has the merit to demonstrate
how a suitable late Universe phenomenon is unable to
significantly affect the Planck Satellite data (and the
corresponding ACDM model as the best fit), but it is
strong enough to provide a higher value of Hy, which
becomes compatible with the SHOES data analysis.
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