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Decay of f(R) quintessence into dark matter: mitigating the Hubble tension?
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We propose a revised cosmological scenario that extends the Λ Cold Dark Matter (ΛCDM) frame-
work by incorporating metric f(R) gravity in the Jordan frame. In this model, the dark energy
component arises from a non-minimally coupled scalar field, decomposed into a smooth background
(set to unity to recover General Relativity) and a rapidly varying, massive fluctuation that decays
into the dark matter sector. In the near-GR limit, this setup provides a phenomenological extension
of ΛCDM characterized by two additional parameters: the present-day value of the scalar fluctu-
ation and a normalized decay rate. Using a Markov Chain Monte Carlo analysis of low-redshift
cosmological data, comprising Type Ia Supernovae, Baryon Acoustic Oscillation (BAO), and Cos-
mic Chronometer measurements, we find that the proposed model achieves a better overall fit than
ΛCDM, while the Bayesian evidence remains statistically inconclusive given the inclusion of two
extra parameters. The model predicts a moderate increase in the inferred value of H0 and an im-
proved consistency with DESI BAO data when adopting the SH0ES prior. Furthermore, describing
dark matter particle creation as a transition phase in the late Universe offers an intriguing phys-
ical interpretation, potentially capturing features already present in current data and providing a
promising avenue to explore extensions of the standard cosmological model within modified gravity
frameworks.

I. INTRODUCTION

The discrepancy between the inferred values of the Hubble constant H0 as measured by SH0ES collaboration [1, 2]
and by Cosmic Microwave Background (CMB) experiments [3–7] has attracted increasing attention in recent years.
This discrepancy, commonly referred to as the Hubble tension [8–22], remains unexplained by any known astrophysical
effect [1, 23–36]. This motivates the search for new dynamical features of the Universe that could account for the
observed discrepancy [10]. Two main lines of research have emerged in the literature [22]. On the one hand, late-
Universe modifications of the Hubble expansion rate have been proposed [17, 37–75]. On the other hand, early-
Universe modifications have been invoked to alter the size of the acoustic horizon, thereby affecting the CMB-inferred
value of H0 [12, 16, 76–95]. Beyond these two main categories, several studies have emphasized the potential need
for a combined approach to fully and convincingly address the tension [96–99]. An additional key contribution has
recently come from Dark Energy Spectroscopic Instrument (DESI) Collaboration, whose analysis suggests that an
evolving dark energy term provides a better fit to observations than a pure cosmological constant [100, 101] (see
also [49, 67, 102–160]).
Among the various late-Universe approaches proposed to address the Hubble tension, one particularly appealing

avenue involves modified gravity, and in particular the metric f(R) theories of gravity [57, 59, 161–163]. In the so-
called Jordan frame [164], these models introduce a non-minimally coupled scalar field in addition to the standard
gravitational degrees of freedom. The functional form of the considered f(R) theory is encoded in the potential
term that governs the self-interaction of this scalar field. Following the general idea of a dark energy–dark matter
interaction discussed in [165] (see also [38, 40, 52, 61, 62, 166–200]), we identify dark energy with the evolution of
the non-minimally coupled scalar field. We then assume that scalar particles, interpreted as linear perturbations of
the full scalar theory, can decay into dark matter particles. The interaction between the two species is governed by a
phenomenological decay rate, which regulates the corresponding transfer of energy from the scalar sector to the dark
matter component. We first derive the exact dynamical equations governing the dark energy–dark matter interaction
and then implement a simplified phenomenological description of the proposed scenario. This simplified picture relies
on two main hypotheses: (i) we consider a decay rate much greater than the Hubble constant, thereby treating the
dark matter creation as a very late and rapid process, and (ii) we study the case in which the modified gravity theory
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arises from a linearly perturbed scalar field, i.e., we investigate the limit where the dominant background scalar field
exhibits a frozen dynamics near the General Relativity (GR) regime. Once the dynamics of the modified Hubble
parameter is obtained in this simplified framework, we perform a Markov Chain Monte Carlo (MCMC) analysis of
the model using all available low-redshift datasets in the interval 0 ≤ z ≤ 2.5. This analysis allows us to determine
the most probable values of the four free parameters—two additional ones with respect to the standard Λ Cold
Dark Matter (ΛCDM) model. The resulting parameter constraints enable us to assess the capability of the proposed
scenario to alleviate the Hubble tension.
The paper is organized as follows. In Sec. II, we introduce the Jordan frame representation of the metric f(R)

gravity. In Sec. III, we set up the cosmological dynamics of a flat, isotropic Universe in the considered f(R) gravity,
deriving the modified Friedmann, acceleration, and scalar field equations that govern the model. In Sec. IV, we
present our proposed framework, in which the scalar field is decomposed into a background component and a rapidly
varying fluctuation that can decay into dark matter, thus generating an interaction between dark energy and dark
matter. In Sec. V, we simplify the model into a reduced, dimensionless form introducing normalized parameters that
capture the new dynamics. In Sec.VI, we discuss the near-GR limit of the model and the equivalence between Einstein
and Jordan frames. In Sec. VII, we describe the data analysis methodology, detailing the statistical tools, priors,
and cosmological datasets used to constrain the model and compare it against ΛCDM. In Sec. VIII, we present and
discuss the results, showing that our modified gravity scenario provides a modest improvement over ΛCDM in fitting
the data and partially alleviates the Hubble tension. Concluding remarks follow.

II. METRIC f(R)-GRAVITY

The most natural extension of GR that preserves all fundamental principles, affecting only the gravitational field
dynamics, is the so-called “metric f(R)-gravity” [164], associated with the action:

Sg =
1

2χ

∫

d4x
√−gf(R) , (1)

where χ is the Einstein constant (we are in c = 1 units), g is the metric determinant, R is the standard Ricci scalar, as
calculated by the metric tensor gµν (µ, ν = 0, 1, 2, 3), while f is a generic function. When the gravitational field does
not live in vacuum, we should add to the action above the standard matter contribution, whose variation provides

the Landau-Lifshitz energy-momentum tensor T
(m)
µν [201]. Hence, the field equations for a metric f(R)-gravity take

the following fourth-order form in the metric tensor derivatives:

(df/dR)Rµν − 1

2
fgµν −∇µ∇ν(df/dR) + gµν∇ρ∇ρ(df/dR) = χT (m)

µν , (2)

where Rµν denotes the standard Ricci tensor and ∇µ is the Riemannian covariant derivative. Clearly, for f ≡ R, we
recover the ordinary Einstein equations. Now, a well-known theorem of analytical mechanics and field theory states
that, if given degrees of freedom can be eliminated from the field equations via the remaining ones, then they can
be removed from the action by such a relation and the dynamics is preserved [202]. Hence, introducing the auxiliary
field θ, the action in Eq. (1) can be equivalently restated as:

Sg =
1

2χ

∫

d4x
√−g[(df/dR)(R− θ) + f ] . (3)

In fact, if (d2f/dR2) ̸= 0, then the variation of the action above with respect to θ yields θ = R, which, once substituted
back, makes Eq. (3) coincide with the original action in Eq. (1).
Introducing the scalar field ϕ ≡ df(θ)/dR, Eq. (3) stands as follows:

Sg =
1

2χ

∫

d4x
√−g[ϕR− V (ϕ)] , (4)

where

V (ϕ) = θ(df/dR)− f , (5)

and the expression θ = θ(ϕ) comes from the (required) invertible definition of ϕ (here we can equivalently use θ or
R, according to the literature [164]). It is important to stress how the request (df/dR) > 0 ensures the non-repulsive
character of gravity, while restricting the theory to the case (d2f/dR2) ≥ 0 prevents the emergence of tachyon modes
in the dynamics.
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Varying the action in Eq. (4) with respect to the metric tensor yields the following field equations, which generalize
the Einstein ones:

ϕGµν = χT (m)
µν − 1

2
V gµν +∇µ∇νϕ− gµν∇ρ∇ρϕ , (6)

where Gµν denotes the Einstein tensor. We see how the equations above directly map into Eq. (2) as soon as we
substitute the relation ϕ = df/dR and Eq. (5). This corresponds to the so-called “Jordan frame” representation and
it is equivalent to the original theory (1), but it allows us to avoid the treatment of fourth-order field equations.
However, the variation of Eq. (4) with respect to ϕ naturally provides an additional field equation of the form

R =
dV

dϕ
, (7)

Combining together the trace of Eq. (6) with Eq. (7), we get a Klein-Gordon-like equation for the scalar field ϕ,
having the form

3∇ρ∇ρϕ+ 2V − ϕ
dV

dϕ
= χT ρ

ρ . (8)

The formulation of the metric f(R)-gravity in the Jordan frame has the important advantage to deal with second-
order field equations, like GR, but the emerging scalar-tensor theory, which is clearly a sub-case of the Brans–Dicke
theory, is characterized by a non-minimal coupling between the gravitational and scalar fields. This problem could
be addressed by passing to the so-called “Einstein framework” representation, based on the following conformal
transformation:

gµν ≡ g̃µν/ϕ ≡ exp

[

−
√

2χ

3
ϕ̃

]

g̃µν , (9)

which, in the barred quantities g̃µν and ϕ̃, restores a standard minimally coupled scalar-tensor theory [203]. It is
a well-known result [161] that, on a classical level, the Jordan and Einstein frameworks are dynamically equivalent,
while the situation is not definitely clear on a quantum level, see for instance the question concerning the inflationary
spectrum in a modified theory of gravity [204]. In this respect, an important physical property of the Jordan frame
is the possibility to attribute a fully separate nature to the tensor modes gµν and ϕ, which are instead mixed by the
conformal transformation in Eq. (9). In fact, as demonstrated in [205, 206], in a perturbative approach to a Minkowski
spacetime, the tensor and scalar modes induce independent oscillation configurations on free particle arrays. This
fact leads us to claim that, in a Jordan frame, we can individualize the scalar and tensor components, by which the
f(R)-gravity is decomposed, as individual quantum modes, say, in the perturbative limit, i.e. they appear as distinct
particles.
In what follows, we will study, in cosmology, the possibility that a massive scalar fluctuation of the scalar field

can decay into dark matter constituents. Despite our formulation living on a classical level and the decaying process
being summarized by a phenomenological rate, there is no doubt that the physical interpretation of the proposed
scenario can be better understood in the, here addressed, Jordan frame: we have to consider the decaying scalar
massive constituents like real particles, independent from the gravitational field of the expanding Universe. For
studies concerning the canonical quantization of modified gravity cosmology in the Jordan frame, see [207–209].

III. DYNAMICS SETUP

We consider a flat and isotropic Universe whose line element reads

ds2 = −dt2 + a2(t)
(

dx2 + dy2 + dz2
)

, (10)

where t denotes the cosmic (synchronous) time, and (x, y, z) are the Cartesian spatial coordinates. The cosmic scale
factor a(t) describes the expansion of the Universe and rescales all spatial lengths. As discussed above, in comparison
with GR, metric f(R) gravity, in the Jordan frame [57, 161, 162, 164] (see also [210]), is characterized by the emergence
of a scalar field ϕ that is non-minimally coupled to the metric. The potential term V (ϕ) associated with this scalar
field is directly determined by the original f(R) Lagrangian density, see Eq. (5).
At late times, the 00-component of the field equations yields the following generalized Friedmann equation:

H2 ≡
(

ȧ

a

)2

=
1

ϕ

(

χ

3
ρm −Hϕ̇+

V (ϕ)

6

)

, (11)
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where an overdot denotes differentiation with respect to cosmic time, and ρm represents the (dark and baryonic)
matter energy density, which satisfies the standard conservation equation

ρ̇m + 3Hρm = 0. (12)

The link between the potential V (ϕ) and the evolution of the Hubble parameter H follows from varying the gravita-
tional Lagrangian with respect to ϕ, giving

dV

dϕ
= 12H2 + 6Ḣ. (13)

Combining Eqs. (11) and (13), one obtains the generalized acceleration equation,

ä

a
= Ḣ +H2 = −H2 +

1

6

dV

dϕ
, (14)

while differentiating Eq. (11) and making use of Eq. (13) leads to the generalized Klein–Gordon equation for the scalar
field:

ϕ̈+ 3Hϕ̇+
1

3

(

ϕ
dV

dϕ
− 2V (ϕ)

)

=
χ

3
ρm. (15)

Once the Friedmann equation [Eq. (11)] is specified, Eqs. (13) and (15) are dynamically equivalent.

IV. PROPOSED PARADIGM

Following the analyses in [59], we search for a framework in which the Hubble parameter, the scalar field, and its
potential term are all dynamical quantities, while the potential V (ϕ)—and thus the form of the Lagrangian density
f(R)—is determined a posteriori. To this end, and bearing in mind that the modified gravity must reproduce the
present-day vacuum energy density ρΛ, we impose the following two conditions:

V (ϕ) = 2χρΛ + U(ϕ), 6Hϕ̇ = U(ϕ), (16)

where U(ϕ) denotes a generic function to be determined.
Using the above conditions and switching to the time variable x = ln(1 + z) (where the redshift is defined as

z = 1/a − 1, with the present-day scale factor normalized to unity), Eqs. (11), (13), and the second relation in

Eq. (16) can be rewritten as follows. We recall that ˙(...) = −H(...)′, where a prime denotes differentiation with
respect to x:

H2 =
χ

3ϕ
(ρm + ρΛ) , (17)

dU

dϕ
= 12H2 − 3(H2)′, (18)

6H2ϕ′ = −U(ϕ(x)). (19)

Since U ′ = ϕ′ dU/dϕ, Eqs. (18) and (19) yield the following relations:

U(x) = −6ΓHe−2x, ϕ′ =
Γ

He2x
, (20)

where Γ is an integration constant.
Let us now decompose the scalar field as ϕ = ϕ̄+δϕ, where ϕ̄ denotes the dominant background component evolving

according to the cosmic expansion, and δϕ represents a small, time-dependent fluctuation evolving on a much shorter
timescale. The splitting we adopt is analogous to that discussed in [211], but we restrict our analysis to the Hubble
flow, i.e., we treat both the background and the fluctuating components as homogeneous contributions.
We further assume that the rapidly varying component δϕ(x) decays into dark matter particles, thereby generating

a fluctuating matter contribution δρdm that adds to the standard matter density ρm. The effective dynamics of δϕ
is obtained by linearizing Eq. (15) and introducing a phenomenological decay time τd ≡ 1/(3H̄), where H̄ is a rate
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significantly larger than the average value of H during the decay process. This leads to the following dynamical
equation:

H(Hδϕ′)′ − 3(H + H̄)Hδϕ′ + µ2
ϕδϕ =

χ

3
δρdm, (21)

where the effective mass term (we work in units with ℏ = 1) is defined as

µ2
ϕ ≡ 1

3

(

ϕ
d2U

dϕ2
− dU

dϕ

)

ϕ=ϕ̄

. (22)

The quantity µ2
ϕ should remain positive (or vanish) throughout the relevant x-interval over which the dynamics is

investigated. We emphasize how, a simple calculation shows that, adding to Eq. (21) a phenomenological decaying
rate implies that in Eq. (18) we correspondingly add, on the right-hand-side, the term 9H̄δϕ′/ϕ̄.
The fluctuation in the dark matter component must satisfy the following equation, which ensures energy balance

during the decay process:

δρ′dm − 3 δρdm =
1

χ

[

−3H̄Hϕ̄′ +H(Hϕ̄′)′
]

δϕ′, (23)

where the prime denotes differentiation with respect to x.
It is important to note that, when introducing the decay rate H̄ of the perturbed scalar field, the field equations

governing H2 and Ḣ must remain unchanged at first order in δϕ. Within this approximation scheme, Eqs. (20) take
the following form:

Ū(x) + Ū ′
δϕ

ϕ̄′
= −6ΓHe−2x exp

[

−9

2

(

H̄

H

)2 ∫ x

0

dy δϕ

Hϕ̄

]

, (24)

where Ū(x) ≡ U(ϕ̄(x)), and

ϕ̄′ + δϕ′ =
Γ

He2x
exp

[

−9

2

(

H̄

H

)2 ∫ x

0

dy δϕ

Hϕ̄

]

. (25)

Finally, the generalized Friedmann equation (17) can now be restated as

H2 =
χ

3ϕ̄

[

(ρm + ρΛ)

(

1− δϕ

ϕ̄

)

+ δρm

]

, (26)

where only linear contributions in the perturbed quantities have been retained.

V. REDUCED DIMENSIONLESS MODEL

We can now significantly simplify the present model by considering the regime in which the decay rate H̄ is much
larger than both the average value of the Hubble parameter H and the scalar field mass µϕ in the late Universe. Also
taking into account the smallness of the Einstein constant, Eq. (21) reduces to

(Hδϕ′)′ − 3H̄δϕ′ = 0. (27)

This equation admits the solution

δϕ = δϕ0 exp

[

3ξ0

∫ x

0

dy

E(y)

]

, (28)

where δϕ0 ≡ δϕ(0) > 0 is an integration constant (a second, nonphysical one has been set to zero), and we define
ξ0 ≡ H̄/H0 with H0 ≡ H(x = 0). We also introduce the normalized expansion rate E(x) ≡ H(x)/H0, for which
E(0) = 1. In terms of these quantities, Eq. (26) can be recast as

E2 =
1

ϕ̄+ δϕ

[(

Ω0
me3x + 1− Ω0

m

)

+ δΩdm

]

, (29)
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where we have used the solution of Eq. (12), ρm = ρ0me3x, together with the standard definitions Ω0
m ≡ χρ0m/(3H2

0 )
and δΩdm ≡ χδρdm/(3H2

0 ). By setting ϕ̄(0) = 1 to recover GR today (with |δϕ0| ≤ 10−7 [212]), we immediately
obtain

δΩdm(0) = δϕ0. (30)

It is straightforward to verify that Eq. (23) admits the following normalized leading-order solution:

δΩdm = C − 3ξ0
√

ϕ̄

√

Ω0
me3x + 1− Ω0

m ϕ̄′δϕ, (31)

where C is an integration constant. From Eq. (25), we also obtain

ϕ̄′ =
γ0

e2x
√

ϕ̄
√

Ω0
me3x + 1− Ω0

m

+O(δϕ), (32)

where γ0 ≡ Γ/H0.
We now have all the necessary ingredients to construct the cosmological dynamics associated with the proposed

dark energy–dark matter interaction scenario. In what follows, we focus on the case in which the considered f(R)
model introduces only a small deviation from GR.

VI. MODEL DYNAMICS NEAR GR

The near-GR limit results characterized by the following conditions:

ϕ̄ ≡ 1, Ū(1) ≃ 0,
dŪ

dϕ̄

∣

∣

∣

∣

ϕ̄=1

≃ 0, µ2
ϕ =

1

3

d2Ū

dϕ̄2

∣

∣

∣

∣

ϕ̄=1

≥ 0. (33)

Within the framework outlined above, these conditions correspond to setting Γ ≃ 0, i.e., γ0 ≃ 0. Under this
approximation, the normalized Hubble expansion rate takes the form

E2(x) =
1

1 + δϕ0 F (x)

(

Ω0
me3x + 1− Ω0

m + δϕ0

)

, (34)

where F (x) satisfies

F ′ =
3ξ0F (x)

E(x)
, F (0) = 1. (35)

In this approximation, the dark matter fluctuation δΩdm is, de facto, created instantaneously near x = 0. However,
it is straightforward to see that, due to the normalization condition, this term can exist only if δϕ ̸= 0, and in
particular δϕ0 ̸= 0.
We now intend to investigate if the proposed dynamical scenario is, actually, equivalent when restated into an

Einstein frame. In fact, while we consider as the most appropriate formulation to our massive particle decaying
process the one emerging in the Jordan frame (where the scalar mode has a well-defined physical entity, as discussed
in Sec.II), the formally classical nature of our formulation suggests that a possible equivalence exists. Since the
decaying process is phenomenologically described via an effective rate H̄, the question about the equivalence should
be properly formulated in asking which is the phenomenological modification in the Einstein frame able to guarantee
the equivalence of the two approaches.
Being well-established that the two frames are certainly equivalent on a classical (non-modified) paradigm [164,

213, 214], we can reliably conclude that, for what concerns the background dynamics of our model, no equivalence
question arises. Then the investigation must be restricted to linearized perturbation dynamics only. The basic
equation, governing the evolution of the fluctuation δϕ is easily identified in Eq. (21), which is, however, discussed
in the limit in which the decaying rate dominates the contribution of the Universe expansion, as well as the massive
term. In other words, the real dynamical equation we addressed in our study is Eq. (27). To understand how such
an equation is formulated in the Einstein frame, we can make use of the conformal transformation in Eq. (9). In the
linearized dynamics, it is immediate to recognize the transformation

ϕ = 1 + δϕ ≃ exp
[

√

2χ

3
ϕ̃
]

≃ 1 +

√

2χ

3
δ̃ϕ , (36)
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so that, we obtain a direct proportionality between δϕ and δ̃ϕ. We underline that we are focusing our attention to
the near-GR limit for which the background scalar field is taken equal to unity in the Jordan frame. Furthermore, we
easily get that

H = H̃ − 1

2

√

2χ

3
˙δϕ (37)

and, passing to the time variable x, we finally get

H =
H̃

1 + 1
2

√

2χ
3 δ̃ϕ

′
. (38)

Substituting Eqs. (36) and (38) into Eq. (27) and linearizing in δ̃ϕ, we see how this equation retains the same form
in the Einstein frame: the dynamics is preserved equivalent between the Jordan and Einstein frames, and also the
minimally coupled scalar field, emerging in the latter, is subjected to a phenomenological decaying process with the
same phenomenological rate. We conclude by stressing how the non-linear corrections in δϕ and δ̃ϕ do not concern
our analysis, simply because the scenario of decaying massive free particles would be violated.

VII. METHODOLOGY OF DATA ANALYSIS

The resulting model in the near-GR limit thus corresponds to a modified version of ΛCDM, characterized by four
free parameters: H0, Ω

0
m, δϕ0, and ξ0. We further assume a very rapid decay of the scalar mode, H̄ ≫ H0, which

implies ξ0 ≫ 1, while respecting the bound |δϕ0| ≤ 10−7. From the resulting expression for the Hubble parameter,
the most consistent phenomenological interpretation is that proposed in [165]: the function δϕ is taken to vanish
identically once the Hubble parameter approaches the DESI+Planck central value curve. This prescription introduces
a discontinuity in the derivative of δϕ, whose sharpness quantifies the dark matter creation process as a transitional
phase in the late-time cosmic evolution. The subsequent data analysis is performed within this approximation scheme,
where δϕ is effectively switched off after the transition.

To assess the viability of our modified ΛCDM framework, hereafter referred to as the MG (Modified Gravity)
model, we confront its predictions with cosmological data using SimpleMC [215], a sampler designed for parameter
inference from cosmological background observations. Since the dark energy decay process is expected to occur at
late times, 0.001 < z < 1.0 (i.e., 0.0004 < x < 0.3), we restrict our analysis to background-relevant parameters. From
the standard model, we retain the matter density parameter Ω0

m, the dimensionless Hubble constant h (defined as
h = H0/100), and the baryon density Ωbh

2. Our model introduces two additional parameters, δϕ0 and ξ0, which
determine, respectively, the onset and rate of the matter creation process. For comparison, we also perform a parallel
analysis of the baseline ΛCDM model, characterized by the three standard parameters above.
For the priors used, we select agnostic ones (flat) for every parameter. The specific range is: h = [0.4, 0.9],

Ω0
m = [0.1, 0.5], Ωbh

2 = [0.020, 0.025], δϕ0 = [10−14, 10−4], and ξ0 = [1, 200] (for the sake of completeness, those
last two priors are extended also into the physically forbidden region). The sampling method chosen for this work is
the one referred to as dynamic nested sampling [216, 217], which in SimpleMC is implemented by using the dynesty

library [218]. To decide the number of live points, we follow the general rule [219] of using 50×ndim, where the ndim
corresponds to the number of free parameters (also referred to as dimensionality).
The datasets used to make the parameter inference procedure are as follows:

• CC: a compilation of 15 Cosmic Chronometer (CC) measurements, provided together with their full covariance
matrix [220];

• SN: the PantheonPlus sample of Type Ia Supernovae (SN) [221, 222], consisting of 1701 light curves from 1550
unique SN, used to determine the distance modulus;

• BAO: the most recent (DR2) Baryon Acoustic Oscillation (BAO) measurements from DESI [101, 223, 224];

• SH0ES: the distance-ladder calibration applied to the PantheonPlus SN sample [1].

Given that they are considered independent from each other, we can go ahead and treat the overall χ2
total as

χ2
total = χ2

CC + χ2
BAO + χ2

SN + χ2
SH0ES (39)
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where, for each dataset, we have

χ2
data = (di,m − di,obs)C

−1
ij,data(dj,m − dj,obs), (40)

and here dm are our model predictions, dobs are the observables, and Cdata is the associated covariance matrix.
In addition to the χ2 analysis, we perform a Bayesian model comparison by computing the logarithm of the Bayesian

evidence, lnZ. According to Bayes’ theorem, for each model Mi with parameters Θ, the posterior distribution is
given by

P (Θ|D,Mi) =
L(D|Θ,Mi)π(Θ|Mi)

Zi

, (41)

where L denotes the likelihood, π represents the prior, and the Bayesian evidence Zi is defined as

Zi =

∫

L(D|Θ,Mi)π(Θ|Mi) dΘ. (42)

The relative strength of two competing models, Mi and Mj , is quantified by the Bayes factor Bij = Zi/Zj . In our
analysis, we compute lnBΛCDM,i = lnZΛCDM−lnZi, where positive values indicate a preference for ΛCDM. Following
the empirical Jeffreys scale [225], | lnBΛCDM,i| ≲ 1 is considered inconclusive, 1 ≲ | lnBΛCDM,i| ≲ 3 indicates moderate
evidence, 3 ≲ | lnBΛCDM,i| ≲ 5 corresponds to strong evidence, and values above | lnBΛCDM,i| = 5 are regarded as
decisive.

VIII. RESULTS AND DISCUSSION

We now discuss the results obtained from the parameter inference procedure (we emphasize that, in this section, we
revert to the redshift variable z to facilitate a more direct comparison with the data and the standard literature). Using
the datasets described in the previous section, we obtained the mean values and their corresponding 1σ uncertainties
for the parameters, which are reported in Table I.

Model H0 Ωbh
2 Ω0

m log(δϕ0) ξ0 lnBΛCDM,i −2∆ lnLmax

ΛCDM 68.78± 0.52 0.0222± 0.0004 0.305± 0.007 − − − −

MG 70.27± 0.61 0.0218± 0.0004 0.330± 0.008 −4.2+0.18
−0.32 < 5.12 −0.16± 0.23 −9.73

TABLE I: Summary of the mean values and standard deviations of the parameters for the ΛCDM and MG models using
the data combination CC+SN+BAO+SH0ES. The last two columns correspond to the natural logarithm of the Bayes factor,
lnBΛCDM,i, which, if positive, indicates a preference for ΛCDM, and to −2∆ lnLmax ≡ −2 ln(Lmax,ΛCDM/Lmax,i ), which, if
positive, indicates that ΛCDM provides a better fit to the data.

The marginalized 1D and 2D posteriors are shown in Fig. 1, where we have replaced δϕ0 with its logarithm, log(δϕ0).
For the MG model, the inferred value of H0 = 70.27 ± 0.61 km s−1 Mpc−1 is higher than that obtained for ΛCDM.
While the SH0ES prior is included in both analyses, the MG model provides a better overall fit to the data thanks
to its greater flexibility. The additional parameters introduced in the MG model do not show significant correlations
with H0 or Ωm, indicating that the observed shift in these quantities stems from the model’s extended parameter
space rather than from parameter degeneracies. The model also yields an increase of about ∼ 10% in the present
matter density of the Universe. It is easy to verify that q0 = 0.49 ± 0.3 for our model, which lies slightly below the
2σ level from the standard model’s expected value of 0.55.
There are two key quantities required for model comparison: the minimum χ2, which indicates how well a model

fits the data, and the Bayesian evidence, lnZ, which quantifies whether one model is preferred over another. The
values of χ2

min and lnZ are 1425.64 (χ2
CC = 16.24, χ2

SN = 1402.18, χ2
BAO = 5.43, χ2

SH0ES = 1.79) and −726.32 ± 0.18 for
our MG model, and 1435.37 (χ2

CC = 14.56, χ2
SN = 1405.34, χ2

BAO = 11.11, χ2
SH0ES = 4.36) and −726.16± 0.17 for ΛCDM,

respectively. Since the datasets are independent, we have separated the total χ2
min into its individual contributions as

shown in Eq. (39). Our MG model shows an improvement of approximately 10 in χ2 compared to ΛCDM. However,
as it includes two additional free parameters beyond the three of ΛCDM, the Bayesian evidence remains inconclusive,
with a difference of less than unity between the two models, according to the empirical Jeffreys scale [225].
Examining the individual contributions to the total χ2

min, it becomes evident that the improvement in the fit arises
mainly from the SN data (∆χ2

SN = 3.16), the BAO data (∆χ2
BAO = 5.68), and the SH0ES calibration (∆χ2

SH0ES = 2.57).
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FIG. 1: Triangle plot showing the 1D and 2D marginalized posteriors from the parameter inference analysis. Since the parameter
δϕ0 spans several orders of magnitude, we show its logarithm instead.

The SH0ES contribution is not unexpected, as the phenomenological nature of our model produces a “sudden rise”
in H(z) at late times, favoring values of H0 higher than those inferred from Planck’s CMB data. More interesting,
however, are the SN and BAO contributions, which merit closer inspection.
In Fig. 2, we show the evolution of H(z)/(1 + z)1.5 for the MG model using the best-fit parameters. The model

predicts that the decay into dark matter occurs around z ∼ 1, offering a possible explanation for the BAO preference.
The DESI BAO dataset covers the redshift range 0.3 < z < 2.3, with six data points at z > 1 (from the ELG2, QSO,
and Lyα tracers). When the line-of-sight BAO measurements are included, it becomes evident that the BAO data
below z ≲ 1 are mainly responsible for the improved fit, as shown in the lower panel of Fig. 2.
This interpretation is further supported by the DESI analysis presented in [101], particularly in the discussion

around their Fig. 9. There it is shown that line-of-sight BAO measurements at z > 1.1 exhibit degeneracies distinct
from those at z < 1.1. Moreover, when analyzed separately (in combination with BBN constraints), the BAO data
below z < 1.1 display a clear preference for higher values of both Ω0

m and H0 (for a related effect in binned quasar
data, see [226]). Since our MG model phenomenologically induces a transition near z ∼ 1, shifting from lower to
higher values of Ω0

m and H0, it naturally aligns with this behavior.
Therefore, the improved χ2 for BAO is not accidental but instead reflects that the MG dynamics reproduce a feature
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FIG. 2: Plots showing the normalized H(z). Upper: Normalized H(z) in the redshift range 0 < z < 3. Lower: Normalized
H(z) in the range 0.4 < z < 3.0, including the line-of-sight BAO data from DESI DR2.

already present in the data. This preference is also consistent with the trend indicated by the SH0ES calibration,
providing a coherent explanation for why the model performs better than ΛCDM and yields a slightly higher H0. The
concordance between these independent datasets underscores the physical relevance of the model’s late-time transition
and reinforces the viability of MG-like scenarios as alternatives to the ΛCDM model.

IX. CONCLUSIONS

We implemented a cosmological model based on metric f(R) gravity in the Jordan frame, characterized by the
peculiar feature that the non-minimally coupled scalar field [227] is decomposed into a background component (set to
unity to recover GR) and a rapidly varying fluctuation. This separation relies on the massive nature of the fluctuation,
which undergoes a rapid decay into the dark matter component of the Universe.
This scenario represents, de facto, a cosmological framework in which a fraction of the dark energy component is

transferred, through a phase transition, to dark matter particles. The decay process is modeled phenomenologically
through an effective decay rate and naturally motivates the construction of a fundamental interaction cross section
between the massive scalar fluctuations and the dark matter constituents. A formulation of this kind would, however,
depend strongly on the specific quantum field theory assumed at the fundamental level. Here, instead, our aim is
to explore the potential of this scenario to mitigate the Hubble tension, focusing on its most general and model-
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independent features.
Phenomenologically, this scenario can be interpreted as a dark matter particle creation model in the near-GR

limit. It, therefore, constitutes a minimal modification of the standard ΛCDM framework, sharing its background
parameters while introducing two additional ones: an integration constant, δϕ0, and a normalized interaction rate, ξ0.
The model retains most of the background dynamics of ΛCDM but, depending on the values of these new parameters,
it can alleviate one of the most persistent challenges to the standard model: the Hubble tension.

By constraining the parameters of the model with the latest cosmological background data and comparing the
results with those obtained for the vanilla ΛCDM model, we found an overall improvement in the fit. Although the
Bayesian evidence remains inconclusive and does not favor the MG model over ΛCDM, this outcome is encouraging
given that the former includes two additional free parameters. A detailed analysis of the χ2 contributions indicates
that the improvement is mainly driven by the SH0ES calibration and the DESI BAO measurements, particularly in
the redshift range z < 1.
While the recovered parameter values do not fully resolve the Hubble tension, the results are promising. They

highlight the ability of a decaying dark energy cosmology to achieve a better reconciliation with low-redshift BAO
data than ΛCDM, while remaining consistent with other background probes. This provides a strong motivation for
further investigation of interacting dark sector scenarios, particularly their implications for structure formation and
perturbative dynamics, which may yield additional signatures distinguishing them from the standard model. This
work represents a preliminary background-level analysis demonstrating the potential of the model. A comprehensive
study including CMB data will be necessary to fully assess its viability, which we leave for future work.
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