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Abstract. We explore the gravitational baryogenesis paradigm in the homogeneous and
isotropic cosmology of generalized coupling gravity and, in particular, of the so-called Minimal
Exponential Measure Model (MEMe). We show that, also in this theory, the time derivative
of the Ricci scalar couples with matter currents and can preserve an unbalance in the baryon-
antibaryon number beyond thermal equilibrium. Using the current bounds on the ratio of
baryon number to entropy density, we can considerably improve the known constraints on
the parameter q that characterizes the MEMe model. This estimate also allows us to draw
stringent constraints on the spatial curvature of the cosmological model.
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1 Introduction

In a series of recent papers [1–4] a new class of modifications of General Relativity
(GR), called “generalized coupling theories”, was proposed and analyzed. These new theories
are constructed not by assuming that the gravitational interaction departs from General
Relativity at a specific scale but by postulating that the bending of spacetime is described by
a non-linear relation between the Einstein tensor and the stress-energy tensor [1]. In this way,
the successful results of GR, which are related to vacuum solutions (e.g., gravitational waves),
can be preserved, but there is still space for new physics, which could provide a framework
for unresolved issues in relativistic gravitation.

One of the simplest possible realizations of a generalized coupling theory, the so-called
Minimal Exponential Measure Model (MEMe), has the advantage of depending on just one
additional parameter, q, with respect to GR. Yet, it is able to explain naturally the onset of a
dark energy era. The MEMe model has been analyzed in different contexts, and, using data
coming from gravitational waves [1] and predictions from the Post-Newtonian analysis [3], it
has been possible to derive an upper bound for q. Indeed, since the value of q is crucial to
determining the characteristic scales at which departures from GR arise, it becomes necessary
to estimate as accurately as possible the value of such a parameter. Some of the tightest
known constraints on gravitational theories are known to come from the analysis of nuclear
and subnuclear processes in the early universe. Hence, it is natural to turn to this sector of
cosmology to refine our estimation of q.

In this paper, we focus on bounds that stem from observational data related to the origin
of baryon asymmetry in the Universe [5]. As well known, the predictions of the Big Bang
Nucleosynthesis [7, 8] and the observations of Cosmic Microwave Background anisotropies
combined with the large structure of the Universe [9, 10] provide the order of magnitude of
the parameter characterizing such an asymmetry given by [11, 12]

η ≡ nB − nB̄

s
≲ (9.2± 0.5) 10−11 , (1.1)

where nB/nB̄ denote the number densities of baryon/antibaryon in the Universe, s = 2π2g∗sT 3/45
the entropy density of the Universe g∗s ≃ 106 counts the total degrees of freedom for particles
that contribute to the entropy of the Universe and T is its temperature.
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Several theoretical approaches have been proposed to explain the observed asymme-
try between baryons and antibaryons. Baryon asymmetry represents a puzzling conundrum
that, today, has been modeled following several approaches [13–15]. A suitable interpreta-
tive scheme has been provided by Sakharov, who described three basic conditions for a CPT
invariant theory to explain the baryon asymmetry [16]: 1) processes exist that violate the
baryon number; 2) the discrete C and CP symmetries are violated (C is the charge conjuga-
tion, CP the combination of the charge conjugation and the parity; 3) thermal equilibrium is
broken. Sakharov’s conditions may be relaxed in some cases [17]. In particular, if the CPT
symmetry is violated dynamically [18], the generation of a net baryon number asymmetry can
also be allowed, preserving thermal equilibrium. This mechanism is the essential ingredient
of the gravitational baryogenesis model [19], where the baryon/lepton current is coupled to
the derivative of the scalar curvature of spacetime, providing a straightforward asymmetry
mechanism in the matter/antimatter sector. As we will discuss in the following, such a cou-
pling is naturally nonvanishing in the framework of the MEMe model. As a matter of fact,
we can investigate the necessary conditions for generating a net baryon asymmetry in the
universe. Exploiting baryon asymmetry observational results, we get an upper bound on the
parameter q that characterizes the MEMe cosmological model.

The paper is organized as follows. In Section II, we briefly resume the conceptual bases of
the MEMe model. In Section III, we discuss the origin of matter-antimatter asymmetry in the
framework of the gravitational baryogenesis model. In Sec. IV, we implement gravitational
baryogenesis formalism the the framework of Minimal Exponential Measure gravity, and here
we infer the upper bound on the q parameter. In Sect. V is devoted to a general analysis of
the results and to drawing our conclusions.

2 The Minimal Exponential Measure Model

Generalized coupling theories are characterized by the field equations [1]

Gµν = χµν
αβ Tαβ, (2.1)

derived by the action principle

S =

∫
d4x

{
1

2κ
R
√
−g + L[ϕ, g]

√
−g

}
. (2.2)

where Gµν is the Einstein tensor, κ = 8πG, L[ϕ, g] is the Lagrangian density associated with
other fields of the theory, including standard matter. The metrics gµν and gµν are related by
means of an auxiliary field χµν

αβ in the following way

gµν = χµν
αβ gαβ. (2.3)

Assuming that in the absence of matter, the coupling tensor reduces to

χµν
αβ

∣∣∣
vacuum

= δαµδ
β
ν (2.4)

the vacuum solutions of the new theory exactly match ones of General Relativity. As a conse-
quence, this class of theories provides the same phenomenology of GR in vacuum and passes
all the astrophysical and Solar System tests. However, when matter cannot be neglected,
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i.e., in cosmology or the interior of relativistic stars, a significant difference with respect to
Einsten’s theory can occur.

In general, one can write the field equations in terms of the metric g or g, and so the
choice of description is akin to the choice of field definition in a conformal transformation.
As such, we name, abusing the terminology in favor of a simpler reference, g as the Einstein
metric as the action written in terms of this metric presents nonminimal coupling terms and
g the Jordan metric. Consequently, the field equations obtained by (2.7) written in terms of
g will be indicated by the term Einstein frame whereas the ones written in terms of g will
represent the Jordan frame.

The Minimal Exponential Measure (MEMe) model is a particular type of generalizing
coupling model in which the coupling tensor is written in terms of a non-kinetic rank two
tensor Aµ

α as (see [2] for more details)

χµν
αβ = Aµ

αAν
β. (2.5)

The action for Aµ
α is chosen to be

SA = −
∫

d4x
λ

κ

√
−g (2.6)

where λ is a coupling constant. Hence, within this scheme and in the presence of a cosmological
constant term, the total general action can be written as [3]

S[ϕ, g,A·
·] =

∫
d4x

{
1

2κ
[R− 2(Λ− λ)]

√
−g +

(
Lm[ϕ, g]− λ

κ

)√
−g

}
, (2.7)

where Λ is the observed cosmological constant, and ϕ represents a generic matter field. As no
kinetic term for Aµ

α appears in the action, this coupling field is non-dynamical, thus evading
the no-go result of [20].

With these choices, relation (2.3) can be written as

gµν = Aµ
αAν

β gαβ. (2.8)

which also implies √
−g =

√
−g|A|. (2.9)

The field equations for the coupling tensor Aβ
α in the Einstein frame can be put in the form

Aβ
α − δβ

α = q

[
1

4
TAβ

α − Tβν g
αν

]
. (2.10)

where Tµν is the Jordan frame stress-energy tensor obtained by the variation of Lm with
respect to gµν and we have set q = κλ−1 for later convenience.

The possibility of considering two different metrics automatically selects two natural
frames to describe gravitational phenomenology: the free-falling frame for the metric g, de-
scribed by the timelike vector Ua and the one for g, described by the timelike vector ua. As
g is the metric effectively perceived by the matter fields, we can conclude that ua can always
be chosen to represent a frame comoving with matter. In this case, if we also assume matter
to be a perfect fluid in its rest frame, which is free-falling, we can set

Tµν = (ρ+ p)uµuν + p gµν , (2.11)
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and we can express Aµ
α in terms of the matter variables. In particular, we have

Aβ
α = Y δβ

α + Z uβ u
α, (2.12)

where
Y =

4(1− p q)

4− q (3 p− ρ)
, (2.13)

Z = −q (p+ ρ)[4− q (3 p− ρ)]

4 (q ρ+ 1)2
. (2.14)

Notice that, effectively, the form that we have found for the coupling tensor corresponds to a
disformal transformation between gµν and gµν . In addition, since, by definition, we have

Uµ Uν gµν = −1, (2.15)

and
uµ uν gµν = −1, (2.16)

we can write
Uµ = uµ/

√
−ε, (2.17)

with

ε = − 16 (q ρ+ 1)2

[4− q (3 p− ρ)]2
. (2.18)

Thus, the free-falling observers in the Einstein frame have velocities parallel with respect to
the ones of the Jordan frame. Taking into account the above relations, we can now write
MEMe model field equations in an Einstein-like form

Gµν = κTµν , (2.19)

where Tµν is the effective energy-momentum tensor defined by

Tµν = T1 Uµ Uν + T2 gµν , (2.20)

with
T1 = |A| (p+ ρ), T2 =

|A| (p q − 1) + 1

q
− Λ

κ
, (2.21)

and |A| is the determinant given by

|A| = 256 (1− p q)3(q ρ+ 1)

[4− q (3p− ρ)]4
. (2.22)

Eqs. (2.19) can be used to construct and analyze cosmologies based on MEMe models.
In exploring such models, one has to pay particular attention to the choice of the fundamental
observers. A choice that is in line with the GR approach would be to select observers comoving
with matter (i.e., in the MEMe model, would coincide with uµ). However, such a choice has
the drawback of being ill-defined when the Einstein frame breaks down. To avoid such a
restriction, we can instead use Uµ. As we have seen, these two four vectors are parallel
to each other so that they are both still orthogonal to the three-surfaces of homogeneity
described by hµν = gµν + uµ uν and therefore no “tilting” effect [22] will be present.
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In this picture, one can assume that for a homogenous and isotropic fluid source, the
metric of the spacetime in the frame specified by Uµ has the Friedmann-Lemaître-Robertson-
Walker (FLRW) form

ds2 = −dt2 + S2 (t)

[
dr2

1− kr2
+ r2dΩ2

]
, (2.23)

where k = −1, 0, 1 is the spatial curvature, dΩ2 the infinitesimal solid angle and S is the scale
factor. In the Uµ frame, the cosmological equations can be written as

3q

(
H2 +

k

S2

)
=
256κ(1− pq)3(qρ+ 1)2

[4 + q(ρ− 3p)]4
+ qΛ− κ, (2.24)

6q
(
Ḣ +H2

)
=− 256κ(pq − 1)3(qρ+ 1)[2− q(ρ+ 3p)]

[4 + q(ρ− 3p)]4
+ 2(qΛ− κ), (2.25)

where the expansion rate of the Universe H reads as usual H = Ṡ/S, and we have used a dot
to indicate the derivative projected along Uµ. It must be noted that the above cosmological
equations correspond to the equations for the MEMe model if uµ is well defined, which means
that |A| ̸= 0 (ε ̸= 0). Notice also that in the case w = 1/3, these equations appear to
be inconsistent with General Relativity in the limit q → ∞. Indeed, for this value of the
barotropic index, it seems that the first term on the R.H.S of (2.24) diverges. However, such
divergence is compensated by a similar behavior of the time derivative Uµ(q)∂µ (see (2.17)
and (2.18)). When this fact is recognized, the equations can be realized as consistent. This
aspect is important for the following discussion as the expression of the baryon asymmetry
parameter, which we calculate in w = 1/3, will appear to have the same pathology.

If we consider a barotropic equation of state for the fluid, p = wρ, where w is the
adiabatic index, from the conservation of the energy-momentum tensor ∇αTαβ = 0, we can
easily obtain the relation

ρ̇ = −
3Hρ(w + 1)

[
q2ρ2w(3w − 1) + ρ(q − 7qw) + 4

]
q2ρ2w(3w − 1)− qρ (3w2 + 13w + 2) + 4

. (2.26)

As in GR, the three equations (2.24-2.26) are redundant.
Some remarks are now in order. Since in this framework, the field theory that represents

matter is constructed with gαβ and since, with the above results, Eq. (2.8) can be written as

gµν = Y 2 gµν − εZ (2Y + εZ)Uµ Uν , (2.27)

the form of Y ,Z and ϵ suggest that Eq.(2.27) leads to gµν = 0 if qp = 1 or qρ = −1. Since
gµν is effectively singular for these energy density and pressure values, a relativistic quantum
field theory of matter based on this metric will also fail. Thus, q = κ/λ can be considered as
a critical scale at which a field description of matter breaks down, and this means that the
MEMe model determines a natural regularization scale for quantum fields, which differs from
the Planck scale.

When the quantities qp and qρ are far from unity, the coupling tensor components
approach constant values, and the two metrics converge, making the Einstein and Jordan
frames equivalent. The case in which qp, qρ ≪ 1 will be particularly relevant for us as in this
case gµν = gµν and the Einstein frame and the Jordan frame coincide.

The above considerations make evident the necessity to constrain the value of q using
experimental data. Up to now, two different phenomena were considered to achieve this task.
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The first relies on the natural difference between the electromagnetic and gravitational
waves in the MEMe model. In fact, within the MEMe model, electromagnetic waves propa-
gate according to the metric gµν , while linearized gravitational waves propagate on a back-
ground metric gµν . Considering the constraints on gravitational wave speed coming from the
GW170817 kilonova event [21] one obtains [2]

q ≲ −2× 1033GeV −4. (2.28)

A second study involving the PPN analysis of circular orbits within spherically symmetric
matter distributions allows, assuming q < 0, to establish stronger constraints on the modulus
of q [3]

|q| ≲ 1023GeV −4. (2.29)

In the following sections, we will consider a different approach to constraining q. The
basic idea is to change the perspective by considering the early universe measurements. To
this end, we refer to the matter-antimatter asymmetry estimate after developing a suitable
scheme for baryogenesis in the MEMe model. The starting point is the adoption of the
gravitational baryogenesis paradigm.

3 Gravitational baryogenesis in MEMs model

Among the several approaches to baryogenesis, supergravity (SUGRA) theories may
provide a suitable mechanism for generating a net baryon asymmetry during the first stages
of the universe evolution [23, 24]. In this scheme, the interaction that induces the (dynamical)
CPT violation is given by a coupling between ∂µR, that is the derivative of the Ricci scalar
curvature R, and the baryon/lepton current1 J µ [19]

1

M2
∗

∫
d4x

√
−gJ µ∂µR . (3.1)

In Equation (3.1) M∗ is the cutoff mass scale that characterizes the effective theory and can
be of the order of the Planck mass M∗ ∼ MP ∼ 1019 GeV, or of the order of the upper bound
on the tensor mode fluctuation constraints in inflationary scale M∗ ∼ MI ∼ 3.3 × 1016GeV
[19]. As thermal equilibrium is preserved, the third Sakharov condition mentioned in the
Introduction can be relaxed, leading to the creation and preservation of the baryon asymmetry.
Some applications of gravitational baryogenesis can be found in Refs. [25–38]. In an expanding
universe, the interaction (3.1) dynamically breaks CPT , generating an asymmetric energy
shift between particles and antiparticles. Interactions that violate baryon processes in thermal
equilibrium favor the arising of a net baryon asymmetry. Indeed, the latter gets frozen at
the decoupling temperature TD; therefore, the baryon asymmetry remains fixed (this occurs
when the expansion rate of the Universe becomes much larger than the interaction rate).

For an expanding universe, whose matter content is described by a perfect fluid, with a
four-velocity vµ, one gets [23, 24]

J µ = (nB − nB̄)v
µ , (3.2)

where nB and nB̄ represent baryon and anti-baryon number density respectively. As in
standard FLRW spacetimes, one describes gravitational physics from the point of view of

1The current J µ may generate a net B − L charge in equilibrium (here B,L are the usual baryon/lepton
number) so that the asymmetry is not wiped out by the electroweak anomaly .
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a comoving observer, vµ can be associated with the four-velocity of such observers. When
the temperature of the Universe drops below the decoupling temperature TD, the interaction
Lagrangian in Eq. (3.1) reads [19]

1

M2
∗
J µ∂µR =

1

M2
∗
(nB − nB̄)R̊ , (3.3)

here, R̊ = vµ∂µR denotes the time derivative of the Ricci scalar measured by the comoving
observers. The above relation allows us to define the effective chemical potential for baryons

µB and for antibaryons µB̄ as µB = −µB̄ = − R̊

M2
∗

[19]. Now, for relativistic particles,

corresponding to the radiation-dominated era of the Universe, the baryon number density
can be calculated by means of the relation [5]

nB − nB̄ =
gb
6
µBT 2 , (3.4)

where gb ∼ O(1) is the number of intrinsic degrees of freedom of baryons. Finally, using all
these relations, we can write the baryon asymmetry parameter η as [5]

η ≡ nB − nB̄

s
≃ − 15 gb

4π2g∗

R̊

M2
∗T

∣∣∣∣
TD

. (3.5)

Eq. (3.5) indicates that the baryon asymmetry parameter is different from zero provided that
R̊ ̸= 0.

In GR, the time derivative of R can be computed from the trace of Einstein field equa-
tions, R = −κ (ρ − 3p) for a perfect fluid. During the radiation-dominated era, in which we
are interested, the adiabatic index of the cosmological fluid is given by w = 1/3 (p = ρ/3),
which implies R = 0. In such a case, R̊ = 0, and no baryon asymmetry can be generated in
the framework of gravitational baryogenesis (η ∼ R̊ = 0). The whole perspective changes for
cosmological models that allow a non-zero time derivative of the Ricci scalar. As we shall see
in the following, this is the case for the MEMe model.

4 Baryogenesys in the Minimal Exponential Measure model

Let us now consider the gravitational baryogenesis machinery in the case of the MEMe
model. Before starting, there are some important remarks to make. First, some considerations
on the origin of the term (3.1) within our gravitational theory are in order. The MEMe model
is fundamentally different from other theories treated in [25–39] since an additional metric g
is present. This property makes it unclear which of the two metrics presented in the theory
should be considered to calculate the Ricci scalar in (3.1). As mentioned above, the arguments
traditionally used to motivate terms like (3.1) arise as part of the effective action approach
to quantum gravitational corrections or also in the context of supergravity. Leaving aside the
interpretation via SUGRA theories, which would be too complex and delicate to be presented
here, we reason in terms of effective action. As explained in [1], one might interpret the metric
g as a toy representation of properties of the matter source that does not fit into the classical
perfect fluid description (including, e.g., quantum effects) but that, at the same time, can
influence the way in which a fluid gravitates. In this picture, nothing has been said about
the quantum nature of spacetime, which is fundamentally represented by g. Therefore, one
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might apply to this metric the classical arguments associated with constructing the effective
action in General Relativity. In this way, it is natural to expect a term like (3.1) to appear
when quantum gravitational corrections are considered. These terms will involve the Ricci
scalar constructed with g only. Based on these considerations, we will assume that the term
(3.1) will contain the Ricci scalar R(g) associated with the metric g.

Second, in the definition (3.2) of the current J µ the vector vµ must be identified by
definition with uµ as in our hypothesis, this vector describes the actual matter flow. However,
to exploit the cosmological equations (2.24)-(2.26), we need to describe the process from the
point of view of an observer described by Uµ. This fact implies that the time derivative of
the Ricci scalar has to be expressed in terms of this vector

R̊ = uµ∂µR =
√
−εUµ∂µR =

√
−εṘ . (4.1)

Third, unlike the case of GR, it will not be generally possible for us to neglect the contri-
bution of the cosmological constant and the spatial curvature. This is motivated by the fact
that the nonlinear source term in Eqs. (2.24) does not allow the definition of separated eras
of domination of the classical different source terms. As the inclusion of spatial curvature
complicates the calculation substantially, in the following, we will first assume k = 0 and then
consider the more general case.

4.1 The spatially flat case

As a first step, we calculate the general Ricci scalar expression for the MEMe Model.
Tracing field equations (2.19), one obtains

R = −κ(−T1 + 4T2) = −4κ

q
(|A| − 1) , (4.2)

where |A| is given by (2.22). From the conservation equation (2.26) it is possible to draw a
relation for ρ̇ that, in the case w = 1/3, reads

ρ̇
∣∣∣
w=1/3

= −4Hρ
3− qρ

3− 5qρ
. (4.3)

By combining (4.2) and (4.3), we can immediately derive the general expression for the time
derivative of Ricci scalar for the radiation domination phase:

Ṙ =
64κqρ2(qρ− 3)3

27(qρ+ 1)(5qρ− 3)
H . (4.4)

As one can see, this quantity depends only on H, ρ, and the model cutoff scale q; it is evidently
different from zero provided that ρ ̸= 3/q. The Hubble flow H can be deduced by Friedman
equation (2.24) and, for flat Universe k = 0, is given by

H2 =
1

9
{27Λ− κqρ2(qρ+ 1)[qρ(qρ− 8) + 18] + 27κρ} . (4.5)

Finally, plugging (4.4) into the baryon asymmetry formula (3.5), one obtains

η = − 80κqHρ2(qρ− 3)3

9π2gM2
∗TD(qρ+ 1)(5qρ− 3)

, (4.6)
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that represents the baryon asymmetry parameter for the MEMe model in the gravitational
baryogenesis approach.

To evaluate (4.6), one must evaluate the energy density ρ of matter in its rest frame.
Since we are interested in the radiation domination era, it seems thermodynamically reason-
able to set the energy density of the unique matter fluid as the energy density of relativistic
particles provided by Boltzmann equation [5, 6],

ρ(T ) =
π2g∗
30

T 4 . (4.7)

We are now ready to use (4.6) to put some new limits on the parameter q that controls the
matter coupling. To derive this constraint we set T = TD in Eq.(4.7) and take into account
the measured baryon asymmetry [11]

η ≲ ηobs ∼ 10−10 . (4.8)

From Fig. 1 is evident that, for TD = 1015GeV , M∗ = 1015GeV and a value of the cosmolog-
ical constant2Λ = 4.3× 10−84GeV 2 [40, 41] baryon asymmetry requires

q ≲ −4.1× 10−63GeV −4 . (4.9)

This result is both unexpected and tantalizing. In fact, the inverse of q, calculated in
correspondence with the upper limit given in Eq.(4.9), determines an energy density that
is about only ten orders of magnitude lower than the quantum vacuum energy density
ρtheoryΛ ∼ 1072 ÷ 1076GeV 4 [42], [43]). Such an outcome supports the interpretation of q
as a quantity related to the quantum vacuum for matter fields, and, in this perspective, it
seems to confirm our initial interpretation of the MEMe model as a classical, coarse-grained
representation of quantum field theory in curved spacetime. In such a picture, λ = κ/q pro-
vides a natural regularization scale for the vacuum energy of quantum fields, and the fact
that beyond this energy scale, the Jordan frame of the theory loses meaning simply means
that at those energies, a generalized coupling of the form chosen for the MEMe model is not
anymore sufficient to approximate quantum behavior.

To further understand the model behavior, we have then studied (4.6) varying the de-
coupling temperature and the cutoff mass scale. In Fig. 2 and 3, we display some contour
plots that show the behavior of η as a function of model parameters.

In Fig.2 we show η = η(q, M∗) (upper panel) and η = η(q, TD) (lower panel) respectively.
From these plots, one can infer that, unless very tiny values of q are considered, a suitable
baryon asymmetry is achieved when M∗ is about 1015GeV and TD gets values slightly below
1015GeV .

In Fig.3, we have set q = −10−74GeV −4 and studied the variation of η varying both TD
and M∗. Our choice of q is a value that, as seen above, can be considered in agreement with
the inverse of the theoretical zero point energy of quantum field theory. The plot suggests
that once a very small value of q is considered a matter-antimatter unbalance η = 10−10 is
positively achieved with decoupling temperatures higher than 4 · 1015GeV and cutoff masses
about 1014GeV .

In general these graphics evidence that the amount of baryon asymmetry can agree with
data in a significant region of the parameters space.

2Planck observations provide a best fit value for density parameter ΩΛ = 0.6889 ± 0.0056 and for the
Hubble constant H0 = 67.66 ± 0.42(km/s)/Mpc = (2.1927664 ± 0.0136) × 10−18s−1 that allow to calculate
the reported value of Λ. According to the other parameters approximation, we only use here two significant
digits.
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10-11

10-7

q (GeV-4)

η

Figure 1: A logplot of η vs. q for TD = 1015GeV and M∗ = 1015GeV . The cosmological
constant is fixed to its observational value as provided by Planck.

4.2 The spatially curved case

In this section, we extend the analysis to the case of a non-flat-FRW cosmology with
k ̸= 0. Since, as we have seen, in the MEMe model the usual cosmological eras cannot be
separated as in the classical GR cosmologies, it is necessary to investigate also the role of
spatial curvature on baryogenesis. Following the same reasoning as in the previous section,
one starts from the general form of field equations (2.24) and (2.25) and writes the relations
for Ṙ and η that generalize Eqs. (4.4) and (4.6). The Hubble parameter is now given by:

H2 =
1

9
{27Λ− κqρ2(qρ+ 1)[qρ(qρ− 8) + 18] + 27κρ} − k

S2
, (4.10)

and should be substituted into Eq.(4.6). Unlike the previous case, the scale factor S explicitly
appears in the expression for η. As a consequence, we need to connect S to known quantities in
order to estimate η. Actually, GR provides a well-known relation between the scale factor and
the temperature of the cosmic fluid derived by entropy conservation (S ∝ T −1). Therefore,
one could be tempted to use it to solve the problem. However, this would result in a mistake.
The classical relations that connect the scale factor to T are derived under the assumption
that the observers are comoving with matter, whereas we are not dealing with our cosmological
model from that perspective.

The correct way to proceed is first to derive the relation between the scale factor S and
the Jordan frame scale factor S, which is related to observers comoving with matter, and
then to use the conservation of entropy to connect S to the temperature. More specifically
we have

S(t) = Y S(t). (4.11)

At this point, entropy conservation during the radiation era provides the appropriate connec-
tion between the comoving scale factor and the temperature:

S(t) = Srad
Trad
T

, (4.12)
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(a) A contour plot of η as a function of q and M∗ with TD = 1015GeV , g∗ = 106 and Λ = 4.3 ×
10−84GeV 2.

(b) A contour plot of η as a function of q and TD with M∗ = 1015GeV , g∗ = 106 and Λ = 4.3 ×
10−84GeV 2.

Figure 2: The expected baryon asymmetry in the MEMe model. The blue curve evidences
the contour line for η = 10−10.

here Srad and Trad represent the value of comoving scale factor and of the temperature at
radiation domination3. Using these relations and the Boltzmann equation, one is able to write

3We set these quantities at the radiation domination/matter domination transition Srad = 1/1 + zrad and
Trad = 3.4× 104K with zrad = 3400 [11].
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Figure 3: The baryon asymmetry amount η = η(TD ,M∗) by assuming q = −10−74GeV −4.
As before, g∗ = 106 and Λ = 4.3× 10−84GeV 2. The blue curve evidences the contour line for
η = 10−10.

Figure 4: A contour plot displaying the behavior of η as a function of q and k. Other
parameters are TD = 1015GeV , M∗ = 1015GeV g∗ = 106 and Λ = 4.3 × 10−84GeV 2. The
green curve evidences the contour line for η = 10−10. It is clear that the data favor a flat
spatial geometry. It is possible to have an open universe (with −1 < k < −0) only for
q ≲ −10−78GeV −4.

H in terms of T and evaluate η in the non-spatially flat case. As shown in Fig.4, for most of
the values of q, only flat (k = 0) cosmologies are compatible with the limits on baryogenesis.
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Comparison of η = η(k) with data also excludes closed (k = 1) universes.
Fig.5 shows the behavior of baryon asymmetry for an open (k = −1) universe. To have

η ≲ 10−10, very small values of the parameter q are required. More specifically, an open
universe is consistent with the baryogenesis bound only if

q ≲ −6× 10−78GeV −4 (4.13)

a value that pushes the energy density related to q to take values beyond the zero point energy
density of quantum field theory.

-1×10-61 -8×10-62 -6×10-62 -4×10-62 -2×10-62 0

-4×106

-2×106

0

2×106

q (GeV-4 )

η

-1.×10-77-6.×10-78 -1.×10-78

1.×10-10

Figure 5: Baryon asymmetry for a open universe (k = −1) vs. q. The orange dashed line
gives η = 10−10. In the small panel, the value of q for which η is 10−10.

In Fig.6, we show the MEMe model baryon asymmetry prediction for k = −1 varying,
respectively, M∗ and TD with the model scale q. Cutoff masses higher than 1015GeV force
q to very tiny values. A similar behavior is obtained when the decoupling temperature is
assumed to be higher than 1015GeV .

5 Conclusions

In this paper, we have considered the early time cosmology of a new class of GR modifi-
cations, dubbed “generalized coupling theories,” and more specifically, the so-called Minimal
Exponential Measure Model (MEMe).

Generalized coupling theories are characterized by a nonlinear relation between the Ein-
stein tensor and the stress-energy tensor. In the case of the MEMe model, this relation has
the advantage of depending on just one parameter, q. In some previous works, this quantity
has been constrained by employing Gravitational waves and Parametrized-Post-Newtonian
phenomenology. To check the model’s reliability at all scales, we studied the MEMe model’s
behavior in the very early universe. More specifically, since the MEMe model provides a
non-vanishing Ricci scalar in the radiation domination era, it is possible to implement the
gravitational baryogenesis mechanism within such a scheme.
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(a) The baryon asymmetry η as a function of q and M∗ with TD = 1015GeV .

(b) The baryon asymmetry η as a function of q and TD with M∗ = 1015GeV .

Figure 6: Baryon asymmetry mount for an open universe (k = −1). Other parameters are
g∗ = 106 and Λ = 4.3×10−84GeV 2. The green curve evidences the contour line for η = 10−10.

The gravitational baryogenesis approach assumes that matter current is directly coupled
to scalar curvature, and this non-minimal coupling is responsible for “propagating" in time
through thermal equilibrium the baryon asymmetry frozen at the decoupling temperature. In
deriving the actual form of the gravitational baryogenesis term in the context of the MEMe
model, we needed to consider that generalized coupling theories can be regarded as bimetric
theories. One metric, g, describes purely gravitational degrees of freedom, while the other
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metric, g, represents a geometry constructed on the base of matter particle motions. This fact
implies that gravitational phenomenology can be interpreted in two different (but equivalent)
ways. This aspect is crucial in characterizing the gravitational baryogenesis parameter, as it
raises the problem of the choice of the Ricci scalar appearing in such a term. We have argued
that because of the mechanism underlying gravitational baryogenesis, the Ricci scalar should
be the one associated with g.

Once we had chosen the theoretical framework, we deduced the constraints on q result-
ing from the observed baryon asymmetry. Since the cosmological equations are not linear
in the energy density, the classical division of cosmic history in different eras might not ap-
ply. Consequently, terms like the spatial curvature and the cosmological constant cannot
be automatically neglected in the calculations on gravitational baryogenesis. However, as
the spatially curved case requires some additional considerations, we decided to present it
separately to ease the reading of the manuscript.

Our analysis yields a very stringent constraint on the parameter q. Considering a de-
coupling temperature TD = 1015GeV and a mass scale for the effective theory of M∗ =
1015GeV , we have obtained in the spatially flat case q ≲ −4.05 × 10−63GeV −4. On the
other hand, we found that only an open universe is compatible with baryogenesis in the limit
q ≲ −5.51× 10−78GeV −4, which is a much smaller value than the flat case.

These results show some interesting aspects of the MEMe model. First, as the energy
densities typical of the baryogenesis processes, ρ ≈ 1060GeV 4, the bound on q we have
found indicate that qρ ≲ 1 and, consequently, g and g are very close to each other. In
turn, this implies that R(g) ≈ R(g), i.e., the error in using the “wrong Ricci scalar” in the
gravitational baryogenesis term turns out to be very small with respect to the uncertainties
in other quantities involved in the calculations.

Secondly, the value of the energy density cutoff scale of the theory λ/κ = 1/q that
is congruent with the baryogenesis constraint is quite reconcilable with the vacuum energy
density of physical fields ρtheoryvac ∼ 1072 ÷ 1076GeV 4. This fact suggests that the scale q
could be associated with the onset of quantum effects in classical matter. The introduction of
spatial curvature shifts the value of q towards very tiny values that, in terms of the associate
energy density, are again compatible with ρtheoryvac and in some sense beyond this value. Such
an outcome suggests the fascinating scenario that, in this scheme, spatial curvature and the
vacuum energy of the matter fields are intimately related.

These results, although very interesting, should be weighted with care. Gravitational
baryogenesis is a fascinating mechanism to generate baryon asymmetry. Nevertheless, its
origin depends on the feature of an underlying theory of gravity, whose details still need
to be fully verified experimentally. In this perspective, the constraint we have found for
the parameter q should be interpreted as the values one would obtain if the gravitational
baryogenesis is the actual mechanism to generate baryon asymmetry. With these premises,
it is, in our opinion, remarkable that the gravitational baryogenesis for the MEMe model
can return such interesting values of its parameters. This result has profound implications
for the theoretical foundations of generalized coupling theories and will be investigated in
forthcoming works.
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