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Abstract

We analyze the Taylor expansion of the metric f (R) gravity in the Jordan frame around the
General Relativity limit, expanding in the small deviation (ϕ − ϕ0) with ϕ0 = 1. By relating
the scalar–tensor representation to the original f (R) formulation, we derive constraints
on the expansion parameters from the observed value of the present-day ΛCDM (Λ Cold
Dark Matter) deceleration parameter and from cosmological bounds on the variation of
Newton’s constant. We show that these requirements imply that the scalar degree of
freedom must have a mass exceeding the Hubble scale by several orders of magnitude.
This result challenges the common assumption that the scalar mode can drive cosmological
dynamics with a mass of order of the Hubble constant H0. We provide a dynamical
interpretation of this hierarchy by emphasizing that a proper definition of the scalar mass,
in a field-theoretical sense, requires an adiabatic separation between background evolution
and perturbations, which naturally leads to a super-Hubble mass scale.

Keywords: f (R) gravity; Jordan frame; scalar field mass; Hubble tension

1. Introduction
A natural extension of General Relativity is provided by the so-called f (R) gravity

theories [1–4]. Such models are constructed by a modification of the Einstein–Hilbert action,
in which the Ricci scalar R is replaced by a generic function f (R). This procedure leads to a
rich phenomenology that is absent in General Relativity [5–9]. It is well known that f (R)
gravity theories are equivalent to scalar-tensor theories, in which the scalar field couples
either to the metric tensor (Jordan frame) or to the matter sector (Einstein frame). In this
work, we will use only metric f (R) gravity in the Jordan frame, in which the self-interacting
scalar field is non-minimally coupled to the metric tensor, as described in [1,10].

Chronologically, metric f (R) gravity was first investigated in the context of early
universe cosmology, in particular to address the Big Bang singularity [11], and later
applied to spherically symmetric black hole spacetimes to regularize central curvature
singularities [12].

Recently, after the discovery of the late-Universe acceleration [13,14], f (R) gravity has
gained increasing interest, as these theories can effectively reproduce the phenomenology
of a negative-pressure fluid through a purely geometric modification of gravity [15]. For the
metric-affine formulation see also [16,17].

A simple and well-known example of an f (R) theory is the so-called R2 grav-
ity [10,18–20], originally introduced in [11,21]. In particular, if we also add a cosmological
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constant term in the R2 gravity action, we are de facto looking at the first three terms
of a Taylor expansion of the generic function f (R) at sufficiently low curvatures. Two
fundamental requirements naturally arise when modifying General Relativity:

• Any correction to the standard gravity theory must be in agreement, within experi-
mental uncertainties, with the current tests of GR, the most stringent among which
are the Solar System tests [22].

• Any new theory of gravity has to account for the late-time accelerated expansion
of the Universe, which takes place at large scales. To do so, the theory introduces
corrections that become important at low values of R. See, for example, the Hu–
Sawicki model [23].

A further challenge in f (R) gravity is the so-called “Hubble tension”, i.e., the 4σ

discrepancy in the detections of the Hubble constant value from different sources. On
the one hand, the Supernova H0 for the Equation of State (SH0ES) collaboration [24]
that measures H0 from the supernova data at low redshift z (z ∼ 0.01–0.1); while on the
other hand the Planck satellite collaboration [25] infers H0 from the CMB measurements
at z ∼ 1100. For a comprehensive review of the various determinations of the Hubble
constant, see [26,27]. Many theoretical models have been proposed to alleviate the Hubble
tension, with promising results, see, for instance, refs. [5–7,15,28,29]. See also [3,4,30–34].

The capacity of metric f (R) gravity to account for both the Universe acceleration
and the Hubble tension does not come without limitations. To satisfy Solar System tests,
the mass of the scalar degree of freedom must be sufficiently large to suppress fifth-force
effects. Moreover, different experiments [35,36] impose strong local constraints on the value
of the Newton constant G, and hence on the coefficient of the term proportional to R in the
Taylor series expansion of f (R) at low curvatures R0. In particular, |∆G

G | ≤ 10−5 [35,36] (∆G
is the maximum variation of the Newton constant according to the local tests). Although
we assume G to be constant, hence independent from the place in which it is measured, we
prefer to use cosmological constraints on it as a consequence of the fact that we are in cos-
mological regimes. Hence, for the constraint on the Newtonian constant, we use the results
from [37], according to which ∆G

G ≤ 3%. This assumption fixes | f ′(R0)− 1| ≤ 3 · 10−2. In
Table 1 we summarize all the cosmological constraints we use in this manuscript.

Table 1. Cosmological constraints used in this work.

Quantity Constraint Reference

Hubble constant H0 ∼70 km s−1Mpc−1 [24,25]
Deceleration parameter q0 ≃−0.55 [38]

Variation of Newton constant ∆G/G ≤3% [37]

To simultaneously satisfy local (Solar System) constraints and produce effects at
cosmological scales, a possible explanation is that the scalar field undergoes a screening
mechanism. Among those proposed, the so-called “chameleon behavior” [39–46] has
received considerable attention. In this mechanism, the mass of the scalar mode depends
on the local energy density: in other words, the scalar field mass decreases as the spatial
scale increases. Consequently, within the high-density environment of the Solar System,
the Compton wavelength of the scalar field is short, in such a way that the field becomes
effectively non-interacting. On the contrary, in the low-density cosmological environment,
the scalar field acquires a mass of order H0 (i.e., a Compton scale of the Boson field of the
order of the Hubble scale), allowing it to drive the accelerated expansion of the Universe.
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Although such a formulation could address several theoretical issues, a complete
physical and geometrical model that naturally leads to the chameleon mechanism is still
lacking (see [47]).

The relation between the scalar field mass, local gravity constraints and cosmological
dynamics in f (R) gravity has been widely investigated in the literature. In particular,
several studies have analyzed the compatibility between modified gravity models and
Solar System experiments by invoking screening mechanisms such as the chameleon effect.
For instance, the analysis in [44–46] explores specific functional forms of f (R) (such as
Hu–Sawicki or power-law models) and constrains their parameters using a combination of
local gravity tests, cosmological evolution and astrophysical observations.

In these works the recovery of General Relativity typically relies on the presence of a
screening mechanism that suppresses the scalar interaction in high-density environments.
However, the scalar mass itself is not derived from purely cosmological consistency con-
ditions, but is instead determined by the environmental dependence introduced by the
screening mechanism.

From the point of view of the underlying theory, however, this mechanism effectively
introduces a coupling between the scalar field dynamics and the environmental matter
density [47]. Such a coupling weakens the purely geometrical interpretation of the f (R)
Lagrangian, since the scalar sector acquires an effective interaction with the matter content
of spacetime. In this respect, the result obtained in the present work is related to, but concep-
tually different from, the chameleon scenario. In fact, our constraint on the scalar field mass
is derived entirely from cosmological considerations, namely from the observed value of
the deceleration parameter and from bounds on the variation of Newton’s constant inferred
from cosmological observations. Therefore, the requirement that the scalar mass must
largely exceed the Hubble scale emerges independently of Solar System tests and provides
a direct consistency condition on the cosmological dynamics of analytic f (R) models.

In this paper, we focus our attention on a related question: is it possible to reconcile
the deceleration parameter q0 of the ΛCDM model with a scalar field mass of order H0,
while simultaneously satisfying the experimental constraints on the variation of Newton’s
constant ∆G?

Our analysis shows that, in order to satisfy these constraints and remain consistent
with the observed value of the deceleration parameter, the scalar mode mass must exceed
the Hubble scale by roughly three (five if we consider local measurements of the Newtonian
constant instead of cosmological ones) orders of magnitude. Furthermore, we provide a
physical explanation for this result that is consistent with the standard interpretation of
mass terms in classical field theory [48].

2. Scalar Field Dynamics and Constraints
We begin by recalling that metric f (R) gravity can be written in a scalar–tensor form

in the Jordan frame. The action takes the form

S =
1

2χ

∫
d4x

√
−g[ϕR − V(ϕ)] + Sm, (1)

where χ denotes the Einstein constant, g is the determinant of the metric tensor, R is the
Ricci scalar, and Sm represents the matter action. The scalar field ϕ corresponds to the
additional dynamical degree of freedom introduced by the modification of gravity and is
defined through

ϕ ≡ d f
dR

. (2)
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A basic viability requirement for a given f (R) model is that the scalar mode possesses
a positive effective mass. In the scalar–tensor representation this mass is defined as

m2
ϕ ≡ 1

3

(
ϕ

d2V
dϕ2 − dV

dϕ

)
, (3)

which guarantees the stability of the scalar degree of freedom.
Variation of the action with respect to the metric tensor provides the modified Ein-

stein equations. Taking their trace and using the relation R = dV/dϕ, one obtains a
Klein–Gordon-like equation for the scalar field. In the presence of matter sources, the trace
of the energy–momentum tensor contributes as a source term for the scalar field dynamics.

We consider a spatially flat Friedmann–Lemaître–Robertson–Walker (FLRW) space-
time with a line element [49–52], according to the Planck measurements [53],

ds2 = −dt2 + a2(t) δijdxidxj , (4)

where a(t) is the cosmic scale factor and t denotes synchronous time.
In this background, the modified Friedmann equations in metric f (R) gravity,

as viewed in the so-called “Jordan frame” [1], read as follows:

H2 ≡
(

ȧ
a

)2
=

1
ϕ

(
χ

3
ρm − Hϕ̇ +

V(ϕ)

6

)
(5)

and dV
dϕ

= 12H2 + 6Ḣ , (6)

where χ is the Einstein constant (we are in c = 1 units), the dot indicates differentiation
with respect to t, and ϕ denotes the non-minimally coupled scalar field emerging in the
Jordan frame, whose self-interaction is described by the potential term V(ϕ). Finally,
the quantity ρm stands for the energy density of the (dark and baryonic) matter component
of the Universe.

The first of these equations is the generalized Friedmann equation, while the second
one is obtained by varying the gravitational action with respect to the scalar field ϕ.

Now, passing to the time variable x = ln(1 + z) = ln(1/a) (z denoting the redshift
and we set the present-day value of the cosmic scale factor to unity, i.e., a0 ≡ a(z = 0) = 1),
the two equations above can be rewritten as

H2 =
1

ϕ − dϕ
dx

(
χ

3
ρm(x) +

V(ϕ(x))
6

)
(7)

and
dV
dϕ

= 12H2 − 3
dH2

dx
, (8)

respectively. Above, we made use of the relation ˙(. . . ) = −Hd(. . . )/dx.
We now intend to study Equations (7) and (8) very close to us, i.e., for x → 0. To this

end, we perform a Taylor expansion of the scalar field dependence for ϕ ≃ ϕ0 ≡ ϕ(x = 0),
so that

V(ϕ) ≃ V(ϕ0) +

(
dV
dϕ

)
ϕ=ϕ0

(ϕ − ϕ0)+ (9)

1
2

(
d2V
dϕ2

)
ϕ=ϕ0

(ϕ − ϕ0)
2 + . . .

= V0 + V̄(ϕ − ϕ0) +
1
2

V∗(ϕ − ϕ0)
2 + . . . (10)
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The relation between the potential V(ϕ) and the underlying f (R) Lagrangian is dic-
tated via the algorithm

R =
dV
dϕ

, f (R) ≡ ϕ
dV
dϕ

− V(ϕ) , (11)

where the function ϕ(R) in the right-hand-side of the second equation above is obtained
by assuming the invertibility of dV/dϕ in the first one.

By implementing Equation (11) to calculate the f (R) expression, that is associated
with the potential term in Equation (10), the first derivative gives

dV
dϕ

= V̄ + V∗(ϕ − ϕ0) + · · · = R , (12)

which can be inverted at leading order to yield

ϕ − ϕ0 ≃ R − V̄
V∗ . (13)

Plugging this into the definition

f (R) = ϕR − V(ϕ), (14)

we obtain the following step by step:

f (R) ≃ (ϕ0 + (ϕ − ϕ0))R −
[

V0 + V̄(ϕ − ϕ0) +
1
2

V∗(ϕ − ϕ0)
2
]

(15)

= −V0 +

(
ϕ0 −

V̄
V∗

)
R +

1
2V∗ R2 +

V̄2

2V∗ + . . . (16)

This result directly follows from the Taylor expansion around the General Relativity
limit ϕ0 = 1 and illustrates how the parameters V0, V̄, and V∗ control the deviation from
standard GR.

In order to restore the Einsteinian gravity in the low-curvature limit, we require the
following conditions on the expansion parameters:

ϕ0 = 1, V0 ≡ V̄ ≡ 0, V∗ ≫ H2
0 , (17)

where ϕ0 = 1 ensures that the effective Newton constant matches its standard value, and V0

and V̄ vanish to avoid introducing a cosmological term beyond the one we explicitly
include if desired. The condition V∗ ≫ H2

0 guarantees a sufficiently heavy scalar mode
to satisfy local and cosmological constraints. These conditions, applied to Equation (16),
restore GR (i.e., f (R) = R).

However, we can also retain a cosmological constant term by defining V0 ≡ 2χρΛ (ρΛ

being the vacuum energy density).
Evaluating Equation (8) in x = 0 (i.e., ϕ = ϕ0) according to the expansion in

Equation (10), we obtain

Ū ≡ V̄
6H2

0
= 2 − 1

2H2
0

(
dH2

dx

)
x=0

= 1 − q0 , (18)

where we introduced the deceleration parameter q0 of the Universe, defined as in [38]:

q0 = −1 +
1

H0

(
dH
dx

)
x=0

. (19)
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Since we have q0 ≃ −0.55 for the ΛCDM model, we should have

V̄ ≃ 9.3 × H2
0 ≃ 10−52 m−2 (20)

at cosmological scales. The situation does not change for models that slightly deviate
from the standard cosmological one, such as those in which the Hubble tension [26,54] is
addressed through small changes in the matter [55,56] or gravity sector of the theory.

Now, from the measurements of the Newton constant [37], the coefficient multiplying
the Ricci scalar in the effective Einstein–Hilbert term cannot deviate significantly from unity.
In metric f (R) gravity this coefficient is given by f ′(R), which plays the role of an effective
gravitational coupling. Cosmological observations constrain its present value to satisfy

| f ′(R0)− 1| ≲ 3 × 10−2. (21)

Using the expansion obtained in Equation (16) and evaluating it around the present
epoch ϕ0 ≡ 1, we have

f ′(R0) = ϕ0 −
V̄
V∗ . (22)

Therefore the observational constraint on the variation of Newton’s constant implies∣∣∣∣ V̄
V∗

∣∣∣∣ ≲ 3 × 10−2. (23)

Since Equation (20) gives V̄ ≃ 10−52 m−2, the previous relation immediately yields
the bound

V∗ ≳ 10−50 m−2. (24)

The scalar field mass, as defined in [57], takes, at x = 0, the form

m2
ϕ =

1
3
(V∗ − V̄) ≃ V∗

3
> 10−50 m−2 ≫ H2

0 . (25)

The result obtained above follows from the combination of three independent ingredients:

(i) The observed value of the present-day deceleration parameter q0 ≃ −0.55, which
fixes the linear coefficient of the potential expansion through Equation (18), yielding
V̄ ∼ 10−52 m−2.

(ii) The observational constraint on the variation of the Newton constant, which requires
| f ′(R0)− 1| ≲ 3 × 10−2 and therefore implies V∗ ≳ 10−50 m−2 from Equation (16).

(iii) The definition of the scalar-field mass in metric f (R) gravity, m2
ϕ = 1

3 (V
∗ − V̄).

Combining these relations leads to

m2
ϕ ≳ 10−50 m−2 ≫ H2

0 ,

which implies that the quadratic scalar field mass is roughly 102 times larger than the
Hubble scale.

This result is in apparent contradiction with the common expectation that the non-
minimally coupled scalar field driving cosmological dynamics should have a Compton
wavelength of the order of the Hubble length [39,42,58].

Actually, many metric f (R) models, providing valuable cosmological phenomenol-
ogy [5–7,23], work only if the value of the scalar field mass is much smaller than required
by Solar System tests [10].

However, to address the present discrepancy, we briefly reconsider the derivation of
the scalar-field mass in metric f (R) gravity, following the procedure discussed in [57].
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On a flat isotropic cosmological background, the Klein–Gordon equation of the non-
minimally coupled scalar field emerging in the Jordan frame reads as

3ϕ̈ + 9Hϕ̇ + 2V − ϕ
dV
dϕ

= χρm. (26)

To identify the mass of the scalar degree of freedom, one expands the field around a
background cosmological solution ϕ0(t) and introduces a small perturbation δϕ(t),

ϕ(t) = ϕ0(t) + δϕ(t), (27)

with |δϕ| ≪ ϕ0. Substituting this decomposition into the equation above and expanding to
first order in δϕ, one obtains two equations: a background equation for ϕ0 and a linearized
equation governing the perturbation.

The background dynamics is described by

3ϕ̈0 + 9Hϕ̇0 + 2V(ϕ0)− ϕ0

(
dV
dϕ

)
ϕ0

= χρm, (28)

while the perturbation satisfies

δ̈ϕ + 3H ˙δϕ + m2
ϕ δϕ = 0, (29)

which has the form of a Klein–Gordon equation for a massive scalar mode. The corre-
sponding mass term is therefore

m2
ϕ =

1
3

[
ϕ0

(
d2V
dϕ2

)
ϕ0

−
(

dV
dϕ

)
ϕ0

]
. (30)

The expression above, for the expansion in Equation (10) and ϕ0 = 1 yields
Equation (25).

Another consequence can be obtained taking the second derivative of the potential
with respect to the field (from Equation (6)):

d2V
dϕ2 = 24H

dH
dϕ

− 6
dH
dϕ

− 6H
d2H
dϕdx

=
6
dϕ
dx

[
4H

dH
dx

−
(

dH
dx

)2
− H

d2H
dx2

]
. (31)

Using now the well-known relations

dH
dz

=
H(1 + q)

1 + z
, (32)

d2H
dz2 =

H
(1 + z)2 (J − q2); (33)

and inserting (31) in the inequality of Equation (25),

V∗

3
≡ 1

3
d2V
dϕ2 |x=0 > 10−50 m−2 (34)

produces the following result:

dϕ

dx
|x=0 < 2 · 1050(3 + 2q0 − J0)H2

0 m2. (35)

Now, using the cosmographic parameters from the ΛCDM model (q0 = −0.55, J0 = 1),
the inequality (35) becomes
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dϕ

dx
|x=0 < 10−2. (36)

This result has a profound consequence on the value of the mass of the scalar field,
in particular on its divergence in z = 0, as it can be seen in [6].

An important point here is that the expression of the mass in Equation (30) makes
sense in Equation (29) only if the perturbation δϕ is varying on a much faster time
scale with respect to that one of the background variation (see. for reference, [9]).
In fact, in this case, the value of the mass, at a given instant, can be regarded as frozen
and Equation (29) becomes a real Klein–Gordon equation on an adiabatically varying
cosmological background.

In this respect, our estimates, based on cosmological bounds on the variation of New-
ton’s constant, suggest that the time scale over which the massive scalar field formulation
evolves is, at least, 102 times shorter than the Hubble time and that it seems meaningless to
discuss the non-minimally coupled scalar field mass on a much larger scale. In other words,
we infer that, at the Hubble scale, ϕ is just a non-trivial scalar mode, coupled to gravity and
no real concept of physical mass can be attributed to it. Different would be the story for a
fast scalar fluctuation, which, instead, behaves, on a linear approach, as a massive mode.
This consideration acquires particular interest in the spirit of the analysis in [59], where
the possible decaying process of a fast massive fluctuation of ϕ into dark matter particles
has been studied, although the formulation was limited by including a phenomenological
decaying rate (see also [28]).

As an illustrative example, let us consider the logarithmic model proposed in [60],
defined by the modified f (R) Lagrangian

f (R) = − 1
β

ln(1 − βR), (37)

where β is a free parameter of the model with the dimension of a squared length. Local
gravity constraints require the bound β < 6 × 10−6 cm2.

Expanding Equation (37) in the regime βR ≪ 1, one obtains

f (R) ≃ R +
β

2
R2 +O(R3). (38)

Comparing this expansion with the general form obtained from the Taylor expansion
of the potential in Equation (16), we immediately obtain the relations

V̄ ≡ 0, V0 = V∗ =
1
β

. (39)

Using Equation (18), which relates V̄ to the present-day value of the deceleration
parameter, we see that the condition V̄ = 0 implies

q0 = 1. (40)

This result clearly contradicts the observational value q0 ≃ −0.55. Therefore, the loga-
rithmic model cannot reproduce the present cosmic acceleration within the perturbative
expansion around the General Relativity limit discussed above. The accelerated expansion
found in [60] must then arise as a genuinely non-perturbative effect, in which contributions
from all orders of the expansion become relevant.

The example of a logarithmic Lagrangian, as that one discussed above, is paradigmatic
of the applicability of our constraint to extract physical information on the cosmological
dynamics predicted by a given model. However, it is worth stressing that this situation
does not apply to non-analytic f (R) Lagrangians, i.e., theories that cannot be expanded

https://doi.org/10.3390/sym18050714

https://doi.org/10.3390/sym18050714


Symmetry 2026, 18, 714 9 of 12

in Taylor series around R = 0. In such cases the perturbative procedure adopted in the
present work is not applicable and the corresponding cosmological dynamics must be
studied using different techniques [61–64].

Similarly, the present analysis is not directly relevant for those f (R) models whose
structure implies V∗ ≡ 0 in the scalar–tensor representation, corresponding to a vanishing
scalar field mass. This situation occurs, for instance, in models such as the Hu–Sawicki
construction [23], where the recovery of General Relativity relies on screening mechanisms
rather than on a perturbative expansion around the GR limit.

Furthermore, from the general expression of the scalar field mass given in
Equation (30), we obtain

m2
ϕ =

1
3β

. (41)

If we require the adiabaticity condition discussed above, namely that the scalar pertur-
bation evolves on a timescale much shorter than the cosmological background evolution,
we must impose

β ≪ H−2
0 . (42)

This condition is fully consistent with the local experimental bound on β and confirms
that the scalar mode behaves as a very massive field compared to the Hubble scale.

3. Conclusions
In this work we have analyzed the Taylor expansion of metric f (R) gravity in the

Jordan frame around the General Relativity limit at the present cosmological epoch. As-
suming that General Relativity must be recovered as the low-curvature limit of the theory,
we expanded the scalar potential around ϕ0 = 1 and imposed two independent cosmo-
logical constraints: the observed value of the present-day deceleration parameter and the
cosmological bound on the variation of Newton’s constant.

The combination of these requirements leads to a non-trivial consistency condition
on the expansion parameters of the theory. In particular, we have shown that the scalar
degree of freedom necessarily acquires a mass much larger than the Hubble scale. Even
adopting conservative cosmological bounds on ∆G/G, the resulting scalar mass squared
exceeds H2

0 by several orders of magnitude. If one were to impose the more stringent Solar
System limits on the variability of Newton’s constant, the hierarchy would become even
stronger, yielding m2

ϕ > 105H2
0 .

It is important to stress the domain of validity of this analysis. Our result applies to
analytic f (R) models that admit General Relativity as an expansion limit around ϕ0 = 1.
Well-known constructions such as the Hu–Sawicki model or other non-analytic formu-
lations do not reproduce General Relativity through a regular Taylor expansion around
this point. In those scenarios, the recovery of the GR limit typically relies on additional
dynamical mechanisms, such as chameleon-type screening, which are introduced to ensure
compatibility with local gravity tests.

Therefore, our conclusion does not directly constrain such non-analytic models (i.e.,
models that cannot be Taylor expanded near ϕ − ϕ0). Rather, it shows that within an-
alytic metric f (R) theories admitting GR as a perturbative limit at the present epoch,
observational consistency alone forces a super-Hubble scalar mass scale.

Finally, we have emphasized that the notion of scalar mass in a cosmological back-
ground requires an adiabatic separation between background evolution and perturbations.
When this condition is properly taken into account, the emergence of a super-Hubble
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mass scale appears as a natural consequence of the consistency requirements imposed
by observations.

A key novel aspect of our analysis is that, unlike the chameleon mechanism, the re-
quirement for the scalar field to have a large mass emerges solely from cosmological
constraints, independent of local Solar System tests. This shows that the mass hierarchy is
a consequence of the large-scale cosmological environment and not of local density effects,
providing a new perspective on scalar field dynamics. This finding strengthens our results,
highlighting that the super-Hubble scalar mass is an intrinsic cosmological feature rather
than a consequence of screening mechanisms.
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