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We combine the ghost-free bimetric theory of gravity with the concept of local Weyl invariance, realized
in the framework of Einstein-Cartan gravity. The gravitational sector, characterized by two independent
metrics and two independent connections, is coupled to a scalar field that can in principle develop a
nonvanishing expectation value through radiative corrections. The spectrum of the model, apart from the
massless standard graviton and a pair of axionlike pseudoscalars, associated with the presence of the Holst
invariants in the action, includes an additional spin-2 state of a nonvanishing Fierz-Pauli mass proportional
to the scalar field vacuum expectation value. We analyze the phenomenology of the model and specify the
conditions under which the massive spin-2 state could be a primary dark matter candidate.
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I. INTRODUCTION

Efforts to formulate a theory of a massive spin-2 field
have a rather long history, starting with the linear theory of
Fierz and Pauli [1]. Just after the resolution of the van Dam-
Veltman-Zakharov discontinuity [2,3] issue in the frame-
work of its nonlinear generalization by Vainshtein [4], the
theory came to face the problem of ghosts raised by
Boulware and Deser [5]. Bimetric gravity [6], characterized
by the existence of two independent metric tensors, came
out as a ghost-free answer to this problem. The physical
Planck mass as well as the Fierz-Pauli mass of the massive
spin-2 excitation arise in terms of two independent gravi-
tational scales, associated with the two dynamical metric
tensors of the theory. On the other hand, the problem of
multiple energy scales, often vastly different, that arise in
physics (hierarchy problem) has often been attributed to
approximate or exact scale invariance, broken at the
quantum level [7–35]. For instance, the Standard model
(SM) is scale invariant with the exception of the Higgs mass
term. In gravitational considerations also global scale or
Weyl invariance has also been employed to address
analogous issues. Weyl invariance can be promoted to a

local gauge symmetry in the framework of the so called
Weyl geometry. Gauge symmetries play a very important
role in physics, the most obvious example being the SM of
particle interactions whose success relies to a large extend
on its local gauge symmetries. This philosophy can be
carried over to gravitation, promoting gravity to a gauge
theory of the Poincaré group [36,37]. This is the Einstein-
Cartan theory of gravity [38,39], positing, in addition to the
metric, a torsion tensor as a fundamental property of
spacetime. The Einstein-Cartan theory can also be com-
bined with local Weyl symmetry with the role of the
corresponding Weyl gauge field [40] played by the torsion
vector.
In the present article we have combined bimetric gravity

(see [41] for a review and [42–48] for recent applications),
characterized by an additional gravitational scale that leads
to a massive spin-2 field, with the concept of local Weyl
symmetry, the latter realized in the framework of Einstein-
Cartan gravity. Einstein-Cartan bigravity, in addition to the
two independent metrics, posits two independent connec-
tions as well. The gravitational Weyl-invariant action
(see [49–63] for applications) is restricted to include at
most quadratic curvature invariants, so that no unphysical
degrees of freedom arise, consisting of quadratic terms of
the Ricci scalar curvature and Holst invariants [64] corre-
sponding to both metrics and connections. The interaction
potential of the two gravitational sectors is the standard
bigravity potential rendered Weyl-invariant in terms of its
coupling to a scalar field. The equivalent metric form of the
action features the torsion vectors corresponding to the
two sectors which are nondynamical and are integrated out.
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The model, apart from the two interacting spin-2 states,
describes a pair of axionlike pseudoscalars, associated with
the presence of the Holst terms, and the above scalar that
couples to the interaction potential [6]. Considering the
linear limit of the theory for proportional backgrounds, we
arrive, as in the case of standard bigravity, at one massless
graviton state as well as a spin-2 state of nonzero Fierz-
Pauli mass. The latter is proportional to the vacuum
expectation value (vev) of the scalar field. At this point
it is argued that quantum radiative corrections, expected to
break the scale invariance in a fashion analogous to
dimensional transmutation, lead to a nonvanishing expect-
ation value of the scalar field and as a result to a non-
vanishing Fierz-Pauli mass. Although the theory has started
with just a set of dimensionless parameters, namely those
scaling the curvature invariants and those of the interaction
potential, at the end it has exchanged a number of them for
the set of pseudoscalar, scalar, and spin-2 masses.
The paper is organized as follows: In Sec. II we lay out

the basic elements of Einstein-Cartan gravity and local
Weyl invariance. We consider the simplest Weyl-invariant
gravitational action that does not lead to unphysical degrees
of freedom and examine its coupling to a scalar field ϕ. In
Sec. III we combine the above Weyl-Einstein-Cartan
framework with the ghost-free theory of bimetric gravity,
characterized by two independent interacting metrics and
connections. The action, featuring quadratic terms of the
Ricci scalars and Holst invariants, is rewritten in terms of
pairs of auxiliary and axionlike pseudoscalar fields. We
derive the equivalent metric form of the action and integrate
out the appearing nondynamical torsion vectors. The
resulting Einstein frame action is characterized by two
gravitational scales set up by the nondynamical auxiliary
fields. In addition to the two gravitons the theory describes
the scalar field ϕ and a pair of axionlike pseudoscalars. In
Sec. III Awe derive the equations of motion and argue that
the scalar field ϕ can obtain a nonvanishing expectation
value through quantum corrections. In Sec. IV and spe-
cifically in Sec. IVAwe discuss a special class of solutions
in which the two metrics are proportional, derive the
corresponding energy-momentum tensors and analyze
the conditions for their compatibility imposed by the
Einstein’s equations. In Sec. IV B we consider perturba-
tions around proportional metric backgrounds and analyze
the corresponding linear limit, characterized by a standard
massless graviton and a spin-2 state, having a Fierz-Pauli
mass. In Sec. V we discuss the phenomenology of the
model, examining particular cases where the spin-2 state is
ultralight or superheavy and analyzing the possibility of
this state to be a primary candidate for dark matter. Finally,
in Sec. VI we state briefly our conclusions.

II. FRAMEWORK

In the Einstein-Cartan formulation of gravity [38,39]
translations and Lorentz transformations are promoted to

gauge symmetries with the gauge fields being the tetrad eAμ
and the spin connection ωAB

μ . The corresponding field
strengths can be represented by the affine-curvature Rρ

σμν

and the affine-torsion Tμ
νρ

Rρ
σμν ¼ ∂μΓρ

νσ − ∂νΓρ
μσ þ Γρ

μλΓλ
νσ − Γρ

νλΓλ
μσ;

Tμ
νρ ¼ Γμ

νρ − Γμ
ρν; ð1Þ

in terms of the affine-connection Γμ
νρ¼eμAð∂νeAρ þωA

νBe
B
ρ Þ.

The torsion tensor can be decomposed as

Tμνρ ¼ −
1

3
ðgμνTρ − gμρTνÞ þ

1

6
ϵμνρσT̂

σ þ τμνρ; ð2Þ

in terms of a vector part Tμ, an axial vector part T̂μ, defined
as

Tμ ¼ gνρTνμρ; T̂μ ¼ ϵμνρσTνρσ; ð3Þ

and a tensorial part τνρσ , defined by ταμα ¼ τααμ ¼
ϵμ

νρστνρσ ¼ 0.
Global scale symmetry corresponds to invariance under

the transformations

eAμ → q−1eAμ ; ωAB
μ → ωAB

μ : ð4Þ

This symmetry can be promoted to a local gauge symmetry
(Weyl symmetry) introducing a gauge field Wμ transform-
ing as

Wμ → Wμ þ q−1ðxÞ∂μqðxÞ: ð5Þ

Under this symmetry the torsion vector transforms in an
analogous fashion, namely as

Tμ → Tμ − 3q−1ðxÞ∂μqðxÞ: ð6Þ

It is possible to realize this local symmetry without
introducing the gauge field as an additional dynamical
degree of freedom. Instead, one can employ the torsion
vector by setting Wμ ¼ 1

3
Tμ, with the corresponding Weyl

covariant derivative defined as

∇ðwÞ
μ ¼ ∂μ þ

1

3
Tμ: ð7Þ

It turns out that, in the specific Einstein-Cartan quadratic
models to be considered below, the torsion is nondynamical
and, therefore, employing the above identification will not
introduce any additional dynamical degrees of freedom.
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The set of (local) Weyl transformations are1

gμν → q−2gμν; Γμ
νρ →Γμ

νρ−q−1∂νqδ
μ
ρ;

R→ q2R; R̃→ q2R̃;

Tμ →Tμ−3q−1∂μq; T̂μ → T̂μ; τμνρ→ q−2τμνρ; ð8Þ

where R and R̃ are the two existing curvature scalars,
namely the Ricci scalar and the Holst invariant [64],
defined as

R ¼ gσνRρ
σρν; R̃ ¼ ϵμνρσRμνρσ: ð9Þ

Constructing a theory of pure gravity in the above
described Einstein-Cartan framework and subject to the
criterion of the absence of any unphysical degrees of
freedom, we are restricted to consider at most quadratic
terms of the curvature and in particular at most quadratic
terms ofR and R̃. In addition Weyl symmetry excludes the
linear terms. Therefore, a general Weyl-Einstein Cartan
pure gravity action is2

Sg ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

4f2
R2 þ 1

4f̃2
R̃2

�
; ð10Þ

where g is the metric determinant and f; f̃ are dimension-
less parameters. It is also worth mentioning that the above
action coincides with the metric-affine case where non-
metricity is nonzero. This equivalence arises due to a
projective symmetry of the action, generated by a single
vector.3 However, if we explicitly include terms involving
nonmetricity and/or torsion in the action (as in what
follows) [68–70], this equivalence no longer holds.
The action (10) can also be written in terms of two

auxiliary fields, namely an auxiliary scalar χ and an
axionlike ζ as

Sg ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
χ

2f2
Rþ ζ

2f̃2
R̃ −

χ2

4f2
−

ζ2

4f̃2

�
: ð11Þ

The coupling of a scalar field ϕ to gravity in this framework
will necessarily restrict its self-interaction potential to be
quartic. The corresponding action will be

Sm ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
ξϕ2R−

1

2
ð∇ðwÞ

μ ϕÞ2 − λ

4
ϕ4 þCT̂2ϕ2

�
:

ð12Þ

Note also the presence of the Weyl-invariant termffiffiffiffiffiffi−gp
T̂2ϕ2, where T̂2 ¼ gμνT̂μT̂ν, which cannot be

excluded. A nonminimal coupling term
ffiffiffiffiffiffi−gp

ξ̃ϕ2R̃ is also
allowed by Weyl invariance, although it is parity odd.
Recently, numerous studies have explored the effects of this
term in inflation [65,66,71–80].
Closing this section we note that the action can be set in a

metric form by substituting in place of the curvature scalars
the formulas

R¼RðgÞþ2∇μTμ−
2

3
TμTμþ 1

24
T̂μT̂

μþ1

2
τμνρτ

μνρ; ð13aÞ

R̃ ¼ −∇μT̂
μ þ 2

3
T̂μTμ þ 1

2
ϵμνρστλμντ

λ
ρσ; ð13bÞ

where the metric Ricci scalar RðgÞ and the covariant
derivative are defined in terms of the Levi-Civita connec-
tion. In the above formulas, the quadratic terms of the
tensorial part τμνρ can be neglected, as their (algebraic)
equation of motion yields τ ¼ 0, allowing us to set them to
zero to begin with.

III. THE MODEL

Bimetric gravity as a ghost-free theory of a massive
spin-2 particle, positing two independent metric tensors
ðg1Þμν and ðg2Þμν, formulated in the Einstein-Cartan frame-
work, is also characterized by two independent connec-
tions. The Fierz-Pauli mass for one of the spin-2 states is
generated by a standard interaction potential of the form4P

4
n¼0 βnenð

ffiffiffiffi
Δ

p Þ, where Δμ
ν ¼ gμρ1 g2ρν, in terms of five

parameters βn. Imposing invariance under common local
transformations gaμν → q−2gaμν and ðΓaÞμνρ → ðΓaÞμνρ −
q−1∂νqδ

μ
ρ leads us to consider an action of the form (10) for

each metric. Thus, for the noninteracting part of the
gravitational action we adopt the action5

Sg ¼
Z

d4x

� ffiffiffiffiffiffiffiffi
−g1

p �
1

4f21
R2

1 þ
1

4f̃21
R̃2

1

�

þ ffiffiffiffiffiffiffiffi
−g2

p �
1

4f22
R2

2 þ
1

4f̃22
R̃2

2

��
: ð14Þ

1Scalar fields transform in terms of their canonical dimension as
ϕ → qdϕ.

2We exclude the parity-odd mixed RR̃ term. See [65,66] for
the inclusion of this term in the context of inflation.

3A new extended projective symmetry, generated by a pair of
vectors and leading to interesting phenomenology, has been
discussed in [67].

4Starting with e0ðXÞ ¼ 1, the polynomials enðXÞ satisfy the
recurrence relation

enðXÞ ¼
ð−1Þnþ1

n

Xn−1
k¼0

ð−1ÞkTrðXn−kÞekðXÞ:
5The impact of a quadratic curvature term in bigravity has been

recently discussed in [44,46] using the standard metric formu-
lation and in [42] within the framework of metric-affine gravity.
For further applications in the context of FðRÞ massive gravity
and bigravity, refer to [81,82].
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Note that the standard interaction potential discussed above
is of zero Weyl weight. A Weyl-invariant interaction
potential that preserves the results of bimetric gravity
can be written in terms of a scalar field ϕ (of canonical
dimension d ¼ 1) with a quartic interaction, namely

Vð
ffiffiffiffi
Δ

p
;ϕÞ ¼ ϕ4

X4
n¼0

βnenð
ffiffiffiffi
Δ

p
Þ; ð15Þ

where βn are five dimensionless parameters. Note that a
quartic self-interaction is included in the sum in terms of
the n ¼ 0 and n ¼ 4 terms. Thus, the full action of the
model is

S ¼ Sg þ Sint;ϕ; ð16Þ

where

Sint;ϕ ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p �
−
1

2
ð∇ðwÞ

μ ϕÞ2 þ CT̂2
1ϕ

2

þ ϕ4
X4
n¼0

βnenð
ffiffiffiffi
Δ

p
Þ
�
: ð17Þ

The specific form of the potential V is determined by the
requirement that the theory remains both ghost-free [6,83]
and invariant under Weyl transformations. This ensures the
internal consistency of the framework, preventing the emer-
gence of unphysical degrees of freedom while preserving its
fundamental symmetry properties. Terms of the form ξϕ2R
and ξ̃ϕ2R̃ also preserve Weyl invariance. However, we omit
them at this stage for the sake of simplicity.
We can proceed by introducing auxiliary fields in the

fashion of (11), namely a pair of auxiliary scalar fields χa
and a pair of axionlike pseudoscalars ζa, and rewrite the
gravitational part of the action, summing up over the two
sets of variables in terms of an index a, as

Sg ¼
Z

d4x
X
a¼1;2

ffiffiffiffiffiffiffiffi
−ga

p �
χa
2f2a

Ra þ
ζa
2f̃2a

R̃a −
χ2a
4f2a

−
ζ2a
4f̃2a

�
:

ð18Þ

Weyl invariance allows us to set one of the auxiliary
fields to

χ1 ¼ f21m
2
1: ð19Þ

Next, we can employ the expressions (13) in terms of the
torsion vectors and write the full action in metric form as

S ¼ S1 þ S2 þ Sint; ð20Þ

with

S1 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p �
m2

1

2

�
R½g1�−

2

3
T2
1 þ

1

24
T̂1μT̂

μ
1

�

þ ζ̄1
2

�
2

3
Tμ
1T̂1μ

�
þ 1

2
T̂μ
1∂μζ1 −

1

2
ð∂μϕÞ2

−
1

18
ϕ2Tμ

1T1μ −
1

3
ϕTμ

1∂μϕþCϕ2T̂2
1 −

f21
4
m4

1 −
f̃21
4
ζ̄21

�
;

ð21aÞ

S2 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g2

p �
χ̄2
2

�
R½g2�−

2

3
T2
2 þ

1

24
T̂2μT̂

μ
2

�

þ ζ̄2
2

�
2

3
Tμ
2T̂2μ

�
þ 1

2
T̂μ
2∂

μζ̄2 − Tμ
2∂χ̄2 −

f22
4
χ̄22 −

f̃22
4
ζ̄22

�
;

ð21bÞ

Sint ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p
ϕ4

X4
n¼0

βnenð
ffiffiffiffi
Δ

p
Þ: ð21cÞ

Note that the kinetic and T̂2 terms of ϕ, included in Sint;ϕ

are not included in Sint, having been incorporated in S1.
Note also that we have omitted the terms τμνρ1 ; τμνρ2 since
they appear quadratically in the action, and their equations
of motion yield τμνρ1 ¼ τμνρ2 ¼ 0 as solutions. We have
imposed the gauge χ1 ¼ f21m

2
1 and redefined the fields as

ζ1=f̃
2
1 ¼ ζ̄1, ζ2=f̃

2
2 ¼ ζ̄2, and χ2=f22 ¼ χ̄2.

Varying the above action (21) with respect to T1; T̂1; T2,
and T̂2 we obtain the system of linear equations with
solutions

Tμ
1 ¼ −

3½12ζ̄1∂μζ̄1 þ ϕ∂μϕðm2
1 þ 48Cϕ2Þ�

24ζ̄21 þ ð6m2
1 þ ϕ2Þðm2

1 þ 48Cϕ2Þ ;

T̂μ
1 ¼

12½2ζ̄1ϕ∂μϕ − ∂
μζ̄1ð6m2

1 þ ϕ2Þ�
24ζ̄21 þ ð6m2

1 þ ϕ2Þðm2
1 þ 48Cϕ2Þ ;

Tμ
2 ¼ −

3ð4ζ̄2∂μζ̄2 þ χ̄2∂
μχ̄2Þ

2ðχ̄22 þ 4ζ̄22Þ
;

T̂μ
2 ¼

12ðζ̄2∂μχ̄2 − χ̄2∂
μζ̄2Þ

χ̄22 þ 4ζ̄22
: ð22Þ

Substituting the solution back into the action (20) we
obtain
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S1 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p �
m2

1

2
R½g1� −

f21
4
m4

1 −
f̃21
4
ζ̄21

− 3
ð∂μζ̄1Þ2ð6m2

1 þ ϕ2Þ þ ð∂μϕÞ2ðm4
1 þ 4ζ̄21 þ 48Cm2

1ϕ
2Þ − 4ζ̄1ϕ∂μϕ∂

μζ̄1
24ζ̄21 þ ð6m2

1 þ ϕ2Þðm2
1 þ 48Cϕ2Þ

�
; ð23aÞ

S2 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g2

p �
χ̄2
2
R½g2� −

f22
4
χ̄22 −

f̃22
4
ζ̄22 þ

3

4

�
χ̄2ð∂μχ̄2Þ2 − 4χ̄2ð∂μζ̄2Þ2 þ 8ζ̄2∂μχ̄2∂

μζ̄2
χ̄22 þ 4ζ̄22

��
: ð23bÞ

The action S1 can be diagonalized by performing the field
redefinition [60,65]6

ϕ ¼
ffiffiffi
6

p
m1 sinh

�
Φffiffiffi
6

p
m1

�
;

ζ̄1 ¼ 12m2
1e

−Z=m1 cosh2
�

Φffiffiffi
6

p
m1

�
; ð24Þ

which transforms S1 into

S1 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p �
m2

1

2
R½g1� −

1

2
ð∂μΦÞ2

−
1

2
KZðΦ; ZÞð∂μZÞ2 − V1ðΦ; ZÞ

�
; ð25Þ

where

KZðΦ;ZÞ¼ 3

2

cosh4ð Φffiffi
6

p
m1

Þ
½cosh2ð Φffiffi

6
p

m1

Þþ e2Z=m1

ð24Þ2 ð1þ288Csinh2ð Φffiffi
6

p
m1

ÞÞ� ;

ð26aÞ

V1ðΦ;ZÞ¼m4
1f

2
1

4
þ36m4

1f̃
2
1e

−2Z=m1cosh4
�

Φffiffiffi
6

p
m1

�
: ð26bÞ

Before proceeding with the diagonalization of S2 we
first perform a Weyl rescaling of the metric g2μν,
given by7

g2μν →
m2

2

χ̄2
g2μν: ð27Þ

The rescaling introduces the standard additional derivative

term, − 3
4
m2

2

ð∂μχ̄2Þ2
χ2

2 . Consequently, the actions S2 and Sint

are modified accordingly

S2 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g2

p �
m2

2

2
R½g2� −

3

4
m2

2

ð∂μχ̄2Þ2
χ̄2

2

þ 3

4
m2

2

ð∂μχ̄2Þ2 − 4ð∂μζ̄2Þ2 þ 8 ζ̄2
χ̄2
∂μχ̄2∂

μζ̄2

χ̄22 þ 4ζ̄22
;

−
1

4
m4

2f
2
2 −

1

4
m4

2f̃
2
2

ζ̄22
χ̄22

�
; ð28Þ

Sint ¼ 36m4
1

Z
d4x

ffiffiffiffiffiffiffiffi
−g1

p
sinh4

�
Φffiffiffi
6

p
m1

�

×
X4
n¼0

�
m2ffiffiffiffiffi
χ̄2

p
�

n
βnenð

ffiffiffiffi
Δ

p
Þ; ð29Þ

where we made use of the property enð
ffiffiffiffiffi
λx

p Þ ¼ λn=2enð
ffiffiffi
x

p Þ.
Introducing the field

σ ¼ m2

ζ̄2
χ̄2

; ð30Þ

S2 reduces to a single-field action

S2 ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g2

p �
m2

2

2
R½g2� −

1

2
KσðσÞð∂μσÞ2 − V2ðσÞ

�
;

ð31Þ

where

KσðσÞ ¼
6

1þ 4σ2=m2
2

and V2ðσÞ ¼
1

4
m4

2f
2
2 þ

1

4
m2

2f̃
2
2σ

2:

ð32Þ

6The inverse relations are

Φ ¼
ffiffiffi
6

p
m1 sinh−1ðϕ=

ffiffiffi
6

p
m1Þ; Z ¼ −m1 ln

�
ζ̄1m1

2ðϕ2 þ 6m2
1Þ
�
:

7Note that Weyl-invariance has been used to gauge-fix the
auxiliary χ1, so that no Weyl-rescaling for g1μν is required. In
contrast, the metric g2μν enters in the Jordan frame and a Weyl-
rescaling is appropriate.
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Our complete final action is given by

S1 þ S2 þ Sint ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g1

p �
m2

1

2
R½g1� −

1

2
ð∂μΦÞ2 − 1

2
KZðΦ; ZÞð∂μZÞ2 − V1ðΦ; ZÞ

�

þ
Z

d4x
ffiffiffiffiffiffiffiffi
−g2

p �
m2

2

2
R½g2� −

1

2
KσðσÞð∂μσÞ2 − V2ðσÞ

�

þ 36m4
1

Z
d4x

ffiffiffiffiffiffiffiffi
−g1

p
sinh4

�
Φffiffiffi
6

p
m1

�X4
n¼0

�
m2ffiffiffiffiffi
χ̄2

p
�

n
βnenð

ffiffiffiffi
Δ

p
Þ; ð33Þ

where the involved functions are given by (26) and (32).
The absence of ghost degrees of freedom in standard
massive gravity [84] and bigravity [6] was explicitly
demonstrated in [83,85]. For actions similar to (33), where
the interaction potential is field-dependent, this was proven
in [46] and was also adopted in the context of multi-
gravity in [86].
Note that this action, apart from the two spin-2 particles,

describes one dynamical scalar field and two dynamical
pseudoscalars, namely Z and σ, associated with the
presence of the Holst terms. The appearing auxiliary χ2
is clearly nondynamical, not possessing a kinetic term. As it
has been pointed out, the coupling of the pseudoscalar
sector to the axial vector current of SM fermions can lead to
a possible solution of the strong CP problem [60].

A. Equations of motion

Varying the action (29) with respect to the nondynamical
scalar χ̄2 we get

δSint

δχ̄2
¼ 0 ⇒

X4
n¼0

ðχ̄2Þ−n=2−1nβ̊nenð
ffiffiffiffi
Δ

p
Þ ¼ 0;

where β̊n ¼ mn
2βn:

ð34Þ

This equation amounts

β̊1e1ð
ffiffiffiffi
Δ

p
Þχ̄3=22 þ 2β̊2e2ð

ffiffiffiffi
Δ

p
Þχ̄2 þ 3β̊3e3ð

ffiffiffiffi
Δ

p
Þχ̄1=22

þ 4β̊4e4ð
ffiffiffiffi
Δ

p
Þ ¼ 0; ð35Þ

with the χ̄2 coefficients becoming constant for proportional
backgrounds. Note that for the so-called minimal choice [6]
(β2 ¼ β3 ¼ 0), (35) yields

χ̄1=22 ¼ m2

�
−4β4e4ð

ffiffiffiffi
Δ

p Þ
β1e1ð

ffiffiffiffi
Δ

p Þ

�1=3

: ð36Þ

By varying the action (33) with respect to Φ, Z, and σ,
we obtain the scalar field equations of motion

□Φ −
1

2

∂KZ

∂Φ
ð∂μZÞ2 þ 12

ffiffiffi
6

p
m3

1 sinh

�
2Φffiffiffi
6

p
m1

�

×

�
sinh2

�
Φffiffiffi
6

p
m1

�X4
n¼0

χ̄−n=22 β̊nenð
ffiffiffiffi
Δ

p
Þ

− f̃21cosh
2

�
Φffiffiffi
6

p
m1

�
e−2Z=m1

�
¼ 0; ð37aÞ

□Z −
1

2

∂KZ

∂Z
ð∂μZÞ2 þ 72m3

1f̃
2
1e

−2Z=m1cosh4
�

Φffiffiffi
6

p
m1

�
¼ 0;

ð37bÞ

□σ −
1

2

∂Kσ

∂σ
ð∂μσÞ2 −

1

2
m2

2f̃
2
2σ ¼ 0: ð37cÞ

Variations with respect to the metrics g1μν and g2μν give the
Einstein equations

Rμνðg1Þ −
1

2
g1μνRðg1Þ ¼

1

m2
1

Tð1Þ
μν ; ð38aÞ

Rμνðg2Þ −
1

2
g2μνRðg2Þ ¼

1

m2
2

Tð2Þ
μν ; ð38bÞ

where

Tð1Þ
μν ¼ ∂μΦ∂νΦ −

1

2
g1μνð∂ρΦÞ2 þ KZ∂μZ∂νZ

−
KZ

2
g1μνð∂ρZÞ2 − g1μνV1ðΦ; ZÞ

− 72m4
1sinh

4

�
Φffiffiffi
6

p
m1

�X4
n¼0

β̊n
1ffiffiffiffiffiffiffiffi−g1

p δ

δgμν1

ð ffiffiffiffiffiffiffiffi
−g1

p
χ̄−n=22 enð

ffiffiffiffi
Δ

p
ÞÞ; ð39aÞ
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Tð2Þ
μν ¼ Kσ∂μσ∂νσ −

Ks

2
g2μνð∂ρσÞ2 − g2μνV2ðσÞ

− 72m4
1sinh

4

�
Φffiffiffi
6

p
m1

�X4
n¼0

β̊n
1ffiffiffiffiffiffiffiffi−g2

p δ

δgμν2

ð ffiffiffiffiffiffiffiffi
−g1

p
χ̄−n=22 enð

ffiffiffiffi
Δ

p
ÞÞ: ð39bÞ

The remaining variations in the equations above, which
have not yet been computed, can be expressed as

X4
n¼0

β̊n
δð ffiffiffiffiffiffiffiffi−g1
p

χ̄−n=22 enð
ffiffiffiffi
Δ

p Þ
δgμνa

¼
X4
n¼0

β̊n

�
χ̄−n=22

δð ffiffiffiffiffiffiffiffi−g1
p

enð
ffiffiffiffi
Δ

p ÞÞ
δgμνa

−
n
2

ffiffiffiffiffiffiffiffi
−g1

p
enð

ffiffiffiffi
Δ

p
Þχ̄−n=2−12

δχ̄2
δgμνa

�

¼
X4
n¼0

β̊nχ̄
−n=2
2

δð ffiffiffiffiffiffiffiffi−g1
p

enð
ffiffiffiffi
Δ

p ÞÞ
δgμνa

; ð40Þ

where the second term on the right-hand side of the first
line vanishes on-shell due to the equation of motion for χ̄2
(34). At this stage, Eq. (40) contains only the standard
variations in the bigravity framework, given by

−2ffiffiffiffiffiffiffiffi−g1
p δð ffiffiffiffiffiffiffiffi−g1

p
enð

ffiffiffiffi
Δ

p ÞÞ
δgμν1

¼ VðnÞ
μν and

−2ffiffiffiffiffiffiffiffi−g2
p δð ffiffiffiffiffiffiffiffi−g1

p
enð

ffiffiffiffi
Δ

p ÞÞ
δgμν2

¼ Ṽð4−nÞ
μν ; ð41Þ

where

VðnÞ
μν ¼ g1μλYλ

ðnÞν
� ffiffiffiffiffiffiffiffiffiffiffi

g−11 g2

q �
and

ṼðnÞ
μν ¼ g2μλYλ

ðnÞν
� ffiffiffiffiffiffiffiffiffiffiffi

g−12 g1

q �
; ð42Þ

with

YðnÞðXÞ ¼
Xn
r¼0

ð−XÞn−rerðXÞ: ð43Þ

As a result the energy momentum tensors (39) can be
written as

Tð1Þ
μν ¼ ∂μΦ∂νΦ −

1

2
g1μνð∂ρΦÞ2 þ KZ∂μZ∂νZ

−
KZ

2
g1μνð∂ρZÞ2 − g1μνV1ðΦ; ZÞ

þ 36m4
1sinh

4

�
Φffiffiffi
6

p
m1

�X3
n¼0

β̊nχ̄
−n=2
2 VðnÞ

μν ; ð44aÞ

Tð2Þ
μν ¼ Kσ∂μσ∂νσ −

Ks

2
g2μνð∂ρσÞ2 − g2μνV2ðσÞ

þ 36m4
1sinh

4

�
Φffiffiffi
6

p
m1

�X4
n¼1

β̊nχ̄
−n=2
2 Ṽð4−nÞ

μν : ð44bÞ

Closing this section we see that the equations of motion
for the two gravity related pseudoscalars σ and ζ1 are
satisfied with σ ¼ 0 and ζ1 ¼ 0. The latter corresponds to
Z ¼ þ∞ through the transformation relation Z ¼
−m1 ln ðζ̄1m1=2ðϕ2 þm2

1ÞÞ. A vanishing classical vacuum
is also a solution for ϕ. Nevertheless, in our general
framework of consideration, where the effective theory
of gravity is treated classically, while matter fields are
sensitive to quantum corrections, it would be reasonable to
expect that quantum corrections involving ϕ could be
important in the flat limit. The potential expressed in terms
of ϕ is just a quartic potential with the role of the bare
coupling played by β0, while the derivative interactions are
suppressed for ϕ ≪ m1. Note that ϕ could very well be a
SM field or even the Higgs itself, interacting with the rest of
matter. Dimensional transmutation via logarithmic correc-
tions to the potential ΔV ∼ ϕ4 lnðϕ2=μ2Þ could take place,
thus, generating dynamically a scale hϕi ¼ v ≠ 0. We are
going to make this assumption in the rest our considerations
of the above model.

IV. BACKGROUND SOLUTIONS
AND PARTICLE SPECTRUM

In this section, we shall consider a special class of
solutions for the metric tensors, known as proportional
solutions. Perturbing around these solutions we derive the
corresponding particle spectrum which includes the stan-
dard graviton and a massive spin-2 particle.

A. Proportional solutions

Proportional solutions [87] by definition are those for
which the two metrics are related by a constant proportion-
ality factor

g2μν ¼ c2g1μν ¼ c2gμν: ð45Þ

These solutions play a crucial role in simplifying the
structure of the field equations8 and allow for analytic
progress in understanding the vacuum structure and per-
turbative stability of the theory. Note that the requirement
that both metrics should have a flat limit is easier to satisfy
in the case of proportional metrics, in contrast to a case of
independent metrics, which poses a more difficult issue to

8Note that for proportional backgrounds

enð
ffiffiffiffi
Δ

p
Þ ¼

�
4

n

�
cn: ð46Þ
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be studied. Given this relationship, the tensors VðnÞ
μν and

ṼðnÞ
μν , defined in (42), take the form

VðnÞ
μν ¼ gμν

�
3

n

�
cn and

ṼðnÞ
μν ¼ gμν

�
3

n

�
c2−n; with n ¼ 0; 1; 2; 3: ð47Þ

These expressions show that, under proportional solutions,
the interaction tensors retain a simple dependence on c,
greatly simplifying the field equations.
These solutions can be valid in vacuum states, where the

fields acquire their vacuum expectation values, or along
specific directions in field space [44]. In the following, we
analyze the behavior of these solutions in the vacuum. The
equations of motion for the pseudoscalars are satisfied for
σ ¼ 0 and ζ1 ¼ 0, while, as we have argued in the previous
section, the scalar ϕ can in principle acquire a nonvanishing
expectation value. The potential for Φ, expressed in terms
of the original variable ϕ, arising only from the interaction
term, for proportional backgrounds g2μν ¼ c2g1μν corre-
sponds to a quartic potential

V int ¼ ϕ4
X
n¼0

β̊nχ̄
−n=2
2 enð

ffiffiffiffi
Δ

p
Þ ⇒ð45Þ

V int ¼ ϕ4
X4
n¼0

�
4

n

�
β̊nχ̄

−n=2
2 cn; ð48Þ

where χ̄2 is a constant solution of the equationP
4
n¼1ð4nÞnβ̊ncnχ̄−n=22 ¼ 0. Quantum corrections due to the

ϕ self-interaction and to interactions with matter fields,
will necessarily generate logarithmic corrections ΔV ∝
ϕ4 lnðϕ2=μ2Þ, which are expected to break its classical
scale invariance and lead to a nonvanishing expectation
value hΦi ¼ vΦ ≠ 0.
Assuming proportional backgrounds (45) the energy

momentum tensors at the vacuum read

Tð1Þ
μν ¼ −gμν

1

4
m4

1f
2
1 þ 36m4

1sinh
4

�
vΦffiffiffi
6

p
m1

�

×
X3
n¼0

β̊nχ̄
−n=2
2

�
3

n

�
cngμν ¼ −m2

1Λ1gμν; ð49aÞ

Tð2Þ
μν ¼ −gμν

1

4
c2m4

2f
2
2 þ 36m4

1sinh
4

�
vΦffiffiffi
6

p
m1

�

×
X4
n¼1

β̊nχ̄
−n=2
2

�
3

4 − n

�
cn−2gμν

¼ −gμν
1

4
c2m4

2f
2
2 ¼ −α2m2

1Λ2gμν; ð49bÞ

where α ¼ m2=m1 represents the ratio of the gravitational
masses in the two sectors. Note that the β̊n-dependent term

of Tð2Þ
μν vanishes on-shell due to the equation of motion (34)

for χ̄2. This follows from the combinatorial identity
ð 3
4−nÞ ¼ n

4
ð4nÞ.

A crucial property of the Einstein tensor, Rμν − 1
2
gμνR, is

that it remains invariant under uniform scaling of the metric
as in (45). Consequently, the left-hand sides of the Einstein
equations (38a) and (38b) are identical, leading to the
proportionality of their corresponding energy-momentum

tensors, that is α2Tð1Þ
μν ¼ Tð2Þ

μν . By redefining the parameters
β̊n as β̄n ¼ β̊ncnχ̄

−n=2
2 and using the proportionality of the

energy-momentum tensors, we obtain the following param-
eter relation

1

4
f21 − 36 sinh4

�
vΦffiffiffi
6

p
m1

�
ðβ̄0 þ 3β̄1 þ 3β̄2 þ β̄3Þ ¼

1

4
ᾱ2f22;

ð50Þ

where ᾱ ¼ αc. Furthermore, the proportionality condition
affects the equation of motion for χ̄2, given by (35), which
takes the form β̊1χ̄

3=2
2 þ 3cβ̊2χ̄2 þ 3c2β̊3χ̄

1=2
2 þ c3β̊4 ¼ 0.

This is a cubic equation for χ̄1=22 that can be solved to
express χ̄2 as a function of the parameters, that is,
χ̄2 ¼ χ̄2ðᾱ; β1; β2; β3; β4Þ.

B. Linearization

Perturbation theory in bimetric gravity faces significant
challenges due to the presence of the square rootmatrix in the
interaction potential. This complication generally makes the
study of fluctuationsmore intricate.Nevertheless, for propor-
tional solutions, the structure of the equations simplifies
considerably, allowing for a more tractable analysis and
providing a simplified setting for analyzing fluctuations.
Linear perturbations around proportional backgrounds

are studied by introducing the metric fluctuations hμν and
lμν as deviations from the background metrics g1μν and g2μν
respectively. Specifically, we define

g1μν ¼ gμν þ hμν and g2μν ¼ c2gμν þ lμν: ð51Þ

Since the theory generically leads to a massive and a
massless spin-2 excitation, it is useful to construct linear
combinations of hμν and lμν that diagonalize the mass
spectrum. The canonically normalized mass eigenstates are
then given by

Gμν ¼
MP

ð1þ α2c2Þ ðhμν þ α2lμνÞ;

Mμν ¼
αMP

cð1þ α2c2Þ ðlμν − c2hμνÞ; ð52Þ
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where Gμν corresponds to the massless spin-2 mode and
Mμν represents the massive eigenstate. The physical Planck
mass, which governs gravitational interactions, is defined
as9 MP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ c2m2
2

p
. These redefinitions ensure that

the kinetic terms for the mass eigenstates are properly
normalized, simplifying the analysis of their interactions.
The linearized action for these perturbations takes the form

S ¼ 1

2

Z
d4x

ffiffiffiffiffiffi
−g

p �
1

4
GμνEμνρσGρσ þ

1

4
MμνEμνρσMρσ

þ Λ1

2

�
GμνGμν −

1

2
G2

�
þ Λ1

2

�
MμνMμν −

1

2
M2

�

−
m2

FP

4
ðMμνMμν −M2Þ −MPΛ1G − 2M2

PΛ1

�
; ð53Þ

where we have used the equality of cosmological con-
stants10 Λ1 ¼ Λ2. The structure of this action highlights the
presence of two independent sectors: one corresponding to
a massless graviton and another to a massive spin-2 field.
The massive sector exhibits a standard Fierz-Pauli structure
with mass term m2

FP, which ensures that the theory
propagates the correct number of degrees of freedom
without introducing ghostlike instabilities. The Fierz-
Pauli mass of the massive spin-2 field is explicitly given by

m2
FP ¼−

36M2
P

ᾱ2
sinh4

�
vΦ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ᾱ2

p
ffiffiffi
6

p
MP

�
ðβ̄1þ2β̄2þ β̄3Þ: ð54Þ

This mass term arises from the interaction potential between
the two metrics and plays a crucial role in determining the
phenomenology of the massive spin-2 mode.

V. MASSIVE SPIN-2 PHENOMENOLOGY

In this section, we shall examine the Fierz-Pauli mass
(54) and see how it relates to the model parameters,
specifically vΦ, the ratio of the gravitational scales ᾱ,
and the β parameters. We shall also investigate whether the
massive spin-2 particle can constitute DM and, using
previously established constraints, derive limits on the
vacuum expectation value vΦ. We shall focus on the so-
called minimal choice of parameters, where the parameters
β2 and β3 are set to zero. This choice simplifies the analysis
while preserving the essential features of the theory. In this
scenario, solving the equation of motion for χ̄2, we obtain

χ̄1=22 ¼ ᾱMPffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ᾱ2

p ð−β4=β1Þ1=3; ð55Þ

which leads to the rescaled β̄ parameters

β̄1 ¼
β1

ð−β4=β1Þ1=3
and β̄4 ¼

β4
ð−β4=β1Þ4=3

: ð56Þ

Note that even in the most complex case, where none of the
β parameters are zero, the β̄ parameters always depend
solely on the β parameters and not on any other parameters
of our model. To explore the behavior of the Fierz-Pauli
mass, we take the β parameters to be of order Oð1Þ, and
analyze how the mass evolves for different values of the vev
vΦ, ranging between OðMWÞ and OðMPÞ. Taking the
specific values β1 ¼ −1 ¼ −β4, the Fierz-Pauli mass
becomes

mFP ¼
6MP

ᾱ
sinh2

�
vΦ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ᾱ2

p
ffiffiffi
6

p
MP

�
: ð57Þ

In Fig. 1 we show the Fierz-Pauli mass as function of vΦ
(left) and ᾱ (right), computed using Eq. (57). It is clear that
the Fierz–Pauli mass can vary significantly depending on
the values of vΦ and ᾱ. In the following, we discuss the
limiting cases of ultralight and superheavy massive spin-2
particles as well as the case of the spin-2 particle being dark
matter [88–98].

A. Ultralight massive spin-2

For small vevs, i.e., vΦ ≪ MP, assuming ᾱ < 1, the
Fierz-Pauli mass formula simplifies to the approximate
form mFP ≃ v2Φ=ðᾱMPÞ, which shows that it scales quad-
ratically with vΦ, suppressed by ᾱMP. If we take vΦ to be of
the order of the electroweak scale, vΦ ∼MW , the corre-
sponding mass is estimated to mFP ≃ 3 × 10−6ᾱ−1 eV,
indicating an ultralight massive spin-2 particle in the
limiting case where ᾱ ∼Oð1Þ. As ᾱ decreases, the Fierz-
Pauli mass correspondingly increases, highlighting its
inverse dependence on ᾱ.

B. Superheavy massive spin-2

Restricting our analysis to the case where ᾱ < 1 and
considering a vev near the Planck scale, we find a Fierz-
Pauli mass mFP ∼MP=ᾱ, which is always super-
Planckian.11 This excludes such high values for the vev
vΦ. However, if we consider lower vev values
vΦ ∼ 10−νMP, as for example at the grand unified theory
(GUT) scale (ν ∼ 2 or 3), we obtainmFP ∼ 10−2νMP=ᾱ. For
mFP to remain sub-Planckian, we have to require
ᾱ > 10−2ν. More generally, since we cannot have masses
exceeding the Planck scale, we must have vΦ ≲MP

ffiffiffī
α

p
.

9We shall assume that the coupling to matter is realized
exclusively through g1μν. In this case

TðmÞ
μν gμν1 ¼ TðmÞ

μν gμν þ 1

MP
GμνTðmÞ

μν −
ᾱ

MP
MμνTðmÞ

μν :

10Note that Λ1¼m2
1ð14f21−36sinh4ð vΦffiffi

6
p

m1

Þðβ̄0þ3β̄1þ3β̄2þβ̄3ÞÞ. 11See also the orange line in the right panel of Fig. 1.
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The above distinction between the ultralight and super-
heavy regimes is based on our assumption that the β
parameters are of order Oð1Þ. Since these parameters act as
multiplicative factors in the Fierz-Pauli mass, they can
significantly alter its value if we assume that β is either very
large or very small. This would allow for a smooth
transition between the ultralight and superheavy regimes
by appropriately tuning the β parameters. In general, there
is considerable flexibility in setting the mass of the spin-2
particle, allowing us to satisfy various constraints, such as
those arising when the massive spin-2 particle is identified
as a candidate for dark matter [88,91].

C. Massive spin-2 as dark matter

It has been well established that the massive spin-2
particles predicted by bimetric gravity could serve as viable
DM candidates due to their extremely weak interactions
with SM particles. The parameter space for massive spin-2
DM can be constrained by considering the most stringent
lifetime bounds for decaying DM, limits imposed by DM
overproduction, and the exclusion of regions where per-
turbative analysis is not applicable. By incorporating these
constraints, the authors of [88] found that the allowed range
for the Fierz-Pauli mass is significantly restricted to
1 TeV≲mFP ≲ 100 TeV, while the gravitational mass
associated with the second metric lies within the range
is 1 TeV≲m2 ≲ 104 TeV. These values, in turn, corre-
spond to the parameter range 10−15 ≲ ᾱ≲ 10−11. The
regions satisfying these constraints are indicated by the
shaded areas in Fig. 1. Applying these bounds, the vacuum
expectation value of the scalar field is determined to be

1.5 × 103 GeV≲ vΦ ≲ 1.5 × 106 GeV: ð58Þ

As mentioned earlier, this result holds under the assumption
that the parameters β are of order Oð1Þ. If the β parameters
take on smaller (larger) values, they lead to larger (smaller)
vevs. Note that if we relax the assumption that the β’s are of
Oð1Þ, the massive spin-2 particles can constitute DM with

the characteristic vev of the SM Higgs boson vH ∼
246 GeV for a wide range 103 ≲ β ≲ 1015

To conclude this section, let us have a closer look at the
arising cosmological constants. They are given by

Λ1 ¼
f21M

2
P

4ð1þ ᾱ2Þ −
36M2

P

1þ ᾱ2
sinh4

�
vΦ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ᾱ2

p
ffiffiffi
6

p
MP

�
ðβ0 − 3Þ;

ð59aÞ

Λ2 ¼
ᾱ2f22M

2
P

4ð1þ ᾱ2Þ ; ð59bÞ

where we have used the relation β̄0 þ 3β̄1 þ 3β̄2 þ β̄3 ¼
β0 − 3 for β1 ¼ −1. In order to satisfy the observational
constraint Λ1 ¼ Λ2 ≃ 10−120M2

P we can set β0 ¼ 3 to
cancel the dominant contribution to the cosmological
constant, arising from the nonzero vev. Then, the gravita-
tional contributions, which have to satisfy the constraint
f1 ¼ ᾱf2, can meet the observational constraint for exceed-
ingly small values of the parameters f1 ¼ ᾱf2 ∼ 10−60.
Nevertheless, additional perturbative and nonperturbative
contributions should be expected that invalidate these
arrangements. For instance, the contribution from the
SM, mostly affecting Λ1, is expected to be of OðM4

WÞ.
Thus, a milder, equally agnostic, assumption could be made
that the above gravitational contributions are at least of that
order, leading to f ∼OðM2

W=M
2
PÞ ≈ 10−32. Note that,

assuming that the couplings f̃ are of the same order as
the f-couplings, the smallness of the latter reflects directly

on the smallness of the axion Z, σ masses, being M1 ∼

f̃1MPffiffiffiffiffiffiffiffi
1þᾱ2

p and M2 ∼
ᾱf̃2MPffiffiffiffiffiffiffiffi
1þᾱ2

p .

VI. SUMMARY AND CONCLUSIONS

We started by considering the ghost-free bimetric theory
of gravity, characterized by two independent metric tensors
accompanied by two independent gravitational mass scales.

FIG. 1. The Fierz-Pauli mass,mFP, as function of the vΦ (left) and ᾱ (right), with parameters β1 ¼ −1 ¼ −β4. The cyan and red shaded
regions indicate the constraints on mFP and ᾱ derived in [88], under the assumption that the massive spin-2 particle constitutes DM.
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Motivated by the use of classical scale invariance to face
large scale hierarchies in particle physics, we imposed on
bimetric gravity local Weyl invariance. We restricted the
gravitational action to include at most quadratic terms,
avoiding any unphysical degrees of freedom. The theory
was coupled to a scalar field that modified the standard
bigravity interaction potential by a quartic scalar field
factor, thus, rendering it Weyl invariant.
Furthermore, local Weyl invariance was realized in the

framework of Einstein-Cartan gravity, with the role of a
gauge vector taken up by a corresponding torsion vector
and, thus, not introducing any additional dynamical degrees
of freedom. The action, depending only on the dimension-
less gravitational couplings and on the dimensionless
parameters of the potential and consisting of quadratic
terms of the Ricci scalars and the Holst invariants, was
written in terms of axionlike pseudoscalars and two
auxiliary scalar fields, the latter being exchanged for the
two independent gravitational mass scales m1 and m2.
The scalar field, being massless at the classical level, is

expected to receive radiative corrections either from its self-
interaction or from possible interactions with the rest of
matter. These corrections, unavoidably leading to the
breaking of scale invariance at the quantum level, are
likely to generate a nonvanishing expectation value through
logarithms ∼ϕ4 lnðϕ2=μ2Þ in analogy to standard dimen-
sional transmutation. Assuming this, we have considered
metric perturbations around proportional backgrounds
g2μν ¼ c2g1μν and analyzed the resulting linearized theory.
Consistency leads to a proportionality relation between the
corresponding energy-momentum tensors that results in a
relation among parameters. The spectrum of the theory,
apart from the standard massless graviton, includes a pair of
axionlike pseudoscalars, the scalar and the additional spin-
2 state having the Fierz-Pauli mass. The latter depends on
the vacuum expectation value of the scalar field, on the ratio

ᾱ ¼ cðm2=m1Þ and on the dimensionless β parameters of
the interaction potential.
Having established the general structure of the spectrum

and the parametric constraints of the model, we proceeded
to analyze the phenomenology of the model focusing on the
massive spin-2 state. Assuming that the initial β parameters
of the standard bigravity potential are of order Oð1Þ, we
found that the mass of the spin-2 state could range from
ultralight values, Oð10−6 eVÞ, to superheavy approaching
the Planck scale. Finally, the massive spin-2 particle can be
identified as dark matter, provided that the vacuum expect-
ation value of the scalar field lies within the range
Oð103 GeVÞ≲ vΦ ≲Oð106 GeVÞ, although this range
could shift for larger or smaller values that include the
SM Higgs vev if we relax the assumption that the β
parameters are of Oð1Þ.
As for future work, it would be interesting to perform a

thorough analysis of cosmological backgrounds in our
setup. In particular, it would be important to investigate
the behavior of perturbations around cosmological solu-
tions and assess their stability conditions [99–101], as well
as to study the impact of the Fierz–Pauli mass on late-time
cosmology, including possible implications for dark
energy [48,102,103].
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