arXiv:1112.4051v2 [hep-th] 4 Mar 2012

Pauli-Fierz mass term in modified Plebanski gravity

David Beke^a, Giovanni Palmisano^b and Simone Speziale^c

a Ghent University, Department of Mathematical Analysis EA16, Galglaan 2, 9000 Ghent, Belgium b Dipartimento di Fisica dell’Università “La Sapienza”, INFN Sez. Roma1, I-00185 Roma, Italy cCentre de Physique Théorique, Aix-Marseille University, CNRS-UMR 7332, 13288 Marseille, France

March 6, 2012

Abstract

We study SO(4) BF theory plus a general quadratic potential, which describes a bimetric theory of gravity. We identify the profile of the potential leading to a Pauli-Fierz mass term for the massive graviton, thereby avoiding the linearized ghost. We include the Immirzi parameter in our analysis, and find that the mass of the second graviton depends on it. At the non-perturbative level, we find a situation similar to genuine bi-gravities: even choosing the Pauli-Fierz mass term, the ghost mode propagates through the interactions. We present some simple potentials leading to two and three degrees of freedom, and discuss the difficulties of finding a ghost-free bi-gravity with seven degrees of freedom. Finally, we discuss alternative reality conditions for the case of SO(3,1) BF theory, relevant for Lorentzian signature, and give a new solution to the compatibility equation.

1 Introduction

Topological theories of the BF type bear interesting relations with general relativity, see [1] for a recent review. A mechanism to relate the two theories is the use of the Plebanski action, which comes in either the self-dual [2, 3] or the non-chiral [3, 4, 5] formalism. In the latter, which is the subject of this paper, one starts with BF theory with the Lorentz group (or SO(4) in Euclidean signature) as local gauge group, and adds suitable “simplicity” constraints to recover the dynamics of general relativity. The resulting action is polynomial, and it plays an important role in the spin foam approach to quantum gravity [6, 7, 8, 9].

Recently [10], building on previous work in the self-dual formalism [11, 12, 13], it was shown that SO(4) BF theory – alone, without constraints – can be parametrized in terms of two metrics plus scalars fields. The metric interpretation is however completely artificial, and carries no physics, because of the large “shift” symmetry that makes the theory topological: any pair of metric is connected to the bi-flat one (e.g. for trivial topology) by a shift transformation, and no local degrees of freedom propagate. The situation changes when the simplicity constraints are added, and general relativity is recovered. The advantage of the bi-metric parametrization is to make the role of the constraints completely transparent: they freeze the scalars fields, and identify the two metrics with one another.

An interesting set of theories can be constructed by adding a potential term to the BF action, instead of the simplicity constraints. Such modified non-chiral Plebanski actions were proposed initially in [14] as models for grand unification, and in [11, 15] for the self-dual case.^1 The addition of the potential term breaks the shift symmetry, and propagating local degrees of freedom (DOFs) appear. A canonical analysis performed in [21] showed that for a generic potential, there are eight DOFs. Their interpretation was clarified in [10], where it was shown that the action describes a bi-metric theory of gravity plus scalars, with the two metrics interacting through the scalars and the potential. The eight degrees of freedom turned out to be, at the linearized level, the same of standard bi-metric theories [22, 23]. Namely, a massless and a massive graviton, plus a massive scalar. The scalar mode found in [10] is a ghost, and the theory is unstable around the bi-flat solution. This is a situation familiar from massive gravity, where a ghost is present unless the particular Pauli-Fierz form [24] for the mass term is chosen. The main result of the present paper is to complete the analysis of [10]: we study the most general quadratic potential of the modified Plebanski action, and identify the values of the coefficients leading to the Pauli-Fierz mass term. In doing so, we also extend the previous analysis to include the Immirzi parameter, and find that the mass of the second graviton depends on it. This might be surprising at first sight, but it is a natural consequence of giving a canonical form to the kinetic terms of the action, and it suggests an intriguing new role for the Immirzi parameter in such modified theories of gravity. We also give a more complete description of the linearized theory, studying the decomposition of the various fields in their irreducible representations, and unravel a simple relation between SO(4) BF theory and general relativity at this level: loosely speaking, second order SO(4) BF theory can be written as Einstein’s ΓΓ action but with the connection as a functional of two metrics and scalar fields. This material appears in sections 2 to 4.

The ghost absence at the linearized level is however not enough to guarantee the stability of the theory, as the unhealthy degree of freedom can reappear through interactions, as it is wellknown from a classic result by Boulware and Deser [25]. While it has been argued that the theory is stable on cosmological or Lorentz-violating backgrounds [23, 26, 27, 28, 29], it is interesting to understand whether flat background stability is necessarily compromised by a graviton mass. In particular, recent literature [30, 31, 32] claims that a specific, non-polynomial potential is non-perturbatively ghost-free, although a debate on the proof still continues [33]. One might hope that the situations is different in the context of the modified Plebanski theory, due to the presence of additional scalar fields. However, this is not the case. In Section 5, we show that the Pauli-Fierz mass term is again not a sufficient condition for the non-perturbative absence of the ghost. Although we are not able to provide a systematic study of all possible potentials, we discuss a few natural choises. While classes with two or three degrees of freedom can be easily identified, classes with seven degrees of freedom, corresponding to ghost-free bigravities, appear elusive. At least, we are able to point out a specific algebraic difficulty for this. Merely adapting the potential of [30, 31, 32] to the Plebanski formalism is possible, but it does not appear any less artificial, nor can it easily be used for an independent test of ghost-freeness.

Finally, the extension of these results to the Lorentzian signature is straightforward, but requires the use of complex fields, and suitable reality conditions. These are the same present also in the self-dual formalism, and are difficult to deal with at the quantum level. The nonchiral formulation has the advantage that one can use alternative metrics which are automatically real, without the need of auxiliary conditions. To illustrate the interest of this interpretation, in section 5 we show how one can use these metrics to give a new exact solution to the compatibility

1In the self-dual case, the modification turns out to be related to a class of generally covariant actions previously considered in [16, 17]. The modified self-dual theory has been studied quite extensively in the literature, e.g. [11, 13, 18, 19, 20].

equations that does not require any reality conditions.

2 Plebanski formalism and modified theories of gravity

Our starting point is BF theory with local gauge group SO(4). Extension to the case SO(3,1), relevant for gravity in Lorentzian signature, will be discussed below in section 6. The fundamental fields are a connection ω in the local Lorentz gauge group, and an algebra-valued 2-form B. The action is S_{BF} (B, ω) = ∫ P^{IJKL} γ B_{IJ} ∧ F_{KL}(ω), P^{IJKL}_γ = δ^{IJKL} + 1 2γ ϵ^{IJKL}, (1) with γ a real, dimensionsless parameter. The theory is invariant under the shift symmetry (δ_αB = d_ωα, δ_αω = 0), where α is an algebra-valued 1-form. The field equations are

d_ωB = 0, F (ω) = 0, (2)

where we used the fact that the Hodge star ⋆ =^1_2 ϵ^{IJ}_{KL} commutes with the covariant exterior derivative. The equations do not allow for local degrees of freedom: under a shift transformation, all solutions are locally equivalent, e.g. to B = ω = 0 for trivial topology.

BF theory can be related to (modified or not) theories of gravity considering the following action, S(B, ω, ϕ) = ∫ P^{IJKL} γ B_{IJ} ∧ F_{KL}(ω) + ( ϕ_{IJKL} − 1 2 Λ(ϕ)ϵ_{IJKL} ) B^{IJ} ∧ B^{KL}, (3) where Λ(ϕ) does not contain derivatives. The potential generically breaks the shift symmetry, leaving local gauge and diffeomorphisms as symmetries, and introduces non-trivial curvature: varying with respect to B we now get

F (ω) = −2 ( ϕ − Λ(ϕ) ⋆ ) B, (4) instead of (2). Crucial are the field equations coming from the variation with respect to the new field ϕ. This tensor is taken to be symmetric under exchange of the first and second pair of indices, and antisymmetric in each pair. It thus has 21 independent components, which can be classified in terms of irreducible representations of SO(4), as

ϕ ∈ [(1, 0) ⊕ (0, 1)] ⊗_{sym} [(1, 0) ⊕ (0, 1)] = (2, 0) ⊕ (0, 2) ⊕ (1, 1) ⊕ (0, 0) ⊕ (0, 0). (5)

The irreducibles are the “Weyl” components, that is the symmetric and traceless tensors (φ_{ij} , φ̄_{ij} ) ∈ (2, 0) ⊕ (0, 2), the trace-free “Ricci” components ψ_{ij} ∈ (1, 1), and the two traces, ϕ = δ_{IJKL}ϕ^{IJKL} and ϕ_⋆ = (1/2)ϵ_{IJKL}ϕ^{IJKL}. See appendix A for the explicit decomposition. It is furthermore assumed that ϕ_⋆ = 0, as otherwise variation of (3) with respect to ϕ would restrict us to the case B^{IJ} ∧ B_{IJ} = B^{IJ} ∧ ⋆B_{IJ} = 0, which is degenerate in a sense to be clarified later. The action (3) describes a general class of theories, of which general relativity in the Plebanski formalism is a special case, obtained for Λ(ϕ) = Λ constant. In this case, the variation with respect to ϕ imposes the simplicity constraints, and the action is equivalent to general relativity in the first order formalism, with Immirzi parameter γ and cosmological constant proportional to Λ. See e.g. [5, 34] for details on the non-chiral Plebanski formulation.

The number of degrees of freedom of (3) has been studied canonically [21]. When the Hessian matrix Λ^{(2)IJKL}_{MNP Q} = δ^2Λ(ϕ) δϕ_{IJKL}δϕ^{MNP Q} (6) has maximal rank, there are eight DOFs. Hence an invertible Hessian corresponds to a theory with six DOFs more than the two DOFs of Plebanski gravity.^2 To obtain a theory with fewer degrees of freedom, special potentials with singular Hessians are needed. To complicate the analysis, the zero modes are required to be in a specific six-dimensional subspace [21]. While a systematic study of the singular Hessian has not appeared in the literature, below in Section 5 we present a survey of simple scenarios.

As a case study, we consider quadratic modifications, more precisely a potential of the form

Λ(ϕ) = Λ + (ϕ, Aϕ),

in matricial notation. While this is of course a strong limitation on all the possible potential terms, it turns out to be large enough for our purposes, for both perturbative and nonperturbative considerations. Given the local SO(4) invariance, there are four quadratic invariants,^3

Q_1(ϕ) = ϕ_{IJKL}ϕ^{IJKL} = φ^2_{ij} + φ̄^2_{ij} + 1 2 ψ^2_{ij} + 1 6 ϕ^2, (7a)

Q_2(ϕ) = 1 2 ϵ^{KL}_{MN} ϕ_{IJKL}ϕ^{IJMN} = φ^2_{ij} − φ̄^2_{ij} , (7b) Q_3(ϕ) = ϕ_{IK} ϕ^{IK} = 1 4 ϕ^2 + 1 4 ψ^2_{ij} . (7c)

Q_4(ϕ) = ϕ^2, (7d)

where ϕ^{IK} = δ_{JL}ϕ^{IJKL}. It is convenient to take the irreducible components as basis, and to parametrize the potential as (ϕ, Aϕ) = 1 a_1 φ^2_{ij} + 1 a_2 φ̄^2_{ij} + 1 2a_3 ψ^2_{ij} + 1 6a_4 ϕ^2. (8)

We assume for the moment that all coefficients are non-vanishing. Therefore, the Hessian is non-singular, and we expect 8 DOFs from [21]. At the same time, the gradient 1 2 δΛ δϕ_{IJKL} = 1 a_1 Π^{IJKL} (2,0) ijφ ij + 1 a_2 Π^{IJKL} (0,2) ijφ̄ ij + 1 2a_3 Π^{IJKL} (1,1) ijψ ij + 1 6a_4 δ^{IJKL}ϕ, (9) can be solved for all components of ϕ^{IJKL}, hence it is possible to completely eliminate the field from the action, using its field equations. Introducing the short-hand notation Q^{IJKL} = B^{IJ} ∧ B^{KL}, (10) 2For the reader familiar with the canonical analysis of the Plebanski action, this result can be understood as follows: the variation of (3) with respect to ϕ^{IJKL} gives algebraic constraints on the components of ϕ. When Λ^{(2)} has zero rank, the case of a constant potential term, there are still algebraic constraints (on components of B this time), but six of these equations now generate secondary constraints. The resulting system is second class, and six degrees of freedom are killed, reducing the DOFs to only two. For generic Λ, the lack of the six constraints is the source of the six extra degrees of freedom, for a total of 8.

3See e.g. [35]. In the appendix we provide the complete list of invariants without symmetry assumptions.

the variation of (3) with respect to ϕ gives Q^{IJKL} − 1 12 ϵ^{IJKL}Q_⋆ = 2Q_⋆(Aϕ)^{IJKL}, (11) where Q_⋆ = (1/2)ϵ_{IJKL}Q^{IJKL}. The scalar density Q^{IJKL} decomposes as (5). Accordingly, we denote Q_{ij}, Q̄_{ij} , Q_{ij} , Q and Q_⋆ the various irreducible representations. Assuming Q_⋆ ≠ 0, (11) is easily inverted. Inserting this solution back into the action yields a ϕ-independent form, S(B, ω) = ∫ P^{IJKL} γ B_{IJ} ∧ F_{KL} + V (B), (12a)

V (B) = −ΛQ_⋆ + 1 4Q_⋆ ( a_1 Q^2_{ij} + a_2 Q̄^2_{ij} + 1 2 a_3 Q^2_{ij} + 1 6 a_4 Q^2 ) . (12b)

For general Λ(ϕ), as long as its Hessian is non-singular, ϕ^{IJKL} can be eliminated to yield an action of the form (12a), with V (B) of the form

V (B) = Q_⋆ V ( (Q^{IJKL} − 1 12 ϵ^{IJKL}Q_⋆)/Q_⋆ ) . (13)

This restricted form is the one compatible with the symmetries of the field ϕ that has been integrated out, which also explains the absence of terms in Q^2_⋆ and QQ_⋆ in the numerator, and Q in the denominator. Of course for singular Hessians -which in the quadratic case appear if any of the coefficients in (8) vanishes- this equivalence is broken.^4 The case considered in [10], V (B) =^A_{2Q⋆} (Q^2_{IJKL} −^1_6 Q^2_⋆), corresponds to the single Q_1(ϕ) invariant. It is a special case of the analysis in the present paper, that can be found by setting a_i ≡ 1/2A ∀i. For this case, perturbation theory around the bi-flat solution is unstable, which is what we want to cure in this paper.

2.1 Bi-metric interpretation

The metric enters the Plebanski formalism only as a derived quantity, through a cubic relation with the B fields. In the same sense in which the tetrad can be called the “square root” of the metric, the B field is its “cubic root” [36]. What is special about the SO(4) formalism, with respect to the original self-dual case, is that there are two different combinations of the B field that define a metric, that is √ g^{(±)} g^{(±)}_{μν} = 1 6 δ_{IN} ( δ_{JMKL} ± 1 2 ϵ_{JMKL} ) B^{IJ}_{μα}B̃^{KLαβ}B^{MN}_{βν} , (14) where B̃^{αβ} =^1_2 ϵ^{αβγδ} B_{γδ}. These correspond to the Urbantke metrics [3, 37] of the left and right su(2) subalgebras.

A strategy to parametrize the B field in terms of these two metrics is as follows: first, split the algebra, so(4) = su(2) ⊕ su(2), using projectors P^{IJ}_{(±)i} (See appendix A for conventions and

4It is also of interest to take actions of the form (12a) as the starting point, with V (B) for instance given by the most general homogeneous function of degree 1 of Q. A new canonical analysis is then necessary, but it is easy to see that a generic potential has again 8 DOFs, and a system with fewer needs the presence of zero modes in a certain Hessian matrix analogue to (6). Our preference to work with (3) has two reasons: (i), the link with general relativity is more natural (the constant Λ case versus a Dirac-delta potential), and (ii), having an additional field, ϕ, at disposal, can only make the study of singular potentials easier allowing for more configurations.

full details), thus B^{IJ} = P^{IJ}_{(+)i}B^i_{(+)} + P^{IJ}_{(−)i}B^i_{(−)}. Second, invoke Urbantke’s theorem [12, 37] to parametrize the two triples of 2-forms as

B^i_{(+)}(b, e) = ηb^i_aΣ^a_{(+)}(e), B^i_{(−)}(b̄, ē) = η̄b̄^i_aΣ^a_{(−)}(ē). (15)

In this expressions, η and η̄ are signs, the spacetime scalars b and b̄ form unimodular 3-by-3 real matrices, and Σ^i_{(±)}(e) = e^0 ∧ e^i ± 1 2 ϵ^i_{jk} e^j ∧ e^k (16)

are Plebanski’s 2-forms [2, 3, 4]. A straighforward calculation then checks that the metrics for these tetrads, g(e) and ḡ(ē), are precisely the two Urbantke metrics defined in (14):

g^{(+)}_{μν} = g_{μν} , g^{(−)}_{μν} = ηḡ_{μν} . (17)

Combining the two steps, one gets the generic parametrization

B^{IJ} = P^{IJ}_{(+)i} b^i_aΣ^a_{(+)}(e) + ηP^{IJ}_{(−)i} b̄^i_aΣ^a_{(−)}(ē), (18)

where we dropped an overall sign which turns out to be irrelevant: up to a global sign in the action, its effects can be absorbed in a redefinition of the parameters appearing in the potential. The sets of scalars b and b̄, and the metrics g(e) and ḡ(ē), are all independent fields, parametrizing the 36 independent components of B^{IJ} . Notice that the decomposition (18) parametrizes B^{IJ} in such a way that the right- and left-handed components B^i_{(±)} are also self- and antiself-dual, but with respect to two independent metrics g_{μν} and ḡ_{μν} .

Using these metrics, one can solve the compatibility equation d_ωB = 0 and obtain a second order formulation of BF theory where the connection is on-shell. The compatibility equation is reminiscent of Cartan’s structure equation, d_ωe = 0. If the tetrad e is invertible, the equation admits a unique solution, given by the spin connection ω(e). Similarly, d_ωB = 0 admits a unique solution ω(B), if B satisfies certain non-degeneracy conditions.^5 One such condition is the invertibility of the two tetrads e and ē. Then, an explicit solution can be parametrized through the left-right splitting of the Lorentz algebra. Accordingly, the compatibility equation splits into two independent su(2) equations, d_ωB^i = 0, whose solution is well-known [12, 13, 38, 39, 40],

ω^i_μ(B) = 1 4e ϵ^{ρσλτ} B^i_{λτ} B_{jρμ}∇^ν B^j_{νσ}. (19) In each left/right sector independently, the indices are raised and lowered with the Urbantke metric, e is the determinant of its tetrad, and ∇ its covariant derivative.

Going back to the BF action, we can rewrite P_γ = (1 + 1/γ)P_+ + (1 − 1/γ)P_−, and use (19) to write a second order action for BF theory,

S_{BF} (B) = 1 2 ( 1 + 1 γ ) ∫ B^i_+ ∧ F^i_+(ω_+(B_+)) − 1 2 ( 1 − 1 γ ) ∫ B^i_− ∧ F^i_−(ω_−(B_−)). (20)

Using the parametrization (18), the above second order BF theory is displayed as a bi-metric theory of gravity. The details of this lengthy calculation can be found in [10]. The result is best expressed in terms of the unimodular internal metrics

q_{ab} = b^i_ab^j_bδ_{ij} , q̄_{ab} = b̄^i_ab̄^j_bδ_{ij} , (21)

5Although non-degeneracy requirements breaks the purity of the initial configuration space, they do not change its dimensionality, nor spoil the shift symmetry. Hence, BF theory is topological also in the second order formalism.

and reads S_{BF} (η, e^I_μ, ē^I_μ, q_{ab}, q̄_{ab}) = 1 4 ( 1 + 1 γ ) ∫ eR^{ab}_{(+)}(e)(q̂δ_{ab} − q̂_{ab}) + 1 2 e∇^μq_{ab}C^{abcd}_{(+) μν} ∇^ν q_{cd} − η 4 ( 1 − 1 γ ) ∫ ēR^{ab}_{(−)}(ē)(^̄qδ_{ab} − ^̄q_{ab}) + 1 2 ē∇^μq̄_{ab}C^{abcd}_{(−) μν} ∇^νq̄_{cd}. (22a) Here R^{ab}_{(±)}(e) = (1/2)Σ^a_{(±) μν} (e)Σ^b_{(±)ρσ}(e)R^{μνρσ} (e) is the self-dual part of the Riemann tensor, q is the trace of q_{ab}, and q̂_{ab} its inverse. The kinetic term of the scalars is controlled by C^{abcd}_{(±) μν} (e, q) ≡ ( δ^{ad}δ^{bc} − 1 2 δ^{ab}δ^{cd} ) g_{μν} + ( δ^{bc}ϵ^{ad}_g − q̂^{bc}ϵ^{adf} q_{fg} ) Σ^g_{(±)μν} (e). Here and in the following, the internal indices i or a are contracted with the identity metrics.

The potential term can also be expressed in terms of the bi-metric parametrization. One finds

Q^2_{ij} = 4e^2(q^2_{ab} − 1 3 q^2), Q^2_{ij} = 4ē^2(q̄^2_{ab} − 1 3 q̄^2),

Q^2 = (2eq − 2ēq̄)^2, Q^2_⋆ = (2eq + 2ēq̄)^2, Q^2_{ij} = 16ℓ^2_{ij} ,

where ℓ^{ij} ≡ 1 8 b^i_ab̄^j_b ϵ^{μνρσ} Σ^a_{μν} (e)Σ̄^b_{ρσ} (ē).

Therefore, the potential (12b) is given by V (η, e^I_μ, ē^I_μ, q_{ab}, q̄_{ab}) = −Λ(2eq + 2ēq̄) + 1 4(2eq + 2ēq̄) [ 4a_1e^2q^2_{ab} + 4a_2ē^2q̄^2_{ab} − 4 3 ( a_1 − a_4 2 ) e^2q^2 − 4 3 ( a_2 − a_4 2 ) ē^2q̄^2 + 8a_3ℓ^2_{ij} − 4 3 a_4eēqq̄ ] . (22b)

The two pieces (22) give the bi-metric interpretation of the modified Plebanski action (3). The main difference with respect to the standard bi-metric theories is the presence of the additional scalars q_{ab}.^6 However, a first indication that the extra scalars might be auxiliary fields comes from a counting of degrees of freedom: (22) has in general eight degrees of freedom, precisely as bi-metric theories of gravity with generic potential [23]. Furthermore, the expansion around a bi-flat background gives the same interpretation of the degrees of freedom, namely those of a massless and a massive spin-2 particle plus a scalar mode [10]. Upon such linearization, the scalar fields can be integrated out, and (12b) gives a mass term for one of the two gravitons.^7

3 Bi-flat background and linearized BF theory

It is immediate to see that the bi-flat configuration b^i_a = δ^i_a, g_{μν} = δ_{μν} , and the same for the barred quantities, is a solution of the BF field equations. We then define the perturbations

b^i_a = δ^i_a + c^i_a, g_{μν} = δ_{μν} + h_{μν} (23)

6Another difference is that here both metrics have the same cosmological constant, but this can be easily amended, and independent constants can be obtained simply adding a term Λ̃Q to (12b).

7This situation is analogous to the auxiliary role of the scalars in the self-dual case [13]. These facts suggest that it should be possible to dispose of the b scalars, by solving their equations of motions, and identify the physical degrees of freedom within the metric tensors only. This can unfortunately only be done in perturbation theory, given the non-linearity of the field equations. For the self-dual case, it has been studied in [13]

and the same for barred quantities. The flat metric background can be used to introduce a tetrad δ^I_μ, and unambiguously project spacetime indices into internal indices. Using this, we can write the induced expansion on B as B^{IJ}_{μν} = δ_{μK} δ_{νL} ϵ^{IJKL} + δ_{μK} δ_{νL} C^{IJKL}, (24) where the perturbation C has a certain dependence on c, c̄, h and h̄ that we do not need for the moment, and we chose η = −1. For η = 1 the zeroth order is δ_{μK} δ_{νL} δ^{IJKL}.

3.1 Linearized on-shell connection

The compatible linearized connection can be obtained expanding (19) to leading order. However, it is more instructive to solve directly the linearized equation, as it brings in further intuition on the relation between SO(4) BF theory and general relativity. In fact, restricting attention to the bi-flat solution, in which a unique background metric is singled out, allows us to avoid having to go through the decomposition in self-dual and antiself-dual sectors. To see this, let us first rewrite (2) in components, ϵ^{μνρσ} ( ∂_μB^{IJ}_{νρ} + ω^{IK}_μ B^{KJ}_{νρ} − ω^{JK}_μ B^{KI}_{νρ} ) = 0. (25)

Then, we make use of the expansion (24), which introduces the flat background tetrad δ^I_μ, and look for a perturbative solution for ω. At zeroth order, ω trivially vanishes, thus we can directly look at the first order term, linear in C and the connection perturbation δω. It is convenient to use the background tetrad to project the equation on internal indices only, and introduce the notation w^{M,IJ} = δ^{Mμ} δω^{IJ}_μ . Using simple identities for the contraction of epsilon and delta tensors, the first order of the equation reduces to the simpler form w^{[I,J]S} − w_K^{K[I} δ^{J]S} = Y^{S,IJ} , (26) where Y^{S,IJ} = (1/4)ϵ^{SMNR}∂_M C^{IJ}_{NR}. This linear equation can be easily inverted if we decompose both w and Y into their irreducible components (3/2, 1/2) ⊕ (1/2, 3/2) ⊕ (1/2, 1/2) ⊕ (1/2, 1/2). This can be done using the orthogonal projectors P̄ , P̌ and P̂ (see appendix A for details),^8 w_{A,BC} = ( P̄ + P̌ + P̂ )_{I,JK} A,BC w_{I,JK} = w̄_{A,BC} + 2 3 δ_{A[C}w̌_{B]} + ϵ_{ABCD}ŵ^D. (28)

Inserting it into (25), we find (in matricial notation, with implicit indices) ( − 1 2 P̄ + P̌ + P̂ ) w = Y, (29)

where we used w̄^{[I,J]K} = −(1/2)w̄^{K,IJ} , which follows from the symmetries of w̄. Hence,

w = (−2P̄ + P̌ + P̂ )Y = −2Y + 3(P̌ + P̂ )Y. (30)

8The irreducible components w̄, w̌ and ŵ satisfy w̄A,BC δ^{AB} = ϵ^{ABCD}w̄A,BC = 0, w̌B = δ^{AC} wA,BC , ŵ^D = 1 6 ϵ^{ABCD} wA,BC . (27)

3.2 Linearized BF action Integrating by parts in the BF action (1), and using the solution ω(B) to d_ωB = 0, we get S(B) = P^{ABKL}_γ ∫ ω^{IK} (B) ∧ ω_{IJ} (B) ∧ B_{AB}. (31) Since ω(B) vanishes at zeroth order, the quadratic approximation comes from B^{AB}_{μν} = δ_{μC} δ_{νD} ϵ^{ABCD} and w^{M,IJ} = δ^{Mμ} δω^{IJ}_μ . After some simple algebra, we arrive at the second order linearized action S^{(2)} = − 1 2 ∫ w_{IJK} M^{I,JK}_{A,BC} w^{ABC} , M^{I,JK}_{A,BC} = 4δ^{[K}_{[B} P_γ^{J]I}_{C]A}. (32) Explicitly, in terms of the irreducible components,

S^{(2)} = − 1 2 ∫ w̄^2 − 4 3 w̌^2 − 12ŵ^2 + 8 γ w̌ · ŵ + 1 2γ ϵ^{ABCD}w̄_{I,AB}w̄_{I,CD}. (33) We remark that this is precisely the term quadratic in the connection fluctuations of the linearized Holst action for GR; see e.g. [41]. The difference is that here w is not an independent variable, but rather w = w(C) through (30). The relation shows that the linearized kinetic term of a bi-metric theory comes from a single Einstein-like Lagrangian,^9 where the connection is on-shell a function of two metrics.

3.3 Bi-metric parametrization At this point we use the explicit dependence of C on the perturbations (23), to rewrite (32) for the metric perturbations. One can easily check that the first order perturbation is given by

C^{IJKL} = 2P^{IJ}_{(+)i} P^{KL}_{(+) a} c^{ia} + 2ηP^{IJ}_{(−)i} P^{KL}_{(−) a} c̄^{ia} + 2P^{IJ[K}_{(+) M} h^{L]M} + 2ηP^{IJ[K}_{(−) M} h̄^{L]M} (34)

Notice that it is not symmetric under IJ → KL, consistently with the fact that B and its perturbations have 36 independent components. The decomposition permits to appreciate explicitly the way c, c̄, h and h̄ capture the independent components of C: decomposing (34) in its irreducibles, we find

c^{(ia)} ∈ (2, 0), c^{[ia]} ∈ (1, 0), h^+_{μν} ∈ (1, 1) ⊕ (0, 0) h^−_{μν} ∈ (1, 1) ⊕ (0, 0) (35)

This parametrization can now be used to evaluate the on-shell connection (30), and its curvature. To that end, we introduce the perturbations

q_{ab} = δ_{ab} + χ_{ab}, q = 3 + 1 2 χ^2_{ab}, (36)

and idem for the barred quantities. The second order approximation for q follows from det(q_{ab}) = 1. Looking directly at the curvature, we have δF^{IJ}_{μν} (ω(C)) = 2 ∂_{[μ}w^{IJ}_{ν]} (C) = δ^{KL}_{μν} δF^{IJKL}(C), (37) δF^{IJKL} = P^{IJ}_{(+)a} P^{M[K}_{(+) b} ∂^{L]}∂_M χ^{ab} − P^{IJ}_{(−)a} P^{M[K}_{(−) b} ∂^{L]}∂_M χ̄^{ab} (38) + 1 2 δR^{IJKL}(h + h̄) + 1 4 ϵ^{IJ}_{MN} δR^{MNKL}(h − h̄), 9Indeed, the γ-independent parts of (33) are like Einstein’s ΓΓ action for the Lorentz connection.

where δR^{IJKL} = ∂_ν ∂_{[ρ}h_{σ]μ} −∂_μ∂_{[ρ}h_{σ]ν} is the first order expansion of the Riemann tensor. Unlike C, this tensor does not have all its possible components: the (1, 0) ⊕ (0, 1) components vanish, which is due to the special symmetries of the background.

These formulas can be easily reduced to the case of general relativity: In the presence of simplicity constraints, χ = χ̄ = 0 and h = h̄, then C^{IJKL} = −ϵ^{IJM[K}h^{L]M} , (30) correctly gives the linearized spin connection w_{I,JK} = ∂_{[K} h_{J]I} , where we used the symmetry of h_{IJ} , and finally δF^{IJKL} = δR^{IJKL}(h). Finally, the linearization of (22a) can be shown as in [10] to give

S^{(2)}_{BF} = 1 2 ( 1 + 1 γ ) ∫ L^{(2)}_{EH} ( h_{μν} + χ_{μν} ) − η 2 ( 1 − 1 γ ) ∫ L^{(2)}_{EH} ( h̄_{μν} + χ̄_{μν} ) , (39)

where L^{(2)}_{EH}(h_{μν} ) ≡ − 1 2 h_{μν} E^{μνρσ}□h_{ρσ} = − 1 4 h^2_{μν,λ} + 1 2 h^2_{μν,ν} − 1 2 h_{μν,ν} h_{,ν} + 1 4 h^2_{,μ} (40)

is the second order approximation of the Einstein-Hilbert action, and χ_{μν} ≡ P^a_{ϵ μρ}P^b_{ϵ νσ} ∂^ρ∂^σ □ χ_{ab}, P^a_{ϵ μρ} = P^a_{ϵ IJ} δ^I_μδ^J_ρ , (41)

is transverse, traceless and invariant under diffeomorphisms.

We see that the stability of the theory depends on both η and the domain of γ. To have both kinetic terms in (39) positive, we can choose η = −1 and |γ| > 1, or 0 < γ < 1 and η = 1. The remaining case, −1 < γ < 0 and η = 1 leads to an overall minus sign and can be also treated if one reverses also the signs in the potential term. Concerning the latter, the exact expression (22b) gives, applying standard formulas for the expansions (see [10] for details),

V^{(2)} = 1 12 [ a_1χ^2_{ab} + a_2χ̄^2_{ab} +

3a_4 − a_3 8 (h − h̄)^2 + a_3 2 (h_{μν} − h̄_{μν} )^2 ] . (42)

4 Pauli-Fierz mass term

Let us consider non-singular potentials, that is exclude the cases where one or more of the parameters a_i of (42) vanish. Since the potential term breaks the shift symmetry, we can now make the field redefinitions

H_{μν} = h_{μν} + χ_{μν} , H̄_{μν} = h̄_{μν} + χ̄_{μν} . (43)

It is convenient to reabsorb the γ-prefactors of (39) in the fields in order to get the kinetic term in canonical normalization. Further control can be obtained by diagonalizing the mass Lagrangian (42). It is easy to check that the diagonalization is obtained through

H^{(+)}_{μν} = |1 + γ| √ 2|γ| H_{μν} + |1 − γ| √ 2|γ| H̄_{μν} , H^{(−)}_{μν} = √ |γ^2 − 1| √ 2|γ| (H_{μν} − H̄_{μν} ). (44)

We also define χ^{(±)}_{μν} = 1 √ 2 (χ_{μν} ± χ̄_{μν} ) . (45)

Accordingly, the final form of the Lagrangian in the stable case reads L = 1 2 L^{(2)}_{EH}(H^{(+)}_{μν} ) + 1 2 L^{(2)}_{EH}(H^{(−)}_{μν} ) + 1 12 γ^2 |γ^2 − 1| [ 3a_4 − a_3 4 H^{(−)2} + a_3H^{(−)}_{μν}^2 ] (46) − a_3 6 |γ| √ |γ^2 − 1| H^{(−)}_{μν} χ^{μν}_{(−)} + a_3 12 χ^{(−)}_{μν}^2 + a_1 + a_2 24 (χ^{(+)}_{μν}^2 + χ^{(−)}_{μν}^2) + a_1 − a_2 12 χ^{(+)}_{μν} χ^{μν}_{(−)}.

This is a Lagrangian for a massless and a massive graviton, although it is written in a nonstandard form, due to the presence of the extra scalars, which at this stage only enter algebraically. As we will see below, this does not affect the choice of parameters leading to the PF mass term, but only the final value of the mass, which can already at this point be seen to be γ-dependent. This γ-dependence is brought in by the need to canonically normalize and diagonalize the mass term.

We can now study the particle content of this lagrangian, and identify the choice of parameters in the potential which give the Pauli-Fierz mass term. To that end, let us look at the field equations: taking variations of (46) with respect to the H^{(±)} and χ^{(±)} fields, we have

E^{ρσ}_{μν} H^{(+)}_{ρσ} = 2κ^2τ^{(+)}_{μν} , (47a) E^{ρσ}_{μν} H^{(−)}_{ρσ} − 1 3 2γ^2 |γ^2 − 1| [ a_3H^{(−)}_{μν} +

3a_4 − a_3 4 δ_{μν} H^{(−)} ] + a_3 3 √ γ^2 |γ^2 − 1| χ^{(−)}_{μν} = 2κ^2τ^{(−)}_{μν} , (47b) 1 12 (a_1 + a_2)χ^{(+)}_{μν} + 1 12 (a_1 − a_2)χ^{(−)}_{μν} = κ^2σ^{(+)}_{μν} , (47c) 1 12 (2a_3 + a_1 + a_2)χ^{(−)}_{μν} + 1 12 (a_1 − a_2)χ^{(+)}_{μν} − a_3 6 √ γ^2 |γ^2 − 1| H^{(−)}_{μν}^{T T} = κ^2σ^{(−)}_{μν} . (47d)

Here E^{ρσ}_{μν} is a short-hand notation for the linearized Einstein equations, E^{ρσ}_{μν} h_{ρσ} = −□h_{μν} + 2∂^ρ∂_{(μ}h_{ν)ρ} − ∂_μ∂_ν h − δ_{μν} ∂^ρ∂^σ h_{ρσ} + □hδ_{μν} (48) and in (47d), H^{(−)}_{μν}^{T T} is the spin-2, transverse-traceless component of H^{(−)}_{μν} , which appears due to the transverse-tracelessness of χ^{(−)}_{μν} . For completeness, and future reference, we have also included on the right-hand side some source terms of matter fields, with universal coupling κ^2, although a precise discussion of matter coupling goes beyond the scope of this paper. Let us just notice that the χ’s affect the coupling to matter. In particular, we see that the case a_1 ≠ a_2, in which parity-breaking effects can be potentially expected, leads to a mixing between the (+) and (−) fields, and their matter sources.

The first equation is the standard linearized Einstein’s equation for the massless graviton. The second is the equation for the massive graviton, with a generic mass term, and some of the scalars acting as sources. This is the equation we want to focus on. The last two equations are algebraic and, provided the determinant is non-zero, i.e. Δ ≡ 2a_1a_2 + a_3(a_1 + a_2) ≠ 0, can be solved for χ^{(+)} and χ^{(−)}. Equation (47b) then yields a closed equation for H^{(−)}. The case Δ = 0 will be discussed below. We thus get

E^{ρσ}_{μν} H^{(−)}_{ρσ} + aH^{(−)}_{ρσ} + bδ_{μν} H^{(−)} + cH^{(−)}_{μν}^{T T} = κ^2τ̃_{μν} , (49)

where a = − 2 3 γ^2 |γ^2 − 1| a_3, b = − 2 3 γ^2 |γ^2 − 1| 3a_4 − a_3 4 , c = 2 3 γ^2 |γ^2 − 1| a^2_3(a_1 + a_2) Δ , (50) and τ̃ = τ^{(−)} − 4|γ| √ |γ^2 − 1| a_1 + a_2 Δ a_3σ^{(−)} − 4|γ| √ |γ^2 − 1| a_2 − a_1 Δ a_3σ^{(+)}. (51)

To study what quanta are propagated by this equation, we decompose H^{(−)}_{μν} using the projectors P^{(s)} in individual spin components,^{10}

H^{(−)}_{μν} = [ P^{(2)} + P^{(1)} + P^{(0)}_l + P^{(0)}_s ] H^{(−)}_{μν} , (52)

where H^{(−)}_{μν}^{T T} = P^{(2)}H^{(−)}_{μν} is the spin-2 transverse-traceless part already introduced, and the rest is a spin-1 and two spin-0 components. A standard procedure [42] then gives, after decoupling the scalar components,

[−□ + a + c] P^{(2)}H^{(−)}_{μν} = κ^2P^{(2)}τ̃_{μν} (53a) aP^{(1)}H^{(−)}_{ρσ} = κ^2P^{(1)}τ̃_{μν} (53b) [ 2(a + b)□ + a^2 + 4ab ] P^0_s H^{(−)}_{μν} = κ^2(a + b)P^{(0)}_s τ̃_{μν} − √ 3bP^{(0)}_{sl} τ̃_{μν} (53c) [ 2(a + b)□ + a^2 + 4ab ] P^0_l H^{(−)}_{μν} = [2□ + a + 3b] P^0_l τ̃_{μν} − √ 3bP^0_{ls}τ̃_{μν} . (53d)

Therefore, the propagator in Fourier space is given by Π = P_2 k^2 + a + c + P^1 a + (a + b)P^0_s − √ 3b(P^0_{ls} + P^0_{sl}) + (−2k^2 + a + 3b)P^0_l −2(a + b)k^2 + a^2 + 4ab

. (54)

One can check that the residue at k^2 = −(a+c) is positive definite, but the residue, for a+b ≠ 0, at^{a2+4ab}

2(a+b) , is negative. Propagation of the ghost mode is avoided for a = −b, the PF mass term.

In terms of the parameters of the potential V (B), this condition gives

a_4 = −a_3, (55)

with arbitrary a_1 and a_2. This is precisely the form that could have been guessed directly from (46), thus the scalar perturbations χ’s do not affect this aspect of the theory. They do, however, affect the final value of the mass of the spin-2 particle, which for generic parameters ends up being

M^2 = − 4 3 γ^2 |γ^2 − 1| a_1a_2a_3 Δ . (56)

10The projectors are given in terms of ω ≡^{∂μ∂n}_□ and the tranverse projector Dμν = δμν − ωμν , as

P^{(2)} = 1 2 (DμρDνσ + Dμσ Dνρ) − 1 3 Dμν Dρσ , P^{(0)}_s = 1 3 Dμν Dρσ , P^{(1)} = 1 2 (Dμρωνσ + Dμσ ωνρ + Dνρωμσ + Dνσ ωμρ), P^{(0)}_l = ωμν ωρσ , and satisfy 1 = P^{(2)} + P^{(1)} + P^{(0)}_s + P^{(0)}_l in the space of symmetric tensors. The spin-0 space is two-dimensional, and one needs also the off-diagonal operators

P^{(0)}_{sl} = 1 √ 3 Dμν ωρσ, P^{(0)}_{ls} = 1 √ 3 ωμν Dρσ .

The parameters a_1, a_2, a_3 have to be chosen such that the graviton is not a tachyon, in order to keep the bi-flat solution stable. Notice furthermore that the Immirzi parameter enters with the same algebraic combination as in the effective coupling to fermions [43].^{11}

Let us now consider also the Δ = 0 case. Since we are excluding singular potentials with one or more coefficients vanishing, this leaves only configurations with

a_3 = −

2a_1a_2 a_1 + a_2

, a_1 + a_2 ≠ 0. (57)

For these values, the mass (56) diverges and consequently P^{(2)}H^{(−)}_{μν} stops propagating. The condition for the further non propagation of the scalar ghost is again (55).^{12} Hence, with (57) and (55) holding, the linearized theory only propagates a spin-2 massless particle, H^{(+)}, and it is equivalent to linearized general relativity (provided the right coupling to matter is chosen).

5 Some simple singular potentials

We have identified the choice (55) of parameters in the quadratic potential (12b) that leads to a Pauli-Fierz mass term, featuring the absence of the ghost at the linearized level. We have furthermore identified the choice (57) leading to the absence of the second spin-2 particle. These choices of coefficients affect the counting of degrees of freedom of the linearized theory. We can now ask whether any of these reductions of degrees of freedom survives when interactions are included. To answer this question, we need to look at the canonical analysis of the exact theory. As recalled above, the non-perturbative number of degrees of freedom is determined by (9). If there are no zero modes in the Hessian, then the interacting theory has eight DOFs, regardless of the linearized analysis. This is precisely the case: when the coefficients a^{−1}_i in (8) are nonzero, Λ^{(2)} has maximal rank, independent of fine-tunings such as (55) or (57). Hence, even if the choice (55) eliminates the ghost at the linear level, it reappears through the interactions, precisely as the Boulware-Deser ghost of massive gravity. In other words, it is a necessary but not sufficient condition. The same argument applies to the absence of the massive spin-2 mode when Δ = 0: higher-order interactions will generate these additional degrees of freedom.

In order to obtain fewer degrees of freedom at the full, non-perturbative level, one needs potentials with singular Hessian. The quadratic case (8) provides an interesting case study, as a singular Hessian can be obtained easily setting some of the coefficients a^{−1}_i to zero.

5.1 Self-dual theory

Set Λ = Λ(φ^{ij} ), or a^{−1}_2 = a^{−1}_3 = a^{−1}_4 = 0 in the quadratic case. Only the (2, 0) part of the simplicity constraints are relaxed. Consequently, the dynamical fields are a unique metric, with tetrad e, and a unique set of scalars b. The B^{IJ} can be parametrized as B^{IJ} = [ P^{IJ}_{(+)i}P^a_{(+)KL}b^i_a + ηP^{IJ}_{(−)KL} ] e^K ∧ e^L. 11For γ^2 = 1, we are dealing with the modified self-dual Plebanski action, which only has 2 degrees of freedom [18]. In complete agreement, the mass diverges and the second graviton stops propagating.

12This is confirmed looking again at (47): there, χ^{(±)} decouple from H^{(−)T T} and the result is that H^{(−)T T} is then determined from the sources σ^{(±)}, and does not propagate. Its trace part, the scalar ghost, is also eliminated for the same value (55).

The on-shell right-handed connection is still given by (19), whereas the left-handed one is directly (the projection of) the spin connection ω(e). Solving the algebraic field equations for φ^{ij} , we recover a generic potential eV (m^{ij} ). The resulting action S(b^i_a, e^I_μ) has the structure of the modified self-dual Plebanski theories studied by Krasnov [18]. Hence, this class of potentials gives only 2 degrees of freedom.

Notice also that if we take γ^2 = 1 (or −1 in the Lorentzian case), then we also fall into the self-dual modified theory. In this case, no matter the form of the potential, there are only two degrees of freedom.

5.2 Scalar-tensor theory

Set Λ = Λ(δ^{IJKL}ϕ_{IJKL}), or all but a^{−1}_4 vanishing in the quadratic case. The scalar simplicity constraint is the only one relaxed. The dynamical field are now a unique metric plus a scalar field, the conformal factor relating the right- and left-handed Urbantke metrics. The resulting theories have only 3 degrees of freedom, and the scalar mode is not necessarily a ghost: full stability can be obtained for suitable values of γ and η. Such scalar-tensor sector is studied in detail in [44].

5.3 Scalar constraint and unimodular massive gravity

Set Λ = Λ(φ^{ij} , φ̄^{ij} , ψ^{ij} ), or a^{−1}_4 = 0 in the quadratic case. The scalar simpicity constraint is the only one present, and a single zero mode is introduced in the Hessian. A priori, this is a promising case because one could expect the reintroduced scalar constraint to kill one nonperturbative DOF. However, this is not the case, as it is evident already in the perturbative expansion around the bi-flat background. Proceeding as above, one gets exactly the formula (46), the only difference being that now H^{(−)}_{μν} is traceless. Projecting on the spin components, its propagator reads Π = P_2 k^2 + a + c + P^1 a + P^0_l + P^0_s −^1_2 k^2 + a

. (58)

We see that we have again the scalar ghost, and furthermore it is now always dynamical, independent of any parameter fine-tuning. That is, this subclass is completely sick. The result can be understood also from the viewpoint of the canonical analysis: while taking a^{−1}_4 = 0 we do achieve a singular Hessian Λ^{(2)}, its zero mode is not in the six-dimensional space of Lagrange multipliers which give genuine constraints.^{13} This negative result shows the non-triviality of finding a class of theories with 7 degrees of freedom, a problem open in bigravity theories, and to which the Plebanski description unfortunately does not seem to bring much novelty. In particular, we can identify a specific algebraic difficulty: the most natural single constraint to be added, the scalar simplicity constraint, gives a zero mode lying in the wrong part of the Hessian.

13With the linearized result (58), we have recovered that unimodular massive gravity contains six DOFs, with the massive graviton and the Boulware-Deser ghost. This is also apparent in the ADM formalism, where the lapse function N is no longer an independent variable (since N^2 det(q) = 1). In the massless case, the diffeomorphism constraint is still present as a primary constraint and the Hamiltonian constraint, with cosmological constant as an integration constant, appears as the secondary constraint generated by it [45]. In the massive case however, the only way to obtain a constraint is by fine-tuning the mass term such that N appears linearly, which is of no help in the unimodular case.

5.4 Genuine bi-gravity Set Λ = Λ(ψ^{ij} , δ^{IJKL}ϕ_{IJKL}), or a^{−1}_1 = a^{−1}_2 = 0 in the quadratic case. The (2, 0) ⊕ (0, 2) components of the simplicity constraints are present, imposing q_{ab} = δ_{ab} and q̄_{ab} = δ_{ab}. Fur such potentials, the scalar fields are explicitly eliminated, and a genuine bi-metric theory of gravity is obtained. With the potential (8), we have S = 1 2 ∫ ( 1 + 1 γ ) eR(e) − η ( 1 − 1 γ ) ēR(ē) (59) + 1 12(e + ē) [ a_3e^2(K^2 − K^μ_ν K^ν_μ) + 6a_4(e^2 + ē^2) − 12(a_3 + a_4)eē ] , where K^μ_ν ≡ g^{μρ}ḡ_{ρν} , and K ≡ δ^ν_μK^μ_ν . A generic Λ(ψ^{ij} , δ^{IJKL}ϕ_{IJKL}) will result in a generic interaction term V (K), which corresponds to the most general action for bi-metric theories of gravity.^{14}

Linearization of (59) around the bi-flat background leads to L = 1 2 L^{(2)}_{EH}(h^{(+)}_{μν} ) + 1 2 L^{(2)}_{EH}(h^{(−)}_{μν} ) + 1 12 γ^2 |γ^2 − 1| ( a_3h^{(−)}_{μν} +

3a_4 − a_3 4 h^{(−)2} ) . (60)

The PF mass term is again obtained for a_3 = −a_4, with

M^2_{P F} = − 2 3 γ^2 |γ^2 − 1| a_3. (61)

This corresponds to the theory 1 2 ∫ eR(e) + ēR(ē) + a_3 12(e + ē) [ e^2(K^2 − K^μ_ν K^ν_μ) − 6(e^2 + ē^2) ] . (62)

However, this theory has already been examined in the literature, and the canonical analysis also yields eight degrees of freedom [23]. Once again, the ghost reappears in the interactions. Let us add a couple of further remarks.

• The presence of the ghost in the genuine bi-gravity case suggests that it will also be present in the cases with only one of the auxiliary fields constrained, namely a^{−1}_1 = 0, a^{−1}_2 ≠ 0 or a^{−1}_1 ≠ 0, a^{−1}_2 = 0. Nevertheless, for completeness one can note that the same relation a_3 = −a_4 has to be imposed in order to obtain the PF mass term. The respective masses are then given by

M^2_a−1_{1 =0} = − 4 3 γ^2 |γ^2 − 1| a_2a_3 2a_2 + a_3

, M^2_a−1_{2 =0} = − 4 3 γ^2 |γ^2 − 1| a_1a_3 2a_1 + a_3

. (63)

Taking a^{−1}_4 = 0 in any of the cases with a^{−1}_1 a^{−2}_2 = 0 is of no help either: for exactly the same reasons as in the case a^{−1}_1 a^{−2}_2 ≠ 0, the massive graviton is unimodular, and the ghost is already propagating at the linear level.

14For more on bi-gravities and their applications, see e.g. [26, 27, 28, 29].

• The fact that the choice of parameters leading to a Pauli-Fierz mass term, a_3 = −a_4, is unchanged in the presence of the additional (b, b̄) scalar degrees of freedom (see previous Section), is further evidence that these fields, although can not be immediately integrated out, do not play much of a dynamical role, but just encode some additional self-interactions of the two metrics.

While the above list does not exhaust all the possible singular cases for the quadratic potential, it contains all cases in which the (1, 1) components of the constraints are relaxed, such that the two Urbantke metrics are independent and one can expect a bi-gravity theory. This shows how non-trivial it is to find a class with seven non-perturbative DOFs, that is generalizing the Pauli-Fierz mass term to the interacting theory. One might hope that a special, but still polynomial form of the potential with the right zero mode in the Hessian exists. However, the genuine bi-gravity case suggests that this is not possible. Indeed, a theory of massive gravity which appears to be non-perturbatively ghost free has been introduced and studied in a series of papers [30, 31], and its casting within a bi-metric theory of gravity also considered in [32]. In this approach, the generic non-perturbative Boulware-Deser ghost is bypassed by tailoring the non-perturbative mass term to have a singular Hessian with respect to the lapse field and shift vector used in the ADM analysis. The upshot of these results is that one needs specific potentials of √ K^μ_ν : The presence of the square root is necessary to achieve the ghost-freeness.

This somewhat cumbersome construction can be translated into an equivalent non-polynomial potential V (Q) in terms of Plebanski variables, and consequently, suggests that also the full modified Plebanski theory would require some complicated and non-polynomial potential to eliminate the ghost non-perturbatively. Notice also that the canonical Hamiltonian analysis is made rather complicated by the form of the potential, which has led to some debate in the literature on the effective ghost-freeness [33]. Even translated in the Plebanski formalism, checking the ghost-freeness through the zero modes of the Hessian appears just as complicated. Indeed, it would be a palatable feature of the Plebanski formalism to shed some light on such unusual structure of the potential, but our analysis in this direction has produced no interesting results so far.

6 Lorentzian theory and reality conditions

In this final section, we discuss a rather different aspect of the theory, which concerns its description in the case of Lorentzian signature. The analysis performed above extends immediately to SO(3,1), the relevant group for Lorentzian signature, but there is a caveat: because the left-right splitting sl(2, C) = su(2) ⊕ su(2) now involves a complexification of the su(2) algebras, reality conditions must be supplemented to make the metrics (14) real. In fact, for signatures σ = ±, (14) reads √

−g^{(±)} g^{(±)}_{μν} = 1 6 δ_{IN} ( δ_{JMKL} ± √ σ 2 ϵ_{JMKL} ) B^{IJ}_{μα}B̃^{KLαβ}B^{MN}_{βν} . (64) In the Lorentzian case, σ = −1 and √ σ = i. The surretitious presence of the factor i in this formula is what introduces the need of reality conditions. These can be borrowed from the self-dual formalism [3], as was done in [10]. The resulting metrics are real and automatically Lorentzian, as a consequence of the Urbantke theorem [12, 37], but one needs to work with a complex field B, as inspection of (64) immediately reveals. It is then desirable to have an alternative strategy which gives real Lorentzian metrics while preserving the reality of B.

Assuming B real, one has to look for an alternative metric decomposition. A natural possibility is to work with the real and imaginary parts of (14). However, it turns out to be more convenient to work with a slightly different pair of metrics, say g_1 and g_2, defined as

− g^{(±)} g^{(±)μν} = ±g̃^{μν}_1 + √ σg̃^{μν}_2 , (65)

where the double tilde is to keep track of the fact that the right-hand side is a density-two pseudotensor. Using the inverse of (64), it is not hard to show that

g̃^{μν}_1 = 1 6 δ_{IN} δ_{JMKL}B̃^{IJμα}B^{KL}_{αβ} B̃^{MNβν} , g̃^{μν}_2 = 1 12 δ_{IN} ϵ_{JMKL}B̃^{IJμα}B^{KL}_{αβ} B̃^{MNβν}. (66) These metrics have been considered for instance in [46]. For both signatures, they are real for real B, without any additional conditions. Notice that (66) is an equality between density-two pseudotensors.

The use of (66) instead of the Urbantke metrics (64) gives an alternative approach to the physical interpretation of the modified Plebanski theory, and it would be interesting to develop it further, and see whether one gets the same bi-metric-plus-scalar structure, or substantial differences appear. Ultimately, which reality conditions (B complex and (64) real, as above, or B real and (66) as the fundamental metrics) are physically relevant depends on the form of the potential term and the coupling to matter. In particular, we postpone a study of the signatures of (66) and how to parametrize B in terms of them. To illustrate nonetheless the validity of these alternative metrics, in the rest of this section we show that they can be used to provide a new parametrization of the solution to the compatibility equation, which does not rely on the left/right splitting, and does not require any reality conditions. Explicitly, we will show below that the SO(4) compatibility equation

d_ωB^{IJ} = 0 (67)

is solved by ω^{AB}_μ = − 1 8 (1g̃_1 + σ ⋆ g̃_2)^{−1AB}_{XY μν} [1 ⊗ 1 + σ ⋆ ⊗⋆]^{XY}_{P Q}^{IJ}_{RS} B̃^{να}_{IJ} B^{P Q}_{αβ} ∂_ρB̃^{RSρβ}. (68) The solution can be checked to transform correctly under changes of gauge and diffeomorphisms,^{15} and to reduce to the sum of left- and right-handed solutions (19).

6.1 Solving the compatibility condition

We will need first to prove the following identity, ( 1g̃_1 + σ ⋆ g̃_2 )_{EF} XY μν = 1 8 f_{IJKLMN} [1 ⊗ 1 + σ ⋆ ⊗⋆]^{EF}_{P Q}^{MN}_{XY} B̃^{IJμα}B^{P Q}_{αβ} B̃^{KLβν}, (69) where f_{IJKLMN} = 4η_{[M[I} η_{J]N]KL} (70) 15Notice that the partial derivative enters as a divergence of a density-one bi-vector, so what we have is just a 3-form. Indeed, the whole expression can be also written in terms of forms.

are the structure constants of the Lorentz group. The starting point is a similar formula holding in the SU(2) case, δ^l_kg̃_ϵ^{μν} = 1 2 ϵ_{ijk}B̃^{iμα}_ϵ B̃^{jνβ}_ϵ B^l_{ϵαβ} , (71) where ϵ = ± stands for self- or antiself-dual, and g̃_ϵ^{μν} = −g_ϵg_ϵ^{μν} is the doubly densitized (inverse) Urbantke metric, and B^i_ϵ = P_ϵ^i_{IJ} B^{IJ} . The formula is easily proved using (15) and its (anti)self-duality.

Next, we observe that the SU(2) structure constants ϵ_{ijk} are the self-dual part of the Lorentz algebra ones f_{IJKLMN} , more precisely ϵ_{ijk} = − ϵ 2 √ σ f_{IJKLMN} P^{IJ}_{ϵ i}P^{KL}_{ϵ j} P^{MN}_{ϵ k}. (72) Using this formula in (71), we get

δ^l_kg̃_ϵ^{μν} = ϵ 2 f_{IJKLMN} P^{IJ}_{ϵ AB}B̃^{ABμα}P^{KL}_{ϵ CD}B̃^{CDνβ}P^{MN}_{ϵ k}P_ϵ^l_{P Q}B^{P Q}_{αβ} = ϵ 2 f_{IJKLMN}B̃^{IJμα}B̃^{KLνβ}P^{MN}_{ϵ k}P_ϵ^l_{P Q}B^{P Q}_{αβ} , (73) where in the first equality we used trivial properties of the projectors, and in the second the fact that SD/ASD is an orthogonal decomposition for the structure constants, thus a single projector on a pair of indices suffices. The last formula can be equivalently rewritten as 2P_ϵ^{EF}_{GH}g̃_ϵ^{μν} = ϵ 2 f_{IJKLMN} P^{MN}_{ϵ GH} P_ϵ^{EF}_{P Q}B̃^{IJμα}B̃^{KLνβ}B^{P Q}_{αβ} . (74) Expanding out the projectors, and using the definition (66), we get [√ σ ( 1g̃_2 + ⋆g̃_1 ) + ϵ ( 1g̃_1 + σ ⋆ g̃_2 )]_{EF} GH μν = ϵ 8 f_{IJKLMN} [ 1 ⊗ 1 + σ ⋆ ⊗ ⋆ +ϵ √ σ (1 ⊗ ⋆ + ⋆ ⊗ 1) ]_{MN EF} GH P Q B̃^{IJμα}B^{P Q}_{αβ} B̃^{KLβν}. Finally, subtracting the equation for ϵ = −1 to the one for ϵ = 1, we arrive at (69).

We can now easily write down the solution of (67). In components, the equation can be written as ∂_ρB̃^{ρσ}_{IJ} = f_{IJKLMN} ω^{MN}_ρ B̃^{KLρσ}. (75) Then, we contract both sides of this expression with [1 ⊗ 1 + σ ⋆ ⊗⋆]^{XY}_{P Q}^{IJ}_{RS}B̃^{IJμα}B^{P Q}_{αβ} , and use the fact that ⋆ commutes with f to get [1 ⊗ 1 + σ ⋆ ⊗⋆]^{XY}_{P Q}^{IJ}_{RS} B̃^{IJμα}B^{P Q}_{αβ} ∂_ρB̃^{ρσ}_{IJ} = f_{IJKLMN} ω^{MN}_ν B̃^{KLνσ} [1 ⊗ 1 + σ ⋆ ⊗⋆]^{XY}_{P Q}^{IJ}_{RS} B̃^{IJμα}B^{P Q}_{αβ} = − 1 8 ω^{AB}_μ (1g̃_1 + σ ⋆ g̃_2)^{XY}_{AB}^{μν} ,

where in the last step we used (69). Inverting the last equation, we find the solution (68). Finally, let us add that a similar approach to solve the compatibility equation for general SO(N) groups has been studied in [49].

7 Conclusions

In this paper, we have studied the modified non-chiral Plebanski action, generalizing the results of [10] in various directions. First, we considered the most general quadratic potential in which all simplicity constraints are relaxed. In particular, we showed how to cure the presence of a linear ghost by identifying the values of the parameter leading to the Pauli-Fierz mass term. This is given by (55). Second, we included the Immirzi parameter in the analysis, and found that the mass of the second spin-2 particle depends on it, via the combination γ^2/(γ^2 − 1). This might appear as a surprising result at first, since the reader might be familiar with the classical irrelevance of the Immirzi parameter in pure gravity. However, the parameter allows to differentiate the left and right sectors of the Lorentz algebra, and in the modified theory the two sectors carry independent degrees of freedom. The result displays the importance of the Immirzi parameter in the modified Plebanski theory. We also found values leading to the absence of the second spin-2 particle. These are given by (57). Third, we provided many more details on the linearized analysis, including the structure of irreducible representation, the solution of the linearized spin connection, a simple relation between the second order linearized BF theory and general relativity, and the helicity decomposition of the field equations, needed to study the scalar mode.

Beyond the linearized approximation, we discussed how one can try to remove the ghost also non-perturbatively. While the Pauli-Fierz mass term is a necessary condition, it is not sufficient and a Boulware-Deser ghost can reapper through the interactions. We showed that this indeed happens for our quadratic potential with Pauli-Fierz mass term. Although it has been argued that a theory of massive gravity with a non-linear ghost can be physically viable, e.g. [23, 47, 48], it is important to understand whether a non-perturbatively ghost-free theory exists. We argued that the most intuitive possibility, which is to reintroduce the scalar simplicity constraint, does not work, because of the structure of secondary constraints of the action. Then we showed how to link the modified Plebanski action to genuine bi-metric theories of gravity. For these, a non-perturbatively ghost-free construction has been recently presented in the literature [30, 31], and it would be interesting to pursue further studies in this direction, and see whether the two approaches can shed light on each other. On the other hand, a non-perturbatively ghost-free subclass is obtained relaxing only the scalar simplicity constraint, and one obtains scalar-tensor theories [44].

Finally, we also presented an alternative solution to the compatibility condition, given in (68). The new solution does not rely on the left/right splitting of the algebra, but rather on a metric structure induced by the structure constants of the Lorentz group, leading to the key identity (69). The advantage of the new solution is that in the Lorentzian case it is automatically real for real B, whereas the standard solution needs a complex B field and additional reality conditions to make the Urbantke metrics real. This new construction could bring new insights in the interpretation of the modified non-chiral Plebanski action.

Acknowledgements. We are pleased to thank N. Van den Bergh for stimulating discussions, and Merced Montesinos for showing us a draft of his paper [49]. David is supported by the Research Foundation-Flanders (FWO). Simone is partially supported by the ANR Programme Blanc grant LQG − 09. David and Giovanni wish to thank the CPT for hospitality during part of this work.

A Appendix

In this appendix, we collect our conventions and the explicit expressions for the various projectors used in the main body of the paper.

A.1 Conventions

• Levi-Civita pseudo-tensor:

ϵ^{0123} = 1, e = 1 4! ϵ_{IJKL}ϵ^{μνρσ}e^I_μe^J_ν e^ρ_K e^σ_L, ϵ_{μνρσ} = g_{μα}g_{νβ}g_{ργ} g_{σδ} ϵ^{αβγδ} , ϵ^{μνρσ}ϵ_{μνρσ} = 4!g, ϵ^{μνρσ}e^I_μe^J_ν = e ϵ^{IJKL}e^ρ_K e^σ_L, 1 4e^2 ϵ_{μναβ} ϵ^{ρσαβ} = δ^{ρσ}_{μν} . • Self-dual projectors and their properties: P^{IJ}_{ϵ KL} = 1 2 ( δ^{IJ}_{KL} + ϵ 2 ϵ^{IJ}_{KL} ) , P^{IJ}_{ϵ i} = 2P^{IJ}_{ϵ 0i} = δ^{IJ}_{0i} + ϵ 2 ϵ^{IJ}_{0i}

δ^{ij} P^{IJ}_{ϵ i}P^{KL}_{ϵ j} = P^{IJKL}_ϵ , δ_{IJKL}P^{IJ}_{ϵ i}P^{KL}_{ϵ j} = δ_{ij} , 1 2 ϵ_{IJKL}P^{IJ}_{ϵ i}P^{KL}_{ϵ j} = ϵδ_{ij} , P^i_{ϵ IJ} P^j_ϵ^J_L = − 1 4 δ^{ij} δ_{IL} − ϵ 2 ϵ^{ijk}P^k_{ϵ IL}, P^i_{ϵ IJ} P^j_{−ϵ}^J_L = 1 4 δ^{ij} δ_{IL} − 1 2 δ^{ij}_{(IL)} + δ^0_{(I} P^i_{ϵ JL)}δ^{jJ} = 1 4 δ^{ij} ( δ_{IL} − 2δ^0_I δ^0_L ) − 1 2 δ^{ij}_{(IL)} + ϵ 2 δ^0_{(I} ϵ^{0ij}_{L)}.

• Plebanski 2-forms and their properties:

Σ^i_ϵ = P^i_{ϵ IJ} e^I ∧ e^J , 1 2e ϵ^{μν}_{ρσ} Σ^i_{ϵμν} = ϵΣ^i_{ϵρσ}, Σ^i_{ϵμν} (e) = 2P^i_{ϵ μν} = 2e^0_{[μ}e^i_{ν]} + ϵϵ^i_{jk}e^j_μe^k_ν , Σ^i_ϵ(e) ∧ Σ^j_ϵ (e) = ϵ 2eδ^{ij} d^4x, 1 2 δ_{ij} Σ^i_{ϵμν} Σ^j_{ϵ ρσ} = g_{μ[ρ}g_{σ]ν} + ϵ 2e ϵ_{μνρσ} , Σ^i_{ϵμν} Σ^j_{ϵρσ}g^{νσ} = δ^{ij} g_{μρ} + ϵϵ^{ij}_lΣ^l_{ϵμρ}, Σ^i_{ϵμν} Σ^j_ϵ^{μρ}Σ^k_{ϵ ρσ} = δ^{ij} Σ^k_{ϵ νσ} − δ^{ik}Σ^j_{ϵνσ} + δ^{jk}Σ^i_{ϵνσ} − ϵϵ^{ijk}g_{νσ}. A.2 Connection components The connection can be decomposed in irreducible representations of SO(4)

(3/2, 1/2) ⊕ (1/2, 3/2) ⊕ (1/2, 1/2) ⊕ (1/2, 1/2). (76)

The decomposition into (parity-even) irreducibles is realized by the three orthogonal projectors P̄^{I,JK}_{A,BC} = δ^I_Aδ^{JK}_{BC} − P̌^{I,JK}_{A,BC} − P̂^{I,JK}_{A,BC} , P̌^{I,JK}_{A,BC} = 2 3 δ_{A[C} δ^{[J}_{B]}δ^{K]I} , P̂^{I,JK}_{A,BC} = 1 6 ϵ_{ABCD}ϵ^{IJKD}. (77)

A.3 Curvature components A general tensor t^{IJKL} has 36 components, transforming under the following irreps,

(2, 0) ⊕ (0, 2) ⊕ (1, 0) ⊕ (0, 1) ⊕ (1, 1) ⊕ (1, 1) ⊕ (0, 0) ⊕ (0, 0).

The SO(4) projectors are:

Π_{(2,0)} = P^{(IJ|}_{(+) AB} P^{|KL)}_{(+) CD} − 1 3 P^{IJKL} (+) P_{(+)ABCD} (78)

Π_{(0,2)} = P^{(IJ|}_{(−) AB} P^{|KL)}_{(−) CD} − 1 3 P^{IJKL} (−) P_{(−)ABCD} (79) Π_{(1,0)} = P^{[IJ|}_{(+) AB} P^{|KL]}_{(+) CD} (80) Π_{(0,1)} = P^{[IJ|}_{(−) AB} P^{|KL]}_{(−) CD} (81) Π_{(1,1)} = P^{(IJ|}_{(+) AB} P^{|KL)}_{(−) CD} + P^{(IJ|}_{(+) CD} P^{|KL)}_{(−) AB} (82) Π_{(1,1)} = P^{[IJ|}_{(+) AB} P^{|KL]}_{(−) CD} − P^{[IJ|}_{(+) CD} P^{|KL]}_{(−) AB} (83)

Π_{(0,0)} = 1 6 δ^{IJKL}δ_{ABCD} (84) Π_{(0,0)} = 1 4! ϵ^{IJKL}ϵ_{ABCD} (85) (86)

Using the fact that self-dual indices are in correspondence with SU(2) indices, we can write the composition in terms of the SU(2) indices as t^{IJKL} = ∑ i (Π_i t)^{IJKL} = ( P^{IJ}_{(+)i}P^{KL}_{(+) j} − 1 3 δ_{ij} P^{IJ}_{(+)k} P^{KL}_{(+) k} ) t^{(ij)} (87) + ( P^{IJ}_{(−)i}P^{KL}_{(−) j} − 1 3 δ_{ij} P^{IJ}_{(−)k} P^{KL}_{(−) k} ) t̄^{(ij)} + P^{[IJ|}_{(+) i}P^{|KL]}_{(+) j} t^{[ij]} + P^{[IJ|}_{(−) i}P^{|KL]}_{(−) j} t^{[ij]}

+P^{(IJ|}_{(+) i}P^{|KL)}_{(−) j} t^{ij} + P^{[IJ|}_{(+) i}P^{|KL]}_{(−) j} t̄^{ij} + 1 6 δ^{IJKL} t + 1 12 ϵ^{IJKL} t_⋆, where we introduced the following irreducible components:

(2, 0) ∋ t_{(ij)} = ( P^{(IJ|}_{(+) i} P^{|KL)}_{(+) j} − 1 3 δ_{ij} P^{IJ}_{(+)k} P^{KL}_{(+) k} ) t_{IJKL} (88) (0, 2) ∋ t̄_{(ij)} = ( P^{(IJ|}_{(−) i} P^{|KL)}_{(−) j} − 1 3 δ_{ij} P^{IJ}_{(−)k} P^{KL}_{(−) k} ) t_{IJKL} (89) (1, 0) ∋ t_{[ij]} = ( P^{[IJ|}_{(+) i} P^{|KL]}_{(+) j} ) t_{IJKL} (90) (0, 1) ∋ t̄_{[ij]} = ( P^{[IJ|}_{(−) i} P^{|KL]}_{(−) j} ) t_{IJKL} (91) (1, 1) ∋ t_{ij} = 2 ( P^{(IJ|}_{(+) i} P^{|KL)}_{(−) j} ) t_{IJKL} (92) (1, 1) ∋ t̄_{ij} = 2 ( P^{[IJ|}_{(+) i} P^{|KL]}_{(−) j} ) t_{IJKL} (93) (0, 0) ∋ t = δ^{IJKL} t_{IJKL} (94) (0, 0) ∋ t_⋆ = 1 2 ϵ^{IJKL} t_{IJKL} (95) (96)

From these we compute the ten general quadratic invariants,

Q_1(t) = t_{IJKL} t^{IJKL} = t^2_{(ij)} + t^2_{[ij]} + t̄^2_{(ij)} + t̄^2_{[ij]} + 1 2 t^2_{ij} + 1 2 t̄^2_{ij} + 1 6 t^2 + 1 6 t^2_⋆, (97)

Q_2(t) = 1 2 ϵ^{KL}_{MN} t_{IJKL} t^{IJMN} = t^2_{(ij)} + t^2_{[ij]} − t̄^2_{(ij)} − t̄^2_{[ij]} − t_{ij}t̄^{ij} + 1 3 tt_⋆, (98)

Q_3(t) = t_{IK} t^{IK} = 1 4 t^2 + 1 2 t^2_{[ij]} + 1 2 t̄^2_{[ij]} + 1 4 t^2_{ij}, (99)

Q_4(t) = t^2, (100) Q_5(t) = t^2_⋆, (101) Q_6(t) = tt_⋆, (102)

Q_7(t) = t_{IJKL} t^{KLIJ} = t^2_{(ij)} − t^2_{[ij]} + t̄^2_{(ij)} − t̄^2_{[ij]} + 1 2 t^2_{ij} − 1 2 t̄^2_{ij} + 1 6 t^2 + 1 6 t^2_⋆, (103)

Q_8(t) = t_{IK} t^{KI} = 1 4 t^2 − 1 2 t^2_{[ij]} − 1 2 t̄^2_{[ij]} + 1 4 t^2_{ij}, (104)

Q_9(t) = 1 2 ϵ^{IJ}_{MN} t_{IJKL} t^{MNKL} = t^2_{(ij)} + t^2_{[ij]} − t̄^2_{(ij)} − t̄^2_{[ij]} + t_{ij}t̄^{ij} + 1 3 tt_⋆, (105)

Q_{10}(t) = 1 2 ϵ^{IJ}_{KL} t_{IJMN} t^{MNKL} = t^2_{(ij)} − t^2_{[ij]} − t̄^2_{(ij)} + t̄^2_{[ij]} + 1 3 tt_⋆, (106)

In the symmetric case, ϕ^{IJKL} = ϕ^{KLIJ} , there are only six independent invariants, since Q_7 = Q_1, Q_{10} = Q_9 = Q_2, Q_8 = Q_3. If furthermore ϕ_⋆ = 0 is imposed, only the four invariants from (7) remain.

References

[1] L. Freidel, S. Speziale, “On the relations between gravity and topological BF theories,” to appear.

[2] M. J. Plebański, “On the separation of Einsteinian substructures,” J. Math. Phys. 18 (1977), 2511.

[3] R. Capovilla, T. Jacobson, J. Dell and L. Mason, “Selfdual two forms and gravity,” Class.

Quant. Grav. 8 (1991) 41.

[4] M. P. Reisenberger, “New Constraints For Canonical General Relativity,” Nucl. Phys. B 457, 643 (1995) [arXiv:gr-qc/9505044];

M. P. Reisenberger, “Classical Euclidean general relativity from *left-handed area = righthanded area*,” arXiv:gr-qc/9804061.

[5] R. De Pietri and L. Freidel, “so(4) Plebański Action and Relativistic Spin Foam Model,” Class. Quant. Grav. 16 (1999) 2187 [arXiv:gr-qc/9804071].

[6] A. Ashtekar, “New Variables for Classical and Quantum Gravity,” Phys. Rev. Lett. 57 (1986) 2244.

[7] J. C. Baez, “An introduction to spin foam models of BF theory and quantum gravity,” Lect. Notes Phys. 543 (2000) 25 [arXiv:gr-qc/9905087].

[8] A. Perez, “Spin foam quantization of SO(4) Plebanski’s action,” Adv. Theor. Math. Phys.

5 (2002) 947 [Erratum-ibid. 6 (2003) 593] [arXiv:gr-qc/0203058].

[9] C. Rovelli, “Zakopane lectures on loop gravity,” arXiv:1102.3660 [gr-qc].

A. Perez, “The spin foam approach to quantum gravity,” Living Reviews in Relativity, to appear.

[10] S. Speziale, “Bimetric theory of gravity from the nonchiral Plebanski action,” Phys. Rev.

D 82, 064003 (2010) [arXiv:1003.4701 [hep-th]].

[11] K. Krasnov, “Non-Metric Gravity I: Field Equations,” Class. Quant. Grav. 25 (2008) 025001 [arXiv:gr-qc/0703002];

K. Krasnov and Y. Shtanov, “Non-Metric Gravity II: Spherically Symmetric Solution, Missing Mass and Redshifts of Quasars,” Class. Quant. Grav. 25 (2008) 025002 [arXiv:0705.2047 [gr-qc]];

[12] L. Freidel, “Modified gravity without new degrees of freedom,” arXiv:0812.3200 [gr-qc].

[13] K. Krasnov, “Effective metric Lagrangians from an underlying theory with two propagating degrees of freedom,” arXiv:0911.4903 [hep-th].

[14] L. Smolin, ‘The Plebanski action extended to a unification of gravity and Yang-Mills theory,” Phys. Rev. D 80 (2009) 124017 [arXiv:0712.0977 [hep-th]].

A. G. Lisi, L. Smolin and S. Speziale, “Unification of gravity, gauge fields, and Higgs bosons,” J. Phys. A A 43 (2010) 445401 [arXiv:1004.4866 [gr-qc]].

[15] K. Krasnov, “Renormalizable Non-Metric Quantum Gravity?,” arXiv:hep-th/0611182;

[16] R. Capovilla, “Generally Covariant Gauge Theories,” Nucl. Phys. B 373, 233 (1992).

[17] I. Bengtsson, “The Cosmological constants,” Phys. Lett. B 254 (1991) 55.

I. Bengtsson, “Note on non-metric gravity,” Mod. Phys. Lett. A 22 (2007) 1643 [arXiv:grqc/0703114].

[18] K. Krasnov, “On deformations of Ashtekar’s constraint algebra,” Phys. Rev. Lett. 100 (2008) 081102 [arXiv:0711.0090 [gr-qc]];

[19] K. Krasnov, “Motion of a ’small body’ in non-metric gravity,” arXiv:0812.3603 [gr-qc].

K. Krasnov and Y. Shtanov, “Cosmological perturbations in a family of deformations of general relativity,” arXiv:1002.1210 [gr-qc].

[20] A. Ishibashi and S. Speziale, “Spherically symmetric black holes in minimally modified self-dual gravity,” Class. Quant. Grav. 26, 175005 (2009) [arXiv:0904.3914 [gr-qc]].

[21] S. Alexandrov and K. Krasnov, “Hamiltonian Analysis of non-chiral Plebanski Theory and its Generalizations,” Class. Quant. Grav. 26 (2009) 055005 [arXiv:0809.4763 [gr-qc]].

[22] C. J. Isham, A. Salam and J. A. Strathdee, “F-dominance of gravity,” Phys. Rev. D 3, 867 (1971).

[23] T. Damour and I. I. Kogan, “Effective Lagrangians and universality classes of nonlinear bigravity,” Phys. Rev. D 66 (2002) 104024 [arXiv:hep-th/0206042].

[24] M. Fierz and W. Pauli, “On relativistic wave equations for particles of arbitrary spin in an electromagnetic field,” Proc. Roy. Soc. Lond. A 173, 211 (1939).

[25] D. G. Boulware and S. Deser, “Can gravitation have a finite range?,” Phys. Rev. D 6 (1972) 3368.

[26] D. Blas, C. Deffayet and J. Garriga, “Causal structure of bigravity solutions,” Class. Quant.

Grav. 23, 1697 (2006) [arXiv:hep-th/0508163].

D. Blas, C. Deffayet and J. Garriga, “Bigravity and Lorentz-violating Massive Gravity,” Phys. Rev. D 76, 104036 (2007) [arXiv:0705.1982 [hep-th]].

[27] Z. Berezhiani, D. Comelli, F. Nesti and L. Pilo, “Spontaneous Lorentz breaking and massive gravity,” Phys. Rev. Lett. 99 (2007) 131101 [arXiv:hep-th/0703264]. Z. Berezhiani, D. Comelli, F. Nesti and L. Pilo, “Exact Spherically Symmetric Solutions in Massive Gravity,” JHEP 0807 (2008) 130 [arXiv:0803.1687 [hep-th]].

[28] M. Banados, A. Gomberoff, D. C. Rodrigues and C. Skordis, “A note on bigravity and dark matter,” Phys. Rev. D 79, 063515 (2009) [arXiv:0811.1270 [gr-qc]].

M. Banados, P. G. Ferreira and C. Skordis, “Eddington-Born-Infeld gravity and the large scale structure of the Universe,” Phys. Rev. D 79, 063511 (2009) [arXiv:0811.1272 [astroph]].

[29] M. Milgrom, “Bimetric MOND gravity,” Phys. Rev. D 80, 123536 (2009) [arXiv:0912.0790 [gr-qc]].

[30] C. de Rham, G. Gabadadze and A. J. Tolley, Phys. Rev. Lett. 106, 231101 (2011).

[arXiv:1011.1232 [hep-th]] C. de Rham, G. Gabadadze and A. J. Tolley, “Helicity Decomposition of Ghost-free Massive Gravity,” JHEP 1111 (2011) 093 [arXiv:1108.4521 [hep-th]].

[31] S. F. Hassan, R. A. Rosen, “Resolving the Ghost Problem in non-Linear Massive Gravity,” [arXiv:1106.3344 [hep-th]].

[32] S. F. Hassan, R. A. Rosen, “Bimetric Gravity from Ghost-free Massive Gravity,” [arXiv:1109.3515 [hep-th]].

[33] J. Kluson, “Comments About Hamiltonian Formulation of Non-Linear Massive Gravity with Stuckelberg Fields,” arXiv:1112.5267 [hep-th].

S. F. Hassan and R. A. Rosen, “Confirmation of the Secondary Constraint and Absence of Ghost in Massive Gravity and Bimetric Gravity,” arXiv:1111.2070 [hep-th]. J. Kluson, “Remark About Hamiltonian Formulation of Non-Linear Massive Gravity in Stuckelberg Formalism,” arXiv:1202.5899 [hep-th].

[34] L. Smolin and S. Speziale, “A note on the Plebanski action with cosmological constant and an Immirzi parameter,” Phys. Rev. D 81, 024032 (2010) [arXiv:0908.3388 [gr-qc]].

[35] J. Carminati and R. G. McLenaghan, “Algebraic invariants of the Riemann tensor in a four-dimensional Lorentzian space,” J. Math. Phys. 32 (1991) 31353140.

[36] G. ’t Hooft, “A Chiral alternative to the Vierbein field in general relativity,” Nucl. Phys.

B 357 (1991) 211.

[37] H. Urbantke, “On Integrability Properties Of SU(2) Yang-Mills Fields. I. Infinitesimal Part,” J. Math. Phys. 25 (1984), 2321.

[38] S. Deser and C. Teitelboim, “Duality Transformations Of Abelian And Nonabelian Gauge Fields,” Phys. Rev. D 13 (1976) 1592.

[39] M. B. Halpern, “Field Strength Formulation Of Quantum Chromodynamics,” Phys. Rev.

D 16 (1977) 1798.

M. B. Halpern, “Field Strength And Dual Variable Formulations Of Gauge Theory,” Phys. Rev. D 19 (1979) 517.

[40] I. Bengtsson, “Form geometry and the ’t Hooft-Plebanski action,” arXiv:gr-qc/9502010.

[41] D. Benedetti and S. Speziale, “Perturbative quantum gravity with the Immirzi parameter,” JHEP 1106 (2011) 107 [arXiv:1104.4028 [hep-th]].

[42] P. Van Nieuwenhuizen, “On ghost-free tensor Lagrangians and linearized gravitation,” Nucl.

Phys. B 60, 478 (1973 )

[43] A. Perez and C. Rovelli, “Physical effects of the Immirzi parameter,” Phys. Rev. D 73 (2006) 044013 [gr-qc/0505081].

L. Freidel, D. Minic and T. Takeuchi, “Quantum gravity, torsion, parity violation and all that,” Phys. Rev. D 72 (2005) 104002 [hep-th/0507253].

[44] D. Beke, “Scalar-Tensor theory as a singular subsector of Λ(ϕ) Plebanski gravity,” submitted to JPCS, [arXiv:1111.1139 [gr-qc]] D. Beke, S. Speziale, “Scalar-Tensor theories from the modified Plebanski action,” to appear.

[45] W. Unruh, “Unimodular theory of canonical quantum gravity,” Phys. Rev. D 40, 1048 (1989)

[46] R. Capovilla, M. Montesinos, V. A. Prieto and E. Rojas, “BF gravity and the Immirzi parameter,” Class. Quant. Grav. 18 (2001) L49 [Erratum-ibid. 18 (2001) 1157] [grqc/0102073].

[47] N. Arkani-Hamed, H. Georgi and M. D. Schwartz, “Effective field theory for massive gravitons and gravity in theory space,” Annals Phys. 305 (2003) 96 [arXiv:hep-th/0210184].

[48] L. Alberte, A. H. Chamseddine and V. Mukhanov, “Massive Gravity: Exorcising the Ghost,” JHEP 1104 (2011) 004 [arXiv:1011.0183 [hep-th]].

[49] V. Cuesta, M. Montesinos, and M. Velázquez, “n-dimensional non-Abelian BF theory as interacting (n − 2)-forms,” to appear.