arXiv:1105.4364v2 [hep-th] 16 Sep 2011

Spin-1 duality in D-dimensions

D. Dalmazi^∗and R. C. Santos^† UNESP - Campus de Guaratinguetá - DFQ Av. Dr. Ariberto Pereira da Cunha, 333 CEP 12516-410 - Guaratinguetá - SP - Brazil. dalmazi@feg.unesp.br

September 19, 2011

Abstract

It is known that the Maxwell theory in D dimensions can be written in a first order form (in derivatives) by introducing a totally antisymmetric field which leads to a (D−3)- form dual theory. Remarkably, one can replace the antisymmetric field by a symmetric rank two tensor (W_{μν} = W_{νμ}). Such master action establishes the duality between the Maxwell-theory and a fourth order higher rank model in a D-dimensional flat space time. A naive generalization to the curved space shows a connection between the recently found D = 4 critical gravity and the Maxwell theory plus a coupling term to the Ricci tensor (R_{μν} A^μA^ν ). The mass of the spin-1 particle which appears in the D = 4 critical gravity linearized around anti-de Sitter space is the same one obtained from the Ricci coupling term. We also work out, in flat space time, the explicitly massive case (Maxwell-Proca) which is dual to a second order theory for W_{μν} .

∗Partially supported by CNPq †Supported by CAPES

1 Introduction

The power of duality in field theory can hardly be underestimated, specially if we take into account the variety of applications of the AdS/CFT conjecture [1], see e.g. [2]. An earlier example where duality has also played an important role is the rigorous proof of confinement in a four dimensional (supersymmetric) field theory [3]. Those are examples of interacting theories.

In free (quadratic) field theories a typical approach to duality makes use of a master action [4] which depends on two different fields. Schematically, for massless fields, one starts from a Lagrangian density L [A, B] = BB + 2 AD̂B where D̂ is some differential operator. On one hand, the Gaussian integral over the the B field furnishes L [A] = AD̂^†D̂A while the path integral over the A field leads to the functional constraint D̂B = 0 whose general solution B(C) introduces another field C. Back in the master action we get L [C] = B(C)B(C) which is dual to L [A]. Along those lines the authors of [5] have shown the duality between a massless scalar field (zero-form) and a massless 2-form in D = 3 + 1 dimensions. Later this was generalized to p-form and (D − 2 − p)-form duality, see for instance [6].

For massive particles we have duality between a p-form and a (D − p − 1)-form. Now the master action is a bit different since we have also a quadratic term in the A field such that we can obtain the dual theories by Gaussian integrating either the B field or the A field. Usually, there is no constraint to be solved in the massive case. We review this procedure in both massless and massive cases in subsections 2.1 and 3.1 respectively. There we also introduce sources and determine a local correspondence (dual map) between the dual theories which guarantees equivalence of correlation functions up to contact terms. Although the above dualities involve free theories, they may suggest new interesting interacting theories as in [7].

For our purposes it is important to consider L [A, B] as a lower order (in derivatives) version of L [A] and notice that there is no need of using antisymmetric fields to decrease the order. Our starting point here is a first order version of the Maxwell theory in D dimensions obtained in [8] with the help of a rank-two symmetric tensor. In section 2.2 we obtain, in flat space, the dual to the Maxwell theory by solving a functional constraint. We compare correlation functions of gauge invariants in both dual theories. We make some comments on a possible curved space version of this master action. In the curved space the Maxwell action is modified by a an interaction with the Ricci tensor: R_{μν} A^μA^ν . On the dual side, a naive solution of the constraint equation leads to a dual gravitational theory in D = 4 which has been recently considered [9] in the literature and known to possess spin-1 massive particles in the spectrum after linearization around AdS spaces [10]. The mass of those spin-1 particles perfectly agrees with the one obtained in the dual vector theory when we consider the additional term R_{μν} A^μA^ν .

In section 3.2 we work out the massive formulation of the master action of [8] and show the duality between the Maxwell-Proca model in a flat space with D dimensions and a second order model for the rank-two symmetric field (S_W ). In the last section we draw some conclusions. In the appendix we run the Dirac-Bergmann algorithm in the Hamiltonian approach as a double check on unitarity and the counting of degrees of freedom for the dual S_W theory.

2 The massless case

2.1 (D − 3)-form / 1-form duality

In this section we recall the (D − 3)-form dual theory to the Maxwell theory and establish a local dual map between correlation functions in both theories.

It is known that in D-dimensions we can rewrite the Maxwell theory in a first-order form by using a totally antisymmetric tensor of rank D − 2, i.e., a (D − 2)-form. Namely^1,

L [A, B, J] = − (D − 2)! 4 B^2_{μ1···μD−2} + ϵ^{μ1 ···μD} 2 B_{μ1 ···μD−2} ∂_{μD−1} A_{μD} + B_{μ1···μD−2} J^{μ1···μD−2} . (1) We have introduced a source term. Integrating over the (D − 2)-form B_{μ1···μD−2} in a path integral we have the Maxwell theory plus source terms: L [A, J] = − 1 4 F^2_{μν} + 1 2(D − 2)! ϵ_{μ1 ···μD} J^{μ1···μD−2} ∂^{μD−1} A^{μD} + J^2_{μ1···μD−2} 2(D − 2)! (2) On the other hand, if we integrate over the vector field we obtain a functional delta function enforcing the vector constraint: ϵ^{μ1 ···μD} ∂_{μD−1} B_{μ1···μD−2} = 0 (3) whose general solution introduces a (D − 3)-form: B_{μ1···μD−2} = ∂_{[μD−2} C_{μ1···μD−3]}. Back in (1) we have a dual model to the Maxwell theory: L [C, J] = − (D − 2)! 4 ( ∂_{[μD−2} C_{μ1···μD−3]} )_2 + J^{μ1···μD−2} ∂_{[μD−2} C_{μ1···μD−3]} (4) Thus, we end up with the known duality between a 1-form and a (D − 3)-form which is a particular case of the p-form and (D − p − 2)-form duality for massless particles. Furthermore, by taking functional derivatives with respect to the source we have the local dual map: ∂_{[μD−2} C_{μ1···μD−3]} ↔ ϵ_{μ1 ···μD} ∂^{μD−1} A^{μD} 2 (D − 2)! (5) The map connects gauge invariant quantities in both theories L [C, J] and L [A, J]. It is such that the correlation functions of the left-hand side of (5) calculated in the theory (4) agree with the correlation functions of the right-hand side of (5) calculated in the theory (2) up to contact terms which have no particle content and stem from the quadratic term in the source in (2). The correspondence (5) also maps the equations of motion (in the absence of sources) of (2) and (4) into each other. 1In this work we use η_{μν} = (−, +, · · · , +) and ϵ_{μ1μ2 ···μk μk+1···μD} ϵ^{μ1μ2 ···μk νk+1···νD} = −k! (D − k)! det δ^{νj}_{μi} . Moreover for totally antisymmetric indices we have [α_1 · · · α_N ] = ∑ P (−1)^P P (α_1, · · · , α_N ) /N! while (αβ) = (αβ + βα) /2 .

2.2 Fourth order Maxwell dual

Remarkably, one can use instead of a (D − 2)-form a symmetric tensor W_{μν} = W_{νμ} to rewrite the Maxwell theory in a first-order form: S [A, W, T ] = ∫ d^D x ( W^{μν} W_{μν} − W^2 D − 1 + 2 W^{μν}∂_{(μ}A_{ν)} + W_{μν} T^{μν} ) (6) where W = W^μ_μ . As far as we know, the above theory has first appeared in the appendix of [8] in the case of D = 4 dimensions. Its D-dimensional generalization is trivial from formulas of [8]. We have added an external source term W_{μν} T^{μν} . Despite of depending only on the symmetric combination ∂_{(μ}A_{ν)} = (∂_μA_ν + ∂_ν A_μ) /2, the action (6) is equivalent to the Maxwell theory. This can be made clear rewriting (6), after neglecting a surface term, as:

S [A, W, T ] = ∫ d^Dx {[ W^{μν} + ∂^{(μ}A^{ν)} − η^{μν} ∂ · A + T^{μν} 2 − η^{μν} T 2 ]_2

− 1 D − 1 [ W − (D − 1) ( ∂ · A + T 2 )]_2 − 1 4 F^2_{μν} (7) + T^{μν} [ η_{μν} ∂ · A − ∂_{(μ}A_{ν)} ] + T^2 − T^2_{μν} 4 }

After the shift W^{μν} = W̃^{μν} − ∂^{(μ}A^{ν)} − T^{μν} /2 + η^{μν} (∂ · A + T/2) we have two decoupled mass terms without dynamics for the W̃_{μν} fields plus the Maxwell theory and source terms. After integrating over W̃_{μν} we have the Lagrangian density: L [A, T ] = − 1 4 F^2_{μν} + T^{μν} [ η_{μν} ∂ · A − ∂_{(μ}A_{ν)} ] + T^2 − T^2_{μν} 4 (8) Formula (7) makes patent the invariance of (6), in the absence of sources, under the gauge transformations [8]: δ A_μ = ∂_μϕ ; δ W_{μν} = □θ_{μν} ϕ ⇒ δ W = (D − 1)□ϕ (9) Where we define the projection operators: θ_{αβ} = (η_{αβ} − ω_{αβ}) , ω_{αβ} = ∂_α∂_β □ (10)

On the other hand, if we start from the action (6) and integrate over the vector field we get the functional constraint below which plays the role of (3) :

∂^μW_{μν} = 0 (11)

In D = 1 + 1 the reader can check that the general solution, linear in fields, of (11), i.e., W_{μν} = ϵ^δ_μ ϵ^γ_ν ∂_δ∂_γ h is pure gauge W_{μν} = □θ_{μν} h. This is in agreement with the fact that we have D − 2 degrees of freedom for a massless spin-1 particle in D-dimensions.

In D = 2+1, the general solution of (11), linear in fields, is given by W_{μν} = ϵ^{αδ}_μ ϵ^{βγ}_ν ∂_δ∂_γ h_{αβ} where h_{αβ} = h_{βα}. Plugging it back in (6), at T^{μν} = 0, we have the linearized version of the massless limit [11] of the new massive gravity [7], the so called K-term :

S^∗ [h] = ∫ d^3 x [ √ −g ( R^2_{μν} − 3 8 R^2 )] hh = ∫ d^3 x h_{αβ} ( 2□θ^{αμ}□θ^{βν} − □θ^{αβ} □θ^{μν} ) h_{μν} (12)

where g_{μν} = η_{μν} +h_{μν} . Although of fourth-order, the K-model is unitary [11, 12] and describes one massless mode in agreement with its dual theory (Maxwell) which is on its turn equivalent to a massless scalar theory in D = 2 + 1. The duality between the K-term and the Maxwell theory in D = 2+1 is not new [13]. However, in [13] the K-model appears upon integration over a symmetric rank-2 tensor while the Maxwell action is obtained via solution of a constraint equation, in this sense the master action (1) is dual to the corresponding one of [13]. We also notice that the gauge symmetry δW_{μν} = □θ_{μν} ϕ follows from the linearized Weyl symmetry δh_{μν} = η_{μν} ϕ of (12).

For arbitrary dimensions D ≥ 2 the general solution of (11), linear in fields, is given by W_{μν} = ϵ^{α1···αD−2δ} μ ϵ^{β1···βD−2γ} ν ∂_δ∂_γ h_{[α1···αD−2][β1···βD−2]} (13) where h_{[α1···αD−2][β1···βD−2]} = h_{[β1···βD−2][α1···αD−2]}. Alternatively, we can write, as in the D = 3 + 1 case treated in [14], the general solution (13) as

W_{μν} = ∂^δ ∂^γ B_{μδνγ} (14)

where B_{μδνγ} = ϵ^{α1···αD−2} μδ ϵ^{β1···βD−2} νγ h_{[α1···αD−2][β1···βD−2]} (15) Substituting the general solution in (1) we have a dual fourth-order description of the Maxwell theory in any dimension D ≥ 3:

S^∗ [h] = ∫ d^D x [ ( ∂^δ ∂^γ B_{μδνγ} )_2 − ( ∂^δ∂^γ B^μ_{δμγ} )_2 D − 1 + ∂^δ ∂^γ B_{μδνγ} T^{μν} ] (16)

where B_{μδνγ} (h) is given in (15). In D = 3 + 1 the same theory was obtained before [14] in a different approach and shown to be unitary by means of a canonical analysis. In D = 2 + 1, as we have already mentioned, the theory is also unitary. Based on the master action (6) we believe that unitarity will hold in arbitrary dimensions as a consequence of the unitarity of the Maxwell theory and the fact that (13) is the general solution of (11).

As we have done in the last subsection, see (5), we can compare correlation functions of gauge invariants in both theories, i.e., Maxwell, see (8), and its dual S^∗ [h]. Perhaps, the most natural invariant under (9) in the dual theory S^∗ [h] is ∂^μW_{μν} . However, due to the functional constraint (11) its correlation functions are trivial (vanish). Later we will see that they correspond to correlation functions of −∂^μF_{μν} (A)/2 in the Maxwell theory up to contact terms. In searching for a nontrivial gauge invariant, we consider that on the Maxwell side the basic local gauge invariant is the antisymmetric tensor (F_{αβ}) and on the dual side we must take at least one derivative of W_{μν} in order to have invariance under (9). So we can think of taking linear combinations of ∂_αW_{βν} − ∂_βW_{αν} and (η_{αν} ∂_β − η_{βν} ∂_α) W . Along this way we end up with the gauge invariant below which has nonvanishing correlation functions in the dual theory S^∗ [h] G_{[αβ]ν} ≡ ∂_αW_{βν} − ∂_β W_{αν} + (η_{αν} ∂_β − η_{βν} ∂_α) D − 1 W . (17)

Replacing the source term T^{μν} W_{μν} by a new one T^{[αβ]ν} G_{[αβ]ν} in (6), it is clear that we can keep the gauge invariance of the action without requiring any constraint on the sources. Integrating by parts one derivative we can rewrite the source term once again in the form T̃^{μν} W_{μν} where T̃ μν contain combinations of one derivative of T [αβ]ν, so we can still use the action (8) replacing T^{μν} by T̃^{μν} . This procedure leads to the dual map, G_{[αβ]ν} ↔ − 1 2 ∂_ν F_{αβ} , (18)

Thus, correlation functions of G_{[αβ]ν} in the dual theory S^∗ [h] correspond to correlation functions of ∂_ν F_{αβ}/2 in the Maxwell theory up to contact terms which are due to quadratic terms in T^{μν} in (8). From those correlation functions we can infer the correlations of F_{μν} .

Now we finish this section commenting on a possible curved space generalization of the S^∗ [h]/Maxwell duality. The natural curved space version of the master action (6), in the absence of sources, is given by:

S [A, W, T ] = ∫ d^D x √ −g ( W^{μν} W_{μν} − W^2 D − 1 + 2 W^{μν}∇_{(μ}A_{ν)} )

= ∫ d^Dx √ −g { ( W^{μν} + ∇^{(μ}A^{ν)} − g^{μν} ∇ · A )_2 − [W − (D − 1)∇ · A]^2 D − 1 − 1 4 F^2_{μν} + R_{μν} A^μA^ν }

= ∫ d^D x √ −g ( W̃^{μν}W̃_{μν} − W̃ 2 D − 1 − 1 4 F^2_{μν} + R_{μν} A^μA^ν ) (19)

Where ∇_μ is the curved space covariant derivative and W̃_{μν} = W_{μν} + ∇_{(μ}A_{ν)} − g_{μν} ∇ · A.

The Ricci tensor R_{μν} has appeared due to the non-commutativity of the covariant derivatives: ∇_μ∇_ν A^ν = ∇_ν ∇_μA^ν − R_{μν} A^ν . In (19) we have two trivial (non-dynamic) terms for W̃_{μν} decoupled from the vector field. After neglecting those trivial terms we end up with the Maxwell theory plus a Ricci “mass term” in the curved space. So, the minimal coupling to gravity in the master action (6) originates a non-minimal coupling for the massless vector field which breaks the U(1) gauge symmetry.

On the other hand, integrating over the vector field A_μ in the first line of (19) we have the curved space version of the constraint (3):

∇^μW_{μν} = 0 (20)

We do not know its general solution but we can certainly begin with the lowest order terms in derivatives of the metric W_{μν} (g) = a_0 g_{μν} +a_2 (R_{μν} − g_{μν} R/2)+a_4K_{μν} +· · · where a_0, a_2, a_4, · · · are arbitrary constant coefficients. The tensor K_{μν} = (1/ √ −g)δS_4/δg^{μν} is obtained from a general fourth-order Lagrangian density which can be written as L_4 = αR^2 + βR^2_{μν} + γL_{GB}, where α, β, γ are arbitrary constants and the Gauss-Bonnet term is L_{GB} = R^2_{μναβ} −4R^2_{μν} +R^2. Plugging the solution W_{μν} (g) back in the first line of (19) we get:

S [W_{μν} (g)] = ∫ d^Dx √ −g { a^2_0D D − 1 + a_0a_2 D − 2 D − 1 R + a^2 [ R^2_{μν} − D 4(D − 1)

R^2 ] − 2a_0a_4 (D − 1) K + · · · } (21) where the dots stand for terms of sixth or higher order in derivatives of the metric and

K = g^{μν} K_{μν} = 4 − D 2 ( αR^2 + βR^2_{μν} + γL_{GB} ) + [ 2α(D − 1) + β D 2 + 4γ ] ∇_μ∇^μR−4γ∇_μ∇_ν R^{μν} (22) The last two terms of (22) are total derivatives which can be neglected in (21) for arbitrary D-dimensions. In D = 4 we can discard K completely and (21) becomes exactly, dropping the dots, the critical gravity theory recently found in [9].

Upon linearization around an AdS background R_{μν} = Λg_{μν} the authors of [10] have shown the existence of “Proca-log-modes” in the critical gravity theory in D = 4. Those spin-1 massive modes can be derived from a curved space Lagrangian density, in the notation^2 of [10], of the Maxwell-Proca form L_{MP} = −F^2_{μν} /4 + 3m^2σ A^μA_μ. This is in full agreement with (19) since the criticality condition [9] requires Λ = 3σm^2 in the notation of [10]. A unitary theory requires the unusual sign σ < 0 for the Einstein-Hilbert term as in the D = 3 case [13] which is an earlier example of a critical gravity.

Regarding the general case of critical gravity in D-dimensions (see [16]) we must mention that the mass of the Proca modes predicted by (19) is still in agreement with the results obtained for the critical gravity but in the absence of the Gauss-Bonnet term where the criticality condition becomes, in the notation of [10], Λ = (D − 1)σm^2. From the point of view of (21) we must set a_4 = a_6 = · · · = 0. Apparently, the key point is to make sure that upon linearization the solution W_{μν} (g) is in fact a general solution to the constraint (20) without redundancies. We believe that possible redundancies can be eliminated by field redefinitions.

We finish this section by mentioning that, alternatively, in order to keep the U(1) gauge invariance in the curved space we could have added the non-minimal coupling term with negative sign −R_{μν} A^μA^ν to the first line of (19) such that we end up with the pure Maxwell theory in the curved space after the shifts in the W_{μν} fields. At the level of master action the U(1) gauge invariance would be restored in the curved space. However, due to this new term there would be no functional constraint equation for the W_{μν} fields and we could in principle Gaussian integrate over the vector field and obtain a dual theory containing the exotic term ∇^μW_{μν} (R^{−1})^{νβ}∇^αW_{αβ} which involves the inverse of the Ricci tensor. It is not yet clear if this a consistent solution, even for special backgrounds, to the gravitational coupling problem mentioned in [14]. We are still investigating this possibility.

2The notation of [10] can be recovered by matching the coefficients of the terms proportional to a_0a_2 and a^2. This leads to a_2 = 1/(κm √ D − 2) and a_0 = mσ(D − 1)/(κ √ D − 2), up to an overall sign. The coefficient of the a^2_o term (cosmological term) in (21) comes out correctly without any fit just like the relative coefficient between R^2_{μν} and R^2 inside the term proportional to a^2.

3 The massive case

3.1 (D − 2)-form/1-form duality

This subsection parallels the subsection 1.1. Adding a mass term and a source term for the vector field in (1) we have the master action, see [17],

L_m(A, B) = − (D − 2)! 4 B^2_{μ1···μD−2} + 1 2 ϵ^{μ1 ···μD} B_{μ1···μD−2} ∂_{μD−1} A_{μD} + B_{μ1···μD−2} J^{μ1···μD−2} − m^2 2 A_μA^μ + J_μA^μ (23)

Integrating over B_{μ1 ···μD−2} in the path integral we have the Maxwell-Proca theory plus source dependent terms:

L_m(A) = − 1 4 F^2 − m^2 2 A_μA^μ + J_μA^μ + ϵ^{μ1···μD} J_{μ1···μD−2} ∂_{μD−1} A_{μD} (D − 2)! + J^2_{μ1···μD−2} (D − 2)!

(24)

On the other hand, integrating over the vector field in (23) we have the Kalb-Ramond (D −2)- form dual model:

L_m(B) = −

[(D − 1)!]^3

4 m^2 ( ∂_{[μ1} B_{μ2···μD−1]} )_2 − (D − 2)! 4 B^2_{μ1···μD−2} + B_{μ1 ···μD−2} J^{μ1···μD−2} − ϵ^{μ1 ···μD} J_{μD} ∂_{μD−1} B_{μ1 ···μD−2} m^2 + J_μJ^μ m^2

(25)

Comparing (24) with (25) we can calculate correlation functions in the Kalb-Ramond model in terms of correlations in the Maxwell-Proca theory and vice-versa by using the dual maps below respectively: B_{μ1···μD−2} ↔ ϵ^{μD−1μD} μ_1 ···μ_{D−2} ∂μ_{D−1} Aμ_D (D − 2)!

(26)

A^μ ↔ − ϵ^{μ1···μD−1μ}∂_{μD−1} B_{μ1···μD−2} m^2

(27)

Notice that in the massive case we do not need to worry about gauge invariance. The maps (26) and (27) are consistent with each other up to contact terms as expected. This completes the 1-form/(D − 2)-form duality which is a special case of the p-form/(D − 1 − p)-form duality for massive theories.

3.2 S_W /Maxwell-Proca duality

Similarly we can define the massive version of (6),

S_m [W, A] = ∫ d^D x ( W^{μν} W_{μν} − W^2 D − 1 + 2 W^{μν} ∂_{(μ}A_{ν)} − m^2 2 A^μA_μ + J · A ) (28) which can be written as

S_m = ∫ d^Dx { ( W^{μν} + ∂^{(μ}A^{ν)} − η^{μν} ∂ · A )_2 − [W − (D − 1)∂ · A]^2 D − 1 − 1 4 F^2_{μν} − m^2

A^2 2 + J · A } (29)

Thus, after a shift in W_{μν} , we have the Proca action plus some decoupled mass terms for W_{μν} which can be dropped, whereas integrating over the vector field and rescaling W_{μν} → m W_{μν} / √ 2 we get

S_m = S_W + ∫ d^D x [ J^2 2m^2 − √ 2 J^μ∂^ν W_{μν} m^2 − m^2 2 ( A_μ + 2∂^ν W_{μν} m − J_μ m^2

)_2] (30)

where

S_W = ∫ d^D x [ (∂^ν W_{μν} )^2 + m^2 2 ( W^2_{μν} −

W^2 D − 1 )] (31)

After a shift in A_μ in (30) it is clear that S_W must be dual to the Maxwell-Proca theory. Indeed, from (31) we can read off the propagator :

⟨ W^{λμ}(x)W_{αβ} (y) ⟩ = { P^{(2)}_{SS} m^2 − P^{(1)}_{SS} □ − m^2 + [ 2□ (D − 1) m^2

+ 2 − D ] P^{(0)}_{SS} m^2 − √ D − 1 m^2 ( P^{(0)}_{SW} + P^{(0)}_{W S} )}^{λμ} αβ , (32)

where the differential operators are defined as ( P^{(2)}_{SS} )_{λμ} αβ = 1 2 ( θ^λ_αθ^μ_β + θ^μ_αθ^λ_β ) − θ^{λμ}θ_{αβ} D − 1 , (33) ( P^{(1)}_{SS} )_{λμ} αβ = 1 2 ( θ^λ_α ω^μ_β + θ^μ_α ω^λ_β + θ^λ_β ω^μ_α + θ^μ_β ω^λ_α ) , (34) ( P^{(0)}_{SS} )_{λμ} αβ = 1 D − 1 θ^{λμ}θ_{αβ} , ( P^{(0)}_{W W} )_{λμ} αβ = ω^{λμ}ω_{αβ} , (35) ( P^{(0)}_{SW} )_{λμ} αβ = 1 √ D − 1 θ^{λμ}ω_{αβ} , ( P^{(0)}_{W S} )_{λμ} αβ = 1 √ D − 1 ω^{λμ}θ_{αβ} , (36) It turns out that single and double poles of (32) at □ = 0 cancel out exactly such that ⟨W^{μν} (x)W_{αβ} (y)⟩ is analytic at □ = 0 and contains only one single pole at □ = m^2 in the spin-1 sector. In order to check the particle content of S_W we look at the saturated two point amplitude

A_W (k) = T^∗_{μν} (k) ⟨W^{μν} (−k)W_{γβ} (k)⟩ T^{γβ}(k) = − 2 i k^2(k^2 + m^2) ( k^ϵT^∗_{ϵμ}θ^{μν} k^λT_{λν} + · · · ) (37) where T_{μν} (k) are symmetric sources which are analytic functions of the momentum. The dots stand for analytic functions at k^2 = −m^2. It is instructive to compare (37) with the corresponding amplitude of the Maxwell-Proca theory:

A_{MP}(k) = Jj_μ(k) ⟨A^μ(−k)A^ν (k)⟩ J_ν (k) = i ( J^∗_μ(k)θ^{μν} J_ν (k) k^2 + m^2 + J^∗_μ(k)ω^{μν}J_ν m^2 ) (38)

As in (37) the pole at k^2 = 0 cancels out in (38). The imaginary part of the residue at k^2 = −m^2 is positive as expected:

R_m = ℑ lim_{k2→−m2} ( k^2 + m^2 ) A_{Proca}(k) = J^∗_t · J_t (39)

where J_t is the transverse part of the source, k · J_t = 0. Choosing k_μ = (m, 0, 0) it becomes clear that J^∗_t · J_t = |J^1_t |^2 + |J^2_t |^2 > 0. Analogously, identifying k^λT_{λμ} ↔ J_μ it is easy to see that R_m = ℑ lim_k2_{→−m}2 (k^2 + m^2) A_w(k) > 0. Therefore, both S_W and S_{Proca} have exactly the same particle content, one massive spin-1 mode in a D-dimensional space-time (D ≥ 2). In D = 3 + 1 the action S_W has appeared before in [15] as a special case of a general expression for a second-order action quadratic in symmetric rank-2 tensors and restricted to be unitary. Here we are showing that S_W is dual to to the Proca theory for any D. The linear terms in the source J_μ, after the trivial shifts in W_{μν} and A_μ in (29) and (30), reveal the dual map A_μ ↔ − √ 2 m ∂^ν W_{νμ} (40)

which allows us to compute correlation functions in the Maxwell-Proca theory from the S_W action. Conversely, the correlations of the fundamental field W_{μν} can be obtained from the Maxwell-Proca theory via the map W_{μν} ↔ √ 2 m [ η_{μν} ∂ · A − ∂_{(μ}A_{ν)} ] (41)

which could be derived by introducing sources for W_{μν} , see (8). Those maps are similar to (26) and (27). As before, the correlation functions in the dual theories must match up to contact terms. We can give a simple argument to show the consistency of (40) and (41) as follows. Substituting the left hand side of (41) in (40) we get the Maxwell-Proca equation of motion (45). From an integral of a total (functional) derivative ∫ DA δ δA(x_1) [ e^{i S} A(x_2) · · · A(x_N ) ] = 0 (42)

where symbolically S = ∫ d^DxAÔA/2, we can derive ⟨ ÔA(x_1)A(x_2) · · · A(x_N ) ⟩ = 0 whenever x_1 ≠ x_j for all j = 2, · · · , N. So the equation of motion ÔA = 0 is enforced in the correlation functions if we neglect coinciding points (contact terms), which is exactly when the dual maps are supposed to hold.

Regarding the classical equivalence between the Maxwell-Proca theory and the S_W model, from the equations of motion:

δS_W δW^{μν} = ∂_ν ∂^αW_{μα} + ∂_μ∂^αW_{να} + m^2 ( η_{μν} W D − 1 − W_{μν} ) = 0 (43)

we can derive ∂^μ∂^ν W_{μν} = −m^2W/(2(D − 1)) and □ (∂^αW_{να}) − ∂_ν ( ∂^α∂^β W_{αβ} ) − m^2∂^αW_{αν} = 0 (44)

which is equivalent to the Maxwell-Proca equation with the identification (40):

□ A_ν − ∂_ν (∂ · A) − m^2A_ν = 0 (45)

From (45) we can derive the transverse condition ∂ · A = 0 and the Klein-Gordon equation (□ − m^2)A_μ = 0 which describe a spin-1 massive particle. Since (44) has been derived from (43) by applying a derivative one might wonder whether the general solution of (43) contains more information than the transverse condition and the Klein-Gordon equation. In order to answer that question we start with a general Ansatz for a symmetric rank-2 tensor: W_{μν} = ∂_μf_ν + ∂_ν f_μ + W^{(T )}μν where W^{(T )}μν is given in (13) and f_μ is arbitrary. From (44), which follows from (43), we deduce ∂^μ∂^ν W_{μν} = 0, consequently due to ∂^μ∂^ν W_{μν} = −m^2W/(2(D−1)), which also follows from (43), we have W = 0. So, back in (43) we conclude that W_{μν} is purely longitudinal, i.e., W^{(T )}μν = 0. Substituting W_{μν} = ∂_μf_ν + ∂_ν f_μ in (43) we obtain the third order equation ( □ − m^2 ) ∂_{(μ}f_{ν)} + ∂_μ∂_ν (∂ · f) = 0 (46)

From W = 0 we deduce ∂ · f = 0 and from (46) we have ∂_μg_ν + ∂_ν g_μ = 0 where g_μ ≡ (□ − m^2) f_μ. Assuming that the fields vanish at infinity, the solution is g_μ = 0. Consequently, we conclude that (43) describes a massive spin-1 particle and nothing else in agreement with our pole analysis of (32). In the appendix we perform the Dirac-Bergman constraints analysis for S_W . We end up with D − 1 degrees of freedom and a positive definite Hamiltonian as required for a unitary massive spin-1 particle.

Since we have rescaled W_{μν} → √ 2W_{μν} /m it is worth looking at the massless limit of S_W . At m = 0 we have the local gauge invariance δ_ΛW^{μν} = ϵ^{μα1···αD−2δ}ϵ^{νβ1···βD−2γ} ∂_δ∂_γ Λ_{[α1···αD−2][β1···βD−2]}. By adding a symmetry breaking term with an arbitrary coefficient λ we have

L^{m=0}_W = (∂^ν W_{μν} )^2 + λ 2 (∂^μW )^2 (47)

which allows us to obtain

⟨W^{μν} (x)W_{αβ} (y)⟩_{m=0} = − 2 P^{(1)}_{SS} □ + ( P^{(0)}_{SW} + P^{(0)}_{W S} ) □ √ D − 1 − P^{(0)}_{W W} □ − ( 2 + λ D − 1 ) P^{(0)}_{SS} λ□ μν

αβ (48)

It contains single and double poles at □ = 0. However, if we add a source term and require gauge invariance δ_Λ (W_{μν} T^{μν} ) = 0, the source (in momentum space) must be of the form T^{μν} (k) = k^μJ^ν (k) + k^ν J^μ(k) where J_μ does not need to be conserved. The saturated (gauge invariant) two-point amplitude gets contribution only from the P^{(1)}_{SS} and P^{(0)}_{W W} pieces (which are λ-independent). At the end the poles cancel out and we are left with an analytic function:

A^{m=0}_W (k) = i 2 T^∗_{μν} (k) ⟨W^{μν} (−k)W_{αβ} (k)⟩_{SW (m=0)} T^{αβ}(k) = −2 i J^∗_μ(k)J^μ(k) . (49)

Thus, the m = 0 limit of S_W has no particle content in any dimension D. This is in agreement with the study of [15] for the case D = 3 + 1. In the Hamiltonian formalism one can show that S_W at m = 0 has enough first class constraints to gauge away all degrees of freedom.

4 Conclusion

We have reviewed the usual duality between a 1-form and a (D − 3)-form (massless case) and between a 1-form and a (D−2)-form (massive case) in subsections 2.1 and 3.1 respectively. We have established a local dual map in both cases, see (5) and the pair (26) and (27) respectively. They allow us to calculate correlation functions of local physical quantities in one theory in terms of the dual quantities in the dual theory, up to contact terms.

In subsection 2.2, starting from a master action recently obtained in [8], we have derived a fourth order (in derivatives) dual model to the Maxwell theory in arbitrary D-dimensions. In particular, in D = 2 + 1 the corresponding dual theory is the massless limit, see [11], of the linearized new massive gravity of [7]. Once again we have determined a dual map between gauge invariants in both theories.

Remarkably, a naive curved space version of the master action of [8] leads, on one hand to the Maxwell action plus an interacting term with the Ricci tensor (R_{μν} A^μA^ν ). On the other hand, the “dual theory” (21) (neglecting higher than fourth order terms) corresponds in D = 4 to a critical gravity theory which was recently found in [9]. It contains curvature square terms with fine tuned coefficients plus a fine-tuned cosmological term and the usual Einstein-Hilbert action. The linearized theory around an AdS background contains [10] Proca modes (spin-1) whose mass matches exactly the one obtained here via master action. However, a remark is in order. Namely, the linearized AdS critical gravity of [9] contains also spin-2 modes [10]. It is not clear how our naive generalization of the master action of [8] to curved spaces could be improved in order to encompass the spin-2 modes appropriately on both sides of the duality.

In subsection 3.2 we have generalized the flat space master action of [8] by adding an explicit mass term for the vector field (Proca term). Integrating over the vector field we have obtained a second order dual theory to the Maxwell-Proca action in terms of a symmetric rank-2 tensor. We have found the dual map between those models in arbitrary D-dimensional flat space-time with D ≥ 2 and checked that the dual theory indeed shares the same particle content of the Maxwell-Proca theory by analyzing the analytic structure of the symmetric tensor propagator. In the appendix we confirm that one has (D − 1) degrees of freedom in the Hamiltonian approach by running the Dirac-Bergmann algorithm. We also show that the Hamitonian is definite positive. The massless limit of this higher-rank description of spin-1 particles has no particle content.

5 Acknowledgements

We thank Elias L. Mendonça for useful discussions and bringing [10] to our knowledge.

6 Appendix

Here, we analyze the Hamiltonian constraints generated by the massive action (31) , dual to the Maxwell-Proca model in D-dimensions.

Since W_{μν} = W_{νμ}, in order to avoid unnecessary constraints we work only with independent phase space variables W_{μν} and π^{μν} with μ ≤ ν. From the Lagrangian density,

L = ∂^ν W_{μν} ∂_αW^{μα} + m^2 2 (W_{μν} W^{μν} − W^2 D − 1 ) = −(−∂_0W_{00} + ∂_iW_{0i})^2 + (−∂_0W_{0i} + ∂_j W_{ij} )^2 + m^2 2 (W_{μν} W^{μν} − W^2 D − 1 ), (50)

we can calculate the conjugated momenta:

π^{00} = ∂L ∂(∂_0W_{00})

≈ 2(−∂_0W_{00} + ∂^iW_{0i}) =⇒ ∂_0W_{00} = − π^{00} 2 + ∂^iW_{0i}, (51)

π^{0i} = ∂L ∂(∂_0W_{0i})

≈ −2(−∂_0W_{0i} + ∂^j W_{ij} ) =⇒ ∂_0W_{0i} = π^{0i} 2 + ∂^j W_{ij} , (52) π^{ij} = ∂L ∂(∂_0W_{ij} )

≈ 0 ; i ≤ j (53)

In (53) we have^{D(D−1)}_2 primary constraints. Now, we can calculate the canonical Hamiltonian:

H_c = ∫ d^{D−1}x[π^{00}∂_0W_{00} + π^{0i}∂_0W_{0i} + π^{ij}∂_0W_{ij} − L], (54)

H_c = ∫ d^{D−1}x[− (π^{00})^2 4 + π^{00}∂^iW_{0i} +

(π^{0i})^2 4 + π^{0i}∂^j W_{ij} − m^2 2 (W_{μν} W^{μν} − W^2 D − 1 )] (55)

The total Hamiltonian is: H_t = H_c + ∫ d^{D−1}xλ_{ij} π^{ij}. (56) Where the sums above exist only for i ≤ j. Using the canonical Poisson brackets for the D(D − 1) phase space variables: {W_{μν} (x), W^{ρλ}(y)} = 0; {π_{μν} (x), π^{ρλ}(y)} = 0; {W_{μν} (x), π^{ρλ}(y)} = δ^ρ_μδ^λ_ν δ(x − y) (57) We have the secondary constraints:

χ^{lk} ≡ π̇^{lk} = ∂^kπ^{0l} + ∂^lπ^{0k} + 2m^2W_{lk} ≈ 0 ; l < k , (58)

χ^k ≡ π̇^{kk} = ∂^kπ^{0k} + m^2(W_{kk} − W D − 1 ) ≈ 0 ; k = 1, 2, · · · D − 1 (59)

In (59) there is no sum over k. The consistency conditions χ̇^{lk} = { χ^{lk}, H_t } ≈ 0 fix the coefficients λ_{lk} , l < k and do not generate new constraints. while χ̇^k = 0 determines all λ_{kk} (no sum) except the sum λ_{jj}. This can be easily seen from the combination

χ ≡ D−1∑ k=1 χ^k = ∂^j π^{0j} + m^2W_{00} ≈ 0 (60)

The consistency equation χ̇ ≈ 0 leads to another (tertiary) constraint: χ̇ ≈ ( ∇^2 − m^2 2 ) π^{00} − m^2∂^iW_{0i} ≡ ϕ ≈ 0 (61)

where ∇^2 = ∂_j ∂^j . Finally, rewriting ϕ̇ ≈ 0 with the help of (59) and (60) we have:

W = −W_{00} + W_{jj} ≈ 0 (62) From W ≈ 0 the constraint χ^k ≈ 0 can be written as (no sum)

∂^kπ^{0k} + m^2W_{kk} ≈ 0 , k = 1, 2, · · · D − 1 (63) In summary, adding up (53),(58),(59),(61) and (63) we have D(D − 1) + 2 independent second class constraints. Thus, we end up with 2(D − 1) unconstrained phase space variables which correspond to (D − 1) degrees of freedom as expected for a massive spin-1 particle in D-dimensions. In particular, we can eliminate all variables in term of (W_{0k}, π^{0j}). Back in the total Hamiltonian, after some cancelations we have:

H_t = ∫ d^{D−1}x [ m^2

∂^j W_{0j} (∇^2 − 3m^2/4) ∂^j W_{0j} ( ∇^2 −^{m2}_2

)_2 + m^2W0j W0j

+ (π^{0j} )^2 4 + ∑ j<k ( ∂^j π^{0k} − ∂^kπ^{0j}

)_2

4 m^2 ] . (64)

Decomposing W_{0j} = W^T_j + W^L_j , where

W^T_j = θ_{jk}W_{0k} ; W^L_j = ω_{jk}W_{0k} , (65) we can rewrite H_t in a explicitly definite positive form as expected from our proof of unitarity

H_t = ∫ d^{D−1}x [ m^4 4 W^L_j (m^2 − ∇^2) W^L_j ( ∇^2 −^{m2}_2

)_2 + m^2W^Tj W^Tj

+ (π^{0j} )^2 4 + ∑ j<k ( ∂^j π^{0k} − ∂^kπ^{0j}

)_2

4 m^2 ] . (66)

The positiveness of the first term in (66) can be checked by integrating by parts the factor ∇^2 in the numerator or by going to the momentum space (Fourier transform). Notice that the poles at ∇^2 = 0 present in the projection operators θ_{ij} and ω_{ij} cancel out in (66) in agreement with (64).

We have checked that, by using the appropriate Dirac brackets, the reduced phase space Hamiltonian (66) leads indeed to the equations of motion (43).

References

[1] J.M. Maldacena Adv.Theor.Math.Phys.2:231-252,1998; Int.J.Theor.Phys.38:1113- 1133,1999; arXiv:hep-th/9711200 [2] D.T. Son, Nucl.Phys.A827:61C-65C,2009.

[3] N. Seiberg and E. Witten, Nucl.Phys.B426:19-52,1994, Erratum-ibid.B430:485-486,1994, arXiv:hep-th/9407087.

[4] S.Deser and R. Jackiw, Phys.Lett.B 139 (1984) 371.

[5] V.I. Ogievetsky and I.V. Polubarinov,Sov.J.Nucl.Phys.4:156-161,1967, Yad.Fiz.4:216- 223,1966.

[6] S.E. Hjelmeland and U. Lindstrom, arXiv:hep-th/9705122 (1997) . [7] E. Bergshoeff, O. Hohm and P.K. Townsend, Phys.Rev.Lett. 102 201301 (2009). [8] A. Khoudeir, R. Montemayor and L. F. Urrutia, Phys.Rev.D78:065041, (2008). [9] H. Lu and C.N. Pope, Phys.Rev.Lett. 106 (2011) 181302, arXiv:1101.1971 [hep-th]. [10] E. Bergshoeff, O. Hohm, J. Rosseel and P.K. Townsend, Phys.Rev. D83 (2011) 104038 , arXiv:1102.4091 [hep-th].

[11] S. Deser, Phys.Rev.Lett.103, 101302(2009). [12] D. Dalmazi, Phys.Rev.D 80 085008 (2009).

[13] E. Bergshoeff, O. Hohm and P.K. Townsend, Phys.Rev.D79:124042, (2009). [14] S. Deser, W. Siegel and P.K. Townsend, Nucl.Phys.B184,333, (1981). [15] P. van Nieuwenhuizen, Nucl. Phys. B 60 (1973)478.

[16] S. Deser, H. Liu, H. Lu, C.N. Pope, T.C. Sisman and B. Tekin, Phys.Rev.D83:061502 (2011).

[17] M. Botta Cantcheff, Phys.Lett.B533:126-130,2002.