arXiv:1301.2238v1 [hep-th] 10 Jan 2013

BRX-TH664, CALT 68-2906

PM = EM : Partially Massless Duality Invariance

S. Deser^∗ Lauritsen Lab, Caltech, Pasadena CA 91125 and Physics Department, Brandeis University, Waltham, MA 02454, USA

A. Waldron^† Department of Mathematics, University of California, Davis, CA 95616, USA (Dated: January 11, 2013)

In d = 4 de Sitter space, novel conformally invariant photon-like theories consistently couple to charged matter. We show that these higher spin, maximal depth, partially massless systems enjoy a Maxwellian, “electric-magnetic” duality.

INTRODUCTION

The notion of duality invariance, ⃗E → ⃗B , ⃗B → − ⃗E , is almost coeval with Maxwell’s equations themselves, although a proof of its validity awaited over a century [1, 2]. In addition to countless generalizations of “duality” in field and string theory, it has led to an enormous variety of more precise analogs, in particular to spin 2 [2, 3], then to all free massless (integer or half-integer) spin s > 0 systems in flat space [4] [18].

In de Sitter (dS), electromagnetic (EM) interactions can be mediated by generalized Maxwell systems [6]. These are the maximal depth partially massless (PM) fields of [7, 8] which enjoy many characteristics of EM such as lightlike propagation [9], gauge invariance [8], conformal invariance [10] and stability [11]. Unlike EM, these PM models describe higher spin s propagating helicities ±s, . . . , ±1 [8]. Here we show that they also enjoy duality invariance, whence our title.

dS MAXWELL DUALITY

For Maxwell systems, duality in dS (or even generally curved) backgrounds [19] is formally obvious in a covariant form notation, F → ∗F : it just interchanges the Maxwell equations with the Bianchi identity, δF = 0 = dF , where δ = ⋆ d ⋆. To establish the symmetry correctly, that is within the action principle in dS, we could simply appeal to the conformal invariance of the four dimensional Maxwell theory in order to employ the flat space proof of [1, 2]. For our purposes, an explicit dS proof is needed for our generalization to PM. In the particular dS coordinate frame

ds^2 = −dt^2 + exp ( 2 √ Λ/3 t ) d⃗x^2 , (1) the first order Maxwell action just reduces to S[E, A; Λ] = ∫ d^4x [ EȦ − 1 2 e^− √_{Λ/3 t} { E^2 + B(A)^2 }] . (2) Here E and A, are transverse by virtue of the Gauß constraint, e.g., A = A^T_i , ∂_iA^T_i = 0, and labels “^T_i ” are henceforth dropped. Also B(A) denotes ⃗∇×A; for transverse V we have B(⃗∇ × V ) = −ΔV .

Duality invariance is now exhibited as being a canonical transformation interchanging (with a helicity twist) the conjugate (E, A) pair, while leaving S(E, A; Λ) unchanged, but rotating (E, B). Infinitesimally, δE = B(A) , δA = ⃗∇ × ( Δ^{−2}E ) =⇒ δB(A) = −E . (3) [Spatial non-locality is of course allowed.] Invariance of (2) under (3) is nearly manifest: The kinetic integrands’ variations are easily seen to be total derivatives– of the form V · ⃗∇ × V̇ (basically F^∗F , in covariant language) up to possible but harmless Coulomb ∼ |r − r^′| factors, while the Hamiltonian’s {E^2 + B^2} is the very embodiment of rotation invariance.

PM SYSTEMS

PM systems originate from free mass m fields propagating in de Sitter (dS) backgrounds (Λ > 0) for which special m : Λ tunings yield additional gauge invariance(s) [7, 8], thereby eliminating one or more lower helicity components from the, unavoidable in flat space, (2s+1) total. For maximal depth PM systems, the helicity zero excitation is thereby removed, leaving only helicity ±(s, . . . , 1) modes. We simply write the final form of their (gauge-invariant) actions when all constraints are solved. [This is the critical step that requires sourceless fields: in the original Maxwell example, ⃗B is identically transverse (⃗∇ · ⃗B = 0), so duality rotation is only well-defined (let alone an invariance) when the electric field is likewise transverse, with vanishing longitudinal– Coulomb component. This is also why zero mass is required in flat space.] Reduced PM actions in terms of transverse-traceless (TT) tensors were first given in Eq. (29) of [11] for PM spin 2 or Eq. (24) of [10] for arbitrary s, maximal depth PM fields:

S = s∑ ε=1 S[π^{T T}_{i1 ...iε} , φ^{T T}_{i1 ...iε} ; Λ] , where S[p, q; Λ] := ∫ d^4x [ p q̇ − 1 2 { p^2 + e^{−2} √_{Λ/3 t} B(q)^2 − Λ 12 q^2 }] . (4)

Here the sum over ε runs over the helicities 1, . . . , s of a (maximal depth) partially massless field and thus avoids the dangerous helicity zero mode. All indices are suitably contracted in each helicity’s action and B(q) := ⃗∇ × q denotes the “magnetic” field, namely the symmetrized curl [4, 15] ⃗∇ × φ^{T T}_{i1 ...iε} := ϵ_{(i1 |kl}∂_kφ^{T T}_{l|i2 ...iε )} . (5) Note that (only) in dimension d = 3 + 1 do the tensor ranks of each B(φ) still match those of their potentials, and so of their corresponding “electric” companions π. In what follows, the (easily verified) identity for transversetraceless tensors B(⃗∇ × q) = −Δq , will play an essential rôle.

In the dS coordinates (1) used in [10, 11], the only metric dependence of the action (4) is through Λ. Note also, as shown in [11], although the Hamiltonian in (4) is neither time independent, nor manifestly positive, the generator of time translations, constructed from the composition ξ^μT_{μν} of the timelike, dS Killing vector ξ^μ and the stress energy tensor T_{μν} [16], is both conserved and positive within the intrinsic horizon.

PM DUALITY

We now generalize the above scheme to PM. The essential point is that the duality rotations occur separately within each helicity sector. The key maneuver, therefore, is to bring the action S[p, q; Λ] displayed in (4) to the manifestly duality invariant form S[E, A; Λ] of (2). This is achieved via the field redefinition

E := e^{12} √_{Λ/3 t} { p − √_{Λ/3} 2 q } , A := e^{− 12} √_{Λ/3 t} q . The proof that duality invariance is a canonical transformation is now identical to that of the dS Maxwell theory given above, save that the vector curl is replaced by its higher rank symmetrized counterpart in (5). PM’s duality rotation invariance is, like Maxwell’s, traceable to conformal invariance.

SUMMARY

We have explicitly established the (extended) duality invariance of maximal depth PM systems. Noting that our models live in dS, one might speculate on their possible cosmological relevance: to the extent that such PM fields might be present, their radiative interactions could have consequences in the corresponding era. However, their coupling to charges are sufficiently unusual [6] that we have not yet tried to investigate this topic.

S.D. was supported in part by NSF PHY- 1064302 and DOE DE-FG02-164 92ER40701 grants.

∗ deser@brandeis.edu † wally@math.ucdavis.edu [1] S. Deser and C. Teitelboim, Phys. Rev. D 13, 1592 (1976);

[2] S Deser, J. Phys. A 15, 1053 (1982).

[3] M. Henneaux and C. Teitelboim, Phys. Rev. D 71, 024018 (2005) [gr-qc/0408101].

[4] S. Deser and D. Seminara, Phys. Lett. B 607, 317 (2005) [hep-th/0411169].

[5] S. Deser and R. I. Nepomechie, Phys. Lett. A 97, 329 (1983).

[6] S. Deser and A. Waldron, Phys. Rev. D 74, 084036 (2006) [hep-th/0609113].

[7] S. Deser and R. I. Nepomechie, Annals Phys. 154 (1984) 396 ; Phys. Lett. B132 (1983) 321.

[8] S. Deser and A. Waldron, Phys. Rev. Lett. 87, (2001) 031601 [hep-th/0102166]; Nucl. Phys. B 607, (2001) 577 [hep-th/0103198]; Nucl. Phys. B 662, 379 (2003) [hep-th/0301068].

[9] S. Deser and A. Waldron, Phys. Lett. B 513, 137 (2001) [hep-th/0105181].

[10] S. Deser and A. Waldron, Phys. Lett. B 603, 30 (2004) [hep-th/0408155].

[11] S. Deser and A. Waldron, Phys. Lett. B 508 (2001) 347 [hep-th/0103255];

[12] S. Deser and D. Seminara, Phys. Rev. D 71, 081502 (2005) [hep-th/0503030].

[13] S. Deser and Ö. Sarıoğlu, Phys. Lett. B 423, 369 (1998). [14] C. Bunster and M. Henneaux, “Duality invariance implies Poincaré invariance,” arXiv:1208.6302 [hep-th].

[15] T. Damour and S. Deser, Annales Poincaré Phys. Theor.

47, 277 (1987).

[16] L. F. Abbott and S. Deser, Nucl. Phys. B 195, 76 (1982).

[17] C. de Rham and S. Renaux-Petel, “Massive Gravity on de Sitter and Unique Candidate for Partially Massless Gravity,” arXiv:1206.3482 [hep-th];

[18] However, besides being inapplicable to massive systems, duality also ceases to be an invariance of the massless models’ nonlinear, Yang–Mills [1] and general relativity [12] extensions, an exception being quadratic, conformal (Weyl) gravity [5]. It seems equally unlikely that any nonlinear extension of PM, such as the putative one of massive gravity [17], will be dual invariant.

[19] The invariance of Maxwell in both Poincare and dS spaces shows that the results of [14] and [13] relating duality- and Poincare- invariances must be suitably interpreted: using the Schwinger-Dirac stress-tensor commutation relations that define the latter already assumes Poincaré; conversely, just because the 3+1 action (1) obeys these relations does not mean it is in flat space.