arXiv:hep-th/0101190 v4 6 Sep 2001

USACH-FM-01-02 PM-01-07

Fractional helicity, Lorentz symmetry breaking, compactification and anyons

S. M. Klishevich^{∗a,b}; M. S. Plyushchay^{†a,b} and M. Rausch de Traubenberg^{‡c,d}

aDepartamento de Física, Universidad de Santiago de Chile, Casilla 307, Santiago 2, Chile bInstitute for High Energy Physics, Protvino, Russia cLaboratoire de Physique Mathématique, Université Montpellier II, Place E. Bataillon, 34095 Montpellier, France dLaboratoire de Physique Théorique, 3 rue de l’Université, 67084 Strasbourg, France

Abstract

We construct the covariant, spinor sets of relativistic wave equations for a massless field on the basis of the two copies of the R-deformed Heisenberg algebra. For the finite-dimensional representations of the algebra they give a universal description of the states with integer and half-integer helicity. The infinite-dimensional representations correspond formally to the massless states with fractional (real) helicity. The solutions of the latter type, however, break down the (3+1)D Poincaré invariance to the (2+1)D Poincaré invariance, and via a compactification on a circle a consistent theory for massive anyons in D=2+1 is produced. A general analysis of the “helicity equation” shows that the (3+1)D Poincaré group has no massless irreducible representations with the trivial non-compact part of the little group constructed on the basis of the infinite-dimensional representations of sl(2, C). This result is in contrast with the massive case where integer and half-integer spin states can be described on the basis of such representations, and means, in particular, that the (3+1)D Dirac positive energy covariant equations have no massless limit.

∗e-mail: sklishev@lauca.usach.cl †e-mail: mplyushc@lauca.usach.cl ‡e-mail: rausch@lpm.univ-montp2.fr

1 Introduction

It is generally accepted that the (2+1)-dimensional space-time reveals specific characteristics which are no more valid in higher dimensions. For instance, only in (2+1)D the states of arbitrary spin λ ∈ R and of corresponding anyonic statistics [1, 2] different from the bosonic and fermionic ones do exist^1. There are several ways to introduce anyons in (2+1)D including the Chern-Simons [8, 9, 10] and the group-theoretical [11, 12, 13, 14, 15] approaches. In the latter, noticing that the SO(2, 1) group is infinitely connected, the massive anyons of spin λ ∈ R are realized on the infinite-dimensional half-bounded representations of SL(2, R) [16], the universal covering group of SO(2, 1). Within that approach, in particular, the anyons can be described by the covariant vector [17] and spinor [18, 19] sets of linear differential equations for infinite-component fields.

The little group for the (2+1)D massive anyon is SO(2) and it carries the same number of physical degrees of freedom as a (2+1)D massive scalar field [20]. This specific feature is also valid for the massless states in (3+1)D. Indeed, in (3+1)D the little group in the massless case is E(2), the group of rotations and translations in the 2D Euclidean space. Representing its non-compact part by zero, we reduce E(2) to SO(2). With this observation at hands, it was shown that some (2+1)D models for anyons can be obtained from the (3+1)D models of massless particles via the appropriate formal reduction [21]. Further, since, unlike the massive (3 + 1)D case, the algebra of the little group gives no quantization restrictions, it seems that there is no strong reason for excluding the possibility to consider massless states with fractional (arbitrary real) helicity [22]. Following this line of reasoning, some time ago it was claimed that, in fact, a massless analogue of the original Dirac spinor set of equations describing a massive spin-0 field in (3+1)D [23, 24] gives rise to the (3+1)D massless states of helicity ±1/4 called “quartions” [25, 26]. Besides, it was noted that the non-covariant formal quantization of the massless superparticle preserving its classical P -invariance should result in the supermultiplet with helicity structure (−1/4, +1/4) [27]. On the other hand, there exist the topological arguments (see, e.g., [28, 29]) related to the two-connectedness of SO(3, 1) which restrict the helicity of massless representations to integer and half-integer values. But then, appealing to the well-known relations between D-dimensional massive and (D+1)-dimensional massless representations, one can ask what corresponds to the (2+1)D massive representations with fractional spin. Formally, it could be the (3+1)D massless irreducible representations with fractional helicity constructed on the basis of infinite-dimensional representations of sl(2, C ). But since, due to the topological reasons, they cannot exist, what kind of defects have to appear in such a theory and how the (2+1)D massive anyons emerge from the corresponding (3+1)D massless theory?

In this paper we address in detail the problem of the description of fractional helicity massless fields in (3+1)D on the basis of the infinite-dimensional representations of the sl(2, C ) Lie algebra realized in terms of the two copies of the R-deformed Heisenberg algebra (RDHA) [7, 30, 31]. The RDHA was first introduced by Yang [32] in the context of Wigner generalized quantization schemes [33] underlying the concept of parafields and parastatistics [7] (in this context, see also Ref. [34]). This algebra and its generalizations is nowadays ex-

1Strictly speaking, other generalizations of statistics called parafermions and parabosons exist in any space-time dimension [3, 4, 5, 6, 7], but via the so-called Green anzatz they can be represented in terms of ordinary bosons and fermions.

ploited extensively in the mathematical and physical literature in different aspects (see Refs. [35, 18, 19, 36, 37]). It should be emphasized that the infinite-dimensional representations of sl(2, C ) we consider have nothing to do with those representations corresponding to the little group E(2) with a non-trivial non-compact part, to which are usually referred as to representations with “continuous” [38] or “infinite” [28] spin.

We observe here that the corresponding irreducible infinite-dimensional representations of sl(2, C ) cannot be “exponentiated” to representations of the SL(2, C ) Lie group in the massless case. In other words, the fractional helicity representation of the little group SO(2) cannot be promoted to a representation of the (3+1)D Lorentz group being a subgroup of the corresponding massless representations of the (3+1)-dimensional Poincaré group. This is reflected in breaking of the Lorentz invariance at the level of solutions of the covariant spinor set of equations for fractional helicity massless fields. The symmetry breaking corresponds to the violation of the invariance with respect to the rotations in two directions and to the boosts in one direction. Consequently, the Lorentz group SL(2, C ) is broken down to SL(2, R), and via a compactification and subsequent dimensional reduction from (3+1)D to (2+1)D a consistent theory for massive relativistic anyons in D = 2 + 1 is produced. At the same time, we show that the (3+1)D Poincaré group has no massless irreducible representations characterized by the trivial non-compact part of the little group and which would be constructed on the basis of the infinite-dimensional representations of sl(2, C ). This results in the same restriction for helicity but not of a topological origin.

The paper is organized as follows. In Section 2 we realize representation of sl(2, C ) in terms of the two copies of the R-deformed Heisenberg algebra. The spinor set of relativistic equations based on this representation is considered in Section 3, where we show that for the finite-dimensional representations of RDHA such equations universally describe massless states with any integer and half-integer helicity. The infinite-dimensional representations correspond formally to the states with fractional helicities. We demonstrate that such solutions, however, break down the Poincaré invariance. In Section 4 we show that the compactification of the initial massless equations and subsequent reduction to (2+1)-dimensional space result in the consistent theory of massive anyons. The absence of the massless infinite-dimensional representations of the (3+1)D Poincaré group is proved in Section 5 in a generic case, independently on the concrete form of equations. Section 6 is devoted to a brief discussion of the obtained results. Appendix reviews briefly the Dirac equations for massive spinless positive energy states.

2 RDHA and sl(2, C ): generalization of the Schwinger construction

The first (3+1)D relativistic equation, due to which the infinite-dimensional unitary representations of SL(2, C ) were discovered, is the Majorana equation [39]. Its solutions, however, describe reducible representations of ISO(3, 1) characterized by the positive energy in the massive sector p^2 < 0. At the beginning of 70s Dirac [23, 24] (see also [40]) proposed a covariant spinor set of equations (see Appendix) from which the Majorana and Klein-Gordon equations appear in the form of integrability conditions. As a result, the Dirac spinor set of equations possesses a massive spin-0 positive energy solutions, whereas its vector modification considered by Staunton [40] describes massive spin-1/2 states^2. We are interested in analysing the possibility of constructing relativistic wave equations for a massless field carrying fractional helicity. For the purpose, the fields related to the infinite-dimensional representations of sl(2, C ) will be considered.

2.1 Fock representations of the R-deformed algebra

Having in mind the analogy with the (2+1)D case of anyons, it is convenient to use the infinite-dimensional representations of sl(2, C ) realized by means of the two copies of RDHA [32, 30, 31, 19] with mutually commuting generators^3:

[a^−, a^+] = Π + νR, {R, a^±} = 0, R^2 = Π,

[ā^−, ā^+] = Π̄ + νR̄, {R̄, ā^±} = 0, R̄^2 = Π̄.

(2.1)

The operators a^± will represent internal (spin) degrees of freedom. They generalize the two oscillator degrees of freedom (with ν = 0) used by Dirac [23, 24].

In the case of a direct sum of representations of the algebras with which we begin our analysis, Π and Π̄ are the projectors on the corresponding subspaces that in a matrix realization is reflected by the relations Π =^1_2 (1 + σ_3), Π̄ =^1_2 (1 − σ_3). The operators R, R̄ have the sense of reflection operators for the internal variables and ν ∈ R is the deformation parameter. As it was mentioned above, the RDHA and its representations were studied extensively in the literature. Here we will mainly refer to [31], where a universality of the RDHA was observed: when ν = −(2k +1), k ∈ N, its representations are finite-dimensional (parafermion-like), and are infinite-dimensional if not (being unitary paraboson-like for ν > −1 [30]). The choice ν = 0 with a direct product of representations of the two algebras was used in the Dirac [23, 24] and Staunton [40] sets of equations.

For the sake of clarity and self-contained presentation, we recall briefly the construction of representations of the algebra. The infinite-dimensional representations are built from the primitive vectors |0⟩ and |¯0⟩ (vacua), annihilated by a^− and ā^−, respectively, R_ν = {|n⟩ = (a^+)^n √ |[n]_ν!| |0⟩, n ∈ N}, R̄_ν = {|n̄⟩ = (ā^+)^n √ |[n]_ν!| |¯0⟩, n ∈ N}, (2.2) with [n]_ν! = [n]_ν[n − 1]_ν · · · [1]_ν, [0]_ν! = 1, [n]_ν = n +^1_2 (1 − (−1)^n)ν. The finite-dimensional representations of RDHA with ν = −(2k + 1), k ∈ N, are built in the same vein (2.2) but in this case there is another primitive vector |2k⟩ annihilated by a^+, a^+|2k⟩ = 0 [31].

Let us consider the quadratic operators

J_± =^1_2 (a^±)^2, J_0 =^1_4 {a^+, a^−}, J̄_± =^1_2 (ā^±)^2, J̄_0 =^1_4 {ā^+, ā^−},

2More details on infinite component relativistic equations and corresponding SL(2, C ) representations can be found in Ref. [41, 42].

3The necessary infinite-dimensional half-bounded representations of sl(2, C ) [43, 44] can be realized alternatively in terms of homogeneous monomials [45] but the RDHA construction is more convenient for our purposes.

forming the two copies of sl(2, R) algebra,

[J_0, J_±] = ±J_±, [J_−, J_+] = 2J_0,

where J = J or J̄, and [J, J̄] = 0. As a result, irreducible representations R_ν and R̄_ν (2.2) are decomposed into the direct sums of the irreducible representations of sl(2, R) bounded from below as [31]

R_ν = D^+_{1+˚4} ⊕ D^+_{3+˚4} , R̄_ν = D̄^+_{1+˚4} ⊕ D̄^+_{3+˚4} , (2.3)

where j_0 = κ + l, l = 0, 1, . . . , are the eigenvalues of J_0 with κ =^{1+ν}_4 and κ =^{3+ν}_4 , respectively. The “left”- and “right”-handed parts of the generators of the (3+1)D Lorentz algebra sl(2, C ), K_i and K̄_i, i = 1, 2, 3, obeying the relations [K_i, K_j] = iϵ_{ijk}K_k, [K, K̄] = 0, with K = K (K̄), are defined in terms of the so(3, 1) generators J_{μν} as follows:

K_i = 1 2 ϵ_{ijk}J_{jk} + iJ_{0i}, K̄_i = 1 2 ϵ_{ijk}J_{jk} − iJ_{0i}. Then the sl(2, C ) generators K_i can be identified with the sl(2, R) generators J_0, J_± = J_1 ± iJ_2 by means of the relations

J_0 = −K_2, J_1 = −iK_1, J_2 = −iK_3. (2.4)

Such identification corresponds to the concrete choice of the γ-matrices in covariant spinor formalism (see below). Any other possible identifications between J and K, e.g., those obtained from (2.4) by a cyclic permutations of K_i, lead to other realizations of the γmatrices related by unitary transformations.

Note here that the Fock spaces of the usual oscillators corresponding to ν = 0 are decomposed into the spin-1/4 and spin-3/4 representations of sl(2, R) [46]. Another realization of sl(2, R) generators, J_± =^1_2 (a^∓)^2, J_0 = −^1_4 {a^+, a^−}, results in the direct sum of bounded from above infinite-dimensional representations, R_ν = D^−_{1+˚4} ⊕ D^−_{3+˚4} .

Thus, we have generalized the Schwinger construction of su(2) to the case of the sl(2, C ) algebra.

2.2 Covariant spinor formalism

Introducing sl(2, C ) notations of dotted and undotted indices for two-dimensional spinors, all can be rewritten in covariant notations. The spinor conventions to raise/lower indices are as follow [47]: ψ_α = ε_{αβ}ψ^β, ψ^α = ε^{αβ}ψ_β, ψ̄_{α̇} = ε_{α̇}˙_βψ̄^{β̇}, ψ̄^{α̇} = ε^{α̇β̇}ψ̄˙_β with (ψ_α)^∗ = ψ̄_{α̇}, ε_{12} = ε ˙_1˙_2 = −1, ε^{12} = ε^{˙1 ˙2} = 1. Defining the two spinor operators L_α and L̄_{α̇},

L_1 = 1 √ 2 ( a^+ + a^− ) , L_2 = i √ 2 ( a^+ − a^− ) , L̄_{˙1} = 1√ 2 ( a^+ + a^− ) , L̄ ˙_2 = i √ 2 ( a^+ − a^− ) , (2.5) a direct calculation shows that they generate the osp(4|1) superalgebra. Its bosonic part is sp(4, R) ∼ so(3, 2) = AdS_4 with generators L_{αβ} = 1 4 {L_α, L_β} , L_{α̇}˙_β = 1 4 { L_{α̇}, L˙_β } , M_{αα̇} = 1 4 {L_α, L_{α̇}} , (2.6)

but we shall be interested only in its so(3, 1) part. Let us introduce the 4D Dirac matrices in the Weyl representation,

γ_μ = ( 0 σ_μ σ̄_μ 0 ) , (2.7)

with σ_{μ αα̇} = ( 1, σ_i ) , σ̄_μ^{α̇α} = ( 1, −σ_i ) . (2.8)

Then the so(3, 1) spinor generators γ_{μν} = i 4 [γ_μ, γ_ν ] = diag ( iσ_{μν α}^β, iσ̄_{μν}^{α̇}˙_β )

allow us to present the so(3, 1) generators in the form J_{μν} = 1 2 ( L^ασ_{μν α}^βL_β − L̄_{α̇}σ̄_{μν}^{α̇}˙_βL̄^{β̇} ) . (2.9)

The Pauli-Lubanski pseudo-vector is given by

W^μ = 1 2 ε^{μνρσ}P_ν J_{ρσ} (2.10) with P_μ being the generator of space-time translations.

2.3 Invariant scalar product

For any physically admissible representation of ISO(3, 1), the generators of the Lorentz group should be Hermitian. This means that for any such a representation we have to construct an invariant scalar product with the necessary properties. In what follows we will discuss mainly the representation D^+_λ ⊕ D̄^+_λ . Therefore, we consider in detail the construction of the invariant scalar product for this representation only. Though for free massless states the left- and right-handed sectors are uncoupled, the both are needed for the construction of the invariant scalar product [48]. We consider the vectors living on the reducible representation space, Ψ ∈ R_ν ⊕ R̄_ν , i.e. Ψ = |ψ⟩ + |χ̄⟩ with |ψ⟩ ∈ R_ν and |χ̄⟩ ∈ R̄_ν.

The representations of (2.1) possess the natural involution

(a^±)^+ = a^∓, |0⟩^+ = ⟨0|, (ā^±)^+ = ā^∓, |¯0⟩^+ = ⟨¯0|.

This involution is not a covariant operation since it does not mix the left- and right-handed sectors. As a consequence, the state ⟨ψ^∗| = |ψ⟩^+ is not contravariant while the original state |ψ⟩ is a covariant vector of the representation space. The Lorentz generators are not

Hermitian with respect to such an involution. In order to obtain the covariant (Hermitian) conjugation, we introduce the intertwining operator Υ which permutes the left- and righthanded sectors,

Υa^± = ā^±Υ, ΥR = R̄Υ, Υ|0⟩ = |¯0⟩, Υ|¯0⟩ = |0⟩, Υ^2 = 1.

For the finite-dimensional representation

(_1 2 , 0 ) ⊕ ( 0,^1_2 ) , the matrix elements of this operator correspond to the usual γ^0-matrix [48]. In general this operator can be represented as Υ = ∑ n (|n̄⟩⟨n| + |n⟩⟨n̄|). The state ⟨ψ̄| ≡ ⟨ψ^∗|Υ is a contravariant vector of the representation. Therefore, the sl(2, C ) invariant scalar product is Ψ^†Ψ, where the Dirac-like conjugation is defined by Ψ^† = Ψ^+Υ. One can verify that the Lorentz operators are Hermitian with respect to this scalar product,

J^†_{μν} = ΥJ^+_{μν} Υ = J_{μν} .

For this conjugation we also have (L_α)^† = L̄_{α̇} and R^† = R̄.

The quantum mechanical (positively defined) probability density ⟨ψ^∗|ψ⟩ = ⟨ψ̄|Υ|ψ⟩ (the left-handed part here) is not a covariant object. For example, for the above mentioned finite-dimensional representation it corresponds to the zero component of the vector current: ψ̄γ0ψ, where ψ is the usual Dirac spinor.

3 Relativistic spinor equations for massless states

In this section we propose and investigate relativistic spinor equations of covariant form based on the representation of sl(2, C ) realised in terms of RDHA. It turns out that from the algebraic point of view they correspond to massless states of arbitrary real helicity. For the finite-dimensional representations of RDHA the equations universally describe states with any integer and half-integer helicity. However, the application of the infinite-dimensional representations of RDHA inevitably leads to a Lorentz symmetry breaking.

3.1 Algebraic aspect of equations

Using definitions and conventions of the previous section, let us introduce the fields |ψ⟩ ∈ R_ν, |ψ̄⟩ ∈ R̄_ν . By analogy with the (2+1)D case [18, 19] we postulate the relativistic wave equations

P^μσ̄_μ^{α̇α}L_α|ψ⟩ = 0, P^μσ_{μ αα̇}L̄^{α̇}|ψ̄⟩ = 0. (3.1)

Let us analyse the physical content of the equations (3.1) from the algebraic point of view. Using the identity ( P^μσ̄_μ^{α̇α}L_α )( P^νσ̄_ν^{β̇β}L_β ) ε_{α̇}˙_β = iP^μP_μ(1 + νR), (3.2) and similar one for the right-handed part, we arrive at the equations

P^μP_μ|ψ⟩ = 0, P^μP_μ|ψ̄⟩ = 0, (3.3)

and, as a consequence, the proposed relativistic equations describe relativistic massless fields. Moreover, it is easy to see that the solutions to the equations (3.1) obey also the relations ( W^μ +^{1+ν}_4 P^μ ) |ψ⟩ = 0, ( W^μ −^{1+ν}_4 P^μ ) |ψ̄⟩ = 0. (3.4)

This means that they have the fixed helicity λ = −^{1+ν}_4 for the left-handed sector and λ =^{1+ν}_4 for the right-handed one. So, from the viewpoint of the Poincaré algebra the equations (3.1) describe massless states with arbitrary helicity.

In what follows we mainly concentrate on the left-handed part since all the corresponding results for the right-handed sector can be reproduced straightforwardly. In components the first equations in (3.1) read ( a^+ (P^0 + iP_1 − P_2 + P_3) − a^− (P^0 − iP_1 + P_2 + P_3) ) |ψ⟩ = 0, ( a^+ (P^0 − iP_1 − P_2 − P_3) + a^− (P^0 + iP_1 + P_2 − P_3) ) |ψ⟩ = 0. (3.5)

Taking the sum and the difference of these equations, we get ( a^+(P^0 − P_2) + a^− (iP_1 − P_3) ) |ψ⟩ = 0, ( a^−(P^0 + P_2) − a^+ (iP_1 + P_3) ) |ψ⟩ = 0. (3.6)

3.2 Finite-dimensional representations: integer and half-integer helicities

Let us first consider a solution to the equations (3.6) in the case of the finite-dimensional representations of RDHA [31] with ν = −(2k + 1), k ∈ N. As was noted above, the finitedimensional representations are built similarly to (2.2) and are characterised by the additional primitive vector |2k⟩ annihilated by a^+, a^+|2k⟩ = 0. Such representations of RDHA are also reducible with respect to the sl(2, R) algebra, R_ν = D k_2 ⊕ D k�1_2 .

It is worth noting that formally the solutions to the equations (3.6) have the structure similar to that of the Weyl equation p^μσ_μψ=0 written in components as

(p^0 + p_3)ψ_1 + (p_1 − ip_2)ψ_2 = 0, (p_1 + ip_2)ψ_1 + (p^0 − p_3)ψ_2 = 0.

Indeed, the cone Γ = {p_μ : p_μp^μ = 0, p^0 ≠ 0} can be covered by the two charts U_± = {p_μ : p^0 ± p_3 ≠ 0}. In each chart the solution can be represented in the regular form ψ(p) | |_{U+} = ( ω(p) 1 ) φ_+(p)δ(p^2), ψ(p) | |_U � = ( 1 ω̃(p) ) φ_−(p)δ(p^2), (3.7)

where the functions ω(p) = ip_2 − p_1 p^0 + p_3 , ω̃(p) = p_1 + ip_2 p_3 − p^0 obey on the cone the identity ω(p)ω̃(p) = 1. On the intersection U_+ ∩ U_−, the functions φ_± are related as φ_−(p) = ω(p)φ_+(p).

The solution to the equations (3.6) can be considered in the same way but with the covering charts U_± = {p_μ : p^0 ± p_2 ≠ 0}. The peculiarity of the p_2-direction is associated with the chosen representation of the σ-matrices and can be changed to any other direction by a unitary transformation. The solution to the first equation from (3.1) is |ψ⟩ | |_{U+} = δ(p^2)φ+(p) k∑ n=0 C_nΩ^n(p)|2n⟩, |ψ⟩ | |_U � = δ(p^2)φ_−(p) k∑ n=0 C_nΩ̃^{k−n}(p)|2n⟩, with the functions φ_± related on U_+ ∩ U_− as φ_−(p) = Ω^k(p)φ_+(p). Here φ_± are the functions regular on U_±, and

Ω(p) = p_3 + ip_1 p^0 + p_2

, Ω̃(p) = p_3 − ip_1 p^0 − p_2

, C_n = √ |[2n]_ν!| 2^nn!

, (3.8)

with the identity Ω(p)Ω̃(p) = 1 to be valid on the cone. From the explicit form of the solution one can see that the equations of motion (3.1) contain effectively the projector on the even invariant subspace D k_2 (or D̄ k_2 for the right-handed sector). Here we imply that the parity is defined with respect to the action of the operator R (R̄). The obtained solution describes a free left-handed massless particle with helicity^k_2 . For example, in the case of helicity^1_2 the corresponding solution is given by

|λ =^1_2 ⟩ | |_{U+} = δ(p^2)φ+(p)(|0⟩ + Ω(p)|2⟩), |λ =^1_2 ⟩ | |_U � = δ(p^2)φ_−(p)(|0⟩ + Ω̃(p)|2⟩).

This solution is in the exact correspondence with the solution (3.7) to the (unitarily transformed) Weyl equation. The solution to the second equation from (3.1) can be considered analogously.

Thus, in the case of the finite-dimensional representation, the equations (3.1) provide a consistent universal description of the free states with arbitrary integer and half-integer helicities. The equations have the same form for all such helicities and the information about the values of λ is encoded in the parameter ν.

3.3 Infinite-dimensional representations: Lorentz symmetry breaking

The equations (3.1) formally have covariant form and, as we have seen, give the consistent description of the massless finite-dimensional representations of the Poincaré group. But the situation for the infinite-dimensional representations turns out to be essentially different. A simple analysis of equations (3.1) reveals some contradictory properties of the solutions: they exist in some frames and do not exist in others. Indeed, the solution in the frame where p^μ = (E, 0, E, 0) is given by ψ ∝ |0⟩, with |0⟩ the vacuum state of the RDHA. However, no normalized solutions can be found in the frames where p^μ = (E, 0, −E, 0), p^μ = (E, ±E, 0, 0) or p^μ = (E, 0, 0, ±E). This means that the solutions are not invariant under some transformations of the Lorentz group, and so, the Lorentz invariance is broken. Note, that if another choice of the Dirac matrices would have been done, the Lorentz invariance would be broken in other directions. We would like to note that this situation with the Lorentz breaking has a formal analogy with the usual spontaneous breaking of a global symmetry in field theory models, where the equations of motions are covariant with respect to the corresponding symmetry group and the breaking occurs on the level of vacuum solutions.

To make the statement on the breaking of the Lorentz invariance more precise, we observe that for the covering {U_+, U_−} of the cone the formal solution to the first equation from (3.1) exists on U_+ only, |ψ⟩ = δ(p^2)φ(p) ∞∑ n=0 C_nΩ^n(p)|2n⟩ = δ(p^2)φ(p) exp

(_1 2 Ω(p)(a^+)^2 ) |0⟩, (3.9)

where φ(p) is a regular function, and C_n and Ω(p) were defined in (3.8). Some care has to be taken with infinite-dimensional representations since, generally, an infinite-dimensional representation of the Poincaré algebra is not obligatory a representation of the Poincaré group. Therefore, the solution (3.9) is proper one if its norm with respect to the internal space scalar product, ⟨ψ^∗|ψ⟩ = ∞∑ n=0 C^2_n |Ω(p)|^{2n} ,

is finite. The radius of convergence of the series is equal to lim_{n→∞} C_{n+1} C_n = 1.

Therefore, we arrive at the strict inequality |Ω(p)|^2 < 1, which can be rewritten as

p_2 ( p^0 + p_2 ) > 0. (3.10)

All the formulas corresponding to the right-handed sector can be reproduced via the formal substitution a^± → ā^±, p_2 → −p_2. Therefore, the corresponding convergence condition for that sector is

p_2 ( p^0 − p_2 ) < 0. (3.11)

Consequently, although the equations (3.1) look like SL(2, C )-invariant equations, the maximal invariance group of the solution is the one preserving the inequality (3.10) (or (3.11) for the right-handed sector). This means that the equations are invariant under SL(2, R) subgroup of SL(2, C ) (the group generated by the rotations in the plane (1-3) and by the boosts in the directions 1 and 3, which do not violate the relations (3.10), (3.11)). This is a direct consequence of the fact that the used infinite-dimensional representation is ill defined at the level of the Poincaré group, even if it is perfectly defined at the level of the Lie algebra.

The solution (3.9) illustrates an unusual type of Lorentz symmetry breaking. The massless equations are formally covariant but in the case of infinite-dimensional representations the Lorentz invariance is strongly broken on the level of the solutions. Formally, this breaking is associated not with the infinite-dimensional representation of the SL(2, C ) group itself but rather with the attempt to enclose it into the corresponding representation of the Poincaré group (cf. with massive case, see Appendix). Indeed, as follows from the inequalities (3.10), (3.11), the Lorentz violation is provoked by the transformations of the momentum, which is naturally associated with the Poincaré group.

Through the reduction sl(2, C ) −→ sl(2, R), the infinite-dimensional representations R_ν and R̄_ν are identified. In this case the representation D^±_λ can be exponentiated to a representation of the Lie group ISO(2, 1). So, the Poincaré invariance in (3+1)D, ISO(3, 1), is broken to ISO(2, 1), the Poincaré invariance in (2+1)D. As we shall see in the next section, this means that the dimensional reduction to the direction p_2 gives rise to a consistent (2+1)D theory describing a massive anyon of a mass m and spin λ = ±^{1+ν}_4 .

One has to stress once again that for the case of the finite-dimensional representations, when 2λ is an integer number, the problem encountered with infinite-dimensional representations is not present and, as we have seen, the consistent equations for the helicity ±λ fields are obtained.

4 Compactification and reduction to (2+1)D anyons

We have seen that in the case of infinite-dimensional representations the theory provided by the equations (3.1) does not have a nontrivial content on the whole (3+1)D Minkowski space M^4 since the formal solution (3.9) breaks the Lorentz invariance. But let us show that, in a sense, this problem can be “cured” by compactifying the singled out (in this case x_2) direction on a circle, M^4 → M^3 × S^1.

Fixing the space geometry in the form of the three-dimensional Minkowski space times a circle of radius m^{−1} and denoting the compactified coordinate as θ, 0 ≤ θ ≤ 2π, the state |ψ⟩ in coordinate representation can be expanded as |ψ⟩ = ∞∑ n=−∞ e^{inθ}|ψ_n⟩, with |ψ_n⟩ = ∞∑ k=0 ψ_{nk}(y^a)|k⟩ depending only on the 3-dimensional coordinates y^a, a = 0, 1, 2, with y^0 = x^0, y^1 = x^1 and y^2 = x^3.

So, starting with a (3+1)D massless momentum P^μ, it is reduced to (P^0, P^1, nm, P^3) for each state |ψ_n⟩. Denoting the three-dimensional momentum by p^a = (P^0, P^1, P^3), the mass-shell condition in (2+1)D reads ( p^ap_a + n^2m^2 ) |ψ_n⟩ = 0, i.e. the initial massless system is formally reduced to an infinite tower of massive states plus a massless one. For sl(2, R) the left- and right-handed representations are equivalent, and so, the dotted and undotted indices are identical. The both equations in (3.1), through the compactification process, lead to the equations ( p^a(γ_a)_α^β + nmδ_α^β ) L_β|ψ_n⟩ = 0. (4.1)

These equations can be obtained from (3.1) by the formal substitution P_2 → nm and multiplication by σ_2 that, in fact, corresponds to lowering the free index. The γ-matrices are given in the Majorana representation:

(γ_0)_α^β = −(σ_2)_α^β, (γ_1)_α^β = −i(σ_3)_α^β, (γ_2)_α^β = i(σ_1)_α^β.

Up to the spatial rotation y_1 → −y_2, y_2 → y_1, the equations (4.1) actually coincide with the equations for anyons [18, 19] and, hence, for n ≠ 0 they consistently describe relativistic (2+1)D anyons of the spin λ = − sign(n)^{1+ν}_4 . By analogy with (3.9), the formal solutions to these equations in the momentum representation are given by

|ψ_n⟩ = δ(p^2 + n^2m^2)φ_n(p) exp

(_1 2 Ω_n(p)(a^+)^2 ) |0⟩, (4.2)

with Ω_n(p) =^{p2+ip1}_{p0+nm} . The condition of normalizability (3.10) is transformed into the inequal- ity n(p^0 + nm) > 0. (4.3)

This means that the solutions (4.2) are normalizable only in the case of energy with definite sign: sign(p^0) = sign(n). In other words, all the states |ψ_n⟩ with n > 0 have the positive energy, those with n < 0 have negative energy while the state |ψ_0⟩ does not belong to the spectrum of the theory. Such properties reveal the difference of the considered compactification from the usual procedure.

Let us discuss this issue from viewpoint of the symmetries usually associated with such a compactification on a circle. Following Ref. [49], one can infer that in the usual case an affine Kac-Moody algebra g is always associated with a compactified M^3 × S^1 theory. This infinite-dimensional algebra consists of the loop extension of iso(2, 1), ^iso(2, 1) = {P^a_n = e^{inθ}P^a, J^a_n = e^{inθ}J^a}, where P^a and J^a are the translation and Lorentz generators of iso(2, 1), respectively, and of the additional set of operators Q_n = ie^{inθ}∂_θ with the commutation relations [Q_n, Q_m] = (n − m)Q_{n+m}, [Q_n, P^a_m] = −mP^a_{n+m}, [Q_n, J^a_m] = −mJ^a_{n+m}. The affine Kac-Moody algebra g has the following natural triangular decomposition

g = g_+ ⊕ g_0 ⊕ g_−,

where the subalgebras g_+ and g_− are the sets of all the operators with n > 0 and n < 0, respectively, while g_0 = iso(2, 1) ⊕ u(1) with Q_0 being the generator of the u(1) algebra.

In our case the symmetry corresponding to the affine algebra g is always partially broken. Indeed, the action of g_− is ill defined on the part of the spectrum with positive energy (n > 0) while g_+ is ill defined on the part of the spectrum with negative energy (n < 0). Hence, the symmetry is always broken to g_+ ⊕ g_0 or to g_0 ⊕ g_−. The only symmetry of the whole spectrum is g_0. Nevertheless, one can conclude that in spite of the partial breaking of the infinite-parametric symmetry, the compactified theory has the non-trivial content.

The considered compactification can be treated, in principle, as that “induced” by the breaking of the Lorentz invariance of the equations (3.1) for the infinite-dimensional representations case. The “induction” is understood here in the sense that the compactified theory, unlike the initial one, is consistent and the direction of the compactification is defined by the Lorentz breaking.

The dimensional reduction emerges after choosing one level, say n = 1 or n = −1, and discarding all the others. Evidently, the reduction gives rise to a consistent (2+1)D theory describing a massive anyon of a mass m and spin λ = ±^{1+ν}_4 . Correspondingly, the formal ISO(3, 1) invariance is reduced to the true ISO(2, 1) invariance.

The equations (4.1) providing solutions with fixed sign energy have a close analogy with the massive Dirac (3+1)D positive energy spinor equations [23, 24] (see Appendix)^4. The construction of the positive energy massive Dirac equations is based, in fact, on the representation of the type R_{ν=0} ⊗ R̄_{ν=0}, and in the massless limit they are reduced to the equations of the form (3.1) to be imposed on the same state. However, note that for p^0 > 0, the inequalities (3.10), (3.11) are incompatible. This means that there is no reference frame in which the normalizable solutions could exist in the left- and right-handed sectors simultaneously. Using this observation, one can assume that the Dirac equations [23, 24] have no proper solutions in the massless limit. In Appendix we demonstrate that this is indeed the case.

5 No-go theorem for massless infinite-dimensional representations of ISO(3, 1)

We have seen that the proposed spinor sets of equations cannot be used to describe a massless field with fractional helicity in (3+1)D because the maximal invariant group of the solution is broken down to the (2+1)D Poincaré group. Moreover, the same problems arise under attempt to describe the massless field of integer or half-integer helicity by means of infinitedimensional representations of sl(2, C ) associated with RDHA. So, we may wonder if this feature is general or it is specific to the equations (3.1) we have considered. In other words, formally we may address the general problem if fractional helicity states in (3+1)D might exist. At this point, the natural question we should ask concerns the other type of equations that could be proposed. Following Ref. [40] and the results obtained in (2+1)D case [17], a vector set of equations can be considered,

(αP^μ + iJ^{μν}P_ν )Ψ = 0, (5.1)

where α is some constant that defines the helicity while the representation of Ψ is not fixed here. According to Refs. [48, 50], the equations of such a form describe all irreducible massless finite-dimensional representations of the Poincaré group. But we are going to consider these equations from the viewpoint of infinite-dimensional representations. In this sense the equations (5.1) are analogous to the massless limit of the equations proposed by Staunton in Ref. [40]. Contraction with P^μ shows that we have a massless field. Then, choosing the

4The change of the sign before mass in the Dirac equations leads to solutions with negative energy.

frame where P^μ = E(1, 0, ϵ, 0), we reduce the system of equations to the system ( α − ϵ ( J_0 − J̄_0 )) Ψ = 0, ( (1 + ϵ) ( J_− + J̄_+ ) + (1 − ϵ) ( J_+ + J̄_− )) Ψ = 0, (5.2) ( (1 + ϵ) ( J_− − J̄_+ ) − (1 − ϵ) ( J_+ − J̄_− )) Ψ = 0.

For ϵ = +1, the solution has to obey the relations

J_−Ψ = J̄_+Ψ = 0, (5.3)

whereas for ϵ = −1 they are changed for

J_+Ψ = J̄_−Ψ = 0, (5.4)

that is possible only for the finite-dimensional representations of sl(2, C ). In other words, we arrive at the same problems as before and Eqs. (5.1) are not consistent for the states carrying fractional helicity or, generally, with all the infinite-dimensional representations. On the other hand, one can show that the dimensional reduction of (5.1) leads to the (2+1)D vector set of equations that, as well as the spinor equations (4.1), consistently describes anyons [17].

On a general ground, any set of equations which can be proposed to describe a massless field of helicity λ (fractional or not) has to give rise to the “helicity equation” ( W^μ − λP^μ ) Ψ = 0, (5.5)

with W^μ the Pauli-Lubanski vector [22]. The representation of Ψ is also not specified providing the universality of the analysis.

The equations (5.5), like eqs. (3.1) and (5.1), are not compatible for infinite-dimensional representations. Indeed, e. g., in a frame where P^μ = E(1, 0, ϵ, 0), the equations are simplified for ( λ − ϵ ( J_0 + J̄_0 )) Ψ = 0, ( (1 + ϵ) ( J_− − J̄_+ ) + (1 − ϵ) ( J_+ − J̄_− )) Ψ = 0, (5.6) ( (1 + ϵ) ( J_− + J̄_+ ) − (1 − ϵ) ( J_+ + J̄_− )) Ψ = 0.

One can see that these equations can be obtained from (5.2) by the substitution J̄_0 → −J̄_0, J̄_± → −J̄_± and α → λ. The reason is that the equations (5.5) can be reproduced from (5.1) by the formal substitution J^{μν} → iJ̃^{μν} , α → λ, where J̃^{μν} =^1_2 ϵ^{μνρσ}J_{ρσ}. For ϵ = 1 or ϵ = −1 we arrive, correspondingly, at the equations (5.3) or (5.4). This means that the equations (5.5) are compatible for finite-dimensional representations (with integer or half-integer helicities) only. In other words, the (3+1)D Poincaré group has no massless irreducible representations of any (integer, half-integer or fractional) helicity with the trivial non-compact part of the little group constructed on the basis of infinite-dimensional representations of sl(2, C ).

6 Discussion and outlook

The specific properties of the (2+1)-dimensional space-time admit the existence of anyons. The little group of massive states in (2+1)D coincides with the compact part (which is the infinitely connected group SO(2)) of the little group of massless (3+1)D states. Consequently, the “charge” of its universal covering group SO(2) = R is not quantized. The group theory justification of anyons is related to the fact that the representations of the fractional charge describing relativistic anyons can be extended to representations of the whole (2+1)- dimensional Lorentz group which is also infinitely connected. For the purpose of describing the massless states with fractional (λ ∈ R) helicity we have constructed representations of sl(2, C ) in terms of two copies of the R-deformed Heisenberg algebra. In terms of such representations of the Poincaré algebra,

• The universal relativistic equations (3.1) describing massless states of any integer and half-integer helicity have been proposed.

This possibility is related to the existence of the finite-dimensional representations of RDHA for ν = − (2k + 1), k ∈ N. For ν > −1, the RDHA has infinite-dimensional unitary representations. In this case the equations (3.1) formally describe the massless states with fractional helicity. Analysing the solutions to the relativistic wave equations, we have traced out explicitly that the corresponding infinite-dimensional representations of the Lie algebra sl(2, C ) cannot be exponentiated to representations of the Lie group SL(2, C ) for such massless states. In other words, the (3+1)D Lorentz invariance is broken on the level of solutions. This resembles the Lorentz symmetry breaking in supersymmetric Yang-Mills theory considered in Ref. [51], where the corresponding action is Lorentz invariant while the symmetry is broken at the field equation level. In spite of the Lorentz symmetry breaking we have shown that

• The dimensional reduction of the massless equations (3.1) leads to the consistent (2+1)D theory of massive anyons with spin λ = ±^{1+ν}_4 .

The dimensional reduction emerges from the compactification M^4 → M^3 × S^1. We treat this compactification as that induced by the Lorentz symmetry breaking in the equations (3.1) on the solution level. It would be interesting to find an example of such a compactification (induced by the Lorentz symmetry breaking on solution level) in other theories. We hope that the observed unusual symmetry breaking could be helpful in the context of the considerable activity looking for different mechanisms of the Lorentz symmetry violation [51, 52, 53, 54, 55, 56, 57, 58] and compactification [59, 60, 61, 62].

Concluding our investigation on existence of massless states with fractional helicity in the 4-dimensional space, we have analysed the fundamental equation (5.5) defining massless irreducible representations of ISO(3, 1), and have shown that

• The Poincaré group ISO(3, 1) has no massless irreducible representations with the trivial non-compact part of the little group constructed on the basis of the infinitedimensional representations of sl(2, C ).

This means, in particular, that the massless (3+1)-dimensional fractional helicity states cannot be described in a consistent way and that the integer and half-integer helicity massless particles can be described only in terms of finite-dimensional representations of sl(2, C ). It is worth also emphasizing that the obtained restriction on values of helicity is not of a topological origin. The topological arguments [28, 29] do not forbid irreducible representations with integer and half-integer helicity constructed on the basis of the infinite-dimensional representations of sl(2, C ). Therefore, the topology provides only the necessary condition for massless representations to be the true representations of ISO(3, 1), which, as we see, is not the sufficient condition. This is quite an unexpected result since the massive irreducible representations of ISO(3, 1) with integer and half-integer spin can be constructed on the basis of the infinite-dimensional representations of sl(2, C ) [23, 24, 40].

The situation with the equations (3.1) for the infinite-dimensional representation can be compared with the result obtained earlier in Ref. [63] in a different context. Here the proposed equations look invariant under the (3+1)D Poincaré transformations but relativistic invariance is broken at the level of the solutions. In the paper [63] two of us have obtained similar results, which were related, however, to the fact that the considered there Lorentz automorphism of the underlying algebra is outer and not obligatory inner. Only when the outer automorphism becomes inner, a covariant equation can be obtained. All this means, in particular, that it is not enough to have the equation (or the set of equations) which looks invariant (or covariant) to obtain a covariant theory.

Acknowledgements

MP thanks L. Avarez-Gaume, A. I. Oksak, V. I. Tkach, G. G. Volkov and A. A. Zheltukhin for early communications stimulated the present research and acknowledges the useful communications with L. N. Lipatov and L. Ryder. MRT acknowledges gratefully the useful discussions with G. Mennessier and M. J. Slupinski. One of us (MRT) would like to thank USACH for its hospitality, where the part of this work was realized. The work was supported in part by the grants 1980619, 7980044, 1010073 and 3000006 from FONDECYT (Chile) and by DICYT (USACH).

A Dirac positive-energy relativistic equations

The Dirac equations [23, 24] corresponding to massive spinless particle with positive energy can be represented as

(P^μγ̃_μ − m1I) QΨ = 0, with Q = q_1 q_2 η_1 η_2

, (A.1)

where q_1 and q_2 are commuting dynamical quantities and η_1 and η_2 denote the corresponding conjugate momenta, [q_i, η_j] = iδ_{ij}, i, j = 1, 2. The matrices γ̃_μ are related to those in the

Weyl representation (2.7) by the unitary transformation γ_μ = Uγ̃_μU^† with the matrix

U = 1 √ 2 0 0 1 i 1 −i 0 0 i −1 0 0 0 0 −i −1 .

Dirac showed that the equations (A.1) consistently describe massive spin-0 positiveenergy states [23, 24]. In the “coordinate” representation, with the operators q_i to be diagonal, the solution to the equations (A.1) has the form [23, 24]

Ψ ∝ δ(p^2 + m^2) exp ( − 1 2(p^0 − p_3) ( m(q^2_1 + q^2 ) − ip_1(q^2_1 − q^2) + 2ip_2q_1q_2 )) . (A.2)

One can verify that this solution is normalizable in “internal” variables for m ≠ 0 only. Moreover, in the massless limit the solution (A.2) is singular on the cone p^2 = 0 due to the presence of the factor (p^0 − p_3)^{−1}. This means that the equations (A.1) have no proper solution in the massless limit.

It is worth noting that the formal change m → −m leads to the normalized solutions with negative energy.

References

[1] J. M. Leinaas, J. Myrheim, Nuovo Cimento 37B (1977) 1.

[2] F. Wilczek, Phys. Rev. Lett. 48 (1982) 1144.

[3] H. S. Green, Phys. Rev. 90 (1953) 270.

[4] O. W. Greenberg, Phys. Rev. Lett. 13 (1964) 598.

[5] O. W. Greenberg, A. M. L. Messiah, Phys. Rev. B136 (1964) 248.

[6] O. W. Greenberg, A. M. L. Messiah, Phys. Rev. B138 (1965) 1155.

[7] Y. Ohnuki, S. Kamefuchi, “Quantum Field Theory and Parastatistics” (Springer-Verlag, 1982).

[8] F. Wilczek, A. Zee, Phys. Rev. Lett. 51 (1983) 2250.

[9] A. Polyakov, Mod. Phys. Lett. A3 (1988) 325.

[10] G. W. Semenoff, Phys. Rev. Lett. 61 (1988) 517.

[11] M. S. Plyushchay, Phys. Lett. B261 (1991) 71.

[12] M. S. Plyushchay, Nucl. Phys. B362 (1991) 54.

[13] R. Jackiw, V. P. Nair, Phys. Rev. D43 (1991) 1933.

[14] M. S. Plyushchay, Phys. Lett. B273 (1991) 250. [15] D. P. Sorokin, D. V. Volkov, Nucl. Phys. B409 (1993) 547. [16] S. Lang, “SL(2, R)” (Springer-Verlag, Berlin, 1985).

[17] J. L. Cortés, M. S. Plyushchay, J. Math. Phys. 35 (1994) 6049, hep-th/9405193. [18] M. S. Plyushchay, Phys. Lett. B320 (1994) 91, hep-th/9309148. [19] M. S. Plyushchay, Mod. Phys. Lett. A12 (1997) 1153, hep-th/9705034. [20] J. L. Cortes, M. S. Plyushchay, Int. J. Mod. Phys. A11 (1996) 3331, hep-th/9505117. [21] M. S. Plyushchay, Phys. Lett. B248 (1990) 107.

[22] L. Ryder, “Quantum Field Theory” (Cambridge University Press, 1998). [23] P. M. A. Dirac, Proc. Roy. Soc. A322 (1971) 435. [24] P. M. A. Dirac, Proc. Roy. Soc. A328 (1972) 1. [25] D. V. Volkov, JETP Lett. 49 (1989) 541.

[26] D. V. Volkov, D. P. Sorokin, V. I. Tkach, “On the Relativistic Field Theory with Fractional Statistics in D=(2+1),(3+1)”, In Proc. Problem of Modern Quantum Field Theory (Alushta, 1989), p. 131.

[27] M. S. Plyushchay, Int. J. Mod. Phys. A6 (1991) 2497.

[28] Yu. Novozhilov, “Introduction to Elementary Particle Theory”, (Pergamon Press, Oxford 1975).

[29] S. Weinberg, “The quantum theory of fields”, (Cambridge University Press, 1995) Vol. 1. [30] A. J. Macfarlane, “Generalized Oscillator Systems and Their Parabosonic Interpretation”, in Proc. International Workshop on Symmetry Method in Physics, Eds. A. N. Sissakian, G. S. Pogosyan and S. I. Vinitsky (JINR, 1994) p. 319.

[31] M. S. Plyushchay, Nucl. Phys. B491 (1997) 619, hep-th/9701091. [32] L. M. Yang, Phys. Rev. 84 (1951) 788. [33] E. P. Wigner, Phys. Rev. 77 (1950) 711.

[34] Y. Ohnuki, S. Kamefuchi, J. Math. Phys. 19 (1978) 67. [35] C. Dunkl, Trans. Amer. Math. Soc. 311 (1989) 167.

[36] M. S. Plyushchay, Int. J. Mod. Phys. A23 (2000) 3679, hep-th/9903130. [37] J.F. van Diejen, L. Vinet (Eds.), “Calogero-Moser-Sutherland Models” (Springer, Berlin, 2000).

[38] V. Bargmann, E. P. Wigner, “Group theoretical discussion of relativistic wave equations”, Proceedings of the National Academy of Sciences, Vol. 34, No. 5, p. 211, 1964.

[39] E. Majorana, Nuovo Cimento 9 (1932) 335. [40] L. P. Staunton, Phys. Rev D10 (1974) 1760.

[41] D. Tz. Stoyanov, I. T. Todorov, J. Math. Phys. 9 (1968) 2146.

[42] N. N. Bogolyubov, A. A. Logunov, A. I. Oksak, I. T. Todorov, “General Principles Of Quantum Field Theory,” (Dordrecht, Netherlands: Kluwer 1990).

[43] V. Bargmann, Annals of Mathematics 48 (1947) 568.

[44] I. Gel’fand, M. Graev, N. Vilenkin, “Generalized Functions” (Academic, New-York, 1966) Vol. 5.

[45] M. Rausch de Traubenberg, “Fractional supersymmetry and Lie algebras”, hepth/0007150.

[46] A. Perelomov, “Generalized Coherent States and Their Applications” (Springer-Verlag, Berlin, 1986).

[47] J. Wess, J. Bagger, “Supersymmetry and Supergravity” (Princeton University Press, 1983).

[48] W. Siegel, “Fields”, hep-th/9912205.

[49] L. Dolan, M. J. Duff, Phys. Rev. Lett. 52 (1984) 14. [50] W. Siegel, B. Zwiebach, Nucl. Phys. B282 (1987) 125. [51] H. Nishino, Phys. Lett. B492 (2000) 201, hep-th/0008029. [52] V.A. Kostelecky, S. Samuel, Phys. Rev. D39 (1989) 683.

[53] A. A. Andrianov, R. Soldati, L. Sorbo, Phys. Rev. D59 (1999) 025002, hep-th/9806220. [54] S. Coleman, S. L. Glashow, Phys. Rev. D59 (1999) 116008, hep-ph/9812418. [55] R. Jackiw, V. A. Kostelecky, Phys. Rev. Lett. 82 (1999) 3572, hep-ph/9901358. [56] M. Niedermaier, H. Samtleben, Nucl. Phys. B579 (2000) 437, hep-th/9912111. [57] S. Chakravarty, K. Dasgupta, O. J. Ganor, G. Rajesh, Nucl. Phys. B587 (2000) 228, hep-th/0002175.

[58] J. Nishimura, G. Vernizzi, JHEP 0004 (2000) 015, hep-th/0003223. [59] S. Randjbar-Daemi, A. Salam, J. Strathdee, Nucl. Phys. B214 (1983) 491. [60] I. C. Campbell, P. C. West, Nucl. Phys. B243 (1984) 112.

[61] G. Dvali, M. Shifman, Nucl. Phys. B504 (1997) 127, hep-th/9611213. [62] I. Olasagasti, Phys. Rev. D63 (2001) 124016, hep-th/0101203.

[63] M. S. Plyushchay, M. Rausch de Traubenberg, Phys. Lett. B477 (2000) 276, hepth/0001067.