arXiv:1112.4924v4 [hep-th] 11 Apr 2013

LMP-TPU–12/11

N = 2 supersymmetric extension of l-conformal Galilei algebra

Ivan Masterov

Laboratory of Mathematical Physics, Tomsk Polytechnic University, 634050 Tomsk, Lenin Ave. 30, Russian Federation E-mail: masterov@tpu.ru

Abstract

N = 2 supersymmetric extension of the l-conformal Galilei algebra is constructed. A relation between its representations in flat spacetime and in Newton-Hooke spacetime is discussed. An infinite-dimensional generalization of the superalgebra is given.

PACS numbers: 11.30.-j, 11.25.Hf, 11.30.Pb.

Keywords: conformal Galilei algebra, supersymmetry

1. Introduction

The advance in understanding the non–relativistic version of the AdS/CFT correspondence [1, 2] stimulates extensive investigation of non–relativistic conformal algebras [3]-[21] (for important earlier studies see [22]-[33]). Algebras relevant for physical applications in flat non–relativistic spacetime as well as in Newton-Hooke spacetime (i.e. spacetime with universal cosmological repulsion/attraction [18, 34]) belong to the family of the l-conformal Galilei algebras^1 [28, 29], l being a positive integer or half–integer. Note that the way the temporal and spatial coordinates scale under dilatations explicitly depends on l. Furthermore, the number of vector generators grows with l [19, 29].

As is well known, the l-conformal extensions of the Galilei algebra and the Newton-Hooke algebra are isomorphic [29, 35]. If one makes a linear change of the basis in the conformal Newton-Hooke algebra H → H ∓^1_{R2} K, where H is the generator of time translations, K is the generator of special conformal transformations, and R is the characteristic time, one arrives at the conformal Galilei algebra. There are two subtle points regarding this isomorphism, however. First, as far as dynamical realizations are concerned, the change of the bases is actually a change of the Hamiltonian which alters the dynamics. Second, the constant R is dimensionful. If one has a model invariant under the conformal Galilei group, in general, such a constant is not at our disposal. For this reason, turning the conformal Galilei symmetry into the conformal Newton-Hooke symmetry may happen to be problematic. Yet, it is customary to speak about realizations of one and the same algebra in flat spacetime and in the Newton-Hooke spacetime.

So far supersymmetric extensions of the l–conformal Galilei algebras and their dynamical realizations have been studied in detail for l = 1/2 (the Schrödinger algebra) and l = 1 (the conformal Galilei algebra). In [36] an N = 1 supersymmetric extension of the Schrödinger algebra was identified with the symmetry algebra of the non–relativistic spin-^1_2 particle. In [37] it was shown that the non–relativistic limit of the Chern-Simons matter system in (2 + 1) dimensions is invariant under N = 2 Schrödinger supersymmetry. The systematic study of the Schrödinger superalgebras was given in [38]. Infinite dimensional Schrödinger superalgebras was considered in paper [39]. Many-body quantum mechanics invariant under N = 2 Schrödinger supersymmetry was studied in [40, 41] (see also [14, 42]). Relations between the Schrödinger superalgebra and relativistic superconformal algebras were discussed in [43]–[45]. More recently, supersymmetric extensions of the conformal Galilei algebra were extensively investigated by applying various non-relativistic contractions [5], [46]–[49].

The purpose of this work is to construct an N = 2 supersymmetric extension of the lconformal Galilei algebra for the case of arbitrary l. We do this in section 2. Representations of this superalgebra in flat spacetime and in Newton-Hooke spacetime are considered in section 3. We also give a coordinate transformation, which relates the representations. An infinite-dimensional extension of the superalgebra is discussed in section 4. We summarize our results and discuss possible further developments in section 5.

Throughout the work summation over repeated indices is understood. Partial derivatives with respect to the spatial coordinates x_i, the temporal coordinate t and the fermionic

1In modern literature the algebra is also referred to as the conformal Galilei algebra with rational dynamical exponent [18], N-Galilean conformal algebra [20], and the spin-l conformal Galilei algebra [9]. In the present work we use the terminology originally adopted in [29, 30].

variables θ^+, θ^− are denoted by ∂_i, ∂_t, and ∂_θ+ , ∂_θ− , respectively. For fermions we use the left derivative.

2. N = 2 supersymmetric extension of the l-conformal Galilei algebra

First let us recall the structure of the l-conformal Galilei algebra. It involves the generator of time translations H, the generator of dilatations D, the generator of special conformal transformations K, the generators of space rotations M_{ij} , and a chain of vector generators C^{(n)}_i , n = 0, 1, .., 2l. In particular, for n = 0 one obtains the generator of space translations, n = 1 gives the generator of Galilei boosts, while higher n describe accelerations. The non-vanishing structure relations read [29]

[H, D] = H, [H, C^{(n)}_i ] = nC^{(n−1)}_i , [D, C^{(n)}_i ] = (n − l)C^{(n)}_i , [H, K] = 2D, [D, K] = K, [K, C^{(n)}_i ] = (n − 2l)C^{(n+1)}_i , (1) [M_{ij} , C^{(n)}_k ] = −δ_{ik}C^{(n)}_j + δ_{jk}C^{(n)}_i , [M_{ij} , M_{kl}] = −δ_{ik}M_{jl} − δ_{jl}M_{ik} + δ_{il}M_{jk} + δ_{jk}M_{il}. Note that H, D and K form the conformal algebra in one dimension so(2, 1).

In order to construct an N = 2 supersymmetric extension of this algebra, we introduce a pair of supersymmetry generators Q^+ and Q^−, the superconformal generators S^+ and S^−, fermionic partners of the vector generators L^{(n)+}_i and L^{(n)−}_i with n = 0, 1, .., 2l − 1, extra bosonic vector generators P^{(n)}_i with n = 0, 1, .., 2l − 2, and the bosonic generator J which corresponds to u(1)–R–symmetry. It is assumed that the odd generators are antihermitian conjugates of each other ( Q^+ )_† = −Q^−, ( S^+ )_† = −S^−, ( L^{(n)+}_i )_† = −L^{(n)−}_i . (2)

The bosonic operators J and P^{(n)}_i are taken to be antihermitian as well.

In addition to (1) we impose the following structure relations {Q^+, Q^−} = 2iH, {Q^±, S^∓} = 2iD ± J, {Q^±, L^{(n)∓}_i } = iC^{(n)}_i ∓ nP^{(n−1)}_i , {S^+, S^−} = 2iK, [Q^±, C^{(n)}_i ] = nL^{(n−1)±}_i , {S^±, L^{(n)∓}_i } = iC^{(n+1)}_i ∓ (n − 2l + 1)P^{(n)}_i , [H, S^±] = Q^±, [Q^±, P^{(n)}_i ] = iL^{(n)±}_i , [D, L^{(n)±}_i ] = (n − l + 1/2)L^{(n)±}_i , [K, Q^±] = −S^±, [S^±, C^{(n)}_i ] = (n − 2l)L^{(n)±}_i , [D, P^{(n)}_i ] = (n − l + 1)P^{(n)}_i , [D, Q^±] = − 1 2 Q^±, [S^±, P^{(n)}_i ] = iL^{(n+1)±}_i , [K, L^{(n)±}_i ] = (n − 2l + 1)L^{(n+1)±}_i ,

[D, S^±] = 1 2 S^±, [H, L^{(n)±}_i ] = nL^{(n−1)±}_i , [K, P^{(n)}_i ] = (n − 2l + 2)P^{(n+1)}_i ,

[J, Q^±] = ±iQ^±, [H, P^{(n)}_i ] = nP^{(n−1)}_i , [M_{ij} , L^{(n)±}_k ] = −δ_{ik}L^{(n)±}_j + δ_{jk}L^{(n)±}_i ,

[J, S^±] = ±iS^±, [J, L^{(n)±}_i ] = ±iL^{(n)±}_i , [M_{ij} , P^{(n)}_k ] = −δ_{ik}P^{(n)}_j + δ_{jk}P^{(n)}_i . (3)

Note that l = 1/2 reproduces the well known N = 2 Schrödinger superalgebra (see e.g. [39, 40] and reference therein).

3. Realizations in superspace

First let us construct a realization of the superalgebra (3) in flat superspace. Introducing two Grassmann variables θ^+ and θ^−, which are complex conjugates of each other (θ^+)^† = θ^−, one finds (see also a related work [39])^2

D = t∂_t + lx_i∂_i + 1 2 θ^−∂_θ− + 1 2 θ^+∂_θ+ , K = t^2∂_t + 2ltx_i∂_i + tθ^−∂_θ− + tθ^+∂_θ+ ,

S^± = tθ^±∂_t + it∂_θ∓ + 2lθ^±x_i∂_i + θ^±θ^∓∂_θ∓ , Q^± = i∂_θ∓ + θ^±∂_t, H = ∂_t, J = iθ^+∂_θ+ − iθ^−∂_θ− , C^{(n)}_i = t^n∂_i n = 0, .., 2l, P^{(n)}_i = θ^−θ^+t^n∂_i n = 0, .., 2l − 2, L^{(n)±}_i = θ^±t^n∂_i, n = 0, .., 2l − 1, M_{ij} = x_i∂_j − x_j ∂_i. (4)

Discarding the fermions one reproduces a realization of the l-conformal Galilei algebra in [29].

In order to construct a realization of the superalgebra (3) in Newton-Hooke spacetime extended by fermionic variables, we introduce an analogue of Niederer’s transformation. Guided by the analysis in [19], we first consider a coordinate transformation

t^′ = R tan (t/R), t^′ = R tanh (t/R), x^′_i = (cos (t/R))^{−2l}x_i, x^′_i = (cosh (t/R))^{−2l}x_i, ( θ^± )_′ = (cos (t/R))^{−1}θ^±, ( θ^± )_′ = (cosh (t/R))^{−1}θ^±, (5)

where the prime denotes coordinates parameterizing flat superspace. Here the left/right column corresponds to Newton–Hooke spacetime with negative/positive cosmological constant. Then we consider a linear change of the basis in the l-conformal Galilei algebra H → H ± 1 R^2 K ∓ 1 R J, Q^± → Q^± ± i R S^±, (6)

where the upper/lower sign in the generator of time translations corresponds to negative/positive cosmological constant. In the former case the two steps yield H = ∂_t − 1 R ( iθ^+∂_θ+ − iθ^−∂_θ− ) , J = iθ^+∂_θ+ − iθ^−∂_θ− , D = 1 2 R sin(2t/R)∂_t + l cos(2t/R)x_i∂_i + 1 2 cos(2t/R)θ^−∂_θ− + 1 2 cos(2t/R)θ^+∂_θ+ ,

K = R^2(sin(t/R))^2∂_t + lR sin(2t/R)x_i∂_i + R 2 sin(2t/R)θ^−∂_θ− + R 2 sin(2t/R)θ^+∂_θ+ ,

2Superconformal symmetries parameterized by a discrete parameter were also considered in [50]-[52].

Q^± = ie^{itR} ∂_θ∓ + θ^±e^{itR} ∂_t + 2il R e^{itR} θ^±x_i∂_i + i R e^{itR} θ^±θ^∓∂_θ∓ , S^± = R sin(t/R)θ^±∂_t + iR sin(t/R)∂_θ∓ + 2l cos(t/R)θ^±x_i∂_i + cos(t/R)θ^±θ^∓∂_θ∓ , C^{(n)}_i = R^n(sin(t/R))^n(cos(t/R))^{2l−n}∂_i, n = 0, 1, .., 2l, L^{(n)±}_i = θ^±R^n(sin(t/R))^n(cos(t/R))^{2l−n−1}∂_i, n = 0, 1, .., 2l − 1, P^{(n)}_i = θ^−θ^+R^n(sin(t/R))^n(cos(t/R))^{2l−n−1}∂_i, n = 0, 1, .., 2l − 2, M_{ij} = x_i∂_j − x_j ∂_i. (7) In the latter case one finds

H = ∂_t + 1 R ( iθ^+∂_θ+ − iθ^−∂_θ− ) , Q^± = i(cosh(t/R) + i sinh(t/R))∂_θ∓ + θ^±(cosh(t/R) + i sinh(t/R))∂_t + + 2l R (sinh(t/R) + i cosh(t/R))θ^±x_i∂_i + 1 R (sinh(t/R) + i cosh(t/R))θ^±θ^∓∂_θ∓ , (8)

while other generators follow from those in (7) by changing the trigonometric functions with the hyperbolic ones. In the flat space limit R → ∞ the generators (7), (8) reproduce (4). 4. Infinite-dimensional extension

The l-conformal Galilei algebra (1) admits an infinite-dimensional Virasoro–Kac–Moody– type extension [9, 19]. Let us extend the analysis in [19] to supersymmetric case.

Consider a set of operators

K^{(n)} = t^{n+1}∂_t + l(n + 1)t^nx_i∂_i + 1 2 (n + 1)t^nθ^+∂_θ+ + 1 2 (n + 1)t^nθ^−∂_θ− , F^{(n)±} = it^{n+1}∂_θ∓ + θ^±t^{n+1}∂_t + 2l(n + 1)t^nθ^±x_i∂_i + (n + 1)t^nθ^±θ^∓∂_θ∓ , C^{(n)}_i = t^n∂_i, L^{(n)±}_i = θ^±t^n∂_i, P^{(n)}_i = θ^−θ^+t^n∂_i, J^{(n)} = it^nθ^+∂_θ+ − it^nθ^−∂_θ− − 2lnt^{n−1}θ^−θ^+x_i∂_i, M^{(n)}_{ij} = t^n(x_i∂_j − x_j ∂_i), (9) where n is an arbitrary integer. It is straightforward to verify that K^{(−1)}, K^{(0)} and K^{(1)} reproduce H, D and K. F^{(−1)+} and F^{(0)+} give Q^+ and S^+, while F^{(−1)−} and F^{(0)−} yield Q^− and S^− which we displayed above in (4). In order to close the algebra, one has to further extend the set of generators (9) to include M^{1(n)±}_{ij} = θ^±t^n(x_i∂_j − x_j ∂_i), M^{2(n)}_{ij} = θ^−θ^+t^n(x_i∂_j − x_j ∂_i). (10) The structure relations of the infinite-dimensional superalgebra read

{F^{(n)±}, F^{(m)∓}} = 2iK^{(n+m+1)} ± (m − n)J^{(n+m+1)}, [K^{(n)}, K^{(m)}] = (m − n)K^{(n+m)}, [K^{(n)}, F^{(m)±}] = (m − n/2 + 1/2)F^{(n+m)±}, [K^{(n)}, J^{(m)}] = mJ^{(m+n)}, [K^{(n)}, C^{(m)}_i ] = (m − l(n + 1))C^{(n+m)}_i , [K^{(n)}, M^{(m)}_{ij} ] = mM^{(m+n)}_{ij} ,

[K^{(n)}, L^{(m)±}_i ] = (m + (1/2 − l)(n + 1))L^{(n+m)±}_i , [F^{(n)±}, P^{(m)}_i ] = ±iL^{(n+m+1)±}_i , [K^{(n)}, P^{(m)}_i ] = (m + (1 − l)(n + 1))P^{(n+m)}_i , [F^{(n)±}, M^{(m)}_{ij} ] = mM^{1(m+n)±}_{ij} , [F^{(n)±}, C^{(m)}_i ] = (m − 2l(n + 1))L^{(n+m)±}_i , [F^{(n)±}, M^{2(m)}_{ij} ] = ±iM^{1(n+m+1)±}_{ij} , [K^{(n)}, M^{1(m)±}_{ij} ] = (m + n/2 + 1/2)M^{1(n+m)±}_{ij} , [J^{(n)}, F^{(m)±}] = ±iF^{(n+m)±}, [K^{(n)}, M^{2(m)}_{ij} ] = (m + n + 1)M^{2(n+m)}_{ij} , [J^{(n)}, C^{(m)}_i ] = 2lnP^{(n+m−1)}_i ; [M^{(n)}_{ij} , C^{(m)}_k ] = δ_{jk}C^{(n+m)}_i − δ_{ik}C^{(n+m)}_j , [J^{(n)}, L^{(m)±}_i ] = ±iL^{(n+m)±}_i , {F^{(n)±}, M^{1(m)∓}_{ij} } = iM^{(n+m+1)}_{ij} ∓ (n + m + 1)M^{2(m+n)}_{ij} , [J^{(n)}, M^{1(m)±}_{ij} ] = ±iM^{1(n+m)±}_{ij} , {F^{(n)±}, L^{(m)∓}_i } = iC^{(n+m+1)}_i ± ((2l − 1)(n + 1) − m)P^{(n+m)}_i , [M^{1(n)±}_{ij} , C^{(m)}_k ] = [M^{(n)}_{ij} , L^{(m)±}_k ] = δ_{jk}L^{(n+m)±}_i − δ_{ik}L^{(n+m)±}_j , [M^{2(n)}_{ij} , C^{(m)}_k ] = ±{M^{1(n)∓}_{ij} , L^{(m)±}_k } = [M^{(n)}_{ij} , P^{(m)}_k ] = δ_{jk}P^{(n+m)}_i − δ_{ik}P^{(n+m)}_j , [M^{(n)}_{ij} , M^{(m)}_{kl} ] = −δ_{ik}M^{(n+m)}_{jl} − δ_{jl}M^{(n+m)}_{ik} + δ_{il}M^{(n+m)}_{jk} + δ_{jk}M^{(n+m)}_{il} , [M^{(n)}_{ij} , M^{1(m)±}_{kl} ] = −δ_{ik}M^{1(n+m)±}_{jl} − δ_{jl}M^{1(n+m)±}_{ik} + δ_{il}M^{1(n+m)±}_{jk} + δ_{jk}M^{1(n+m)±}_{il} , [M^{(n)}_{ij} , M^{2(m)}_{kl} ] = {M^{1(n)−}_{ij} , M^{1(m)+}_{kl} } = δ_{il}M^{2(n+m)}_{jk} + δ_{jk}M^{2(n+m)}_{il} − δ_{ik}M^{2(n+m)}_{jl} − δ_{jl}M^{2(n+m)}_{ik} . (11) From these structure relations it follows that the generators K^{(n)}, F^{(n)±}, J^{(n)} form the N = 2 Neveu-Schwarz subalgebra [53].

Note that an infinite–dimensional Schrödinger-Neveu-Schwarz superalgebra sns^{(N)} with N supercharges was considered in [39]. The superalgebra above can be viewed as a generalization of sns^{(2)} to the case of arbitrary dimension and arbitrary value of l. 5. Summary

To summarize, in this paper we have constructed an N = 2 supersymmetric extension of the l-conformal Galilei algebra and its realizations in flat spacetime and in Newton-Hooke spacetime. A coordinate transformation which links the realizations was given. An infinite– dimensional extension was proposed.

Let us discuss possible further developments of the present work. In [20, 54] dynamical realizations of the l-conformal Galilei algebra (1) were considered. It would be interesting to extend the analysis to the supersymmetric case. As was shown in [19], the l-conformal Galilei algebra admits a central extension for any l. It would be interesting to classify admissible central extensions for the superalgebras proposed in this work.

Acknowledgements

We thank A. Galajinsky for helpful discussions and P. A. Horváthy for a useful correspondence. This work was supported by the Dynasty Foundation, RF Federal Program ”Kadry” under contracts 16.740.11.0469, P691, MSE Program ”Nauka” under contract 1.604.2011, RFBR grant 12-02-00121 and LSS grant 224.2012.2.

References

[1] D.T. Son, Phys. Rev. D 78 (2008) 046003, arXiv:0804.3972.

[2] K. Balasubramanian, J. McGreevy, Phys. Rev. Lett. 101 (2008) 061601, arXiv:0804.4053.

[3] A. Galajinsky, Phys. Rev. D 78 (2008) 087701, arXiv:0808.1553. [4] C. Duval, M. Hassaine, P.A. Horváthy, Annals Phys. 324 (2009) 1158, arXiv:0809.3128. [5] J.A. de Azcárraga, J. Lukierski, Phys. Lett. B 678 (2009) 411, arXiv:0905.0141. [6] A. Bagchi, R. Gopakumar, JHEP 0907 (2009) 037, arXiv:0902.1385. [7] M. Alishahiha, A. Davody, A. Vahedi, JHEP 0908 (2009) 022, arXiv:0903.3953. [8] A. Bagchi, I. Mandal, Phys. Lett. B 675 (2009) 393, arXiv:0903.4524. [9] D. Martelli, Y. Tachikawa, JHEP 1005 (2010) 091, arXiv:0903.5184. [10] C. Duval, P.A. Horváthy, J. Phys. A 42 (2009) 465206, arXiv:0904.0531. [11] P.A. Horváthy, P.-M. Zhang, Eur. Phys. J. C 65 (2010) 607, arXiv:0906.3594. [12] A. Hosseiny, S. Rouhani, J. Math. Phys. 51 (2010) 052307, arXiv:0909.1203. [13] R. Cherniha, M. Henkel, J. Math. Anal. Appl. 369 (2010) 120, arXiv:0910.4822. [14] A. Galajinsky, Nucl. Phys. B 832 (2010) 586, arXiv:1002.2290. [15] K. Hotta, T. Kubota, T. Nishinaka, Nucl. Phys. B 838 (2010) 358, arXiv:1003.1203. [16] S. Fedoruk, P. Kosinski, J. Lukierski, P. Maslanka, Phys. Lett. B 699 (2011) 129, arXiv:1012.0480.

[17] S. Fedoruk, E. Ivanov, J. Lukierski, Phys. Rev. D 83 (2011) 085013, arXiv:1101.1658. [18] C. Duval, P.A. Horváthy, J. Phys. A 44 (2011) 335203 , arXiv:1104.1502. [19] A. Galajinsky, I. Masterov, Phys. Lett. B 702 (2011) 265, arXiv:1104.5115. [20] J. Gomis, K. Kamimura, Phys. Rev. D 85 (2012) 045023, arXiv:1109.3773. [21] N. Aizawa, Galilean conformal algebras in two spatial dimension, arXiv:1112.0634. [22] U. Niederer, Helv. Phys. Acta 45 (1972) 802. [23] P. Havas, J. Plebański, J. Math. Phys. 19 (1978) 482.

[24] C. Duval, G. Burdet, H.P. Künzle, M. Perrin, Phys. Rev. D 31 (1985) 1841. [25] C. Duval, G.W. Gibbons, P.A. Horváthy, Phys. Rev. D 43 (1991) 3907, hep-th/0512188.

[26] M. Henkel, J. Statist. Phys. 75 (1994) 1023, hep-th/9310081.

[27] J. Lukierski, P.C. Stichel, W.J. Zakrzewski, Annals Phys. 260 (1997) 224, hepth/9612017.

[28] M. Henkel, Phys. Rev. Lett. 78 (1997) 1940, cond-mat/9610174. [29] J. Negro, M.A. del Olmo, A. Rodriguez-Marco, J. Math. Phys. 38 (1997) 3786. [30] J. Negro, M.A. del Olmo, A. Rodriguez-Marco, J. Math. Phys. 38 (1997) 3810. [31] M. Henkel, J. Unterberger, Nucl. Phys. B 660 (2003) 407, hep-th/0302187. [32] J. Lukierski, P.C. Stichel, W.J. Zakrzewski, Phys. Lett. A 357 (2006) 1, hepth/0511259.

[33] C. Duval, M. Hassaine, P.A. Horváthy, Ann. Phys. 324 (2009) 1158, arXiv:0809.3128. [34] G.W. Gibbons, C.E. Patricot, Class. Quant. Grav. 20 (2003) 5225, hep-th/0308200. [35] U. Niederer, Helv. Phys. Acta 46 (1973) 191.

[36] J. P. Gaunlett, J. Gomis, P.K. Townsend, Phys. Lett. B 248 (1990) 288. [37] M. Leblanc, G. Lozano, H. Min, Annals Phys. 219 (1992) 328, hep-th/9206039. [38] C. Duval, P.A. Horváthy, J. Math. Phys. 35 (1994) 2516, hep-th/0508079. [39] M. Henkel, J. Unterberger, Nucl. Phys. B 746 (2006) 155, math-ph/0512024. [40] A. Galajinsky, I. Masterov, Phys. Lett. B 675 (2009) 116, arXiv:0902.2910. [41] A.V. Galajinsky, O. Lechtenfeld, Phys. Rev. D 80 (2009) 065012, arXiv:0907.2242. [42] A. Galajinsky, Phys. Lett. B 680 (2009) 510, arXiv:0906.5509. [43] M. Sakaguchi, K. Yoshida, J. Math. Phys 49 (2008) 102302, arXiv:0805.2661. [44] M. Sakaguchi, K. Yoshida, JHEP 0808 (2008) 049, arXiv:0806.3612. [45] A. Sciarrino, P. Sorba, J. Phys. A 44 (2011) 025402, arXiv:1008.2885. [46] M. Sakaguchi, J. Math. Phys. 51 (2010) 042301, arXiv:0905.0188. [47] A. Bagchi, I. Mandal, Phys. Rev. D 80 (2009) 086011, arXiv:0905.0580. [48] I. Mandal, JHEP 1011 (2010) 018, arXiv:1003.0209.

[49] S. Fedoruk, J. Lukierski, Phys. Rev. D 84 (2011) 065002, arXiv:1105.3444. [50] C. Leiva, M.S. Plyushchay, JHEP 0310 (2003) 069, hep-th/0304257. [51] A. Anabalon, M.S. Plyuschay, Phys. Lett. B 572 (2003) 202, hep-th/0306210

[52] F. Correa, M.A. del Olmo, M.S. Plyuschay, Phys. Lett. B 628 (2005) 157, hepth/0508223.

[53] M. Ademollo, L. Brink et al, Phys. Lett. B 62 (1976) 105.

[54] K. Andrzejewski, J. Gonera, P. Maślanka, Phys. Rev. D 86 (2012) 065009, arXiv:

1204.5950.