arXiv:1210.2369v1 [hep-th] 8 Oct 2012

The 4D-2D projection of Lorentz-violating Myers-Pospelov QED

aF. A. Brito,^bM. S. Guimaraes,^aE. Passos,^aP. Sampaio,^cC. Wotzasek aDepartamento de Física, Universidade Federal de Campina Grande, Caixa Postal 10071, 58109-970 Campina Grande, Paraíba, Brazil bDepartamento de Física Teórica, Instituto de Física, Universidade do Estado do Rio de Janeiro, Rua São Francisco Xavier 524, 20550-013 Maracanã, Rio de Janeiro, Brazil cInstituto de Física, Universidade Federal do Rio de Janeiro, Caixa Postal 21945, Rio de Janeiro, Brazil^∗

We consider the four-dimensional quantum electrodynamics extended with Myers-Pospelov Lorentz-violating dimension-5 operators to investigate 4D-2D projection. In projecting out the 4D theory down to a 2D theory we get analogs of these operators. Namely, we obtain a new twodimensional theory with corresponding scalar and fermionic 2D Myers-Pospelov Lorentz-violating dimension-3 operators. New defect structures can also be found from this new projected out 2D scalar sector. Furthermore, we also show that this 2D scalar sector can be also radiatively induced through the new 2D fermionic sector.

PACS numbers: 11.30.Cp, 11.10.Gh, 11.15.Tk, 11.30.Er

∗Electronic address: fabrito@df.ufcg.edu.br, msguimaraes@uerj.br, passos@df.ufcg.edu.br, clovis@if.ufrj.br

I. INTRODUCTION

In order to find a new physics, important features on Lorentz symmetry violation with high derivative or high dimension operators have been recently explored in quantum gravity [1] and field theory [2–8]. As we shall see later, these operators develop similar characteristics of Lorentz-violating dimension-4 operators initiated in the seminal papers [9]. However, we shall focus on low-dimensional effects from the four-dimensional theories with high derivative Lorentz-violating operators such as the four-dimensional quantum electrodynamics extended with Lorentz-violating dimension-5 operators proposed by Myers and Pospelov [2]. In this work we initially consider the gauge sector of this modified theory in order to derive the physics in two dimensions with analogs of these Lorentz-violating operators. Namely, we are able to obtain scalar and fermionic 2D Myers-Pospelov dimension-3 operators. Another purpose of this work is to study whether the same scalar 2D Myers-Pospelov term can be also radiatively induced into an effective action from the resulting fermionic 2D Myers-Pospelov sector obtained through the 4D fermionic sector projected into two dimensions.

In two dimensions, we have that the Lorentz symmetry violation can be attributed to the scalar sector added to an effective theory that also can characterize a preferred direction for two-dimensional space-time. Models of this nature was suggested and studied in the context of the defect structures [10–12], deformation of the canonical structure and UV/IR duality [14] and radiative induction via one-loop polarization tensor in two dimensions that is independent of regularization scheme [13].

In the present study the scalar Lorentz-violating terms in two dimensions are obtained both via radiative corrections and four-dimensional projection down to two dimensions. The first case produces a scalar 2D Myers-Pospelov term induced through fermionic 2D Myers-Pospelov term. Also, it is naturally expected, that low dimensional Lorentzsymmetry violating effective actions naturally arises in the process of dimensional reduction of the four-dimensional theories which was earlier shown in [15–18] to give the 3D Lorentz-violating action.

The extended QED in four-dimension is given as L_{qed4D} = − 1 4 F_{μν} F^{μν} + gε^{μνρσ} n_μ(n · ∂)^2∂_ν A_ρA_σ + ψ̄ ( i∂/ + g^′(n · ∂)^2n/Γ_5 − M ) ψ − eψ̄A/ψ, (1) where the n_μ is the dimensionless constant four-vector, e is the minimal coupling constant, g = η/M_P and g^′ = η^′/M_P with η, η^′ being dimensionless parameters. These dimension-5 operators in the electromagnetic and fermionic sectors are Myers-Pospelov-type operators. Both operators break CPT symmetry being η and η^′ charge conjugation even, and M_P is the mass where new physics such as Lorentz and CPT symmetries violation emerges.

We shall firstly discuss the emergence of a 2D theory via the gauge field sector of above Lagrangian from 4D-2D dimensional projection. In this point, we shall focus on low-dimensional effects from the four-dimensional theories with high derivative Lorentz-violating operators. We take advantage of this procedure to obtain a 2D theory with two scalar fields coupled to dimensional-3 operators. This aims at to find new topological solutions. It turns that the equations of motion are the same as those ones previously found in other Lorentz-violating scalar field scenarios [10]. This is because, the projected out high derivative 2D dimensional theory reduces to a lower derivative theory. Secondly we shall focus on the study whether the same emerging 2D effective action can be induced as an effective action from the resulting 2D fermion field sector obtained through the 4D fermionic sector of above Lagrangian projected into two dimensions.

This paper is organized as follows. In section II, we develop the dimensional projection of a 4D theory into a 2D one for the gauge sector of the extended QED. In section III, we take advantage of this procedure to obtain a 2D theory with two scalar fields coupled to dimensional-3 operators. We point out the possibility of finding new defect structures in the projected out 2D Myers-Pospelov scalar model. In section IV, we shall address the issue of 4D-2D projection in the fermion field sector. In section V, we revisit the problem on induced 2D effective theory via radiative corrections at one loop contribution via derivative expansion method. Our starting point here is the 2D fermion sector projected out from the 4D theory. Finally, in section VI we present our conclusions.

II. 4D-2D PROJECTION: GAUGE FIELD SECTOR

In this section, we now focus on dimensional projection out of the four-dimensional gauge field components of a 4D theory into a 2D theory. Firstly, the Maxwell term assumes the form − 1 4 F_{μν} F^{μν} = − 1 4 ( F_{ij} F^{ij} + 2F_{0a}F^{0a} + 2F_{3a}F^{3a} + F_{ab}F^{ab} )

= − 1 4 ( F_{ij} F^{ij} + 2∂_0A_a∂^0A^a + 2∂_3A_a∂^3A^a ) , (2) where i, j = 0, 3, a, b = 1, 2, and the projection implies to say that ∂_1 = ∂_2 = 0 when acting on any field (therefore F_{ab} = 0). We will work with the metric signature (+, −, −, −), so that A^a = −A_a. Now renaming A_1 = ϕ and A_2 = χ we end up with − 1 4 F_{μν} F^{μν} = − 1 4 F_{ij} F^{ij} + 1 2 ∂_iϕ∂^iϕ + 1 2 ∂_iχ∂^iχ . (3) This is a Maxwell theory plus two massless scalar field theory in 2D.

Now let us discuss the Myers - Pospelov term. Under the same conditions described above we obtain: gε^{μνρσ} n_μ(n · ∂)^2∂_ν A_ρA_σ = g ( n_i∂^i + n_a∂^a

)_2( ε^{ijρσ} n_i∂_j A_ρA_σ + ε^{aiρσ} n_a∂_iA_ρA_σ ) = g ( n_i∂^i + n_a∂^a

)_2( ε^{ij} n_iχ∂_j ϕ + ε^{aiρσ} n_a∂_iA_ρA_σ ) , (4)

where ε^{ij} ≡ ε^{ij12}. Note that the first term is the one of major interest to us. The second term will necessarily mix the 2D Maxwell’s and scalar fields, but here for the sake of simplicity we shall not consider it. For that reason let us consider from now on the n_a = 0 case.

The projection of the 4D gauge field sector down to a 2D theory is finally given by

L_{2D} = − 1 4 F_{ij} F^{ij} + 1 2 ∂_iϕ∂^iϕ + 1 2 ∂_iχ∂^iχ + gε^{ij} n_i(n_j ∂^j )^2χ∂_j ϕ . (5)

This resulting theory are made out of two-dimensional fields living in two dimensions. The new term we shall refer as to 2D Myers-Pospelov scalar model.

III. DEFECT STRUCTURES IN PROJECTED OUT 2D MYERS-POSPELOV SCALAR MODEL

By following the previous projected Lagrangian in two dimensions, in this section we propose a new theory with two real scalar fields with a higher derivative dynamics written in the form

L_{2D} = 1 2 ∂_μϕ∂^μϕ + 1 2 ∂_μχ∂^μχ + gε^{αβ}n_α(n · ∂)^2χ∂_β ϕ − V (ϕ, χ), (6) where μ = 0, 1 and n_μ = (n_0, n_1). This effective theory can generate new effects on (non-)topological defects generated by two real scalar fields with a proper choice of the scalar potential V (ϕ, χ).

Let us obtain the equations of motion. The equation of motion for the scalar fields ϕ and χ are, respectively, given by □ϕ + gϵ^{αβ}n_α(n · ∂)^2∂_β χ + ∂V ∂ϕ = 0, □χ − gϵ^{αβ}n_α(n · ∂)^2∂_β ϕ + ∂V ∂χ = 0. (7)

We shall look now for static solutions. Now assuming ϕ = ϕ(x) and χ = χ(x) we obtain

− ϕ^{′′} + gn^3_1χ^{′′′} + ∂V ∂ϕ = 0, −χ^{′′} − gn^3_1ϕ^{′′′} + ∂V ∂χ = 0. (8)

The equations do not depend on time-like component n_0. Thus, if a priori one considers only time-like components there is no Lorentz violation effects on the solutions in the static regime. We also note that for a constant (or in the absence of) potential V , the above equations, up to constants that can be eliminated via boundary conditions, are simply reduced to

ϕ − gn^3_1χ^′ = 0, χ + gn^3_1ϕ^′ = 0. (9)

This equations are equivalent to those found in Ref. [10] in the same regime. This shows that the Myers-Pospelov operator in the static regime with no potential contribution in two dimensions becomes a reducible operator. They can be found from the use of the following two-dimensional Lagrangian [13] L = 1 2 ∂_μϕ∂^μϕ + 1 2 ∂_μχ∂^μχ + κ_αϵ^{αβ} χ∂_β ϕ, (10) as long as the time-like component n_0 is turned on.

Now returning to equations (9) we find that they are satisfied by oscillatory solutions ϕ = cos kx, χ = sin kx, k = 1 gn^3_1

. (11)

In the following we shall consider non-trivial potentials V . If we assume V satisfies the following relations ∫ ∂V ∂ϕ dx = − ∂U ∂χ , ∫ ∂V ∂χ dx = ∂U ∂ϕ , (12) or ∂V ∂ϕ = − ∂U ∂χ , ∂V ∂χ = ∂U ∂ϕ . (13)

Thus, we can reduce the equations of motion to the following

− ϕ^′ + gn^3_1χ^{′′} − ∂U ∂χ = c_1,

−χ^′ − gn^3_1ϕ^{′′} + ∂U ∂ϕ = c_2, (14)

where c_1, c_2 are integration constants that we shall set to zero here. Let us recast these equations in the familiar form [10] − ϕ^{′′} − kχ^′ + ∂Ũ ∂ϕ = 0, −χ^{′′} + kϕ^′ + ∂Ũ ∂χ = 0, (15)

where Ũ = kU. Now every solution found in [10] can be related to solutions of our system.

IV. 4D-2D PROJECTION: FERMION FIELD SECTOR

Let us now investigate the dimensional projection in the fermion sector of the quantum electrodynamics extended with dimension-5 operators (1) whose fermionic Lagrangian is given by L_{f ermi4D} = ψ̄ ( i∂/ + g^′(n · ∂)^2n/Γ_5 − M ) ψ − eψ̄A/ψ . (16) We consider the following representation of the gamma matrices in 4D:

Γ_5 = ( −1 0 0 1 ) ; Γ^μ = ( 0 σ^μ σ̄^μ 0 ) ; σ^μ = (1, −→σ ); σ̄^μ = (1, −−→σ ) . (17)

Now defining ψ = ( ψ_L ψ_R ) , (18)

and recalling that ψ̄ = ψ^†Γ^0, we can write the Lagrangian (16) as L_{f ermi4D} = ( ψ^†_L ψ^†_R ) ( iσ̄_μ∂_μ − eσ̄_μA_μ + g_′(n · ∂)_2σ̄_μn_μ −M −M iσ^μ∂_μ − eσ^μA_μ − g^′(n · ∂)^2σ^μn_μ ) ( ψ_L ψ_R ) . (19)

As is well known, the sectors ψ_L and ψ_R decouple only if M = 0. Setting M = 0 and looking at, say, the sector ψ_R, we have L^R_{f ermi4D} = ψ^†_R ( iσ^μ∂_μ − eσ^μA_μ + g^′(n · ∂)^2σ^μn_μ ) ψ_R . (20)

Now we proceed with the dimensional projection to the plane x_0 − x_3 with this Lagrangian as the starting point. The gamma matrices in 2D can be defined as:

γ_5 = σ^3 = ( 1 0 0 −1 ) ; γ^0 = σ^1 = ( 0 1 1 0 ) ; γ^1 = −iσ^2 = ( 0 −1 1 0 ) . (21)

Notice that γ^1 is just the matrix associated with the spatial direction in two dimensions, as we chose this direction as x_3, it is convenient to rename the matrix as γ^3. This is just a change of labels. It is done so that the sums over i = 0, 3 make sense. The reason for this choice of gamma representation can be seen when we impose the conditions ∂_1 = ∂_2 = 0, we obtain

σ^μ∂_μ = σ^0∂_0 + σ^3∂_3 = γ^0γ^0∂_0 + γ^0γ^3∂_3,

n · ∂ = n^0∂_0 + n^3∂_3 (22)

which has the necessary structure to build the kinetic Dirac term in 2D.

Following the same route as for the gauge field sector, we define A_1 = ϕ e A_2 = χ and n_a = 0. We conclude that the Lagrangian (20) when projected is given by: L^R_{f erm2D} = ψ̄_R ( iγ^i∂_i − eγ^iA_i − eϕ − ieγ_5χ + g^′(n^i∂_i)^2γ^in_i ) ψ_R . (23)

However, in order to study radiative corrections in the next section, we shall consider the massive version of the massless 2D fermionic sector, given by L_{2D} = ψ̄(i∂/ − m + g^′(n · ∂)^2n/)ψ − ẽψ̄(ϕ + iγ_5χ)ψ. (24) In two dimensions, ẽ has dimension of mass and we define ẽ^2 = e^2/(4πR^2) being R related to the mass as m ∼ 1/R and e is the extended QED_4 coupling. The mass m can be set to zero after making radiative corrections since the induced term has no explicit dependence with such a mass. See below.

V. INDUCED SCALAR EFFECTIVE THEORY IN 2D

Let us explicitly study the question of inducing the scalar 2D Myers - Pospelov term into an effective action induced via radiative correction. This issue we will study in the following by using the derivative expansion of fermion determinants.

In this sense, we consider the fermion sector associated to the Lagrangian (24) and integrate out the fermion fields into the functional integral to obtain the effective action for the scalar fields given by the following functional trace S_{ef f} [n, ϕ, χ] = −i Tr ln [ p/ − m − g^′(n · p)^2n/ − ẽ ( ϕ + iγ_5χ )] . (25)

Applying the method of derivative expansion, the functional trace in (25) can be properly manipulated in view of writing the effective action in the following form: S_{ef f} [n, ϕ, χ] = S_{ef f} [n] + S^′_{ef f} [n, ϕ, χ], (26) where the first term is S_{ef f} [n] = −i Tr ln [ p/ − m − g^′(n · p)^2n/ ] , which does not depend on the scalar fields. The nontrivial dynamics is only governed by the second term S^′_{ef f} [n, ϕ, χ], which is given by the following power series

S^′_{ef f} [n, ϕ, χ] = i Tr ∞∑ l=1 1 l [ ẽ p/ − m − g^′(n · p)^2n/ ( ϕ + iγ_5χ ) ]_l . (27)

To induce the scalar 2D Myers - Pospelov term of the effective action in (6) we should expand the equation (27) up to second order in the scalar fields in the presence of the parameter n_μ that controls the Lorentz symmetry violation. Thus, we can now write the effective action in the form S_{ef f} [n, ϕ, χ] = ẽ^2 2 Tr [ G_F (p)ϕ(x)G_F (p)γ_5χ(x) + G_F (p)γ_5χ(x)G_F (p)ϕ(x) ] , (28)

where G_F (p) is the n_μ-dependent propagator of the theory defined as:

G_F (p) = i p/ − m − g^′(n · p)^2n/ . (29)

Now, we expand the exact fermion propagator G_F (p) and take the leading order in g^′ as in the form

G_F (p) = S_F (p) + S_F (p) ( − ig(n · p)^2n/ ) S_F (p) + · · · with S_F (p) = i p/ − m . (30)

Using the cyclic properties of the trace and the above result into the equation (28) we have S_{ef f} [n, ϕ, χ] = −ig^′ẽ^2Tr [ S_F (p)(n · p)^2n/S_F (p)γ_5χ(x)S_F (p)ϕ(x) + S_F (p)(n · p)^2n/S_F (p)ϕ(x)S_F (p)γ_5χ(x) ] . (31)

Now applying the main property of the derivative expansion method [19] — see also [20–22], we observe that any function of momentum can be converted into a coordinate dependent quantity as follows ϕ(x)f(p) = ( f(p − i∂)ϕ(x) ) . (32)

The parenthesis on the right hand side merely emphasizes that the derivatives act only on ϕ(x). In this case, the two-point contribution to the effective action becomes S_{ef f} [n, ϕ, χ] = −ig^′ẽ^2Tr [ (n · p)^2 [ S_F (p)n/S_F (p)γ_5 ( S_F (p − i∂)χ(x) ) ϕ(x) + S_F (p)n/S_F (p) ( S_F (p − i∂)ϕ(x) ) γ_5χ(x) ]] ,(33)

where S_F (p − i∂)χ(x) = i p/ − i∂/ − m χ(x) = S_F (p)χ(x) + S_F (p)∂/S_F (p)χ(x) + S_F (p)∂/S_F (p)∂/S_F (p)χ(x) + S_F (p)∂/S_F (p)∂/S_F (p)∂/S_F (p)χ(x) + · · ·. (34) Now, we can write the equation (33) up to third order in the derivatives and in the lowest-order of the coupling constant g, in the form S_{ef f} [n, ϕ, χ] = −ig^′ẽ^2 ∫ d^2x ∫ d^2p (2π)^2

(n · p)^2 (p^2 − m^2) × [( tr [ ∂/S_F (p)∂/S_F (p)∂/S_F (p)S_F (p)n/γ_5 ] χ(x) ) ϕ(x) + ( tr [ n/S_F (p)S_F (p)∂/S_F (p)∂/S_F (p)∂/γ_5 ] ϕ(x) ) χ(x) ] (35)

where the symbol tr denotes the trace of the product of the gamma matrices. As one knows from the gamma matrices algebra and relation for trace tr ( γ^μγ^ν γ_5 ) = 2ε^{μν} , we can write the expression (35) as S_{ef f} [n, ϕ, χ] = −2ig^′ẽ^2 ∫ d^2x n_α ( ∂_β ∂_μ∂_ν χ(x) ) ϕ(x) ∫ d^2p (2π)^2

(n · p)^2 (p^2 − m^2)^5 [ (p^2 − m^2)^2η^{μν} ε^{αβ} +

2(p^2 − m^2) [ η^{μν} p^βp_λε^{αλ} − 2p^μp^ν ε^{αβ} + m^2η^{μν} ε^{αβ} ] − 8m^2p^μp^ν ε^{αβ} ] . (36)

Also, by symmetry reasons we can omit all terms which are odd in the internal momentum p. Notice that by momentum power counting the above integrals in (35) involve only convergent contributions. Hence, there is no need to adopt any regularization scheme in order to calculate these integrals. They can be readily performed by using the following formulas: ∫ d^2p (2π)^2 p^μp^ν (p^2 − m^2)^n = (−1)^{n−1}i 4π η^{μν} 2Γ(n)

Γ(n − 2) (m^2)^{n−2} , ∫ d^2p (2π)^2 p^μp^ν p^ρp^σ (p^2 − m^2)^n = (−1)^ni 4π G^{μνρσ} 4Γ(n)

Γ(n − 3) (m^2)^{n−3}

(37)

where G^{μνρσ} = η^{μν} η^{ρσ} +η^{μρ}η^{νσ} +η^{μσ} η^{νρ}. In what follows, we despise the terms proportional to n^2∂^2 factor. Therefore, by using the equations (37) into expression (36), we obtain S_{ef f} [n, ϕ, χ] = λ ∫ d^2xε^{αβ} n_α(n · ∂)^2χ(x)∂_β ϕ(x) (38)

where λ =^{ẽ2 g′}_{12πm2} ∼ e^2g^′ as long as m ∼ 1/R as we anticipated. Thus, now taking the mass m → 0 we recover the original massless 2D fermionic sector given in (23). Thus, we have indeed derived a nonzero extended scalar Myers - Pospelov term at one loop effective action in two dimensions through derivative expansion up to leading order in g^′-parameter.

Thus, the full effective Lagrangian allows to propose a new theory in two dimensions whose scalar and fermionic sectors are given by

L_{2D} = 1 2 ∂_μϕ∂^μϕ + 1 2 ∂_μχ∂^μχ + λ ε^{αβ} n_α(n · ∂)^2χ∂_βϕ + ψ̄(i∂/ − m + g^′(n · ∂)^2n/)ψ − ẽψ̄(ϕ + iγ_5χ)ψ. (39) Notice that the fermionic sector of the theory (39) has the potential to radiatively induce a finite scalar 2D Myers - Pospelov term of the action in Eq. (5) — or Eq. (6) — initially constructed through a 4D-2D projection.

VI. CONCLUSION

In this paper, we investigate the 4D-2D projection of the Myers - Pospelov QED. One of the most interesting results we found is the reduction of dimension-5 operators to dimension-3 operators. One of the main issues addressed by considering higher dimensional operators concerns to achieve UV-completion in quantum gravity [1], for instance, where both two-dimensional versions of the theory and higher dimensional operators are largely considered. In our present analysis we join together these two possibilities in the same set up by applying dimensional projection. Another issue we considered was the possibility of these Lorentz-violating operators to develop new defect structures in the 2D scalar sector that can be both projected out from the 4D theory and radiatively induced in two dimensions.

Acknowledgements. We would like to thank CNPq, CAPES, PNPD/PROCAD- CAPES.

[1] P. Horava, Phys. Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th]]. [2] R. C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003) [arXiv:hep-ph/0301124]. [3] A. Kostelecky and M. Mewes, Phys. Rev. D 85, 096005 (2012) [arXiv:1112.6395 [hep-ph]]. [4] T. Mariz, Phys. Rev. D 83, 045018 (2011) [arXiv:1010.5013 [hep-th]]. [5] J. Lopez-Sarrion and C. M. Reyes, arXiv:1109.5927 [hep-th].

[6] C. A. G. Almeida, M. A. Anacleto, F. A. Brito and E. Passos, Eur. Phys. J. C 72, 1855 (2012) [arXiv:1111.0093 [hep-ph]]. [7] T. Mariz, J. R. Nascimento and A. Y. Petrov, Phys. Rev. D 85, 125003 (2012) [arXiv:1111.0198 [hep-th]]. [8] A. P. B. Scarpelli, arXiv:1210.1552 [hep-th].

[9] D. Colladay and V. A. Kostelecky, Phys. Rev. D55, 6760 (1997); D. Colladay and V. A. Kostelecky, Phys. Rev. D58, 116002 (1998).

[10] M. N. Barreto, D. Bazeia, R. Menezes, Phys. Rev. D 73, 065015 (2006) [hep-th/0506262]. [11] D. Bazeia, M. M. Ferreira, A. R. Gomes and R. Menezes, Physica D 239, 942 (2010) [arXiv:1001.5286 [hep-th]]. [12] A. d. S. Dutra and R. A. C. Correa, Phys. Rev. D 83, 105007 (2011) [arXiv:1012.0268 [hep-th]]. [13] E. Passos and A. Y. Petrov, Phys. Lett. B 662, 441 (2008) [Erratum-ibid. B 664, 318 (2008)] [arXiv:0801.4946 [hep-th]]. [14] L. S. Grigorio, M. S. Guimaraes and C. Wotzasek, Phys. Rev. D 77 105015 (2008). [15] H. Belich, M. M. Ferreira, J. A. Helayel-Neto, Eur. Phys. J. C 38, 511 (2005) [hep-th/0401235]. [16] H. Belich, M.M. Ferreira Jr., J.A. Helayel-Neto, M.T.D. Orlando, Phys. Rev. D 67,125011 (2003); Erratum-ibid., Phys.

Rev. D 69, 109903 (2004).

[17] P. Gaete, E. Spallucci, J. Phys. A 39, 6021 (2006) [hep-th/0512178]; P. Gaete, On external backgrounds and linear potential in three dimensions [hep-th/0501136]; P. Gaete, C. Wotzasek, Phys. Rev. D 75, 057902 (2007) [hep-ph/0607321].

[18] R. Casana, E. S. Carvalho and M. M. Ferreira, Jr, Phys. Rev. D 84, 045008 (2011) [arXiv:1107.2664 [hep-th]]. [19] I. J. R. Aitchison and C. M. Fraser, Phys. Lett. B 146, 63 (1984); Phys. Rev. D 31, 2605 (1985); C. M. Fraser, Z. Phys. C 28, 101 (1985); A. I. Vainshtein, V. I. Zakharov, V. A. Novikov, and M. A. Shifman, Yad. Fiz. (Sov. J. Nucl. Phys.) 39, 77 (1984); J. A. Zuk, Phys. Rev. D 32, 2653 (1985); M. K. Gaillard, Nucl. Phys. B 268, 669 (1986); A. Das and A. Karev, Phys. Rev. D 36, 623 (1987); K. S. Babu, A. Das, and P. Panigrahi, Phys. Rev. D 36, 3725 (1987).

[20] F. A. Brito, J. R. Nascimento, E. Passos, A. Yu. Petrov, JHEP 06, 016 (2007).

[21] F. A. Brito, L. S. Grigorio, M. S. Guimaraes, E. Passos and C. Wotzasek, Phys. Rev. D 78, 125023 (2008) [arXiv:0810.3180 [hep-th]].

[22] F. A. Brito, E. Passos and P. V. Santos, Europhys. Lett. 95, 51001 (2011) [arXiv:1101.5390 [hep-th]].