arXiv:1208.3908v2 [hep-th] 8 Oct 2012

Magnetic flux inversion in Charged BPS vortices in a Lorentz-violating Maxwell-Higgs framework

R. Casana^1, M. M. Ferreira Jr.^1, E. da Hora^{1,3}, C. Miller^{1,2} 1Departamento de Física, Universidade Federal do Maranhão, 65085-580, São Luís, Maranhão, Brazil. 2Instituto de Física Teórica, UNESP-Universidade Estadual Paulista R. Dr. Bento T. Ferraz 271 - Bl. II, 01140-070, São Paulo, SP, Brasil and 3Departamento de Física, Universidade Federal da Paraíba, 58051-900, João Pessoa, Paraíba, Brazil.

We demonstrate for the first the existence of electrically charged BPS vortices in a Maxwell-Higgs model supplemented with a parity-odd Lorentz-violating (LV) structure belonging to the CPT-even gauge sector of the standard model extension and a fourth order potential (in the absence of the Chern-Simons term). The modified first order BPS equations provide charged vortex configurations endowed with some interesting features: localized and controllable spatial thickness, integer flux quantization, electric field inversion and localized magnetic flux reversion. This model could possibly be applied on condensed matter systems which support charged vortices carrying integer quantized magnetic flux, endowed with localized flipping of the magnetic flux.

PACS numbers: 11.10.Lm,11.27.+d,12.60.-i

Since the seminal works by Abrikosov [1] and Nielsen- Olesen [2] showing the existence of electrically neutral vortices in type-II superconducting systems and in field theory models, respectively, these nonperturbative solutions have been a theoretical issue of enduring interest. In the beginning 90’s, vortices solutions were studied in the context of planar theories including the Chern-Simons term [3] which turned possible the attaining of electrically charged vortices [4] also supporting BPS (Bogomol’nyi, Prasad, Sommerfeld) solutions [5], related with the physics of anyons and the fractional quantum Hall effect [6]. In addition, charged BPS vortices also were found in the Maxwell-Chern-Simons model [7]. Further studies were performed involving nonminimal coupling [8] and new developments [9, 10]. Generalized Chern-Simons vortex solutions were recently examined in the presence of noncanonical kinetic terms (high order derivative terms) [11] usually defined in the context of k-field theories [12–14]. These k-defects present a compact-like support [15], an issue of great interest currently [16]. Lately, in the context of effective field theories, it has also been demonstrated the existence of charged BPS vortices in a generalized Maxwell-Chern- Simons-Higgs model [17].

Lorentz-violating (LV) theories have been under attention in the latest years. The general theoretical framework for studying Lorentz-violation effects is the standard model extension (SME) [18] which encompasses Lorentz-violating terms in all sectors of the minimal standard model. In particular, the abelian gauge sector of this model is composed of two sectors, a CPT-odd and a CPT-even one. The CPT-even part is described by nineteen parameters enclosed in the rank 4 tensor, (K_F )^{μανβ} , endowed with a double null trace and the symmetries of the Riemann tensor [19], being investigated in many respects [20]. Lorentz violation was also considered in connection with the formation of topological defects [21, 22], with particular interest in the Higgs sector [23]. Recently, it has been investigated the formation of stable uncharged vortices in the context of the nonbirefringent Lorentz-violating and CPT-even Maxwell-Higgs electrodynamics, also including LV terms in the Abelian Higgs sector of the SME, with new interesting results [24].

Up the moment it is known that abelian charged vortices are only defined in models endowed with the Chern- Simons term. This remains valid even in the context of highly nonlinear models, such as the Born-Infield electrodynamics [25]. In this letter we report for the first time the existence of abelian charged BPS vortices in a Maxwell-Higgs electrodynamics deprived of the Chern- Simons term and endowed with CPT-even LV terms. This achievement is ascribed to the CPT-even electrodynamics of the SME, whose parity-odd coefficients entwine the electric and magnetic sectors [26, 27] in analogy to what happens in the models containing the Chern- Simons term. The BPS solutions are attained by considering a particular fourth-order potential, and can be interpreted as vortex solutions in a dielectric medium [28]. The charged vortex solutions are localized, having spatial thickness controlled by the LV parameter, and presenting localized magnetic flux and electric field reversion in some radial region. This phenomenon could be of interest in condensed matter physics, mainly in connection with superconductivity, particularly with two-components superconducting systems [29].

I. THE THEORETICAL FRAMEWORK

The theoretical environment in which our investigations are developed is a modified Maxwell-Higgs model defined by the following Lagrangian density

L_{1+3} = − 1 4 F_{μν} F^{μν} − 1 2 κ^{μν} F_{μρ}F^ρ_ν + |D_μϕ|^2 + 1 2 (1 + κ_{00}) ∂_μΨ∂^μΨ + 1 2 κ^{μν} ∂_μΨ∂_ν Ψ (1)

− e^2Ψ^2 |ϕ|^2 − U (|ϕ| , Ψ) ,

containing a convenient potential U (|ϕ| , Ψ). The two first terms in (1) define the nonbirefringent and CPTeven electrodynamics of the SME, whose nine LV nonbirefringent parameters are enclosed in the symmetric and traceless tensor, κ^{μν} , defined as

κ^{μν} = (K_F )^{μαν}_α , (2)

where (K_F )^{μανβ} is the CPT-even gauge sector of the SME, whose properties were much investigated since 2001 [19, 20]. The Higgs field, ϕ, is coupled to the gauge sector by the covariant derivative, D_μϕ = ∂_μϕ − ieA_μϕ. The neutral scalar field, Ψ, plays the role of an auxiliary scalar field, and is analogous to the one that appears in the planar Maxwell-Chern-Simons models endowed with charged BPS vortex configurations [7, 10]. Note that the Lorentz-violating tensor, κ^{μν} , also modifies the kinetic term of the neutral field. The potential in Eq. (3) which assures the attainment of BPS first order equations is defined by

U (|ϕ| , Ψ) = ( ev^2 − e |ϕ|^2 − ϵ_{ij} κ_{0i}∂_j Ψ

)_2

2 (1 − s)

. (3)

observe that it is a fourth-order one. Here, v is the vacuum expectation value of the Higgs field, while s = tr (κ_{ij} ). The potential U possesses a nonsymmetric minimum, Ψ = 0, |ϕ| = v, which is responsible by providing topological charged vortex configurations. We now analyze static solutions for the model projected in the xy−plane, where it recovers the structure of a (1 + 2)−dimensional theory. Remembering that in (1 + 2)−D it holds F_{ij} = ϵ_{ij} B, F_{0i} = E^i (the magnetic field becomes a scalar), we write the stationary Gauss’s law of the planar model related to (1) by

L_{ij} ∂_i∂_j A_0 + ϵ_{ij} κ_{0i}∂_j B = 2e^2A_0 |ϕ|^2 , (4)

where

L_{ij} = (1 + κ_{00}) δ_{ij} − κ_{ij} , (5)

carries on the CPT-even and parity-even LV parameters. We note that is the parity-odd parameter κ_{0i} that couples the electric and magnetic sectors [26, 27], making possible the existence of charged vortex configurations which are attained even in absence of the Chern-Simons term. Otherwise, for κ_{0i} = 0, the temporal gauge A_0 = 0 solves the Gauss law, yielding compactlike uncharged vortex solutions [24].

II. BPS CONSTRUCTION

In this section, we focus our attention on the development of a BPS framework [5] consistent with the second order differential equations obtained from the (1 + 2)−dimensional version of the Lagrangian (1). We begin writing the energy density E in the stationary regime as E = 1 2 (1 − s) B^2 + U (|ϕ| , Ψ) + |D_j ϕ|^2 + 1 2 L_{ij} (∂_iA_0) (∂_j A_0) + 1 2 L_{ij} (∂_iΨ) (∂_j Ψ) (6)

+ e^2A^2_0 |ϕ|^2 + e^2Ψ^2 |ϕ|^2 .

In order to attain the first order differential equations, we first impose the following condition on the neutral field Ψ:

Ψ = ∓A_0, (7)

which is similar to the ones appearing in the BPS vortex configurations of the Maxwell-Chern-Simons model [9, 10]. By substituting (7) in Eq. (6), we attain

E = 1 2 (1 − s) B^2 + ( ev^2 − e |ϕ|^2 ± ϵ_{ij} κ_{0i}∂_j A_0

)_2

2 (1 − s) (8) + |D_j ϕ|^2 + L_{ij} (∂_iA_0) (∂_j A_0) + 2e^2A^2_0 |ϕ|^2 .

After converting the two first terms in quadratic form and by using the identity, |D_j ϕ|^2 = |D_±ϕ|^2 ± e |ϕ|^2 B ± 1 2 ϵ_{ab}∂_aJ_b, (9) where J_b is the spatial component of the current J^μ = i [ ϕ (D^μϕ)^∗ − ϕ^∗D^μϕ ] , the energy density takes on the form E = 1 2 (1 − s) [ B ∓ ev^2 − e |ϕ|^2 ± ϵ_{ij} κ_{0i}∂_j A_0

(1 − s)

]_2

+ |D_±ϕ|^2 ± ev^2B ± 1 2 ϵ_{ab}∂_aJ_b (10)

+ L_{ij} (∂_iA_0) (∂_j A_0) + Bϵ_{ij} κ_{0i}∂_j A_0 + 2e^2A^2_0 |ϕ|^2 .

Now, we use the Gauss’s law to transform the last three terms in a total derivative, rewriting the energy density as E = 1 2 (1 − s) [ B ∓ ev^2 − e |ϕ|^2 ± ϵ_{ij} κ_{0i}∂_j A_0 (1 − s)

]_2

(11)

+ |D_±ϕ|^2 ± ev^2B + ∂_aJ_a, where

J_a = ± 1 2 ϵ_{ab}J_b + L_{ab}A_0∂_bA_0 + ϵ_{ba}κ_{0b}BA_0. (12)

This energy density (11) is minimized by requiring that the squared terms be null, establishing the two BPS conditions of the model:

|D_±ϕ| = 0 , (13)

B = ± ( ev^2 − e |ϕ|^2 ) + ϵ_{ij} κ_{0i}∂_j A_0 (1 − s)

, (14)

Under these BPS conditions, we attain the BPS energy density,

E_{BP S} = ±ev^2B + ∂_aJ_a, (15)

implying the total BPS energy, E_{BP S} = ±ev^2 ∫ d^2rB = ±ev^2Φ, (16)

which is proportional to the magnetic flux. It is worthwhile to note that the second term in (15) does not contribute to the total BPS energy, once the fields go to zero at infinity.

III. CHARGED VORTEX CONFIGURATIONS

Specifically, we look for radially symmetric solutions using the standard static vortex Ansatz

A_θ = − a (r) − n er , ϕ = vg (r) e^{inθ}, A_0 = ω(r), (17) that allows to write the magnetic field as B = − a^′ er . (18)

The scalar functions a (r) , g (r) and ω (r) are regular at r = 0 and r = ∞, satisfying the appropriate boundary conditions:

g (0) = 0, a (0) = n, ω^′ (0) = cte, (19)

g (∞) = 1, a (∞) = 0, ω (∞) = 0, (20)

with n being the winding number of the vortex solution. The boundary conditions above will be demonstrated explicitly in the remain of the manuscript.

We now introduce the dimensionless variable t = evr and implement the following changes: g (r) → ḡ (t) , a (r) → ā (t) , ω (r) → vω̄ (t) , (21) B → ev^2B̄ (t) , E → v^2Ē (t) .

Thereby, the BPS equations (13,14) and the Gauss’s law (4) are rewritten in a dimensionless form

ḡ^′ = ± āḡ t , (22) B̄ = − ā^′ t = ± ( 1 − g^2 ) − κω̄^′ (1 − s)

, (23)

(1 + λ_r)

(tω̄^′)^′ t − κ ( tB̄ )_′ t − 2ḡ^2ω̄ = 0 , (24)

where s = tr (κ_{ij} ) = κ_{rr} + κ_{θθ} and we have defined κ = κ_{0θ} and λ_r = κ_{00} − κ_{rr}. Also, the signal + corresponds to n > 0 and − to n < 0. We can also observe from Eqs. (22,24) that under the change κ → −κ, the solutions go as ḡ → ḡ , ā → ā , ω̄ → −ω̄. We now discuss the magnetic flux quantization. We first rewrite the BPS energy density (15) in terms of the ansatz (17), that is, Ē_{BP S} = ±B̄ ± ( āḡ^2 )_′ t + (1 + λ_r) (tω̄ω̄^′)^′ t − κ ( tω̄B̄ )_′ t . (25) The first term is the magnetic field whose integration under boundary conditions (19,20) gives the magnetic flux contribution to the BPS energy. The remaining three terms are total derivatives whose integration under boundary conditions (19,20) gives null contribution to the total BPS energy. Thus, Ē_{BP S} = ± ∫ d^2t Ē_{BP S} = ± ∫ d^2t B̄ (t)

(26) = ±2π ∫_∞ 0 dt t ( − ā^′ t ) = ±2πn. This shows that the BPS vortex solutions present energy or magnetic flux quantization. Next, by using the BPS equations (22) and the Gauss’s law (24), the BPS energy density (25) takes the suitable form

Ē_{BP S} = (1 − s) B̄^2 + 2 ā^2ḡ^2 t^2

+ 2ḡ^2ω̄^2 + (1 + λ_r ) (ω̄^′)^2 , (27) which is positive-definite for s < 1 , λ_r > −1. (28)

A. Asymptotic behavior

The asymptotic behavior for t → 0 is obtained solving Eqs. (22-24) using power-series method. Thus, we attain ḡ (t) = Gt^n + . . . (29) ā (t) = n − 1 2 (1 + λ_r) (1 − s) (1 + λ_r) + κ^2 t^2 + . . . (30)

ω̄ (t) = ω_0 + κ (1 − s) (1 + λ_r) + κ^2 t + . . . (31)

From Eqs. (30) and (18), the magnetic field in the origin (t = 0) is given by

B̄ (0) = (1 + λ^r ) (1 − s) (1 + λ_r) + κ^2

, (32)

while Eq. (31) yields the electric field ω̄^′ at t = 0,

ω̄^′ (0) = κ (1 − s) (1 + λ_r) + κ^2

, (33)

which establishes the second boundary condition for the field ω̄(t). We should note that the denominator in the last two equations is positive-definite due to the energy positivity conditions established in Eq. (28): (1 − s) (1 + λ_r) + κ^2 > 0. Hence, the physical fields are well defined in the origin whenever conditions (28) are satisfied.

In the sequel we study the asymptotic behavior for t → +∞, for which it holds ḡ = 1 − δg_1 , ā = ±δa_1, ω̄ = ±δω_1, with δg_1, δa_1, δω_1 being small corrections to be computed. After replacing such forms in Eqs. (22-24), and solving the linearized set of differential equations , we obtain δg_1 ∼ t^{−1/2}e^{−βt} ∼ δω_1, δa_1 ∼ t^{1/2}e^{−βt}, (34) where β is given as

β = 2 + λr − s ± √ (λ_r + s)^2 − 4κ^2

(1 − s) (1 + λ_r) + κ^2

. (35)

Here, (+) correspond to λ_r +s > 0 and (−) to λ_r +s < 0, such that in the limit κ = 0 we get the asymptotic behavior for the BPS uncharged vortex, β = √ 2/(1 − s), see Ref. [24]. We now analyze the β−parameter. First, the condition 2 + λ_r − s > 0 is guaranteed because of the energy positivity condition (28). The same holds for the denominator (1 − s) (1 + λ_r) + κ^2 > 0. On the other hand, the term inside the square root in the numerator, (λ_r + s)^2 − 4κ^2, is not definite-positive. Thus, we have a region |λ_r + s| ≥ 2κ where β is a positive real number, yielding an exponentially decaying asymptotic behavior. On the other hand, in the region |λ_r + s| < 2κ the parameter β becomes a complex number with positive real part, which implies a sinusoidal behavior modulated by an exponentially decay factor.

B. Numerical solutions

We now analyze the case where β is a real number by setting λ_r = 0 and s = 2κ, so that β = √ 2/(1 − κ).

Consequently, the only free parameter is κ, whose values assuring a positive-definite energy density are κ < 1/2− in accordance with the condition (28).

In Figs. 1–5 we present some profiles (for the winding number n = 1) generated by numerical integration of the equations (22-24) using the Maple 13 libraries for solving the coupled nonlinear differential equations. In all figures the value κ = 0 reproduces the profile of the Maxwell- Higgs vortex [2] which is depicted by a solid black line. The legends given in Fig. 1 hold for all figures.

FIG. 1: Scalar field ḡ(t) (Solid black line, κ = 0, is the BPS solution for the Maxwell-Higgs model).

Figs. 1 and 2 depict the numerical results obtained for the Higgs field and vector potential, whose profiles are drawn around the ones corresponding to the Maxwell- Higgs model. These profiles become wider and wider for κ < 0 and increasing |κ|, reaching more slowly the respective saturation region. Otherwise, for 0 < κ < 1/2 it continuously shrinks approaching the minimum thickness when κ approaches to 1/2. Moreover, the vector potential profile displays a novelty: for 0 < κ < 1/2 it assumes negative values over a small region of the radial axis (see insertion in Fig. 2), which is obviously associated with a localized magnetic flux inversion. This inversion becomes more pronounced for κ values near to 1/2. Also, the region presenting localized magnetic flux inversion is a little shifted to the origin when κ tends to 1/2.

FIG. 2: Vector potential ā(t).

Fig. 3 depicts the magnetic field behavior. The profiles are lumps centered at the origin whose amplitudes are proportional to (1 − κ)^{−2}. For κ < 0 and increasing values of |κ|, the magnetic field profile becomes increasingly wider with continuously diminishing amplitude. For 0 < κ < 1/2, the profile becomes narrower and higher for an increasing κ, reaching its maximum value for κ = 1/2. A close zoom on the profiles corresponding to κ closer to 1/2 (see insertion in Fig. 3) reveals that the magnetic field flips its signal, showing explicitly localized magnetic flux reversion.

FIG. 3: Magnetic field B̄(t).

In a first view, Fig. 3 seems to show that the magnetic flux varies with the value of κ. Note, however, that the magnetic flux is calculated by integrating 2πtB̄(t), as showed in Eq. (26). An explicit plot of the function 2πtB̄(t) clearly shows that for every κ < 1/2 the magnetic flux is the same independently of the localized magnetic field reversion. This result is in accordance with the properties of the BPS-vortex solutions.

FIG. 4: Electric field ω̄^′(t).

Fig. 4 shows that electric field profiles also are lumps centered at the origin with amplitudes proportional to κ/(1−κ)^2, having a minimum value for κ = −1 and maximal value for κ = 1/2. As it occurs with the magnetic field, the electric profiles become narrower and higher while κ increases tending to 1/2. Now, the difference is that, for κ < 0, the profiles become negative (as predicted after BPS equations). A close zoom along the t−axis (see insertion in Fig. 4), however, reveals that the electric field undergoes inversion both for positive and negative values of κ. Such reversion is ubiquitous in all profiles.

FIG. 5: Energy density Ē(t).

The BPS energy density (27) is exhibited in Fig. 5, having profiles very similar to the magnetic field ones, being more localized and possessing a higher amplitude, however. As the BPS energy density is positive-definite, no inversion regions are observed, naturally.

By looking at the profiles of the BPS solutions it is observed that the spatial thickness is controlled by the Lorentz-violating parameter, allowing to obtain compactlike defects as in the uncharged case analyzed in Ref. [24]. The present model is being regarded as an effective electrodynamics, which subjected to the usual vortex ansatz, provides vortex solutions in a dielectric continuum [28], as already mentioned in Ref. [24]. This interpretation allows to consider Lorentz-violating parameters with magnitude above the values stated by the known vacuum upper-bounds.

These charged vortex configurations are endowed with several interesting features, as space localization (exponentially decaying behavior), integer magnetic flux quantization, magnetic flux and electric field reversion. Specifically, the localized magnetic flux inversion is a very interesting phenomenon, with sensitive appeal in condensed matter superconducting systems. Recently, a magnetic inversion was reported in the context of fractional vortices in superconductors described the twocomponent Ginzburg-Landau (TCGL) model [29]. In it, the magnetic flux is fractionally quantized and delocalized, presenting a 1/r^4 decaying behavior, and a subtle reversion. Such scenario, however, differs from the one described by our theoretical model, which provides a localized magnetic flux of controllable extent, exhibiting flux inversion just for the parameters that yields narrower (compactlike) profiles.

One should still note that the set of parameters here analyzed is only one of the many theoretical possibilities available. So, it can exist a set of parameters for which the magnetic flux might undergo a more accentuated reversion, reaching more appreciable flipping magnitudes. Such behavior could be associated with a complex β parameter, yielding oscillating solutions which become less localized (and more similar with the ones of Ref. [29]). Another interesting way is to investigate this theoretical system in the presence of Lorentz-violating terms in the Higgs sector. Such analysis are under progress with results being reported elsewhere.

The authors are grateful to CNPq, CAPES and FAPEMA (Brazilian research agencies) for invaluable financial support. CM, RC and MMFJr also acknowledge the Instituto de Física Teórica (UNESP-São Paulo State University) for the kind hospitality during the realization of part of this work. E. da Hora thanks the Department of Mathematical Sciences of Durham University (U.K.), for all their hospitality while doing part of this work.

[1] A. Abrikosov, Sov. Phys. JETP 32, 1442 (1957). [2] H. Nielsen, P. Olesen, Nucl. Phys. B 61, 45 (1973). [3] S. Deser, R. Jackiw, and S. Templeton, Ann.

Phys. (NY) 140, 372 (1982); Gerald V. Dunne, arXiv:hep-th/9902115.

[4] R. Jackiw and E. J. Weinberg, Phys. Rev. Lett. 64, 2234 (1990); R. Jackiw, K. Lee, and E.J. Weinberg, Phys. Rev. D 42, 3488 (1990); J. Hong, Y. Kim, and P.Y. Pac, Phys. Rev. Lett. 64, 2230 (1990).

[5] E. B. Bogomol’nyi, Sov. J. Nuc. Phys. 24, 449 (1976);

M. Prasad and C. Sommerfield, Phys. Rev. Lett. 35, 760 (1975).

[6] Z.F. Ezawa, Quantum Hall Effects, World Scientific (2000).

[7] C.k. Lee, K.M. Lee, H. Min, Phys. Lett. B 252, 79 (1990). [8] P.K. Ghosh, Phys. Rev. D 49, 5458 (1994); T. Lee and H. Min, Phys. Rev. D 50, 7738 (1994).

[9] N. Sakai and D. Tong, J. High Energy Phys. 03 (2005) 019; G. S. Lozano, D. Marques, E. F. Moreno, and F. A. Schaposnik, Phys. Lett. B 654, 27 (2007).

[10] S. Bolognesi and S.B. Gudnason, Nucl. Phys. B 805, 104 (2008).

[11] D. Bazeia, E. da Hora, C. dos Santos, and R. Menezes, Phys. Rev. D 81, 125014 (2010).

[12] E. Babichev, Phys. Rev. D 74, 085004 (2006); Phys. Rev.

D 77, 065021 (2008).

[13] C. Armendariz-Picon, T. Damour, V. Mukhanov, Phys.

Lett. B 458, 209 (1999); C. Armendariz-Picon and E. A. Lim, JCAP 0508, 007 (2005).

[14] N. Arkani-Hamed, H.-C. Cheng, M. A. Luty, S. Mukohyama, JHEP 0405, 074 (2004); N. Arkani-Hamed, P. Creminelli, S. Mukohyama, M. Zaldarriaga, JCAP 0404, 001 (2004).

[15] C. dos Santos, Phys. Rev. D 82, 125009 (2010); D. Bazeia, E. da Hora, R. Menezes, H. P. de Oliveira, and C. dos Santos, Phys. Rev. D 81, 125016 (2010); C. dos Santos and E. da Hora, Eur. Phys. J. C 70, 1145 (2010); Eur. Phys. J. C 71, 1519 (2011); D. Bazeia, E. da Hora, C. dos Santos, R. Menezes, Eur. Phys. J. C 71, 1833 (2011).

[16] P. Rosenau and J.M. Hyman, Phys. Rev. Lett. 70, 564 (1993); P. Rosenau and E. Kashdan, Phys. Rev. Lett. 104, 034101(2010); C. Adam, P. Klimas, J. Sánchez- Guillén, and A. Wereszczyński, J. Math. Phys. 50, 102303 (2009).

[17] D. Bazeia, R. Casana, E. da Hora, R. Menezes, Phys.

Rev. D 85, 125028 (2012).

[18] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760 (1997); Phys. Rev. D 58, 116002 (1998); S. R. Coleman and S. L. Glashow, Phys. Rev. D 59, 116008 (1999); Phys. Rev. D 59, 116008 (1999).

[19] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001); Phys. Rev. Lett. 97, 140401 (2006); Phys. Rev. D 66, 056005 (2002); Phys. Rev. D 80, 015020 (2009).

[20] B. Altschul, Nucl. Phys. B 796, 262 (2008); B. Altschul, Phys. Rev. Lett. 98, 041603 (2007); C. Kaufhold and F.R. Klinkhamer, Phys. Rev. D 76, 025024 (2007); F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 016002 (2008); F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 117901 (2008); F. R. Klinkhamer and M. Schreck, Phys. Rev. D 78, 085026 (2008); Q. Exirifard, Phys. Lett. B 699, 1 (2011); F.R. Klinkhamer, M. Schreck, Nucl. Phys. B 848, 90 (2011).

[21] N.M. Barraz Jr., J.M. Fonseca, W.A. Moura-Melo, J.A.

Helayël-Neto, Phys.Rev. D 76, 027701 (2007); A. P. Baeta Scarpelli and J. A. Helayel-Neto, Phys.Rev. D 73, 105020 (2006).

[22] M.D. Seifert, Phys. Rev. Lett. 105, 201601 (2010); M.D.

Seifert, Phys.Rev. D 82, 125015 (2010).

[23] M.N. Barreto, D. Bazeia, R. Menezes, Phys.Rev. D 73, 065015 (2006); A. de Souza Dutra, M. Hott, and F. A. Barone, Phys. Rev. D 74, 085030 (2006); D. Bazeia, M. M. Ferreira Jr., A. R. Gomes, R. Menezes, Physica D 239, 942 (2010); A. de Souza Dutra, R. A. C. Correa, Phys. Rev. D 83, 105007 (2011).

[24] C. Miller, R. Casana, M. M. Ferreira Jr., E. da Hora, Phys. Rev. D 86, 065011 (2012).

[25] E. Moreno, C. Núñez, and F.A. Schaposnik, Phys. Rev.

D 58, 025015 (1998).

[26] Q. G. Bailey and V. A. Kostelecky, Phys. Rev. D 70, 076006 (2004).

[27] Rodolfo Casana, Manoel M. Ferreira Jr, and Carlos E.

H. Santos,Phys. Rev. D 78, 105014 (2008).

[28] J. Lee and S. Nam, Phys. Lett. B 261, 437 (1991); D.

Bazeia, Phys. Rev. D 46, 1879 (1992); P. K. Ghosh, Phys. Rev. D 49, 5458 (1994).

[29] E. Babaev, J. Jäykkä, M. Speight, Phys. Rev. Lett. 103, 237002 (2009).