arXiv:0912.3435v5 [hep-th] 8 Mar 2010

ITEP/TH-75/09

A simple way to take into account back reaction on pair creation

Emil T. Akhmedov^1 and Philipp Burda^2

ITEP, B. Cheremushkinskaya, 25, Moscow, Russia 117218 and MIPT, Dolgoprudny, Russia

Abstract

We propose a simple and systematic way of accounting for the back reaction on the background field due to the pair creation in the four–dimensional scalar QED. This method is straightforwardly generalizable to the gravity backgrounds. In the case of QED with the instantly switched on constant electric field background we obtain a remarkably simple formula for its decay rate.

1 Introduction

Back reaction on classical background fields due to the quantum pair creation is an important problem for the understanding of the black hole and de Sitter space thermodynamics. The situation with the de Sitter space is the most controversial [1]–[13]. At any rate, the proper way of taking into account the back reaction should be a first step towards quantization of gravity. Apparently the moment when the back reaction becomes relevant for the gravity background coincides with the moment when the gravity becomes quantum.

All the existing ways of taking into account back reaction are rather complex and do not allow for a clear study of the situation. For that reason it is obviously tempting to analyze the phenomenon in a simple setting of the four–dimensional scalar QED with the electric field background, where the situation is supposed to be clear at least qualitatively. Even in the latter case the standard ways of accounting for the back reaction are rather involved (see e.g. [14] and [15]). The goal of this note is to propose a simple way to calculate the decay rate of the background electric field, which can be straightforwardly generalized to the gravity backgrounds.

Let us formulate the problem here. We assume that somehow at the moment of time t = 0 a constant (everywhere in space) electric field was created. Saying another way, we neglect the boundary effects. We assume that at t = 0 there are no electrically charged particles present on top of the field. At this moment one turns on interactions and the pair creation begins [16] (see as well [18] for the further development and [19]–[26] for the more recent progress and generalizations). On general physical grounds one expects that the value of the field will be decreasing at least due to the work performed to create pairs and to accelerate them. Due to the symmetry of the problem the decay should proceed homogeneously is space.

The standard way to take into account the back reaction, considering the background field as classical, is to calculate the electric current which is created and to take into account the field due to this current [14], [15]. If the field is directed along z axis one has to consider the Heisenberg evolution of the J_3 component of the electric current up to some moment of time t and average it over the initial state of the problem. This way one would find the value of the created current at the moment t. Because the initial state is unstable one has to use the Keldysh–Schwinger diagram technic rather than the Feynman one [14]. Substituting the resulting value of the current into the RHS of the Maxwell’s equation, one can find the field produced by it, which reduces the value of the original background field [14].

Such a procedure is rather involved and becomes even harder when generalized to the gravity backgrounds. In this note we propose another obvious and equivalent to the above mentioned one method to solve the problem in question. We propose to consider the Heisenberg–Euler effective action (including the Schwinger’s imaginary contribution) for the background electric field in the scalar QED [15], which is switched on at t = 0. Obviously to obtain the decay rate of the background electric field one just has to solve the equations of motion following

1akhmedov@itep.ru 2blade131@yandex.ru

from the effective action. Along this line we find an unexpectedly simple answer (see (14) below). Our idea is to obtain the decay rate at the initial stage of the process and to approve that it is small for the subcritical values of the background electric field and as well to see whether the rate is big for the overcritical values of the electric field. Our eventual goal is of cause to find the decay rate for the overcritical field, because it is such a value of the field which is interesting from the perspective of the generalization of our considerations to the gravitational backgrounds.

2 Effective action and equations of motion at one loop

We would like to solve the following equation:

∂^μF_{μν} (x, t) = ⟨ in | | |ĵν (x, t) | | | in ⟩ (1) in the scalar QED. On the RHS of this equation stands the current due to the created pairs, which is calculated as the average of the Heisenberg evolution of the current operator ĵ_μ over the initial state |in⟩ [14, 15]. One can straightforwardly convert this expression into the interaction picture, where in our case the interaction part of the Hamiltonian is just the interaction of scalars with the classical electromagnetic field. Due to spacial homogeneity of the problem in question this average does not depend on x.

The initial state |in⟩ in question is the exact free theory vacuum state for the scalars in the constant electric field background. If such a state was an eigen–state of the Hamiltonian, i.e. if ⟨out|Ŝ|in⟩, with Ŝ being the S–matrix operator, was a pure phase, then we could have made the following transformations: ⟨ in | | |ĵν (t) | | | in ⟩ = ⟨ in | | |Ŝ^{−1}T [ ĵ^{(0)}_ν (t) Ŝ ]| | in ⟩ = ⟨ in | | |Ŝ^{−1} | | | out ⟩ ⟨ out | | |T [ ĵ^{(0)}_ν (t) Ŝ ]| | in ⟩ , (2)

where ĵ^{(0)}_ν (t) is the current operator in the interaction picture. Along these lines we would arrive at the standard functional integral in the in–out formalism. However, in our case the in–state is not an eigen–state of the Hamiltonian for all times and, hence, ⟨out|Ŝ|in⟩ is not a pure phase. Hence, we have to apply a different procedure due to Schwinger [16].

According to [17] we have to introduce the generating functional:

e^{i W [A+, A−]} ≡ ∑ α ⟨ in | |Ŝ_{−1} | | out, α⟩ A^− ⟨ out, α | |Ŝ | | in⟩ A^+

, (3)

which involves a summation over a complete set of out–states. In our case, A_± are gauge fields and, at the same time, sources for the currents ⟨in|ĵ_μ(t)|in⟩ = δW [A^−, A^+]/δA^+_μ (t)|_A+_{=A}−_{=A} = −δW [A^−, A^+]/δA^−_μ (t)|_A+_{=A}−_{=A}. Note that the effective action obeys the conditions [17]: W [A, A] = 0, W [A^−, A^+] = −W [A^+, A^−]^∗.

The effective action in question for the background classical constant electric field in the four–dimensional scalar QED is equal to:

i W [A^−, A^+] = log [∫ Dϕ^∗(x)Dϕ(x) ∫ ϕ_−(t=0,⃗x)=0 Dϕ^∗_−(x, t)Dϕ_−(x, t) exp { i 2 ∫_{+∞} 0 dt ∫ d^3⃗x (| |D^−_μ ϕ_− | |^2 + m^2 |ϕ_−|^2 )} ×

× ∫ ϕ_+(t=0,⃗x)=0 Dϕ^∗_+(x, t)Dϕ_+(x, t) exp { − i 2 ∫_{+∞} 0 dt ∫ d^3⃗x (| |D^+_μ ϕ_+ | |^2 + m^2 |ϕ_+|^2 )} ] . (4)

In this equation we have to impose ϕ_−(t = +∞, x) = ϕ_+(t = +∞, x) = ϕ(x) at future infinity and assume the single common integration over this value of the field at the future infinity [17], ϕ_± are the scalar fields for the direct and reverse time directions, D^±_μ = ∂_μ − i e A^±_μ .

With the use of the effective action under consideration, one can rewrite the equation (1) in the following way

∂^μF_{μν} = i ∫ ϕ(t=0,⃗x)=0 Dϕ^∗Dϕ ϕ^∗ ( ie^↔∂_ν + 2e^2A_ν ) ϕ exp { − i 2 ∫ C dt ∫ d^3x ϕ^∗ ( −D^2_μ + m^2 ) ϕ } =

= i [ ie ( ∂ ∂y^ν − ∂ ∂z^ν ) + 2e^2A_ν ] ∫ ϕ(t=0,⃗x)=0 Dϕ^∗Dϕ ϕ^∗(y_μ)ϕ(z_μ) exp { − i 2 ∫ C dt ∫ d^3x ϕ^∗ ( −D^2_μ + m^2 ) ϕ }| | | y=z=x (5)

In this equation we have unified ϕ_± into one field ϕ and according to (4) we have extended the time axis over the Keldish–Schwinger type contour C consisting of the two parts — C_+ going from 0 to +∞ and C_− going backward.

In the last line of (5), under the action of the differential operator, we have the in–in Keldish-Schwinger “++” type propagator on the half of R^{3,1}. We would like to express this in–in propagator for the half of R^{3,1} (t ∈ [0, +∞)) through the in–out propagator for the full R^{3,1} (t ∈ (−∞, +∞)). First, to express the in–in propagator, G_{in−in}(y, z), through the in–out one, G_{in−out}(y, z), for the full R^{3,1} (t ∈ (−∞, +∞)), recall their definitions: G_{in−in}(y, z) = ⟨in|T ϕ(y) ϕ(z)|in⟩ = ∑ λ f^∗_{in,λ}(y) f_{in,λ}(z) and G_{in−out}(y, z) = ⟨out|T ϕ(y) ϕ(z)|in⟩/⟨out|in⟩ = ∑ λ f^∗_{out,λ}(y) f_{in,λ}(z) ⟨out|b_{out,λ} a^+_{in,λ}|in⟩/⟨out|in⟩. In these expressions we have expanded the field ϕ in terms of the in–harmonics f_{in,λ} and out–harmonics f_{out,λ}, which are properly normalized and correspond to the eigen– values λ. Using Bogolyubov transformation from the out– to the in–harmonics one can express G_{in−in}(y, z) = G_{in−out}(y, z)+G^∗_{in−out}(y, z) = 2Re [G_{in−out}(y, z)]. And finally, in order to express the in-out propagator for the full R^{3,1} space through the in-out propagator for the half-space t ∈ [0, +∞) with Dirichlet boundary conditions one just need to use mirror sources.

To proceed we need to convert all the expressions into the Euclidian signature. We are going to make the Wick rotation back to the Minkowski space–time (x_0 = i t) at the end of the calculation. Using the considerations of the previous paragraph, it is straightforward to see that in Euclidian space the equation (5) can be rewritten as:

∂_μ F_{μν} = −2 [ ie ( ∂ ∂y^ν − ∂ ∂z^ν ) + 2e^2A_ν ] Re [⟨ z | | 1 −D^2_μ + m^2 | |y⟩ − ⟨z | | 1 −D^2_μ + m^2 | |ȳ⟩ ]| | |_{y=z=x} . (6)

The point ȳ is the position of the mirror source symmetric to y with respect to the surface x_0 = 0.

The RHS of this equation can be calculated if the explicit expression for the background field is given. Hence, one has to look for the self consistent solution A_3(x_0) of this equation. The solution should be self consistent in the sense that the RHS of (6), being calculated for the given A_3(x_0), should lead to the same A_3(x_0) as the solution of (6). Unfortunately, this problem has been solved only numerically [15].

We would like to develop here the analytical approach in some approximation specified below. In particular, one can calculate exactly the RHS for the constant electric field background. The picture is self consistent if, as the result of (6), the rate of the change of the background field is small. Otherwise one has to look for another approach. In any case our approximation works in the classical limit, when ℏ → 0 and the RHS of the equation in question is vanishingly small due to its one loop origin.

So we assume that our background electric field is slowly changing in time and substitute into the LHS of (6) F_{μν} = −iE(x_0)δ_{3[μ} δ_{ν]0} (imaginary unit is due to the Euclidean version of the theory). At the same time we neglect the time dependence of the field on the RHS, i.e. we put A_μ = Ex_0δ_{μ3} into the propagator. Then the equation in question reduces to

dE(x_0) dx_0 = 2 [ ie ( ∂ ∂y_3 − ∂ ∂z_3 ) + 2 e^2 E x_0 ] Re [⟨ z | | | 1 −D^2_μ + m^2 | | |y ⟩ − ⟨ z | | | 1 −D^2_μ + m^2 | | |ȳ ⟩]| | |_{yμ=zμ=xμ} . (7) In the case under consideration the RHS can be computed exactly. It is worth stressing at this point that the result of our calculation is gauge and Lorentz invariant because eq. (6) is written down in a gauge and Lorentz invariant way.

We proceed with the computation of the propagator of charged scalars in the given external gauge potential:

⟨ z | | | 1 −D^2_μ + m^2 | | |y ⟩ = ⟨ z | | | ∫_∞ 0 dT e^−(^{−D2μ +m2})^T | | |y ⟩ = ∫_∞ 0 dT e^{−m2T} ⟨ z | | |e^{D2μ T} | | |y ⟩ = = ∫_∞ 0 dT e^{−m2T} ∫ x(0)=y;x(T )=z Dx(τ) e^{− ∫ T0 ( 14 ẋ2+ieAμẋμ )dτ} . (8) Then, in our case ⟨ z | | | 1 −D^2_μ + m^2 | | |y ⟩ = e^{−Scl[z,y]} ∫_∞ 0 dT e^{−m2T} eET (4πT )^2 sinh(eET )

, (9)

where

S_{cl}[z, y] = (y_1 − z_1)^2 + (y_2 − z_2)^2 4T + e E coth(e E T ) 4 [ (y_0 − z_0)^2 + (y_3 − z_3)^2 ] + i eE 2 (z_0 + y_0) (z_3 − y_3). (10)

is the classical action of the charged particle in the gauge field background in question. In the case of the propagator with y → ȳ one has to change only

S_{cl}[z, ȳ] = (y_1 − z_1)^2 + (y_2 − z_2)^2 4T + e E coth(e E T ) 4 [ (y_0 + z_0)^2 + (y_3 − z_3)^2 ] + i eE 2 (z_0 − y_0) (z_3 − y_3). (11)

Returning to the Minkowski space–time via the replacements x_0 → it and E → iE, we get dE dt = −Re ( i e^3E^2t 8π^2 ∫_∞ 0 dT e^{−m2T} 1 T sin(eET ) ) . (12)

On general physical grounds one can expect only such a contribution to the RHS of (12), which originates from the imaginary part of the Heisenberg-Euler Lagrangian describing the pair creation.

Now, using that Im (∫_∞ 0 dT e^{−m2T} 1 T sin(eET ) ) = − ln ( 1 + e^{− m2πeE} ) , (13)

we obtain dE dt = − e^3E^2t 4π^2 ln ( 1 + e^{− m2πeE} ) (14)

This formula gives us one loop exact answer for the decay rate of the background electric field in our approximation. Ironically we find the exact decay rate of the field in the approximation when the field is held constant, which of cause is just a partial solution of the problem in any case. The generalization of our formulas to any dimension is straightforward.

There are several points which are worth mentioning here. First, if we were considering the effective action in question in the full R^{3,1}, as it was done in the original Schwinger’s setting, rather than in the t > 0 half of R^{3,1}, the RHS of (1) would vanish, because of its time reversal (t → −t) invariance. Second, it is straightforward to calculate that the VEV ⟨J_0⟩ in our setting does vanish as it should be, because the charges are created in pairs. Third, it is as well easy to observe that if one were considering the fate of the constant magnetic field instead of the electric one, he would have found that the field would remain constant, because the corresponding current does vanish. Which should be the case due to the absence of the imaginary contribution to the effective action in magnetic field background.

3 Discussion and conclusions

The decay rate (14) looks suspicious because of the dependence of its RHS on e^3. One might think that as we change from particles to antiparticles the RHS changes the sign and, as the result, the background field grows rather than decays. We should stress that the RHS is always negative and depends on the modulus of the charge e.

To clarify the situation we would like to reobtain the answer (14) for the decay rate on the general physical grounds. Note that in our problem the initial density of charges in space is zero. Otherwise the space would have had non–zero conductance, σ, and the decay rate would have been exponential: dE_z/dt = j_z = −σ E_z.

Taking into account the set up of our problem, which is formulated at the end of the introduction section, we can see that the decay of the field proceeds homogeneously. Hence, the energy of the electric field per unit volume E^2/8 π is spent on the work performed by the field on the creation of pairs. This work is proportional to e E z = e E t, taking into account that we set the light speed c = 1. Here z is the separation distance between the members of the pair reached during the observation time t.

Let us clarify this relation. In the gauge when A_0 is not zero, we have p_0 = √ m^2 + p^2_x + p^2_y + p^2_z − e E z.

Then, the distance between the turning points is Δz =^2 √_{m2+p2x+p2y} e E . Similarly in the gauge when A_z is not zero, we have p_0 = √ m^2 + p^2_x + p^2_y + (p_z − e E t)^2. Hence, the separation time between the turning points is

Δt =^2 √_{m2+p2x+p2y} e E = Δz. This observation establishes the relation between the separation distance and the observation time.

Thus, d dt E^2 ∝ −2e E t w(E), (15) where w(E) ∝ e^2 E^2 e^{− m2πeE} is the approximate Schwinger’s pair creation probability rate per unit time and unit volume. Thus, we restore the leading approximation of our exact one loop result (14). It is worth stressing at this point that somewhat similar formula (in the light cone frame) to (15) was obtained in [14].

The result (14) confirms the obvious expectation, that weak electric field (eE << m^2) changes slowly in time, because in this limit ln ( 1 + e^{− m2 πeE} ) → 0 and therefore dE(t)/dt → 0. Note as well that this result is applicable

in case only when the decay rate is small, which is valid for the short period of time t << (m/e E) e^{π m2e E} . On the other hand, it gives us a hint about strong field limit, because naive (and illegal) application of this formula in the strong field limit (eE >> m^2) tells us that there will be a fast decay E(t) ∝ 1/t^2. I.e. in the case of the overcritical field we can not apply our approximation.

How then one can find the back reaction rate in the case of the overcritical field? Should one still consider the background field as classical? Will the decay rate still be non–analytic in the value of the background field, if the field is grater than the critical value? The reason why we are interested in the overcritical electric field background is that it is the simpler model example predecessing the consideration of the gravity backgrounds, where the overcritical background field is the most interesting case.

4 Acknowledgments

We would like to acknowledge valuable discussions with D.Diakonov, D.Galakhov, S.Gavrilov, A.Gorsky, D.Krotov, V.Losyakov, A.Monin, A.Morozov, I.Polyubin, A.Rosly, A.Roura, C.Schubert, V.Shevchenko and A.Zayakin. Our work is partly supported by RFBR grant 08-02-00287 (Ph.B.), by the Russian President’s Grant of Support for the Scientific Schools NSh-3036.2008.2(Ph.B.), by the Dynasty Foundation (Ph.B.) and by Federal Agency for Science and Innovations of Russian Federation (contract 02.740.11.5029) (Ph.B.).

References

[1] A. M. Polyakov, Nucl. Phys. B 797, 199 (2008) [arXiv:hep-th/0709.2899]

[2] E. Mottola, Phys. Rev. D 31, 754 (1985)

[3] N.Myrhvold, Phys. Rev., D 28 (1983) 2439

[4] N. C. Tsamis and R. P. Woodard, Phys. Lett. B 292, 269 (1992); Commun. Math. Phys. 162, 217 (1994); Class. Quant. Grav. 11, 2969 (1994); Annals Phys. 238, 1 (1995); Nucl. Phys. B 474, 235 (1996) [arXiv:hep-ph/9602315]; Phys. Rev. D 54, 2621 (1996) [arXiv:hep-ph/9602317]; Annals Phys. 253, 1 (1997) [arXiv:hep-ph/9602316]

[5] A. D. Dolgov, M. B. Einhorn and V. I. Zakharov, Phys. Rev. D 52, 717 (1995) [arXiv:gr-qc/9403056]; Acta Phys. Polon. B 26, 65 (1995) [arXiv:gr-qc/9405026]

[6] S. Weinberg, Phys. Rev. D 72, 043514 (2005) [arXiv:hep-th/0506236]; Phys. Rev. D 74, 023508 (2006) [arXiv:hep-th/0605244]

[7] J. Garriga and T. Tanaka, Phys. Rev. D 77, 024021 (2008) [arXiv:hep-th/0706.0295]

[8] G. Perez-Nadal, A. Roura and E. Verdaguer, PoS QG-PH, 034 (2007); Class. Quant. Grav. 25, 154013 (2008) [arXiv:gr-qc/0806.2634]; [arXiv:gr-qc/0911.4870]

[9] E. Alvarez and R. Vidal, [arXiv:hep-th/0907.2375]

[10] E. T. Akhmedov and P. V. Buividovich, Phys. Rev. D 78, 104005 (2008) [arXiv:hep-th/0808.4106];

E. T. Akhmedov and E. T. Musaev, New J. Phys. 11, 103048 (2009) [arXiv:0901.0424 [hep-ph]]; E. T. Akhmedov, P. V. Buividovich and D. A. Singleton, [arXiv:gr-qc/0905.2742]; E. T. Akhmedov, [arXiv:hep-th/0909.3722].

[11] V. Akhmedova, T. Pilling, A. de Gill and D. Singleton, Phys. Lett. B 666, 269 (2008) [arXiv:hepth/0804.2289]

[12] I. Antoniadis, P. O. Mazur and E. Mottola, New J. Phys. 9, 11 (2007) [arXiv:gr-qc/0612068].

[13] G. E. Volovik, [arXiv:gr-qc/0803.3367]; JETP Lett. 90, 1 (2009) [arXiv:gr-qc/0905.4639]

[14] T. N. Tomaras, N. C. Tsamis and R. P. Woodard, Phys. Rev. D 62, 125005 (2000) [arXiv:hep-ph/0007166]

[15] F. Cooper and E. Mottola, Phys. Rev. D 40, 456 (1989); Phys. Rev. D 36, 3114 (1987);

Y. Kluger, J. M. Eisenberg, B. Svetitsky, F. Cooper and E. Mottola, Phys. Rev. Lett. 67, 2427 (1991).

[16] J. S. Schwinger, Phys. Rev. 82, 664 (1951)

[17] R. D. Jordan, Phys. Rev. D 33, 444 (1986).

[18] A. I. Nikishov, Zh. Eksp. Teor. Fiz. 57, 1210 (1969)

A. I. Nikishov, Teor. Mat. Fiz. 20, 48 (1974) N. B. Narozhnyi and A. I. Nikishov, Teor. Mat. Fiz. 26, 16 (1976) D. M. Gitman and S. P. Gavrilov, Izv. Vuz. Fiz. 1, 94 (1977); Sov. Phys. J. 25, 775 (1982); Phys. Rev. D 53, 7162 (1996) [arXiv:hep-th/9603152]; Phys. Rev. D 78, 045017 (2008) [arXiv:hep-th/0709.1828]; S. P. Gavrilov, D. M. Gitman and S. M. Shvartsman, Yad. Fiz. 29, 1097 (1979); Sov. Phys. J. 23, 257 (1980);

E. S. Fradkin and D. M. Gitman, Fortsch. Phys. 29, 381 (1981);

Yu. Y. Volfengaut, S. P. Gavrilov, D. M. Gitman and S. M. Shvartsman, Yad. Fiz. 33, 743 (1981); D. M. Gitman, E. S. Fradkin and S. M. Shvartsman, Fortsch. Phys. 36, 643 (1988).

[19] I. K. Affleck, O. Alvarez and N. S. Manton, Nucl. Phys. B 197, 509 (1982)

G. V. Dunne and C. Schubert, Phys. Rev. D 72, 105004 (2005) [arXiv:hep-th/0507174]; AIP Conf. Proc. 857, 240 (2006) [arXiv:hep-ph/0604089] G. V. Dunne, Q. H. Wang, H. Gies and C. Schubert, Phys. Rev. D 73, 065028 (2006) [arXiv:hep-th/0602176] C. Schubert, In *Berlin 2006, 11th Marcel Grossmann Meeting on General Relativity* 1341-1345; AIP Conf. Proc. 917, 178 (2007) [arXiv:hep-th/0703186]

[20] A. K. Monin and A. V. Zayakin, JETP Lett. 84, 5 (2006) [arXiv:hep-ph/0605079]; Phys. Rev. D 75, 065029 (2007) [arXiv:hep-th/0611038]; JETP Lett. 87, 709 (2008) [arXiv:hep-ph/0803.1022]; A. Monin and M. B. Voloshin, [arXiv:hep-th/0910.4762]

[21] A. Gorsky and K. Selivanov, Nucl. Phys. B 571, 120 (2000) [arXiv:hep-th/9904041]

A. S. Gorsky, K. A. Saraikin and K. G. Selivanov, Nucl. Phys. B 628, 270 (2002) [arXiv:hep-th/0110178]

[22] T. Friedmann and H. L. Verlinde, Phys. Rev. D 71, 064018 (2005) [arXiv:hep-th/0212163].

[23] S. P. Kim and D. N. Page, Phys. Rev. D 65, 105002 (2002) [arXiv:hep-th/0005078]; Phys. Rev. D 73, 065020 (2006) [arXiv:hep-th/0301132]; Phys. Rev. D 75, 045013 (2007) [arXiv:hep-th/0701047].

[24] R. Ruffini, L. Vitagliano and S. S. Xue, Phys. Lett. B 559, 12 (2003) [arXiv:astro-ph/0302549]; Phys. Lett.

B 573, 33 (2003) [arXiv:astro-ph/0309022];

R. Ruffini, G. V. Vereshchagin and S. S. Xue, Phys. Lett. A 371, 399 (2007) [arXiv:0706.4363 [astro-ph]]; arXiv:0910.0974 [astro-ph.HE];

H. Kleinert, R. Ruffini and S. S. Xue, Phys. Rev. D 78, 025011 (2008) [arXiv:0807.0909 [hep-th].

[25] A. Chervyakov and H. Kleinert, Phys. Rev. D 80, 065010 (2009) [arXiv:0906.1422 [hep-th]].

[26] J. G. Russo, JHEP 0903, 080 (2009) [arXiv:hep-th/0901.1664]