arXiv:1011.5872v3 [hep-th] 28 Mar 2013 epl draft

Fermion localization on branes with generalized dynamics

L. B. Castro^{1 (a)} and L. E. Arroyo Meza^{2 (b)}

1 Departamento de Física CFM, Universidade Federal de Santa Catarina, Florianópolis, SC CP. 476, CEP 88.040- 900, Brazil.

2 Departamento de Física e Química, Universidade Estadual Paulista, 12516-410 Guaratinguetá, São Paulo, Brazil.

PACS 11.10.Kk – Field theories in dimensions other than four PACS 04.50.-h – Higher-dimensional gravity and other theories of gravity PACS 03.50.-z – Classical field theories

Abstract – In this letter we consider a specific model of braneworld with nonstandard dynamics diffused in the literature, specifically we focus our attention on the matter energy density, the energy of system, the Ricci scalar and the thin brane limit. As the model is classically stable and capable of localize gravity, as a natural extension we address the issue of fermion localization of fermions on a thick brane constructed out from one scalar field with nonstandard kinetic terms coupled with gravity. The contribution of the nonstandard kinetic terms in the problem of fermion localization is analyzed. It is found that the simplest Yukawa coupling ηΨ̄ϕΨ support the localization of fermions on the thick brane. It is shown that the zero mode for left-handed can be localized on the thick brane depending on the values for the coupling constant η.

Introduction. – In the last decade, the braneworld scenario has attracted a lot of interests for it gives an effective way to solve the hierarchy problem by introducing two 3-branes which are embedded in a 5-dimensional anti-de Sitter (AdS_5) space-time [1]. Parallel researchs on noncompact extra dimensions focused on trapping matter and model of the Universe as a 3-shell expanding in 5-dimensional space-time [2] have also attracted interest. As another attractive property, the Newtonian law of gravity with a correction is also given in this braneworld scenario [3]. In the Randall-Sundrum (RS) model [1], we can further add scalar fields [4] with usual dynamics and allow them to interact with gravity in the standard way. In this scenario, the smooth character of the solutions generate thick brane with a diversity of structures [5–8]. In the braneworld scenarios, an important issue is how gravity and different observable matter fields of the Standard Model of particle physics are localized on the brane. It has been shown that, in the RS model in 5-dimensional spacetime, graviton and spin 0 field can be localized on a brane with positive tension [3,9,10]. Moreover, spin 1/2 and 3/2 can be localized on a negative-tension brane [10]. The localization problem of spin-1/2 fermions on thick branes is interesting and important [9–22]. In order to achieve lo-

(a)E.mail: luis.castro@pgfsc.ufsc.br
(b)E.mail: luisarroyo@feg.unesp.br

calization of fermions on a brane with positive tension, it seems that additional interactions except the gravitational interaction must be including in the bulk.

On the other hand, the first recent observations [23] have led us with the intriguing fact that the Universe is presently undertaking accelerated expansion. These information directly contributed to establish some important advances in cosmology, one of them being the presence of dark energy. The presence of dark energy has opened some distinct routes of investigations. In recent years, there appeared some interesting models with noncanonical dynamics with focus on early time inflation or dark energy [24–27], as for instance, the so-called k-fields, first introduced in the context of inflation [27] and the kessence models, suggested to solve the cosmic coincidence problem [26–28]. The interaction between dark energy and fermion fields has already a precedent in the cosmology context [29]. In the context of braneworld scenario, the effect of general brane kinetic terms for bulks scalars, fermions and gauge bosons in theories with and without supersymmetry has already been analyzed in [30]. We believe that the conditions for obtaining zero modes in braneworld models of scalar fields with generalized dynamics deserves to be more explored.

The purpose of the present letter is to analyze the contribution of the nonstandard kinetic terms of a brane model in the problem of fermion localization. To achieve p-1 our goal, the braneworld model with nonstandard dynamics L = K (X) − V (ϕ), where K (X) = X + α|X|X (type I model in [24]) is considered. We will focus our attention mainly on the matter energy, the energy of system, the Ricci scalar and the thin brane limit. As the model is classically stable and capable of localize gravity, additionally we address ourselves to the issue of fermion localization on a thick brane constructed out from one scalar field with nonstandard kinetic terms coupled to gravity. Following the same procedure of [24], we use the analytical expressions for small α and investigate the contribution of this nonstandard kinetic terms in the problem of fermion localization. We find that the simplest Yukawa coupling ηΨ̄ϕΨ, where η is the coupling constant, which allows lefthanded to posses a localized zero mode on the thick brane under some conditions on the value for the coupling constant η. For α, which is not necessarily small, we can not get any expressions for the solution of this model, for this case the numerical study is used. The numerical results bear out our results for small α. The organization of this paper is as follows: in Sec. II, we give a brief review of the model with generalized dynamics developed by Bazeia and collaborators [24]. In Sec. III, we study the localization of spin-1/2 fermion for this model and we also analyze the essential conditions for the localization with the simplest Yukawa coupling. Finally, our conclusions are presented in Sec. IV.

Review of systems with generalized dynamics. – The action for this kind of system is described by [24] S = ∫ d^5x √ | g| [ − 1 4 R + L(ϕ, X) ] , (1)

where g ≡ Det(g_{ab}) and X =^1_2 ∇^aϕ∇_aϕ. The line element of the five-dimensional space-time can be written as

ds^2 = g_{ab}dx^adx^b = e^{2A(y)}η_{μν} dx^μdx^ν − dy^2, (2)

where we are using the five-dimensional Newton constat 4πG^{(5)} = 1, y = x^4 is the extra dimension (the Latin indices run from 0 to 4), η_{μν} is the Minkowski metric with signature (+, −, −, −) and e^{2A} is the so-called warp factor (the Greek indices run from 0 to 3). We suppose that A = A(y) and ϕ = ϕ(y).

One can determine the static equations of motion for the above system are of the form

(L_X + 2XL_{XX} ) ϕ^{′′} − (2XL_{Xϕ} − L_ϕ) = −4L_X A^′ϕ^′, (3)

A^{′′} + 2A^{′ 2} = 2 3 L, (4) A^{′ 2} = 1 3 (L − 2XL_X ) , (5)

where prime stands for derivate with respect to y, L_X = ∂L/∂X and L_ϕ = ∂L/∂ϕ. Furthermore, the matter energy density is given by

ρ(y) = −e^{2A(y)}L, (6) and the scalar curvature (or Ricci scalar) is given by

R = −4(5A^{′ 2} + 2A^{′′}). (7)

The Lagrangian density L(ϕ, X) has the form L = K(X) − V (ϕ), (8) where K(X) and V (ϕ) are nonstandard kinetic term and potential respectively. For this case, from eqs. (3), (4) and (5) the equations of motion can be expressed as

(K^′ + 2XK^{′′}) ϕ^{′′} − V_ϕ = −4K^′A^′ϕ^′, (9)

A^{′′} + 2A^{′ 2} = 2 3 (K − V ), (10)

A^{′ 2} = 1 3 (K − V − 2XK^′) . (11)

These equations are the static equations of motion of a system with nonstandard dynamics. In [24], the authors present two explicit models for K(X), here we review one of these models.

The model: K(X) = X + α|X|X. This model is also considered in [31], where α is a real non-negative parameter and X = −^1_2 ϕ^{′ 2}. If α = 0 the standard scenario is restored. For this model, the equations of motion are

ϕ^{′′} + 4A^′ϕ^′ − V_ϕ = −α (3ϕ^{′′} + 4ϕ^′A^′) ϕ^{′ 2}, (12)

A^{′′} + 2A^{′ 2} = − 1 3 ( 1 + α 2 ϕ^{′ 2} ) ϕ^{′ 2} − 2 3 V , (13)

A^{′ 2} = 1 6 ( 1 + 3 2 αϕ^{′ 2} ) ϕ^{′ 2} − 1 3 V . (14)

It is possible to rewrite (13) and (14) as A^{′′} = − 2 3 ϕ^{′ 2} ( 1 + αϕ^{′ 2} ) . (15)

Now, to extend the first-order framework to the braneworld scenario, we follow the work in [5], and choose the derivative of the warp factor with respect to the extra dimension to be a function of the scalar field

A^′ = − 1 3 W (ϕ). (16)

Substituting (16) into (15), we get

ϕ^′ + αϕ^{′ 3} = 1 2 W_ϕ , (17)

this equation is a cubic equation in ϕ^′, then the real solution to this cubic equation is given by

ϕ^′ = m(W_ϕ) 6α − 2 m(W_ϕ) , (18)

where

m(W_ϕ) = ( 54α^2W_ϕ + 6 √ 3 ( 16α^3 + 27α^4W^2_ϕ )_{1/2})1/3 . (19) p-2

Fermion localization on branes with generalized dynamics

It is instructive to note that the equation (18) is the firstorder differential equation for the scalar field ϕ. The potential is obtained by substituting (16) in (14)

V (ϕ) = 1 2 ϕ^{′ 2} + 3 4 αϕ^{′ 4} − 1 3 W (ϕ)^2 , (20)

where ϕ^′ is given by (18). On the other hand, we consider the energy functional [5] E[A, ϕ] = ∫ dy(−L_{system}), (21) where L_{system} = √ |g| [−R/4 + L(ϕ, X)]. This energy functional coincides with the Hamiltonian deduced from Einstein-Hilbert action (including a surface term), which is well-defined for spatially noncompact geometries and it is fully agree with the definition of the total energy in general relativity, as was reported by Hawking [32]. In our case, (21) becomes E [A, ϕ] = ∫_∞ −∞ dy e^{4A} { 1 2 ϕ^{′ 2} − 3A^{′ 2} + α 4 ϕ^{′ 4} + V } . (22) The Euler-Lagrange differential equations from the functional (22) are the static equations of motion (12) and (13), this result is valid for all α. Otherwise, substituting the potential (20) in (22), for α which is not necessarily small, we can not deduce the first order differential equations (16) and (18) from the energy functional, therefore the solutions of the first order differential equations not necessarily minimize the energy functional. At this point, it is also instructive to analyze the matter energy in the model with nonstandard dynamics. From (6), (8) and (20), we get

E_ϕ = ∫_∞ −∞ dr e^{2A} { ϕ^{′ 2} + αϕ^{′ 4} − 1 3 W^2 } . (23)

Finally, using (15) and (16) and integrating, we obtain

E_ϕ = 1 2 ( e^{2A(∞)}W (ϕ(∞)) − e^{2A(−∞)}W (ϕ(−∞)) ) , (24) the value of the matter energy for all α. Note that the matter energy depends on the asymptotic behavior of the warp factor. Now, we follow the same procedure of [24] and let us focus our study in the case of α very small. Thus, the solution of (17), up to first-order in α becomes

ϕ^′ = 1 2 W_ϕ − α 8 W^3_ϕ , (25)

and substituting (25) into (20) we obtain the potential

V (ϕ) = 1 8 W^2_ϕ − α 64 W^4_ϕ − 1 3 W^2 . (26)

At this point we turn to examine the energy functional (22). Substituting the potential (26) in (22), we get E [A, ϕ] = ∫_∞ −∞ dy { 1 2 ( ϕ^′ − 1 2 W_ϕ + α 8 W^3_ϕ

)_2

−3 ( A^′ + 1 3 W )_2} + α 8 ∫_∞ −∞ dy ( 2ϕ^{′4} + 3 8 W^4_ϕ

−W^3_ϕ ϕ^′ ) + 1 2 ∫_∞ −∞ dy d dy ( W e^{4A} ) . (27)

From (27) we get a important new result, the solutions of the first order differential equations, (16) and (25), are those that minimize the energy functional. Thus, the first order differential equations can be seen as the BPS equations and the energy functional could play the role of a BPS energy in such scenario. The value of the energy system for α very small is given by E [A, ϕ] = | | |e^{4A(∞)}W (ϕ(∞)) − e^{4A(−∞)}W (ϕ(−∞)) | | | . (28) Again, the asymptotic behavior of the warp factor plays a leading role in the value of the energy functional. Now, we find explicitly the solutions for (16) and (25), which minimizes the energy functional. Then, the solution for (25) becomes

ϕ(y) = ϕ_0(y) − α 4 W_ϕ(ϕ_0(y))W (ϕ_0(y)) , (29)

where ϕ_0(y) is the solution when α = 0. From (16) and (29), we obtain

A(y) = A_0(y) + α 12 W (ϕ_0(y))^2, (30)

where A_0(y) represents A(y) when α = 0. The matter energy density given by (6) is

ρ = e^{2A(y)} ( 1 4 W^2_ϕ − 1 3 W^2 − α 16 W^4_ϕ ) , (31)

substituting (29) and (30) in (31), we obtain

ρ = ρ_0 − α 48 e^{2A0(y)}G_0 , (32)

where

ρ_0 = e^{2A0(y)} ( 1 4 W^2_ϕ − 1 3 W^2 ) ϕ=ϕ_0 (33) and G_0 = ( 6W_{ϕϕ}W^2_ϕ W − 10W^2W^2_ϕ + 3W^4_ϕ + 8 3 W^4 ) ϕ=ϕ_0 (34) note that the energy density (32) is a little bit different from that given in [24]. To show the validity of the solutions, (29), (30) and (32), we consider the superpotential W (ϕ) of the form [7]

W (ϕ) = 3 b c sin (√ 2 3b ϕ ) , (35)

where b and c are positive parameters. The classical solutions for (29) and (30) are given by ϕ(y) = √ 3b 2 arcsin [tanh (c y)] − 3 √ 6α 4 b^{3/2}c^2

p-3

× tanh (c y) sech (c y) , (36) and A(y) = b ln [sech (c y)] + 3α 4 b^2c^2 tanh^2 (c y) . (37)

The profiles of the matter energy density and the Ricci scalar are shown in fig. 1 for α = 0.1. A similar behavior is obtained for α = 1 and α = 10. Note that the presence of regions with positive Ricci scalar is connected with the localization of the brane. Also note that far from the brane, R tends to a negative constant, characterizing the AdS_5 limit from the bulk. In the limit |y| → ∞, the warp factor is e^{2A} → 0, therefore the matter energy (24) and the energy of system (28) both are zero and the thick brane solution coincides with the solution of RS model as bc = constant [33]. Now on, we can analyze the exact solutions in the thin brane limit (c → ∞ and the product bc is held fixed) [33, 34], we obtain ϕ(y) = √ 6b 4 π sgn(y) , (38) A(y) = −bc| y| + 3α 4 b^2c^2 , (39)

where the term^{3α}_4 b^2c^2 in (39) is the contribution of nonstandard kinetic term on the branemodel geometry. From this we get another new result, the solutions of the braneworld model treated here is consistent, because when α = 0 it reduces to the solutions of RS model (thin brane model).

Fig. 1: The profiles of the matter energy density (thin line) and Ricci scalar (thick line) for b = 2/3, c = 1 and α = 0.1.

Fermion localization. – The action for a Dirac spinor field coupled with the scalar fields by a general Yukawa coupling is S = ∫ d^5x √ | g| [ iΨ̄Γ^M ∇_M Ψ − ηΨ̄F (ϕ)Ψ ] , (40)

where η is the positive coupling constant between fermions and the scalar field. Moreover, we are considering the covariant derivative ∇_M = ∂_M +^1_4 ω^{ĀB̄}_M Γ¯_AΓ¯_B , where Ā and B̄, denote the local Lorentz indices and ω^¯A^¯B_M is the spin connection. Here we consider the field ϕ as a background field. The equation of motion is obtained as

i Γ^M ∇_M Ψ − ηF (ϕ)Ψ = 0. (41)

We choose the irreducible representation Γ^μ = e^{−A}γ^μ and Γ^4 = −iγ^5. The equation of motion (41) becomes [ iγ^μ∂_μ + γ^5e^A(∂_y + 2∂_yA) − η e^AF (ϕ) ] Ψ = 0. (42)

Now, we use the general chiral decomposition Ψ(x, y) = ∑ n ψ_{Ln} (x)α_{Ln} (y) + ∑ n ψ_{Rn} (x)α_{Rn} (y), (43)

with ψ_{Ln} (x) = −γ^5ψ_{Ln} (x) and ψ_{Rn} (x) = γ^5ψ_{Rn} (x). With this decomposition ψ_{Ln} (x) and ψ_{Rn} (x) are the left-handed and right-handed components of the fourdimensional spinor field, respectively. After applying (43) in (42), and demanding that iγ^μ∂_μψ_{Ln} = m_nψ_{Rn} and iγ^μ∂_μψ_{Rn} = m_nψ_{Ln} , we obtain two equations for α_{Ln} and α_{Rn} [∂_y + 2∂_yA + ηF (ϕ)] α_{Ln} = m_ne^{−A}α_{Rn} , (44)

[∂_y + 2∂_yA − ηF (ϕ)] α_{Rn} = −m_ne^{−A}α_{Ln} . (45)

The orthonormality condition for α_{Ln} and α_{Rn} is given by ∫_∞ −∞ dy e^{3A}α_{Lm}α_{Rn} = δ_{LR}δ_{mn}. (46) Implementing the change of variables z = ∫_y 0 e^{−A(y ′ )}dy^′, (47)

α_{Ln} = e^{−2A}L_n and α_{Rn} = e^{−2A}R_n, we get

− L^{′′}_n(z) + V_L(z)L_n = m^2_nL_n , (48)

− R^{′′}_n(z) + V_L(z)R_n = m^2_nR_n , (49)

where

V_L(z) = η^2e^{2A}F^2(ϕ) − η∂_z ( e^AF (ϕ) ) , (50)

V_R(z) = η^2e^{2A}F^2(ϕ) + η∂_z ( e^AF (ϕ) ) . (51)

Using the expressions ∂_zA = e^{A(y)}∂_yA and ∂_z F = e^{A(y)}∂_yF , we can recast the potentials (50) and (51) as a function of y [21]

V_L(z(y)) = ηe^{2A} [ ηF^2 − ∂_yF − F ∂_yA(y) ] , (52) V_R(z(y)) = V_L(z(y))|_{η→−η} . (53)

Now we focus attention on the calculation of the zero mode. Substituting m_n = 0 in (44) and (45) and using α_{Ln} = e^{−2A}L_n and α_{Rn} = e^{−2A}R_n, respectively, we get

L_0 ∝ exp [ −η ∫_y 0 dy^′F (ϕ) ] , (54)

p-4

Fermion localization on branes with generalized dynamics

R_0 ∝ exp [ η ∫_y 0 dy^′F (ϕ) ] . (55)

This fact is the same to the case of two-dimensional Dirac equation (isolated solutions) [35]. In order to guarantee the normalization condition (46) for the left-handed fermion zero mode (54), the integral must be convergent, i.e ∫_∞ −∞ dy exp [ −A(y) − 2η ∫_y 0 dy^′F (ϕ(y^′)) ] < ∞. (56) This result clearly shows that the behavior of F (ϕ(y)) plays a leading role for the fermion localization on the brane [21].

Fig. 2: Potential profile of VL(y) for η = 1, b = 2/3, c = 1, α = 0.1 (dotted line), α = 1 (dashed line) and α = 10 (thin line).

Fig. 3: Potential profile of VR(y) for η = 1, b = 2/3, c = 1, α = 0.1 (dotted line), α = 1 (dashed line) and α = 10 (thin line).

Zero mode and fermion localization. From now on, we mainly consider the simplest case F (ϕ) = ϕ. First, we consider the normalizable problem of the solution. In this case, from eqs. (36) and (37) the integrand in (56) can be expressed as

I = exp [ −b ln (sech (c y)) − 3α 4 b^2c^2 tanh^2 (c y)

−η √ 6b Ī(y) − η 3 √ 6α 2 b^{3/2}c sech(cy) ] , (57)

where Ī = ∫ dy^′ arcsin [tanh(cy^′)]. Following the same procedure of [15], we only need to consider the asymptotic behavior of the integrand. It becomes

I → exp [ − ( η π √ 3b 2 − bc ) | y| − 3 4 αb^2c^2 ] . (58)

This result clearly shows that if η >^c_π √_{2b} 3 the zero mode of the left-handed fermions is normalized. Note that the asymptotic behavior of the normalization condition for this case is independent of α. For the right-handed fermions, we can use the change η → −η (that implies L_0 → R_0) in (58) and we can conclude that the righthanded fermions can not be a normalizable zero mode. The shape of the potentials for this case are shown in figures 2 and 3 for some values of α. The Fig. 2 shows that the potential of left-handed fermions, V_L, is indeed a volcano-like potential and that the depth of the well structure decreases as α increases. From this, we can conclude that the ability to trap fermions of the effective potential V_L is inversely proportional to α. On the other hand, Figure 3 shows that the potential V_R is always positive (none bound fermions) and this effective potential has a maximum that decreases as α increases. The analytic expressions for this model are only valid for α small. For α, which is not necessarily small, the numerical study is used. The numerical study done for a large range of values of α bear out our results.

Conclusions. – We have considered the braneworld model with nonstandard kinetic terms L = K(X) − V (ϕ), where K = X + α| X|X (type I model in [24]). This letter completes the analysis of the meritorious research in [24]. We showed that the equations of motion for all α can be deduced from the functional E[A, ϕ] (22), as done by Townsend [5] in the case of standard dynamics. Furthermore, we showed that for α small the solutions of the first order differential equations, (16) and (25), are those that minimize the energy of system. In contrast, for α, which is not necessarily small, the solutions of the first order differential equations not necessarily minimize the energy of system. Also, we showed that the value of the matter energy and the energy of system depends on the asymptotic behavior of the warp factor. We found an expression for the matter energy density that differs slightly from [24]. The numerical study gives full support to our matter energy density expression for α small. Furthermore, we showed that the braneworld model with nonstandard dynamics treated here is consistent, because it reduces to the RS model (thin brane model) for α = 0. We also have investigated the localization problem of fermions for the type I model. We have used the simplest Yukawa coupling ηΨ̄ϕΨ between the scalar and the spinor fields. In order to guarantee the normalization condition for the p-5

L. B. Castro and L. E. Arroyo Meza

zero mode, we showed that the zero mode of left-handed fermions is normalizable under the condition η >^c_π √_{2b} 3 and it is independent of α. For this kind of solution, the effective potential of left-handed fermions V_L is a volcanolike potential. V_L has a minimum at the localization of the brane (y = 0), therefore the zero mode of the left-handed is localized on the brane. On the other hand, the value of α adjust the minimum of V_L, the depth of the well structure decreases as α increases. Therefore, we can conclude that the ability to trap fermions of V_L is inversely proportional to α. For α not necessarily small, the numerical study done for a large range of values of α bear out our results and conclusions. Finally, based on our results, we intend to expand the present study to analyze the interesting problem of localization of another spin fields. ∗ ∗ ∗ The authors would like to thank Professors J. M. Hoff da Silva and M. B. Hott for useful discussion. The authors are also indebted to the anonymous referee for an excellent and constructive review. This work was supported in part by means of funds provided by CAPES. L.E.A.M. thanks the Brazilian funding agency CAPES for support through a scholarship under the PEC-PG program.

REFERENCES

[1] Randall L. and Sundrum R., Phys. Rev. Lett., 83 (1999) 3370.

[2] Gogberashvili M., Mod. Phys. Lett. A, 14 (1999) 2025;

Int. J. Mod. Phys. D, 11 (2002) 1639; Europhys. Lett., 49 (2000) 396; Int. J. Mod. Phys. D, 11 (2002) 1635.

[3] Randall L. and Sundrum R., Phys. Rev. Lett., 83 (1999) 4690.

[4] Goldberger W. D. and Wise M. B., Phys. Rev. Lett., 83 (1999) 4922.

[5] Skenderis K. and Townsend P. K., Phys. Lett. B, 468 (1999) 46.

[6] DeWolfe O., Freedman D. Z., Gubser S. S. and Karch A., Phys. Rev. D, 62 (2000) 046008.

[7] Gremm M., Phys. Lett. B, 478 (2000) 434. [8] Bazeia D. and Gomes A. R., J. High Energy Phys., 05 (2004) 012.

[9] Randjbar-Daemi S. and Shaposhnikov M., Phys. Lett.

B, 492 (2000) 361.

[10] Bajc B. and Gabadadze G., Phys. Lett. B, 474 (2000) 282; Pomarol A., Phys. Lett. B, 486 (2000) 153.

[11] Grossman Y. and Neubert M., Phys. Lett. B, 474 (2000) 361; Stojkovic D., Phys. Rev. D, 63 (2000) 025010; Hatsuda M. and Sakaguchi M., Nucl. Phys. B, 577 (2000) 183; Oda I., Phys. Lett. B, 571 (2003) 235.

[12] Dubovsky S. L., Rubakov V. A. and Tinyakov P. G., Phys. Rev. D, 62 (2000) 105011; Rubakov V. A., Phys. Usp., 44 (2001) 871; Rubakov V. A. and Shaposhnikov M. E., Phys. Lett. B, 128 (1983) 136.

[13] Mouslopoulos S., J. High Energy Phys., 05 (2001) 038. [14] Ringeval C., Peter P. and Uzan J.-P., Phys. Rev.

D, 65 (2002) 044016; Bietenholz W., Gfeller A. and

Wiese U.-J., J. High Energy Phys., 10 (2003) 018; Koley R. and Kar S., Class. Quantum Grav., 22 (2005) 753.

[15] Melfo A., Pantoja N. and Tempo J. D., Phys. Rev.

D, 73 (2006) 044033.

[16] Aguilar S. and Singleton D., Phys. Rev. D, 73 (2006) 085007; Singleton D., Phys. Rev. D, 70 (2004) 065013.

[17] Gogberashvili M., Midodashvili P. and Singleton D., J. High Energy Phys., 08 (2007) 033; Gogberashvili M. and Singleton D., Phys. Rev. D, 69 (2004) 026004.

[18] Gibbons G., Maeda K. and Takamizu Y., Phys. Lett.

B, 647 (2007) 1; Davies R. and George D. P., Phys. Rev. D, 76 (2007) 104010.

[19] Liu Y.-X., Zhang L.-D., Zhang L.-J. and Duan Y-. S., Phys. Rev. D, 78 (2008) 065025; Liu Y.-X., Zhang X.-H., Zhang L.-D. and Duan Y-. S., J. High Energy Phys., 02 (2008) 067; Zhao Z.-H., Liu Y.-X. and Li H.-T., Class. Quantum Grav., 27 (2010) 185001.

[20] Almeida C. A. S., Casana R., Ferreira Jr. M. M.

and Gomes A. R., Phys. Rev. D, 79 (2009) 125022. [21] Castro L. B., Phys. Rev. D, 83 (2011) 045002. [22] Correa R. A. C., de Souza Dutra A. and Hott M.

B., Class. Quantum Grav., 28 (2011) 155012.

[23] Perlmutter S. J., et al., Astrophys. J., 517 (1999) 565; Bachall N. A., Ostriker J. P., Perlmutter S. J. and Steinhardt P. J., Science, 284 (1999) 1481.

[24] Bazeia D., Gomes A. R., Losano L. and Menezes R., Phys. Lett. B, 671 (2009) 402.

[25] Chiba T., Okabe T. and Yamaguchi M., Phys. Rev. D, 62 (2000) 023511.

[26] Armendariz-Picon C., Mukhanov V. F. and Steinhardt P. J., Phys. Rev. Lett., 85 (2000) 4438.

[27] Armendariz-Picon C., Damour T. and Mukhanov V.

F., Phys. Lett. B, 458 (1999) 209.

[28] Armendariz-Picon C., Mukhanov V. F. and Steinhardt P. J., Phys. Rev. D, 63 (2001) 103510.

[29] Kaplan D. B., Nelson A. E. and Weiner N., Phys.

Rev. Lett., 93 (2004) 091801; Peccei R. D., Phys. Rev. D, 71 (2005) 023527; Brookfield A. W., van de Bruck C., Mota D. F. and Tocchini-Valentini D., Phys. Rev. D, 73 (2006) 083515.

[30] del Aguila F., Pérez-Vitoria M. and Santiago J., J.

High Energy Phys., 02 (2003) 051; Kolanović M., Phys. Rev. D, 67 (2003) 106002; del Aguila F., Pérez-Vitoria M. and Santiago J., Eur. Phys. J. C, 33 (2004) 733.

[31] Adam C., Sanchez-Guillen J. and Wereszczynski A., J. Phys. A, 40 (2007) 13625.

[32] Hawking S. W. and Horowitz G. T., Class. Quantum Grav., 13 (1996) 1487.

[33] Dahia F. and Romero C., Phys. Lett. B, 651 (2007) 232. [34] Mannheim P. D., Brane-Localized Gravity (World Scientific Publishing, Singapore) 2005.

[35] de Castro A. S. and Hott M. B., Phys. Lett. A, 351 (2006) 379; Castro L. B. and de Castro A. S., J. Phys. A: Math. theor., 40 (2007) 263; Castro L. B. and de Castro A. S., Phys. Scr., 75 (2007) 170; Castro L. B. and de Castro A. S., Int. J. Mod. Phys. E, 16 (2007) 2998; Castro L. B., de Castro A. S. and Hott M. B., Int. J. Mod. Phys. E, 16 (2007) 3002; Castro L. B. and de Castro A. S., Phys. Scr., 77 (2008) 045007.

p-6