arXiv:1102.4500v2 [hep-th] 5 Apr 2012

. Deformed brane with finite extra dimension

Yu-Xiao Liu^∗, Chun-E Fu^†, Heng Guo^‡, Hai-Tao Li^§ Institute of Theoretical Physics,Lanzhou University, Lanzhou 730000, People’s Republic of China

We construct a deformed brane solution generated by a double-kink scalar field and a dilaton scalar field. In this brane scenario the extra dimension is finite, which is due to the introduction of the dilaton field with special form. The finity of the extra dimension will result in the localization of the zero mode for the vector fields. While the localization of the Kalb-Ramond fields depends on the coupling to the dilaton. For the fermion fields, with different values of the dilaton-fermion coupling constant, there are three types of the effective potential for the fermion KK modes. Moreover, we investigate the effect of the deformation of the brane on the localization, and find that the number of the resonances will increase with the distances of the two sub-branes.

PACS numbers: 04.50.-h, 11.27.+d

I. INTRODUCTION

Extra dimensions and braneworld theories [1–3] have attracted more and more attention, because they can provide an interesting new way for solving problems involving cosmological constant and hierarchy [4–6], such as the Arkani-Hamed-Dimopoulos-Dvali (ADD) model and the the Randall-Sundrum (RS) model. In these two models, the extra dimensions are flat and compact for the former one and infinite for the latter one, but both the branes in the two models have no thickness. So the thick brane models were built, which are naturally generated by one or more real scalar fields [7–22], and the extra dimensions are usually infinite in these models.

In Ref. [23], the author investigated the splitting of the thick Minkowski brane generated by a complex scalar field coupled to gravity, and showed that the deformation of the brane is due to a first-order phase transition. And in another aspect, the authors in Refs. [24–27] built brane models described by real or complex scalar fields, which also engender internal structure. The internal structure depends on the properties of the scalar fields.

In this paper we would like to construct a deformed brane with finite extra dimension and study the effect of the deformation on the localization of various matter fields. Usually, a scalar potential with two vacua would generate a single thick brane. Such potential could be chosen as a usual ϕ^4 one. However, in order to generate a deformed brane containing two sub-branes, it needs a potential with three vacua. So for simplicity, the scalar potential is selected as the usual ϕ^6 one for the purpose of generating the splitting brane. On the other hand, the extra dimension for the one-scalar generated brane is infinite, which is the reason that the vector can not be

∗liuyx@lzu.edu.cn †fuche08@lzu.edu.cn, corresponding author ‡guoh06@lzu.edu.cn §liht07@lzu.edu.cn

localized on the brane in 5-dimensions. So in the paper we add another scalar, a dilaton, with which the extra dimension would become finite and the vector could be localized on the brane. In a word, we would obtain a thick flat split-brane solution with internal structure and the extra dimension is finite in this brane model. Then we will investigate the localization of various bulk fields on this brane world.

The localization of various bulk matter fields is important to build up the standard model. It has been known that massless scalar fields and gravitons can be localized on branes with exponentially decreasing warp factor [5, 28]. The spin-1 Abelian vector fields usually can only be localized on the RS brane in some higher-dimensional cases [29], or on the thick de Sitter brane and the Weyl thick brane [30, 31]. But in our thick flat brane model, the vector fields also can be localized, which can be seen in the following discussion.

The antisymmetric Kalb-Ramond (KR) tensor field B_{μν} was first introduced in the string theory as a massless mode. Then it was used to explain the torsion of the space-time in the Einstein-Cartan theory. While in theories of extra dimensions, they indicate new types of particles [32]. So any observational effect involving the KR fields is a window into the inaccessible world of very high energy physics. Thus the investigation of KR fields in the context of extra dimension theories has been carried out [33–38]. We are also interested in the localization of the KR field.

The localization of spin 1/2 fermion fields is also interesting. It has been proved that, in order to normalize the zero mode, the fermion fields should couple with the background scalars. With different scalar-fermion couplings, there will exist a single bound state and a continuous gapless spectrum of massive fermion Kaluza- Klein (KK) states [13, 26, 39–42], or exist finite discrete KK states (mass gap) and a continuous gapless spectrum starting at a positive m^2 [12, 27, 31, 43–45], or even only exist bound KK modes [46–48]. We will show that with one type of scalar-fermion coupling there also can exist the above three cases, which is decided by the value of the dilaton-fermion coupling constant.

This paper is organized as follows: In Sec. II, we use a numerical method to obtain a solution of a thick flat split-brane, in which the extra dimension is finite. Then, in Sec. III, we study the stability of the solution and investigate localization of vector, KR, and fermion fields on this brane world. Finally, a brief discussion and conclusion are given in Sec. IV.

II. THE DEFORMED BRANE WITH FINITE EXTRA DIMENSION

In this paper we consider the model of thick branes generated by two interacting scalars ϕ and π. The corresponding action of the system is S = ∫ d^5x √ −g [ R 2κ^2_5 − 1 2 (∂ϕ)^2 − 1 2 (∂π)^2 − V̄ (ϕ, π) ] , (1)

where κ^2_5 = 8πG_5 with G_5 the 5-dimensional Newton constant, and V̄ (ϕ, π) is the potential making the thick branes be realized naturally. Here we set κ_5 = 1. The line-element of the 5-dimensional space-time is assumed as ds^2 = e^{2A(z)} ( η_{μν} dx^μdx^ν + dz^2 ) , (2)

where z stands for the extra coordinate, and e^{2A(z)} is the warp factor. According to the symmetry of the metric, we can suppose that the background scalars ϕ, π are only the functions of z. Then the equations of motion from the action (1) with the ansatz (2) read:

ϕ^{′2} + π^{′2} = 3(A^{′2} − A^{′′}), (3) −2 V̄ (ϕ, π) = 3 e^{−2A}(3A^{′2} + A^{′′}), (4) ∂V̄ (ϕ, π) ∂ϕ = e^{−2A} ( ϕ^{′′} + 3A^′ϕ^′ ) , (5) ∂V̄ (ϕ, π) ∂π = e^{−2A} ( π^{′′} + 3A^′π^′ ) . (6)

Firstly we analyze the character of the extra dimension through Eq. (3). Inspired by the idea in Ref. [20], we assume that the dilaton field has the form π = √ 3b A with b a positive constant, thus Eq. (3) is reduced to A^{′′} = − 1 3 ϕ^{′2} + (1 − b)A^{′2}. (7)

So for ϕ^′(z → ±∞) → 0, we have A^{′′} = (1 − b) A^{′2}, from which we could obtain the behavior of the warp factor at infinity: A(z → ±∞) → {_{ln [|(1−b)z|]} b−1 for b ≠ 1 k|z| for b = 1 . (8)

Here we are interested in the case of b ≠ 1. Thus whether the physical length of the extra dimension y is finite or not can be checked by performing a coordinate transformation dy = e^Adz. From the following expression ∫_{yb} y_0 dy = ∫_{+∞} z_0 e^{A(z)}dz → ∫_{+∞} z_0 [ |(1 − b)|z ] 1_{b−1} dz ∝ b − 1 b lim z→+∞ (z^{bb−1} − z^{bb−1}_0 ), (9)

where y_0 and z_0 are positive constants, it is clear that, for 0 < b < 1, we will get a finite extra dimension with two boundaries at y = ±y_b. Therefore, throughout this paper, the parameter b will be limited to 0 < b < 1. Note that for the standard Randall-Sundrum brane scenario (the case b = 0), it can be shown that the physical extra dimension is infinite.

For our choice of π = √ 3b A, we get the following relation from Eqs. (4) and (6) for the potential V̄ (ϕ, π): − 2V̄ (ϕ, π) = √ 3/b ∂V̄ (ϕ, π) ∂π , (10)

which results that the potential should be taken the form of V̄ = V (ϕ)e^{−2} √_{b/3 π} . And the equations of motion (3)- (6) are simplified as: A^{′′} = − 1 3 ϕ^{′2} + (1 − b)A^{′2}, (11)

ϕ^{′′} = e^{2(1−b) A} dV (ϕ) dϕ − 3A^′ϕ^′, (12)

2V (ϕ) = e^{2(b−1) A} [ ϕ^{′2} + 3(b − 4)A^{′2} ] . (13)

Now there are left three equations for three variables, but these equations are not independent. So if given the potential

V (ϕ) = v_0 + g_1ϕ^2 − g_2ϕ^4 + g_3ϕ^6 (14)

with v_0, g_1, g_2, g_3 all positive constants, we can get the brane solutions by numerical method with the boundary conditions

A(0) = A^′(0) = ϕ(0) = 0, ϕ(z → ±∞) = ±ϕ_0. (15)

Here ϕ_0 is a positive constant. For this brane world, it is the form of the dilaton that is crucial to the finity of the extra dimension.

The shapes of the warp factor, scalar fields ϕ and π, and the profiles of energy density T_{00}, which is defined as T_{00} = ϕ^{′2} +3(b−2)A^{′2}, are plotted in Fig. 1. And we find that for some proper values of g_1 there exists double-kink solution for the scalar field ϕ. Thus the brane splits into two sub-branes. With the increase of g_1, the distance of the two sub-branes will increase.

In the following section, we will investigate the localization of bulk matters in this braneworld. And we will mainly analyse the effect of the finity of the extra dimension and the dilaton scalar on the localization.

FIG. 1: The shapes of the warp factor e^{2A(z)}, the scalar field ϕ(z), the dilaton field π(z) and the energy density T00(z). The parameters are set to g2 = 3.5, g3 = 1, b = 0.5.

III. LOCALIZATION AND MASS SPECTRA OF

VARIOUS BULK MATTER FIELDS ON THE BRANE

In this section we will investigate the localization and mass spectra of various bulk matter fields.

Firstly, we can see whether the solution is stable by giving the metric a fluctuation h_{μν} , so the metric (2) reads as

ds^2 = e^{2A(z)} [ (η_{μν} + h_{μν} )dx^μdx^ν + dz^2 ] . (16)

Using the gauge choice h^μ = ∂^μh_{μν} = 0, we can find the h_{μν} takes the following form [ ∂^2_z + 3A^′(z)∂_z + □^{(4)} ] h_{μν} (x^a, z) = 0 (17)

with □^{(4)} ≡ η^{μν} ▽_μ▽_ν and ▽_μ the covariant derivative with respect to the four-dimensional metric η_{μν} . Then through the KK decomposition h_{μν} (x^a, z) = ϵ(x^a)ξ(z)e^{−3A/2}, we can obtain the following Schrödinger equation for the KK modes

(−∂^2_z + V_g )ξ(z) = m^2ξ(z), (18) where m^2 are the masses of the KK modes and the effective potential is V_g =^3_2 A^{′′} +^9_4 A^{′2}. Because the formulation (18) can be written as [ − ∂_z − 3 2 A^′(z) ][ ∂_z − 3 2 A^′(z) ] ξ(z) = m^2ξ(z), (19)

there is no tachyon. We plot the shapes of the potential in Fig. 2, from which it can be seen that there exists a zero mode ξ_0 ∝ e^{3A/2}. As

ξ^2_0 → 1 [ (1 − b)z ] 3_{2(1−b)} → 0, (20)

the integral ∫ ξ^2_0 dz is finite for 0 < b < 1, so the zero mode (4-dimensional massless graviton) can be localized on the brane. The shape of the zero mode is also plotted in Fig. 2.

A. Spin-1 vector fields

Now we investigate the localization of the massless spin-1 vector fields in 5-dimensional space-time. The ac-

FIG. 2: The shapes of the potential Vg (z) for the gravity KK modes and the gravity zero mode ξ0(z). The parameters are set to g2 = 3.5, g3 = 1, b = 0.5.

tion of a massless vector field coupled with gravity and the dilaton is

S_1 = − 1 4 ∫ d^5x √ −g e^{σπ} g^{MR}g^{NS} F_{MN} F_{RS} , (21) where the field strength tensor is given by F_{MN} = ∂_M A_N − ∂_N A_M and σ is the coupling constant. Then the equations of motion can be obtained using the background geometry (2): e^{σπ} 1 √ −ĝ ∂_ν ( √ −ĝĝ^{νρ}ĝ^{μλ}F_{ρλ}) +ĝ^{μλ}e^{−A}∂_z ( e^{(A+σπ)}F_{zλ} ) = 0, (22)

e^{σπ} ∂_μ( √ −ĝĝ^{μν} F_{ν4}) = 0. (23)

With the decomposition of the vector field A_μ(x, z) = ∑ n a^{(n)}_μ (x)ρ_n(z)e^{−(1+√3b σ)A/2} and the gauge choice A_4 = 0, we find that the KK modes of the vector field satisfy the following Schrödinger-like equation: [ −∂^2_z + V_1(z) ] ρ_n(z) = m^2_nρ_n(z) (24)

with m_n the masses of the 4-dimensional vectors, and

V_1(z) =

(1 + √ 3b σ)^2 4 A^{′2} + 1 + √ 3b σ 2 A^{′′}. (25)

And furthermore providing the orthonormality condition ∫_∞ −∞ dz ρ_m(z)ρ_n(z) = δ_{mn}, (26)

we can get the 4-dimensional effective action:

S_1 = ∑ n ∫ d^4x √ −ĝ ( − 1 4 ĝ^{μα}ĝ^{νβ}f^{(n)}_{μν} f^{(n)}_{αβ} − 1 2 m^2_n ĝ^{μν} a^{(n)}_μ a^{(n)}_ν ) , (27) where f^{(n)}_{μν} = ∂_μa^{(n)}_ν − ∂_ν a^{(n)}_μ is the 4-dimensional field strength tensor.

With the conditions (15), it can be found that the potential trends to^{−1−√3b σ}_6 ϕ^′(0)^2 at z = 0, and vanishes at infinity. So when σ > −1/ √ 3b, there may exist a bound zero mode, which can be obtained by setting m_0 = 0:

ρ_0 ∝ e^{(1+} √ 3b σ) 2 A(z). (28)

We can check whether it satisfies the normalization condition (26): ∫_∞ −∞ ρ^2_0dz ∝ ∫_∞ −∞ e^{(1+√3b σ)A(z)}dz < ∞, (29) which is equivalent to ∫_∞ 1 [ (1 − b)z ] 1+^√3b σ_{b−1} dz < ∞. (30) We can find that the vector zero mode can be localized on the region between the sub-branes with σ > − √ b/3 and 0 < b < 1. If there is no coupling (σ = 0), the vector zero mode will be ρ_0 = c_0e^{A/2}, so with the coordinate transformation dz = e^{−A}dy the integral (26) becomes ∫_∞ −∞ ρ^2_0dz = ∫_{yb} −y_b c^2_0dy = 2c^2_0y_b = 1, (31)

and the normalization coefficient is c_0 = 1/ √ 2y_b. Because the physical extra dimension y is finite, the above integral is finite. Hence, the vector zero mode can also be localized on the brane even without the coupling, which could be seen from Fig. 3. The shapes of the potential with the coupling and the zero mode are also plotted in Fig. 3.

From Fig. 3, we can see that there may exist some vector resonances for σ ≠ 0. Following Refs. [49] we calculate numerically the masses and the life-time for the

FIG. 3: The shapes of the potential V1(z) and the vector zero mode ρ0(z) with g2 = 3.5, g3 = 1, b = 0.5.

resonances in Table I, and find that the number and the lift-time of the resonances increase with the distance between the two sub-branes. g1 n m^2 m δm τ 2 1 6.63921 2.57667 0.006518451883 153.41066

2.6 1 1.94348 1.39409 0.000118884093 8411.55427 2 5.69137 2.38566 0.078850635906 12.68221

1 0.33613 0.57976 1.9641206011×10^{−5} 50913.37057 2.676 2 1.30244 1.14124 7.3715986182×10^{−5} 13565.57854 3 2.79574 1.67205 0.002230625464 448.30475 4 4.65884 2.15844 0.038868015350 25.72810

TABLE I: The mass m^2, width δm, and life-time τ for resonances of the vector field for different g1.

B. The Kalb-Ramond fields

We now turn to the KR fields in this subsection. The action of a KR field coupled with the background dilaton scalar π is

S_{KR} = − ∫ d^5x √ −g e^{ζπ}H_{MNL}H^{MNL} (32) with H_{MNL} =^1_6 ∂_{[M} B_{NL]} the field strength for the KR field B_{MN} and ζ the coupling constant between the KR field and the dilaton field. Then the equations of motion derived from this action and the conformally flat metric (2) are:

e^{ζπ}∂_μ( √ −gH^{μαβ} ) + ∂_4( √ −ge^{ζπ}H^{4αβ} ) = 0, (33) e^{ζπ}∂_μ( √ −gH^{μ4β} ) = 0. (34)

If we choose the gauge B_{α4} = 0 and make a decomposition of the KR field as B^{αβ}_{(n)}(x^λ, z) = ∑ n b̂^{αβ}_{(n)}(xλ)U_n(z)e(−7−^√3b ζ)A/2, we can get the Schrödinger equation for U_n(z): [ − ∂^2_z + V_{KR}(z) ] U_n(z) = m^2_nU_n(z), (35)

where m_n are the masses of the 4-dimensional KR fields and the effective potential is

V_{KR} = ( √ 3b ζ − 1)^2 4 A^{′2} + √ 3b ζ − 1 2 A^{′′}. (36)

Provided the orthonormality condition ∫_∞ −∞ dz U_m(z)U_n(z) = δ_{mn}, the action of the KR field (32) is reduced to the following 4-dimensional effective action:

S_{KR} = − ∑ n ∫ d^4x √ −ĝ ( ĝ^{μ′μ}ĝ^{α′α}ĝ^{β′β}ĥ^{(n)}_μ′_α′_β′ĥ^{(n)}_{μαβ} + 1 3 m^2_nĝ^{α′α}ĝ^{β′β}b̂^{(n)}_α′_β′b̂^{(n)}_{αβ} ) (37)

with ĥ^{(n)}_{μαβ} = ∂_{[μ}b̂_{αβ]} the 4-dimensional field strength tensors.

We can find the behavior of the potential for the KR field at z = 0 and z → ∞ :

V_{KR}(z → 0) → 1 − √ 3b ζ 6 ϕ^′(0)^2, (38)

V_{KR}(z → ∞) → 0. (39)

So in order to localize the zero mode, we must make sure ζ > 1/ √ 3b. By setting m_0 = 0, we can solve the zero mode for the KR field:

U_0 ∝ e √ 3b ζ−1 2 A. (40)

One can check whether the zero mode satisfies the normality condition ∫_∞ −∞ dz U^2_0 (z) < ∞. Because we have ∫ U^2_0 dz ∝ [ (1 − b)|z| ]^{√3b ζ−2+b} b−1 for z → ±∞, (41) for ζ > (2−b)/ √ 3b the zero mode can be localized on the brane, but it can not for ζ = 0, which is different with the vector field.

C. The spin-1/2 fermion fields

In this subsection, we investigate the spin-1/2 fermion fields. The Dirac action of a massless spin 1/2 fermion coupled with gravity and the background scalars ϕ and π in 5-dimensional space-time is

S 1_2 = ∫ d^5x √ −g [ Ψ̄Γ^M (∂_M + ω_M )Ψ − ηΨ̄F (ϕ, π)Ψ ] (42)

with F (ϕ, π) the type of the coupling and η the coupling constant. As in Refs. [49], we have Γ^M = (e^{−A}γ^μ, e^{−A}γ^5), ω_μ =^1_2 (∂_z A)γ_μγ_5, ω_5 = 0, where γ^μ and γ^5 are the usual flat gamma matrices in the 4-dimensional Dirac representation. Then the 5- dimensional Dirac equation is [ γ^μ∂_μ + γ^5 (∂_y + 2∂_zA) − ηe^AF (ϕ, π) ] Ψ = 0, (43)

where γ^μ∂_μ is the 4-dimensional Dirac operator. By the general chiral decomposition Ψ(x, z) = e^{−2A} ∑ n ( ψ_{Ln}(x)f_{Ln}(z)+ψ_{Rn}(x)f_{Rn}(z) ) , we get the following coupled equations of f_{Ln}(z) and f_{Rn}(z): [ ∂_z + η e^AF (ϕ, π) ] f_{Ln}(z) = m_nf_{Rn}(z), (44a) [ ∂_z − η e^AF (ϕ, π) ] f_{Rn}(z) = −m_nf_{Ln}(z), (44b)

where ψ_{Ln,Rn}(x) satisfy the four-dimensional massive Dirac equations γ^μ∂_μψ_{Ln}(x) = m_nψ_{Rn}(x) and γ^μ∂_μψ_{Rn}(x) = m_nψ_{Ln}(x). Furthermore we can get the following Schrödinger-like equations for the KK modes of the left- and right-hand fermions from the above coupled equations: ( − ∂^2_z + V_L(z) ) f_{Ln} = m^2_nf_{Ln}, (45a) ( − ∂^2_z + V_R(z) ) f_{Rn} = m^2_nf_{Rn}, (45b)

where the effective potentials take the following form

V_L(z) = ( η e^AF (ϕ, π) )_2 − η∂_z ( e^AF (ϕ, π) ) , (46a) V_R(z) = V_L(z)|_{η→−η}. (46b)

And we can obtain the standard 4-dimensional action for a massless and a series of massive fermions:

S 1_2 = ∑ n ∫ d^4xψ̄_n(x) [ γ^μ∂_μ − m_n ] ψ_n(x) (47) with the following orthonormality conditions for f_{Ln} and f_{Rn}: ∫_∞ −∞ f_{Lm}f_{Ln}dz = δ_{mn}, ∫_∞ −∞ f_{Rm}f_{Rn}dz = δ_{mn}, (48) ∫_∞ −∞ f_{Lm}f_{Rn}dz = 0. If the type of the scalar-fermion coupling is considered to be F (ϕ, π) = e^{λπ}ϕ with λ the dilaton-fermion coupling constant, we can get

V_L(z) = ηe^{(1+} √ 3bλ)A ( ηϕ^2e^{(1+} √ 3bλ)A

−(1 + √ 3bλ)A^′ϕ − ∂_zϕ ) , (49a)

V_R(z) = V_L(z)|_{η→−η}. (49b)

Thus we obtain the behavior of the potential at z = 0 and z → ∞:

V_{L,R}(z → 0) = ηϕ^′(0), (50a)

V_L(z → ±∞) = η^2ϕ^2_0 [ (1 − b)|z| ]^{2(1+√3bλ)} b−1 − ηϕ_0(1+ √ 3bλ) [ (1−b)|z| ]^{(1+√3bλ)}_{b−1 −1} , (50b) V_R(z → ±∞) = V_L(z ± ∞)|_{η→−η} . (50c) So it can be seen that the behavior of the potentials at z → ±∞ is decided by the dilaton-fermion coupling constant λ, and there are three types of potentials for different λ, which are similar with that in Ref. [33]. For λ = −1/ √ 3b and λ > −1/ √ 3b the potential for lefthand fermion is PT-like and volcano-like ones, respectively. For λ < −1/ √ 3b it is infinite potential well. And there is always a zero mode for the left-hand fermion with η > 0 for these three cases, which takes the form:

f_{L0}(z) ∝ exp ( −η ∫_z 0 dze^{A(z)}F (ϕ(z), π(z)) ) . (51)

Then we can check whether the zero mode can be localized on the brane by checking whether the following integral ∫ f^2_{L0}(z)dz ∝ ∫ exp ( −2η ∫_z 0 dze^{A(z)}F (ϕ(z), π(z)) ) dz (52) is finite. As we have e^AF (ϕ, π) → [ (1 − b)z ] 1+^√3bλ_{b−1} when z → ∞, (53)

the integral (52) becomes: ∫ f^2_{L0}(y)dy → ∫ e^{− 2η1−b} [_{(1−b)z}]^√3bλ+b_{b−1} dz when z → ∞. (54) So it is clear that for λ < − √ b/3 the integral is finite, and hence the zero mode can be localized on the brane.

IV. DISCUSSIONS AND CONCLUSIONS

In this paper, we obtain a solution of a thick flat splitbraneworld, which is generated by a double-kink scalar and a dilaton scalar. In this brane model, the extra dimension is finite, which is due to the choice of the form of the dilaton field π = √ 3b A with 0 < b < 1. And because another scalar is a double-kink one, the brane is split.

Because the extra dimension is finite, so the zero mode for the spin-1 vector fields can be localized on the brane. And if we consider the coupling to the dilaton, there will be resonances. The number of the resonances will increase with the distance between the two sub-branes.

But for KR fields, we have to introduce the coupling to the dilaton to localize the zero mode. And only when the coupling constant satisfies ζ > (2 − b)/ √ 3b, the zero mode can be localized.

For spin 1/2 fermion fields, we considered the coupling both with the double-kink and the dilaton, i.e., ηΨ̄F (ϕ, π)Ψ with F (ϕ, π) = e^{λπ} ϕ. It was shown that there are three types of potentials for both chiral fermions, which are decided by the value of the dilaton-fermion coupling constant λ. However, only when λ < − √ b/3, the zero mode for the left-hand fermion can be localized on the brane with η > 0.

V. ACKNOWLEDGEMENT

We would like to thank the referee for his/her useful comments and suggestions, which are very helpful to improve this paper. This work was supported by the Program for New Century Excellent Talents in University, the Huo Ying-Dong Education Foundation of Chinese Ministry of Education (No. 121106), the National Natural Science Foundation of China (No. 11075065), the Doctoral Program Foundation of Institutions of Higher Education of China (No. 20090211110028), the Fundamental Research Funds for the Central Universities (No. lzujbky-2012-k30 and No.lzujbky-2012-207).

[1] V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B 125 (1983) 136; V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B 125 (1983) 139.

[2] K. Akama, Lect. Notes Phys. 176 (1982) 267, arXiv:hep-th/0001113.

[3] I. Antoniadis, Phys. Lett. B 246 (1990) 377. [4] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys.

Lett. B 429 (1998) 263, arXiv:hep-ph/9803315; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, Phys. Lett. B 436 (1998) 257, arXiv:hep-ph/9804398.

[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370, arXiv:hep-ph/9905221.

[6] I.P. Neupane, Phys. Rev. D 83 (2011) 086004, arXiv:1011.6357[hep-th].

[7] O. DeWolfe, D.Z. Freedman, S.S. Gubser and A. Karch, Phys. Rev. D 62 (2000) 046008, arXiv:hep-th/9909134.

[8] M. Gremm, Phys. Lett. B 478 (2000) 434, arXiv:hep-th/9912060; M. Gremm, Phys. Rev. D 62 (2000) 044017, arXiv:hep-th/0002040; M. Cvetic and M. Robnik, Phys. Rev. D 77 (2008) 124003, arXiv:0801.0801[hep-th].

[9] M. Giovannini, Phys. Rev. D 65 (2002) 064008, arXiv:hep-th/0106131; S. Kobayashi, K. Koyama and J. Soda, Phys. Rev. D 65 (2002) 064014, arXiv:hep-th/0107025; Y.-X. Liu, K. Yang and Y. Zhong, JHEP 1010 (2010) 069, arXiv:0911.0269[hep-th].

[10] O. Arias, R. Cardenas and I. Quiros, Nucl. Phys. B 643 (2002) 187, arXiv:hep-th/0202130.

[11] A. Wang, Phys. Rev. D 66 (2002) 024024, arXiv:hep-th/0201051; A. Melfo, N. Pantoja and A. Skirzewski, Phys. Rev. D 67 (2003) 105003, arXiv:gr-qc/0211081; K.A. Bronnikov and B.E. Meierovich, Grav. Cosmol. 9 (2003) 313, arXiv:gr-qc/0402030; O. Castillo-Felisola, A. Melfo, N. Pantoja and A. Ramirez, Phys. Rev. D 70 (2004) 104029, arXiv:hep-th/0404083; N. Barbosa-Cendejas, A.

Herrera-Aguilar, M.A. ReyesSantos and C. Schubert, Phys. Rev. D 77 (2008) 126013, arXiv:0709.3552[hep-th]; H. Guo, Y.-X. Liu, S.-W. Wei and C.-E. Fu, Curvature Scalar, Gravity Localization and Effective Newtonian Potential for Bent Thick Branes arXiv:1008.3686[hepth].

[12] S. Aguilar and D. Singleton, Phys. Rev. D 73 (2006) 085007, arXiv:hep-th/0602218; M. Gogberashvili, P. Midodashvili and D. Singleton, JHEP 0708 (2007) 033, arXiv:0706.0676[hep-th].

[13] H.-T. Li, Y.-X. Liu, Z.-H. Zhao and H. Guo, Phys.

Rev. D 83 (2011) 045006, arXiv:1006.4240[hep-th]; Y.- X. Liu, L. Zhao, X.-H. Zhang and Y.-S. Duan, Nucl. Phys. B 785 (2007) 234, arXiv:0704.2812[hep-th]; Y.-X. Liu, L. Zhao, and Y.-S. Duan, JHEP 0704 (2007) 097, arXiv:hep-th/0701010.

[14] R. Guerrero, A. Melfo and N. Pantoja, Phys. Rev. D 65 (2002) 125010, arXiv:gr-qc/0202011.

[15] V. Dzhunushaliev, V. Folomeev, K. Myrzakulov and R. Myrzakulov, Gen. Rel. Grav. 41 (2009) 131, arXiv:0705.4014[gr-qc].

[16] D. Bazeia, F.A. Brito and A.R. Gomes, JHEP 0411 (2004) 070, arXiv:hep-th/0411088; D. Bazeia, F.A. Brito and L. Losano, JHEP 0611 (2006) 064, arXiv:hep-th/0610233; A. Herrera-Aguilar, D. Malagon- Morejon, R. R. Mora-Luna and U. Nucamendi, Mod. Phys. Lett. A 25 (2010) 2089, arXiv:0910.0363[hepth]; N. Barbosa-Cendejas and A. Herrera-Aguilar, Phys. Rev. D 73 (2006) 084022, Erratum-ibid. D 77 (2008) 049901, arXiv:hep-th/0603184; N. Barbosa- Cendejas and A. Herrera-Aguilar, JHEP 0510 (2005) 101, arXiv:hep-th/0511050.

[17] Y. Shtanov, V. Sahni, A. Shafieloo and A. Toporensky, JCAP 0904 (2009) 023, arXiv:0901.3074[gr-qc]; K. Farakos, N.E. Mavromatos and P. Pasipoularides, J. Phys. Conf. Ser. 189 (2009) 012029, arXiv:0902.1243[hep-th]; M. Sarrazin and F. Petit, Phys. Rev. D 81 (2010) 035014, arXiv:0903.2498[hepth]; V. Dzhunushaliev, V. Folomeev and M. Minamitsuji, Phys. Rev. D 79 (2009) 024001, arXiv:0809.4076[gr-qc].

[18] D. Bazeia, A.R. Gomes, L. Losano and R. Menezes, Phys.

Lett. B 671 (2009) 402, arXiv:0808.1815[hep-th]; Y.-X. Liu, Y. Zhong and K. Yang, Europhys. Lett. 90 (2010) 51001, arXiv:0907.1952[hep-th].

[19] D. Bazeia, J.R.S. Nascimento, R.F. Ribeiro and D. Toledo, J. Phys. A 30 (1997) 8157, arXiv:hep-th/9705224; D. Bazeia, H. Boschi- Filho and F.A. Brito, JHEP 9904 (1999) 028, arXiv:hep-th/9811084.

[20] A. Kehagias and K. Tamvakis, Phys. Lett. B 504 (2001) 38, arXiv:hep-th/0010112.

[21] V. Dzhunushaliev, V. Folomeev, D. Singleton and S.

Aguilar-Rudametkin, Phys. Rev. D 77 (2008) 044006, arXiv:hep-th/07030433.

[22] Y. Zhong, Y.-X. Liu and K. Yang, Phys. Lett. B 699 (2011) 398, arXiv:1010.3478[hep-th]; Y.-X. Liu, Y. Zhong, Z.-H. Zhao and H.-T. Li, JHEP 1106 (2011) 135, arXiv:1104.3188[hep-th].

[23] A. Campos, Phys. Rev. Lett. 88 (2002) 141602, arXiv:hep-th/0111207.

[24] D. Bazeia and L. Losano, Phys. Rev. D 73 (2006) 025016, arXiv: hep-th/0511193; D. Bazeia, R.F. Ribeiro and M.M. Santos, Phys. Rev. D 54 (1996) 1852. D. Bazeia, J. Menezes, and R. Menezes, Phys. Rev. Lett. 91 (2003) 241601, arXiv: hep-th/0305234; D. Bazeia, C. Furtado and A.R. Gomes, JCAP 0402 (2004) 002, arXiv:hep-th/0308034.

[25] D. Bazeia and A.R. Gomes, JHEP 0405 (2004) 012, arXiv:hep-th/0403141.

[26] Z.-H. Zhao, Y.-X. Liu, Y.-Q. Wang and H.-T. Li, JHEP 1106 (2011) 045, arXiv:1102.4894[hep-th].

[27] Z.-H. Zhao, Y.-X. Liu, H.-T. Li and Y.-Q. Wang, Phys.

Rev. D 82 (2010) 084030, arXiv:1004.2181[hep-th]. [28] B. Bajc and G. Gabadadze, Phys. Lett. B 474 (2000) 282, arXiv:hep-th/9912232; A. Herrera-Aguilar, D. Malagon-Morejon and R.R. Mora-Luna, JHEP 1011 (2010) 015, arXiv:1009.1684[hep-th].

[29] I. Oda, Phys. Lett. B 496 (2000) 113, arXiv:hep-th/0006203; M. Gogberashvili and D. Singleton, Phys. Rev. D 69 (2004) 026004, arXiv:hep-th/0305241; M. Gogberashvili and D. Singleton, Phys. Lett. B 582 (2004) 95, arXiv:hep-th/0310048.

[30] Y.-X. Liu, Z.-H. Zhao, S.-W. Wei and Y.-S. Duan, JCAP 0902 (2009) 003, arXiv:0901.0782[hep-th].

[31] Y.-X. Liu, L.-D. Zhang, S.-W. Wei and Y.-S. Duan, JHEP 0808 (2008) 041, arXiv:0803.0098[hep-th]; Y.-X. Liu, L.-D. Zhang, L.-J. Zhang and Y.-S. Duan, Phys.

Rev. D 78 (2008) 065025, arXiv:0804.4553[hep-th]. [32] S. Krippendorf, F. Quevedo and O. Schlotterer, Cambridge Lectures on Supersymmetry and Extra Dimensions, arXiv:1011.1491[hep-th].

[33] C.-E. Fu, Y.-X. Liu and H. Guo, Phys. Rev. D 84 (2011) 044036, arXiv:1101.0336[hep-th].

[34] B. Mukhopadhyaya, S. Sen and S. SenGupta, Phys. Rev.

Lett. 89 (2002) 121101, arXiv:hep-th/0204242. [35] B. Mukhopadhyaya, S. Sen, S. Sen and S. SenGupta, Phys. Rev. D 70 (2004) 066009, arXiv:hep-th/0403098.

[36] M.O. Tahim, W.T. Cruz and C.A.S. Almeida, Phys. Rev.

D 79 (2008) 085022, arXiv:0808.2199[hep-th]. [37] H.R. Christiansen, M.S. Cunha and M.O. Tahim, Phys.

Rev. D 82 (2010) 085023, arXiv:1006.1366[hep-th]. [38] B. Mukhopadhyaya, S. Sen and S. SenGupta, Phys. Rev.

D 79 (2009) 124029, arXiv:0903.0722[hep-th]. [39] Y.-X. Liu, X.-H. Zhang, L.-D. Zhang and Y.-S. Duan, JHEP 0802 (2008) 067, arXiv:0708.0065[hep-th].

[40] D. Bazeia, F.A. Brito and R.C. Fonseca, Eur. Phys.

J. C 63 (2009) 163, arXiv:0809.3048[hep-th]; P. Koroteev and M. Libanov, Phys. Rev. D 79 (2009) 045023, arXiv:0901.4347[hep-th]; A. Flachi and M. Minamitsuji, Phys. Rev. D 79 (2009) 104021, arXiv:0903.0133[hepth]; Z.-H. Zhao, Y.-X. Liu and H.-T. Li, Class. Quantum Grav. 27 (2010) 185001, arXiv:0911.2572[hep-th].

[41] A.E.R. Chumbes, A.E.O. Vasquez and M.B. Hott, Phys.

Rev. D 83 (2011) 105010, arXiv:1012.1480[hep-th]; L.B. Castro and L.A. Meza, Fermion localization on branes with generalized dynamics, arXiv:1011.5872[hep-th].

[42] L.B. Castro, Phys. Rev. D 83 (2011) 045002, arXiv:1008.3665[hep-th].

[43] D.P. George and R.R. Volkas, Phys. Rev. D 75 (2007) 105007, arXiv:hep-ph/0612270; R. Davies and D.P. George, Phys. Rev. D 76 (2007) 104010, arXiv:0705.1391[hep-ph].

[44] Y.-X. Liu, C.-E. Fu, H. Guo, S.-W. Wei and Z.-H. Zhao, JCAP 1012 (2010) 031, arXiv:1002.2130[hep-th].

[45] Y. Kodama, K. Kokubu and N. Sawado, Phys. Rev.

D 79 (2009) 065024, arXiv:0812.2638[hep-th]; Y. Brihaye and T. Delsate, Phys. Rev. D 78 (2008) 025014, arXiv:0803.1458[hep-th].

[46] Y.-X. Liu, C.-E. Fu, L. Zhao and Y.-S. Duan, Phys. Rev.

D 80 (2009) 065020, arXiv:0907.0910[hep-th]. [47] Y.-X. Liu, H. Guo, C.-E. Fu and J.-R. Ren, JHEP 1002 (2010) 080, arXiv:0907.4424[hep-th].

[48] Y.-X. Liu, H. Guo, C.-E. Fu and H.-T. Li, Phys. Rev. D 84 (2011) 044033, arXiv:1101.4145[hep-th].

[49] Y.-X. Liu, J. Yang, Z.-H. Zhao, C.-E. Fu and Y.-S. Duan, Phys. Rev. D 80 (2009) 065019, arXiv:0904.1785[hep-th].