arXiv:1207.3152v2 [hep-th] 13 Sep 2012

Prepared for submission to JHEP

q−form fields on p−branes

Chun-E Fu, Yu-Xiao Liu^1, Ke Yang, Shao-Wen Wei

Institute of Theoretical Physics, Lanzhou University, Lanzhou 730000, People’s Republic of China E-mail: fuche08@lzu.edu.cn, liuyx@lzu.edu.cn, yangke09@lzu.edu.cn,

weishw@lzu.edu.cn

Abstract: In this paper, we give one general method for localizing any form (q−form) field on p−branes with one extra dimension, and apply it to some typical p−brane models. It is found that, for the thin and thick Minkowski branes with an infinite extra dimension, the zero mode of the q−form fields with q < (p − 1)/2 can be localized on the branes. For the thick Minkowski p−branes with one finite extra dimension, the localizable q−form fields are those with q < p/2, and there are also some massive bound Kaluza-Klein modes for these q−form fields on the branes. For the same q−form field, the number of the bound Kaluza-Klein modes (but except the scalar field (q = 0)) increases with the dimension of the p−branes. Moreover, on the same p−brane, the q−form fields with higher q have less number of massive bound KK modes. While for a family of pure geometrical thick p−branes with a compact extra dimension, the q−form fields with q < p/2 always have a localized zero mode. For a special pure geometrical thick p−brane, there also exist some massive bound KK modes of the q−form fields with q < p/2, whose number increases with the dimension of the p−brane.

1Corresponding author

Contents

1 Introduction 1

2 How to localize q−form fields 2

3 Localization of q−form fields on different p−branes 4 3.1 Thin p−brane model 4 3.2 Thick flat p−branes model 5 3.2.1 Thick flat p−brane with infinite extra dimension 5 3.2.2 Thick flat p−brane with finite extra dimension 6 3.2.3 Pure geometrical thick p−brane 8

4 Conclusion 10

1 Introduction

The idea of extra dimension was proposed to unify different forces. The representative one is the Kaluza-Klein (KK) theory, which unifies the 4-dimensional (4D) gravity and electromagnetism by a 5-dimensional Einstein’s theory with a spatial extra dimension. And the string/M-theory also requires that there are 6/7 extra dimensions. But the extra dimensions in these theories are so extremely small that can not be detected by the present experiments.

When the Arkani-Hamed-Dimopoulos-Dvali (ADD) [1] and the Randall-Sundrum (RS) [2, 3] brane-world models were put forward, the extra dimension theory was revived. One of the reasons is because the scale of extra dimensions can be millimetre or even infinite, which increases the possibility to be detected in experiment. Another one is because the theory opens a new way to solve the long-standing hierarchy problem and the cosmology problem [4–7].

In the Randall-Sundrum model, the Standard Model (SM) fields are confined on the brane, and gravity propagates in the whole space-time. This idea is motivated by the string theory, in which the SM fields are excitation modes of open string whose ends lie on the brane, and graviton is a closed string excitation having no-end points, thus it does not have to be attached to the brane. Moreover, the q−form fields also comprise the excitation of a closed string [8, 9]. So it is reasonable to introduce the q−form fields in the RS (or RS-like) brane, and see the localization of these fields on different branes, including the thin and thick branes [10–26].

On the other hand, although free q-form fields in the bulk are just equivalent to scalars or vector fields by a duality in 4D space-time, they are new types of particles in the higher space-time.

– 1 –

In this work, we consider the branes with p spacial dimensions in the D = p + 2 dimensional space-time, which are called p−branes as in the string/M-theory. The realistic world is the 3−brane, and the higher dimensional branes with p > 3 (D > 5) may also have realistic applications if the branes have 3 infinite large dimensions (which are those we can feel) and p − 3 finite size dimensions with topology S^1 × S^1 × ... × S^1 = T^{p−3} and small enough radius. Thus we will investigate the localization of q−form fields on these p−branes.

The introduction of extra dimensions imply that there are KK modes accompanying all the particles on the brane [27]. These KK modes carry the messages of the extra dimensions. If the KK modes can be localized on the brane, there is hope to detect them and prove the existence of the extra dimensions, which is one main meaning of localization. The massless KK modes exactly stand for the particles on the brane, and surely must be localized for a realistic brane-world model. And the next heavier massive modes are the key clue.

In Refs. [28–41], the localization of the scalar, vector and fermion fields has been investigated. In this paper, we try to find one general method for localizing any form (q−form) field. For q = 0, 1 the fields are just the scalar and vector ones, and for higher q they stand for new particles in the higher space-time [42]. In the RS model, the localization of 2−form and 3−form fields has been investigated [43–46], and it was shown that it is possible to find some signal about the fields coupled with a dilaton at Tev scale. Then the authors discussed the localization of the q−form fields on a domain wall in a RS-like scenario [47].

While our aim is to find the general method for localizing the q−form fields, and then apply this to some typical branes. In the following, we first study how to obtain the effective potential of KK modes for the q−form fields in Sec. 2. Then, with some typical p−brane models in Sec. 3, we investigate the condition for localizing the q−form fields and the effect of the dimension of the p−branes. Finally, we give a simple conclusion in Sec. 4.

2 How to localize q−form fields

We consider a free antisymmetric q−form field X_{M1M2...Mq} on p−branes in D−dimensional space-time with D = p + 2, and treat the field as a small perturbation around the background. The action for the field is

S_q = ∫ d^Dx √ −g Y_{M1M2...Mq+1} Y^{M1M2...Mq+1} , (2.1) where Y_{M1M2...Mq+1} is the field strength defined as Y_{M1M2...Mq+1} = ∂_{[M1} X_{M2...Mq+1]}. Because the (D − 1)−form and higher form fields have no role to play in the brane [45], so we only analyze the cases q = 0, 1, 2, ..., p.

The line-element of the D−dimensional space-time is assumed as

ds^2 = e^{2A(z)} ( η_{μν} dx^μdx^ν + dz^2 ) (2.2)

– 2 – with z denoting the extra dimension vertical to the brane. Then the equations of motion can be derived from the action (2.1) and the conformal metric (2.2): ∂_{μ1} ( √ −g Y^{μ1μ2 ...μq+1} ) + ∂_z( √ −g Y^{zμ2...μq+1} ) = 0, (2.3) ∂_{μ1} ( √ −g Y^{μ1...μqz}) = 0. (2.4) In order to investigate the localization of the q−form field on a p−brane, we first choose a gauge X_{μ1 ...μq−1z} = 0 using the gauge free δX_{M1M2...Mq} = ∂_{[M1} Λ_{M2...Mq]} with Λ_{M2M3...Mq} an antisymmetric tensor [? ], and make a decomposition for the X_{μ1 μ2...μq} : X_{μ1 μ2...μq} (x^μ, z) = ∑ n X̂^{(n)}_{μ1μ2...μq} (x^μ)U^{(n)}(z)e^{(2q−p)A/2}, (2.5)

so the field strength becomes Y_{μ1μ2...μq+1} (x^μ, z) = ∑ n Ŷ^{(n)}_{μ1μ2...μq+1} (x^μ)U^{(n)}(z)e^{(2q−p)A/2}, (2.6)

Y_{μ1μ2...μqz}(x^μ, z) = ∑ n 1 q + 1 X̂^{(n)}_{μ1μ2...μq} (x^μ) ( U^{(n)′} + 2q − p 2 A^′U^{(n)} ) U^{(n)}(z)e^{(2q−p)A/2},(2.7)

where Ŷ_{μ1...μq+1} (x^μ) = ∂_{[μ1}X̂_{μ2...μq+1]}(x^μ) is the field strength on the brane.

Substituting the relations (2.6) and (2.7) into the equations of motion (2.3), we can get the following Schrödinger-like equation for the KK modes of the q−form field: [ − ∂^2_z + V (z) ] U^{(n)}(z) = m^2_nU^{(n)}(z), (2.8) where m_n are the masses of the KK modes, and the effective potential V (z) takes the form

V (z) =

(p − 2q)^2 4 A^{′2}(z) + p − 2q 2 A^{′′}(z) (2.9)

with the prime standing for the derivative with respect to z.

Furthermore, provided the orthonormality condition ∫ U^{(m)}U^{(n)}dz = δ_{mn}, (2.10)

the effective action of the q−form field on the brane could be obtained:

S_{eff} = ∑ n ∫ d^{D−1}x √ −ĝ ( Ŷ^{(n)}_{μ1μ2...μq+1}Ŷ^{(n)μ}1^μ2^{...μ}q+1 + 1 q + 1 m^2_nX̂^{(n)}_{μ1μ2...μq}X̂^{(n)μ1μ2...μq} ) .(2.11)

For m^2_0 = 0, we get the zero mode for the q−form field from (2.8):

U_0 ∝ e^{p−2q2 A}, (2.12) which results in that the field strength reduces as Y_{μ1μ2...μq+1} (x^μ, z) = Ŷ_{μ1μ2...μq+1} (x^μ), which is irrelevant to the extra dimension. It means that the KK mode with m^2 = 0 (the zero mode) exactly reproduces the particle on the brane. It surely should be localized on the realistic branes. And we can judge this with the help of the orthonormality condition (2.10). So the messages of the extra dimension only can be disclosed by the massive KK modes. We could investigate the feature of them using the Schrödinger-like equation (2.8). At last the core of the problem is focused on the effective potential in (2.8), which is decided by three factors, i.e., the parameters q, p, and the background space-time. And this is the clue of the following work.

– 3 –

3 Localization of q−form fields on different p−branes

In the section we try to investigate the localization of the q−form fields on different types of flat p−branes, i.e., the thin RS p−branes, the thick ones with finite and infinite extra dimension, and the pure geometrical ones. So we first give the solutions of the p−branes. The effective potentials on these branes mainly have two types: the volcano-like type and the Pöschl-Teller (PT)-like one. For the former type there exist only continuous massive KK modes, but for the later one some massive bound KK modes appear. The effect of the parameters p and q on the localization will also be discussed.

3.1 Thin p−brane model

Firstly, we consider thin p−brane (RS brane) in D−dimensional AdS space-time with a negative cosmological constant Λ. The action of this system is S = 1 2κ^2_D ∫ d^Dx √ −g [ R − p Λ ] + ∫ d^{D−1}x √ −g^{(b)}(−σ), (3.1)

where g^{(b)}_{μν} is the induced metric on the brane, σ is the brane tension, and κ^2_D = 8πG_D with G_D the D-dimensional Newton constant. Here we let κ_D = 1. Then the Einstein equation reads: G_{MN} + Λ 2 p g_{MN} = −σδ^μ_M δ^ν_N η_{μν} e^Aδ(z), (3.2)

where G_{MN} = R_{MN} +^1_2 g_{MN} R is the Einstein tensor. Then the solution of the thin flat p−brane is

A(z) = − ln ( 1 + √ −Λ p + 1 |z| ) , (3.3)

σ = 2 p √ −Λ p + 1

. (3.4)

So in this brane model, the form of the potential (2.9) is expressed as V (z) = − (p − 2q)(p − 2q + 2)Λ p + 1 1 4(1 + k_1|z|)^2 − k_1(p − 2q) 1 + k_1|z| δ(z) (3.5)

with k_1 = √_{−Λ} p+1 . As Λ is negative, the potential is volcano-like for q < p/2. And there is a zero mode for the q−form field with the wave function (2.12). We can check whether it can be localized on the brane through (2.10): ∫ U^2_0 dz = ∫ (1 + k_1|z|)^{2q−p}dz = 2 k_1(2q − p + 1)

(1 + k_1|z|)^{2q−p+1}, (3.6)

from which it is clear that, for q <^{p−1}_2 the integral is finite, hence, the zero mode can be localized on the brane. For example, for p = 3, only the scalar field (q = 0) can be localized. While for higher dimension case, the vector field can be as well. And the 2−form field can also not be localized on the 3−brane, such as the 2−form Kalb-Ramond (KR)

– 4 – field. This result corresponds to that in Refs. [35, 36, 43, 44]. It is shown that the KR field can be considered as a source of torsion [43, 44], however, there is no phenomenon about the torsion of our space-time (3−brane). Here, we can give a possible reason for this, i.e., the KR field should be localized on the higher dimensional brane (p ≥ 5). And for the following brane model, we will obtain the same result for the KR field.

3.2 Thick flat p−branes model

In this subsection, we will investigate the q−form field on thick Minkowski p−branes, which are generated by one or two scalar fields.

3.2.1 Thick flat p−brane with infinite extra dimension Considering the thick p−brane generated by one scalar field ϕ, the action is given by S = ∫ d^Dx √ −g [ 1 2κ^2_D R − 1 2 (∂ϕ)^2 − V (ϕ) ] . (3.7)

With the metric ds^2 = e^{2A}η_{μν} dx^μdx^ν + dy^2 (3.8)

the equations of motion can be get:

ϕ^{′2} = −p A^{′′}, (3.9) −2V = p (p + 1) A^{′2} + pA^{′′}, (3.10) dV/dϕ = ϕ^{′′} + (p + 1)A^′ϕ^′, (3.11)

where the prime denotes the derivative with respect to y. Then we use the superpotential method to solve these equations. With the introduction of the superpotential function W (ϕ) defined as ϕ^′ = dW/dϕ, the above second-order differential equations are reduced to the following one-order differential ones:

A^′ = − 1 p W, V = − 1 2 [ p + 1 p W^2 − ( dW dϕ )^2 ] . (3.12)

If we suppose that the superpotential is the sine-Gordon type, i.e., W (ϕ) =^3_2 bc sin

√_2 3b ϕ with b and c both constants, the solution of this flat thick brane can be obtained: ϕ(y) = √ 6b arctan tanh (cy/2), (3.13) A(y) = 3b 2p ln sech(cy). (3.14)

With the coordinate transformation dz = e^{−A}dy, the warp factor tends to A(z) → − ln (^{3bc}_{2p} z + 1) when z → ±∞. Then the behavior of the potential V (z) at z = 0 and at infinity is

V (z = 0) → −

3b^2c 4p (p − 2q), (3.15)

V (z → ±∞) → 0. (3.16)

– 5 –

For q < p/2, the potential is also a volcano-like one. So there is a zero mode for the q−form field. With the orthonormality condition (2.10) ∫ U^2_0 dz → ∫ (1 + 3bc 2p z)^{−(p−2q)}dz, (3.17) we see that, for q <^{p−1}_2 , the zero mode can be localized on the brane, which is the same with the thin brane case.

3.2.2 Thick flat p−brane with finite extra dimension Now let’s turn to another kind of thick flat p−brane, which is generalized by two scalar fields ϕ and π. The action of this system is S = ∫ d^Dx √ −g [ 1 2κ^2_D R − 1 2 ϕ^{′2} − 1 2 π^{′2} − V (ϕ, π) ] . (3.18)

Then, with the the conformally flat metric (2.2), the equations of motion read

ϕ^{′2} + π^{′2} = p(A^{′2} − A^{′′}), (3.19) −2e^{2A}V = p^2A^{′2} + pA^{′′}, (3.20) dV/dϕ = e^{−2A} [ ϕ^{′′} + pA^′ϕ^′ ] , (3.21) dV/dπ = e^{−2A} [ π^{′′} + pA^′π^′ ] . (3.22)

Using the superpotential method, we can find that the following one-order differential equations are the solutions of the above ones:

A^′ = − 1 p W, π = √ p A, V = − 1 2 e^{− 2√p π} [ W^2 − ( ∂W ∂ϕ )^2 ] . (3.23)

Supposing the form of the superpotential as W (ϕ) = vaϕ(1 −^{ϕ2}_{3v2} ) with v and a positive constants, we obtain the following solution:

ϕ = v tanh (az), (3.24) A = − v^2 3p [ ln cosh^2 (az) + 1 2 tanh^2 (az) ] , (3.25) π = √ p A. (3.26)

For this solution, the physical extra dimension y is finite, which can be seen from the coordinate transformation ∫ dy = ∫ e^Adz ∝ ∫ e^{−k2z}dz with k_2 a positive constant. And we have discussed the finity of the extra dimension in Ref. [36] in 5D case.

For this brane-world model, the effective potential V (z) reads

V (z) = a^2v^2(p − 2q) 36p^2 [ − 18p sech^4(az) + (p − 2q)v^2 tanh^2 (az) [ 2 + sech^2(az)

]_2 ] ,(3.27)

whose asymptotic behavior is

V (z = 0) = − a^2v^2(p − 2q) 2p , (3.28) V (z → ∞) → a^2v^4(p − 2q)^2

9p^2

. (3.29)

– 6 –

For q < p/2, the potential is a PT-like one, and there exist a zero mode and finite massive bound KK modes. We plot the shapes of the potential for different q, p in Fig. 1.

Figure 1. The shapes of the effective potential V (z) (3.27) for v = 5, a = 1. The left one is for different q with p = 7, and the right one is for different p with q = 1.

For the zero mode, we have ∫ U^2_0 dz = ∫ e^{(p−2q)A}dz ∝ ∫ e^{−k2(p−2q)z}dz. (3.30) So the zero mode can be localized on the brane if q < p/2. For example, for the case of p = 3, both the scalar field (q = 0) and the vector field (q = 1) can be localized on the brane.

While for the massive KK modes, we mainly focus on the effect of the parameters p and q on them. For the scalar field (q = 0 ), the dimension of the brane p will not affect the effective potential; so the mass spectra of the bound scalar KK modes are the same on different p−branes. But for other q−form fields, the depth of the effective potential increases with p, and so does the number of the massive bound KK modes. For example, for the vector field (q = 1), the mass spectra are

m^2 = (0, 6.20) ∪ (7.71, ∞), for p = 3, (3.31) m^2 = (0, 12.93, 21.49) ∪ (25, ∞), for p = 5, (3.32) m^2 = (0, 15.80, 27.30, 34.05) ∪ (35.43, ∞), for p = 7, (3.33)

from which we see that the number of the massive bound KK modes increases with the dimension of the p−brane.

Moreover, on the same p−brane, the depth of the potential decreases with q, thus the number of the massive bound KK modes also decreases. For example, on the 7−brane, there are more massive bound KK modes of the scalar field (q = 0) than that of the higher form fields, which can be seen from the following mass spectra:

m^2 = (0, 22.96, 41.72, 56.04, 65.51) ∪ (69.44, ∞), for q = 0, (3.34) m^2 = (0, 15.80, 27.30, 34.05) ∪ (35.43, ∞), for q = 1, (3.35) m^2 = (0, 8.61) ∪ (12.76, ∞), for q = 2. (3.36)

– 7 –

3.2.3 Pure geometrical thick p−brane At last we consider the pure geometrical thick p−brane. For the D−dimensional Weylintegrable manifold M^W_D , which is specified by a pair of (g_{MN} , ω) with g_{MN} the D−dimensinal metric and ω a Weyl scalar function, the action of the Kaluza-Klein theory is [22, 48–50]

S^W_D = ∫ M^W_D d^Dx √ −g e^{− p2 ω} [ 1 2κ^2_D R − 3 2 ξ(∇ω)^2 − 3U(ω) ] , (3.37)

where ξ is the coupling constant and U(ω) is the self-interaction potential of the Weyl scalar function ω. By performing a conformal transformation ĝ^{MN} = e^{−ω}g^{MN} , the action (3.37) is mapped into the Einstein frame:

S^R_D = ∫ d^Dx √ −ĝ [ 1 2κ^2_D R̂ − 3 2 ξ( ^∇ω)^2 − 3Û(ω) ] (3.38)

with Û = e^ωU. Then we can obtain one solution in a compact manifold along the extra dimension with the range −^π_2 ≤ ky ≤^π_2 : ω = − 2c(p + 1) p ln cos (ky), (3.39)

A = c ln cos(ky), (3.40)

where c =^{12p2}

(p+1)[p−12ξ(p+1)] , and k is a positive constant. Here, the metric function A(y)

in equation (3.40) corresponds to the metric ĝ_{MN} , because we obtain the solution in the Einstein frame. And in order to get a finite warp factor e^{2A} everywhere, we need c > 0. Further, in order for the photon to spend infinite time from the brane to the boundary, we require c ≥ 1. The solution in 5-dimensional space-time can be found in Refs. [31, 48].

Through the coordinate transformation dz = e^{−A}dy, the effective potential (2.9) can be rewritten in y-coordinate as

V (z(y)) = e^{2A} [ (p − 2q)^2 + 2(p − 2q) 4 (∂_yA)^2 + p − 2q 2 ∂^2_y A ]

= 1 4 c(p − 2q)k^2 cos^{2(c−1)}(ky) [ c(2 + p − 2q) sin^2 (ky) − 2 ] , (3.41)

from which we can see that the potential V (z(y)) has different types of shapes decided by the parameter c, and it is the same for V (z). We plot the shapes of the V (z(y)) and V (z) for different c in Fig. 2. Note that, for c ≥ 1, the range of the z is infinite; while for 0 < c < 1, the range of the z is finite, i.e., −z_c < z < z_c with z_c = √ π Γ(^{1−c}_2 )/2Γ(1 −^c_2 ).

From (3.41) it is clear that, for c > 1 and q < p/2, V (y = 0) = −ck^2(p − 2q)/2 < 0 and V (ky → ±π/2) → 0_+, and the effective potential is a volcano-like one. So there exists a zero mode for q < p/2. With the orthonormality condition (2.10) ∫_{zb} −z_b U^2_0 dz = 2 ∫_{zb} 0 e^{(p−2q)A}dz = ∫ π_{2k} 0 e^{(p−2q−1)A}dy = ∫ π_{2k} 0 cos^w (ky)dy = √ π Γ(^{1+w}_2 ) 2Γ(1 +^w_2 ) − cos^{1+w} (π/2)

1 + w

, (3.42)

– 8 –

(a) c > 0 (−π/2 < ky < π/2) (b) c ≥ 1 (−∞ < z < ∞)

(c)^2_{2+p−2q} ≤c < 1 (−zc < z < zc) (d) 0 < c <^2_{2+p−2q} (−zc < z < zc)

Figure 2. The shapes of the effective potential V (z(y)) and V (z) for pure geometrical p−brane with k = 1, p = 3, q = 1, and c = 1.4 for the thick lines, c = 1 for the thin solid lines, c = 0.76 for the dashed lines, c = 0.67 for the dotted lines, and c = 0.1 for the dot dashed lines.

where w = c(p−2q −1), it is found that when q <^{p−1+ 1c}_2 the above integral is finite, hence, the zero mode can be localized on the brane. Considering c > 1, the final result is that the q−form fields with q < p/2 have a localized zero mode, which is different from that on the thin p−brane and on the one with infinite extra dimension.

In fact, for the zero mode of the q−form field, the ∫ U^2_0 dz in the physical coordinate system becomes ∫ e^{(p−2q−1)A}dy; it is always finite for q = (p−1)/2 and finite y. So the zero mode of the fields with q = (p − 1)/2 can always be localized on the brane with finite extra dimension. For the pure geometrical thick brane with compact extra dimension considered here, the q−form field with q = (p − 1)/2 (< p/2) can also be localized on the brane.

While for the case c = 1, the potential is a PT-like one for q < p/2 (see Fig. 2(b)), whose behavior is V (y = 0) = −k^2(p − 2q)/2 < 0 and V (ky → ±π/2) → k^2(p − 2q)^2/4 > 0, so there must exist a zero mode and some massive bound KK modes. From (3.42), it is clear that the zero mode can be localized for q < p/2. And the number of the massive bound KK modes of the q−form field increases with the dimension of the p−brane. Here, the parameter p also effects the number of the massive bound scalar KK modes, which is different with that on the thick flat p−brane with finite extra dimension discussed in section 3.2.2.

For^2_{2+p−2q} < c < 1 and q < p/2, V (y = 0) = −c(p − 2q)k^2/2 < 0 and V (ky → ±π/2) → ∞_+, so the effective potential is an infinite potential well (see Fig. 2(c)). Thus,

– 9 – there are a bound zero mode and infinite number of massive bound KK modes, all these KK modes can be localized on the brane.

For c =^2_{2+p−2q} and q < p/2, we will get a negative PT-like potential (see Fig. 2(c)), and the zero mode can be localized on the brane, which can be seen from (3.42).

We do not consider the case of 0 < c <^2_{2+p−2q} , for which the potential approaches negative infinity at the boundary (see Fig. 2(d)).

4 Conclusion

In this paper, we first investigated one general method of localizing the q−form fields on p−branes. We found that the KK modes of the q−form fields satisfy the Schrödinger-like equation. Thus, the characters of the KK modes are decided by the behavior of the effective potential, which depends on the parameters q and p and the background geometry.

Then we applied this to some typical p−brane models. It was found that for the thin Minkowski p−brane the effective potential is a volcano-like one, which results in that there exist a zero mode and continuous massive KK modes, and only for q < (p − 1)/2 the zero mode of the q−form field can be localized on the brane. And it is the same for the thick Minkowski p−brane with infinite extra dimension. While for the thick Minkowski p−brane with finite extra dimension, there is a PT-like potential. So a zero mode and some massive bound KK modes can exist. For the fields with q < p/2, the zero mode can be localized on the brane. The number of the massive bound KK modes for the same q−form field increases with the dimension of the p−brane, except for the scalar field (q = 0). Moreover, on the same p−brane, the q−form fields with higher q have less number of the massive bound KK modes.

For the pure geometrical thick p−brane, the shape of the effective potential is decided by the value of the parameter c. For c > 1 and q < p/2, the effective potential is a volcanolike one, and the condition for localizing the zero mode of the q−form field is q < p/2, which is different from that on the thin p−brane and on the one with infinite extra dimension. For c = 1 and q < p/2, the effective potential is a PT-like one, and only the fields with q < p/2 have a localized zero mode. The number of the massive bound KK modes for any q−form field, including the scalar field, increases with the dimension of the p−brane. And for^2_{2+p−2q} < c < 1 and q < p/2, the effective potential is an infinite potential well, and there exist a localized zero mode and infinite number of massive bound KK modes. For c =^2_{2+p−2q} and q < p/2, there is a negative PT-like potential, and the zero mode can also be localized on the brane. However, we only need the case of c ≥ 1 in order to secure a fully predictive initial value Cauchy problem [51].

Acknowledgement

This work was supported by the Program for New Century Excellent Talents in University, the National Natural Science Foundation of China (No. 11075065), the Doctoral Program Foundation of Institutions of Higher Education of China (No. 20090211110028), and the Huo Ying-Dong Education Foundation of Chinese Ministry of Education (No. 121106).

– 10 –

References

[1] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, New dimensions at a millimeter to a fermi and superstrings at a tev, Phys. Lett. B 436 (1998) 257, [hep-ph/9804398].

[2] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370, [hep-ph/9905221].

[3] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690, [hep-th/9906064].

[4] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263, [hep-ph/9803315].

[5] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, and R. Sundrum, A small cosmological constant from a large extra dimension, Phys. Lett. B 480 (2000) 193, [hep-th/0001197].

[6] P. Dey, B. Mukhopadhyaya, and S. SenGupta, Neutrino masses, the cosmological constant and a stable universe in a randall-sundrum scenario, Phys. Rev. D 80 (2009) 055029, [arXiv:0904.1970].

[7] I. P. Neupane, De sitter brane-world, localization of gravity, and the cosmological constant, Phys. Rev. D 83 (2011) 086004, [arXiv:1011.6357].

[8] J. Polchinski, String Theory. Vol. 1: An introduction to the bosonic string. Cambridge University Press, 1998.

[9] J. Polchinski, String theory. Vol. 2: Superstring theory and beyond. Cambridge University Press, 1998.

[10] V. Rubakov and M. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett. B 125 (1983) 136.

[11] V. Rubakov and M. Shaposhnikov, Extra space-time dimensions: towards a solution to the cosmological constant problem, Phys. Lett. B 125 (1983) 139.

[12] S. G. O. DeWolfe, D.Z. Freedman and A. Karch, Modeling the fifth dimension with scalars and gravity, Phys. Rev. D 62 (2000) 046008, [hep-th/9909134].

[13] M. Gremm, Thick domain walls and singular spaces, Phys. Rev. D 62 (2000) 044017, [hep-th/0002040].

[14] M. Giovannini, Gauge invariant fluctuations of scalar branes, Phys. Rev. D 64 (2001) 064023, [hep-th/0106041].

[15] S. Kobayashi, K. Koyama, and J. Soda, Thick brane worlds and their stability, Phys. Rev. D 65 (2002) 064014, [hep-th/0107025].

[16] A. Melfo, N. Pantoja, and A. Skirzewski, Thick domain wall space-times with and without reflection symmetry, Phys. Rev. D 67 (2003) 105003, [gr-qc/0211081].

[17] D. Bazeia and A. Gomes, Bloch brane, JHEP 0405 (2004) 012, [hep-th/0403141].

[18] D. Bazeia, F. Brito, and L. Losano, Scalar fields, bent branes, and rg flow, JHEP 0611 (2006) 064, [hep-th/0610233].

[19] A. Cardoso, K. Koyama, A. Mennim, S. S. Seahra, and D. Wands, Coupled bulk and brane fields about a de sitter brane, Phys. Rev. D 75 (2007) 084002, [hep-th/0612202].

– 11 –

[20] D. S. V. Dzhunushaliev, V. Folomeev and S. Aguilar-Rudametkin, 6d thick branes from interacting scalar fields, Phys. Rev. D77 (2008) 044006, [hep-th/0703043].

[21] D. P. George, M. Trodden, and R. R. Volkas, Extra-dimensional cosmology with domain-wall branes, JHEP 0902 (2009) 035, [arXiv:0810.3746].

[22] Y.-X. Liu, K. Yang, and Y. Zhong, de sitter thick brane solution in weyl geometry, JHEP 1010 (2010) 069, [arXiv:0911.0269].

[23] Y.-X. Liu, Y. Zhong, Z.-H. Zhao, and H.-T. Li, Domain wall brane in squared curvature gravity, JHEP 1106 (2011) 135, [arXiv:1104.3188].

[24] Y.-X. Liu, K. Yang, H. Guo, and Y. Zhong, Domain wall brane in eddington inspired born-infeld gravity, arXiv:1203.2349.

[25] Y.-X. Liu, Y.-Q. Wang, S.-F. Wu, and Y. Zhong, Analytic solutions of brane in critical gravity, arXiv:1201.5922.

[26] Z. Haghani, H. R. Sepangi, and S. Shahidi, Cosmological dynamics of brane f(r) gravity, JCAP 1202 (2012) 031, [arXiv:1201.6448].

[27] L. Randall, Warped Passages: Unraveling the Mysteries of the Universe’s Hidden Dimensions. Ecco, 2005.

[28] D. Langlois and M. Sasaki, Massive scalar states localized on a de sitter brane, Phys. Rev. D 68 (2003) 064012, [hep-th/0302069].

[29] N. Barbosa-Cendejas and A. Herrera-Aguilar, 4d gravity localized in non z(2) symmetric thick branes, JHEP 0510 (2005) 101, [hep-th/0511050].

[30] Y.-X. Liu, X.-H. Zhang, L.-D. Zhang, and Y.-S. Duan, Localization of matters on pure geometrical thick branes, JHEP 0802 (2008) 067, [arXiv:0708.0065].

[31] Y.-X. Liu, L.-D. Zhang, S.-W. Wei, and Y.-S. Duan, Localization and mass spectrum of matters on weyl thick branes, JHEP 0808 (2008) 041, [arXiv:0803.0098].

[32] M. Tahim, W. Cruz, and C. Almeida, Tensor gauge field localization in branes, Phys. Rev. D 79 (2009) 085022, [arXiv:0808.2199].

[33] Y.-X. Liu, H. Guo, C.-E. Fu, and J.-R. Ren, Localization of matters on anti-de sitter thick branes, JHEP 1002 (2010) 080, [arXiv:0907.4424].

[34] A. Chumbes, A. Vasquez, and M. Hott, Fermion localization on a split brane, Phys. Rev. D 83 (2011) 105010, [arXiv:1012.1480].

[35] C.-E. Fu, Y.-X. Liu, and H. Guo, Bulk matter fields on two-field thick branes, Phys. Rev. D 84 (2011) 044036, [arXiv:1101.0336].

[36] Y.-X. Liu, C.-E. Fu, H. Guo, and H.-T. Li, Deformed brane with finite extra dimension, Phys. Rev. D 85 (2012) 084023, [arXiv:1102.4500].

[37] L. Castro, Fermion localization on two-field thick branes, Phys. Rev. D 83 (2011) 045002, [arXiv:1008.3665].

[38] Z.-H. Zhao, Y.-X. Liu, Y.-Q. Wang, and H.-T. Li, Effects of temperature on thick branes and the fermion (quasi-)localization, JHEP 1106 (2011) 045, [arXiv:1102.4894].

[39] A. Herrera-Aguilar, D. Malagon-Morejon, and R. R. Mora-Luna, Localization of gravity on a de sitter thick braneworld without scalar fields, JHEP 1011 (2010) 015, [arXiv:1009.1684].

[40] M. Gogberashvili, Localization of matter fields in the 5d standing wave braneworld,

– 12 – arXiv:1204.2448.

[41] O. Castillo-Felisola and I. Schmidt, Localization of fermions in different domain wall models, Phys. Rev. D 86 (2012) 024014, [arXiv:1202.4734].

[42] F. Quevedo, S. Krippendorf, and O. Schlotterer, Cambridge lectures on supersymmetry and extra dimensions, arXiv:1011.1491.

[43] B. Mukhopadhyaya, S. Sen, and S. SenGupta, Does a randall-sundrum scenario create the illusion of a torsion free universe?, Phys. Rev. Lett. 89 (2002) 121101, [hep-th/0204242].

[44] B. Mukhopadhyaya, S. Sen, S. Sen, and S. SenGupta, Bulk kalb-ramond field in randall-sundrum scenario, Phys. Rev. D 70 (2004) 066009, [hep-th/0403098].

[45] B. Mukhopadhyaya, S. Sen, and S. SenGupta, Bulk antisymmetric tensor fields in a randall-sundrum model, Phys. Rev. D 76 (2007) 121501, [arXiv:0709.3428].

[46] G. Alencar, M. Tahim, R. Landim, C. Muniz, and R. Costa Filho, Bulk antisymmetric tensor fields coupled to a dilaton in a randall-sundrum model, Phys. Rev. D 82 (2010) 104053, [arXiv:1005.1691].

[47] R. Landim, G. Alencar, M. Tahim, M. A. Gomes, and R. C. Filho, Dual spaces of resonance in thick p−branes, Europhys. Lett. 97 (2011) 20003, [arXiv:1010.1548].

[48] N. Barbosa-Cendejas and A. Herrera-Aguilar, Localization of 4-d gravity on pure geometrical thick branes, Phys. Rev. D 73 (2006) 084022, [hep-th/0603184].

[49] O. Arias, R. Cardenas, and I. Quiros, Thick brane worlds arising from pure geometry, Nucl.

Phys. B 643 (2002) 187, [hep-th/0202130].

[50] N. Barbosa-Cendejas, A. Herrera-Aguilar, M. A. Reyes Santos, and C. Schubert, Mass gap for gravity localized on weyl thick branes, Phys. Rev. D 77 (2008) 126013, [arXiv:0709.3552].

[51] P. D. Mannheim, Brane-Localized Gravity. World Scientific Publishing Company, 2005.

– 13 –