arXiv:hep-th/0309152 v1 16 Sep 2003

Covariant Gravitational Equations on Brane World with Gauss-Bonnet term

Kei-ichi Maeda^{1,2,3}, and Takashi Torii^2 1Department of Physics, Waseda University, Shinjuku, Tokyo 169-8555, Japan 2 Advanced Research Institute for Science and Engineering, Waseda University, Shinjuku, Tokyo 169-8555, Japan 3 Waseda Institute for Astrophysics, Waseda University, Shinjuku, Tokyo 169-8555, Japan (September 16, 2003)

We present the covariant gravitational equations to describe a four-dimensional brane world in the case with the Gauss-Bonnet term in a bulk spacetime, assuming that gravity is confined on the Z2 symmetric brane. It contains some components of five-dimensional Weyl curvature (Eμν ) which describes all effects from the bulk spacetime just as in the case of the Randall-Sundrum second model. Applying this formalism to cosmology, we derive the generalized Friedmann equation and calculate the Weyl curvature term, which is directly obtained from a black hole solution.

I. INTRODUCTION

A brane is now one of the most important ideas in particle physics [1]. It may provide us a new solution for the so-called hierarchy problem and a new mechanism for compactification of extra dimensions. Since the fundamental scale could be TeV in some models [2], a gravitational effect is not ignored even at much lower energy scale than the Planck mass. For example, a black hole formation in the next generation particle collider could be observed [3]. It should be also stressed that we could come across the first experimental evidence of quantum gravity. It may also change our view of the universe: we live in a 4-dimensional (4-D) hypersurface embedded in a higher-dimensional bulk spacetime [4]. By these reasons, the brane world scenarios attract many attention.

Among many brane models, ones proposed by Randall and Sundrum are very important [5,6]. They are motivated by superstring/M-theory, i.e., the orbifold compactification of higher-dimensional string theory by the dimensional reduction of 11-dimensional supergravity in R^{10} × S^1/Z_2 [7]. The standard-model particles are confined in a 4-D brane world while gravity accesses extra dimensions like a string/D-brane system. In their first model (RS I) [5], they proposed a mechanism to solve the hierarchy problem with two branes, whereas in their second model (RS II) [6], they considered a single brane with a positive tension, where 4-D Newtonian gravity is recovered at low energies even if the extra dimension is not compact. This mechanism provides us an alternative compactification of extra dimensions. However, those models may inevitably expect a singular spacetime just as in general relativity, although they are based on a string theory. In fact, Maldacena and Nunez showed no-go theorem [8], which states that there are no non-singular warped compactifications in a large class of supergravity theories including 11-dimensional supergravity, IIB, IIA and massive IIA. One of the ways to evade this argument is adding the higher curvature corrections to the bulk Lagrangian. The higher curvature terms naturally arise as a next leading order of the α^′-expansion of a superstring theory [9]. One may expect that they are described by the so-called Gauss-Bonnet combination, which is shown to be a ghost-free combination [10]. It also plays a fundamental role in Chern-Simon theories [11]. It was shown that the graviton zero mode is localized at law energies in the Gauss-Bonnet brane system as in the RS II model [12–14] and that the correction of the Newton’s law becomes milder by including the Gauss-Bonnet term [15].

As for cosmology with a brane world, there has been a lot of works over the last several years [16–18]. In particular, based on the RS II brane model, which is one of most popular ones, some interesting properties such as “dark radiation” or quadratic density term in the Friedmann equation have been found, assuming a simple bulk metric [18]. Since gravity is confined on a brane, the induced metric describes gravity on a brane. Hence the geometrical reduction gives a covariant form of the basic equations for brane gravity [19–22]. Applying this formalism, we find the Friedmann equation easily.

As we discussed above, since including the Gauss-Bonnet term is important, such models are also extensively studied [23–28]. Many authors so far studied mainly in the contexts of a resolution of initial singularity, inflation and a self-tuning mechanism of cosmological constant. In these analysis, a simple bulk metric is assumed just as in Ref. [18].

In order to understand those problems further, it may be convenient for us to extend the covariant gravitational equations on a brane to the case with the Gauss-Bonnet term. This is the purpose of the present paper. To find such equations, we first have to prove a consistency with a thin-wall ansatz. When we have a system with quadratic curvature terms in a bulk spacetime, we will be soon faced with an obstacle. In general, we expect terms such as (£_n K_{AB} )^2 in the field equations, where K_{AB} is the extrinsic curvature of a brane. If a brane is an infinitely thin singular wall, which could be described by the δ-function, the extrinsic curvature must have a jump at a brane. However, if £_n K_{AB} is proportional to the δ-function, a term of (£_n K_{AB} )^2 makes troubles because it gives a square of the δ-function. The reason for this breakdown is our thin-wall ansatz. We have to find other relevant junction condition which may require information about an internal structure of a brane, that is, we have to discuss a thick brane model. The basic equations may not be described only by a geometric reduction.

In the case with the Gauss-Bonnet term, however, the situation changes completely. The basic equations show a quasi-linear property pointed out by Deruelle and Madore [29], which guarantees a thin-wall ansatz because it contains only linear terms of £_n K_{AB} . Using this fact, some authors derived the generalized Friedmann equation with a simple bulk metric. With this fact, here we derive the covariant gravitational equations on a brane in the case with the Gauss-Bonnet term. The basic equations are described by 4-D brane variables except for the 5-dimensional (5-D) Weyl curvature tensor E_{μν}. Although our system is not closed because of the existence of E_{μν}, for a cosmological setting, we recover the generalized Friedmann equation which contains one integration constant and then it gives a closed form just as in the case of Ref. [19]. This generalized Friedmann equation is the same as that obtained by the previous authors [30]. In this formulation, we need not to assume any functional form for the brane action. We can add any curvature terms in four dimensions, which may be induced by quantum effects of matter fields. These brane-induced gravity models were investigated mainly in the cosmological aspect [31–34].

In Sec. II, we derive the covariant gravitational equations on a brane, applying it to cosmological model in Sec. III. We obtain the generalized Friedmann equation, which is given by a cubic equation with respect to the Hubble parameter square H^2. Conclusions and remarks follow in Sec. IV.

II. THE EFFECTIVE GRAVITATIONAL EQUATIONS

We consider a 5-D bulk spacetime with a single 4-D brane world, on which gravity is confined. We assume the 5-D bulk spacetime (M, g_{AB}), whose coordinates are X^A (A = 0, 1, 2, 3, 5), is described by the Einstein-Gauss-Bonnet action:

S_{bulk} = ∫ M d^5X √ −g [ 1 2κ^2_5

(R + αL_{GB}) + L_m ] , (2.1)

where L_{GB} = R^2 − 4R_{AB} R^{AB} + R_{ABCD} R^{ABCD}. (2.2) κ^2_5 is the 5-D gravitational constant, R, R_{AB} , R_{ABCD} and L_m are the 5-D scalar curvature, Ricci tensor, Riemann curvature and the matter Lagrangian in the bulk, respectively. α is a coupling constant. The 4-D brane world (B, h_{μν} ) is located at a hypersurface (Σ(X^A) = 0) in the 5-D bulk spacetime and the induced 4-D metric h_{μν} is defined by

h_{AB} = g_{AB} − n_An_B, (2.3)

where n_A is the spacelike unit-vector field normal to the brane hypersurface B. The action is assumed to be given by the most generic action:

S_{brane} = ∫ B d^4x √ −h [L_{surface} + L_{brane}(h_{αβ}, ψ)] , (2.4)

where x^μ (μ = 0, 1, 2, 3) are the induced 4-D coordinates on the brane,

L_{surface} = 1 κ^2_5

[K + 2α(J − 2G^{ρσ}K_{ρσ} )] (2.5)

is the surface term [35–37], and L_{brane}(h_{αβ}, ψ) is the effective 4-D Lagrangian, which is given by a generic functional of the brane metric h_{αβ} and matter fields ψ. K_{μν} (= h^A_μh^B_ν ∇_An_B), K, J and G^{ρσ} in the surface term are the extrinsic curvature of B, its trace, its cubic combination defined later, and the Einstein tensor of the induced metric h_{μν} , respectively.

The total action (S = S_{bulk} + S_{brane}) gives our basic equations as

G_{AB} + αH_{AB} = κ^2_5 [ T_{AB} + τ_{AB} δ(Σ) ] , (2.6)

where

G_{AB} = R_{AB} − 1 2 g_{AB}R, (2.7) H_{AB} = 2 [ RR_{AB} − 2R_{AC} R^C_B − 2R^{CD}R_{ACBD} + R^{CDE}_A R_{BCDE} ] − 1 2 g_{AB}L_{GB}, (2.8) and T_{AB} ≡ −2 δL_m δg^{AB} + g_{AB} L_m (2.9)

is the energy-momentum tensor of bulk matter fields, while τ_{μν} is the “effective” energy-momentum tensor localized on the brane which is defined by τ_{μν} ≡ −2 δL_{brane} δh^{μν} + h_{μν} L_{brane} . (2.10)

The δ(Σ) denotes the localization of brane contributions. It is worth noting that τ_{μν} may include curvature contributions from induced gravity [31,21]. In that term, we can also include “non-local” contributions such as a trace anomaly [33,34], although those contributions are not directly derived from the effective Lagrangian L_{brane}.

The basic equations in the brane world are obtained by projecting the variables onto the brane world because we assume that the gravity on the brane is confined. We then project the 5-D Riemann tensor onto the brane spacetime as R_{MNRS} h^M_A h^N_B h^R_C h^S_D = R_{ABCD} − K_{AC} K_{BD} + K_{AD}K_{BC} , (2.11) R_{MNRS} h^M_A h^N_B h^R_C n^S = 2D_{[A}K_{B]C} , (2.12) R_{MNRS} h^M_A h^R_C n^N n^S = −£_n K_{AC} + K_{AB} K^B_C , (2.13)

where R_{ABCD} is the Riemann tensor of the induced metric h_{MN} , D_M is the covariant differentiation with respect to h_{MN} , and £_n denotes the Lie derivative in the n-direction. The first equation is called the Gauss equation. Using this projection, the 5-D Riemann curvature and its contractions (the Ricci tensor and scalar curvature) are described by the 4-D variables on the brane with the normal n_M as R_{MNRS} = R_{MNRS} − K_{MR}K_{NS} + K_{MS} K_{NR} − n_M D_RK_{NS} + n_M D_S K_{RN} + n_N D_RK_{SM} − n_N D_S K_{RM} −n_RD_M K_{NS} + n_RD_N K_{MS} + n_S D_M K_{NR} − n_S D_N K_{MR} +n_M n_RK_{NC} K^C_S − n_M n_S K_{NC} K^C_R − n_N n_RK_{MC} K^C_S + n_N n_SK_{MC} K^C_R −n_M n_R£_n K_{NS} + n_M n_S £_n K_{NR} + n_N n_R£_n K_{MS} − n_N n_S £_n K_{MR}, (2.14) R_{MN} = R_{MN} − KK_{MN} + 2K_{MC}K^C_N + n_M ( D_C K^C_N − D_N K ) + n_N ( D_C K^C_M − D_M K ) +n_M n_N K_{CD}K^{CD} − £_n K_{MN} − n_M n_N h^{CD}£_n K_{CD}, (2.15) R = R − K^2 + 3K_{CD}K^{CD} − 2h^{CD}£_n K_{CD}. (2.16)

As was shown by Deruelle and Madore [29], the Einstein-Gauss-Bonnet equation is quasi-linear, which means that apart from non-singular terms given by the 4-dimensional variables, it contains only linear terms of £_n K_{AB} but no quadratic terms appear. In fact, inserting these relations into the basic equation (2.8), we find the effective equations on the brane as M_{μν} − 1 2 M h_{μν} + K_{μρ}K^ρ_ν − h_{μν}K_{αβ} K^{αβ} − £_n K_{μν} + h_{μν} h^{ρσ}£_n K_{ρσ}

+ 2α ( H_{μν} − M £_n K_{μν} + 2M^ρ_μ £_n K_{ρν} + 2M^ρ_ν £_n K_{ρμ} + W^{ρσ}_{μν} £_n K_{ρσ} ) = κ^2_5 [ T_{MN} h^M_μh^N_ν + τ_{μν} δ(Σ) ] , (2.17) N_μ + 2α ( M N_μ − 2M^ρ_μ N_ρ + 2M^{ρσ}N_{μρσ} − M^{νρσ}_μ N_{ρσν} ) = κ^2_5T_{MN} n^N h^M_μ , (2.18) M + α ( M^2 − 4M_{αβ}M^{αβ} + M_{αβγδ} M^{αβγδ} ) = −2κ^2_5T_{MN} n^M n^N , (2.19)

where M_{αβγδ} = R_{αβγδ} − K_{αγ} K_{βδ} + K_{αδ}K_{βγ} , M_{αβ} = h^{ρσ}M_{αρβσ} = R_{αβ} − KK_{αβ} + K_{αγ} K^γ_β, M = h^{αβ}M_{αβ} = R − K^2 + K_{αβ}K^{αβ} , (2.20)

N_{μνρ} = D_μK_{νρ} − D_ν K_{μρ}, N_μ = h^{ρσ}N_{ρμσ} = D_ν K^ν_μ − D_μK, (2.21) H_{μν} = M M_{μν} − 2(M_{μρ}M^ρ_ν + M^{ρσ} M_{μρνσ}) + M_{μρσκ} M^{ρσκ}_ν + 2K_{αβ}K^{αβ}M_{μν} + M K_{μρ}K^ρ_ν −2(K_{μρ}K^ρ_σM^σ_ν + K_{νρ}K^ρ_σM^σ_μ) − 2K^{ρκ}K^σ_κ M_{μρνσ} − 2 [N_μN_ν − N^ρ(N_{ρνμ} + N_{ρμν} )] +N_{ρσμ}N^{ρσ}_ν + 2N_{μρσ} N^{ρσ}_ν − 1 4 h_{μν} [ M^2 − 4M_{αβ}M^{αβ} + M_{αβγδ}M^{αβγδ} ] +h_{μν} [ −K_{αβ}K^{αβ} M + 2M_{αβ}K^{αγ} K^β_γ + 2N_αN^α − N_{αβγ} N^{αβγ} ] , (2.22) W^{ρσ}_{μν} = M h_{μν}h^{ρσ} − 2M_{μν} h^{ρσ} − 2h_{μν}M^{ρσ} + 2M_{μανβ}h^{αρ}h^{βσ} . (2.23) Note that the linear terms of £_n K_{CD} appear only in Eq. (2.17) but not in Eqs. (2.18) and (2.19). This is consistent with our ansatz that contribution from a brane is given by Eq. (2.10) because its contraction by n_A vanishes.

The singular behavior in 5-D bulk spacetime appears in the 5-D gravitational equations (2.6) as the δ-function. Then, £_n K_{CD} has the δ-functional singularity to balance to the energy-momentum tensor of the brane world. Integrating Eq. (2.17) in the n-direction, we obtain the generalized Israel’s junction condition [38,39];

[K_{μν}]_± − h_{μν} [K]_± + 2α ( 3[J_{μν}]_± − h_{μν} [J]_± − 2P_{μρνσ}[K^{ρσ} ]_± ) = −κ^2_5τ_{μν} , (2.24)

where J_{μν} = 1 3 ( 2KK_{μρ}K^ρ_ν + K_{ρσ} K^{ρσ} K_{μν} − 2K_{μρ}K^{ρσ} K_{σν} − K^2K_{μν} ) (2.25) P_{μνρσ} = R_{μνρσ} + 2h_{μ[σ} R_{ρ]ν} + 2h_{ν[ρ}R_{σ]μ} + Rh_{μ[ρ}h_{σ]ν} . (2.26)

We have introduced

[X]_± ≡ X^+ − X^−, (2.27)

where X^± are X’s evaluated either on the + or − side of the brane and P_{μνρσ} is the divergence free part of the Riemann tensor, i.e.

D_μP^μ_{νρσ} = 0. (2.28)

Because of the Z_2-symmetry, we have

K^+_{μν} = −K^−_{μν} , (2.29)

then the extrinsic curvature of the brane is uniquely determined by the junction condition as B_{μν} = − κ^2_5 2 τ_{μν} , (2.30)

where B_{μν} ≡ K_{μν} − Kh_{μν} + 2α (3J_{μν} − Jh_{μν} − 2P_{μρνσ}K^{ρσ} ) . (2.31) In what follows, we omit the indices ± below for brevity.

The above quasi-linearity guarantees the ansatz of an infinitely thin brane. The obtained equations for induced metric is described by geometrical quantities and does not depend on microphysics of the brane. This situation will be changed when we discuss other curvature-squared terms. On the other hand, if we include the Lovelock Lagrangian which is higher than Gauss-Bonnet one but does not contain higher-derivatives, we can assume that a brane is infinitely thin because it is also quasi-linear and then extend the present approach.

In order to find the effective equations on the brane, we have to replace the terms of £_n K_{μν} in Eq. (2.17) with the 4-D variables on the brane. The singular part in Eq. (2.17) has been evaluated by the junction condition. Hence we have to evaluate £_n K_{μν} either on the + or − side of the brane, which is nonsingular. From Eqs. (2.13), (2.15) and (2.16) with the decomposition of the Riemann tensor as R_{ABCD} = 2 3 ( g_{A[C} R_{D]B} − g_{B[C} R_{D]A} ) − 1 6 g_{A[C} g_{D]B} R + C_{ABCD} , (2.32) where C_{MRNS} is the 5-D Weyl curvature, we find

£_n K_{μν} − 1 4 h_{μν} h^{αβ}£_n K_{αβ} = − 3 2 E_{μν} − 1 2 ( M_{μν} − 1 4 h_{μν} M ) + K_{μρ}K^ρ_ν − 1 4 h_{μν} K_{ρσ} K^{ρσ} , (2.33)

where

E_{μν} ≡ C_{MRNS} n^M n^N h^R_μ h^S_ν . (2.34)

However, because Eq. (2.33) is a trace free equation, we cannot fix £_n K_{μν} by Eq. (2.33). We have to find h^{αβ}£_n K_{αβ} from other independent equation. We shall take a trace of our basic equation (2.6), finding

3R + αL_{GB} = −2κ^2_5T . (2.35)

Inserting Eqs. (2.11)-(2.13) with Eq. (2.33) into Eq. (2.35), we find

h^{αβ}£_n K_{αβ} = M 2 + K_{αβ} K^{αβ} + κ^2_5 3 + αM T + α 2(3 + αM )

I, (2.36)

where I = M^2 − 8M_{αβ}M^{αβ} + M_{αβγδ} M^{αβγδ} − 8N_ρN^ρ + 4N_{ρσκ}N^{ρσκ} − 12M_{ρσ}E^{ρσ} . (2.37) From Eq. (2.33) with Eq. (2.36), we then find

£_n K_{μν} = − 3 2 E_{μν} − 1 2 ( M_{μν} − 1 2 M h_{μν} ) + K_{μρ}K^ρ_ν + κ^2_5 4(3 + αM ) T h_{μν} + α 8(3 + αM )

Ih_{μν} . (2.38)

Inserting Eq. (2.38) into Eq. (2.17), we obtain the effective gravitational equations on the brane as 3 2 (M_{μν} + E_{μν}) − 1 4 M h_{μν} + α [ H^{(1)}_{μν} + H^{(2)}_{μν} + H^{(3)}_{μν} ] − α^2I 2(3 + αM ) ( M_{μν} − 1 4 M h_{μν} )

= κ^2_5 [ T_{MN} h^M_μh^N_ν − 1 4 h_{μν}T + α 3 + αM ( M_{μν} − 1 4 M h_{μν} ) T ] , (2.39)

where H^{(1)}_{μν} = 2M_{μαβγ} M^{αβγ}_ν − 6M^{ρσ}M_{μρνσ} + 4M M_{μν} − 8M_{μρ}M^ρ_ν − 1 8 h_{μν} ( 7M^2 − 24M_{αβ}M^{αβ} + 3M_{αβγδ}M^{αβγδ} ) , H^{(2)}_{μν} = −6 ( M_{μρ}E^ρ_ν + M_{νρ}E^ρ_μ + M_{μρνσ} E^{ρσ} ) + 9 2 h_{μν} M_{ρσ} E^{ρσ} + 3M E_{μν}, H^{(3)}_{μν} = −4N_μN_ν + 4N^ρ (N_{ρμν} + N_{ρνμ}) + 2N_{ρσμ}N^{ρσ}_ν + 4N_{μρσ} N^{ρσ}_ν + 3h_{μν} ( N_αN^α − 1 2 N_{αβγ} N^{αβγ} ) . (2.40)

Eq. (2.19) is automatically satisfied when we take a trace of Eq. (2.39), which means that it is not independent. We have then two basic equations (2.39) and (2.18). Eq. (2.18) is rewritten as D_ν [ K^ν_μ − Kδ^ν_μ + 2α(3J^ν_μ − Jδ^ν_μ − 2P^{ρνσ}_μ K_{ρσ} ) ] = κ^2_5T_{MN} h^M_μ n^N , (2.41)

which gives the constraint on the brane matter fields through the junction condition (2.30), i.e.

D_ν τ^ν_μ = −2T_{MN} h^M_μ n^N . (2.42)

If there is no energy-momentum transfer from the bulk, we find the energy-momentum conservation of brane matter fields as

D_ν τ^ν_μ = 0 . (2.43)

In Eq. (2.39), we have so far three unknown variables; T_{AB}, E_{μν} , and K_{μν} . The first two variables are described by bulk information, whereas the extrinsic curvature K_{μν} is related to the brane “energy-momentum” tensor τ_{μν} as

Eq. (2.30). Hence Eqs. (2.30) and (2.39) with the energy momentum conservation (2.43) give the effective gravity theory on the brane.

It may be better to rewrite Eq. (2.39) to the Einstein-type equations with “correction” terms. From Eqs. (2.19) and (2.39), we find G_{μν} + E_{μν} − KK_{μν} + K_{μρ}K^ρ_ν + 1 2 ( K^2 − K_{αβ}K^{αβ} ) h_{μν} + α ( Ĥ^{(1)}_{μν} + Ĥ^{(2)}_{μν} + Ĥ^{(3)}_{μν} )

= 2κ^2_5 3 {[ T_{MN} h^M_μh^N_ν + ( T_{MN} n^M n^N − 1 4 T^M_M ) h_{Mμν} ] + α 3 + αM ( M_{μν} − 1 4 M h_{μν} ) T_{MN} h^{MN} } , (2.44)

where

Ĥ^{(1)}_{μν} = 4 3 ( M_{μαβγ} M^{αβγ}_ν − 3M^{ρσ}M_{μρνσ} + 2M M_{μν} − 4M_{μρ}M^ρ_ν ) − 1 12 h_{μν} ( 11M^2 − 40M_{αβ}M^{αβ} + 7M_{αβγδ} M^{αβγδ} )

− α 3(3 + αM ) ( M_{μν} − 1 4 M h_{μν} ) ( M^2 − 8M_{αβ}M^{αβ} + M_{αβγδ} M^{αβγδ} ) , Ĥ^{(2)}_{μν} = −4 (M_{μρ}E^ρ_ν + M_{νρ}E^ρ_μ + M_{μρνσ} E^{ρσ} ) + 3h_{μν} M_{ρσ} E^{ρσ} + 2M E_{μν} + 4α 3 + αM ( M_{μν} − 1 4 M h_{μν} ) M_{ρσ} E^{ρσ}, Ĥ^{(3)}_{μν} = 8 3 [ −N_μN_ν + N^ρ (N_{ρμν} + N_{ρνμ}) + 1 2 N_{ρσμ}N^{ρσ}_ν + N_{μρσ} N^{ρσ}_ν ]

+ [ 2h_{μν} + 8α 3(3 + αM ) ( M_{μν} − 1 4 M h_{μν} )] ( N_αN^α − 1 2 N_{αβγ} N^{αβγ} ) . (2.45)

As for the junction condition, we find K_{μν} + 2α 3 [ 9J_{μν} − 2Jh_{μν} − 2 (3P_{μρνσ} + h_{μν} G_{ρσ}) K^{ρσ} ] = − κ^2_5 2 ( τ_{μν} − 1 3 τ h_{μν} ) . (2.46)

If α = 0, we find two equations: G_{μν} + E_{μν} − KK_{μν} + K_{μρ}K^ρ_ν + 1 2 ( K^2 − K_{αβ}K^{αβ} ) h_{μν} = 2κ^2_5 3 [ T_{MN} h^M_μh^N_ν + ( T_{MN} n^M n^N − 1 4 T^M_M ) h_{Mμν} ] , (2.47) K_{μν} = − κ^2_5 2 ( τ_{μν} − 1 3 τ h_{μν} ) , (2.48)

which are exactly the same as those found in Ref. [19], which gives the Einstein gravitational theory in the 4-D brane world. However, if the Gauss-Bonnet term appears, gravitational interaction on the brane will be modified in the effective theory.

The gravity on the brane is described by Eq. (2.39) with Eq. (2.30), or equivalently by Eq. (2.44) with Eq. (2.46). Just as the case of the RS II model, this system is not closed because of appearance of the terms with E_{μν} , which is some component of the 5-D Weyl curvature. Although we have to solve a bulk spacetime as well as a brane world, we know that any contribution from a bulk spacetime to a brane world is described only by the tidal force E_{μν} .

Although the above form (2.39) or (2.44) is good enough to describe our basic equations, it is sometimes convenient to divide Eq. (2.39) into two parts; its trace and the trace free equation. Introducing trace free variables as

M̃_{μν} = M_{μν} − 1 4 M h_{μν} , L_{μνρσ} = M_{μνρσ} + h_{μ[σ}M̃_{ρ]ν} + h_{ν[ρ}M̃_{σ]μ} − 1 6 M h_{μ[ρ}h_{σ]ν} , (2.49)

we find M + α ( 1 6 M^2 − 2M̃_{αβ}M̃^{αβ} + L_{αβγδ} L^{αβγδ} ) = −2κ^2_5T_{MN} n^M n^N , (2.50) 3 2 ( M̃_{μν} + E_{μν} ) + α [ H̄^{(1)}_{μν} + H̄^{(2)}_{μν} + H̄^{(3)}_{μν} ]

= κ^2_5 [ T_{MN} h^M_μh^N_ν − 1 4 h_{μν} T_{MN} h^{MN} + α 3 + αM M̃_{μν} T_{MN} h^{MN} ] , (2.51) where

H̄^{(1)}_{μν} = 2 ( L_{μαβγ} L^{αβγ}_ν − M̃^{αβ}L_{μανβ} − M̃^α_μ M̃_{αν} ) − 3 − αM 6(3 + αM ) M M̃_{μν} + 2α 3 + αM M̃_{αβ}M̃^{αβ}M̃_{μν} − 1 2 h_{μν} ( L_{αβγδ} L^{αβγδ} − M̃_{αβ}M̃^{αβ} ) , H̄^{(2)}_{μν} = −3 ( M̃_{μρ}E^ρ_ν + M̃_{νρ}E^ρ_μ + 2L_{μρνσ}E^{ρσ} ) + 3 2 h_{μν}M̃_{ρσ} E^{ρσ} + 1 2 M E_{μν} + 6α 3 + αM M̃_{ρσ} E^{ρσ}M̃_{μν} , H̄^{(3)}_{μν} = −4N_μN_ν + 4N^ρ (N_{ρμν} + N_{ρνμ}) + 2N_{ρσμ}N^{ρσ}_ν + 4N_{μρσ} N^{ρσ}_ν + 3h_{μν} ( N_αN^α − 1 2 N_{αβγ} N^{αβγ} )

+ 4α 3 + αM ( N_αN^α − 1 2 N_{αβγ} N^{αβγ} ) M̃_{μν} . (2.52)

The junction condition (2.30) is also decomposed into two parts: B ≡ B^μ_μ = −3K + α ( 4M̃_{ρσ}K̃^{ρσ} − KM − 1 2 K^3 + 2KK̃_{ρσ}K̃^{ρσ} − 8 3 K̃^ρ_σK̃^σ_κK̃^κ_ρ ) = − κ^2_5 2 τ, (2.53) B̃_{μν} ≡ B_{μν} − 1 4 Bh_{μν} = K̃_{μν} − 12αJ̃_{μν} − α [ 4L_{μρνσ}K̃^{ρσ} + 2K̃^ρ_μ M̃_{ρν} + 2K̃^ρ_ν M̃_{ρμ} − h_{μν}K̃_{ρσ}M̃^{ρσ} − KM̃_{μν} − 1 3 M K̃_{μν} ]

= − κ^2_5 2 ( τ_{μν} − 1 4 τ h_{μν} ) , (2.54)

where

K̃_{μν} = K_{μν} − 1 4 Kh_{μν} , J̃_{μν} = J_{μν} − 1 4 Jh_{μν} = 1 3 [ −2K̃_{μρ}K̃^{ρσ}K̃_{σν} + 1 2 KK̃_{μρ}K̃^ρ_ν + K̃_{μν} ( K̃_{ρσ}K̃^{ρσ} − 1 8 K^2 )

+ 1 2 h_{μν} ( K̃^α_βK̃^β_γK̃^γ_α − 1 4 KK̃_{ρσ}K̃^{ρσ} )] . (2.55)

In this decomposition, our basic equations are (2.50) and (2.51) with the junction conditions (2.53) and (2.54). This form may be better to describe some symmetric spacetime such as the Friedmann-Robertson-Walker (FRW) universe, which we shall study next.

III. FRIEDMANN EQUATION

We apply the present reduction to the FRW cosmology. We assume spacetime as

ds^2 = −dt^2 + a^2(t) γ_{ij} dx^idx^j , (3.1)

where γ_{ij} denotes the metric of maximally symmetric 3-dimensional space. This gives

R^0_0 = 3(X + Y ), R^i_j = (Y + 3X)δ^i_j,

R^{0i}_{0j} = (X + Y )δ^i_j , R^{ij}_{kl} = X ( δ^i_kδ^j_l − δ^i_lδ^j_k ) , P^{0i}_{0j} = Xδ^i_j, P^{ij}_{kl} = (X + Y ) ( δ^i_kδ^j_l − δ^i_lδ^j_k ) , (3.2)

where

X ≡ H^2 + k a^2 , Y ≡ Ḣ − k a^2

. (3.3)

We assume that only a cosmological constant exists in the bulk, i.e.,

κ^2_5T_{MN} = −Λg_{MN} . (3.4)

From the symmetry of FRW spacetime, we can set

K^μ_ν = ( K^0_0, Kδ^i_j ) , (3.5)

E^μ_ν = E^0_0 ( 1, − 1 3 δ^i_j ) . (3.6)

We note that E^μ_ν is trace free. We then write down the basic equations (2.50) and (2.51) as

2X̄ + Ȳ + 4αX̄(X̄ + Ȳ ) = Λ 3 , (3.7)

3Ȳ + 2E^0_0 + α ( H^{(1)} + H^{(2)} ) = − 8αΛ 3 + αM Ȳ , (3.8)

where X̄ = X − K^2, Ȳ = Y − K^0_0K + K^2, (3.9) M = 6(2X̄ + Ȳ ),

H^{(1)} ≡ −2Ȳ [ 2X̄ + 3Ȳ − α 3(3 + αM ) ( M^2 + 18Ȳ^2 ) ] , H^{(2)} ≡ 4 ( 2X̄ − Ȳ + 6α 3 + αM Ȳ^2 ) E^0_0 . (3.10)

Here we have used the fact that L_{μνρσ} vanishes and

M̃^μ_ν = 3 2 Ȳ ( 1, − 1 3 δ^i_j ) . (3.11)

We have also found that N_ρ and N_{αβγ} vanish as will be shown below. The non-trivial components of N_ρ and N_{αβγ} are calculated as

N_0 = −3N , N^j_{0i} = −N^j_{i0} = N δ^j_i , (3.12)

where N ≡ K̇ − H(K^0_0 − K), which gives the l.h.s. of Eq. (2.18) as

−3N (1 + 4αX̄) . (3.13)

Since the r.h.s. of Eq. (2.18) vanishes when only a cosmological constant appears in a bulk spacetime, we obtain

N = K̇ − H(K^0_0 − K) = 0 , (3.14)

resulting that N_ρ = N_{αβγ} = 0.

As for the junction condition (2.30), we first calculate J_{μν} as

J̃^μ_ν = − 1 2 K^2(K^0_0 − K) ( 1, − 1 3 δ^i_j ) , J = −2K^2 ( 3K^0_0 + K ) , (3.15)

and then obtain

B̃^μ_ν = 3 4 [ (K^0_0 − K)(1 + 4αX̄ + 8αK^2) + 8αKȲ ] ( 1, − 1 3 δ^i_j ) , B = −3(K^0_0 + 3K) − 4α [ 2K^2(K + 3K^0_0) + 3(K^0_0 + 3K)X̄ + 6KȲ ] . (3.16)

The junction condition (2.30) gives two independent relations

K(1 + 4αX̄) + 8 3 αK^3 = κ^2_5 6 τ^0_0, (3.17)

(K^0_0 − K) [ 1 + 4α(X̄ + 2K^2) ] + 8αKȲ = κ^2_5 2 (τ^1_1 − τ^0_0) . (3.18)

We also find ˙X̄ = 2HȲ (3.19)

from Eq. (3.14) with Ẋ = 2HY . We then recover the energy-momentum conservation law

τ̇^0_0 + 3H(τ^0_0 − τ^1_1) = 0 . (3.20)

from Eqs. (3.17) and (3.18).

Using Eq. (3.19) with Eq. (3.7), we obtain

˙X̄ = 2H (1 + 4αX̄)^{−1} [ Λ 3 − 2X̄ ( 1 + 2αX̄ ) ] , (3.21)

which is easily integrated as

X̄(1 + 2αX̄) = Λ 6 + C a^4

. (3.22)

where C is an integration constant.

If α = 0, we have

X̄ = X̄_0(a) ≡ Λ 6 + C a^4

. (3.23)

With Eq. (3.17) we find

X ≡ X̄_0(a) + K^2 = κ^4_5 36 (τ^0_0)^2 + Λ 6 + C a^4

. (3.24)

Setting τ^0_0 = −(λ+ρ), where λ is a positive tension of the brane and ρ is the energy density, we recover the well-known equation in brane cosmology, i.e.

H^2 + k a^2 = Λ_4 3 + 8πG 3 ρ + κ^4_5 36 ρ^2 +

E^0_0 3 , (3.25)

where

Λ_4 = 1 2 ( Λ + κ^4_5λ^2 6 ) , 8πG = κ^4_5 6 λ . (3.26)

We have used E^0_0(= −3Ȳ /2) = 3C/a^4, which is obtained from Eqs. (3.7), (3.8), and (3.23).

When α ≠ 0, solving the above quadratic equation, we obtain

X̄ = X̄_±(a) ≡ 1 4α [ −1 ± √ 1 + 8αX̄_0(a) ] . (3.27)

Inserting K^2 = X − X̄_±(a) into the square of Eq. (3.17), we find [ X − X̄_±(a) ] [ 1 + 8 3 αX + 4 3 αX̄_±(a) ]_2 = κ^4_5 36 ( τ^0_0

)_2 . (3.28)

This is generalization of Friedmann equation. If the brane contains only matter field including a tension, i.e. τ^0_0 = −(λ + ρ), it is a cubic equation with respect to X = H^2 + k/a^2 [30,39]. When we have the Einstein-Hilbert action on the brane such as an induced gravity [21,31], the generalized Friedmann equation becomes complicated, but it is still a cubic equation [30]. In the case with a trace anomaly, τ^0_0 contains not only λ, ρ, and X, but also Y and Ẏ . As a result, we have a very complicated equation.

The other independent equation (3.8) just gives the value of E^0_0, i.e.

E^0_0 = − 3 2 Ȳ_±(a) [ 1 + 8αȲ_±(a) 3(1 + 4αX̄_±(a)) ] , (3.29)

where

Ȳ_±(a) = (1 + 4αX̄_±(a))^{−1} [ Λ 3 − 2X̄_±(a) ( 1 + 2αX̄_±(a) ) ]

= −2C ( 1 + 4αX̄_±(a) )_{−1} a^{−4} . (3.30)

This is the advantage in our description of the basic equations; (2.50) and (2.51). The former gives the generalized Friedmann equation, while the latter is an algebraic equation for E^0_0.

Because we have the Birkhoff-type theorem [42], the bulk spacetime is described by a “black hole” solution [40,41], whose metric is

ds^2 = −f(r)dt^2 + f^{−1}(r)dr^2 + r^2dΣ^2_k , (3.31)

where

f(r) = k + r^2 4α ( 1 ∓ √ 1 + 4αΛ 3 + 16αμ 3r^4 ) . (3.32)

A mass of a “black hole” is given by M = Ω_kμ/κ^2_5, where Ω_k is a volume of 3-dimensional space with a unit radius. Calculating the curvature tensor, we find

E^0_0 = C^{01}_{01} = ± μ r^4 ( 1 + 4αΛ 3 + 16αμ 3r^4

)_− 3_2 ( 1 + 4αΛ 3 + 16αμ 9r^4 ) . (3.33)

Using Eq. (3.27), we find that Eq. (3.29) with Eq. (3.30) is the same as Eq. (3.33) with μ = 3C/2 and r = a. Hence an integration constant C corresponds to a mass of a “black hole” just as in the RS II model. However “dark radiation” E^0_0 is not simply a radiation term but it depends complicatedly on a. The signature ± in Eq. (3.33) corresponds to ± of X̄_±.

Here we shortly summarize a global structure of the “black hole” solution (3.31). It has a singularity at r = 0 if μ ≠ 0 as R_{ABCD} R^{ABCD} ≈ 4μ αr^4 . (3.34)

If 1 +^4_3 αΛ > 0, the upper sign solution of (3.32) has an event horizon if k ≤ 0 or k = 1 and μ > 3α, while for the lower sign case, a singularity becomes naked unless k = −1 and μ < 3α. For the case of 1 +^4_3 αΛ < 0, r is bounded from above as r ≤ r_{max}, where

r_{max} = ( 16αμ 3|1 +^4_3 αΛ| )_{1/4} . (3.35)

Although the equation f(r) = 0 has a positive root for some restricted conditions, there appears another singularity at r = r_{max}. The curvature invariant diverges there as R_{ABCD} R^{ABCD} ≈ μ 12αr_{max} (r_{max} − r)^3

. (3.36)

Since this singularity is timelike and then naked, the above root does not mean an event horizon. There is no regular asymptotic region.

Another important property of this solution is about stability. The lower branch solution in Eq. (3.32) turns out to be unstable [40].

With these basic equations, several authors analyzed the dynamics of the universe [30]. In this paper, assuming the induced gravity model [21,31], we first find a condition for a Minkowski brane. In the induced gravity model [21], we have

τ^0_0 = −(λ + ρ) + 3μ^2X , (3.37)

where λ is a positive tension of a brane, ρ is the energy density on a brane, and μ is a mass scale in the induced gravity, which is expected to be the Planck mass. If we set μ = 0, we find the model without induced gravity action on the brane. In the Minkowski brane, X = Y = 0 and ρ = 0. From these conditions with Eqs. (3.18) and (3.30), we show that C = 0. The real value condition for X̄ requires 1 + 4 3 αΛ > 0 . (3.38)

Inserting the conditions for the Minkowski brane with C = 0 into Eq. (3.28), we find

ακ^4_5λ^2 = 1 − 4αΛ ∓ ( 1 + 4 3 αΛ )_{3/2} . (3.39)

This is a tuning condition for zero cosmological constant on the brane. For the upper branch, when we take a limit of α → 0, we recover Λ + κ^4_5λ^2/6 = 0, which is the fine-tuning condition for the RS II model. Note that such a limit does not exist for the lower branch, although we have the Minkowski brane in this branch. The condition (3.38) gives the possible range for λ, that is,

0 ≤ ακ^4_5λ^2 < 4 for the upper branch , 2 ≤ ακ^4_5λ^2 < 4 for the lower branch . (3.40)

A de Sitter brane (or anti de Sitter brane) is obtained if λ is larger (or smaller) than that given by Eq. (3.39).

Finally, we show an asymptotic Friedmann equation, by perturbing the Minkowski brane spacetime. Here we do not impose the tuning condition (3.39). Setting X, ρ and C/a^4 as small variables and expanding Eq. (3.28) up to those first order terms, we find the conventional Friedmann equation with dark radiation as

H^2 + k a^2 = Λ^{(±)}_4 3 + 8πG^{(±)}_N 3 ρ + C^{(±)} a^4

, (3.41)

where

Λ^{(±)}_4 = ακ^4_5λ^2 − 1 + 4αΛ ± ( 1 +^4_3 αΛ )_{3/2} 12α ( 1 −^4_9 αΛ +^1_6 κ^4_5λμ^2

) , (3.42)

8πG^{(±)}_N = κ^4_5 6 ( 1 −^4_9 αΛ +^1_6 κ^4_5λμ^2 ) ( λ − μ^2Λ^{(±)}_4 ) , (3.43)

C^{(±)} = C 3 ( 1 −^4_9 αΛ +^1_6 κ^4_5λμ^2 ) ( 2 ± √ 1 + 4 3 αΛ + 8 3 αΛ^{(±)}_4 ) . (3.44)

Hence in both branches, we have recovered the conventional Friedmann universe in an asymptotic form, although the lower branch is unstable [40]. The early stage of the universe may depend on the parameters as discussed in Ref. [30].

If 1 +^4_3 αΛ < 0, the scale factor of the universe cannot be infinitely large. There is an upper bound as a < a_{max} = r_{max}. No Minkowski brane exists. If the scale factor approaches this value, the Weyl curvature (3.33) diverges, where a singularity appears in a bulk black hole spacetime. Hence our universe evolves into a singularity although a scale factor is finite. Even if the universe does not approach this singularity, the universe will get into trouble because it is a naked singularity.

IV. CONCLUDING REMARKS

We have derived the covariant gravitational equations of a brane world model with the Gauss-Bonnet curvaturesquared term in a bulk spacetime. Although the obtained equations are very complicated, any effects from a bulk spacetime to a brane world are described only by the Weyl curvature (E_{μν}). The basic equations are not given in a closed form because of this term.

Giving the energy-momentum tensor of the brane, which is shown to be conserved, the extrinsic curvature (K_{μν} ) of a brane satisfies a cubic matrix equation. Since it is not explicitly given by the energy-momentum tensor, we have to solve a couple of equations for the induced metric and the extrinsic curvature. If the brane action includes the induced gravity term, which may be expected from quantum effects of matter fields on the brane, we have to replace the energy-momentum tensor with its generalization just as in Ref. [21].

We have then applied the present formalism to cosmology. Assuming the FRW spacetime for a brane world, we have re-derived the generalized Friedmann equation. The obtained equation has one integration constant, just as in the RS II model, which is proportional to mass of a 5-D black hole solution. Hence the cosmological model has only one unknown parameter. The system is described in a closed form.

Note that the present approach can be applied not only to a brane model with the Gauss-Bonnet term in arbitrary dimensions but also to that with any Lovelock terms because of their quasi-linearity. Another extension is inclusion of a dilaton field. In a realistic string theory, we have a dilaton field which couples to the Gauss-Bonnet term as well. It will change the dynamics of a brane world too. Such extensions are in progress. Analyzing those models, we hope that some fundamental cosmological problems such as a big-bang singularity or a cosmological constant will be solved.

ACKNOWLEDGMENTS

We would like to thank K. Aoyanagi, N. Deruelle, S. Mizuno and N. Okuyama for useful discussions. This work was partially supported by the Grant-in-Aid for Scientific Research Fund of MEXT (Nos. 14047216, 14540281) and by the Waseda University Grant for Special Research Projects.

[1] J. Polchinski, Phys. Rev. Lett. 75, 4724 (1995).

[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998);

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998). [3] S. Dimopoulos, G. Landsberg, Phys. Rev. Lett. 87 (2001) 161602;

A. Chamblin, G.C. Nayak, Phys. Rev. D66 (2002) 091901; S. B. Giddings, S. Thomas, Phys. Rev. D65 (2002) 056010.

[4] For earlier work on this topic, see

K. Akama, Lect. Notes Phys. 176, 267 (1982) [hep-th/0001113]; V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. 152B,136 (1983); M. Visser, Phys. Lett. B159,22(1985);

M. Gogberashvili, Mod. Phys. Lett. A14, 2025(1999); hep-ph/9908347. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999). [6] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999). [7] P. Hořava and E. Witten, Nucl. Phys. B475, 94 (1996). [8] J. Maldacena and C. Nunez, Int. J. Mod. Phys. A16, 822 (2001). [9] D. J. Gross and E. Witten, Nucl. Phys. B277, 1 (1986);

D. J. Gross and J. H. Sloan, Nucl. Phys. B291, 41 (1987); R. R. Metsaev and A. A. Tseytlin, Phys. Lett. B191, 354 (1987); R. C. Meyers, Phys. Rev. D 36, 392 (1987);

C. G. Callan, R. C. Meyers and M. J. Perry, Nucl. Phys. B311, 673 (1988); R. R. Metsaev and A. A. Tseytlin, Nucl. Phys. B293, 385 (1987).

[10] B. Zwieback, Phys. Lett. B 156, 315 (1985);

B. Zumino, Phys. Rep. 137, 109 (1986).

[11] A. H. Chamseddine, Phys. Lett. B 223, 291 (1989);

F. Müller-Hoissen, Nucl. Phys. B346, 235 (1990).

[12] J. E. Kim and H. M. Lee, Nucl. Phys. B602, 346 (2001); B619, 763 (2001). [13] K. A. Meissner and M. Olechowski, Phys. Rev. Lett. 86, 3708 (2001); Phys. Rev. D 65, 064017 (2002). [14] I. P. Neupane, JHEP 09, 040 (2001); Phys. Lett. B 512, 137 (2001);

Y. M. Cho and I. P. Neupane, hep-th/0112227;

Y. M. Cho, I. P. Neupane and P. S. Wesson, Nucl. Phys. B621, 388 (2002); N. E. Mavromatos and J. Rizos, Phys. Rev. D 62, 124004 (2000).

[15] N. Deruelle and M. Sasaki, gr-qc/0306032.

[16] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D 59, 086004 (1999);

N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, J. March-Russell, Nucl. Phys. B567, 189 (2000). [17] A. Lukas, B. A. Ovrut, K.S. Stelle and D. Waldram, Phys. Rev. D59, 086001 (1999);

H.S. Reall, Phys. Rev. D 59, 103506 (1999);

A. Lukas, B. A. Ovrut and D. Waldram, Phys. Rev. D60, 086001 (1999). [18] P. Binétruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565, 269 (2000);

N. Kaloper, Phys. Rev. D 60, 123506 (1999) ;

C. Csaki, M. Graesser, C. Kolda and J. Terning Phys. Lett. B 462, 34 (1999) ; T. Nihei, Phys. Lett. B 465, 81 (1999) ;

P. Kanti, I. I. Kogan, K. A. Olive and M. Prospelov, Phys. Lett. B 468, 31 (1999); J. M. Cline, C. Grojean and G. Servant, Phys. Rev. Lett. 83, 4245 (1999); P. Binétruy, C. Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B 477, 285 (2000) ; S. Mukohyama, T. Shiromizu and K. Maeda, Phys. Rev. D 62, 024028 (2000).

[19] T. Shiromizu, K. Maeda and M. Sasaki, Phys. Rev. D 62, 024012 (2000);

M. Sasaki, T. Shiromizu and K. Maeda, Phys. Rev. D 62, 024008 (2000). [20] K. Maeda and D. Wands, Phys. Rev. D62, 124009 (2000). [21] K. Maeda, S. Mizuno and T. Torii, Phys. Rev. D 68, 024033 (2003). [22] K. Maeda, Prog. Theor. Phys. Suppl. 148, 59 (2003). [23] I. Low and A. Zee, Nucl. Phys. B585, 395 (2000);

J. M. Cline and H. Firouzjahi, Phys. Rev. D 65, 043501 (2002). [24] N. Deruelle and T. Dolezel, Phys. Rev. D 62, 103502 (2000);

B. Abdesselam and N. Mohammedi, Phys. Rev. D 65, 084018 (2002). [25] P. Binetruy, C. Charmousis, S. C. Davis and J. Dufaux, Phys. Lett. B 544, 183 (2002);

J. E. Lidsey, S. Nojiri and S. Odintov, JHEP 06, 026 (2002); C. Barcelo, C. Germani and C. F. Sopuerta, gr-qc/0306072.

[26] J. E. Lidsey and N. J. Nunez, Phys. Rev. D 67, 103510 (2003). [27] M. A. Luty, M. Porrati and M Manera, hep-th/0303116;

V. A. Rubakov, hep-th/0303125.

[28] J. P. Gregory and A. Padilla, hep-th/0304250. [29] N. Deruelle and J. Madore, gr-qc/0305004.

[30] J. E. Kim, B. Kyae and H. M. Lee, Nucl. Phys. B582, 296 (2000); B591, 587 (2000);

C. Charmousis and J. Dufaux, Class. Quantum Grav. 19, 4671 (2002); J. E. Lidsey and N. J. Nunes, astro-ph/0303168;

C. Germani and C. Sopuerta, Phys. Rev. Lett. 88, 231101 (2002); G. Kofinas, R. Maartens, and E. Papantonopoulos, hep-th/0307138.

[31] G. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B 485, 208 (2000);

G. Dvali and G. Gabadadze, Phys. Rev. D 63, 065007 (2001); G. Dvali, G. Gabadadze, and M. Shifman, hep-th/0202174.

[32] T. Tanaka, gr-qc/0305031.

[33] S. Nojiri, S. D. Odintsov, and S. Zerbini, Phys. Rev. D 62, 064006 (2000);

S. Nojiri, and S. D. Odintsov, Phys. Lett. B 484, 119 (2000).

[34] S. W. Hawking, T. Hertog, and H. S. Reall, Phys. Rev. D62, 043501 (2001); ibid. D 63, 083504 (2001);

S. W. Hawking and T. Hertog, Phys. Rev. D66, 123509 (2002). [35] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752 (1977). [36] H. A. Chamblin and H. S. Reall, Nucl. Phys. B562, 133 (1999). [37] R. C. Myers, Phys. Rev. D 36, 392 (1987). [38] W. Israel, Nuovo Cim. 44B, 1 (1966). [39] S. C. Davis, hep-th/0208205;

E. Gravanis and S. Willison, Phys. Lett. B 562, 118 (2003). [40] D. G. Boulware and S. Deser, Phys. Rev. Lett. 85, 2656 (1985). [41] J. T. Wheeler, Nucl. Phys. B368, 737 (1986);

N. Deruelle and J. Modare, Phys. Lett. B186, 26 (1987); R.-G. Cai, Phys. Rev. D 65, 084014 (2002); S. Nojiri and S. D. Odintsov, hep-th/0109122.

[42] D.L. Wiltshire, Phys. Lett. B 169, 36 (1986). [43] D. Lovelock, J. Math. Phys. 12, 498 (1971);

N. Deruelle and L. Farina-Busto, Phys. Rev. D 41, 3696 (1990);

G. A. M. Marugan, Phys. Rev. D 46, 4320 (1992).