arXiv:gr-qc/0303039 v2 7 Jun 2003

Effective Gravitational Equations on Brane World with Induced Gravity

Kei-ichi Maeda^{1,2,3}, Shuntaro Mizuno^1, and Takashi Torii^2 1Department of Physics, Waseda University, Okubo 3-4-1, 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 (June 7, 2003)

We present the effective equations to describe the four-dimensional gravity of a brane world, assuming that a five-dimensional bulk spacetime satisfies the Einstein equations and gravity is confined on the Z2 symmetric brane. Applying this formalism, we study the induced-gravity brane model first proposed by Dvali, Gabadadze and Porrati. In a generalization of their model, we show that an effective cosmological constant on the brane can be extremely reduced in contrast to the case of the Randall-Sundrum model even if a bulk cosmological constant and a brane tension are not fine-tuned.

I. INTRODUCTION

There has been tremendous interest over the last several years in this brane world scenario. String theory predicts a boundary layer, a brane, on which edges of open strings stand [1]. The existence of such natural boundaries suggests a new perspective in cosmology; a brane world scenario, that is, we are living in a threedimensional (3-D) hypersurface in a higher-dimensional spacetime [2]. In contrast to the original Kaluza-Klein picture in which we live in four-dimensional (4-D) spacetime with extra compactified “internal space”, our world view appears to be changed completely. Particles in the standard model are expected to be confined to the brane, whereas the gravitons propagate in the entire bulk spacetime. This gives an interesting feature in the brane world, because TeV gravity might be realistic and a quantum gravity effect could be observed by a next-generation particle collider [3]. Randall and Sundrum (RS) also proposed two new mechanisms [4]: one may provide us with a resolution of the hierarchy problem by a small extra dimension, and the other is an alternative compactification of extra dimensions. In the second model, they showed that 4-D Newtonian gravity is recovered at low energies, because gravity is confined in a single positive-tension brane even if the extra dimension is not compact.

If the brane world is real, one may find some evidences of higher-dimensions in strong gravity phenomena. Here we shall study some classes of the brane models, in which gravity is confined on the brane as the Randall- Sundrum second model. Assuming that a spacetime is five-dimensional(5-D), we first derive the effective “Einstein equations” for the 4-D brane metric obtained by projecting the 5-D metric onto the brane world [5–8]. The gravitational action on the brane, which may be induced via quantum effects of matter fields, could be arbitrary in the present approach. This approach yields the most general form of the 4-D gravitational field equations for a brane world observer whatever the form of the bulk metric, in contrast to the usual Kaluza-Klein type dimensional reduction which relies on taking a particular form for the bulk metric in order to integrate over the extra dimensions. The price to be paid for such generality, is that the brane world observer may be subject to influences from the bulk, which are not constrained by local quantities, i.e., the set of 4-D equations does not in general form a closed system. Nonetheless, when the brane is located at an orbifold fixed point under Z_2 symmetry the energy-momentum tensor on the brane is sufficient to determine the extrinsic curvature of the brane, and together with the local induced metric, this strongly constrains the brane world gravity. In particular, a Friedmann equation for an isotropic and homogeneous brane universe is completely determined up to an integration constant. As a concrete example, we apply our formalism to the induced gravity brane model proposed by Dvali, Gabadadze and Porrati [9], and show how we obtain the accelerating universe at low energy scale without a cosmological constant (or a quintessential potential). For this model, many authors discussed the geometrical aspects [10–14] as well as cosmology [15–17]. Generalizing their model to the case with a bulk cosmological constant and a tension of the brane and assuming the energy scale of the tension is much larger than the 5-D Planck mass, we show that the effective cosmological constant on the brane is extremely reduced in contrast to the RS model even if the cosmological constant and the tension are not fine-tuned.

II. THE EFFECTIVE GRAVITATIONAL EQUATIONS IN A BRANE SCENARIO

We consider a 5-D bulk spacetime with a single 4-D brane, on which gravity is confined, and derive the effective 4-D gravitational equations.

Suppose that the 4-D brane (M, g_{μν}) is located at a hypersurface (B(X^A) = 0) in the 5-D bulk spacetime (M,^{(5)}g_{AB} ), of which coordinates are described by X^A (A = 0, 1, 2, 3, 5). We assume the most generic action for the brane world, although the simple Einstein-Hilbert action is adopted in the 5-D spacetime. The action discussed here is then

S = S_{bulk} + S_{brane}, (2.1) where

S_{bulk} = ∫ M d^5X √ −^{(5)}g [ 1 2κ^2_5

(5)R +^{(5)}L_m ] , (2.2) and S_{brane} = ∫ M d^4x √ −g [ 1 κ^2_5

K^± + L_{brane}(g_{αβ}, ψ) ] . (2.3)

κ^2_5 is the 5-D gravitational constant,^{(5)}R and^{(5)}L_m are the 5-D scalar curvature and the matter Lagrangian in the bulk, respectively. x^μ (μ = 0, 1, 2, 3) are the induced 4-D coordinates on the brane, K^± is the trace of extrinsic curvature on either side of the brane [18,19] and L_{brane}(g_{αβ}, ψ) is the effective 4-D Lagrangian, which is given by a generic functional of the brane metric g_{αβ} and matter fields ψ.

The 5-D Einstein equations in the bulk are

(5)G_{AB} = κ^2_5

[_{(5)} T_{AB} + τ_{AB} δ(B) ] , (2.4)

where (5)T_{AB} ≡ −2 δ^{(5)}L_m δ^{(5)}g^{AB}

+^{(5)}g_{AB}^{(5)}L_m (2.5)

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} δg^{μν} + g_{μν} L_{brane} . (2.6)

The δ(B) denotes the localization of brane contributions. We would stress that τ_{μν} usually contains curvature contributions from induced gravity. In that term, we can also include “non-local” contributions such as a trace anomaly [20,21], although those contributions are not directly derived from the effective Lagrangian L_{brane}.

The basic equations in the brane world are obtained by projection of the variables onto the brane world, because we assume that the gravity on the brane is confined. The induced 4-D metric is g_{AB} =^{(5)}g_{AB} − n_An_B , where n_A is the spacelike unit-vector field normal to the brane hypersurface M .

Following Ref. [5], in which we have just to replace ordinary energy-momentum tensor τ_{μν} with new one [8,11], we obtain the gravitational equations on the brane world as G_{μν} = 2κ^2_5 3 [ (5)T_{RS} g^R_μg^S_ν + g_{μν} ( (5)T_{RS} n^Rn^S − 1 4 (5)T )] + κ^4_5π_{μν} − E_{μν} , (2.7)

D_ν τ^ν_μ = −2^{(5)}T_{RS} n^Rg^S_μ, (2.8)

where π_{μν} = − 1 4 τ_{μα}τ^α_ν + 1 12 τ τ_{μν} + 1 8 g_{μν} τ_{αβ}τ^{αβ} − 1 24 g_{μν} τ^2

(2.9) and E_{μν} =^{(5)}C_{MRNS} n^M n^N g^R_μ g^S_ν . (2.10)

Eqs. (2.7)-(2.9) give the effective gravity theory on the brane. These are formally the same as those in Ref. [5]. In fact, if the brane Lagrangian L_{brane} contains only matter fields ψ, τ_{μν} is just the energy-momentum tensor of the matter fields, and then the gravity is described by the 4-D Einstein tensor in Eq. (2.7) [5]. Then we recover the Einstein gravitational theory in the 4-D brane world. If L_{brane} includes, however, some additional contributions of gravity such as an induced gravity on the brane, the effective energy-momentum tensor τ_{μν} gives modification of gravitational interaction in the effective theory.

III. DVALI-GABADADZE-PORRATI’S TYPE MODELS

We study the case with an induced gravity on the brane due to quantum corrections. If we take into account quantum effects of matter fields confined on the brane, the gravitational action on the brane will be modified. Here we shall discuss a brane world model proposed by Dvali, Gabadadze, and Porrati [9]. The interaction between bulk gravity and the matter on the brane induces gravity on the brane through its quantum effect. Their model based on this brane-induced gravity could be interesting because, phenomenologically, 4-D Newtonian gravity on a brane world is recovered at high energy scale, whereas 5-D gravity emerges at low energy scale.

We then consider the brane Lagrangian

L_{brane} = μ^2 2 R − λ + L_m , (3.1)

where μ is a mass scale which may correspond to the 4-D Planck mass. We also assume that the 5-D bulk space includes only a cosmological constant^{(5)}Λ. It is just a generalized version of the Dvali-Gabadadze-Porrati model, which is obtained by setting λ = 0 as well as (5)Λ = 0 (see also the discussion by Tanaka [22]).

A. Effective Gravitational Equations

In order to find the basic equations on the brane, we just calculate the “energy-momentum” tensor of the brane τ_{μν} by the definition (2.6) from the Lagrangian (3.1)

τ^μ_ν = −λδ^μ_ν + T^μ_ν − μ^2G^μ_ν . (3.2)

Inserting this equation into Eq. (2.7), we find the effective equations for 4-D metric g_{μν} as

( 1 + λ 6 κ^4_5μ^2 ) G_{μν} + κ^4_5μ^2K_{μνρσ}(T_{αβ})G^{ρσ} + Λg_{μν} = λ 6 κ^4_5T_{μν} + κ^4_5 [ π^{(T )}_{μν} + μ^4π^{(G)}_{μν} ] − E_{μν} , (3.3)

where K_{μνρσ} = 1 4 (g_{μν} T_{ρσ} − g_{μρ}T_{νσ} − g_{νσ}T_{μρ}) + 1 12 [ T_{μν} g_{ρσ} + T (g_{μρ}g_{νσ} − g_{μν}g_{ρσ} ) ] , (3.4) Λ = 1 2 [ (5)Λ + 1 6 κ^4_5λ^2 ] , (3.5)

π^{(T )}_{μν} = − 1 4 T_{μα}T^α_ν + 1 12 T T_{μν} + 1 8 g_{μν} T_{αβ}T^{αβ} − 1 24 g_{μν} T^2, (3.6)

π^{(G)}_{μν} = − 1 4 G_{μα}G^α_ν + 1 12 GG_{μν} + 1 8 g_{μν} G_{αβ}G^{αβ} − 1 24 g_{μν} G^2. (3.7)

The Codazzi equation is now D^ν τ_{μν} = 0, which implies the energy momentum conservation, i.e.

D^ν T_{μν} = 0 , (3.8)

because of the Bianchi identity.

First we discuss the vacuum case, T_{μν} = 0. Assuming Λ = 0 and E_{μν} = 0, we find ( 1 + λ 6 κ^4_5μ^2 ) G_{μν} = κ^4_5μ^4π^{(G)}_{μν} . (3.9)

If the spacetime is a maximally symmetric, setting R_{μν} = 1 4 Rg_{μν} (R ≠ 0), we obtain R = 8ρ_0 μ^2

, (3.10)

where

ρ_0 = m^4_λ + 6 m^6_5 μ^2

, (3.11)

with two mass scales; m_λ = λ^{1/4} and m_5 = κ^{−2/3}_5 . Introducing the scale length L_{DS} = √ 12/R, we find H_{DS} ≡ L^{−1}_{DS} = 1 μ √ 2ρ_0 3 . (3.12)

This H_{DS} gives the Hubble parameter of late time inflation without a cosmological constant, which was shown by Dvali et al in the case of m_λ = 0 and^{(5)}Λ = 0, i.e. H_{DS} = 2m^3_5/μ^2 or equivalently Λ_{eff} = 12m^6_5/μ^4 [9].

B. Friedmann-Robertson-Walker universe

Now we discuss the Friedmann-Robertson-Walker universe with a perfect fluid. Since the spacetime is isotropic and homogeneous, we can show D^ν π_{μν} = 0 following [5], which implies

D^ν E_{μν} = 0. (3.13)

The basic equations (2.7) are

G^0_0 = − 1 2 (5)Λ + κ^4_5π^0_0 − E^0_0, (3.14)

G^i_j = − 1 2 (5)Λδ^i_j + κ^4_5π^i_j − E^i_j , (3.15)

where

G^0_0 = −3 ( H^2 + k a^2 ) , G^i_j = − ( 2Ḣ + 3H^2 + k a^2 ) δ^i_j , (3.16) and π^0_0 = − 1 12 ( τ^0_0

)_2 , π^i_j = 1 12 τ^0_0 ( τ^0_0 − 2τ^1_1 ) δ^i_j, (3.17)

with

τ^0_0 = −(λ + ρ) − μ^2G^0_0, (3.18) τ^i_j = (P − λ)δ^i_j − μ^2G^i_j. (3.19)

Eqs. (3.14) and (3.15) are written as

3X = 1 2 (5)Λ + E^0_0 + κ^4_5 12 ( λ + ρ − 3μ^2X

)_2 , (3.20) [ 1 + κ^4_5 6 μ^2 ( λ + ρ − 3μ^2X ) ] Y = − 2 3 E^0_0 − κ^4_5 12 (ρ + P ) ( λ + ρ − 3μ^2X ) , (3.21)

where

X = H^2 + k a^2 , Y = Ḣ − k a^2

. (3.22)

From Eq. (3.13), we find the equation for E^0_0 as

Ė^0_0 + 4HE^0_0 = 0. (3.23)

This equation, which is the same as the dark radiation in the case of the RS model [5], is easily integrated as

E^0_0 =

E_0 a^4

, (3.24) where E_0 is just an integration constant.

We now have to solve one equation (3.20), which is a quadratic equation with respect to X and then rewritten as H^2 + k a^2 = 1 3μ^2 [ ρ + ρ_0 ( 1 + ϵA(ρ, a) ) ] , (3.25)

where ϵ denotes either +1 or −1. A is defined by A ≡ [ A^2_0 + 2η ρ_0 ( ρ − μ^2 E_0 a^4

)] 1_2

, (3.26)

where

A_0 = √ 1 − 2η μ^2Λ ρ_0

, (3.27) η = 6m^6_5 ρ_0μ^2

(0 < η ≤ 1) . (3.28)

This is just the Friedmann equation of our model. Since A does not vanish in generic situation, the sign of ϵ is determined by the initial condition of the universe. The choice of the sign of ϵ also has a geometrical meaning as shown by Deffayet, who analized the present model by embedding a brane in the 5-D bulk spacetime [15].

C. Effective Friedmann equations

To understand the behaviors of the Dvali et al’s cosmological model, we rewrite the basic equation (3.25) in the form of the conventional Friedmann equation as

H^2 + k a^2 = 1 3 Λ^{(ϵ)}_{eff} +

8πG^{(ϵ)}_{eff} 3 ( ρ + ρ^{(ϵ)}_{DR} ) , (3.29)

where

Λ^{(ϵ)}_{eff} = ρ_0 μ^2

(1 + ϵA_0) ,

8πG^{(ϵ)}_{eff} = 1 μ^2 [1 + ϵF(ρ, a)] , 8πG^{(ϵ)}_{eff} ρ^{(ϵ)}_{DR} = −ϵF(ρ, a)

E_0 a^4

, (3.30)

with F(ρ, a) = 2η A_0 + A(ρ, a)

. (3.31)

Using the above expression, we may discuss the evolution of the universe. Λ^{(ϵ)}_{eff} acts as a cosmological constant in each branch. The effective gravitational “constant” G^{(ϵ)}_{eff} and the energy density of “dark energy” ρ^{(ϵ)}_{DR} change in the history of the universe. To show them explicitly, we first give the asymptotic behaviors of A(ρ, a) and F(ρ, a), which are easily obtained as

A(ρ, a) → √ 2η ρ_0 ( ρ − μ^2 E_0 a^4 ) → ∞, F(ρ, a) → 2η A(ρ, a) → 0, as ρ → ∞ and a → 0, (3.32) and A(ρ, a) → A_0, F(ρ, a) → η A_0 , as ρ → 0 and a → ∞, (3.33)

We then obtain the evolution of G^{(ϵ)}_{eff} as follows: As ρ decreases from ∞ to zero (and a increases from 0 to ∞), 8πG^{(ϵ)}_{eff} changes as

8πG^{(ϵ)}_{eff} : 1 μ^2 → 1 μ^2 ( 1 + ϵη A_0 ) . (3.34)

The “effective” gravitational constant changes in time. In particular, in the negative branch (ϵ = −1), if η > η_{cr}, where

η_{cr} ≡ −μ^2 Λ ρ_0 + √ 1 + ( μ^2 Λ ρ_0

)_2

, (3.35)

G^{(−)}_{eff} vanishes at some density and becomes negative below that density. In this case, η ≤ 1 implies η_{cr} < 1, which requires Λ > 0.

The expansion of the universe first slows down after this critical point, and then approaches some constant given by Λ^{(−)}_{eff} (> 0). This cosmological model could be interesting because the expansion gets slow in some period of the universe and then it might help structure formation process. Note that although the effective gravitational constant in the Friedmann equation becomes negative now, it does not naively mean the Newtonian gravitational constant is negative. We need further analysis to check it.

As for ρ^{(ϵ)}_{DR}, we naively obtain that

8πG^{(ϵ)}_{eff} ρ^{(ϵ)}_{DR} : 0 → C^{(ϵ)}

E_0 a^4

, (3.36)

where C^{(ϵ)} = −ϵη/A_0. We need, however, further analysis in the high-density limit (and in the limit of a = 0) (see Sec. III D).

Eq. (3.21) is also rewritten as Ḣ − k a^2 = − 1 2μ^2

(P + ρ) [ 1 + ϵη A(ρ, a) ] + 2ϵη 3A(ρ, a) E_0 a^4 . (3.37)

Assuming the equation of state of the matter fluid is given by the adiabatic index γ as

P = (γ − 1)ρ , (3.38) and writing Eq. (3.37) in the conventional form as Ḣ − k a^2

= −4πG^{(ϵ)}_{eff} ( γ^{(ϵ)}_{eff} ρ + γ_{DR}ρ^{(ϵ)}_{DR} ) , (3.39)

where

γ^{(ϵ)}_{eff} = γ [ 1 − ϵη(ρ − μ^2E_0/a^4)F(ρ, a) ρ_0A(ρ, a)[A(ρ, a) + A_0 + 2ϵη] ] , γ_{DR} = 2 3 [ 1 + A_0 A(ρ, a) ] , (3.40)

we can define the effective adiabatic index of matter fluid (γ^{(ϵ)}_{eff} ) and that of dark radiation (γ_{DR}). Remind that the right-hand side of the conventional Friedmann equation with the above equation of state (3.38) is given by −4πGγρ. We easily find the behavior of the effective adiabatic indexes γ^{(ϵ)}_{eff} when ρ (or 1/a) changes from ∞ to 0 as follows:

For the positive branch (ϵ = +1),

γ^{(+)}_{eff} : γ ↘ γ_{min} (η) ↗ γ , (3.41)

(see Fig 1(a)). This behavior is interesting because the “effective” negative pressure (γ^{(+)}_{eff} < 1) can be obtained during the evolution of the universe from standard matter fluid such as dust (γ = 1).

As for the negative branch (ϵ = −1), it is a little complicated (see Fig 1(b)). If η < η_{cr}, as ρ (or 1/a) decreases from ∞ to 0,

γ^{(−)}_{eff} : γ ↗ γ_{max}(η) ↘ γ , (3.42)

while, for η = η_{cr} (which requires Λ ≥ 0),

γ ↗ 2γ . (3.43)

If η > η_{cr} (which requires Λ > 0),

γ^{(−)}_{eff} : γ ↗ + ∞, − ∞ ↗ γ. (3.44)

Here γ_{min} and γ_{max} depend on η, but 2γ ≥ γ_{max} > γ > γ_{min} ≥ γ/2 ≥ 0. γ_{min} = γ/2 is found when A_0 = 0, while γ_{max} = 2γ is obtained in the limit of η = η_{cr}.

In Eq. (3.44), although γ^{(−)}_{eff} diverges at some density, Eq. (3.39) is not singular because G^{(−)}_{eff} vanishes at the same density. When γ^{(−)}_{eff} vanishes, which always occurs below that density, H reaches a minimum value (if there is no dark radiation and k = 0), and then it increases to some constant as we discussed above.

FIG. 1. The schematic behavior of γ^{(±)}_{eff} . On the top ((a)), we show one typical example for positive branch (ϵ = +1) , while, on the bottom ((b)), we depict the figures for negative branch (ϵ = −1) in the following three typical cases; (1) η < ηcr , (2) η = ηcr and (3) η > ηcr . For an expanding universe, the universe evolves from the right hand side to the left in the figures.

As for dark radiation, the adiabatic index γ_{DR} does not depend on the branch and changes from 2/3 to 4/3 when ρ changes as ∞ → 0. This means that in the early stage of the universe, the dark radiation does not behave as “radiation” but as “curvature” term (see below).

Next we discuss the dynamics of the universe in each limit separately.

D. high density limit

In high density limit, we assume that a → 0 as well as ρ ≫ ρ_0. In this limit, we find

8πG^{(ϵ)}_{eff} ρ ≈ 1 μ^2 ( 1 + ϵ 2η A ) ρ, 8πG^{(ϵ)}_{eff} ρ^{(ϵ)}_{DR} ≈ −ϵ 2η A E_0 a^4

, (3.45)

and then we obtain from Eq. (3.29)

H^2 + k a^2 ≈ 1 3μ^2 [ ρ + ϵρ_0 √ 2η ρ_0 ( ρ − μ^2 E_0 a^4 )] . (3.46)

From the energy-momentum conservation of a perfect fluid, we have ρ ∝ a^{−3γ}. We then classify the behavior of the early universe into three cases: (1) γ ≥ 4/3 This universe is the same as that in the conventional Einstein gravity, i.e. a ∝ t^{2/3γ}. (2) 2/3 < γ < 4/3 Since the dark radiation term inside of the square root in Eq. (3.46) becomes dominant in the limit of a → 0, E_0 ≤ 0 is required. However the linear density term dominates the dark radiation. As a result, we again find the same expansion law as that in the conventional Einstein gravity (a ∝ t^{2/3γ}). If E_0 > 0, we may find a singularity at a finite scale factor. (3) 0 ≤ γ ≤ 2/3 In this case, E_0 < 0 is required, otherwise the universe evolves into a singularity with a finite value of scale factor. If E_0 < 0 the dark radiation term gives the largest contribution on the right hand side of Eq. (3.46), which is the similar to the curvature term. Then we find that Eq. (3.46) is reduced to

H^2 + k̃ a^2 ≈ ρ 3μ^2

, (3.47)

where

k̃ = k − ϵ 2m^{35}√

3μ^2 √ |E_0| . (3.48)

This gives the conventional inflationary solution. For γ = 0, setting H̃_0 = √ ρ/(3μ^2), we find exponential expansion

a = √_{k̃} H̃_0 cosh[H̃0t] (for k̃ > 0)

a_0 exp[H̃_0t] (for k̃ = 0) √_{|k̃|} H̃_0 sinh[H̃0t] (for k̃ < 0)

(3.49)

We then obtain non-singular universe even for k = −1 in the case of ϵ = −1 branch, if |E_0| is large enough (|E_0| > 3μ^4/(4m^6_5)). We find a tendency of singularity avoidance with negative dark radiation term, which was also obtained in the RS model [8].

E. low energy limit

Next we consider the low density limit, i.e. ρ ≪ ρ_0 and a → ∞. In this limit, Eq. (3.29) is approximated as

H^2 + k a^2 ≈ 1 3 [ Λ^{(ϵ)}_{eff} + 8πG^{(ϵ)}_N ρ + C^{(ϵ)}

E_0 a^4 ] , (3.50) where

8πG^{(ϵ)}_N = 1 μ^2 [ 1 + ϵ η A_0 ] , (3.51)

C^{(ϵ)} = −ϵ η A_0

. (3.52)

We discuss two branches separately. (1) positive branch (ϵ = 1) Since Λ^{(+)}_{eff} = ρ_0 (1 + A_0) /μ^2 (> 0), we find an inflationary expansion in the late stage of the universe. The Hubble expansion parameter H_0 is given by H_0 = √ Λ^{(+)}_{eff} /3.

Since the inside of square root must be positive, it requires that Λ < ρ^2_0/(12m^6_5). The case of Λ = 0 corresponds to the original Dvali et al’s model.

The present gravitational constant in the Friedmann equation, which is given by 8πG^{(+)}_N , becomes larger than that in the early stage (1/μ^2). (2) negative branch (ϵ = −1) In this case, if Λ = 0, we have zero cosmological constant (Λ^{(−)}_{eff} = 0) on the brane. The basic equation is now

H^2 + k a^2 ≈ 8πG^{(−)}_N 3 ρ + ηE_0 3a^4

, (3.53)

which is the conventional Friedmann equation with dark radiation. The gravitational constant becomes smaller than that in the early stage.

If 0 < Λ ≤ ρ^2_0/(12m^6_5), however, we expect a positive cosmological constant on the brane, which could be very small. Suppose that λ ≫ m^6_5/μ^2 (η ≪ 1). We then approximate the cosmological constant in the Friedmann equation as

Λ^{(−)}_{eff} ≈ ηΛ ≈

6m^6_5 λμ^2 Λ ≪ Λ. (3.54)

This means that the 4-D cosmological constant is suppressed in the Friedmann equation from its proper value (Λ). Hence, we might have a possibility to explain the tiny value of the present cosmological constant, of which observational limit is Λ^{(−)}_{eff} /m^2_{P L}<∼10^{−120}, where m_{P L}(∼ 10^{18} GeV ) is the four-dimensional Planck mass. In the RS model, Λ is fine-tuned to zero, but in more realistic brane models such as the Hořava-Witten model, the 4-D cosmological constant may automatically vanish if a supersymmetry is preserved. In the present universe, however supersymmetry must be broken, and then we expect that non-zero value of Λ is estimated by the SUSY breaking scale, which might be 1 TeV. This gives Λ/m^2_{P L} ∼ (1TeV/m_{P L})^4 ∼ 10^{−60}.

Then the above constraint is now ( m_λ μ )_4 >∼ 6 ( m_5 μ )_6

× 10^{60} . (3.55)

In the present approximation, since 8πG^{(−)}_N ≈ 1/μ^2, μ ≈ m_{P L}. Then Eq. (3.55) yields m_λ m_{P L} >∼ 10^{15} × ( m_5 m_{P L} )_{3/2} . (3.56)

If the equality in Eq. (3.56) is satisfied, then we may explain the present value of a cosmological constant. Assuming two mass scales (m_λ and m_5) are larger than TeV scale as well as smaller than the Planck scale m_{P L}, we find 1 TeV <∼ m_5 <∼10^8 GeV,

10^{10} GeV <∼ m_λ <∼ m_{P L}. (3.57)

One may speculate how to explain those values as follows: We have assumed that the Einstein-Hilbert action on the brane appears via quantum effects of matter fields. Then the coupling constant μ^2 may be proportional to the number of particles. If we consider N = 4, U (N ) super Yang-Mills theory, for example, the number of particles are proportional to N^2. One may set μ^2 = αm^2_λN^2, where α is a numerical constant of O(1). λ may be related to a superpotential, of which scale we shall leave to be free. Then, we find m_λ/m_{P L} ∼ α^{−1/2}N^{−1} and m_5/m_{P L} ∼ 10^{−10}α^{−1/3}N^{−2/3}. Hence, if N ∼ 10^5 [21], we obtain m_5 ∼ 50α^{−1/3} TeV and m_λ ∼ 10^{13}α^{−1/2} GeV.

IV. CONCLUSION AND REMARKS

In this paper, we present the effective equations to describe the 4-D gravity of a brane world, assuming that a 5-D bulk spacetime satisfies the Einstein equations and gravity is confined on the Z_2 symmetric brane. The brane action can include a gravitational contribution which may arise via quantum effects of matter fields confined on the brane. Applying this formalism, we study the induced gravity brane model by Dvali, Gabadadze and Porrati. We show how the effective cosmological constant appears in this model using our approach. Generalizing their model to the case with a bulk cosmological constant and a tension of the brane and assuming the energy scale of the tension is much larger than the 5-D Planck mass, we also show that the effective cosmological constant on the brane is extremely suppressed in contrast to the RS model even if the cosmological constant and the tension are not fine-tuned. This might explain the present acceleration of the universe. Our results may be modified if we include a dilaton coupling, which also exist in a superstring/M-theory. This is under investigation.

As for the quantum effects of brane matter fields, we know that trace anomaly appears naturally in 4-D brane world [20,21], which is closely related to AdS/CFT correspondence. Those terms were first discussed by Starobinsky in his inflationary scenario [23]. We discuss such models in a brane-world scenario in a separated paper [24].

ACKNOWLEDGMENTS

We would like to thank Koh-suke Aoyanagi and Naoya Okuyama for useful discussions. We also acknowledge C. Deffayet, S. Nojiri, and V. Sahni for their informations about previous similar works. This work was partially supported by the Grant-in-Aid for Scientific Research Fund of the Ministry of Education, Science and Culture (Nos. 14047216, 14540281) and by the Waseda University Grant for Special Research Projects.

[1] J. Polchinski, Phys. Rev. Lett. 75, 4724 (1995). [2] For earlier work on this topic, see

K. Akama, Lect. Notes Phys. 176, 267 (1982) [hepth/0001113];

V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. 152B,136 (1983); M. Visser, Phys. Lett. B 159,22(1985); M. Gogberashvili, Mod. Phys. Lett. A 14, 2025(1999); hep-ph/9908347.

[3] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys.

Lett. B429, 263 (1998); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998); N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D59, 086004 (1999); N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, J. March-Russell, Nucl. Phys. B567, 189 (2000).

[4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); ibid, 83, 4690 (1999).

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

[6] M. Sasaki, T. Shiromizu and K. Maeda, Phys. Rev. D 62, 024008 (2000).

[7] K. Maeda and D. Wands, Phys. Rev. D 62, 124009 (2000).

[8] K. Maeda, Prog. Theor. Phys. Suppl. 148, 59 (2003) . [9] G. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett.

B485, 208 (2000); G. Dvali and G. Gabadadze, Phys. Rev. D 63, 065007 (2001); G. Dvali, G. Gabadadze, and M. Shifman, hep-th/0202174.

[10] A. Lue, Phys. Rev. D 59, 103503 (1999); G. Dvali, G.

Gabadadze, M. Kolanović, and F. Nitti, Phys. Rev. D 64, 084004 (2001); G. Dvali, G. Gabadadze, and M. Shifman, hep-th/0202174; G. Kofinas, J. High Energy Phys. 08, 034 (2001).

[11] C. Deffayet, Phys. Rev. D 66, 103504 (2002). [12] C. Deffayet, G. Dvali, G. Gabadadze, and A. Vainshtein, Phys. Rev. D 65, 044026 (2002).

[13] G. Kofinas, E. Papantonopoulous, and I. Pappa, Phys.

Rev. D 66, 104014 (2002); G. Kofinas, E. Papantonopoulous, and V. Zamarias, Phys. Rev. D 66, 104028 (2002).

[14] S. L. Dubovsky and V. A. Rubakov, hep-th/0212222, [15] C. Deffayet, Phys. Lett. B 502, 199 (2001). [16] C. Deffayet, G. Dvali, and G. Gabadadze, Phys. Rev. D

65, 044023 (2002); C. Deffayet, S. J. Landau, J. Raux, M. Zaldarriaga, and P. Astier, Phys. Rev. D 66, 024019 (2002).

[17] H. Collins, B. Holdom, Phys. Rev. D 66, 024019 (2002);

Y. V. Shtanov, hep-th/0005193; N. J. Kim, H. W. Lee, and Y. S. Myung, Phys. Lett. B 504, 323 (2001). V. Sahni and Y. Shtanov, astro-ph/0202346.

[18] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752 (1977).

[19] H. A. Chamblin and H. S. Reall, Nucl. Phys. B562, 133 (1999).

[20] 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).

[21] S. W. Hawking, T. Hertog, and H.S. Reall, Phys. Rev. D 62, 043501 (2001); ibid. 63, 083504 (2001); S. W. Hawking and T. Hertog, Phys. Rev. D 66, 123509 (2002).

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

[23] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980). [24] S. Mizuno, K. Maeda, and T. Torii, in preparation.