arXiv:1103.5326v3 [hep-th] 27 Jan 2012

Preprint typeset in JHEP style - HYPER VERSION YITP-11-108

Warped de Sitter compactifications

Masato Minamitsuji

Yukawa Institute for Theoretical Physics, Kyoto University Kyoto 606-8502, Japan.

E-mail: masato“at”yukawa.kyoto-u.ac.jp, Department of Physics, Graduate School of Science and Technology Kwansei Gakuin University, Sanda 669-1337, Japan. E-mail: masato.minamitsuji“at”kwansei.ac.jp

Kunihito Uzawa

Department of Physics, Kinki University

Higashi-Osaka, Osaka 577-8502, Japan. E-mail: uzawa“at”phys.kindai.ac.jp

Abstract: We show that the warped de Sitter compactifications are possible under certain conditions in D-dimensional gravitational theory coupled to a dilaton, a form field strength, and a cosmological constant. We find that the solutions of field equations give de Sitter spacetime with the warped structure, and discuss cosmological models directly obtained from these solutions. We also construct a cosmological model in the lower-dimensional effective theory. If there is a field strength having non-vanishing components along the internal space, the moduli can be fixed at the minimum of the effective potential where a de Sitter vacuum can be obtained.

Keywords: Flux compactifications, Classical Theories of Gravity.

Contents

1. Introduction 1

2. De Sitter spacetime in D-dimensional warped compactifications 4 2.1 Internal space with positive curvature 4 2.2 Internal space with negative curvature 6

3. Compactifications with matter fields 8 3.1 Compactifications with scalar field 8 3.2 Compactifications with field strength 11 3.3 Brane world models 14

4. Lower-dimensional effective theory 15

5. Discussions 19

1. Introduction

de Sitter compactification of higher-dimensional theory is an important cosmological issue. Such a solution has been explored from several points of view because this provides a fairly direct explanation of the accelerating expansion of four-dimensional universe. The inflation and accelerating expansion [1, 2, 3, 4, 5, 6] with warped compactifications can be constructed in a variety of ways from higher-dimensional cosmology or string theory [7, 8, 9]. Actually, the proposal for a physical construction of de Sitter compactification has been made recently [9, 10, 11, 12, 13, 14, 15, 16]. In the gravity theory, an initial clue of the de Sitter compactification was that the hyperbolic space associated to a higher-dimensional theory can be regarded as internal space [17, 18, 19, 20, 21, 22, 23, 24] (See also [25, 26, 27, 28, 29]). It is not hard to see why a de Sitter compactification give an the hyperbolic space that can be derived from higher-dimensional Einstein equations. We can see, roughly speaking, that a curvature of the de Sitter space can be compensated by that of the internal space. Then, the curvature of the internal space has the negative sign.

The warped de Sitter compactification shed much light on whether there was the exact solution of field equations because the solution such as D-branes or Mbranes in the supergravity can be embedded in warped compactification. Thus the cosmological solutions of the p-brane system have been discussed in ten- or

– 1 – eleven-dimensional supergravity theory as the examples of warped compactifications [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. These solutions are very efficient for constructing the cosmological models, and showing that they indeed are compactifications with warped structure [35, 36, 42]. However, such constructions cannot make the accelerating expansion of our four-dimensional universe manifest yet [43, 44, 45, 46].

A road to obtain the warped de Sitter compactification has appeared recently in a study of the higher-dimensional pure gravity theory in [47]. It was shown that warped structure of the spacetime realizes a de Sitter universe, but the pay is that one of the internal space dimensions has to have an infinite volume rather than small and finite one. For such a class of solutions, a way of the construction of a cosmological model is to insert a brane world boundary in the noncompact direction whose world volume contains all the remaining compact directions of the internal space which is discussed more explicitly in [47] (see also [32, 43, 45]). It may be regarded as a generalization of the five-dimensional brane world models (see e.g., [48]). The details of the brane world models obtained from our solutions are argued in [49].

In the first part of the paper, we will focus on the derivation of the new warped de Sitter solutions obtained as the generalization of Ref. [47]. We begin with the pure gravity theory in D dimensions, and re-examine possible generalizations of the de Sitter compactification [47], with the internal space of positive and negative curvature. This gives the logically simple treatment of this topic and the clearest explanation of warped compactifications. In the case with a positively curved internal space, we will show a simpler expression of the solution [47]. We then discuss the warped de Sitter compactification with several matter fields, in particular a scalar and gauge fields in higher-dimensional gravity theory because of the following two reasons.

One is that in general the solutions with matter fields are not given simply via the trivial extension of the pure gravity solutions [47]. How the matter fields backreact on the pure gravity solution is a highly nontrivial question. Even though the spacetime structures with and without matter have similarities in some regions, in other regions they lead to different pictures. An instructive example is the case of static and spherically symmetric black holes in four dimensions, namely Schwarzschild black hole (without the gauge field) and Reissner-Nordström black hole (with the gauge field). Although both solutions have asymptotically flat infinities if there is no cosmological constant, the inner structure of these black holes can be quite different. A similar but more relevant example to us is the case of the time-dependent D3-brane solutions in the ten-dimensional type IIB supergravity with the trivial dilaton [30, 33]. In the presence of the 5-form field strength, the asymptotic spacetime structure behaves as a Kasner spacetime and contains the horizons of black 3-branes, while in the absence of it the whole spacetime structure is exactly described by a Kasner spacetime with no horizons. Therefore, whether (and how) the matter field, in particular,

– 2 – the gauge field gives some differences in the spacetime structure for the warped de Sitter solutions should be carefully studied. Moreover, a variety of phenomenologically interesting objects in the higher-dimensional theories arise in the presence of matter fields. For example, D-branes in string theory arise if the gravity is coupled to several combinations of scalars and forms.

The other reason is to achieve the stabilization of the internal space modulus by changing properties of the internal space, the matter fields or other details. Such an analysis can be particularly meaningful by adding gauge fields [50], and cannot be achieved in the previous papers [47] without the gauge field. The importance of the gauge field can be seen at the level of the cosmological model, for example to obtain the well-behaved effective four-dimensional Planck mass in the limit of the vanishing expansion rate [49]. Along the way, we will clarify some physical properties of warped de Sitter compactifications.

In the second part of this paper, we will investigate a stabilization mechanism of the internal space via some kinds of matter fields in the D-dimensional theory, and present another way to construct a cosmological model adding matter fields after integrating over the compact directions and involving the noncompact direction in the higher-dimensional solution into our Universe. We consider the matter fields with a cosmological constant in order to stabilize the scale of internal space. Many works suggest that the field strength might provide a physical mechanism which is capable of accounting for the extreme smallness of the extra dimensions [51, 52, 53, 54].

The present paper is constructed as follows. We give the warped de Sitter compactifications in D-dimensional pure gravity theory in Sec. 2. As the starting point, we will investigate the D-dimensional solutions in the pure gravity which are given in terms of the warped product of the (n + 1)-dimensional external spacetime M and the (D−n−1)-dimensional internal space Z. A de Sitter compactification is obtained if we specialize to the case that the (n + 1)-dimensional spacetime M is given by the product of M = X × R with the warped structure, where X is being an n-dimensional de Sitter spacetime. We then present the solutions to be warped compactification with several matter fields, and this will also lead to n-dimensional de Sitter space in Sec. 3. We then briefly discuss the brane world models where the n-dimensional X space becomes our de Sitter Universe, following [49]. In Sec. 4, we also discuss the stabilization of moduli degrees of freedom in the lower-dimensional effective theories for the warped compactification. We present a construction of the cosmological model in which a cosmological (n + 1)-dimensional spacetime M̄ is obtained from a compactification of the D-dimensional theory onto a (D − n − 1)-dimensional Einstein space. Here M̄ is conformally related to the (n + 1)-dimensional metric M. After the dimensional reduction, the moduli degrees of freedom are coupled to the matter fields in the external spacetime. Upon reducing on the internal space, the (n + 1)-dimensional effective action would lead to the moduli potential which could have a local minimum of the potential, where the Einstein frame manifold M̄ becomes

– 3 – our (n + 1)-dimensional de Sitter universe. Sec. 5 is devoted to giving concluding remarks.

2. De Sitter spacetime in D-dimensional warped compactifications

In this section, we construct the cosmological warped compactification which gives the accelerating expansion of the universe in the pure gravity.

We take the following ansatz for the D-dimensional metric

ds^2 = e^{2A1(y)} [ e^{2A0 (x)}q_{μν} (X)dx^μdx^ν + u_{ij}(Y)dy^idy^j ] , (2.1)

where q_{μν} is a n-dimensional metric which depends only on the n-dimensional coordinates x^μ, and u_{ij} is the (D − n)-dimensional metric which depends only on the (D − n)-dimensional coordinates y^i.

In terms of the D-dimensional metric (2.1), the Einstein equations are written as R_{μν} (X) − (n − 2)D_μD_ν A_0 + (n − 2)∂_μA_0∂_ν A_0 − q_{μν} [△_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0] −e^{2A0} q_{μν} [ △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 ] = 0, (2.2a) R_{ij} (Y) − (D − 2)D_iD_jA_1 + (D − 2)∂_iA_1∂_j A_1 −u_{ij} [ △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 ] = 0 , (2.2b)

where D_μ, D_i are the covariant derivatives with respective to the metric q_{μν} , u_{ij}, and △_X and △_Y are the Laplace operators on the space of X and the space Y, and R_{μν} (X) and R_{ij}(Y) are the Ricci tensors of the metrics q_{μν} and u_{ij}, respectively.

In the following, we consider the warped de Sitter compactifications with three kinds of the internal manifold.

2.1 Internal space with positive curvature

Let us consider the vacuum solution with the internal space which has the positive curvature [47]. We see the solution whose (D − n)-dimensional metric has the form

u_{ij}(Y)dy^idy^j = ρ^2 [ G(y)dy^2 + Eγ_{ab}(Z)dz^adz^b ] , (2.3)

where G(y) and E are given by [47] E = 1 3 (D − n − 2), G(y) = 1 12 (D − n + 2) (∂_yA_1)^2 . (2.4)

Though this (D − n)-dimensional metric has been already present in [47], we discuss the dynamical solution beyond what has already been cited. In terms of the metric

– 4 – of the internal space Eq. (2.4), the Einstein equations Eq. (2.2) are given by

R_{μν} (X) − (n − 2)D_μD_ν A_0 + (n − 2)∂_μA_0∂_ν A_0

−q_{μν} [△_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0] − c_v e^{2A0} q_{μν} = 0 , (2.5) R_{ab}(Z) − 4(D − n − 2)(D − n + 2)^{−1}(D − 2)γ_{ab}(Z) = 0 , (2.6)

where R_{ab}(Z) is the Ricci tensor with respect to the metric γ_{ab}(Z), and c_v is defined by c_v ≡ 12(D − 2) ρ^2(D − n + 2)

. (2.7)

Suppose that the function A_0 is such that A_0 = A_0(t). We set the n-dimensional spacetime metric q_{μν}

q_{μν} (X)dx^μdx^ν = −dt^2 + a^2(t)δ_{mn}dx^mdx^n , (2.8)

where δ_{mn} is the metric of (n − 1)-dimensional Euclidean space. Form the Eq. (2.5), we find

(n − 1) [( ȧ a )_˙ + ( ȧ a )_2

+ Ä_0 + Ȧ^2_0 ] − c_v e^{2A0} = 0, (2.9a) [( ȧ a )_˙ + (n − 1) ( ȧ a )_2

+ Ä_0 + (2n − 3) ȧ a Ȧ_0 + (n − 2)Ȧ^2_0 − c_v e^{2A}0 ] q_{mn} = 0, (2.9b)

where ˙ denotes the ordinary derivative with respect to the coordinate t . We assume that the functions A_0(t) and a(t) are given by

Ȧ_0 = ξ_1 e^A0 , ȧ a = ξ_2 e^{A0} , (2.10)

where ξ_1 and ξ_2 are constants. Thus, the Einstein equations Eq. (2.9) are reduced to [ (n − 1) (ξ_1 + ξ_2)^2 − c_v ] e^{2A0} q_{μν} = 0 . (2.11)

In order to satisfy Eq. (2.11), the constant c obeys

c_v = (n − 1) (ξ_1 + ξ_2)^2 . (2.12)

Form the Eq. (2.10), we find

A_0(t) = − ln [− (ξ_1t + ξ_3)] , a(t) = a_0 (ξ_1t + ξ_3)^{−ξ2/ξ1} , (2.13)

where ξ_3 and a_0 are constants. Then, the metric of D-dimensional spacetime can be written as

ds^2 = e^{2A1(y)} [ −dτ^2 + a^2_0 e^{2Hτ} δ_{mn}dx^mdx^n + u_{ij}(Y)dy^idy^j ] , (2.14)

– 5 – where the cosmic time τ and the Hubble parameter H are given by τ = ± 1 ξ_1 ln [− (ξ_1t + ξ_3)] , (2.15a) H ≡ d ln a dτ = − (ξ_1 + ξ_2) = ± √ c_v n − 1 . (2.15b)

If we consider the case

ξ_1 + ξ_2 = − √ c_v n − 1 , (2.16)

the solution leads to an accelerating expansion of the n-dimensional spacetime.

In terms of the ansatz Eq. (2.10), the condition A_0 = 0 corresponds to ξ_1 = 0 . Then, the solution for a(t) is given by

a(t) = exp ( ± √ c_v n − 1 t ) , (2.17)

where we used the definition Eq. (2.7).

Clearly, in this case, we can choose A_0(t) = 0 without loss of generality because A_0(t) is the degree of freedom corresponding to the scale of time. Up to an inessential scaling, the solution of the Einstein equations Eq. (2.2) can be written by

ds^2 = e^{2A1 (y)} [ −dt^2 + e^{2Ht}δ_{mn}dx^mdx^n + u_{ij}(Y)dy^idy^j ] , (2.18)

where we used the Hubble parameter

H^2 = c_v n − 1 . (2.19)

As the Hubble parameter H is proportional to the constant c_v , the internal manifold becomes flat space in the limit H → 0 .

The warp factor A_1(y) is determined by integrating Eq. (2.4) after specifying the function G(y). Choosing the function G(y) = ρ^{−2}, it can be described in a much simpler way than in [47]. Then, integrating Eq. (2.4) the warped factor becomes

A_1(y) = − 2 ρ √ 3 D − n + 2 (y − y_0) = − √ n − 1 D − 2 H(y − y_0), (2.20)

where we have used Eq. (2.7) and Eq. (2.19).

2.2 Internal space with negative curvature Next we consider a solution which has the internal space with negative curvature. We assume that the (D − n)-dimensional metric takes the form

u_{ij}(Y)dy^idy^j = dy^2 + e^{2σy} δ_{ab}dz^adz^b , (2.21)

– 6 – where σ is constant and δ_{ab} denotes the metric of the (D − n − 1)-dimensional torus. The Einstein equations Eq. (2.2b) then reduce to

(D − 2)∂^2_y A_1 + (D − n − 1)σ (∂_yA_1 + σ) = 0 , (2.22a) [ ∂^2_y A_1 + {(D − n − 1)σ + (D − 2)∂_yA_1} (∂_yA_1 + σ) ] u_{ab} = 0 . (2.22b)

These equations are satisfied if the function A_1 is given by

A_1 = −σ(y − y_0) , (2.23)

where y_0 is constant. In terms of Eq. (2.23), Eq. (2.2a) leads to

R_{μν} (X) − (n − 2)D_μD_ν A_0 + (n − 2)∂_μA_0∂_ν A_0 −q_{μν} [△_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0] − χ e^{2A0} q_{μν} = 0 , (2.24)

where the constant χ is defined by

χ ≡ △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 = (n − 1)σ^2 . (2.25)

We set the function A_0 = 0 from the beginning and choose the n-dimensional spacetime metric q_{μν} as follows:

q_{μν} (X)dx^μdx^ν = −dt^2 + a^2(t)δ_{mn}dx^mdx^n , (2.26)

where δ_{mn} is the metric of (n − 1)-dimensional Euclidean space.

Upon setting (2.26), the Einstein equations (2.2a) are given by [ (n − 1) {( ȧ a )_˙ + ( ȧ a )_2} − χ ] q_{tt} = 0, (2.27a) [( ȧ a )_˙

+ (n − 1) ( ȧ a )_2 − χ ] q_{mn} = 0 . (2.27b)

They give (_ȧ a )_˙

= 0, and the Hubble parameter H are defined as H ≡ d ln a dt = ± √ χ n − 1 = ±σ . (2.28)

We find the D-dimensional metric to be

ds^2 = e^{−2σ(y−y0 )} ( −dt^2 + e^{±2σt}δ_{mn}dx^mdx^n + dy^2 ) + e^{2σy0} δ_{ab} dz^adz^b , (2.29)

where the metric δ_{ab} denotes the (D−n−1)-dimensional torus. The metric Eq. (2.29) takes the same form as the D-dimensional Minkowski spacetime. However, our solution is the product of the n-dimensional de Sitter spacetime and the internal space of R×T^{(D−n−1)} , which is different from the trivial Minkowski spacetime. Since the internal space except for the R direction has a finite volume, this solution represents a de Sitter warped compactification.

– 7 –

3. Compactifications with matter fields

In this section, we discuss the warped de Sitter compactification which includes several fields and the cosmological constant.

3.1 Compactifications with scalar field

Let us first consider the warped de Sitter compactification which includes the metric g_{MN} , the scalar fields ϕ, φ the cosmological constant Λ, to see how the ansatz strictly restricts the possibility of de Sitter compactifications [16]. The action we consider in the Einstein frame is given by S = 1 2κ^2 ∫ [( R − 2e^{αϕϕ}Λ ) ∗ 1 − 1 2 dϕ ∧ ∗dϕ − 1 2 dφ ∧ ∗dφ ] , (3.1)

where κ^2 is the D-dimensional gravitational constant, ∗ is the Hodge operator in the D-dimensional spacetime, and α_ϕ is defined by

α_ϕ = √ 2 D − 2 + c , (3.2)

with the constant c.

After varying the action Eq. (3.1) with respect to the metric and the dilaton, we obtain the field equations R_{MN} = 1 2 ∂_M φ∂_N φ + 1 2 ∂_M ϕ∂_N ϕ + 2 D − 2 e^{αϕϕ}Λg_{MN} , (3.3a)

d ∗ dϕ − 2α_ϕe^{αϕϕ}Λ ∗ 1 = 0 , (3.3b) d ∗ dφ = 0. (3.3c)

To solve the field equations, we assume that the D-dimensional metric takes the form

ds^2 = e^{2A1(y)} [ e^{2A0 (x)}q_{μν} (X)dx^μdx^ν + u_{ij}(Y)dy^idy^j ] , (3.4)

where q_{μν} is a n-dimensional metric which depends only on the n-dimensional coordinates x^μ, and u_{ij} is the (D − n)-dimensional metric which depends only on the (D − n)-dimensional coordinates y^i. Furthermore, we assume that the scalar fields ϕ and φ are given by ϕ = − 2 α_ϕ A_1(y) , φ = φ_cA_0(x) , (3.5)

where φ_c is a constant.

– 8 –

Let us first consider the Einstein equations Eq. (3.3a). Using the assumptions Eq. (3.4) and Eq. (3.5), the Einstein equations are given by

R_{μν} (X) − (n − 2)D_μD_ν A_0 + ( n − 2 − φ^2_c 2 ) ∂_μA_0∂_ν A_0 − q_{μν} [△_XA_0

+(n − 2)q^{ρσ}∂_ρA_0∂_σA_0 + e^{2A0} { △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 + 2 D − 2 Λ }] = 0,(3.6a)

R_{ij} (Y) − (D − 2)D_iD_j A_1 + ( D − 2 − 2 α^2_ϕ ) ∂_iA_1∂_j A_1 −u_{ij} [ △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 + 2 D − 2 Λ ] = 0 , (3.6b)

where D_μ, D_i are the covariant derivatives with respect to the metrics q_{μν} (X), u_{ij}(Y), and △_X, △_Y are the Laplace operators on the space of X and the space Y, and R_{μν} (X), R_{ij} (Y) are the Ricci tensors of the metrics q_{μν} (X), u_{ij}(Y), respectively.

Let us next consider the scalar field equation. Substituting Eq. (3.5) into Eqs. (3.3b) and (3.3c), we obtain 2 α_ϕ e^{−2A1} [ △_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 + α^2_ϕΛ ] = 0, (3.7a)

φ_c e^{−2A0} [△_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0] = 0 . (3.7b)

Combining Eq. (3.6) with Eq. (3.7), we get

R_{μν} (X) − (n − 2)D_μD_ν A_0 + ( n − 2 − φ^2_c 2 ) ∂_μA_0∂_ν A_0 − [ △_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0 − cΛe^{2A0} ] q_{μν} = 0, (3.8a)

R_{ij}(Y) − (D − 2)D_iD_j A_1 + ( D − 2 − 2 α^2_ϕ ) ∂_iA_1∂_j A_1 + cΛu_{ij} = 0, (3.8b)

△_YA_1 + (D − 2)u^{kl}∂_kA_1∂_lA_1 + ( 2 D − 2 + c ) Λ = 0 , (3.8c)

φ_c [△_XA_0 + (n − 2)q^{ρσ}∂_ρA_0∂_σA_0] = 0 . (3.8d)

Now we assume the metric in which

q_{μν} (X)dx^μdx^ν = −dt^2 + a^2(t)δ_{mn}dx^mdx^n . (3.9a) u_{ij}(Y)dy^idy^j = dy^2 + γ_{ab}(Z)dz^adz^b , (3.9b)

where γ_{ab}(Z) is the metric of (D − n − 1)-dimensional Einstein space. Let us consider the Eqs. (3.8b), (3.8c). If we set A_1 = A_1(y), Eqs. (3.8b) and (3.8c) are reduced to

A_1 = k(y − y_0) , R_{ab}(Z) = −cΛγ_{ab}(Z) , (3.10)

– 9 – where k ≡ ± √ −[c(D − 2) + 2]Λ/(D − 2), and y_0 is constant, and R_{ab}(Z) are the Ricci tensor of the metric γ_{ab}(Z) . The expression k gives Λ < 0.

Next we consider the Eqs. (3.8a) and (3.8d). Upon setting, A_0 = A_0(t), the field equations Eq. (3.8a) give

(n − 1) [( ȧ a )_˙ + ( ȧ a )_2 + ȧ a Ȧ_0 + Ä_0 ] + φ^2_c 2 Ȧ^2_0 + cΛe^{2A}0 = 0, (3.11a) [( ȧ a )_˙

+ (n − 1) ( ȧ a )_2

+ (2n − 3) ȧ a Ȧ_0 + Ä_0 + (n − 2) Ȧ^2_0 + cΛe^{2A}0 ] q_{mn} = 0,(3.11b) φ_c [ Ä_0 + (n − 1)ȧ a Ȧ_0 + (n − 2) Ȧ^2_0 ] = 0 , (3.11c)

where ˙ denotes the ordinary derivative with respect to the coordinate t . In the following, we look for the solution in the case c = 0 or φ_c = 0 because it is not so easy to find the solution analytically if both c and φ_c have non-zero values.

Let us first consider the case of c = 0, which corresponds to R_{ij} (Y) = 0. From the Eq. (3.11), we get

A_0(t) = c̃_1t + c̃_3, a(t) = c̃_4 e^{c̃2t} , (3.12)

where c̃_i (i = 1, · · · , 4) are constants, and c̃_1, φ_c are given by

c̃_1 = − n − 1 n − 2 c̃_2 , φ^2_c =

2(n − 2) n − 1 . (3.13)

If we define the cosmic time τ by τ = c̃^{−1}_1 e^{c̃1t+c̃3} , the scale factor of n-dimensional spacetime can be written as a(τ) = a_0 τ^{1/(n−1)} , (3.14)

where the constant a_0 is given by a_0 = c̃^{1/(n−1)}_1 c̃_4e^{(n−2)c̃3/(n−1)} . The D-dimensional metric thus becomes

ds^2 = e^{2A1(y)} [ −dτ^2 + τ^{2/(n−1)}δ_{mn}dx^mdx^n + dy^2 + γ_{ab}(Z)dz^adz^b ] , (3.15)

where we absorbed the inessential scaling into the metric. The solution implies that the power of the scale factor for n = 4 is too small to give a realistic expansion law such as that in the matter dominated era (a ∝ τ^{2/3}) or that in the radiation dominated era (a ∝ τ^{1/2}).

Next we consider the case of φ_c = 0. Since the function A_0(x) again describes the conformal rescaling of the n-dimensional metric, the function A_0 can take the constant value without loss of generality. Thus, from the Eq. (3.8a), we see that n-dimensional spacetime is an Einstein space. If c vanishes, we can no longer find any de Sitter compactifications. The contribution of the parameter c is actually

– 10 – important and played a major role in our solution. The field equations Eq. (3.11) give a(t) = c̃_0 e^± √_{−cΛ/(n−1) t} , (3.16) where c̃_0 is constant. Here we define the cosmic time τ and Hubble parameter H as

H^2 = − c (n − 1)

Λ . (3.17)

Equation (3.17) denotes that R_{ij} (Y) should be positive so that H^2 > 0 unless cΛ = 0. We choose the metric in which

q_{μν} (X)dx^μdx^ν = −dt^2 + c̃^2_0 e^{2Ht}δ_{mn}dx^mdx^n , (3.18a) u_{ij}(Y)dy^idy^j = e^{−2A1} dy^2 + E_sγ_{ab}(Z)dz^adz^b, (3.18b)

where E_s is constant, and γ_{ab} is the metric of (D −n−1)-dimensional Einstein space. Using the metric Eq. (3.18), the Einstein equations lead to

A_1(y) = ln [c̃_1(y − y_0)] , E_s = D − n − 2 (n − 1)H^2

, (3.19)

where y_0 is constant, and c̃_1 is given by

c̃^2_1 = [ 1 + 2 (D − 2)c ] (n − 1)H^2 D − 2 . (3.20)

Hence the D-dimensional metric and the scalar field can be expressed as

ds^2 = [c̃_1(y − y_0)]^2 [ −dt^2 + c̃^2_0 e^{2Ht}δ_{mn}dx^mdx^n ] + dy^2 + D − n − 2 (n − 1)H^2

[c̃_1(y − y_0)]^2 γ_{ab}(Z)dz^adz^b , (3.21a) ϕ(y) = − 2 α_ϕ ln [c̃_1(y − y_0)] . (3.21b)

Note that there is a curvature singularity at y = y_0. If we choose c so that c = c_∗ :=^{2(D−n−2)}

n(D−2) , the internal space becomes a flat spacetime. Otherwise, although the

internal manifold is topologically flat, it contains a deficit or surplus solid angle. A deficit solid angle is obtained for c > c_∗, while a surplus one is done for c < c_∗.

3.2 Compactifications with field strength We now obtain the solution by generalizing the matter field beyond the scalar field system that we have considered so far. As an example, let us next consider the warped de Sitter compactification which include the metric g_{MN} , the scalar field ϕ, and the field strength F .

The action we consider in the Einstein frame is given by S = 1 2κ^2 ∫ [{ R − 2e^{−αϕ/(p−1)}Λ } ∗ 1 − 1 2 dϕ ∧ ∗dϕ − 1 2 · p! e^{αϕ}F ∧ ∗F ] , (3.22)

– 11 – where κ^2 is the D-dimensional gravitational constant, ∗ is the Hodge operator in the D-dimensional spacetime, and ϕ is the scalar field, and F is p-form field strength, and Λ, α are constants.

The D-dimensional action Eq. (3.22) gives the field equations R_{MN} = 2 D − 2 e^{−αϕ/(p−1)}Λ g_{MN} + 1 2 ∂_M ϕ∂_N ϕ + 1 2 · p! e^{αϕ} ( pF_{MA1···Ap−1} F_N^{A1···Ap−1} − p − 1 D − 2 g_{MN} F^2 ) , (3.23a) d ∗ dϕ − α 2 · p! e^{αϕ}F ∧ ∗F + 2α p − 1 e^{−αϕ/(p−1)}Λ ∗ 1 = 0 , (3.23b) d ( e^{αϕ} ∗ F ) = 0. (3.23c)

We adopt the following ansatz for the D-dimensional metric:

ds^2 = e^{2A(y)} [ q_{μν} (X)dx^μdx^ν + dy^2 + γ_{ab}(Z)dz^adz^b ] , (3.24)

where q_{μν} is the n-dimensional metric which depends only on the n-dimensional coordinates x^μ, and γ_{ab} is the p(= D − n − 1)-dimensional metric which depends only on the p-dimensional coordinates z^a. As for the scalar field and the p-form field strength, we take ϕ = 2 α (p − 1)A(y) , (3.25a) F = f Ω(Z) , (3.25b)

where f is a constant, and Ω(Z) is the volume form of the Z space

Ω(Z) = √ γdz^1 ∧ · · · ∧ dz^p . (3.26) Here γ denotes the determinant of the metric γ_{ab}(Z).

Let us first consider the Einstein Eq. (3.23a). Using the assumptions (3.24) and (3.25), the Einstein equations Eq. (3.23a) are written by R_{μν} (X) − q_{μν} [ A^{′′} + (D − 2) (A^′)^2 + 2 D − 2 Λ − p − 1 2(D − 2) f^2 ] = 0 , (3.27a)

(D − 1)A^{′′} + 2(p − 1)^2α^{−2} (A^′)^2 + 2 D − 2 Λ − p − 1 2(D − 2) f^2 = 0 , (3.27b) R_{ab}(Z) − γ_{ab} [ A^{′′} + (D − 2) (A^′)^2 + 2 D − 2 Λ + n 2(D − 2) f^2 ] = 0 , (3.27c)

where^′ denotes the ordinary derivative with respect to the coordinate y, and R_{μν} (X) and R_{ab}(Z) are the Ricci tensors of the metrics q_{μν} and γ_{ab}, respectively.

Let us next consider the gauge field. Under the assumption Eq. (3.23c), the Bianchi identity is automatically satisfied. Also the equation of motion for the gauge field becomes d [ f e^{(D−2)A} ] ∧ Ω(X) ∧ dy = 0 , (3.28)

– 12 – where Ω(X) is the volume form of the X space

Ω(X) = √ −q dx^0 ∧ · · · ∧ dx^{n−1} . (3.29) Here q denotes the determinant of the metric q_{μν} (X). Thus the gauge field equation is automatically satisfied under the assumption Eq. (3.25) .

Now we consider the scalar field equation. Substituting the fields Eq. (3.25), and the metric Eq. (3.24) into the equation of motion for the scalar field Eq. (3.23c), we obtain

2(p − 1)α^{−1}e^{−2A} [ A^{′′} + (D − 2) (A^′)^2 − α^2 p − 1 ( − Λ p − 1 + f^2 4 )] = 0 . (3.30)

Combining Eqs. (3.27) and (3.30), the Einstein equations are conveniently equivalent to R_{μν} (X) − β ( − Λ p − 1 + f^2 4 ) q_{μν} (X) = 0 , (3.31a)

(D − 1)A^{′′} +

2(p − 1)^2 (D − 2)α^2 [ (D − 2) (A^′)^2 − α^2 (p − 1) ( − Λ p − 1 + f^2 4 )] = 0 , (3.31b) R_{ab}(Z) − [ β ( − Λ p − 1 + f^2 4 ) + f^2 2 ] γ_{ab}(Z) = 0 , (3.31c)

where the constant β is defined by β = α^2 p − 1 − 2(p − 1) D − 2 . (3.32)

From Eqs.(3.30) and (3.31b), we get

A(y) = ℓ (y − y_0) , (3.33)

where y_0 is constant, and ℓ is defined by ℓ = ± α √ 1 (p − 1)(D − 2) ( − Λ p − 1 + f^2 4 ) . (3.34)

If we choose α so that β > 0 , it follows that α > √ 2 D − 2 (p − 1) , α < − √ 2 D − 2 (p − 1) . (3.35)

Hence, the internal space Z has the positive curvature which is clear from an inspection of Eq. (3.31c). So the field equations lead to the D-dimensional metric

ds^2 = e^{2ℓ(y−y0)} [ −dt^2 + e^{2Ht}δ_{mn}dx^mdx^n + dy^2 + γ_{ab}(Z)dz^adz^b ] , (3.36)

– 13 – where the Hubble parameter H is given by

H^2 = β n − 1 ( − Λ p − 1 + f^2 4 ) . (3.37)

In the limit of H → 0, we see that the Ricci tensor of the Z space leads to R_{ab}(Z) → 1 2 f^2γ_{ab}(Z) . As the internal space is essentially supported by the field strength, we can keep the geometrical property of the internal space in the limit H → 0 .

Before concluding this subsection, we comment about the ansatz for the field strength F . In this paper, we have simply assumed that the indices of non-vanishing components of the field strength could be along the internal space Z to obtain the de Sitter spacetime for warped compactifications. If the constant field strength F has the components along our (n + 1)-dimensional spacetime M, the Ricci tensor on M is proportional to the (n + 1)-dimensional metric with negative sign that is no longer de Sitter spacetime.

3.3 Brane world models

Now we construct cosmological models directly from our solution Eq. (3.36), following the brane world approach. Since the details are discussed in Ref. [49], we explain only the essence of our model. The D-dimensional metric Eq. (3.36) is given in terms of the warped product of the non-compact direction y, the (D − n − 1)-dimensional compact space Z and the n-dimensional de Sitter spacetime X In Ref. [49], we fix n = 4). To realize the finite bulk volume, we cut the spacetime along y = y_0, where y_0 is a constant. Then, the original spacetime is glued to its identical copy across the codimension-one discontinuity at y = y_0, which is now identified as the (D − 1)- dimensional brane world composed of the X and Z spaces. Although our construction is very similar to the five-dimensional Randall-Sundrum (RS) model [48], a manifest difference is that our brane world still contains the compact internal space Z. Thus after integrating over Z on the brane, we can identify the n-dimensional de Sitter space X as our n-dimensional Universe with a finite effective 4D Planck mass. It also should be noted that the inclusion of the gauge field strength acting on the Z space is necessary to obtain a finite size of the compact internal space in the limit of the vanishing de Sitter expansion rate, which is the realization of the modulus stabilization of the Z space in the brane world.

We then discuss the spectrum of the tensor metric perturbations realized in our four-dimensional de Sitter universe. In Ref. [49], we showed the existence of the three kinds of eigen modes realized in our Universe, i.e., the massless zero mode, the continuum of Kaluza-Klein (KK) modes associated with the noncompact direction y and the discrete KK modes arising due to compactification of Z on the brane. The zero mode would reproduce the 4D gravity on the brane, and all the KK excitations are heavier than the critical mass in the de Sitter space, above which the wavefunction of the corresponding mode exhibits a damped oscillation. Thus our four-dimensional

– 14 – de Sitter Universe is free from any massive excitation [49]. We also showed that both the original model found in [47] and our model suffer an instability against the scalar perturbations, associated with the decompactification in the y direction, although in our model the internal space Z can be fixed by the field strength. We expect that Casimir effects of the bulk fields would stabilize the y space, and this subject is under active study [55].

In the rest of the paper, we will present another construction of the cosmological models based on the lower-dimensional effective theory, integrating over the Z space. In the second approach, the noncompact y-direction should be regarded as an external direction in our Universe in contrast to the brane world approach.

4. Lower-dimensional effective theory

In this section, we will consider another construction of our de Sitter Universe as well as fixing the moduli in the lower-dimensional effective theory, following the ordinary compactification approach. For simplicity, we consider the internal moduli degrees of freedom of the metric of internal space Z in the present paper.

Now, we assume the D-dimensional metric

ds^2 = e^{2A(v)} [ w_{P Q}(M)dv^P dv^Q + e^{2ψ(v)}γ_{ab}(Z)dz^adz^b ] , (4.1)

where ψ(v) is the moduli degrees of freedom on the Z space, and w_{P Q}(M) is the (n + 1)-dimensional metric, and γ_{ab}(Z) is the metric of the (D − n − 1)-dimensional Einstein space Z.

In contrast to the previous section, M contains the direction of the infinite line y in the previous sections, which is regarded as an external direction in the effective theory approach. Furthermore, we assume that the scalar fields are expressed as in Eq. (3.25a), and F is a fixed by Eq. (3.25b). Hence, the moduli ψ and the function A are the only dynamical variables in the effective theory. In the following, we construct the (n+1)-dimensional effective theory after compactifying the Z space. However, in contrast to the brane world model constructed from the higher-dimensional solution Eq. (3.36) where the n-dimensional spacetime X becomes our external directions, now the (n + 1)-dimensional spacetime M including the noncompact direction y is assumed to be our external directions. The (n + 1)-dimensional effective action for these variables can be obtained by evaluating the D-dimensional action Eq. (3.22). First, for the metric Eq. (4.1), the D-dimensional scalar curvature R is expressed as

R = e^{−2A} [ R(M) + e^{−2ψ}R(Z) − 2(n − 1)△_MA + 2p△_Mψ + p(p + 1)w^{P Q}∂_P ψ∂_Qψ + {(n − 1)(p − 1) + p(D − 1)} w^{P Q}∂_P A∂_QA + 2p(D − 1)w^{P Q}∂_P A∂_Qψ ] ,(4.2)

where △_M and △_Z are the Laplace operators on the space of M and the space Z, and R_{P Q}(M) and R_{ab}(Z) are the Ricci tensors of the metrics w_{P Q} and γ_{ab}, respectively.

– 15 –

We assume that the internal space Z satisfies the condition R_{ab}(Z) = λγ_{ab}(Z), where λ characterizes the internal space curvature. Here β is given by (3.32) . Inserting the Eqs. (3.25) and (4.2) into Eq. (3.22), we get S = 1 2κ̃^2 ∫ M e^{(D−2)A+pψ} [{ R(M) + pλe^{−2ψ} − 2Λ − f^2 2 } ∗_M 1_M − 2(n − 1)d ∗_M dA −2pd ∗_M dψ − {(n − 1)(p − 1) + p(D − 1)} dA ∧ ∗_MdA − 2p(D − 1)dA ∧ ∗_Mdψ −p(p + 1)dψ ∧ ∗_Mdψ] , (4.3)

where ∗_M is the Hodge operator on the M space and κ̃ is given by κ̃ = V^{−1/2}κ with the volume of the internal space Z V ≡ ∫ Z ∗_Z1_Z . (4.4)

Here ∗_Z is the Hodge operator on the Z space.

Using the conformal transformation w_{P Q}(M) = e^{−2[(D−2)A+pψ]/(n−1)}w_{P Q}(M̄), the (n + 1)-dimensional action Eq. (4.3) is expressed in terms of the variables in the Einstein frame as S = 1 2κ̃^2 ∫ M̄ [{ R(M̄) − V (¯ A, ψ̄ )} ∗¯_M 1¯_M − 1 2 dĀ ∧ ∗¯_MdĀ − 1 2 c_2 √ c_1c_3 dĀ ∧ ∗¯_Mdψ̄ − 1 2 dψ̄ ∧ ∗¯_Mdψ̄ ] , (4.5)

where R(M̄) is the Ricci scalar with respect to the metric w_{P Q}(M̄), and we have dropped the surface terms coming from △¯_MA, △¯_Mψ, and the potential V (¯ A, ψ̄ ) , fields Ā, ψ̄, the constants c_i (i = 1, 2, 3) are defined by V (¯ A, ψ̄ ) = exp [ − 2(D − 2)Ā (n − 1) √ c_1 ] [ 2Λ exp { − 2pψ̄ (n − 1) √ c_3 }

+ f^2 2 exp { − 2npψ̄ (n − 1) √ c_3 } − pλ exp { − 2(D − 2)ψ̄ (n − 1) √ c_3 }] , (4.6a)

Ā = √c_1A , ψ̄ = √c_3ψ , (4.6b)

c_1 = 2 [ n n − 1 (D − 2) − 2(D − 1) ] (D − 2) +2 [ n − 1 + 2 α^2

(p − 1) ] (p − 1) + 2p(D − 1) , (4.6c)

c_2 = 4(D − 2)p n − 1 , (4.6d)

c_3 = 2p ( n − 1 p + 1 ) . (4.6e)

Here △¯_M is the Laplace operator constructed from the metric w_{P Q}(M̄). The form of the potential Eq. (4.6a) implies that the warp factor Ā cannot be fixed by the

– 16 – background fields. This is consistent with the fact that the analysis of the the scalar perturbations for the solutions which are discussed in this paper is unstable. We have explained these in [49].

Then, in the following, we fix the value of Ā by assuming some additional stabilization mechanism which does not affect the dynamics of the other moduli ψ̄, and consider the stabilization of ψ̄. In order to fix the moduli degrees of freedom ψ̄, the moduli potential has to have a minimum or at least a local minimum. The moduli potential energy at the minimum is given by V (¯ A, ψ̄_0 ) = exp [ − 2(D − 2)Ā (n − 1) √ c_1 ] [ − 1 2 (n − 1)f^2 exp { − 2pnψ̄_0 (n − 1) √ c_3 }

−λ(D − p − 2) exp { − 2(D − 2)ψ̄_0 (n − 1) √ c_3 }] . (4.7)

In the present model, setting n = 3, p = 6, Ā = 1, f = 0.17, λ = 0.229 and α = 0.5 in the unit of Λ = 1, we find the stable minimum point ψ̄_0 = −1.1000, where Λ^{−1}V ( 1, ψ̄_0 ) = 0.0365 . Since the potential energy is proportional to the warp factor e^{−Ā}, the (n + 1)-dimensional effective cosmological constant can be dropped exponentially as Ā increases. Hence, if we choose the value of the function Ā appropriately, we get the small energy value of the potential at ψ̄ = ψ̄_0. We illustrate the moduli potential in Fig. 1 and 2. V (1, ψ̄)/Λ

ψ̄ Figure 1: The moduli potential given in (4.6a) is depicted. We set n = 3, p = 6, Ā = 1, f = 0.17, λ = 0.229 and α = 0.5 in the unit of Λ = 1. The minimum of the potential is located at ψ̄_0 = −1.1000 and its value is Λ^{−1}V ( 1, ψ̄_0 ) = 0.0365 . If we fix the value of the function Ā, we get the small energy value of the moduli potential at the local minimum.

In order to give the positive value of the potential energy, the constant ψ̄_0 should satisfy the condition exp [ − pnψ̄_0 (n − 1)(D − 2) √ c_3 ] < 2 (n − 1)f^2 λ(D − p − 2) . (4.8)

– 17 –

In the gravity system with a positive cosmological constant and finite volume of the internal space, upon setting D > p + 2, a positive curvature term of the internal space gives a dominant contribution to the moduli potential at small ψ̄, while a positive cosmological constant term becomes dominant for large ψ̄. Hence the moduli potential is unbounded from below as ψ̄ → −∞ and drops exponentially as ψ̄ → ∞. Then the internal space Z either shrinks to zero volume or is decompactified. We also obtain the run away type moduli potential even if Λ < 0 . However, if we include the field strength with a cosmological constant, we can find a stable minimum for the moduli potential. The cosmological constant and the field strength force to expand the extra dimension while the curvature of the internal spacetime forces to contract it. These combinations produce a local minimum of the effective potential. Hence the role of the field strength is important to find a minimum of the potential [50]. The potential energy at the minimum is equivalent to the (n + 1)-dimensional cosmological constant. Then we can obtain the stable in the dS_{n+1}×Z background. If the universe may be created one the top of the potential hill, the universe rolls down to the potential minimum whose value is positive. For other choice of the parameters, we can also have a negative potential minimum. Then the universe evolves into the static AdS_{n+1}×Z, which is a stable spacetime. As the moduli potential without the cosmological constant cannot provide the positive value at the local minimum even if we have a field strength, the contribution of the cosmological constant is essential to derive de Sitter compactifications.

V (Ā, ψ̄)/Λ

ψ̄

Ā

Figure 2: The moduli potential given in (4.6a) is depicted. We set n = 3, p = 6, f = 0.17, λ = 0.229 and α = 0.5 in the unit of Λ = 1. We can find the minimum of the potential with respect to the field ψ̄ while there is not local minimum of the potential for the direction of Ā.

– 18 –

5. Discussions

In the first part of this paper, we have discussed the warped de Sitter compactifications in higher-dimensional theory. We have obtained warped de Sitter spacetimes with a positively or negatively curved internal space to investigate the possible generalizations of the solutions found in [47]. We also presented the n-dimensional warped de Sitter compactification due to the contribution of the matter fields. These solutions give the accelerating expansion of the n-dimensional universe. The construction of the cosmological model is directly obtained from our solutions, following the brane world approach (see [49] for details). The solutions without field strength were obtained by the product type form of the warp factor. This structure requires that warp factor of the metric is expressed as the form A_0(x)A_1(y), where A_0(x) is a function of the four-dimensional coordinates x^μ, and A_1(y) is a function on the internal space. In the pure gravity system, as the function A_0(x) in the metric describes the conformal rescaling of the n-dimensional metric, we could set A_0 = 0 without loss of generality. Supposing that our universe stays at a constant position in the internal space Y, we have shown that the evolution of n-dimensional universe gives an n-dimensional de Sitter space or FRW universe. The solutions in the D-dimensional theory give the n-dimensional de Sitter spacetime for the case of not only the pure gravity system field but also the gravity with matter fields which depend only on the coordinates of y. However, if the scalar field depends only on the coordinate of the n-dimensional spacetime, the solution of field equations denotes that the power of the scale factor of n-dimensional spacetime is too small to give a realistic expansion law for n-dimensional FRW universe. For the compactification with field strength, we have simply required that non-vanishing components of the field strength should be along the internal space Z. An important consequence of this is obtaining the de Sitter spacetime from warped compactifications. If the constant field strength F goes through our n-dimensional spacetime X, the Ricci tensor on X is proportional to the n-dimensional metric with negative sign that is no longer de Sitter spacetime. Hence we were only concerned with the field strength along Z.

In the second part of this paper, we have presented another construction of a de Sitter spacetime in terms of the (n + 1)-dimensional effective theory after integrating over the Z space. The (n+1)-dimensional spacetime M̄ was regarded as our Universe. We have calculated the moduli potential and discussed its stability using the moduli potential. Assuming some stabilization mechanism of the volume moduli which does not affect the dynamics of the internal space moduli (for example, via Casimir effects of the bulk fields [55]), the cosmological constant and field strengths force the internal space to expand, while the curvature of the internal spacetime forces it to contract. These combination produces a local minimum of the moduli potential. In the (n+1)- dimensional effective theory, the scale of the compact internal space Z is stabilized by balancing the gauge field strength wrapped around the internal space and the

– 19 – curvature term of the internal space with the cosmological constant. For some choices of the parameters, these contributions could produce a local minimum of the effective potential with a positive value which corresponds to the dS_{n+1} ×Z background in the effective theory, while the solution in the original higher-dimensional gravitational theory gave the geometry of dS_n ×R×Z. If the (n+1)-dimensional universe is created near the top of the potential hill, the moduli rolls down the potential hill and finds a stable minimum point. Since the moduli potential eventually turns out to be positive or negative, the (n + 1)-dimensional background geometry becomes dS_{n+1} or AdS_{n+1} spacetime. As the moduli potential without the cosmological constant leads to the AdS_{n+1} at the local minimum even if we have a field strength, we need the contribution of the cosmological constant to obtain de Sitter compactifications.

The next step may be to develop a framework to understand generalizations of warped compactifications in which one varies the matter fields or the boundary conditions or other details though this program has not been actually achieved in the present paper. Along this way, we will clarify some properties of cosmic acceleration for the warped compactification elsewhere.

Acknowledgments

K.U. is supported by Grant-in-Aid for Young Scientists (B) of JSPS Research, under Contract No. 20740147.

References

[1] A. G. Riess et al. [Supernova Search Team Collaboration], “Observational evidence from supernovae for an accelerating Universe and a cosmological constant,” Astron. J. 116 (1998) 1009 [arXiv:astro-ph/9805201].

[2] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], “Measurements of Omega and Lambda from 42 high-redshift supernovae,” Astrophys. J. 517 (1999) 565 [arXiv:astro-ph/9812133].

[3] A. G. Riess et al. [Supernova Search Team Collaboration], “The farthest known supernova: Support for an accelerating Universe and a glimpse of the epoch of deceleration,” Astrophys. J. 560 (2001) 49 [arXiv:astro-ph/0104455].

[4] A. G. Riess et al., “New Hubble space telescope discoveries of type Ia supernovae at z > 1: narrowing constraints on the early behavior of dark energy,” Astrophys. J. 659 (2007) 98 [arXiv:astro-ph/0611572].

[5] M. Kowalski et al. [Supernova Cosmology Project Collaboration], “Improved cosmological constraints from new, old and combined supernova datasets,” Astrophys. J. 686 (2008) 749 [arXiv:0804.4142 [astro-ph]].

– 20 –

[6] S. Tsujikawa, “Dark energy: investigation and modeling,” arXiv:1004.1493 [astro-ph.CO].

[7] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68 (2003) 046005 [arXiv:hep-th/0301240].

[8] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310 (2003) 013 [arXiv:hep-th/0308055].

[9] E. Silverstein, “Simple de Sitter Solutions,” Phys. Rev. D 77 (2008) 106006 [arXiv:0712.1196 [hep-th]].

[10] U. H. Danielsson, S. S. Haque, G. Shiu and T. Van Riet, “Towards Classical de Sitter Solutions in String Theory,” JHEP 0909 (2009) 114 [arXiv:0907.2041 [hep-th]].

[11] C. Caviezel, T. Wrase and M. Zagermann, “Moduli Stabilization and Cosmology of Type IIB on SU(2)-Structure Orientifolds,” JHEP 1004 (2010) 011 [arXiv:0912.3287 [hep-th]].

[12] T. Wrase and M. Zagermann, “On Classical de Sitter Vacua in String Theory,” Fortsch. Phys. 58 (2010) 906 [arXiv:1003.0029 [hep-th]].

[13] U. H. Danielsson, P. Koerber and T. Van Riet, “Universal de Sitter solutions at tree-level,” JHEP 1005 (2010) 090 [arXiv:1003.3590 [hep-th]].

[14] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, “Smeared versus localised sources in flux compactifications,” JHEP 1012 (2010) 043 [arXiv:1009.1877 [hep-th]].

[15] J. Rosseel, T. Van Riet and D. B. Westra, “Scaling cosmologies of N = 8 gauged supergravity,” Class. Quant. Grav. 24 (2007) 2139 [arXiv:hep-th/0610143].

[16] M. Minamitsuji and K. Uzawa, “Constraints on warped compactifications,” arXiv:1012.5742 [hep-th].

[17] R. Emparan and J. Garriga, “A note on accelerating cosmologies from compactifications and S-branes,” JHEP 0305 (2003) 028 [arXiv:hep-th/0304124].

[18] P. K. Townsend and M. N. R. Wohlfarth, “Accelerating cosmologies from compactification,” Phys. Rev. Lett. 91 (2003) 061302 [arXiv:hep-th/0303097].

[19] N. Ohta, “Accelerating Cosmologies from S-Branes,” Phys. Rev. Lett. 91 (2003) 061303 [arXiv:hep-th/0303238].

[20] N. Ohta, “A study of accelerating cosmologies from superstring / M theories,” Prog.

Theor. Phys. 110 (2003) 269 [arXiv:hep-th/0304172].

– 21 –

[21] J. M. Maldacena and C. Nunez, “Supergravity description of field theories on curved manifolds and a no go theorem,” Int. J. Mod. Phys. A 16 (2001) 822 [arXiv:hep-th/0007018].

[22] C. M. Chen, P. M. Ho, I. P. Neupane and J. E. Wang, “A note on acceleration from product space compactification,” JHEP 0307 (2003) 017 [arXiv:hep-th/0304177].

[23] C. M. Chen, P. M. Ho, I. P. Neupane, N. Ohta and J. E. Wang, “Hyperbolic space cosmologies,” JHEP 0310 (2003) 058 [arXiv:hep-th/0306291].

[24] C. M. Chen, P. M. Ho, I. P. Neupane, N. Ohta and J. E. Wang, “Addendum to ’Hyperbolic Space Cosmologies’,” JHEP 0611 (2006) 044 [arXiv:hep-th/0609043].

[25] I. P. Neupane and D. L. Wiltshire, “Cosmic acceleration from M theory on twisted spaces,” Phys. Rev. D 72 (2005) 083509 [arXiv:hep-th/0504135].

[26] I. P. Neupane, “Accelerating universes from compactification on a warped conifold,” Phys. Rev. Lett. 98 (2007) 061301 [arXiv:hep-th/0609086].

[27] I. P. Neupane, “Simple cosmological de Sitter solutions on dS_4 × Y_6 spaces,” Class.

Quant. Grav. 27 (2010) 045011 [arXiv:0901.2568 [hep-th]].

[28] I. P. Neupane, “Warped compactification on curved manifolds,” Class. Quant. Grav.

28 (2011) 125015 [arXiv:1006.4495 [hep-th]].

[29] I. P. Neupane, “De Sitter brane-world, localization of gravity, and the cosmological constant,” Phys. Rev. D 83 (2011) 086004 [arXiv:1011.6357 [hep-th]].

[30] P. Binetruy, M. Sasaki and K. Uzawa, “Dynamical D4-D8 and D3-D7 branes in supergravity,” Phys. Rev. D 80 (2009) 026001 [arXiv:0712.3615 [hep-th]].

[31] K. i. Maeda, N. Ohta and K. Uzawa, “Dynamics of intersecting brane systems – Classification and their applications –,” JHEP 0906 (2009) 051 [arXiv:0903.5483 [hep-th]].

[32] M. Minamitsuji, N. Ohta and K. Uzawa, “Cosmological intersecting brane solutions,” Phys. Rev. D 82 (2010) 086002 [arXiv:1007.1762 [hep-th]].

[33] G. W. Gibbons, H. Lu and C. N. Pope, “Brane worlds in collision,” Phys. Rev. Lett.

94 (2005) 131602 [arXiv:hep-th/0501117].

[34] W. Chen, Z. W. Chong, G. W. Gibbons, H. Lu and C. N. Pope, “Horava-Witten stability: Eppur si muove,” Nucl. Phys. B 732 (2006) 118 [arXiv:hep-th/0502077].

[35] H. Kodama and K. Uzawa, “Moduli instability in warped compactifications of the type IIB supergravity,” JHEP 0507 (2005) 061 [arXiv:hep-th/0504193].

[36] H. Kodama and K. Uzawa, “Comments on the four-dimensional effective theory for warped compactification,” JHEP 0603 (2006) 053 [arXiv:hep-th/0512104].

– 22 –

[37] K. i. Maeda, N. Ohta, M. Tanabe and R. Wakebe, “Supersymmetric Intersecting Branes in Time-dependent Backgrounds,” JHEP 0906 (2009) 036 [arXiv:0903.3298 [hep-th]].

[38] G. W. Gibbons and K. i. Maeda, “Black Holes in an Expanding Universe,” Phys.

Rev. Lett. 104 (2010) 131101 [arXiv:0912.2809 [gr-qc]].

[39] K. i. Maeda and M. Nozawa, “Black Hole in the Expanding Universe from Intersecting Branes,” Phys. Rev. D 81 (2010) 044017 [arXiv:0912.2811 [hep-th]].

[40] K. i. Maeda, N. Ohta, M. Tanabe and R. Wakebe, “Supersymmetric Intersecting Branes on the Waves,” JHEP 1004 (2010) 013 [arXiv:1001.2640 [hep-th]].

[41] K. i. Maeda and M. Nozawa, “Black Hole in the Expanding Universe with Arbitrary Power-Law Expansion,” Phys. Rev. D 81 (2010) 124038 [arXiv:1003.2849 [gr-qc]].

[42] H. Lu, C. N. Pope, E. Sezgin and K. S. Stelle, “Stainless super p-branes,” Nucl.

Phys. B 456 (1995) 669 [arXiv:hep-th/9508042].

[43] M. Minamitsuji, N. Ohta and K. Uzawa, “Dynamical solutions in the 3-Form Field Background in the Nishino-Salam-Sezgin Model,” Phys. Rev. D 81 (2010) 126005 [arXiv:1003.5967 [hep-th]].

[44] K. i. Maeda, M. Minamitsuji, N. Ohta and K. Uzawa, “Dynamical p-branes with a cosmological constant,” Phys. Rev. D 82 (2010) 046007 [arXiv:1006.2306 [hep-th]].

[45] M. Minamitsuji and K. Uzawa, “Cosmology in p-brane systems,” Phys. Rev. D 83 (2011) 086002 [arXiv:1011.2376 [hep-th]].

[46] T. Maki and K. Shiraishi, “Multi - black hole solutions in cosmological Einstein-Maxwell dilaton theory,” Class. Quant. Grav. 10 (1993) 2171.

[47] I. P. Neupane, “Warped compactification to de Sitter space,” Nucl. Phys. B 847 (2011) 549 [arXiv:1011.5007 [hep-th]].

[48] L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 4690-4693 (1999). [hep-th/9906064].

[49] M. Minamitsuji and K. Uzawa, “Spectrum from the warped compactifications with the de Sitter universe,” arXiv:1103.5325 [hep-th].

[50] S. M. Carroll, J. Geddes, M. B. Hoffman and R. M. Wald, “Classical stabilization of homogeneous extra dimensions,” Phys. Rev. D 66 (2002) 024036 [arXiv:hep-th/0110149].

[51] K. i. Maeda, “Stability and attractor in Kaluza-Klein cosmology. 1,” Class. Quant.

Grav. 3 (1986) 233.

[52] K. i. Maeda, “Stability and attractor in a higher dimensional cosmology. 2,” Class.

Quant. Grav. 3 (1986) 651.

– 23 –

[53] K. Uzawa, “Dilaton stabilization in (A)dS spacetime with compactified dimensions,” Prog. Theor. Phys. 110 (2003) 457 [arXiv:hep-th/0308170].

[54] K. Uzawa and K. i. Maeda, “Dilaton dynamics in (A)dS_5×S^5,” Phys. Rev. D 68 (2003) 084017 [arXiv:hep-th/0308137].

[55] A. Flachi, M. Minamitsuji and K. Uzawa, in progress.

– 24 –