arXiv:hep-th/0405009 v1 1 May 2004

S-BRANE SOLUTIONS WITH ACCELERATION IN MODELS WITH FORMS AND MULTIPLE EXPONENTIAL POTENTIALS

V. D. Ivashchuk^1, V. N. Melnikov^2

Center for Gravitation and Fundamental Metrology, VNIIMS, 3-1 M. Ulyanovoy Str., Moscow, 119313, Russia and Institute of Gravitation and Cosmology, Peoples’ Friendship University of Russia, 6 Miklukho-Maklaya St., Moscow 117198, Russia

and S.-W. Kim^3

Department of Science Education and Basic Science Research Institute, Ewha Woman’s University, Seoul 120-750, Korea

Abstract

A family of generalized S-brane solutions with orthogonal intersection rules and n Ricci-flat factor spaces in the theory with several scalar fields, antisymmetric forms and multiple scalar potential is considered. Two subclasses of solutions with power-law and exponential behaviour of scale factors are singled out. These subclasses contain sub-families of solutions with accelerated expansion of certain factor spaces. Some examples of solutions with exponential dependence of one scale factor and constant scale factors of ”internal” spaces (e.g. Freund-Rubin type solutions) are also considered.

1ivas@rgs.phys.msu.su 2melnikov@rgs.phys.msu.su 3sungwon@mm.ewha.ac.kr

1 Introduction

Recently, the discovery of the cosmic acceleration [1, 2] was a starting point for a big number of publications on multidimensional cosmology giving some explanations of this phenomenon using certain multidimensional models [3], e.g. those of superstring or supergravity origin (see, for example, [4, 35, 36] and references therein). These solutions deal with time-dependent scale factors of internal spaces (for reviews see [14, 15, 17, 12]) and contain as a special case the so-called S-brane solutions [18], i.e. space like analogues of D-branes [26], see for example [19, 20, 21, 22, 23, 24, 25] and references therein. For earlier S-brane solutions see also [27, 28, 29].

In our recent paper [4] we have obtained a family of cosmological solutions with (n+1) Ricci-flat spaces in the theory with several scalar fields and multiple exponential potential when coupling vectors in exponents obey certain ”orthogonality” relations. In [4] two subclasses of ”inflationary-type” solutions with power-law and exponential behaviour of scale factors were found and solutions with accelerated expansion were singled out.

2-component models in many dimensions having the acceleration were found also for different matter sources in our earlier papers: with the cosmological constant in [7], with a perfect fluid in [5], with 2 non-Ricci-flat spaces [8], with p-branes and static internal spaces in [9] and in four dimensions with a perfect fluid and a scalar field with the exponential potential in [10, 13], using methods, developed in our multidimensional approach. In [6] we showed that the cosmic acceleration and coincidence problems may be solved by using an x-fluid as a quintessence and a viscous fluid as a normal matter. Viscosity of the normal matter in this case can be explained by its own multicomponent structure.

In this paper we generalize ”inflationary-type” solutions from [4] to S-brane configurations in the model with antisymmetric forms and scalar fields. Two subclasses of these solutions with the power-law and exponential behaviour of scale factors in the synchronous time are singled out. These subclasses contain sub-families of solutions with accelerated expansion of certain factor spaces.

Here we deal with a model governed by the action

S_g = ∫ d^Dx √ |g| { R[g] − h_{αβ}g^{MN} ∂_M φ^α∂_N φ^β (1.1) − ∑ a∈△ θ_a n_a!

exp[2λ_a(φ)](F^a)^2 − 2V_φ(φ) }

where g = g_{MN} (x)dx^M ⊗ dx^N is a metric, φ = (φ^α) ∈ R^l is a vector of scalar fields, (h_{αβ}) is a constant symmetric non-degenerate l × l matrix (l ∈ N), θ_a = ±1, F^a = dA^a = 1 n_a! F^a_{M1...Mna} dz^{M1} ∧ . . . ∧ dz^{Mna} (1.2) is a n_a-form (n_a ≥ 1), λ_a is a 1-form on R^l: λ_a(φ) = λ_{αa}φ^α, a ∈ △, α = 1, . . ., l. In (1.1) we denote |g| = | det(g_{MN} )|, (F^a)^2_g = F^a_{M1...Mna} F^a_{N1...Nna} g^{M1N1} . . . g^{Mna Nna} , (1.3) a ∈ △. Here △ is some finite set. For pseudo-Euclidean metric of signature (−, +, . . . , +) all θ_a = 1. Here

V_φ(φ) = ∑ s∈S_{pot} Λ_s exp[2λ_s(φ)] (1.4)

is the scalar potential (S_{pot} is non-empty finite set). The case V_φ(φ) = 0 was considered recently in [33].

The paper is organized as following. In Section 2 we consider cosmologicaltype solutions with composite intersecting S-branes for the model with scalar fields and fields of forms in the presence of multiple scalar potential. These solutions generalize that from [17, 12, 23, 25] obtained for zero scalar potential. Section 3 is devoted to exceptional (”inflationary-type”) S-brane solutions. In Section 4 we consider a class of static solutions defined on product of n Einstein spaces N_i generalizing that of [34]. For certain first factor-space N_1 = R×M_1 of non-zero curvature a solution from this class may be considered as a cosmological solution with exponential dependence of scale factor for Ricci-flat submanifold M_1 and static internal spaces N_i, i > 1.

2 Cosmological-type solutions with composite intersecting p-branes

2.1 Solutions with n Ricci-flat spaces

Here we consider a family of solutions to field equations corresponding to the action (1.1) and depending upon one variable u and generalizing that from [12, 23, 25] defined for V_φ = 0 (see also [16, 17]).

These solutions are defined on the manifold

M = (u_−, u_+) × M_1 × M_2 × . . . × M_n, (2.1)

where (u_−, u_+) is an interval belonging to R, and have the following form g = (∏ s∈S [f_s(u)]^{2d(Is)hs/(D−2)} ){ exp(2c^0u + 2c̄^0)wdu ⊗ du + (2.2) n∑ i=1 (∏ s∈S [f_s(u)]^{−2hsδiIs} ) exp(2c^iu + 2c̄^i)ĝ^i } ,

exp(φ^α) = ( ∏ s∈S f^{hs χsλαas} s ) exp(c^αu + c̄^α), (2.3)

F^a = ∑ s∈S δ^a_s F^s, (2.4) α = 1, . . . , l; a ∈ △. In (2.2) w = ±1, g^i = g^i_{mi ni} (y_i)dy^{mi}_i ⊗ dy^{ni}_i is a Ricci-flat metric on M_i, i = 1, . . . , n, δ_{iI} = ∑ j∈I δ_{ij} (2.5)

is the indicator of i belonging to I: δ_{iI} = 1 for i ∈ I and δ_{iI} = 0 otherwise.

Here S ≡ S_{br} ⊔ S_{pot} (2.6) is a union of two non-intersecting sets S_{br} and S_{pot}, describing branes and potential terms, respectively. (Here and in what follows ⊔ means the union of non-intersecting sets.) The p-brane set S is by definition S_{br} = S_e ⊔ S_m, S_v = ⊔_{a∈△}{a} × {v} × Ω_{a,v}, (2.7) v = e, m and Ω_{a,e}, Ω_{a,m} ⊂ Ω, where Ω = Ω(n) is the set of all non-empty subsets of {1, . . ., n}. Any p-brane index s ∈ S_{br} has the form

s = (a_s, v_s, I_s), (2.8)

where a_s ∈ △ is colour index, v_s = e, m is electro-magnetic index and the set I_s ∈ Ω_{as,vs} describes the location of p-brane worldvolume.

The sets S_e and S_m define electric and magnetic p-branes, correspondingly. In (2.3) χ_s = +1, (2.9) for s ∈ S_e and χ_s = −1, (2.10) for s ∈ S_m ∪ S_{pot}. In (2.4) forms F^s = Q_sf^{−2}_s du ∧ τ (I_s), (2.11) s ∈ S_e, correspond to electric p-branes and forms

F^s = Q_sτ (Ī_s), (2.12)

s ∈ S_m, correspond to magnetic p-branes; Q_s ≠ 0, s ∈ S_{br}. Here and in what follows Ī ≡ I_0 \ I, I_0 = {1, . . ., n}. (2.13) All manifolds M_i are assumed to be oriented and connected and the volume d_i-forms τ_i ≡ √ |g^i(y_i)| dy^1_i ∧ . . . ∧ dy^{di}_i , (2.14) and parameters ε(i) ≡ sign(det(g^i_{mi ni} )) = ±1 (2.15) are well-defined for all i = 1, . . . , n. Here d_i = dimM_i, i = 1, . . ., n; D = 1 + ∑_n i=1 d_i. For any set I = {i_1, . . . , i_k} ∈ Ω, i_1 < . . . < i_k, we denote τ (I) ≡ τ̂_{i1} ∧ . . . ∧ τ̂_{ik} , (2.16) d(I) ≡ ∑ i∈I d_i, (2.17)

ε(I) ≡ ε(i_1) . . . ε(i_k). (2.18)

The parameters h_s appearing in the solution satisfy the relations

h_s = (B_{ss})^{−1}, (2.19)

where B_{ss}′ ≡ d(I_s ∩ I_s′ ) + d(I_s)d(I_s′ ) 2 − D + χ_sχ_s′ λ_{αs}λ_{βs}′ h^{αβ}, (2.20) s, s^′ ∈ S, with (h^{αβ}) = (h_{αβ})^{−1}. Here I_s = I_0 = {1, . . ., n} for s ∈ S_{pot} and λ_{αs} = λ_{αas} for s ∈ S_{br}. We assume that (i) B_{ss} ≠ 0, (2.21) for all s ∈ S, and (ii) B_{ss}′ = 0, (2.22) for s ≠ s^′, i.e. canonical (orthogonal) intersection rules are satisfied (see [30, 14] and subsection 2.2 below).

The moduli functions read

f_s(u) = R_s sinh( √ C_s(u − u_s)), C_s > 0, h_sε_s < 0; (2.23) R_s sin( √ |C_s|(u − u_s)), C_s < 0, h_sε_s < 0; (2.24) R_s cosh( √ C_s(u − u_s)), C_s > 0, h_sε_s > 0; (2.25) P_s|h_s|^{−1/2}(u − u_s), C_s = 0, h_sε_s < 0, (2.26) where C_s, u_s are constants, s ∈ S. Here we denote R_s = |Q_s||h_sC_s|^{−1/2}, s ∈ S_{br}, (2.27) R_s = √ 2|Λ_s||h_sC_s|^{−1/2}, s ∈ S_{pot}, (2.28) P_s = |Q_s| for s ∈ S_{br} and P_s = √ 2|Λ_s| for s ∈ S_{pot}. We also denote ε_s = − sign(wΛ_s) (2.29)

for s ∈ S_{pot} and (as in [17])

ε_s = (−ε[g])^{(1−χs)/2}ε(I_s)θ_{as} , (2.30)

for s ∈ S_{br}, where ε[g] ≡ sign(det(g_{MN} )). More explicitly (2.30) reads: ε_s = ε(I_s)θ_{as} for v_s = e and ε_s = −ε[g]ε(I_s)θ_{as} for v_s = m.

Vectors c = (c^A) = (c^i, c^α) and c̄ = (c̄^A) obey the following constraints [14] ∑ i∈I_s d_ic^i − χ_sλ_{sα}c^α = 0, ∑ i∈I_s d_ic̄^i − χ_sλ_{sα}c̄^α = 0, s ∈ S, (2.31)

c^0 = n∑ j=1 d_jc^j, c̄^0 = n∑ j=1 d_jc̄^j, (2.32) ∑ s∈S C_sh_s + h_{αβ}c^αc^β + n∑ i=1 d_i(c^i)^2 − (_n ∑ i=1 d_ic^i )_2

= 0. (2.33)

Here we identify notations ĝ^i = p^∗_i g^i is the pullback of the metric g^i to the manifold M by the canonical projection: p_i : M → M_i, i = 1, . . ., n. An analogous notations are kept for volume forms etc.

Due to (2.11) and (2.12), the dimension of p-brane worldvolume d(I_s) is defined by d(I_s) = n_{as} − 1, d(I_s) = D − n_{as} − 1, (2.34)

for s ∈ S_e, S_m, respectively. For s ∈ S_{pot} we get domain walls with d(I_s) = D−1 (see Appendix). (The p-brane parameter reads: p = p_s = d(I_s) − 1).

Restrictions on p-brane configurations. The solutions presented above are valid if two restrictions on the sets of composite p-branes are satisfied [16]. These restrictions guarantee the block-diagonal form of the energy-momentum tensor and the existence of the sigma-model representation (without additional constraints) [30].

The first restriction reads

(R1) d(I ∩ J) ≤ d(I) − 2, (2.35)

for any I, J ∈ Ω_{a,v}, a ∈ △, v = e, m (here d(I) = d(J)).

The second restriction is following one

(R2) d(I ∩ J) ≠ 0, (2.36) for I ∈ Ω_{a,e} and J ∈ Ω_{a,m}, a ∈ △.

The derivation of the solution is presented in Appendix B. S-branes. The space-like brane solutions (or S-branes) appear when the metric (2.2) has a signature (−, +, . . . , +), w = −1 and all metrics g^i have Euclidean signatures. In this case all θ_a = 1 and

ε_s = 1, (2.37)

for all s ∈ S_{br}.

2.2 Minisuperspace covariant relations

Here we present the minisuperspace covariant relations from [14, 30] for completeness. Let

(Ḡ_{AB}) = ( G_{ij} 0 0 h_{αβ} ) , (Ḡ^{AB}) = ( G^{ij} 0 0 h^{αβ} ) (2.38)

be, correspondingly, a (truncated) target space metric and inverse to it, where (see [31]) G_{ij} = d_iδ_{ij} − d_id_j, G^{ij} = δ^{ij} d_i + 1 2 − D , (2.39) and U^s_Ac^A = ∑ i∈I_s d_ic^i − χ_sλ_{sα}c^α, (U^s_A) = (d_iδ_{iIs} , −χ_sλ_{sα}), (2.40)

are co-vectors, s ∈ S and (c^A) = (c^i, c^α).

The scalar product from [30] reads

(U, U^′) = Ḡ^{AB} U_AU^′_B , (2.41)

for U = (U_A), U^′ = (U^′_A) ∈ R^N , N = n + l.

The scalar products for vectors U^s were calculated in [30]

(U^s, U^{s′} ) = B_{ss}′ , (2.42)

where s, s^′ belong to S and B_{ss}′ are defined in (2.20). Due to relations (2.22) U^s-vectors are orthogonal, i.e.

(U^s, U^{s′} ) = 0, (2.43)

for s ≠ s^′.

The linear and quadratic constraints from (2.31) and (2.33), respectively, read in minisuperspace covariant form as follows:

U^s_Ac^A = 0, U^s_Ac̄^A = 0, (2.44) s ∈ S, and ∑ s∈S C_sh_s + Ḡ_{AB}c^Ac^B = 0. (2.45)

3 Special solutions

Now we consider a special case of classical solutions from the previous section when C_s = u_s = c^i = c^α = 0 and

B_{ss}ε_s < 0, (3.1) s ∈ S. We get two families of solutions written in synchronous-type variable with: A) power-law dependence of scale factors for B ≠ −1, B) exponential dependence of scale factors for B = −1, where B = ∑ s∈S h_s d(I_s) D − 2 . (3.2)

Remind that

h^{−1}_s = B_{ss} = d(I_s) ( 1 − d(I_s) D − 2 ) + λ_{αs}λ_{βs}h^{αβ}. (3.3) 3.1 Power-law solutions

Let us consider the solution corresponding to the case B ≠ −1. The solution reads g = wdτ ⊗ dτ + n∑ i=1 A_iτ^{2νi}ĝ^i, (3.4)

φ^α = 1 B + 1 ∑ s∈S χ_sh_sλ^α_s ln τ + φ^α_0 , (3.5)

where τ > 0, ν_i = − 1 B + 1 ∑ s∈S h_s ( δ_{iIs} − d(I_s) D − 2 ) , (3.6) i = 1, . . . , n. Here |h_s| ∏ i∈Ī_s A^{di}_i exp(2χ_sλ_{sα}φ^α_0 ) = Q^2_s|B + 1|^2, (3.7) s ∈ S_{br} and |h_s| exp(2χ_sλ_{sα}φ^α_0 ) = 2|Λ_s||B + 1|^2, (3.8) s ∈ S_{pot}. A_i > 0 are arbitrary constants.

The elementary forms read

F^s = |h_s|A^{1/2} Q_s(B + 1)|B + 1| τ^{−(B+2)/(B+1)}dτ ∧ τ (I_s), (3.9) s ∈ S_e (for electric case) and forms

F^s = Q_sτ (Ī_s), (3.10)

s ∈ S_m (for magnetic case). Here and in what follows w = ±1, Q_s ≠ 0, s ∈ S_{br}, A = ∏_n i=1 A^{di}_i and h_s is defined in (3.3).

3.1.1 Solutions with accelerated expansion of M_1 In what follows we are interested in cosmological solutions (w = −1) with accelerated expansion of the first factor space M_1 that, evidently, takes place if and only if

ν_1 > 1. (3.11) Let us consider the case of one brane: S = {s}. A) First, we put 1 /∈ I_s, (3.12) i.e. M_1 factor space does not belong to the brane. In this case d(I_s) ≠ D − 1.

We get ν_1 = 1 1 + (D − 2)(h_sd(I_s))^{−1}

. (3.13)

Due to (3.11) the acceleration takes place only if h_s < 0, or (see (3.3))

λ^2_s < −d(I_s) ( 1 − d(I_s) D − 2 ) < 0, (3.14)

where here and in what follows λ^2_s = λ_{αs}λ_{βs}h^{αβ}.

From the signature restriction (3.1) and h_s < 0 we get ε_s > 0. B) Now, we consider another case

1 ∈ I_s, (3.15)

i.e. M_1 factor-space belongs to the brane.

We get ν_1 =

Δ_s − 1 h^{−1}_s + Δ_s

, Δ_s = d(I_s)/(D − 2). (3.16)

Due to (3.11) the acceleration takes place only if h^{−1}_s + 1 h^{−1}_s + Δ_s

< 0. (3.17)

This implies Δ_s ≠ 1, or d(I_s) ≠ D − 2.

There are two subcases: B1) d(I_s) < D − 2 and B2) d(I_s) = D − 1. For B1) d(I_s) < D − 2 we get

− 1 < h^{−1}_s < −Δ_s, (3.18) or, equivalently, − d(I_s) ( 1 − d(I_s) D − 2 ) − 1 < λ^2_s < −d(I_s) ( 1 − (d(I_s) − 1) D − 2 ) < 0. (3.19)

For B2) d(I_s) = D − 1 we find

− Δ_s < h^{−1}_s < −1, (3.20)

or, equivalently, 0 < λ^2_s < 1 D − 2 . (3.21)

In both subcases h_s < 0 and hence ε_s > 0 (due to (3.1)). (For s ∈ S_{pot} this means that Λ_s > 0.)

The negative value of λ^2_s means that the matrix (h_{αβ}) is not positive definite. Thus, for positive definite (h_{αβ}), the one brane solution may describe the accelerated expansion of certain (say, M_1) factor space only in the domain wall case d(I_s) = D − 1 with coupling constant obeying (3.21).

Remark. In the case of several electric S-branes of maximal dimension d(I_s) = D − 1 (i.e. domain walls) the metric and scalar fields are coinciding (up to notations) with the solutions obtained in [4] when signature restrictions (3.1) are obeyed.

3.2 Solutions with exponential scale factors

Here we consider the solution corresponding to the case B = −1. The solution reads g = wdτ ⊗ dτ + n∑ i=1 A_i exp(2M μ_iτ )ĝ^i, (3.22) φ^α = −M τ ∑ s∈S h_sχ_sλ^α_s + φ^α_0 , (3.23)

where Q^2_s exp(−2χ_sλ_{sα}φ^α_0 ) = |h_s|M^2 ∏ i∈Ī_s A^{di}_i , (3.24) s ∈ S_{br} and 2|Λ_s| exp(−2χ_sλ_{sα}φ^α_0 ) = |h_s|M^2, (3.25) s ∈ S_{pot}. Here μ_i = ∑ s∈S h_s ( δ_{iIs} − d(I_s) D − 2 ) , (3.26)

M is parameter and A_i > 0 are arbitrary constants, i = 1, . . . , n.

The elementary forms read

F^s = |h_s|A^{1/2} Q_s M^2e^{Mτ} dτ ∧ τ (I_s), (3.27) for s ∈ S_e, and F^s = Q_sτ (Ī_s) for s ∈ S_m.

In the cosmological case w = −1 we get an accelerated expansion of the factor space M_1 if and only if μ_1M > 0. For any μ_1 ≠ 0 this may be achieved by a suitable choice of the sign of the parameter M .

3.2.1 Example: magnetic S-brane and domain-wall.

Let us consider D-dimensional model with one scalar field, one antisymmetric form and one exponential potential term described by the action

S_g = ∫ d^Dx √ |g| { R[g] − g^{MN} ∂_M φ∂_N φ − 1 n_1!

exp(2λ_1φ)F^2 − 2Λ exp(2λ_2φ) }

(3.28) defined on the manifold M = R × M_1 × M_2. (3.29)

Let the rank of the form F = dA be coinciding with the dimension of the second factor-space, i.e. n_1 = d_2 and

λ_1 = ± d_1 √ D − 2 , λ_2 = ± 1 √ D − 2 , (3.30)

D = d_1 + d_2 + 1 and (M_1, g_1) be of Euclidean signature (+, . . . , +) and (M_2, g_2) be of pseudo-Euclidean one (−, +, . . . , +). Dilatonic couplings satisfy the orthogonality relation (2.22), B = −1 and signature restrictions (3.1).

The solution with magnetic S-brane (corresponding to M_1 factor-space) and domain-wall reads:

g = −dτ ⊗ dτ + 2∑ i=1 A_i exp(2M d^{−1}_1 δ^1_i τ )ĝ^i, (3.31)

φ = const, (3.32)

where 2Λ exp(2λ_2φ) = M^2, Q^2_1 exp(2λ_1φ) = 1 d_1

M^2A^{d2}_2 , (3.33)

M is parameter and A_i > 0 are arbitrary constants, i = 1, 2. The form reads

F = Q_1τ̂_2. (3.34)

Remind that τ_2 = dvol[g_2] is the volume form of the (M_2, g_2) space.

The ”internal” factor space (M_2, g_2) has a constant scale factor. This subspace contains an extra time direction.

We note that in our case B_{s1s1} = d_1, B_{s2s2} = −1 and ε_{s1} < 0, ε_{s2} > 0, where index s_1 corresponds to the magnetic brane and s_2 to the domain wall.

In the next section we shall show that this solution, describing an accelerated expansion of “our space” M_1 with static “internal” space M_2, is a special case of a more general class of solutions.

4 Freund-Rubin type solutions

Here we present a class of static solutions defined on a product of several manifolds M = N_1 × . . . × N_k (4.1) and generalizing that of ref. [9, 34].

The metric of the solution has the following form

g = ĥ_1 + . . . + ĥ_k, (4.2)

where h_i is an Einstein metric on N_i satisfying the relation

Ric[h_i] = ξ_ih_i, (4.3)

ξ_i = const, i = 1, . . . , k.

Here Ric[h_i] is Ricci-tensor corresponding to h_i and ĥ_i = π^∗_i h_i is the pullback of the metric h_i to the manifold M by the canonical projection: π_i : M → N_i, i = 1, . . . , k. Thus, all (N_i, h_i) are Einstein spaces.

The fields of forms and scalar fields are the following

F^a = ∑ I∈Ω_a Q_{aI} τ (I), (4.4)

φ^α = const, (4.5)

where Q_{aI} are constants, Ω_a ⊂ {1, . . ., k} are subsets, satisfying the relations

d(I) = n_a, (4.6)

I ∈ Ω_a, a ∈ Δ, and the Restriction presented below. The parameters of the solution obey the relations ∑ a∈Δ θ_aλ^α_a e^{2λa(φ)} ∑ I∈Ω_a Q^2_{aI} ε(I) + 2 ∑ s∈S_{pot} λ^α_s Λ_se^{2λs(φ)} = 0, (4.7)

ξ_i = 2 D − 2 ∑ s∈S_{pot} Λ_se^{2λs(φ)} + ∑ a∈Δ θ_ae^{2λa(φ)} ∑ I∈Ω_a Q^2_{aI} ε(I) [ δ^i_I − n_a − 1 D − 2 ] , (4.8)

i = 1, . . . , k. The solution is valid if the following restriction on the sets Ω_a, a ∈ Δ, is satisfied [34].

Restriction. For any a ∈ Δ and I, J ∈ Ω_a, I ≠ J, we put

d(I ∩ J) ≤ n_a − 2. (4.9)

These solutions just follow from the equations of motion presented in Appendix A.

The solution (3.31)-(3.34) of the previous section may be considered as a special solution defined on the product of two Einstein spaces N_1 = R × M_1 and N_2 = M_2 with metrics h_1 = −dτ ⊗ dτ + exp(2d^{−1}_1 M τ )ĝ^1 (d_1 = dimM_1) and h_2 = g_2, respectively. Here ξ_1 = d^{−1}_1 M^2 and ξ_2 = 0.

It should be noted that any solution of this section containing an Einstein space of positive curvature N_1 = R × M_1, may be interpreted as a cosmological solution with static internal spaces and exponentially expanding Ricci-flat (M_1, g_1) submanifold, if h_1 = −dτ ⊗ dτ + exp(2Hτ )ĝ^1 and ξ_1 = d_1H^2 (here d_1 = dimM_1). In subsection 3.2.1 Q^2_{1I} = Q^2_1A^{−d2}_2 and I = {2}.

5 Conclusions

In this paper we obtained generalized S-brane solutions with orthogonal intersection rules and n Ricci-flat factor spaces in the theory with several scalar fields, antisymmetric forms and multiple exponential potential. We singled out two subclasses of solutions with power-law and exponential behaviour of scale factors depending in general on charge densities of branes, their dimensions, intersections and dilatonic couplings.

These subclasses contain sub-families of solutions with accelerated expansion of certain factor spaces, e.g. domain-wall solutions considered in earlier paper [4].

Here we considered certain examples of solutions with exponential dependence of one scale factor and constant scale factors of internal spaces, that may be also considered as Freund-Rubin type solutions generalizing that of [34].

Acknowledgments

This work was supported in part by the Russian Ministry of Science and Technology and Project DFG (436 RUS 113/678/0-1(R)). V.D.I. is grateful to Prof. S.-W. Kim for the hospitality during his stay at Ewha Woman’s University, Korea, in March 2004.

Appendix

A Equations of motion

The equations of motion corresponding to (2.38) have the following form

R_{MN} = Z_{MN} + 2V_{pot} D − 2 g_{MN} , (A.1) △[g]φ^α − ∑ a∈Δ θ_a λ^α_a n_a!

e^{2λa(φ)}(F^a)^2 − 2 ∑ s∈S_{pot} λ^α_s e^{2λs(φ)}Λ_s = 0, (A.2) ∇_{M1} [g](e^{2λa(φ)}F^{a,M1...Mna} ) = 0, (A.3) a ∈ Δ; α = 1, . . ., l. In (A.2) λ^α_a = h^{αβ}λ_{βa}, where (h^{αβ}) is a matrix inverse to (h_{αβ}). In (A.1)

Z_{MN} = Z_{MN} [φ] + ∑ a∈Δ θ_ae^{2λa(φ)}Z_{MN} [F^a, g], (A.4) where

Z_{MN} [φ] = h_{αβ}∂_M φ^α∂_N φ^β, (A.5)

Z_{MN} [F^a, g] = 1 n_a! [ n_a − 1 2 − D g_{MN} (F^a)^2 + n_aF^a_{MM2...Mna} F^{a,M2...Mna} N ] . (A.6)

B Derivation of cosmological solutions

Here we present the derivation of the main solution from the Section 2 using the general scheme from [14, 17].

We consider a metric g = we^{2γ(u)}du ⊗ du + n∑ i=1 e^{2ϕi(u)}ĝ^i, (B.7)

defined on the manifold (2.1), where g^i is a Ricci-flat metric on M_i i = 1, . . . , n.

For fields of forms a ”composite electro-magnetic” Ansatz (2.4) is adopted with

F^s = dΦ^s ∧ τ (I_s), (B.8) F^s = e^{−2λa(φ)} ∗ ( dΦ^{(a,m,J)} ∧ τ (I_s) ) , (B.9)

for s ∈ S_e and s ∈ S_m, respectively. Here ∗ = ∗[g] is the Hodge operator on (M, g) and forms τ (I) are defined in (2.16).

The potentials in (B.8), (B.9) and scalar fields are functions of u, i.e. Φ^s = Φ^s(u) and φ^α = φ^α(u).

Fixing the time gauge to be harmonic one

γ = γ_0(ϕ) ≡ n∑ i=1 d_iϕ^i, (B.10)

and integrating the field equations and Bianchi identities for form fields d du ( exp(−2U^s)Φ̇^s ) = 0 ⇐⇒ Φ̇^s = Q_s exp(2U^s), (B.11)

we are led to Lagrange equations for the Lagrangian L = 1 2 Ḡ_{AB}ẋ^Aẋ^B − V, (B.12)

with the zero-energy constraint E = 1 2 Ḡ_{AB}ẋ^Aẋ^B + V = 0. (B.13)

Here (x^A) = (ϕ^i, φ^α), V = −w ∑ s∈S_{pot} Λ_s exp[2γ_0 + 2λ_s(φ)] + 1 2 ∑ s∈S_{br} ε_sQ^2_s exp[2U^s(x)] (B.14) is potential and the matrix (Ḡ_{AB} ) is defined in (2.38). The first term in the right hand side of (B.14) corresponds to the scalar potental and the second one is of a brane origin. Here

U^s_Ax^A = ∑ i∈I_s d_ix^i − χ_sλ_{sα}x^α, (B.15)

s ∈ S_{br}. The first term in the right hand side of (B.14) may be rewritten in the ”brane form” if we define

− wΛ_s = 1 2 ε_sQ^2_s, χ_s = −1 (B.16)

for s ∈ S_{pot}. Thus, the potential (B.14) reads V = 1 2 ∑ s∈S ε_sQ^2_s exp[2U^s(x)], (B.17) where S ≡ S_{br} ⊔ S_{pot}. For orthogonal co-vectors (2.43) the solutions to Lagrange equations corresponding to (B.12) read [32, 14]

x^A(u) = − ∑ s∈S U^{sA} (U^s, U^s) ln |f_s(u − u_s)| + c^Au + c̄^A, (B.18)

where u_0, u_s are constants, functions f_s are defined in (2.23)-(2.26), s ∈ S, and vectors c^A, c̄^A obey the linear constraints (2.44). The zero-energy restriction (B.13) is equivalent to the quadratic constraint (2.45).

The relations for the metric and scalar fields follow from the formulas under consideration and the following useful relations [30] U^{si} = G^{ij}U^s_j = δ_{iIs} − d(I_s) D − 2 , U^{sα} = −χ_sλ^α_{as} . (B.19)

The relations for form fields in Section 2 follow just from (B.11).

References

[1] A.G. Riess et al, AJ 116, 1009 (1998). [2] S. Perlmutter et al, ApJ 517, 565 (1999).

[3] V.N. Melnikov, Exact Solutions in Multidimensional Gravity and Cosmology III.

CBPF-MO-03/02, Rio de Janeiro, 2002, 297 pp.

[4] V.D. Ivashchuk, V.N. Melnikov and A.B. Selivanov, Cosmological solutions in multidimensional model with multiple exponential potential, JHEP 0309 (2003) 059; hep-th/0309027.

[5] V.R. Gavrilov and V.N. Melnikov, Integration of 2-component Multidimensional Model by Reduction to Emden-Fowler Equation, Teor. Mat. Fiz., 114, N 3 (1998) 454 [in Russian].

[6] V.R. Gavrilov and V.N. Melnikov, D-dimensional Integrable Viscous 2-component Cosmology, Grav. Cosmol., 7, N 4 (28), 301-307 (2001).

[7] U. Bleyer, V.D. Ivashchuk, V.N. Melnikov and A.I. Zhuk, Multidimensional classical and quantum wormholes in theories with cosmological constant, Nucl. Phys., B 429, 77 (1994).

[8] V.R. Gavrilov, V.D. Ivashchuk and V.N. Melnikov, Multidimensional Integrable Vacuum Cosmology with 2 Curvatures, Class. Quantum Grav., 13, 3039 (1996).

[9] M.A. Grebeniuk, V.D. Ivashchuk and V.N. Melnikov, Multidimensional Cosmology for Intersecting p-Branes with Static Internal Spaces, Grav. Cosmol., 4, N 2(14), 145 (1998).

[10] H. Dehnen, V.R. Gavrilov and V.N. Melnikov, General solutions for a flat Friedmann Universe Filled by a Scalar Field with an Exponential Potential and a Perfect Fluid, Grav. Cosmol., N 3 (35), 189-195 (2003).

[11] K.A. Bronnikov and V.N. Melnikov, Conformal Frames and D-dimensional Gravity, In: ”The Gravitational Constant. Generalized Gravitational Theories and Experiments” (Proceedings of the 18th Course of the School on Cosmology and Gravitation, 30 April-10 May 2003, Erice). Ed. by G.T. Gillies, V.N. Melnikov and V. de Sabbata, (Kluwer Academic Publishers, Dordrecht, 2004) pp. 39-64.

[12] V.D. Ivashchuk, On exact solutions in multidimensional gravity with antisymmetric forms, ibid. pp. 205-231 [gr-qc/0310114].

[13] V.R. Gavrilov and V.N. Melnikov, 2-Component Cosmological Models with Perfect Fluid and Scalar Fields, ibid. pp. 247-268.

[14] V.D. Ivashchuk and V.N. Melnikov, Multidimensional classical and quantum cosmology with intersecting p-branes, J. Math. Phys., 39, 2866-2889 (1998); hep-th/9708157.

[15] V.D. Ivashchuk and V.N. Melnikov, Multidimensional cosmological and spherically symmetric solutions with intersecting p-branes. In: Lecture Notes in Physics, Vol. 537, “Mathematical and Quantum Aspects of Relativity and Cosmology. Proceedings of the Second Samos Meeting on Cosmology, Geometry and Relativity held at Pythagoreon”, Samos, Greece, 1998, eds: S. Cotsakis, G.W. Gibbons (Springer, Berlin, 2000), pp. 214-148.

[16] V.D. Ivashchuk and S.-W. Kim, Solutions with intersecting p-branes related to Toda chains, J. Math. Phys., 41 (1) 444-460 (2000); hep-th/9907019.

[17] V.D. Ivashchuk and V.N. Melnikov, Exact solutions in multidimensional gravity with antisymmetric forms, topical review, Class. Quantum Grav. 18, R82-R157 (2001); hep-th/0110274.

[18] M. Gutperle and A. Strominger, Spacelike branes, JHEP 0204, 018 (2002);

hep-th/0202210.

[19] C.M. Chen, D.M. Gal’tsov and M. Gutperle, S-brane solutions in supergravity theories, Phys. Rev. D 66, 024043 (2002); hep-th/0204071.

[20] M. Kruczenski, R.C. Myers and A.W. Peet, Supergravity S-branes, JHEP 0205, 039 (2002); hep-th/0204144.

[21] S. Roy, On supergravity solutions of space-like Dp-branes, hep-th/0205198. [22] N.S. Degger and A. Kaya, Intersecting S-brane solutions of D = 11 supergravity, hep-th/0206057.

[23] V.D. Ivashchuk, Composite S-brane solutions related to Toda-type systems, Class.

Quantum Grav. 20, 261-276 (2003); hep-th/0208101.

[24] N. Ohta, Intersection rules for S-branes, Phys. Lett. B 558, 213 (2003);

hep-th/0301095 [25] V.D. Ivashchuk, On composite S-brane solutions with orthogonal intersection rules, hep-th/0309027.

[26] J. Polchinski, Dirichlet-Branes and Ramond-Ramond charges, Phys. Rev. Lett.

75, 4724 (1995); hep-th/9510017.

[27] K. Behrndt and S. Forste, String Kaluza-Klein cosmology, Nucl. Phys. B 430 441 (1994) 441; hep-th/9403179 (see also hep-th/9312167, hep-th/9704013).

[28] A. Lukas, B.A. Ovrut and D. Waldram, Cosmological solutions in type II string theory, Phys. Lett. B 393, 65 (1997); hep-th/9608195.

[29] H. Lü, S. Mukherji, C.N. Pope and K.-W. Xu, Cosmological solutions in string theories, Phys. Rev. D 55 , 7926-7935 (1997); hep-th/9610107.

[30] V.D. Ivashchuk and V.N. Melnikov, Sigma-model for the Generalized Composite p-branes, hep-th/9705036; Class. Quantum Grav. 14, 3001-3029 (1997); Corrigenda ibid. 15 (12), 3941 (1998).

[31] V.D. Ivashchuk, V.N. Melnikov and A.I. Zhuk, On Wheeler-DeWitt Equation in Multidimensional Cosmology, Nuovo Cimento B 104, 575 (1989).

[32] V. R. Gavrilov, V. D. Ivashchuk and V. N. Melnikov, J. Math. Phys., 36 5829 (1995).

[33] V.D. Ivashchuk, V.N. Melnikov and A.B. Selivanov, Composite S-brane solutions on product of Ricci-flat spaces, to be published in GRG, hep-th/0404113.

[34] V.D. Ivashchuk, Composite p-branes on product of Einstein spaces, Phys. Lett.

B 434, No 1, 28-35 (1998); hep-th/9704113.

[35] I. P. Neupane, Accelerating cosmologies from exponential potential, hep-th/0311071.

[36] F. Leblond, Mirage resolution of cosmological singularities, hep-th/0403221.