Published by Institute of Physics Publishing for SISSA/ISAS Received: July 29, 2004 Accepted: October 23, 2004

Composite electric S-brane solutions with maximal number of branes

Vladimir D. Ivashchuk

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 Str., Moscow 117198, Russia E-mail: ivas@rgs.phys.msu.su

Douglas Singleton

Center for Gravitation and Fundamental Metrology VNIIMS, 3-1 M. Ulyanovoy Str., Moscow, 119313, Russia, and Physics Department, CSU Fresno Fresno, CA 93740-8031, U.S.A. E-mail: dougs@csufresno.edu

Abstract: In this paper we consider (n + 1)-dimensional cosmological model with scalar field and antisymmetric (p + 2)-form. Using an electric composite Sp-brane ansatz the field equations for the original system reduce to the equations for a Toda-like system with n(n − 1)/2 quadratic constraints on the charge densities. For certain odd dimensions (D = 4m + 1 = 5, 9, 13, . . .) and (p + 2)-forms (p = 2m − 1 = 1, 3, 5, . . .) these algebraic constraints can be satisfied with the maximal number of charged branes (i.e. all the branes have non-zero charge densities). These solutions are characterized by self-dual or antiself-dual charge density forms Q (of rank 2m). For these algebraic solutions with the particular D, p, Q and non-exceptional dilatonic coupling constant λ we obtain general cosmological solutions to the field equations and some properties of these solutions are highlighted (e.g. Kasner-like behavior, the existence of attractor solutions). We prove the absence of maximal configurations for p = 1 and even D (e.g. for D = 10 supergravity models and those of superstring origin).

Keywords: Field Theories in Higher Dimensions, p-branes.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep102004061 /jhep102004061 .pdf

Contents

1. Introduction 1

2. D-dimensional gravity coupled to q-form and scalar field 2

3. σ-model representation with constraints 4 3.1 σ-model 4 3.2 Constraints 6

4. Solution to constraints on charge densities in various dimensions 6 4.1 Maximal configurations for dimensions D = 4m + 1 7 4.2 Absence of maximal configurations for p = 1 and even D 8

5. Cosmological solutions to the field equations for D = 5, 9, 13, . . . 9 5.1 Special attractor solution for C = 0 12 5.2 Kasner-like behavior for τ → +0 13

6. Conclusions 14

1. Introduction

In this paper we investigate composite electric S-brane solutions (space-like analogues of D-branes) in an arbitrary number of dimensions D with scalar field and (p + 2)-form. The (p + 2)-form is considered using a composite electric ansatz and the metric is taken as diagonal. All ansatz functions for the metric, form field and scalar field are taken to depend on only one distinguished coordinate which is taken as time-like for the cosmological solutions considered in this paper. Previously, related work on cosmological and S-brane solutions can be found in [1]–[11] and references therein.

The procedure we use to investigate our system of multi-dimensional gravity plus scalar field plus form field is similar to the approach used in [12]. This work also studied a system with scalar fields and antisymmetric forms field defined on the manifold M_0 × M_1 × · · · × M_n (M_i are Einstein spaces and i ≥ 1). The form fields were taken in the form of a composite electro-magnetic p-brane ansatz, the metric was block-diagonal, and all scale factors and fields depended upon coordinates of M_0. Under these conditions the original model could be reduced to a gravitating, self-interacting sigma-model on M_0 with quadratic “constraints” on the charge densities. These constraints came from the non-diagonal part of the Einstein-Hilbert equations. It was shown that the constraints

– 1 – could be satisfied for certain “non-dangerous” intersection rules of the branes [12]. In the present work we use the same sigma-model approach to show that it is possible to satisfy the constraints maximally (i.e. all the branes carry non-zero charge densities) in certain odd dimensions. We then examine cosmological solutions in these odd dimensional cases, and discuss some of their interesting features such as their Kasner-like behavior.

The importance of studying solutions with “maximal” number of branes is related to research of oscillating behavior of cosmological solutions near the singularity [13, 14, 15], e.g. using the so-called billiard approach [13]. In [14] and other related works (for a review, see [15]) it was argued that in superstring cosmology one gets chaotic behavior in terms of the “oscillations” of Kasner parameters as one approaches the cosmological singularity. In these works the maximal number of electric branes were considered.

In the next two sections we will give the set up for the system of D = n+1 dimensional gravity, plus a scalar field, plus a (p + 2)-form field. For the conditions considered in this paper (diagonal metric, composite Sp-brane ansatz for the antisymmetric (p+2)-form field, and all the ansatz functions depending only on one coordinate) this complex system can be reduced to a 1-dimensional σ-model. This transformation greatly helps in studying the solutions of the system.

In section 4 we consider the quadratic constraints for the charge densities of the branes. We find that these constraints have “maximal” solutions with all non-zero brane charge densities in particular odd dimensions with particular form fields: D = 5, 9, 13, . . . and p = 1, 3, 5 . . ., respectively. We prove also the absence of maximal configurations for p = 1 and even D.

In section 5 we investigate cosmological solutions to the field equations for these odd dimensions. We look at the proper time behavior of the simplest of these solutions. We also show that certain solutions exhibit Kasner-like behavior at these early times.

2. D-dimensional gravity coupled to q-form and scalar field

Here as in [12] we consider the model governed by the action S = ∫ M d^Dz √ |g| [ R[g] − g^{MN} ∂_M φ∂_N φ − 1 q! exp(2λφ)F^2 ] , (2.1)

where g = g_{MN} dz^M ⊗ dz^N is the metric, φ is a scalar field, λ ∈ R is a constant dilatonic coupling and F = dA = 1 q! F_{M1...Mq} dz^{M1} ∧ . . . ∧ dz^{Mq} , (2.2) is a q-form, q = p + 2 ≥ 1, on a D-dimensional manifold M.

In (2.1) we denote |g| = | det(g_{MN} )|, and F^2 = F_{M1...Mq} F_{N1...Nq} g^{M1N1} . . . g^{Mq Nq} . (2.3)

– 2 –

The equations of motion corresponding to (2.1) are R_{MN} − 1 2 g_{MN} R = T_{MN} , (2.4) △[g]φ − λ q! e^{2λφ}F^2 = 0 , (2.5)

∇_{M1} [g](e^{2λφ}F^{M1...Mq} ) = 0 . (2.6)

In (2.5) and (2.6), △[g] and ▽[g] are Laplace-Beltrami and covariant derivative operators corresponding to g. Equations (2.4), (2.5) and (2.6) are, respectively, the multidimensional Einstein-Hilbert equations, the “Klein-Fock-Gordon” equation for the scalar field and the “Maxwell” equations for the q-form.

The source terms in (2.4) can be split up as T_{MN} = T_{MN} [φ, g] + e^{2λφ}T_{MN} [F, g] , (2.7) with T_{MN} [φ, g] = ∂_M φ∂_N φ − 1 2 g_{MN} ∂_P φ∂^P φ , (2.8) T_{MN} [F, g] = 1 q! [ − 1 2 g_{MN} F^2 + qF_{MM2...Mq} F^{M2...Mq}_N ] , (2.9)

being the stress-energy tensor of the scalar and q-form, respectively.

Let us consider the manifold

M = (u_−, u_+) × R^n (2.10)

with the metric taken to be diagonal and of the form g = we^{2γ(u)}du ⊗ du + n∑ i=1 e^{2ϕi(u)}ε_idy^i ⊗ dy^i , (2.11)

where w = ±1, and u is a distinguished coordinate. The metric ansatz functions γ(u), ϕ^i(u), the scalar field φ(u) and the q-forms are assumed to depend only on u. For definiteness one can think of u as the “time” coordinate but when w = +1, u is space-like. Here

ε_i = ±1 (2.12)

are signature parameters with i = 1, . . . , n. When u is time-like and all ε_i = 1 the solutions are cosmological. The functions γ, ϕ^i: (u_−, u_+) → R are smooth.

In order to deal in a general way with the different possible indices for the various forms (q-form, volume form) we define Ω_0 = {∅, {1}, . . . , {n}, {1, 2}, . . . , {1, . . . , n}} (2.13) which is the set of all subsets of I_0 ≡ {1, . . . , n} . (2.14) These sets indicate the number and ranges of the indices of the q-forms.

– 3 –

For any I = {i_1, . . . , i_k} ∈ Ω_0 with i_1 < . . . < i_k, we define a form of rank d(I) ≡ k τ(I) ≡ dy^{i1} ∧ . . . ∧ dy^{ik} . (2.15) The corresponding brane submanifold is described by coordinates y^{i1} , . . . , y^{ik} . We also define the E-symbol as E(I) ≡ ε_{i1} . . . ε_{ik} . (2.16) We adopt the following electric composite Sp-brane ansatz for the field of the (p + 2)- form F = ∑ I∈Ω_e dΦ^I ∧ τ(I) (2.17)

where the set Ω_e ≡ {I ∈ Ω_0|d(I) = q − 1 = p + 1} (2.18) contains all subsets of Ω_0 of the “length” p + 1, i.e. of the form {i_0, i_1, . . . , i_p}.

We assume that the scalar potential and the scalar field only depend on the distinguished coordinate Φ^I = Φ^I (u) , φ = φ(u) . (2.19)

3. σ-model representation with constraints 3.1 σ-model The system of the previous section can be greatly simplified. In [12] (see Proposition 2 in [12]) it was shown that the diagonal part of Einstein equations (2.4) and the equations of motion (2.5)–(2.6), for the ansatz given in (2.11), (2.17)–(2.19), are equivalent to the equations of motion for a 1-dimensional σ-model with the action (see also [2, 3])

S_σ = 1 2 ∫ duN [ G_{ij}ϕ̇^iϕ̇^j + φ̇^2 + ∑ I∈Ω_e E(I) exp[−2U^I (ϕ, φ)](Φ̇^I )^2 ] , (3.1)

the overdots represent differentiation with respect to the distinguished coordinate, i.e.^d_{du} .

The factor N is the lapse function given by N = exp(γ_0 − γ) > 0 (3.2) with the definition γ_0(ϕ) ≡ n∑ i=1 ϕ^i , (3.3)

Next the factor in the exponent is given by U^I = U^I (ϕ, φ) = −λφ + ∑ i∈I ϕ^i . (3.4)

Finally, G_{ij} = δ_{ij} − 1 (3.5) are components of the “pure cosmological” minisupermetric matrix, i, j = 1, . . . , n [16, 17].

– 4 –

In this rewriting of the system the generalized “Maxwell equations” of (2.6) become d du ( exp(−2U^I )Φ̇^I ) = 0 . (3.6)

They can be readily integrated to give

Φ̇^I = Q(I) exp(2U^I ) , (3.7)

where Q(I) are constant charge densities and I ∈ Ω_e.

We will analyze the σ-model representation of the original system in the harmonic gauge where γ = γ_0 , N = 1 . (3.8)

We now further simplify the σ-model in (3.1) by introducing collective variables x = (x^A) = (ϕ^i, φ) and a “truncated” target space metric Ḡ = Ḡ_{AB} dx^A ⊗ dx^B = G_{ij} dϕ^i ⊗ dϕ^j + dφ ⊗ dφ , (3.9) (Ḡ_{AB} ) = ( G_{ij} 0 0 1 ) . (3.10)

U^I (x) is defined in (3.4). It can be written as U^I (x) = U^I_Ax^A

(U^I_A) = (δ_{iI} , −λ) , (3.11)

where δ_{iI} ≡ ∑ j∈I δ_{ij} = 1 , i ∈ I ; 0 , i /∈ I ; (3.12)

is an indicator of i belonging to I. For fixed charge densities Q(I), I ∈ Ω_e, the equations of motion for the σ-model in (3.1) are now equivalent to the equations from the lagrangian

L_Q = 1 2 Ḡ_{AB}ẋ^Aẋ^B − V_Q , (3.13)

with the zero-energy constraint

E_Q = 1 2 Ḡ_{AB}ẋ^Aẋ^B + V_Q = 0 . (3.14)

Here V_Q = 1 2 ∑ I∈Ω_e E(I)Q^2(I) exp[2U^I (x)] . (3.15)

In section 5 we will examine explicit solutions of the field equations that result from (3.13)–(3.15).

– 5 –

3.2 Constraints Due to diagonality of the Ricci-tensor for the metric (2.11) the non-diagonal part of the Einstein equations (2.4) reads as follows T_{ij} = 0 , i ≠ j . (3.16) This leads to constraints among the charge densities Q(I). First, the non-diagonal components of stress-energy tensor are proportional to e^{2λφ}F_{iM2...Mq} F^{M2...Mq} j , (3.17) with i ≠ j. From (2.17), (3.7) and (3.4) we obtain for the (p + 2)-form F = 1 (p + 1)! Q_{i0...ip} exp(2ϕ^{i0} + · · · + 2ϕ^{ip} − 2λφ)du ∧ dy^{i0} ∧ · · · ∧ dy^{ip} . (3.18) Inserting this in (3.17) we are led to the following constraint equations on charge densities [12] C_{ij} ≡ n∑ i_1,...,i_p=1 Q_{ii1...ip} Q_{ji1...ip} ε_{i1} e^{2ϕi1} · · · ε_{ip} e^{2ϕip} = 0 , (3.19) where i ≠ j; i, j = 1, . . . , n. T_{ij} is proportional to exp(−2λφ − 2γ + 2ϕ^i + 2ϕ^j )C_{ij} for i ≠ j.

Here p = q − 2 and Q_{i0i1..ip} are components of the antisymmetric form of rank p + 1 = q − 1 and Q_{i0i1...ip} = Q({i_0, i_1, . . . , i_p}) (3.20) for i_0 < i_1 < · · · < i_p and {i_0, i_1, . . . , i_p} ∈ Ω_e. The number of constraints in (3.19) is n(n − 1)/2. In the next section we will show that these constraints can be satisfied when the dimension of space-time takes certain odd values.

4. Solution to constraints on charge densities in various dimensions The constraints (3.19) can be rewritten as C̄^j_i = n∑ i_1,...,i_p=1 Q̄_{ii1...ip}Q̄^{ji}1^{...i}p = 0 , (4.1) i ≠ j; i, j = 1, . . . , n. The charge densities have been redefined via Q̄_{i0i1...ip} = Q_{i0i1...ip} p∏ k=0 exp(ϕ^{ik} ) (4.2)

and the indices were lifted by the flat metric η = ε_1dy^1 ⊗ dy^1 + · · · + ε_ndy^n ⊗ dy^n = η_{ab}dy^a ⊗ dy^b , (4.3) where (η_{ab}) = (η^{ab}) = diag(ε_1, . . . , ε_n), i.e. Q̄^{i0...ip} = η^{i0i′0} · · · η^{ipi′p}Q̄_i′_{0...i}′_p . ( Here C̄^j_i = C^j_i exp(ϕ^i + ϕ^j ) with C^j_i = C_{ik}η^{kj}.)

These Q̄_{i0i1...ip} can be viewed as “running” charge densities with the functional dependence coming from ϕ^{ik} (u). The charge densities will vary with time or spatially depending on whether u is a time-like or space-like coordinate respectively.

– 6 –

4.1 Maximal configurations for dimensions D = 4m + 1 D=5 case: to help illustrate the preceding general analysis of the constraints in (4.1) we consider the explicit example D = 5, n = 4 and ε_1 = · · · = ε_4 = 1. The constraints of eqs. (4.1) read Q̄_{13}Q̄_{23} + Q̄_{14}Q̄_{24} = 0 , (4.4) Q̄_{12}Q̄_{23} − Q̄_{14}Q̄_{34} = 0 , (4.5) Q̄_{12}Q̄_{24} + Q̄_{13}Q̄_{34} = 0 , (4.6) Q̄_{12}Q̄_{13} + Q̄_{24}Q̄_{34} = 0 , (4.7) Q̄_{12}Q̄_{14} − Q̄_{23}Q̄_{34} = 0 , (4.8) Q̄_{13}Q̄_{14} + Q̄_{23}Q̄_{24} = 0 . (4.9)

It is not difficult to verify that the only non-zero solutions to eqs. (4.4)–(4.9) are Q̄_{12} = ∓Q̄_{34} , (4.10) Q̄_{13} = ±Q̄_{24} , (4.11) Q̄_{14} = ∓Q̄_{23} . (4.12)

This may be obtained by considering the following three pairs of equations: (i) (4.4) and (4.9); (ii) (4.5) and (4.8); (iii) (4.6) and (4.7). The solution (4.10)–(4.12) may be written in a compact form as Q̄_{i0i1} = ±1 2 ε_{i0i1j0j1}Q̄^{j0j1} = ±(∗Q̄)_{i0i1} , (4.13)

where ∗ = ∗[η] is the Hodge operator with respect to η. That means that any self-dual or anti-self-dual 2-form is the solution to a set of quadratic equations (4.4)–(4.9). D= 4m +1 case: we now look at the general case. Based on the D = 5 case we will take the “running” charge density form Q̄_{i0...ip} as self-dual or anti-self-dual in order to satisfy the constraint equations (4.1). This form can only be self-dual or anti-self-dual when the number of the non-distinguished coordinates is twice the rank of the form: n = 2(p + 1) . (4.14)

Thus, we restrict ourselves to the case when Q̄_{i0...ip} = ± 1 (p + 1)! ε_{i0...ipj0...jp}Q̄^{j0...jp} = ±(∗Q̄)_{i0...ip} . (4.15) Here the symbol ∗ = ∗[η] is the Hodge operator with respect to η. Squaring the Hodge operator gives (∗)^2 = E(−1)^{(p+1)2} 1 , (4.16) where E = ε_1 · · · ε_n (4.17) equals ±1 depending on if there are an even or odd number of time-like coordinates.

– 7 –

It can be easily verified that the set of linear equations (4.15) has a non-zero solution if and only if E(−1)^{(p+1)2} = 1 . (4.18)

The dimension of the space of solutions is^1_2 C^{p+1}_{2(p+1)}. The factor of^1_2 comes from (anti-)selfduality condition.

We will now demonstrate how having self dual or anti-self dual charge density form results in the constraints (3.19) being satisfied. First, consider

C̄^j_i = n∑ i_1,...,i_p=1 Q̄_{ii1...ip}Q̄^{ji}1^{...i}p = n∑ i_1,...,i_p=1 n∑ j_0,...,j_p=1 ± 1 (p + 1)! ε_{ii1...ipj0...jp}Q̄^{j0...jp}Q̄^{ji1...ip} , (4.19) where i ≠ j, and we have used the requirement of self duality or anti-self duality for the charge density. This can be further rewritten as

C̄^j_i = n∑ i_1,...,i_p=1 n∑ j_1,...,j_p=1 ± 1 p! ε_{ii1...ipjj1...jp}Q̄^{jj1...jp}Q̄^{ji1...ip}

= n∑ i_1,...,i_p=1 n∑ j_1,...,j_p=1 ± (−1)^p p! ε_{ij1...jpji1...ip}Q̄^{ji1...ip}Q̄^{jj1...jp} = (−1)^pC̄^j_i . (4.20)

Note that j is not summed over in the two sums above. In going from the second line of (4.19) to the first line of (4.20) we have carried out p + 1 identical sums with: j_0 = j, j_1 = j, . . . , j_p = j, respectively.

From (4.20) one finds that the constraints in (4.1) are satisfied automatically for odd p = 2m − 1 since C̄^j_i = −C̄^j_i ⇒ C̄^j_i = 0 .

From (4.18) we get for odd p E = 1 , (4.21) i.e. the metric (4.3) is either euclidean or has an even number of time-like directions.

The relationship between n and p is n = 2(p + 1). Thus, we find non-trivial solutions to the constraints (4.1) when the total spacetime dimension is

D = n + 1 = 4m + 1 = 5, 9, 13, . . . (4.22)

and the signature parameter E is positive.

4.2 Absence of maximal configurations for p = 1 and even D In this subsection we show that for the even dimensional case (D = 2k) with 3-form (p = 1) there are no solutions with maximal number of electric S1-branes.

Here we put ε_1 = · · · = ε_n = 1. Equations (4.1) imply in this case n∑ i_1=1

Q̄_{ii1}Q̄_{ji1} = δ_{ij} P_i ≡ P_{ij} . (4.23)

– 8 –

The indices are not summed in the second term. Now we assume that all Q̄_{ij} ≠ 0, i ≠ j, i.e. a composite 1-brane configuration with maximal number of electric branes (“strings”) is considered, and show that this leads to an inconsistency. The constants P_i, which are the values of an n × n diagonal matrix, satisfy P_i > 0, since when i = j the first equation is just a sum of squares. The exact values of P_i’s will not be needed here. In matrix notation (4.23) reads − Q̄^2 = P , (4.24)

where we have used the antisymmetry relation Q̄_{ij} = −Q̄_{ji}. Calculation of the determinants of the matrices in the previous relation leads to

(−1)^n(detQ̄)^2 = detP > 0 . (4.25)

which is not valid for odd n. (For odd n detQ̄ = 0.) Thus, there are no “maximal” solutions to constraints for even dimensions D and p = 1 in the model under consideration.

This implies the absence of “maximal” configurations of composite electric S1-branes in 10-dimensional supergravities and low-energy models of superstring origin when only one 3-form is considered.

In the next section we examine the cosmological type solutions to the field equations for D = 5, 9, 13, . . . with the maximal number of non-zero charge densities Q_{j0j1...jp} obeying (4.15).

5. Cosmological solutions to the field equations for D = 5, 9, 13, . . .

Here we give explicit examples of cosmological type solutions for the dimensions from (4.22) when the non-distinguished coordinates are all space-like, i.e.

ε_1 = · · · = ε_n = 1 . (5.1)

First we show that all scale factors are the same up to constants:

ϕ^i(u) = ϕ(u) + c^i . (5.2)

From the definition of running constants (4.2) and the (anti-) self-duality of the charge density form (4.15), it follows that ∑ i∈I ϕ^i = ∑ j∈Ī ϕ^j + const , (5.3)

where I is an arbitrary subset of I_0 = {1, . . . , n} of length n/2 = 2m and

Ī ≡ I_0 \ I , (5.4)

is “dual” set. For D = 5 case eqs. (5.3) read: ϕ^1 + ϕ^2 = ϕ^3 + ϕ^4 + const and two other relations obtained by permutations.

From relations (5.3) one can see that all ϕ^i should coincide up to constants (for i ∈ I and j ∈ Ī it is sufficient to consider another equation with I_1 = (I \ {i}) ∪ {j}) instead of I in (5.3) and find from both equations that ϕ^i and ϕ^j coincide up to a constant).

– 9 –

Thus, we are led to (5.2). In what follows we put c^i = 0 which may always be done via a proper rescaling of y-coordinates. This also implies that non-running charge density form Q_{i0...ip} is self-dual or anti-self-dual in a flat euclidean space R^n , i.e. Q_{i0...ip} = ± 1 (p + 1)! ε_{i0...ipj0...jp} Q^{j0...jp} = ±(∗Q)_{i0...ip} . (5.5) The lagrangian and total energy constraint are given by L_Q = 1 2 G_{ij}ϕ̇^iϕ̇^j − V_Q + 1 2 φ̇^2 , (5.6)

E_Q = 1 2 G_{ij}ϕ̇^iϕ̇^j + V_Q + 1 2 φ̇^2 = 0 , (5.7) with the potential being

V_Q = 1 2 ∑ I Q^2(I) exp ( 2 ∑ k∈I ϕ^k − 2λφ ) , (5.8)

see (3.13)–(3.15).

The field equations for ϕ and φ from L_Q are n∑ j=1 G_{ij}ϕ̈^j + ∑ I Q^2(I)δ^i_I exp ( 2 ∑ k∈I ϕ^k − 2λφ ) = 0 , (5.9)

φ̈ + ∑ I Q^2(I)(−λ) exp ( 2 ∑ k∈I ϕ^k − 2λφ ) = 0 . (5.10)

Since all ϕ^i satisfy ϕ^i = ϕ one finds ∑_n j=1 G_{ij}ϕ̈^j = ∑_n j=1(δ_{ij} − 1)ϕ̈^j = (1 − n)ϕ̈. Next, defining Q^2 ≡ ∑ I Q^2(I) ≠ 0 (5.11)

and noting that ∑ I Q^2(I)δ^i_I = 1 2 Q^2 (5.12)

for any i = 1, . . . , n, one finds that the field equations (5.9) and (5.10) become ϕ̈ = 1

2(n − 1)

Q^2 exp(nϕ − 2λφ) , (5.13) φ̈ = λQ^2 exp(nϕ − 2λφ) . (5.14) Finally, since the exponents in (5.13) and (5.14) are the same these two equations can be combined into one as f̈ = −2Ae^{2f} , (5.15) with the definitions f ≡ n 2 ϕ − λφ , (5.16) A ≡ Q^2 2 K , K ≡ λ^2 − n 4(n − 1)

, (5.17)

assumed.

– 10 –

The first integral of (5.15) is 1 2 ḟ^2 + Ae^{2f} = 1 2 C , (5.18)

where C is an integration constant.

Let K ≠ 0, or λ^2 ≠ n 4(n − 1)

≡ λ^2_0 . (5.19)

Equation (5.15) has several solutions:

f = − ln [ z|2A|^{1/2} ] (5.20)

with z = 1 √ C sinh [ (u − u_0) √ C ] , A < 0 , C > 0 ; (5.21) = 1 √ −C sin [ (u − u_0) √ −C ] , A < 0 , C < 0 ; (5.22)

= u − u_0 , A < 0 , C = 0 ; (5.23) = 1 √ C cosh [ (u − u_0) √ C ] , A > 0 , C > 0 . (5.24)

One can relate the solutions given in (5.20) and (5.21)–(5.24) to ϕ and φ by using (5.13) to construct the following relationship

φ̈ = 2(n − 1)λϕ̈ , (5.25)

which has the solution φ = 2(n − 1)λϕ + C_2u + C_1 , (5.26)

where C_2, C_1 are integration constants. Combining (5.26) with (5.16) gives ϕ = 1 2(1 − n)K [λ(C_2u + C_1) + f(u)] , φ = n 4(1 − n)K (C_2u + C_1) − λf(u) K . (5.27)

Applying this to the zero energy constraint

E_Q = 1 2 n(1 − n)ϕ̇^2 + 1 2 φ̇^2 + 1 2 Q^2e^{2f(u)} = 0 (5.28)

and using (5.18) we get

E_Q = C K − n(C_2)^2 4K(n − 1) = 0 , (5.29)

or equivalently, C = n 4(n − 1)

(C_2)^2 ≥ 0 . (5.30)

This tells us that only the three cases (5.21), (5.23) and (5.24) occur when real solutions are considered. The solution (5.22) will be considered in a possible future work with a pure imaginary scalar field and λ (this is equivalent to a “phantom” field that may support the so-called bouncing solution).

– 11 –

Collecting these results together the solutions for the metric, scalar field and (p + 2)- form are

ds^2 = we^{2nϕ(u)}du^2 + e^{2ϕ(u)} n∑ i=1 (dy^i)^2 (5.31) φ = n 4(1 − n)K (C_2u + C_1) − λf(u) K , (5.32) F = e^{2f(u)}du ∧ Q , Q = 1 (p + 1)! Q_{i0...ip} dy^{i0} ∧ · · · ∧ dy^{ip} , (5.33) with ϕ(u) given by (5.27) and the function f(u) given by (5.20) and (5.21), (5.23), (5.24). Here the charge density form Q of rank n/2 = 2m is self-dual or anti-self-dual in a flat euclidean space R^n : Q = ±∗Q, the parameters C_2, C obey (5.30) and the dilatonic coupling constant λ is non-exceptional, see (5.19).

5.1 Special attractor solution for C = 0 Here we examine some properties of the simplest cosmological type solution given in (5.23). For this solution A < 0 and hence λ^2 < λ^2_0 . (5.34)

Since C = 0 for (5.23) one has C_2 = 0 from the condition (5.30). Finally, without loss of generality we put u_0 = 0.

To get a physical understanding of this solution one should change the “time” coordinate u to the proper time coordinate τ. In order to get the correct sign for the proper time we fix the sign in the relationship between u and the proper time as dτ = −e^{nϕ(u)}du , (5.35) where ϕ = 1 2(n − 1)K ln(u|2Ā|^{1/2}) , Ā = Ae^{−2λC1} . (5.36)

Integrating (5.35) and taking a suitable choice of reference point we get

|α||2Ā|^{1/2}τ = (u|2Ā|^{1/2})^α , (5.37)

where u > 0 and α = λ^2 + λ^2_0 λ^2 − λ^2_0

< 0 . (5.38)

Since α < 0, τ = τ(u) is monotonically decreasing from infinity when u = 0 to zero when u = ∞. The metric (5.31) now reads

ds^2 = wdτ^2 + Bτ^{2ν} n∑ i=1 (dy^i)^2 , (5.39)

where τ > 0 and ν = 2 n + 4λ^2(n − 1)

, B = (|α||2Ā|^{1/2})^{2ν} . (5.40)

– 12 –

By putting λ = 0 and w = −1 in the above solution we get a cosmological powerlaw expansion with a power ν = 2/n that is the same as in the case of D = 1 + n dust matter with a zero pressure (see for example [18, 19, 16]). This is not surprising since it can be argued that the collection of branes with charge densities obeying (anti)-selfduality condition (5.5) behaves as a dust matter. Indeed, we know that in the absence of a scalar field the solution with a single brane described by a set I ⊂ {1, . . . , n} is equivalent to an anisotropic fluid with equations of state p_i = −ρ for i ∈ I and p_i = ρ otherwise, i = 1, . . . , n [5]. Here p_i is a pressure in the i-th direction and ρ is the energy density. Thus, our collection of branes is equivalent to a multicomponent fluid [20] with coinciding densities, since all Q^2(I) are equal and ϕ^i = ϕ. For any i the collection of branes can be split into pairs with sets I, Ī such that i ∈ I. The first brane gives pressure p^I_i = −ρ and the second one gives p^Ī_i = ρ (energy densities are the same ). Hence the total pressure is zero for the pair and, thus, for the whole collection of branes.

Finally, we note that the solution (5.39) is attractor solution in the limit τ → +∞, or u → +0, for the solutions with A < 0 given by (5.21). This follows just from relation sinh u ∼ u for small u.

5.2 Kasner-like behavior for τ → +0 We now consider u → +∞ asymptotical behavior of solutions with i) sinh- and ii) coshfunctions corresponding to (5.21) and (5.24), respectively. In both cases we find that the asymptotic behavior is Kasner like i.e. the metric and scalar field take the form

ds^2_{as} = wdτ^2 + n∑ i=1 τ^{2αi} A_i(dy^i)^2 , φ_{as} = α_φ ln τ + φ_0 , (5.41)

where A_i > 0, φ_0 are constants. The Kasner parameters obey n∑ i=1 α^i = n∑ i=1 (α^i)^2 + (α_φ)^2 = 1 . (5.42)

In the first case i) with sinh-dependence and A < 0 the proper time τ is decreasing when u → +∞. From eqs. (5.20), (5.21), (5.24), (5.27) and (5.35) we find the following asymptotic behavior as u → +∞ ϕ ∼ −bu + const , b = λC_2 − √ C 2(n − 1)K > 0 , (5.43)

φ ∼ (−λ^2_0C_2 + λ √ C)K^{−1}u + const , (5.44) τ ∼ const exp(−nbu) . (5.45)

Using these asymptotic relations and writing everything in terms of proper time one find that the metric and scalar field take the following asymptotic forms

ds^2_{as} = wdτ^2 + τ^{2/n}A_0 n∑ i=1 (dy^i)^2 , φ_{as} = α_φ ln τ + φ_0 , (5.46)

α^2_φ = 1 − 1 n , (5.47)

– 13 – as τ → +0. Here A_0 > 0, φ_0 are constants. The relationship for α^2_φ comes from (5.44), (5.45) and agrees with (5.42) and α^i = 1/n. Using (5.43)–(5.45) one can obtain the following relationship: sign[α_φ] = −sign[C_2].

In the second case ii) with cosh-dependence and A > 0 the proper time τ decreases as u → +∞ for λC_2 > 0 and increases for λC_2 < 0. In this case we also get an asymptotical Kasner type relations (5.46)–(5.47) in the limit τ → +0 with sign[α_φ] = −sign[λ]. In both sinh − and cosh − cases the Kasner sets α = (α^i = 1/n, α_φ) obey the inequalities

U^I (α) = −λα_φ + ∑ i∈I α^i = −λα_φ + 1 2 > 0 (5.48)

for all brane sets I. This is in agreement with a general prescription of the billiard representation from [13]. In the case ii) we obtain the Kasner type behavior (5.46)–(5.47) in the limit τ → +∞ with sign[α_φ] = sign[λ]. In this case

U^I (α) < 0 (5.49)

for all I. In case ii) the scalar field has a bouncing behavior in the interval τ ∈ (0, +∞).

6. Conclusions

In this article we have examined a system where D = n+1 dimensional gravity was coupled to a scalar field plus a p + 2 rank form field. The ansatz employed here was to take the metric as diagonal, and the rank p + 2 form field to have a composite electric Sp-brane form. All ansatz functions depended only on the one distinguished coordinate, u. Under these conditions the initial model could be reduced to an effective 1-dimensional σ-model which greatly simplified the study of the system. The diagonal character of our metric ansatz resulted in there being constraint equations among the charge densities of branes associated with the p + 2 form field. By examining these constraint equations we showed that for certain odd values of the spacetime dimension, given by D = 4m + 1 = 5, 9, 13, . . ., the system allowed the maximal number of the charged branes. We also proved the absence of such maximal configurations for p = 1 and even D.

For these special odd dimensions and non-exceptional dilatonic coupling (λ^2 ≠^n_{4(n−1)} ) we wrote down exact solutions given in equations (5.31)–(5.33). We examined the simplest of these solutions given by (5.23). On converting the distinguished coordinate u to the proper time τ, we found this solution corresponded to a cosmological power-law expansion. By taking the limit of vanishing dilatonic coupling, λ = 0, we showed that this solution reduced to a cosmological model with dust matter. On physical grounds this is exactly what one would expect in this limit. We also investigated an asymptotical Kasner type behavior of the solutions for small (τ → +0) and large (τ → +∞) values of proper time.

Directions for possible future work include: (i) the investigation of the properties of the solution in (5.22) using pure imaginary scalar field and λ (with a hope to investigate the possibility of bouncing behavior); (ii) the investigation of static, non-cosmological solutions, when w = +1 and the distinguished coordinate u is spacelike; (iii) examining the exceptional case, when K = 0 (i.e. λ^2 =^n_{4(n−1)} ) in (5.17).

– 14 –

Using the results obtained in this paper and in [13] we will present in future work [29] some examples of breaking of the never-ending oscillating behavior near the singularity by constraints. Physically this may indicate that the form of the ansatz considered here (diagonal metric, composite electric ansatz for the form field, etc.) may prevent the occurrence of the “chaotic”, never-ending oscillating behavior (see [13, 14, 15, 21, 22] and references, therein).

It should be noted that recently N.S. Deger has obtained in [23] some S-brane solutions in D = 11 supergravity with non-standard intersection rules. These solutions contain “dangerous” intersections of branes and give certain examples of solutions with charge densities obeying constraint equations. It seems that the “non-standard” solutions from [23] with vanishing Chern-Simons term may be obtained as a special case of the so-called “blockorthogonal” solutions [24, 25, 26]. In these block-orthogonal solutions the branes split into several blocks. The branes belonging to one block behave as one “effective” brane. The branes belonging to different blocks obey the “standard” intersection rules [12, 27, 28]. In future work [29] we will verify whether the solution from our paper may be obtained using the modified one-block solution from [25, 26].

Acknowledgments

The work of V.D.I. was supported in part by a DFG grant. The work of D.S. was supported by a 2003-2004 Fulbright Fellowship. D.S. would like to thank Vitaly Melnikov and Michael Fil’chenkov for their invitation to visit and support during his stay at PFUR.

References

[1] K.A. Bronnikov, M.A. Grebeniuk, V.D. Ivashchuk and V.N. Melnikov, Integrable multidimensional cosmology for intersecting p-branes, Grav. Cosmol. 3 (1997) 105–112.

[2] M.A. Grebeniuk, V.D. Ivashchuk and V.N. Melnikov, Integrable multidimensional classical and quantum cosmology for intersecting p-branes, Grav. Cosmol. 3 (1997) 243–249 [gr-qc/9708031].

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

[4] V.D. Ivashchuk and S.W. Kim, Solutions with intersecting p-branes related to Toda chains, J.

Math. Phys. 41 (2000) 444 [hep-th/9907019].

[5] V.D. Ivashchuk and V.N. Melnikov, Exact solutions in multidimensional gravity with antisymmetric forms, Class. and Quant. Grav. 18 (2001) R87 [hep-th/0110274].

[6] M. Gutperle and A. Strominger, Spacelike branes, J. High Energy Phys. 04 (2002) 018 [hep-th/0202210].

[7] C.-M. Chen, D.V. Gal’tsov and M. Gutperle, S-brane solutions in supergravity theories, Phys.

Rev. D 66 (2002) 024043 [hep-th/0204071].

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

Grav. 20 (2003) 261 [hep-th/0208101].

– 15 –

[9] N. Ohta, Intersection rules for S-branes, Phys. Lett. B 558 (2003) 213 [hep-th/0301095].

[10] V.D. Ivashchuk, On composite S-brane solutions with orthogonal intersection rules,

hep-th/0309027.

[11] V.D. Ivashchuk, On exact solutions in multidimensional gravity with antisymmetric forms, in Proceedings of the 18th course of the school on cosmology and gravitation: the gravitational constant. Generalized gravitational theories and experiments, (30 April-10 May 2003, Erice), G.T. Gillies, V.N. Melnikov and V. de Sabbata eds., (Kluwer Academic Publishers, Dordrecht 2004), pp. 39–64 [gr-qc/0310114].

[12] V.D. Ivashchuk and V.N. Melnikov, Sigma-model for the generalized composite p-branes, Class. and Quant. Grav. 14 (1997) 3001 [hep-th/9705036].

[13] V.D. Ivashchuk and V.N. Melnikov, Billiard representation for multidimensional cosmology with intersecting p-branes near the singularity, J. Math. Phys. 41 (2000) 6341 [hep-th/9904077].

[14] T. Damour and M. Henneaux, Chaos in superstring cosmology, Phys. Rev. Lett. 85 (2000) 920 [hep-th/0003139].

[15] T. Damour, M. Henneaux and H. Nicolai, Cosmological billiards, Class. and Quant. Grav. 20 (2003) R145 [hep-th/0212256].

[16] V.D. Ivashchuk and V.N. Melnikov, Perfect-fluid type solution in multidimensional cosmology, Phys. Lett. A 135 (1989) 465.

[17] V.D. Ivashchuk, V.N. Melnikov and A.I. Zhuk, On Wheeler-DeWitt equation in multidimensional cosmology, Nuovo Cim. B104 (1989) 575.

[18] D. Lorentz-Petzold, Higher-dimensional cosmologies, Phys. Lett. B 148 (1984) 37.

[19] R. Bergamini and C.A. Orzalesi, Towards a cosmology for multidimensional unified theories, Phys. Lett. B 135 (1984) 38.

[20] K.A. Bronnikov and V.N. Melnikov, The birkhoff theorem in multidimensional gravity, Gen.

Rel. Grav. 27 (1995) 465 [gr-qc/9403063].

[21] V.A. Belinskii, E.M. Lifshitz and I.M. Khalatnikov, Oscillatory approach to a singular point in the relativistic cosmology, Adv. Phys. 19 (1970) 525; General solution of the Einstein equations with a time singularity, Ann. Phys. (NY) 31 (1982) 639.

[22] V.D. Ivashchuk, A.A. Kirillov and V.N. Melnikov, Stochastic properties of multidimensional cosmological models near a singular point, JETP Lett. 60 (1994) 235 [Pis’ma Zh. Eksp. Teor. Fiz. 60 (1994) 225].

[23] N.S. Deger, Non-standard intersections of S-branes in D = 11 supergravity, J. High Energy Phys. 04 (2003) 034 [hep-th/0303232].

[24] K.A. Bronnikov, Block-orthogonal brane systems, black holes and wormholes, Grav. Cosmol.

4 (1998) 49 [hep-th/9710207].

[25] 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, S. Cotsakis, G.W. Gibbons eds., Springer, Berlin 2000 [gr-qc/9901001].

– 16 –

[26] V.D. Ivashchuk and V.N. Melnikov, Cosmological and spherically symmetric solutions with intersecting p-branes, J. Math. Phys. 40 (1999) 6558.

[27] I.Ya. Aref’eva and O.A. Rychkov, Incidence matrix description of intersecting p-brane solutions, Am. Math. Soc. Transl. 201 (2000) 19 [hep-th/9612236];

I.Ya. Aref’eva, M.G. Ivanov and I.V. Volovich, Non-extremal intersecting p-branes in various dimensions, Phys. Lett. B 406 (1997) 44 [hep-th/9702079].

[28] R. Argurio, F. Englert and L. Houart, Intersection rules for p-branes, Phys. Lett. B 398 (1997) 61 [hep-th/9701042];

N. Ohta, Intersection rules for non-extreme p-branes, Phys. Lett. B 403 (1997) 218 [hep-th/9702164].

[29] V.D. Ivashchuk and D. Singleton, in preparation.

– 17 –