gr-qc/9902003 1 Feb 1999

UTAP-307

Numerical Study of Inhomogeneous Pre-Big-Bang Inflationary Cosmology

Takeshi Chiba^∗ Department of Physics, University of Tokyo, Tokyo 113-0033, Japan (February 1, 1999)

Abstract

We study numerically the inhomogeneous pre-big-bang inflation in a spherically symmetric space-time. We find that a large initial inhomogeneity suppresses the onset of the pre-big-bang inflation. We also find that even if the pre-big-bang inflationary stage is realized, the initial inhomogeneities are not homogenized. Namely, during the pre-big-bang inflation “hairs”(irregularities) do not fall, in sharp contrast to the usual (potential energy dominated) inflation where initial inhomogeneity and anisotropy are damped and thus the resulting universe is less sensitive to initial conditions.

PACS numbers: 98.80.Hw, 04.25.Dm, 04.50.+h, 98.80.Cq

Typeset using REVTEX

∗Electronic address: chiba@utaphp1.phys.s.u-tokyo.ac.jp, JSPS research fellow.

I. INTRODUCTION

The pre-big-bang(PBB) cosmological scenario inspired by string theory has been suggested as a possible working mechanism of inflation within the framework of the low energy effective action of string theory [1]. In this scenario, the inflation occurs by the kinetic energy of a massless dilaton, and the curvature and the string coupling grow until the effective action breaks down. After that epoch stringy nonperturbative effects become important and hopefully enable the universe to make a smooth transition to a standard Friedmann-Robertson- Walker(FRW) epoch of decelerating expansion (for recent attempts toward graceful exit, see [2]).

One of the aims for the introduction of the inflationary universe scenario [3] was to solve the homogeneity problem. However, most of works on the PBB inflation is done within the context of a homogeneous space-time (however, see [4]). So, questions arise as to a homogenization process due to the PBB inflation: Does the PBB inflation really homogenize initial inhomogeneities? Can initial inhomogeneities prevent the onset of the PBB inflation? The purpose of this paper is to answer these questions in a spherically symmetric space-time.

The peculiarity of the PBB inflation is that even classically the weak energy condition [5] is violated during that epoch when the equation are written in the form of the Einstein equations [6], while the strong energy condition is violated but the weak energy condition is respected classically in the case of the usual (potential energy dominated) inflation. This suggests that the behaviour of inhomogeneities in the PBB inflation is quite different from that in the usual inflation.

According to the linear perturbation analysis, the density perturbation δ of p = wρ matter, with w being a constant, behaves as [7] (in the long wavelength limit) δ ∝ t^{2(1+3} w) 3(1+w) .

Similar behaviour is found by the approximation method to describe the super-horizon scale inhomogeneity (the gradient expansion method) [8]. Therefore, for the strong energy violating (but the weak energy condition respecting) matter (−1 < w < −1/3), the density perturbation decays with time. An inflaton generically satisfies this property. This behavior is related to the so-called cosmic no hair conjecture, which states that all expanding universe models with positive cosmological constant asymptotically approach the de Sitter space-time [9]. On the other hand, however, for the weak energy condition violating matter (w < −1), the density perturbation grows with time.

Of course, the dilaton does not have a constant w and so the above consideration is not directly related to the PBB inflationary cosmology, but it strongly suggests that the behavior of the density perturbation in the PBB inflation is quite different from that in the usual inflation. In order to study how initial inhomogeneity affects the onset and the duration of the PBB inflation, we need to consider large inhomogeneities, and hence we have to resort to fully numerical treatment. In this paper we investigate the inhomogeneous pre-big-bang inflation in a spherically symmetric space-time by solving the field equations fully numerically. A related numerical work based on a spectral method was appeared [10], however, the analysis is limited to weakly nonlinear perturbations. There also appeared a related analytical work [11] where a criterion for PBB inflation is proposed, which is consistent with our numerical results.

This paper is organized as follows. In Sec.2, basic equations based on the ADM formalism are given. In Sec.3, after the details of the initial condition and the numerical method is described, the numerical results are given. Sec.4 is devoted to summary.

II. FIELD EQUATIONS The low-energy effective action is given by S = ∫ d^4x √ −g e^{−ϕ} l^2_s

(_{(4)} R + g^{μν} ∇_μϕ∇_ν ϕ ) , (2.1)

where l_s is the string scale which is of order the Planck scale, ϕ is the dilaton, and^{(4)}R is the four dimensional Ricci scalar. We have omitted other matter degrees of freedom for simplicity. Varying the action by g^{μν} and ϕ yield G_{μν} = −∇_μ∇_ν ϕ + 1 2 g_{μν} (∇ϕ)^2 ≡ T_{μν} , (2.2)

2ϕ = (∇ϕ)^2, (2.3)

where ∇_μ and 2 are a covariant derivative and the d’Alembertian of g_{μν} , respectively.

Although after the conformal transformation such that g_{Eμν} = e^{−ϕ}g_{μν} the action is reduced to that of a massless scalar field coupled minimally to the Einstein gravity, we shall work consistently in the string frame. This is because the gauge condition in the string frame metric has a direct geometrical meaning and because the interpretation of the numerical results is direct and clear as suggested in [10].

A. Basic Equations in (3+1) Form In the ADM formalism, the line element generally takes of the form ds^2 = −α^2dt^2 + γ_{ij} (β^idt + dx^i)(β^j dt + dx^j ), (2.4) where α, β^i is the lapse function, the shift vector, respectively. γ_{ij} is the three-metric of the spacelike hypersurface. A timelike vector n_μ normal to the hypersurface is given as n_μ = (−α, 0, 0, 0). (2.5) The extrinsic curvature K_{ij} is then defined by K_{ij} = − 1 2 £_nγ_{ij} , (2.6) where £_n denotes the Lie derivative along the integral curve of n^μ. The field equations Eq.(2.2) then break up into evolution equations γ_{ij,t} − £_βγ_{ij} = −2αK_{ij} , (2.7) K_{ij,t} − £_β K_{ij} = −D_iD_j α + α [ R_{ij} + KK_{ij} − 2K_{il}K^l_j − ( S_{ij} + 1 2 γ_{ij} (ρ_H − S_l^l) )] (2.8) and constraint equations

R + K^2 − K_{ij} K^{ij} = 2ρ_H , (2.9) D_j K_i^j − D_iK = J_i. (2.10)

Here D_i is the covariant derivative operator with respect to γ_{ij} , R_{ij} is the three-dimensional Ricci tensor, K is the trace of the extrinsic curvature, and γ_{ij,t} denotes the partial derivative of γ_{ij} with respect to t. ρ_H , J_i and S_{ij} are defined by the right-hand-side of Eq.(2.2) (denoted as T_{μν} ) as

ρ_H = T_{μν} n^μn^ν , (2.11) J_i = −T_{μν} n^μh_i^ν , (2.12) S_{ij} = T_{μν} h_i^μh_j^ν , (2.13)

where

h_{μν} = g_{μν} + n_μn_ν (2.14)

is the projection operator on these hypersurfaces. We also need to write the equation of motion of dilaton Eq.(2.3) in the first-order form. To do so, we introduce the following variable likewise K_{ij} [13]

Π = −£_nϕ = − 1 α ( ϕ_{,t} − β^iϕ_{,i} ) . (2.15)

Then the dilaton equation of motion can be written in the first-order form as

ϕ_{,t} − β^iϕ_{,i} = −αΠ, (2.16) Π_{,t} − β^iΠ_{,i} = α ( KΠ − Π^2 + (Dϕ)^2 − D^2ϕ ) − γ^{ij} α_{,i}ϕ_{,j}. (2.17)

B. Basic Equations in Spherical Symmetry

Now we specialize the above general considerations to a spherically symmetric spacetime. The most general line element of a spherically symmetric space-time is written in the form

ds^2 = −(α^2 − A^2β^2)dt^2 + 2A^2βdtdr + A^2dr^2 + B^2r^2dΩ^2, (2.18)

where β is the radial component of the shift vector. Because of the spherical symmetry, only two components of K_{ij} are regarded as independent variables. We introduce K_1 ≡ K^r_r. Because there does not appear “bare” ϕ in Eqs.(2.2) and (2.3), it is convenient to introduce the radial derivative of it as another independent variable: Φ = ϕ_{,r} r . (2.19)

Then the evolution equations in (3+1) form are written as

A_{,t} − βA_{,r} = −αAK_1 + β_{,r}A, (2.20) B_{,t} − βB_{,r} = − 1 2 αB(K − K_1) + β r B, (2.21) K_{,t} − βK_{,r} = − 1 A^2 ( 4xα_{,xx} + 6α_{,x} + 4xα_{,x} ( 2 B_{,x} B − A_{,x} A ))

+ α [ 1 2 K^2 − KK_1 + 3 2 K^2_1 + KΠ − Π^2 + xΦ^2 A^2 − 1 A^2 (( 4 xB_{,x} B − 2 xA_{,x} A + 3 ) Φ + 2xΦ_{,x} )] , (2.22) K_{1,t} − βK_{1,r} = − 1 A^2 ( 4xα_{,xx} + 2α_{,x} − 4x A_{,x} A α_{,x} )

+ α [ 4 A^2 ( −2x B_{,xx} B − 3 B_{,x} B + A_{,x} A + 2 A_{,x}B_{,x} AB )

+ KK_1 − K_1Π + 1 A^2 ( 2xΦ_{,x} + Φ − 2x A_{,x} A Φ )] , (2.23) Π_{,t} − βΠ_{,r} = αKΠ − α ( Π^2 − xΦ^2 A^2 )

− α A^2 ( 2 xα_{,x} α − 2 xA_{,x} A + 4 xB_{,x} B + 3 ) Φ − 2 xα A^2

Φ_{,x}, (2.24)

Φ_{,t} − βΦ_{,r} = −2α_{,x}Π − 2αΠ_{,x} + ( β_{,r} + β r ) Φ, (2.25)

where we have set x = r^2 to include the regularity condition at the origin. There are also constraint equations 2 A^2 [ 4 A_{,x} A − 8 xB_{,xx} B − 16 B_{,x} B − 4 xB^2_{,x} B^2 + 8 xA_{,x}B_{,x} AB + A^2 xB^2 − 1 x ] + 1 2 K^2 + KK_1 − 3 2 K^2_1

= 2KΠ − Π^2 + x

Φ^2 A^2 − 2 A^2 (( 4 xB_{,x} B − 2 xA_{,x} A + 3 ) Φ + 2xΦ_{,x} ) (2.26) K_{1,x} − K_{,x} + (B_{,x} B + 1 2x ) (3K_1 − K) = −Π_{,x} + 1 2 K_1Φ. (2.27)

At this stage, it may be instructive to recover the homogeneous and isotropic solutions. This can be done by taking α = 1, β = 0, A = B and neglecting the spatial dependence in the variables. Then we arrive at the following equations: A_{,t} A = − 1 3 K (2.28) K_{,t} = 1 3 K^2 + KΠ − Π^2 (2.29)

Π_{,t} = KΠ − Π^2 (2.30) 2 3 K^2 = 2KΠ − Π^2, (2.31)

with Π = −ϕ_{,t}. By rewriting as H ≡ −K/3, Eq.(2.28) is nothing but the definition of the Hubble parameter. Eq.(2.31) is the Friedmann equation. Eq.(2.29) and Eq.(2.30) are the evolution equations. Either of them is redundant. Eq.(2.31) admits the following solution:

K = −3H = 3 ± √ 3 2 Π. (2.32)

It is easily found that minus sign corresponds to the PBB branch solution, while positive sign corresponds to the post-big-bang branch solution.

III. NUMERICAL RESULTS

A. Initial Condition

Initial data must satisfy the constraint equations Eq.(2.26) and Eq.(2.27). Because of spherical symmetry, we can consider, without loss of generality, the conformally flat threemetric:

dl^2 = γ_{ij} dx^idx^j = ψ(r)^4(dr^2 + r^2dΩ^2). (3.1)

As a choice of the initial time slice(or choice of the extrinsic curvature), we adopt the following extrinsic curvature considering the similarity with the homogeneous universe K_{ij} = 1 3 Kγ_{ij} + σ_{ij} = 1 2 (1 − 1 √ 3 )Πγ_{ij} , (3.2)

where σ_{ij} is the traceless part of the extrinsic curvature. That is, we take σ_{ij} = 0 and K = (3 − √ 3)Π/2. The former condition is for simplicity while the latter condition is chosen so that it corresponds to the Friedmann equation in the PBB phase in the homogeneous universe (see Eq.(2.32)).

Then the constraint equations become 4xψ_{,xx} + 6ψ_{,x} = xψ_{,x}Φ + 3 4 ψΦ + x 2 ψΦ_{,x} − x 8 ψΦ^2, (3.3)

Π_{,x} = √ 3 − 1 4 ΦΠ. (3.4)

Note that because of the choice Eq.(3.2) the Hamiltonian constraint Eq.(3.3) is now independent of K_{ij} and Π. Given Φ, we solve Eq.(3.3) iteratively to get ψ by the cyclic reduction method for a tridiagonal matrix. However, the right-hand-side source term does not have an appropriate ψ-dependence for numerical treatment: as ψ increases, the source term also increases, and therefore the equation is numerically unstable. So, we “redefine” Φ by Φ_I ≡ ψΦ, and rewrite the right-hand-side of Eq.(3.3) in terms of Φ_I . That is, 4xψ_{,xx} + 6ψ_{,x} = xψ_{,x} 2ψ Φ_I + 3 4 Φ_I + x 2 Φ_{I,x} − x 8ψ Φ^2_I . (3.5)

Physically, fixing Φ_I corresponds (roughly) to fixing the proper kinetic energy density of the dilaton field. The boundary conditions are

ψ_{,r} = 0 (3.6)

at the origin for regularity and

(r(ψ − 1))_{,r} = 0 (3.7)

at the numerical outer boundary to guarantee the asymptotically flat Friedmann property. Eq.(3.7) corresponds to setting the asymptotic scale factor to be unity. We then solve Eq.(3.4) to get Π.

We consider the following Gaussian form for Φ_I :

Φ_I = − ϕ_0 Δ^2 exp ( − x Δ^2 ) . (3.8)

We examine whether changing the scale of inhomogeneity (i.e. Δ) can affect the onset or the duration of the PBB inflation. We use the unit where H_i(r → ∞) = −K_i(r → ∞)/3 = 1 initially, which determines the time scale t_0 to the big bang singularity (in FRW universe) such that t_0 = H^{−1}_i / √ 3. The normalization factor ϕ_0 is arbitrary and we set it to one.

B. Numerical Details

We describe the numerical details for solving the field equations by the finite difference method. Time steps are labeled by the index n and spatial grid points are labeled by i. We define the time derivative operator

(Z_{,t})^n_i ≡ Δt_{n−1} Δt_n + Δt_{n−1}

Z^{n+1}_i − Z^n_i Δt_n + Δt_n Δt_n + Δt_{n−1} Z^n_i − Z^{n−1}_i Δt_{n−1} , (3.9)

where Δt_n ≡ t_{n+1} − t_n and a operator for a derivative with respect to x = r^2

(Z_{,x})^n_i ≡ x_i − x_{i−1} x_{i+1} − x_i (Z^n_{i+1} − Z^n_i ) + x_{i+1} − x_i x_i − x_{i−1} (Z^n_i − Z^n_{i−1}). (3.10)

Then for a grid uniform in r, the evolution equations are second-order accurate in both space and time. We take a nonuniform grid because we need to perform numerical calculations with various initial conditions and therefore it is desirable to use small grid points. Typically we use 512 spatial grid points in this work. The time step is constrained by the Courant condition. For a nonuniform grid, we use

Δt = ε_1 min_i ( r_{i+1} − r_i β_i ± 2α_i/A_i ) , (3.11)

and we take ε_1 = 0.2 for accuracy. The Courant condition is sufficient for stability, however, not for accuracy. Therefore we impose the additional requirement that A, B, Φ do not change too much (near origin) in one time step:

dt = ε_2 min ( A A_{,t} , B B_{,t} , Φ Φ_{,t} ) , (3.12)

and choice of the value of ε_2 depends on the initial condition. For example, we choose ε_2 = 10^{−3} for Δ/H^{−1}_i = 1.0.

Regarding the boundary conditions, Eq.(2.27) requires a single boundary condition. We set K_1 = K/3 at the origin for regularity. Evolution equations Eq.(2.22)-Eq.(2.25) require an outer boundary condition as well as the regularity condition at the origin of kind Eq.(3.6). To determine the value of a variable at i_{max}, we extrapolate linearly in x using the values of the variable at i_{max} − 1 and i_{max} − 2. This is because it is not obvious that the conventional outgoing-wave boundary condition should be imposed in the present context. Since we locate the numerical outer boundary at the point much further than the scale of inhomogeneity (> 10 × Δ) where the universe is approximately FRW, such a choice is sufficient in practice.

C. Numerical Test

As a test of the numerical code, we have used homogeneous initial conditions and compared the numerical solutions with the exact homogeneous solutions. The results are shown in Fig.1. There the exact solutions are shown as solid curves, while the numerical solutions at the center (r = 0) are plotted as crossed points. We find excellent agreement. In fact, the maximum relative error between the numerical solution and the exact solution was less than 10^{−4} and the maximum relative error in the Hamiltonian constraint was less than 10^{−8} because the variables appear only quadratically in the constraint.

Barrow and Kunze derived an exact solution of the collapse of a homogeneous spherical region of the stiff (p = ρ) fluid [14]. The comparison with their solution is difficult in the present work because the spatial distribution of the dilaton is step-function-like and hence Φ becomes singular near the surface (delta-function-like). Furthermore, Eq.(2.24) contains the spatial derivative of Φ, which develops a further ill-behaved singularity.

D. Results of Numerical Calculations

We choose the geodesic slicing condition, α = 1 with zero shift, β = 0. We use Eqs.(2.20- 2.22) and (2.24-2.25) to solve A, B, K, Π, and Φ and use the momentum constraint Eq.(2.27) instead of Eq.(2.23) to solve K_1. The Hamiltonian constraint equation Eq.(2.26) is used as a check of the numerical accuracy. As a geometrically invariant diagnostics for the inhomogeneity, we calculate the Bel-Robinson tensor [15]. The Bel-Robinson tensor is defined in terms of the Weyl tensor as T_{μνρσ} ≡ C_{μαρβ} C_ν^α_σ^β +^∗C_{μαρβ}^∗C_ν^α_σ^β, (3.13) where C_{μνρσ} is the Weyl tensor and^∗C_{μνρσ} ≡^1_2 ϵ_{μναβ} C^{αβ}_{ρσ} is its dual. The “superenergy” density on the three-dimensional spacelike hypersurface with n^ν being the unit normal vector is defined by W ≡ T_{μνρσ}n^μn^ν n^ρn^σ = E_{μν} E^{μν} + B_{μν} B^{μν} , (3.14) where E_{μν} ≡ C_{μανβ} n^αn^β , B_{μν} ≡^∗C_{μανβ} n^αn^β . (3.15) They can be written in the present case as

E_{ij} = R_{ij} + KK_{ij} − K_i^lK_{lj} − 1 2 ( S_{ij} − 1 3 γ_{ij} S^l_l ) − 2 3 γ_{ij} ρ_H , (3.16)

B_{ij} = ϵ_{lm(i}D^lK^m_{j)}. (3.17)

We have numerically solved the field equations with various choice of Δ. Numerical results are shown in Figs.2,3,4 for Δ/H^{−1}_i = 1, 5, 0.2.

For Δ/H^{−1}_i = 1(Fig.2), which can be regarded as a fiducial case, the evolution was terminated at t ≃ 0.49 beyond which numerical calculations became inaccurate near the origin. The inhomogeneities in Φ and Π always grows during the evolution. The superenergy of the Bel-Robinson tensor shows that after the decay of the initial irregularities, new irregularities emerge and grow. This phenomena can be understood as follows. Initially inhomogeneous region expands being dragged by the cosmic expansion. However, its self gravitational energy dominates over the background energy density soon, and then that lump decouples from the cosmic expansion and begin to collapse. We note that although irregularities are increasing, the universe nonetheless expands rapidly since the expansion rate is increasing (See Fig.2(a)(b)) The situation is to be contrasted with the usual potential energy dominated inflation (for example, see Fig.14 in [16] and Fig.3 in [17]).

For Δ/H^{−1}_i = 5(Fig.3), the evolution was terminated at t ≃ 0.46. Further evolution made the numerical calculations inaccurate near the origin. We find that the behavior similar to Δ/H^{−1}_i = 1 case appears again. For Δ/H^{−1}_i = 0.2(Fig.4), the evolution was terminated at t ≃ 0.12. Even if we perform numerical evolution further, the evolution was forced to stop soon. Presumably the singularity is reached at the origin first. Note that K and K_1 are growing positively near origin. That means the expansion is delayed and eventually turns into the contraction to the singularity. Consequently, the metric (or scale factor) does not grow much near the origin. We do not see the growth of inhomogeneity in the Bel-Robinson tensor probably because there is no time for them to overcome the cosmic expansion. If we could perform the numerical evolution any further more accurate, we could see the same structure as in Fig.2 and Fig.3.

We also calculate the e-folding number N of the expansion at the origin

N = ln {( A(r = 0)B(r = 0)^2 )_{1/3} /ψ(r = 0)^2 } , (3.18)

and the results are shown in Fig.5. For comparison we also plotted the e-folding number for the FRW universe. We find that for Δ <∼ 0.3 × H^{−1}_i the universe does not inflate sufficiently and/or recollapses. Note that the e-folding number for Δ >∼ 0.4H^{−1}_i , where the onset of PBB-inflation is not prevented (in agreement with the rough estimate in [11]), is larger than that of the homogeneous solution. This is because initially the inhomogeneous dilaton is superposed on the background homogeneous solution and that inhomogeneous energy contributes in turn to the superinflationary expansion. In [11], a criterion for PBB inflation is proposed that is translated roughly as, Δ >∼ H^{−1}_i , which is consistent with our numerical results.

Our results may be understood intuitively in the Einstein frame. In the Einstein frame, the PBB phase corresponds to a recollapsing universe with a massless scalar field rather than an expanding universe. So, inhomogeneities should grow.

To conclude, we find that a large inhomogeneity, Δ <∼ 0.3H^{−1}_i , reduces the amount of the PBB inflation and sometimes even does not allow the development of the PBB inflation as in the case of the usual inflation [18]. However, even if the universe enters the PBB inflation stage, the initial inhomogeneity grows and is not smoothed out globally at all.

E. Fine-Tuning Problem

We consider the meaning of the condition for the onset of the PBB inflation(Δ >∼ 0.4H^{−1}_i ) from the viewpoint of the resolution of the horizon problem [19].

Let the time of the beginning of the PBB inflation be t_i and the final time be t_f and the time of the final singularity be t_s. t_f is supposed to be the time when the stringy nonperturbative effects become dominant and the low energy effective action Eq.(2.1) is no longer valid. The decrease of the comoving Hubble length, (Ha)^{−1}, measures the amount of inflation. Using the PBB solution in FRW background [1,19], we have

Z ≡ H_f a_f H_ia_i = ( t_s − t_i t_s − t_f )_{1+1/}^√_3 ≃ (t_s − t_i l_s )_{1+1/}^√_3

, (3.19)

where a is the scale factor and H^{−1}_f ≃ t_s − t_f ≃ l_s is assumed. Z > e^{60} is required to solve the horizon problem [20]. On the other hand, we find that the lump of the initial size Δ >∼ 0.4H^{−1}_i inflates. Using Eq.(3.19) this inequality can be rewritten as

Δ >∼ 0.4H^{−1}_i ≃ 0.4(t_s − t_i) > e^{37}l_s, (3.20)

which shows that initially extremely large inhomogeneous region (in the unit of the string scale) is required in order to get the PBB inflation and to solve the horizon problem. This large number may be regarded as fine-tuning of the initial condition because l_s is a natural length scale in string theory.

IV. SUMMARY

We have studied numerically the effect of the initial inhomogeneities on the onset and duration of the PBB inflation. We found that a large initial inhomogeneity does suppress the onset of the PBB inflation as in the case of the usual inflation [18]. Further, even if the PBB inflation is realized, the initial inhomogeneity grows contrary to the usual inflation. The initial scale of inhomogeneity is required to be extremely large (in the unit of the string scale) to realize the PBB inflation and to solve the horizon problem.

The fine-tuning problem of the PBB inflation was recently addressed in [19,21] for homogeneous cosmologies in the context of the horizon problem and the flatness problem: the pre-big-bang scenario is quite sensitive to spatial curvature and anisotropy. Combining these results with our results, it may be said that if the present universe would be resulted from the PBB inflation, the universe would have to be initially extremely homogeneous and isotropic and flat.

Of course, our study does not exhaust all the possibility; (i) we did not include other massless degrees of freedom (for example, the axion), (ii) the asymptotic condition was limited to the flat FRW universe, (iii) the space-time dimensionality was fixed to four. It would be interesting to relax the above situations.

Hawking and Moss once said in [9] that the asymptotic approach to the de Sitter state (in the usual inflation) is “very similar to the way that a gravitational collapse rapidly approaches a stationary black-hole state (outside of the black-hole horizon) which depends only on the mass and angular momentum but which is otherwise independent of the nature of the collapsing body”. By the same black-hole analogy, the PBB inflation may be similar to the “interior” of a black-hole which is dependent on the nature of the collapsing body (initial conditions).

ACKNOWLEDGMENTS

The author would like to thank Professor Kei-ichi Maeda for useful discussions. He is also grateful to Professor Gabriele Veneziano for useful correspondence. A part of this work was reported at the annual meeting of the physical society of Japan, March, 1998. The author is supported by a JSPS Research Fellowship for Young Scientists under grant No.3596.

REFERENCES

[1] G. Veneziano, Phys. Lett. B 265, 287 (1991); M. Gasperini and G. Veneziano, Astropart.

Phys. 1, 317 (1993).

[2] I. Antoniadis, J. Rizos, and K. Tamvakis, Nucl. Phys. B415, 497 (1994); R. Easther and K. Maeda, Phys. Rev. D 54, 7252 (1996); B. Brustein and R. Madden, Phys. Rev. D 57, 712 (1998).

[3] A.H. Guth, Phys. Rev. D 23, 347 (1981); K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981) [4] J.D. Barrow and K.E. Kunze, Phys. Rev. D 56, 741 (1997); G. Veneziano, Phys. Lett.

B 406, 297 (1997); A. Feinstein, R. Lazkoz, and M.A. Vázquez-Mozo, Phys. Rev. D 56, 5166 (1997); J.D. Barrow and K. E. Kunze, Phys. Rev. D 57, 2255 (1998); A. Buonanno, K.A. Meissner, C. Ungarelli, and G. Veneziano, Phys. Rev. D 57, 2543 (1998).

[5] S.W. Hawking and G.F.R. Ellis, The large scale structure of space-time (Cambridge University Press, 1973).

[6] S. Kar, Phys. Lett. B 401, 234 (1997).

[7] H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78, 1 (1984). [8] K. Tomita and N. Deruelle, Phys. Rev. D 50, 7216 (1994); T. Chiba, Gen. Rel. Grav.

28, 1089 (1996).

[9] G.W. Gibbons and S.W. Hawking, Phys. Rev. D 15, 2738 (1977); S.W. Hawking and I.G. Moss, Phys. Lett. B 110, 35 (1982); for a review see e.g. K. Maeda, “Inflation and Cosmic No Hair Conjecture”, in the Proceedings of 5th Marcel Grossmann Meeting, ed. by D.G.Blair and M.J.Buckingham (World Scientific, 1989), p145.

[10] J. Maharana, E. Onofri, and G. Veneziano, A numerical simulation of pre-big bang cosmology, hep-th/9802001.

[11] A. Buonanno, T. Damour, and G. Veneziano, Pre-big bang bubbles from the gravitational instability of generic vacua, hep-th/9806230.

[12] R. Arnowitt, S. Deser, and C.W. Misner, in Gravitation: An Introduction to Current Research, ed. L.Witten (Wiley, New York, 1962), p227.

[13] M.A. Scheel, S.L. Shapiro, and S.A. Teukolsky, Phys. Rev. D 51, 4208 (1995). [14] J.D. Barrow and K.E. Kunze, Phys. Rev. D 57, 2255 (1998).

[15] V.D. Zakharov, Gravitational Waves in Einstein’s Theory (Halsted Press, John Wiley & Sons, Inc., New York, 1973).

[16] D.S. Goldwirth and T. Piran, Phys. Rev. D 40, 3263 (1989). [17] H. Shinkai and K. Maeda, Phys. Rev. D 49, 6367 (1994). [18] D.S. Goldwirth and T. Piran, Phys. Rev. Lett. 64, 2852 (1990).

[19] M. S. Turner and E. J. Weinberg, Phys. Rev. D 56, 4604 (1997); N. Kaloper, A. Linde, and R. Bousso, Pre-Big-Bang Requires the Universe to be Exponentially Large From the Very Beginning, hep-th/9801073.

[20] E.W. Kolb and M.S. Turner, The Early Universe (Addison-Wesley, 1990). [21] D. Clancy, J. E. Lidsey, and R. Tavakol, Phys. Rev. D 58, 044017 (1998).

FIGURE CAPTION

Fig.1. Solutions with homogeneous initial conditions. Solid curves correspond to the exact homogeneous solutions, while crossed points correspond to the numerical solutions. We find excellent agreement.

Fig.2. Evolutions from inhomogeneous initial conditions up to t ≃ 0.49 × H^{−1}_i for Δ = 1.0 × H^{−1}_i . All variables are normalized by H_i. Thick curves are initial values. Time evolution is in the direction from top to bottom for K, K_1, Φ, Π and the relative error, while bottom to top for A and B. For the superenergy of the Bel-Robinson tensor, first the initial lump decays, and then new lump appears near the origin.

Fig.3. Evolutions from inhomogeneous initial conditions up to t ≃ 0.46 × H^{−1}_i for Δ = 5.0 × H^{−1}_i . Thick curves are initial values.

Fig.4. Evolutions from inhomogeneous initial conditions up to t ≃ 0.12 × H^{−1}_i for Δ = 0.20 × H^{−1}_i . Thick curves are initial values.

Fig.5. E-folding number at the center as a function of time. Δ/H^{−1}_i = 5.0, 1.0, 0.5, 0.4, 0.3, 0.2, 0.1 from top to bottom. Dashed line corresponds to the homogeneous solution. We find that for Δ <∼ 0.3 × H^{−1}_i the universe does not inflate sufficiently.