arXiv:hep-th/0601133 v4 20 Mar 2006

KEK-TH-1068 hep-th/0601133

Non-BPS D9-branes in the Early Universe

Kenji Hotta,^1

High Energy Accelerator Research Organization (KEK),

Tsukuba, Ibaraki, 305-0801, Japan

ABSTRACT

We have investigated the finite temperature systems of non-BPS D-branes and D-brane−anti-D-brane pairs in the previous papers. It has been shown that non- BPS D9-branes and D9-D9 pairs become stable near the Hagedorn temperature on the basis of boundary string field theory. This implies that there is a possibility that these spacetime-filling branes exist in the early universe. We study the time evolution of the universe in the presence of non-BPS D9-branes on the basis of boundary string field theory in this paper. We try to construct the following scenario for the early universe: The universe expands at high temperature and the open string gas on the non-BPS D9-branes dominates the total energy of the system at first. The temperature decreases as the universe expands. Then the non-BPS D9-branes become unstable at low temperature and decay through tachyon condensation. We obtain some classical solutions for Einstein gravity and dilaton gravity in the very simple cases.

1E-mail address: khotta@post.kek.jp

1 Introduction

Non-BPS D-branes and D-brane−anti-D-brane pairs are unstable systems in superstring theory [1] (for a review see, e.g., Ref. [2]). Type IIB string theory contains non-BPS Dbranes of even dimension and D-brane−anti-D-brane pairs of odd dimension, whereas type IIA string theory contains non-BPS D-branes of odd dimension and D-brane−anti-D-brane pairs of even dimension. The spectrum of open strings on these unstable branes contains a tachyon field T . In such a brane configuration, we have T = 0, and the potential of this tachyon field has a local maximum at T = 0. If we assume that the tachyon potential has a non-trivial minimum, it is hypothesized that the tachyon falls into it. Sen conjectured that the potential height of the tachyon potential exactly cancels the tension of the original unstable D-branes [3]. This implies that these unstable brane systems disappear at the end of the tachyon condensation.

We have pointed out in the previous papers that there are the cases that these unstable branes become stable at sufficiently high temperature [4] [5] [6]^2. In particular, the spacetime-filling branes such as non-BPS D9-branes and D9-D9 pairs become stable near the Hagedorn temperature in all the cases we have studied. The aim of this paper is to apply these works to cosmology. We will investigate the time evolution of the universe in the presence of non-BPS D9-branes.

We can calculate the tachyon potential for these unstable branes by using boundary string field theory (BSFT) [9] [10]. The tree level tachyon potential of N non-BPS D-branes is given by [11] [12]^3 V (T) = √ 2 τ_pV_p Tr exp(−αT^2), (1.1)

where T is a real scalar field in the (N, N) representation of the U(N) × U(N) gauge group [13], τ_p is the tension of a single Dp-brane, V_p is the p-dimensional volume of the system that we are considering, and α is a constant which depends on the notation. τ_p is defined by

τ_p = 1 (2π)^pα^{′ p+12} g_s

, (1.2)

where g_s is the coupling of strings, which is represented as

g_s = e^ϕ, (1.3)

by using the dilaton ϕ. α^′ is the slope parameter and we will set α^′ = 1 when we perform numerical calculations. The potential has a local maximum at T = 0. It becomes minimum when Tr exp(−αT^2) = 0, and it satisfies Sen’s conjecture. Let us suppose that T has the following form;

T = T 0 · · · 0 T . (1.4)

2For related discussions see Refs. [7] and [8]. 3We adopt the natural unit c = h̄ = 1.

Then the tachyon potential is given by

V (T ) = √ 2 Nτ_pV_p exp(−αT^2). (1.5)

The potential has a local maximum at T = 0 and has the minimum at |T | = ∞ in this case. We will deal with only this type of matrix in this paper.

We summarize here the results of our previous works about the finite temperature systems of non-BPS D-branes and D-brane−anti-D-brane pairs in a constant tachyon background [4] [5] [6]. Since we can obtain the similar results both in the case of D-brane−anti- D-brane pairs and non-BPS D-branes, we only review the non-BPS D-brane case here. We have computed the finite temperature effective potential by using the Matsubara method in the framework of BSFT in order to study the thermodynamical behavior of these systems. If we consider the one-loop amplitude based on BSFT, we are confronted with an ambiguity in the choice of the Weyl factors of the two boundaries of open string world sheet. We have used the boundary action which has been proposed by Andreev and Oft [14].

We have investigated non-BPS Dp-branes in a non-compact flat 10-dimensional Minkowski background. The result of the non-BPS D9-brane case is in sharp contrast to that of the non-BPS Dp-brane case with p ≤ 8. In the case of N non-BPS D9-branes, the T^2 term of the finite temperature effective potential near the Hagedorn temperature is approximated as α 8 [ −8 √ 2 Nτ_9V_9 +

4πN^2V_9 β_H^{10} ln ( πβ_H^{10}E N^2V_9 )] T^2, (1.6)

where E is the energy of open strings. Here, we must impose the condition that the ’t Hooft coupling is very small, namely, g_sN ≪ 1, (1.7)

for the one-loop approximation. Because the first term in the coefficient of T^2 is a constant as long as V_9 and τ_9 are fixed and the second term is an increasing function of E, the sign of the T^2 term changes from negative to positive at large E. The coefficient vanishes when E_c ≃ N^2V_9 πβ_H^{10} exp ( 2 √ 2β_H^{10}τ_9 πN ) , (1.8) T_c ≃ β_H^{−1} [ 1 + exp ( − √ 2β_H^{10}τ_9 πN )]_{−1} . (1.9)

From this we can see that a phase transition occurs at the temperature T_c, which is slightly below the Hagedorn temperature, and the non-BPS D9-branes are stable above this critical temperature. The total energy at the critical temperature is a decreasing function of N as long as the ’t Hooft coupling is very small in these cases. This implies that a large number N of non-BPS D9-branes are created simultaneously.^4 For the non-BPS Dp-branes with p ≤ 8, on the other hand, the coefficient remains negative near the Hagedorn temperature, so that such a phase transition does not occur. We thus concluded that not lower dimensional non-BPS D-branes but non-BPS D9-branes are created near the Hagedorn temperature.

4We cannot determine the value of N_{min} with a perturbative calculation. In order to determine it, we must perform a non-perturbative calculation based on, for example, the matrix model [15] or the IIB matrix model [16]. The K-matrix model may also be useful, as it explicitly contains the tachyon field [17].

We have also investigated non-BPS Dp-branes in a toroidal background. We have supposed that D-dimensional space is compactified and that the rest of the (9−D)-dimensional space is left uncompactified (M_{1,9−D} ×T_D). We have also assume that the non-BPS Dp-branes extend in the d-dimensional space in the non-compact direction and in the (p−d)-dimensional space in the toroidal direction. If D + d = 9, that is, the non-BPS Dp-branes are extended in all the non-compact directions, a phase transition occurs near the Hagedorn temperature and these branes become stable. On the other hand, if D + d ≤ 8, that is, the non-BPS Dp-branes are not extended in all the non-compact directions, such a phase transition does not occur. It is noteworthy that spacetime-filling branes, such as non-BPS D9-branes and D9-D9 pairs, are created at sufficiently high energy not only in a non-compact background but also in a toroidal background, since these branes always satisfy D + d = 9.

These results drive us to the question what happens if we apply the above arguments to cosmology. There is a possibility that non-BPS D-branes and D-brane−anti-D-brane pairs exist in the early universe. We investigate the evolution of the universe in the presence of non-BPS D9-branes in this paper. We choose the non-BPS D9-branes because they become stable near the Hagedorn temperature in all the cases we have studied, and we can impose the homogeneous and isotropic condition if we consider such spacetime-filling branes^5. We must consider gravity coupled to non-BPS D9-branes in order to analyze a time evolution of the universe.

There has recently been a great deal of interest in brane inflation [18] [19] [20] (for a review see, e.g., Ref. [21]). If we consider Einstein gravity in the presence of spacetimefilling branes, the universe expands in an inflationary manner, because the tension energy of these branes can provide an effective cosmological constant. These work has been done by using Dirac-Born-Infeld type action [22] [24]^6. However, since we have computed the finite temperature effective potential on the basis of BSFT, it is natural to deal with the tachyon field in the framework of BSFT. The time dependent background at zero temperature has been discussed by Sugimoto and Terashima in the framework of BSFT [25]. They have also argued the production of tachyon matter [24] after the decay of the non-BPS Dp-brane in the framework of BSFT. It would be interesting to generalize their calculation to the finite temperature case. It is expected that, even if these branes are stable near the Hagedorn temperature initially, they become unstable because the energy density decreases as the universe expands. This implies that the initial conditions of a rolling tachyon are realized in the early universe. Namely, the tachyon field is placed on the top of the potential. Then the tachyon starts to roll down from the local maximum of the potential at T = 0 [24].

The spacetime-filling branes are very advantageous in the sense that all the lowerdimensional D-branes in type II string theory are realized as topological defects through tachyon condensation from non-BPS D9-branes and D9-D9 pairs. We can identify the topological charge as the Ramond-Ramond charge of the resulting D-branes [1] [3]. These D-brane charges can be classified using K-theory [26] [27]. Thus, if non-BPS D9-branes exist in the early universe, various kinds of branes may form through tachyon condensation [28]. It would

5We investigate the non-BPS D9-brane case instead of the case of the lower-dimensional non-BPS Dbranes with D + d = 9 in a toroidal background, because it is expected that the spacetime-filling branes provide rich structure for the formation of lower-dimensional D-branes as we will mention below.

6Calcagni has investigated the brane inflation by using cubic string field theory in Ref. [23].

be interesting to examine the possibility that our Brane World forms as a topological defect in a cosmological context [20] [28] [29] [30] [31]. In this paper, we study the homogeneous and isotropic tachyon condensation as a first step towards ‘Brane World Formation Scenario’^7.

This paper is organized as follows. In §2 we describe the action we consider. We investigate the time evolution of the universe in the high temperature case and in the zero temperature case in order to construct a cosmological scenario in the following two sections. We calculate the cosmological solution by using Einstein gravity in §3, and by using dilaton gravity in §4. We conclude in §5 with a discussion of future directions. We have also included an appendix, in which we shortly mention the Minahan-Zwiebach model case.

2 Action

We will begin with describing the action for gravitational field. The low energy effective action for tree level closed strings is described by type IIA supergravity. For simplicity, we shall focus on 10-dimensional metric g_{μν} and dilaton ϕ, and set the other fields to zero. Then the action is given by S_{dil} = − 1 2κ^2 ∫ d^{10}x √ −g e^{−2ϕ} (R + 4∇_μϕ∇^μϕ) , (2.1)

where the constant κ is defined as

κ^2 = 1 2 (2π)^7α^{′4}, (2.2)

and R denotes the scalar curvature. We will investigate the time evolution of the universe in the string frame by using this action in §4. If we consider the constant dilaton case, then the action is given by usual Einstein-Hilbert one

S_E = − 1 2κ^2 ∫ d^{10}x √ −g R. (2.3) We can apply this action when the dilaton has settled down to the (local) minimum of the dilaton potential, which is expected to be generated by a non-perturbative effect in string theory [32]. We will investigate the time evolution of the universe by using this action in §3.

We must also consider the action for non-BPS D9-branes. For simplicity, we only deal with the high temperature case and the zero temperature case. Although we have derived the free energy formally at any temperature, it is very complicated function at the intermediate temperature [4] [5] [6]. First, let us describe the high temperature case. If there are N non-BPS D9-branes, the tachyon field T is an N × N real matrix in the adjoint representation of the U(N) gauge group [1] as we have mentioned in the previous section. In the case that the universe is sufficiently hot and the non-BPS D9-branes are stable, T = 0 is

7In this paper, we investigate the simplest case in the presence of the non-BPS D9-branes, namely, the homogeneous and isotropic (9+1)-dimensional spacetime case, and leave the construction of our (3 + 1)- dimensional Brane World for future work.

the potential minimum [6]. It is sufficient to deal with the action for open string gas because the total energy is dominated by open string gas if we consider the thermodynamic balance between open string gas and closed string one [6]. In this case the action is represented as S_{gas} = ∫ d^{10}x √ −g F (β √ g_{00}), (2.4)

where F is the free energy of open string gas, and β is the inverse of the temperature. We have omitted the argument T of the free energy F because we are considering the case that the tachyon stays at the potential minimum T = 0. We will argue the cosmological solution by using this action in §3.1 and §4.1. The energy-momentum tensor, which we can derive from this action, can be represented in a perfect fluid form such as T_μ^ν = diag(−ρ, p, · · ·, p). (2.5) by using energy density ρ and pressure p. The entropy of open strings on non-BPS D9-branes near the Hagedorn temperature have been computed in [6]. The result is S ≃ β_H E + 2N β_H^4 √ EV_9 π . (2.6)

From this we can compute the equation of state as p = 1 β ∂S ∂V_9 ≃ w √ ρ, (2.7)

where the proportional constant w is given by w = N √ πβ_H^5 . (2.8)

It is noteworthy that this equation of state is different from the usual one, which is represented as p ∝ ρ. The approximation (2.6) is valid only when the first term in the right hand side is much larger than the second term. This means that we can apply the equation of state (2.7) if the energy density ρ satisfies ρ ≫ w^2. (2.9)

Namely, we can apply the approximation when the energy density is much larger than the string scale. This condition is crucial when we argue the cosmological solution near the Hagedorn temperature.

Secondly, we describe the zero temperature case. Since we have computed the finite temperature effective potential for non-BPS D-branes on the basis of BSFT, it is consistent to argue the zero temperature case in the framework of BSFT. The BSFT action for a linear tachyon profile in the flat spacetime is derived in Ref. [11]. Let us focus on tachyon T in the open string spectrum, as well as graviton g_{μν} and dilaton ϕ in the closed string one, and assume that the action in the curved spacetime is given by S_{dilT} = μ_0 ∫ d^{10}x √ −g e^{−ϕ} Tr e^{−αT2} F (λ∇_μT∇^μT) , (2.10) where α and λ are constants. If we follows the notation of Ref. [2], α = 1/4 and λ = α^′ ln 2. μ_0 is the constant part of the tension of a single non-BPS D9-brane, namely,

μ_0 = √ 2 (2π)^9α^{′5}

, (2.11)

and the function F(z) is defined as F(z) = √ π Γ(z + 1) Γ ( z +^1_2

) . (2.12)

Here we include the factor e^{−ϕ} as a contribution of dilaton since this action is derived from the tree level (disk) amplitude of open strings. Strictly speaking, we have not succeeded in constructing the action for open string tachyon field coupled to closed string modes. In addition, we have dropped the terms which include second and higher derivative of the tachyon field. There is room for argument on these points. We expect that the qualitative behavior of the time evolution of the universe can be described by this action. For simplicity, let us consider the case that T is given by (1.4). Then the action can be rewritten as S_{dilT} = μ ∫ d^{10}x √ −g e^{−ϕ}e^{−αT 2} F (λ∇_μT ∇^μT ) , (2.13) where we have defined μ = μ_0N. We will argue the cosmological solution by using this action in §4.2. If we assume that the dilaton is a constant, the action is given by

S_T = μ ∫ d^{10}x √ −g e^{−αT 2} F (λ∇_μT ∇^μT ) , (2.14) where the factor e^{−ϕ} can be absorbed into a redefinition of μ. We will argue the cosmological solution by using this action in §3.2. Sugimoto and Terashima have shown that tachyon matter is produced by the decay of the non-BPS Dp-brane in the flat spacetime and investigated the qualitative behavior of the cosmological solution by using this action [25]. The tachyon matter is pressureless gas with non-zero energy density, that is, its equation of state is represented as p = 0 [24]. We will discuss the production of the tachyon matter in our cosmological model. If the derivative of T is very small, then by using the approximation formula F(z) ≃ 1 + (2 ln 2)z, (2.15) under the condition z ≪ 1, we obtain the action in the Minahan-Zwiebach model [33] S_{M Z} = μ ∫ d^{10}x √ −g e^{−αT 2} (λ∇_μT ∇^μT + 1). (2.16)

Sugimoto and Terashima have pointed out that T diverges within finite time if we suppose this action [25]. We will shortly mention the numerical calculation in the Minahan-Zwiebach model case in appendix A.

3 Constant Dilaton Case

We investigate the time evolution of the universe in the constant dilaton case as a simple example of gravity coupled to the open string gas or the open string tachyon in this section.

Although the constant dilaton is not a solution of dilaton gravity case as we will explain in the next section, we can apply this calculation if the dilaton has settled down to the (local) minimum of the dilaton potential as we have mentioned in the previous section.

3.1 Open String Gas Case

Let us first consider the high temperature case. In this case, it is sufficient to consider the action for open string gas for the system of strings and non-BPS D9-branes. Previously Einstein gravity coupled to open string gas on BPS D-branes has been investigated in the context of inflation due to the winding modes of open strings [34]. We will show different type of solution. The action we consider here is the sum of the Einstein-Hilbert action (2.3) and that for the open string gas (2.4). In this case, the equation of motion is simply given by the Einstein equation R_{μν} − 1 2 g_{μν} R − κ^2T_{μν} = 0. (3.1)

Let us assume that the universe is spatially homogeneous and isotropic, for simplicity. We also suppose that the spatial curvature is flat. Then the line element is that of the spatially flat Robertson-Walker metric

ds^2 = −dt^2 + a^2(t) 9∑ i=1 (dx^i)^2, (3.2)

where a(t) is a scale factor and is a function of time t. We also suppose that the energy density ρ and the pressure p are functions of t,

ρ = ρ(t), (3.3) p = p(t). (3.4)

Under these conditions, the Einstein equation (3.1) can be rewritten as

36H^2 − κ^2ρ = 0, (3.5) 8Ḣ + 36H^2 + κ^2p = 0, (3.6)

where H is the Hubble parameter H = ȧ a , (3.7)

and dot denotes the time derivative. From these equations, we can derive a modified energy conservation equation Ė + 9HP = 0, (3.8)

where E and P are defined as

E ≡ ρa^9, (3.9) P ≡ pa^9. (3.10)

E is the total energy of open string gas. Substituting the equation of state for open string gas (2.7) into (3.8), we obtain E = (E_0^{12} − wa^{92} )^2, (3.11)

Figure 1: The time evolution of the scale factor a(t) in the case of Einstein gravity coupled to open string gas. We have omitted the factor (E_0/w^2)^{1/9} and have set c = 0.

where the constant E_0 equals to the total energy E if the scale factor a vanishes. We can easily derive the general solution for equations of motion by using these equations. The expansion solution is given by a(t) = ( E_0 w^2

)^1_9 [

1 − exp ( − 3wκ 4 t + c )]^2_9

, (3.12)

where c is an integration constant. We display the time evolution of the scale factor a(t) in Figure 1. The universe evolves in the decelerated expansion phase at first. We cannot avoid the initial singularity in the framework of Einstein gravity coupled to open string gas. We must consider the α^′ correction near the curvature singularity. The scale factor asymptotically approaches to the constant value as t → ∞. This is because the total energy E asymptotically approaches to zero as we can see from (3.11), and we are considering the case that the spatial curvature is zero. Thus, we cannot apply the equation of state (2.7) in this region, because the condition (2.9) is no longer satisfied in this case. The time reversal t → −t of (3.12) is also a solution and it represents a contraction solution.

3.2 Rolling Tachyon Case

Let us next consider the case that the tachyon rolls down the potential at zero temperature. The action we consider is the sum of Einstein-Hilbert one (2.3) and that for the tachyon field (2.14). In this case, the equation of motion is given by R_{μν} − 1 2 g_{μν} R + μκ^2e^{−αT 2} g_{μν} F(λ∇_αT ∇^αT ) −2μκ^2e^{−αT 2} λ∇_μT ∇_νT F^′(λ∇_αT ∇^αT ) = 0, (3.13) 2λ^2∇_μ∇_βT ∇^βT ∇^μT F^{′′}(λ∇_μT ∇^μT ) +λ (∇_μ∇^μT − 2αT ∇_μT ∇^μT ) F^′(λ∇_μT ∇^μT ) +αT F(λ∇_μT ∇^μT ) = 0. (3.14)

Figure 2: The time evolution of the scale factor a(t) (left) and the tachyon field T (t) (right) in the case of Einstein gravity coupled to tachyon field. We have set a_0 = N = 1. The initial condition for the tachyon is T = 10^{−10} and Ṫ = 0 at t = 1000. We choose such a small initial value of T in order to show the inflation phase exists before the decelerated expansion phase.

We assume that the universe is homogeneous and isotropic like in the previous subsection, and that the tachyon T is a function of t

T = T (t), (3.15)

as well as the line element is given by that of the spatially flat Robertson-Walker metric (3.2). Then the equations of motion are rewritten as

36H^2 − μκ^2e^{−αT 2} F(−λṪ^2) − 2μκ^2e^{−αT 2} λṪ^2F^′(−λṪ^2) = 0, (3.16) 8Ḣ + 36H^2 − μκ^2e^{−αT 2} F(−λṪ^2) = 0, (3.17) 2λ^2Ṫ^2T̈ F^{′′}(−λṪ^2) − λ ( T̈ + 9HṪ − 2αT Ṫ^2 ) F^′(−λṪ^2)

+αT F(−λṪ^2) = 0. (3.18)

There are three equations although we have only two unknown functions a(t) (or H(t)) and T (t). However, we can show that independent equations are only two equations.

In order to perform the numerical calculation, we must choose a reasonable initial condition. We have supposed that the non-BPS D9-branes are stable and T = 0 in the high temperature case. We can easily solve the equations of motion at zero temperature if the tachyon remains at T = 0. Substituting T = 0 into above equations of motion, we obtain the de Sitter solution

a = a_0 exp (1 6 μ^{12} κt ) , (3.19)

where the constant a_0 is the scale factor at t = 0. This is because the tension energy of these branes can provide an effective cosmological constant. Thus, it is reasonable to choose the initial condition which is close to the de Sitter solution. We calculate the numerical solution by choosing (3.17) and (3.18) as the independent equations as is depicted in Figure

2. From this we can see that the tachyon asymptotically approaches to a linear function of t. Sugimoto and Terashima have pointed out that the tachyon asymptotically approaches to T → t √ λ + const. (3.20)

as t → ∞ [25]. This comes from the divergence of F(z) and its derivative at z = −1. We can derive (3.20) from −λṪ^2 = −1. Sugimoto and Terashima have shown that the ratio p/ρ for the tachyon field vanishes at z = −1. Thus, tachyon matter is produced in this case. As we can see from Figure 2, the scale factor asymptotically approaches to a constant as t → ∞. This is because the energy density of the tachyon field approaches to zero as t → ∞ and we are considering the case that the spatial curvature is zero. The inflation phase continues for a long time if we choose large N or small initial value of T .

The whole story in the constant dilaton case is summarized as follows. The universe evolves in the decelerated expansion phase near the Hagedorn temperature at first. In this phase, T = 0 is the potential minimum and Non-BPS D9-branes are stable. The temperature decreases as the universe expands. Then T = 0 becomes the local maximum of the potential and the universe expands inflationary. The tachyon starts to roll down the potential and the non-BPS D9-branes decay. Finally, the universe turns to be in the decelerated expansion phase.

4 Dilaton Gravity Case

We have discussed the constant dilaton case in the previous section. However, type IIA supergravity contains dilaton gravity and the constant dilaton is not a solution in the dilaton gravity without dilaton potential as we will see below. Even if the dilaton potential exists, there is no reason why the dilaton settles down to the potential minimum from the beginning of the universe. In this sense it is natural to consider the scenario that the dilaton starts from the any point in the dilaton potential, then it moves towards the potential minimum, and finally it settles down to the potential minimum. As a first step towards such a scenario, we will consider the dilaton gravity case without the dilaton potential in this section.

4.1 Open String Gas Case

Let us first consider the high temperature case. The action we consider is the sum of that for dilaton gravity (2.1) and that for open string gas (2.4). In this case, the equation of motion in the string frame is calculated as

2R_{μν} + 4∇_μ∇_ν ϕ − 2κ^2e^{2ϕ}T_{μν} = 0, (4.1) R − 4∇_μϕ∇^μϕ + 4∇_μ∇^μϕ = 0. (4.2)

We assume that the universe is homogeneous and isotropic like in the previous section, and that the dilaton ϕ is a function of t, ϕ = ϕ(t), (4.3) as well as the line element, the energy density ρ and the pressure p are given by (3.2) ∼ (3.4), respectively. Then the equations of motion are rewritten as 9(Ḣ + H^2) − 2ϕ̈ + κ^2e^{2ϕ}ρ = 0, (4.4) Ḣ + 9H^2 − 2Hϕ̇ − κ^2e^{2ϕ}p = 0, (4.5) 9(Ḣ + 5H^2) + 2ϕ̇^2 − 2ϕ̈ − 18Hϕ̇ = 0. (4.6) Since these equations of motion are invariant under the T-duality transformation [35] [36], it is convenient to introduce the new variable φ as φ ≡ 2ϕ − 9 ln a. (4.7) Then the equations of motion can be rewritten as 9H^2 − φ̈ + κ^2Ee^φ = 0, (4.8) Ḣ − Hφ̇ − κ^2P e^φ = 0, (4.9) φ̇^2 − 2φ̈ + 9H^2 = 0, (4.10) where E and P are defined as (3.9) and (3.10), respectively. We can derive a modified energy conservation equation (3.8) from these equations. Substituting the equation of state for open string gas (2.7) into (3.8), we can also obtain the total energy E as a function of the scale factor a as (3.11).

We must solve equations (4.8) ∼ (4.10) in order to obtain a(t) and ϕ(t) (or H(t) and φ(t)). However, it is difficult to compute the exact solution for the above non-linear differential equations. Recall that we can apply the equation of state (2.7) when the energy density satisfies the condition (2.9), that is, it is much larger than the string scale, as we have mentioned in §2. From (3.11), this condition is satisfied only when

E_0^{12} ≫ wa^{92} , (4.11) since w is close to the string scale energy density, and E is approximated as E ≃ E_0. (4.12) Thus, the total energy is almost a constant. Substituting this into (3.8), we find out that P ≃ 0. (4.13) Previously, Tseytlin and Vafa have derived the cosmological solution in the case that P = 0 [37]. They investigated such a case because the equation of state of closed string gas can be approximated as (4.13). In this case we can obtain the general solution. One of the solutions is given by

a(t) = a_0 ( t − b_2 t + b_1

) 1_3

, (4.14)

ϕ(t) = ln a_0^9 | t − b_2 | d(t + b_1)^2

, (4.15)

Figure 3: The time evolution of the scale factor a(t) (left) and the string coupling g_s(t) (right) in the case of dilaton gravity coupled to open string gas. We have set a_0 = b_1 = b_2 = d = 1.

where a_0, d, b_1 and b_2 are constants. b_1 and b_2 satisfy b_1 + b_2 > 0. d is given by d = κ^2E_0 2 . (4.16)

a_0 corresponds to the value of a(t) at t → ±∞. This solution is defined in the region t < −b_1 or t > b_2, and is an expansion one. Another solution is its time reversal t → −t and is a contraction one. We shall concentrate on the expansion solution. Since the dilaton ϕ in (4.15) is a function of t, the coupling of strings g_s is also a function of t. It is given by

g_s(t) = e^{ϕ(t)} = a_0^9 | t − b_2 | d(t + b_1)^2

. (4.17)

We display the time evolution of the scale factor a(t) and the coupling g_s(t) in Figure 3.

For t < −b_1, the universe evolves from the infinite past in the accelerated expansion phase like superinflation solution in the pre-big bang scenario [38]. It should be noted that there is no initial singularity. Then the scale factor and curvature diverge at t = −b_1. However, the temperature decreases as the scale factor increases, since the total energy E is conserved. Then T = 0 becomes the local maximum of the tachyon potential, and the tachyon starts to roll down the potential.

For t ≥ b_2, on the other hand, the universe evolves in the decelerated expansion phase at first. We cannot avoid the initial singularity in this case. We must consider the α^′ correction near the curvature singularity. The scale factor asymptotically approaches to a constant like in the constant dilaton case in the previous section. If the integration constants satisfy E_0^{12} ≫ wa_0^{92} , the universe remains constant volume, while if they satisfy E_0^{12} ≤ wa_0^92 , we cannot apply the equation of state (2.7) or (4.13) when the energy density no longer satisfies the condition (2.9). The tachyon rolls down the potential in the latter case. We will investigate the rolling tachyon case in the next subsection.

4.2 Rolling Tachyon Case

Let us next consider the case that the tachyon rolls down the potential at zero temperature. The action we consider is the sum of that for dilaton gravity (2.1) and that for the tachyon and the dilaton (2.13). In this case, the equations of motion in the string frame is calculated as 2R_{μν} + 4∇_μ∇_ν ϕ − μκ^2e^{ϕ−αT 2} {4λ∇_μT ∇_νT F^′(λ∇_αT ∇^αT ) −g_{μν} F(λ∇_αT ∇^αT )} = 0, (4.18) R − 4∇_μϕ∇^μϕ + 4∇_μ∇^μϕ − μκ^2e^{ϕ−αT 2} F(λ∇_μT ∇^μT ) = 0, (4.19) 2λ^2∇_μ∇_βT ∇^βT ∇^μT F^{′′}(λ∇_μT ∇^μT ) +λ (∇_μ∇^μT − 2αT ∇_μT ∇^μT − ∇_μϕ∇^μT ) F^′(λ∇_μT ∇^μT ) +αT F(λ∇_μT ∇^μT ) = 0. (4.20) We assume that the universe is homogeneous and isotropic like in the previous section, and that the line element, the tachyon T and the dilaton ϕ are given by (3.2), (3.15) and (4.3), respectively. Then the equations of motion are rewritten as 18(Ḣ + H^2) − 4ϕ̈ + μκ^2e^{ϕ−αT 2} { 4λṪ^2F^′(−λṪ^2) + F(−λṪ^2) } = 0, (4.21) 2(Ḣ + 9H^2) − 4Hϕ̇ + μκ^2e^{ϕ−αT 2} F(−λṪ^2) = 0, (4.22) 18(Ḣ + 5H^2) + 4ϕ̇^2 − 4ϕ̈ − 36Hϕ̇ − μκ^2e^{ϕ−αT 2} F(−λṪ^2) = 0, (4.23) 2λ^2Ṫ^2T̈ F^{′′}(−λṪ^2) − λ ( T̈ + 9HṪ − 2αT Ṫ^2 − ϕ̇Ṫ ) F^′(−λṪ^2) +αT F(−λṪ^2) = 0. (4.24) There are four equations although we have only three unknown functions a(t) (or H(t)) ϕ(t) and T (t). However, we can show that independent equations are only three equations under the condition ϕ̇ ≠ 0. This means that the constant dilaton is not a solution.

In order to obtain the reasonable initial condition for numerical calculation, we derive the exact solution in the T = 0 case, namely, when the tachyon remains at metastable point. In this case the independent equations of motion is obtained from (4.21) ∼ (4.24) as −36H^2 − 2ϕ̇^2 + 18Hϕ̇ + μκ^2e^ϕ = 0, (4.25) 4Ḣ − ϕ̈ + Hϕ̇ = 0. (4.26) Now we derived these equations in the string frame. If we consider the same problem in the Einstein frame, we obtain Einstein gravity coupled to a scalar field with an exponential potential. Previously the exact solution in such a case is calculated in [39]. We can apply the similar method to our case. In order to solve these equations, it is convenient to define the variables u, v, τ as ln a − 1 4 ϕ = 1 9 (u + v), (4.27) ϕ = 4 3 (v − u), (4.28) dτ dt = 3μ^{12} κ 4 exp [ − 2 3 (u − v) ] . (4.29)

Figure 4: The time evolution of the scale factor a(t) (left) and the string coupling g_s(t) (right) in the T = 0 case. We have set c_1 = 1, c_2 = c_3 = c_4 = 0.

Then, using these variables, the equations of motion can be rewritten as u^′v^′ = 1, (4.30) u^{′′} + v^{′′} + 2(v^′)^2 − 2u^′v^′ = 0, (4.31) where prime denotes the derivative by τ . Eliminating u from these equations, we obtain { 1 − 1 (v^′)^2 } { v^{′′} + 2(v^′)^2 } = 0. (4.32)

If we choose (v^′)^2 = 1, we obtain the constant dilaton solution, which does not satisfy the condition ϕ̇ ≠ 0. Thus, we have to choose v^{′′} + 2(v^′)^2 = 0. (4.33) Substituting (4.30) and (4.33) into (4.31), we obtain u^{′′} − 2 = 0. (4.34) We can easily derive the general solution of these equations as u = τ^2 + c_3τ + c_4, (4.35) v = 1 2 ln |c_1τ + c_2|, (4.36) where c_1 ∼ c_4 are integration constants. From (4.30), (4.35) and (4.36), we can see that c_1, c_2 and c_3 are related as c_1c_3 = 2c_2. (4.37) Substituting (4.35) and (4.36) into (4.27) ∼ (4.29), we obtain the solution in the T = 0 case as ϕ = 2 3 { ln |c_1τ + c_2| − 2(τ^2 + c_3τ + c_4) } , (4.38)

a = |c_1τ + c_2|^{29} exp [ − 2 9 (τ^2 + c_3τ + c_4) ] , (4.39) dτ dt = 3μ^{12} κ 4 |c_1τ + c_2|^{13} exp [ − 2 3 (τ^2 + c_3τ + c_4) ] , (4.40)

Figure 5: The time evolution of the scale factor a(t) (left), the string coupling g_s(t) (right) and the tachyon T (t) (below) for c_1 = 1. We have set N = 1, c_2 = c_3 = c_4 = 0. The initial condition for the tachyon is T = 0.01 and Ṫ = 0 at τ = 0.1.

by using the parameter τ . Since the right hand side of the last equation (4.40) is positive in τ < −c_2/c_1 and τ > −c_2/c_1, t is a monotone increasing function of τ in both regions. We display the time evolution of the scale factor a(t) and the coupling g_s(t) in Figure 4. For τ ≤ −c_2/c_1, the universe evolves in the accelerated expansion phase at first and turns to be in the decelerated expansion phase, then contracts towards a singularity, while for τ ≥ −c_2/c_1 the universe evolves in the decelerated expansion phase at first and turns to be in the contraction phase. The accelerated expansion solution in the high temperature case naturally connects to the accelerated expansion phase in τ ≤ −c_2/c_1, while decelerated expansion solution in the high temperature case to the decelerated expansion phase in τ ≥ −c_2/c_1.

Before turning to the numerical calculation, we mention the time evolution of the universe after the tachyon rolls down the potential. In this case, tachyon matter is produced, since the tachyon asymptotically approaches to the linear function of t (3.20) as we will see below. The equation of motion for the tachyon matter is given by p = 0. So, it is expected that the solution in the rolling tachyon case asymptotically approaches to the P = 0 solution which we obtained in the high temperature case in the previous subsection. Therefore, if there is a solution which interpolate smoothly between the inflation phase in the T = 0 case and the decelerated expansion solution in the P = 0 case, such a solution represent a completely non-singular cosmological model as has been proposed in the pre-big bang scenario [38].

Figure 6: The time evolution of the scale factor a(t) (left), the string coupling g_s(t) (right) and the tachyon T (t) (below) for c_1 = 0.1. We have set N = 1, c_2 = c_3 = c_4 = 0. The initial condition for the tachyon is T = 0.01 and Ṫ = 0 at τ = 0.1.

Let us now turn to the numerical calculation. From the equations of motion (4.21) ∼ (4.24), we can obtain

ϕ̈ = ϕ̇^2 − 18H^2 − 5 2 μκ^2e^{ϕ−αT 2} F(−λṪ^2), (4.41)

Ḣ = 2Hϕ̇ − 9H^2 − 1 2 μκ^2e^{ϕ−αT 2} F(−λṪ^2), (4.42)

T̈ = { 2λṪ^2F^{′′}(−λṪ^2) − F^′(−λṪ^2) }_{−1} × {( 9HṪ − 2αT Ṫ^2 − ϕ̇Ṫ ) F^′(−λṪ^2) − α λ T F(−λṪ^2) } . (4.43)

We choose these equations as the independent equations for the numerical calculation. Let us first consider the initial condition close to the decelerated expansion phase for τ ≥ −c_2/c_1 in the T = 0 case. It is expected that the decelerated expansion solution in the high temperature case is smoothly connected to this phase. If we take a large c_1, the transition to the contraction phase occurs before the tachyon rolls down the potential. We display the time evolution of the scale factor a(t), the coupling g_s(t) and the tachyon T (t) in the c_1 = 1 case in Figure 5. We must set c_1 to a small value in order to keep the decelerated expansion phase. We display the time evolution of the scale factor a(t), the coupling g_s(t) and the tachyon T (t) in the c_1 = 0.1 case in Figure 6. Thus, if we take a small c_1, we can connect the decelerated expansion phase in the T = 0 case to the decelerated expansion solution in the P = 0 case. We can see from Figure 5 and Figure 6 that the tachyon asymptotically approaches to the

Figure 7: The time evolution of the scale factor a(t) (left), the string coupling g_s(t) (right) and the tachyon T (t) (below) for the initial parameter τ = −1.17. We have set N = c_1 = 1, c_2 = c_3 = c_4 = 0. The initial condition for the tachyon is T = 0.01 and Ṫ = 0.

linear function of t (3.20) as t → ∞ in both cases, like in the Einstein gravity case. Thus, the tachyon matter is produced, and the equation of state for the tachyon field becomes p = 0. Taking the results in the high temperature case into the consideration, we may be able to construct the cosmological scenario in which the universe evolves in the decelerated expansion phase at high temperature, and this phase is kept even at low temperature.

Secondly, let us consider the initial condition close to the decelerated expansion phase for τ ≤ −c_2/c_1 in the T = 0 case. It is expected that the accelerated expansion solution in the high temperature case is smoothly connected to the accelerated expansion phase for τ ≤ −c_2/c_1 in the T = 0 case. The results are very sensitive to the initial condition. If we set the tachyon T = 0.01 and its derivative Ṫ = 0 at τ = −1.17 the universe evolves from deceleration to acceleration as is depicted in Figure 7, while if we set them at τ = −1.16 the universe evolves from expansion to contraction as is depicted in Figure 8. The scale factor diverges or vanishes within finite time, and the curvature diverges in both cases. The same observation applies to the small c_1 case. Although it is not to be denied that there is a special initial condition which leads to a solution without curvature singularity, we obtain a solution with curvature singularity in general. It is difficult to avoid the curvature singularity within the framework of type IIA supergravity coupled to the tachyon field without the dilaton potential. We must deal with the α^′ corrections to the type IIA supergravity in these cases. We can see from Figure 7 and Figure 8 that the tachyon asymptotically approaches to the linear function of t (3.20) as t → ∞ in both cases. Thus, the tachyon matter is produced

Figure 8: The time evolution of the scale factor a(t) (left), the string coupling g_s(t) (right) and the tachyon T (t) (below) for the initial parameter τ = −1.16. We have set N = c_1 = 1, c_2 = c_3 = c_4 = 0. The initial condition for the tachyon is T = 0.01 and Ṫ = 0.

also in these cases. Taking the results in the high temperature case into consideration, the universe evolves from the infinite past in the accelerated expansion phase, and the universe evolves in the accelerated expansion phase or in the accelerated contraction phase at last. We may be able to construct the cosmological model without the initial singularity, but the curvature diverges within finite time in the framework of dilaton gravity coupled to tachyon field, and we must consider the α^′ correction.

5 Conclusion and Discussion

We have investigated the time evolution of the universe in the presence of non-BPS D9-branes by using Einstein gravity and dilaton gravity. We try to construct the following scenario for the early universe: The universe expands near the Hagedorn temperature and the open string gas on the non-BPS D9-branes dominates the total energy of the system of strings and non-BPS D9-branes at first. The temperature decreases as the universe expands. Then T = 0 becomes the local maximum of the potential and the non-BPS D9-branes become unstable at low temperature. Finally, the tachyon rolls down the potential and the non-BPS D9-branes disappear.

In the Einstein gravity case, the universe evolves in the decelerated expansion phase near the Hagedorn temperature at first, and turns to be in the inflation phase, and finally evolves in the decelerated expansion phase. We obtain two types of cosmological scenario in the dilaton gravity case. First, the universe evolves in the decelerated expansion phase at high temperature, and this phase is kept even at low temperature. Secondly, the universe evolves from the infinite past in the accelerated expansion phase, and the universe evolves in the accelerated expansion phase or in the accelerated contraction phase at last.

We have only dealt with the high temperature case and the zero temperature case. However, we must derive a solution at intermediate temperature in order to discuss our cosmological model more precisely^8. In addition to this, we must consider α^′ correction for supergravity, higher derivative of the tachyon field, higher-loop correction, and so on. Much still remains to be done.

We have constructed our model by using dilaton gravity without the dilaton potential in this paper. However there is a possibility that, if we consider dilaton gravity with the dilaton potential, we can find out a solution which interpolate smoothly between the accelerated expansion phase and decelerated expansion one. It is worth while examining dilaton gravity with the dilaton potential and deriving the energy condition for graceful exit like it has been done in the case of the pre-big bang scenario [40].

We have only considered the very simple case that the tachyon field is represented as (1.4) and that the tachyon rolls down homogeneously. In general, we must deal with an arbitrary matrix which depends not only on the time coordinate t but also on the spatial coordinate x_i. If the tachyon condensates in a topologically non-trivial configuration, lower dimensional branes form as topological defects as we have mentioned in §1. We are able to argue the probability of formation of any type of branes if we can estimate the time evolution of the tachyon field in the gravitational background. In particular, it is worth while investigating the D3-brane case, since its world volume is 4-dimensional spacetime. It would be interesting to examine the possibility of cosmological brane models such as Randall- Sundrum model [41] [42], Brane Gas Cosmology [43], ekpyrotic universe [44], KKLT model [45] and KKLMMT model [46] in this context [20] [28] [29] [30] [31].

We have discussed the production of tachyon matter, but ignored the creation of closed strings from the decaying non-BPS D9-branes. The creation of closed strings in the rolling tachyon background has been discussed recently [47]. Sen, Yi, Yee and Gutperle have emphasized that tachyon matter is nothing but the closed strings created at the end of brane decay based on the analysis of decay of non-BPS D-brane in the presence of electric field [48]. It would be interesting to investigate the effect of the closed strings to our cosmological model.

8It must be noted that the tachyon field need not satisfy the slow-roll condition in the (9 + 1)-dimensional case. It is sufficient that the smoothness and flatness problems are resolved on our Brane World during its formation.

Acknowledgements

The author would like to thank S. Sugimoto, S. Terashima, K. Hashimoto, H. Shimada, Y. Sato and colleagues at KEK and University of Tokyo, Komaba for useful discussions. He appreciates the Yukawa Institute for Theoretical Physics at Kyoto University. Discussions during the YITP workshop YITP-W-05-08 on ”String Theory and Quantum Field Theory,” YITP-W-05-09 on ”Thermal Quantum Field Theories and Their Applications” and YITP- W-05-21 on ”Fundamental Problems and Applications of Quantum Field Theory” were useful to complete this work.

A Minahan-Zwiebach Model Case

Here, we shortly mention the Minahan-Zwiebach model case. The action we consider is the sum of that for Einstein-Hilbert one (2.3) and that for Minahan-Zwiebach model (2.16). Then the equations of motion are given by R_{μν} − 1 2 g_{μν} R + μκ^2e^{−αT 2} g_{μν} (λ∇_αT ∇^αT + 1) − 2μκ^2e^{−αT 2} λ∇_μT ∇_νT = 0, (A.1) λ∇_μ∇^μT − αλT ∇_μT ∇^μT + αT = 0. (A.2) We assume that the universe is homogeneous and isotropic, and that the line element and tachyon T are given by (3.2) and (3.15), respectively, as we have done so far. Then the equations of motion are rewritten as

36H^2 − μκ^2e^{−αT 2} (λṪ^2 + 1) = 0, (A.3) 8Ḣ + 36H^2 + μκ^2e^{−αT 2} (λṪ^2 − 1) = 0, (A.4) λT̈ + 9λHṪ − αλT Ṫ^2 − αT = 0. (A.5) We choose the initial condition close to de Sitter solution like in the §3.2. The result of numerical calculation is depicted in Figure 9. The tachyon reaches to the potential minimum within finite time as Sugimoto and Terashima have pointed out [25]. We can also show that the tachyon diverges within finite time in the dilaton gravity case.

References

[1] A. Sen, “BPS D-branes on Non-supersymmetric Cycles,” JHEP 9812 (1998) 021, hepth/9812031.

[2] K. Ohmori, “A Review on Tachyon Condensation in Open String Field Theories,” hepth/0102085.

[3] A. Sen, “Tachyon Condensation on the Brane Antibrane System,” JHEP 9808 (1998) 012, hep-th/9805170; “Descent Relations among Bosonic D-branes,” Int. J. Mod. Phys.

Figure 9: The time evolution of the tachyon T in the case of Einstein gravity coupled to tachyon field in the Minahan-Zwiebach model. We have set a_0 = N = 1. The initial condition for the tachyon is T = 0.01 and Ṫ = 0 at t = 1.

A14 (1999) 4061, hep-th/9902105; “Non-BPS States and Branes in String Theory,” hep-th/9904207; “Universality of the Tachyon Potential,” JHEP 9912 (1999) 027, hepth/9911116.

[4] K. Hotta, “Brane-Antibrane Systems at Finite Temperature and Phase Transition near the Hagedorn Temperature,” JHEP 0212 (2002) 072, hep-th/0212063.

[5] K. Hotta, “Finite Temperature Systems of Brane-Antibrane on a Torus,” JHEP 0309 (2003) 002, hep-th/0303236.

[6] K. Hotta, “Finite Temperature Systems of Brane-Antibrane Pairs and Non-BPS Dbranes,” Prog. Theor. Phys. 112 (2004) 653, hep-th/0403078.

[7] U. H. Danielsson, A. Güijosa and M. Kruczenski, “Brane-Antibrane Systems at Finite Temperature and the Entropy of Black Branes,” JHEP 0109 (2001) 011, hepth/0106201.

[8] W. -H. Huang, “Boundary String Field Theory Approach to High-Temperature Tachyon Potential,” hep-th/0106002; “Brane-Antibrane Systems Interaction under Tachyon Condensation,” Phys. Lett. B561 (2003) 153, hep-th/0211127.

[9] E. Witten, “On Background Independent Open-String Field Theory,” Phys. Rev. D46 (1992) 5467, hep-th/9208027; “Some Computations in Background Independent Offshell String Theory,” Phys. Rev. D47 (1993) 3405, hep-th/9210065.

[10] S. L. Shatashvili, “Comment on the Background Independent Open String Theory,” Phys. Lett. B311 (1993) 83, hep-th/9303143; “On the Problems with Background Independence in String Theory,” Alg. Anal. 6 (1994) 215, hep-th/9311177.

[11] D. Kutasov, M. Marino and G. W. Moore, “Remarks on Tachyon Condensation in Superstring Field Theory,” hep-th/0010108; M. Marino, “On the BV Formulation of Boundary Superstring Field Theory,” JHEP 0106 (2001) 059, hep-th/0103089.

[12] T. Takayanagi, S. Terashima and T. Uesugi, “Brane-Antibrane Action from Boundary String Field Theory,” JHEP 0103 (2001) 019, hep-th/0012210.

[13] M. Srednicki, “IIB or not IIB,” JHEP 9808 (1998) 005, hep-th/9807138.

[14] O. Andreev and T. Oft, “On One-Loop Approximation to Tachyon Potentials,” Nucl.

Phys. B627 (2002) 330, hep-th/0109187.

[15] T. Banks, W. Fischler, S.H. Shenker and L. Susskind, “M Theory as a Matrix Model:

A Conjecture,” Phys. Rev. D55 (1997) 5112, hep-th/9610043.

[16] N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, “A Large-N Reduced Model as Superstring,” Nucl. Phys. B498 (1997) 467, hep-th/9612115.

[17] T. Asakawa, S. Sugimoto and S. Terashima, “D-branes, Matrix Theory and Khomology,” JHEP 0203 (2002) 034, hep-th/0108085.

[18] G. R. Dvali and S. H. H. Tye, “Brane Inflation,” Phys. Lett. B450 (1999) 72, hepph/9812483; G. R. Dvali, Q. Shafi and S. Solganik, “D-brane Inflation,” hepth/0105203; C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, “The Inflationary Brane-Antibrane Universe,” JHEP 0107 (2001) 047, hep-th/0105204; A. Mazumdar, S. Panda and A. Perez-Lorenzana, “Assisted inflation via tachyon condensation,” Nucl. Phys. B614 (2001) 101, hep-ph/0107058. C. P. Burgess, P. Martineau, F. Quevedo, G. Rajesh and R. J. Zhang, “Brane-Antibrane Inflation in Orbifold and Orientifold Models,” JHEP 0203 (2002) 052, hep-th/0111025.

[19] G. W. Gibbons, “Cosmological Evolution of the Rolling Tachyon,” Phys. Lett. B537 (2002) 1, hep-th/0204008; M. Fairbairn and M. H. G. Tytgat, “Inflation from a Tachyon Fluid?” Phys. Lett. B546 (2002) 1, hep-th/0204070; S. Mukohyama, “Brane cosmology driven by the rolling tachyon,” Phys. Rev. D66 (2002) 024009, hepth/0204084; A. Feinstein, “Power-Law Inflation from the Rolling Tachyon,” Phys. Rev. D66 (2002) 063511, hep-th/0204140; T. Padmanabhan, “Accelerated expansion of the universe driven by tachyonic matter,” Phys. Rev. D66 (2002) 021301, hep-th/0204150; A. V. Frolov, L. Kofman and A. A. Starobinsky, “Prospects and Problems of Tachyon Matter Cosmology,” Phys. Lett. B545 (2002) 8, hep-th/0204187; D. Choudhury, D. Ghoshal, D. P. Jatkar and S. Panda, “On the Cosmological Relevance of the Tachyon,” Phys. Lett. B544 (2002) 231, hep-th/0204204; X. -Z. Li, J. -G. Hao and D. -J. Liu, “Can Quintessence Be the Rolling Tachyon?” Chin. Phys. Lett. 19 (2002) 1584, hep-th/0204252; G. Shiu and I. Wasserman, “Cosmological Constraints on Tachyon Matter,” Phys. Lett. B541 (2002) 6, hep-th/0205003; M. Sami, “Implementing Power Law Inflation with Rolling Tachyon on the Brane,” Mod. Phys. Lett. A18 (2003) 691, hep-th/0205146; M. Sami, P. Chingangbam and T. Qureshi, “Aspects of Tachyonic Inflation with Exponential Potential,” Phys. Rev. D66 (2002) 043530, hep-th/0205179; T. Mehen and B. Wecht, “Gauge Fields and Scalars in Rolling Tachyon Backgrounds,” JHEP 0302 (2003) 058, hep-th/0206212; G. Shiu, S. H. H. Tye, I Wasserman, “Rolling Tachyon in Brane World Cosmology from Superstring Field Theory,” Phys. Rev. D67 (2003) 083517, hep-th/0207119; Y. -S. Piao, R. -G. Cai, X. Zhang and Y. -Z. Zhang, “Assisted Tachyonic Inflation,” Phys. Rev. D66 (2002) 121301, hep-ph/0207143; X. -Z. Li, D. -J. Liu and J. -G. Hao, “On the Tachyon Inflation,” hep-th/0207146; J. M.

Cline, H. Firouzjahi and P. Martineau, “Reheating from Tachyon Condensation,” JHEP 0211 (2002) 041, hep-th/0207156; A. Buchel, P. Langfelder and J. Walcher, “Does the Tachyon Matter?” Annals. Phys. 302 (2002) 78, hep-th/0207235; B. Wang, E. Abdalla and R. -K. Su, “Dynamics and Holographic Discreteness of Tachyonic Inflation,” Mod. Phys. Lett. A18 (2003) 31, hep-th/0208023; S. Mukohyama, “Inhomogeneous Tachyon Decay, Light-cone Structure and D-brane Network Problem in Tachyon Cosmology,” Phys. Rev. D66 (2002) 123512, hep-th/0208094; M. C. Bento, O. Bertolami and A. A. Sen, “Tachyonic Inflation in the Braneworld Scenario,” Phys. Rev. D67 (2003) 063511, hep-th/0208124; Y. -S. Piao, Q. -G. Huang, X. Zhang and Y. -Z. Zhang, “Non-minimally Coupled Tachyon and Inflation,” Phys. Lett. B570 (2003) 1, hep-ph/0212219; Z. -K. Guo, Y. -S. Piao, R. -G. Cai and Y. -Z. Zhang, “Inflationary Attractor from Tachyonic Matter,” Phys. Rev. D68 (2003) 043508, hep-ph/0304236; D. Choudhury, D. Ghoshal, D. P. Jatkar and S. Panda, “Hybrid Inflation and Brane- Antibrane System,” JCAP 0307 (2003) 009, hep-th/0305104; S. Nojiri and S. D. Odintsov, “Effective Equation of State and Energy Conditions in Phantom/Tachyon Inflationary Cosmology perturbed by Quantum Effects,” Phys. Lett. B571 (2003) 1, hep-th/0306212. Y. -S. Piao and Y. -Z. Zhang, “Thermal Tachyon Inflation,” hepth/0307074; M. R. Garousi, M. Sami and S. Tsujikawa, “Cosmology from Rolling Massive Scalar Field on the Anti-D3 Brane of de Sitter Vacua,” Phys. Rev. D70 (2004) 043536, hep-th/0402075; G. Calcagni, “Slow-roll Parameters in Braneworld Cosmologies,” Phys. Rev. D69 (2004) 103508, hep-ph/0402126; J. Raeymaekers, “Tachyonic Inflation in a Warped String Background,” JHEP 0410 (2004) 057, hep-th/0406195. G. Calcagni and S. Tsujikawa, “Observational Constraints on Patch Inflation in Noncommutative Spacetime,” Phys. Rev. D70 (2004) 103514, astro-ph/0407543; E. J. Copeland, M. R. Garousi, M. Sami and S. Tsujikawa, “What is needed of a Tachyon if it is to be the Dark Energy?” Phys. Rev. D71 (2005) 043003, hep-th/0411192; P. Chingangbam, S. Panda and A. Deshamukhya, “Non-minimally Coupled Tachyonic Inflation in Warped String Background,” JHEP 0502 (2005) 052, hep-th/0411210; Gianluca Calcagni, “Non-Gaussianity in Braneworld and Tachyon Inflation,” JCAP 0510 (2005) 009, astro-ph/0411773; G. Calcagni, A. R. Liddle and E. Ramirez, “Flow Equations in Generalized Braneworld Scenarios,” Phys. Rev. D72 (2005) 043513, astro-ph/0506558; S. Panda, M. Sami and S. Tsujikawa, “Inflation and Dark Energy arising from Geometrical Tachyons,” hep-th/0510112; S. Panda, M. Sami, S. Tsujikawa and J. Ward, “Inflation from D3-brane Motion in the Background of D5-branes,” hep-th/0601037.

[20] S. H. S. Alexander, “Inflation from D-D̄ brane annihilation,” Phys. Rev. D65 (2002) 023507, hep-th/0105032.

[21] G. W. Gibbons, “Thoughts on Tachyon Cosmology,” Class. Quant. Grav. 20 (2003) S321, hep-th/0301117.

[22] M. R. Garousi, “Tachyon Couplings on Non-BPS D-branes and Dirac-Born-Infeld Action,” Nucl. Phys. B584 (2000) 284, hep-th/0003122; E. A. Bergshoeff, M. de Roo, T. C. de Wit, E. Eyras and S. Panda, “T-duality and Actions for Non-BPS D-branes,” JHEP 0005 (2000) 009, hep-th/0003221; J. Kluson, “Proposal for Non-BPS D-brane Action,” Phys. Rev. D62 (2000) 126003, hep-th/0004106.

[23] G. Calcagni, “Cosmological Tachyon from Cubic String Field Theory,” hep-th/0512259.

[24] A. Sen, “Rolling Tachyon,” JHEP 0204 (2002) 048, hep-th/0203211; “Tachyon Matter,” JHEP 0207 (2002) 065, hep-th/0203265; “Field Theory of Tachyon Matter,” Mod. Phys. Lett. A17 (2002) 1797, hep-th/0204143.

[25] S. Sugimoto and S. Terashima, “Tachyon Matter in Boundary String Field Theory,” JHEP 0207 (2002) 025, hep-th/0205085.

[26] E. Witten, “D-Branes And K-Theory,” JHEP 9812 (1998) 019, hep-th/9810188.

[27] P. Horava, “Type IIA D-Branes, K-Theory, and Matrix Theory,” Adv. Theor. Math.

Phys. 2 (1999) 1373, hep-th/9812135.

[28] M. Majumdar and A. -C. Davis, “Cosmological Creation of D-branes and Anti-D-branes,” JHEP 0203 (2002) 056, hep-th/0202148.

[29] N. Barnaby and J. M. Cline, “Creating the Universe from Brane-Antibrane Annihilation,” Phys. Rev. D70 (2004) 023506, hep-th/0403223.

[30] D. Cremades, F. Quevedo and A. Sinha, “Warped Tachyonic Inflation in Type IIB Flux Compactifications and the Open-String Completeness Conjecture,” JHEP 0510 (2005) 106, hep-th/0505252; D. Cremades, “Electric Tachyon Inflation,” hep-th/0512294.

[31] R. Durrer, M. Kunz and M. Sakellariadou, “Why Do We Live in 3+1 Dimensions?”

Phys. Lett. B614 (2005) 125, hep-th/0501163.

[32] M. Dine and N. Seiberg, “Is the Superstring Weakly Coupled?” Phys. Lett. B162 (1985) 299.

[33] J. A. Minahan and B. Zwiebach, “Effective Tachyon Dynamics in Superstring Theory,” JHEP 0103 (2001) 038, hep-th/0009246.

[34] S. Abel, K Freese and Ian Kogan, “Hagedorn Inflation of D-branes,” JHEP 0101 (2001) 039, hep-th/0005028; “Hagedorn Inflation: Open Strings on Branes Can Drive Inflation,” Phys. Lett. B561 (2003) 1, hep-th/0205317; “Hagedorn Inflation: Open Strings on Branes Can Drive Inflation,” hep-th/0303046.

[35] K. Kikkawa, M. Yamasaki, “Casimir Effects in Superstring Theories,” Phys. Lett. B149 (1984) 357; N. Sakai and I. Senda, “ Vacuum Energies of String Compactified on Torus,” Prog. Theor. Phys. 75 (1986) 692.

[36] G. Veneziano, “ Scale Factor Duality for Classical and Quantum Strings,” Phys. Lett.

B265 (1991) 287.

[37] A. A. Tseytlin and C. Vafa, “ Elements of String Cosmology,” Nucl. Phys. B372 (1992) 443, hep-th/9109048; A. A. Tseytlin, “ Dilaton, Winding Modes and Cosmological Solutions,” Class. Quant. Grav. 9 (1992) 979, hep-th/9112004.

[38] M. Gasperini and G. Veneziano, “Pre-Big-Bang in String Cosmology,” Astropart. Phys.

1 (1993) 317, hep-th/9211021; “Inflation Deflation and Frame-Independence in String Cosmology,” Mod. Phys. Lett. A8 (1993) 3701, hep-th/9309023.

[39] A. B. Burd and J. D. Barrow, “Inflationary Models with Exponential Potentials,” Nucl.

Phys. B308 (1998) 929; J. G. Russo, “Exact Solution of Scalar Field Cosmology with Exponential Potentials and Transient Acceleration,” Phys. Lett. B600 (2004) 185, hep-th/0403010; E. Elizalde, S. Nojiri and S. D. Odintsov, “Late-time Cosmology in (Phantom) Scalar-Tensor Theory: Dark Energy and the Cosmic Speed-up,” Phys. Rev. D70 (2004) 043539, hep-th/0405034.

[40] N. Kaloper, R. Madden and K. A. Olive, “Towards a Singularity-Free Inflationary Universe?” Nucl. Phys. B452 (1995) 677, hep-th/9506027; R. Brustein and R. Madden, “Graceful Exit and Energy Conditions in String Cosmology,” Phys. Lett. B410 (1997) 110, hep-th/9702043.

[41] L. Randall and R. Sundrum, “A Large Mass Hierarchy from a Small Extra Dimension,” Phys. Rev. Lett. 83 (1999) 3370, hep-ph/9905221.

[42] L. Randall and R. Sundrum, “An Alternative to Compactification,” Phys. Rev. Lett.

83 (1999) 4690, hep-th/9906064.

[43] S. Alexander, R. Brandenberger and D. Easson, “Brane Gases in the Early Universe,” Phys. Rev. D62 (2000) 103509, hep-th/0005212.

[44] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “The Ekpyrotic Universe:

Colliding Branes and the Origin of the Hot Big Bang,” Phys. Rev. D64 (2001) 123522, hep-th/0103239.

[45] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “de Sitter Vacua in String Theory,” Phys. Rev. D68 (2003) 046005, hep-th/0301240.

[46] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, “Towards Inflation in String Theory,” JCAP 0310 (2003) 013, hep-th/0308055.

[47] N. Lambert, H. Liu and J. Maldacena, “Closed Strings from Decaying D-branes,” hepth/0303139; D. Gaiotto, N. Itzhaki and L. Rastelli, “Closed Strings as Imaginary D-branes,” Nucl. Phys. B688 (2004) 70, hep-th/0304192; K. Nagami, “Closed String Emission from Unstable D-brane with Background Electric Field,” JHEP 0401 (2004) 005, hep-th/0309017.

[48] A. Sen, “Open-Closed Duality at Tree Level,” Phys. Rev. Lett. 91 (2003) 181601, hepth/0306137; H. -U. Yee, P. Yi, “Open/Closed Duality, Unstable D-Branes, and Coarse- Grained Closed Strings,” Nucl. Phys. B686 (2004) 31, hep-th/0402027; M. Gutperle and P. Yi, “Winding Strings and Decay of D-Branes with Flux,” JHEP 0501 (2005) 015, hep-th/0409050.