Published by Institute of Physics Publishing for SISSA/ISAS Received: April 10, 2003 Accepted: September 1, 2003

Finite temperature systems of brane-antibrane on a torus

Kenji Hotta

Department of Physics, Kyoto University Kyoto 606-8502, Japan E-mail: khotta@gauge.scphys.kyoto-u.ac.jp

Abstract: In order to study the thermodynamic properties of brane-antibrane systems in the toroidal background, we compute the finite temperature effective potential of tachyon T in this system on the basis of boundary string field theory. We first consider the case that all the radii of the target space torus are about the string scale. If the Dp-Dp pair is extended in all the non-compact directions, the sign of the coefficient of |T |^2 term of the potential changes slightly below the Hagedorn temperature. This means that a phase transition occurs near the Hagedorn temperature. On the other hand, if the Dp-Dp pair is not extended in all the non-compact directions, the coefficient is kept negative, and thus a phase transition does not occur. Secondly, we consider the case that some of the radii of the target space torus are much larger than the string scale and investigate the behavior of the potential for each value of the radii and the total energy. If the Dp-Dp pair is extended in all the non-compact directions, a phase transition occurs for large enough total energy.

Keywords: D-branes, String Duality, Tachyon Condensation, String Field Theory.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep092003002 /jhep092003002 .pdf

Contents

1. Introduction 1

2. Free energy of open strings 2

3. Complex temperature formalism 5 3.1 String scale radius case 7 3.2 Large radius case 8

4. Finite temperature effective potential near the Hagedorn temperature 9 4.1 String scale radius case 10 4.2 Large radius case 13

5. Conclusion and discussion 18

1. Introduction

Non BPS configurations of branes such as brane-antibrane pairs and non BPS D-branes have received attention recently (for a review see e.g. [1]). Open strings on these branes have a tachyonic mode, and these configurations are unstable. The tachyon potential on these configurations is calculated by using string field theory. For example, the tachyon potential on the Dp-Dp system in type II string theory was computed on the basis of boundary string field theory (BSFT) [2, 3] by Minahan and Zwiebach [4] and by Kutasov, Marino and Moore [5]. It is given by

V (T ) = 2τ_pV exp(−8|T |^2) , (1.1)

where T is a complex scalar tachyon field, V is the volume of the system that we are considering, and τ_p is the tension of a Dp-brane, which is defined by

τ_p = 1 (2π)^pα^{′ p+12} g_s

, (1.2)

where g_s is the coupling constant of strings. This potential has the minimum at |T | = ∞, and its qualitative features agree with Sen’s conjecture [6].

Although the tachyon potential is unstable at T = 0, there is a possibility that T = 0 becomes a stable minimum at high temperature. There are some approaches to the statistical mechanics of open strings on the Dp-Dp system. Danielsson, Güijosa and Kruczenski evaluated the finite temperature effective potential when there is only the tachyon field [7]. Huang attempted to evaluate the finite temperature effective potential based on BSFT of

– 1 – bosonic strings [8] and then investigated a finite temperature system of the parallel brane and antibrane with a finite distance [9]. However, in these models, we cannot see the behavior of the system near the Hagedorn temperature, which is the maximum temperature of perturbative strings.

In the previous work [10], we have computed the finite temperature effective potential of the brane-antibrane systems near the Hagedorn temperature on the basis of the work of Andreev and Oft [11]. In the D9-D9 case, the sign of the coefficient of |T |^2 term of the potential changes slightly below the Hagedorn temperature from negative to positive as the temperature increases, while the coefficient is kept negative in the Dp-Dp case with p ≤ 8. Therefore, we conclude that not a lower dimensional brane-antibrane pair but a spacetime-filling D9-D9 pair is created near the Hagedorn temperature. This is the result in the case that the target space is non-compact.

A considerable number of studies have been made on the application of the braneantibrane system to cosmology [12, 13] (for a review see e.g. [14]). It is important to investigate the brane-antibrane systems from the cosmological viewpoint because the temperature is extremely high in the early universe, and brane-antibrane pairs might exist in this period. Then the universe expands inflationary, because the tension energy of the brane-antibrane pairs can provide an effective cosmological constant. In the early universe, the size of the universe is extremely small and the topology of the universe is also very important. This is because Strings and branes can wrap the compact directions of target space and they are sensitive to its topology. The purpose of this paper is to investigate the brane-antibrane system at finite temperature in the toroidal background, which is the simplest non-trivial one.

This paper is organized as follows. In section 2 we evaluate the free energy of open strings on the Dp-Dp system in the toroidal background on the basis of BSFT. We must compute the finite temperature effective potential by using the microcanonical ensemble method, because we cannot trust the canonical ensemble method near the Hagedorn temperature as we will explain later. Then we investigate the behavior of the free energy in the complex β-plane in section 3 and compute the finite temperature effective potential in the microcanonical ensemble method in section 4. Section 5 presents our conclusions and discussions.

2. Free energy of open strings

It is well-known that we must compute the statistical variables of strings near the Hagedorn temperature by using the microcanonical ensemble method [15]. This is because we cannot trust the canonical ensemble method near the Hagedorn temperature from the following reason. The partition function Z(β) is given by the Laplace transformation of the density of states Ω(E): Z(β) = ∫_∞ 0 dE Ω(E)e^{−βE} . (2.1) We can expect that the canonical ensemble method gives the same quantities with that of the microcanonical ensemble method if the integrand has a sharp peak. However, the

– 2 – density of states of strings behave as

Ω(E) ∼ e^{βH E} , (2.2)

for large E, where β_H is the inverse of the Hagedorn temperature, and the integrand has no sharp peak near the Hagedorn temperature. Thus, we must compute the finite temperature effective potential by using the microcanonical ensemble method. Ω(E) can be obtained from the inverse Laplace transformation of Z(β):

Ω(E) = ∫_{L+i∞} L−i∞ dβ 2πi Z(β)e^{βE} . (2.3)

The density of states has been derived from this formula in the case of closed strings [16, 17] and in the case of open strings on D-branes [18], and in the case of open strings on the Dp-Dp system [10]. We will apply this method in the case of open strings on the Dp-Dp system in the toroidal background. Since Z(β) is related to the free energy F (β) as

Z(β) = exp[−βF (β)] , (2.4)

we will begin by evaluating the free energy of open strings.

Let us make a comment here. One may wonder why we use such an indirect method to compute the density of states. The density of states is defined by

Ω(E) = tr δ (E − H) , (2.5)

where E is the total energy and H is the hamiltonian. It is difficult to take the trace over the states of strings directly. If we use complex integral representation of the delta function and the definition of Z(β), which is given by

Z(β) = tr e^{−βH} , (2.6)

we obtain the inverse Laplace transformation (2.3) [19].

In order to compute the free energy by using the Matsubara method in the ideal gas approximation, we must compute the one-loop amplitude of strings. Much work has been done to generalize BSFT to the one-loop level of open strings on the Dp-Dp system [20]. But there is an ambiguity in choosing the Weyl factors of the two boundaries of a one-loop world-sheet, because the conformal invariance is broken by the boundary terms in BSFT. Andreev and Oft have proposed the following form of 1-loop amplitude [11] in type II string theory from the principle that its low energy part should coincide with that of the tachyon field model [4, 5]. If we restrict ourselves to the constant tachyon field, which we denote by T , it is given by

Z_1 =

16π^4iV (2πα^′)^{p+1}2 ∫_∞ 0 dτ τ (4πτ)^{− p+12} e^{−4π|T |2τ} [( ϑ_3(0|iτ) ϑ_1^′(0|iτ) )_4 − ( ϑ_2(0|iτ) ϑ_1^′(0|iτ) )_4] , (2.7)

where V is the volume of the system that we are considering. Here we are considering only the coincident brane-antibrane system, and we will not treat the parallel brane and antibrane with a finite distance [21, 9] in this paper. We can obtain the same amplitude

– 3 – when we consider the field theory which has the mass spectra

M_{NS}^2 = 1 α^′ ( N_B + N_{NS} + 2|T |^2 − 1 2 ) , (2.8)

M_R^2 = 1 α^′ ( N_B + N_R + 2|T |^2 ) , (2.9)

where M_{NS} and M_R are the mass of the Neveu-Schwarz and Ramond sectors, respectively, and N_B , N_{NS} and N_R are the oscillation modes of the boson, Neveu-Schwarz fermion and Ramond fermion, respectively. If we use the proper time form of free energy [22], which is given by F (β) = − V (2πα^′)^{p+1}2 ∫_∞ 0 dτ τ (4πτ)^{− p+12} ∑ M_{NS}^2 ∞∑ r=1 exp ( −2πα^′M_{NS}^2τ − r^2β^2 8πα^′τ ) +

+ V (2πα^′)^{p+1}2 ∫_∞ 0 dτ τ (4πτ)^{− p+12} ∑ M_R^2 ∞∑ r=1 (−1)^r exp ( −2πα^′M_R^2τ − r^2β^2 8πα^′τ ) , we can compute the free energy. The result is F (T, β) = − 16π^4V (2πα^′)^{p+1}2 ∫_∞ 0 dτ τ (4πτ)^{− p+12} e^{−4π|T |2τ} × (2.10)

× [( ϑ_3(0|iτ) ϑ_1^′(0|iτ) )_4(

ϑ_3 ( 0 | | | iβ^2 8π^2α^′τ ) −1 ) − ( ϑ_2(0|iτ) ϑ_1^′(0|iτ) )_4 (

ϑ_4 ( 0 | | | iβ^2 8π^2α^′τ ) −1 )] . This is the free energy on the non-compact background [10].

Let us generalize this free energy to that in the toroidal background. We consider the Dp-Dp system in type II string theory compactified on D-dimensional torus T_D. In the compact direction, there are two kinds of zero modes which give discrete energy spectra. They are momentum modes in the directions parallel to the Dp-Dp system, and winding modes in the directions transverse to it. If we include these modes to the mass spectra, it is given by

M_{NS}^2 = p−d∑ I=1 ( m_I R_I )_2 + D∑ i=p−d+1 ( n_iR_i α^′ )_2 + 1 α^′ ( N_B + N_{NS} + 2|T |^2 − 1 2 ) , (2.11)

M_R^2 = p−d∑ I=1 ( m_I R_I )_2 + D∑ i=p−d+1 ( n_iR_i α^′ )_2 + 1 α^′ ( N_B + N_R + 2|T |^2 ) . (2.12)

Here, we assumed that the Dp-Dp system is extended in the d-dimensional non-compact directions. It should be noted that these mass spectra are invariant under T-duality transformation [23] R_I → α^′ R_i , m_I → n_i , (2.13)

for the directions parallel to the Dp-Dp system and R_i → α^′ R_I , n_i → m_I , (2.14)

– 4 – for the directions transverse to it. Summations over the momentum modes and winding modes can be rewritten by using ϑ function as ∞∑ m_I ,n_i=−∞ exp −2πα^′τ p−d∑ I=1 ( m_I R_I )_2 + D∑ i=p−d+1 ( n_iR_i α^′ )_2 =

= p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | 2iα^′τ R_I^2 ) ϑ_3 ( 0 | | 2iR^{i2}τ α^′ ) . (2.15)

Thus, the free energy is given by

F (T, β, R) = − 16π^4V_d β_H^{d+1} ∫_∞ 0 dτ τ^{d+3}2 e^{−4π|T |2τ} p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | 2iα^′τ R_I^2 ) ϑ_3 ( 0 | | 2iR^{i2}τ α^′ ) ×

× [( ϑ_3(0|iτ) ϑ_1^′(0|iτ) )_4 ( ϑ_3 ( 0 | | | iβ^2 β_H^2τ ) − 1 ) −

− ( ϑ_2(0|iτ) ϑ_1^′(0|iτ) )_4 ( ϑ_4 ( 0 | | | iβ^2 β_H^2τ ) − 1 )] , (2.16)

where V_d is the d-dimensional volume in the non-compact directions parallel to the Dp-Dp system, and β_H is the inverse of the Hagedorn temperature

β_H = 2π √ 2α^′ . (2.17)

This free energy is invariant under the T-duality transformation. The finite temperature effective potential is also invariant under the T-duality transformation, because it is derived from this free energy. We only need to investigate the region R ≥ √ α^′, and we restrict ourselves to this region hereafter. In the next section, we will investigate the singular part of the free energy in the complex β-plane.

3. Complex temperature formalism

Let us investigate the behavior of the free energy near singularities in the complex β-plane. A general property of the free energy of strings is that it has the leading singularity at β = β_H , which we call the Hagedorn singularity. If some radii are much larger than the string scale √ α^′, there is the case that other radius dependent singularities exist close to the Hagedorn singularity [16]–[18]. We will show these properties of the singular part of the free energy in this section.

In order to see the behavior of the free energy at high temperature, let us make the variable transformation τ = 1 t ,

– 5 – in (2.16). Using the modular transformation of ϑ functions, we obtain

F (T, β, R) = − 16π^4α^{′d−p+ D2} V_d 2^D2 β_H^{d+1} ( ∏_{p−d} I=1 R_I^2 ∏_D i=p−d+1 Ri 2 ) × (3.1)

× ∫_∞ 0 dt t^{D+d−92} exp ( − 4π|T |^2 t ) p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | | iR_I^2t 2α^′ ) ϑ_3 ( 0 | | | iα^′t 2R_i^2 ) ×

× [( ϑ_3(0|it) ϑ_1^′(0|it) )_4 (

ϑ_3 ( 0 | | iβ^2t β_H^2 ) −1 ) − ( ϑ_4(0|it) ϑ_1^′(0|it) )_4( ϑ_4 ( 0 | | iβ^2t β_H^2 ) −1 )] . Expanding ϑ functions and extracting the leading term in the large t region near the Hagedorn singularity, we obtain F (T, β, R) ≃ − AV_p β_H ∫_∞ Λ dt t^{D+d−92} exp [ − 4π|T |^2 t − π β^2 − β_H^2 β_H^2 t ] ×

× p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | | iR_I^2t 2α^′ ) ϑ_3 ( 0 | | | iα^′t 2R_i^2 ) , (3.2)

where we have defined A = α^{′d−p+ D2} 2^D2^{−2}β_H^d ∏_D i=p−d+1 Ri , (3.3) and V_p = V_d p−d∏ I=1 R_I , (3.4)

and we have introduced the low energy cutoff Λ. This cutoff is required because we cannot apply above approximation to the low τ region. Since we will compute the |T |^2 term of the finite temperature effective potential in the vicinity of T = 0, let us expand the free energy in |T |^2 and keep the lower order terms F (T, β, R) ≃ − AV_p β_H ∫_∞ Λ dt t^{D+d−92} exp ( −π β^2 − β_H^2 β_H^2 t ) ×

× p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | iR^{I 2}t 2α^′ ) ϑ_3 ( 0 | | iα^′t 2R_i^2 ) +

+ 4π|T |^2AV_p β_H ∫_∞ Λ dt t^{D+d−112} exp ( −π β^2 − β_H^2 β_H^2 t ) ×

× p−d∏ I=1 D∏ i=p−d+1 ϑ_3 ( 0 | | iR^{I 2}t 2α^′ ) ϑ_3 ( 0 | | iα^′t 2R_i^2 ) . (3.5)

We can evaluate the singular part of the free energy by computing the discontinuity around the singularity like in the previous paper [10]. But let us compute it by using the incomplete Γ function for the later convenience.

– 6 –

3.1 String scale radius case If all the radii are close to the string scale √ α^′, the Hagedorn singularity is dominant and we only need to consider the terms F (T, β, R) ≃ − AV_p β_H ∫_∞ Λ dt t^{D+d−92} exp ( −π β^2 − β_H^2

β_H^2 t ) + + 4π|T |^2AV_p β_H ∫_∞ Λ dt t^{D+d−112} exp ( −π β^2 − β_H^2 β_H^2 t ) . (3.6)

This free energy is proportional to that in the non-compact background case [10] if we replace D + d by p. From this we can expect that a phase transition occurs only when D + d = 9 and in fact it is true as we will see in the next section. We can rewrite (3.6) near β = β_H by using the incomplete Γ function as F (T, β, R) ≃ − (2π)^αAV_p(β − β_H )^α

β_H^{α+1} Γ ( −α , 2π β − β_H β_H Λ ) + + 2(2π)^{α+2}AV_p(β − β_H )^{α+1}|T |^2 β_H^{α+2} Γ ( −α − 1 , 2π β − β_H β_H Λ ) , (3.7)

where we have defined α ≡ 7 − D − d 2 . (3.8)

We can deduce the singular part of the free energy F_{sing} from (3.7) as follows.

(a) D + d = 9 (α = −1).

When D + d = 9, which means α = −1, the first argument of the incomplete Γ function in the first term of (3.7) becomes one, so that we can set Λ = 0. For the second term of (3.7) we can use the following formula for the incomplete Γ function;

Γ(0, x) = −γ − log x − ∞∑ n=1 (−1)^nx^n n · n! , (3.9)

where γ is the Euler constant. Combining these two terms, we get F_{sing}(T, β, R) ≃ − AV_p 2π(β − β_H ) − 4πAV_p|T |^2 β_H log ( 2π β − β_H β_H Λ ) . (3.10)

We can take the same notation as the previous work [10] by setting Λ = (2π)^{−1}. We will set Λ = (2π)^{−1} in this formula hereafter.

(b) D + d : even (α : half-integer).

When D + d is even, the first arguments of the incomplete Γ functions are negative half-integers. In this case we can set Λ = 0 and we obtain the singular part of the free energy as F_{sing}(T, β, R) ≃ − (2π)^αΓ(−α)AV_p β_H^{α+1}

(β − β_H )^α + + 2(2π)^{α+2}Γ(−α − 1)AV_p|T |^2 β_H^{α+2}

(β − β_H )^{α+1} . (3.11)

– 7 –

Figure 1: Radius dependent singularities.

(c) D + d : odd (α : integer).

When D + d is odd, the first arguments of the incomplete Γ functions are negative integers. The incomplete Γ function whose first argument is a negative integer can be expanded as Γ(−n, x) = 1 n! e^{−x} n∑ s=1 (−1)^{s−1}(n − s)! x^{−n+s−1} + (−1)^n n! Γ(0, x) . (3.12)

In our case, Λ → 0 corresponds to x → 0, so that the incomplete Γ function can be approximated by the last term. Thus, the singular part of the free energy can be obtained as F_{sing}(T, β, R) ≃ − (−1)^{α+1}(2π)^αAV_p Γ(α + 1)β_H^{α+1}

(β − β_H )^α log ( 2π β − β_H β_H Λ ) + + (−1)^{α+2}2(2π)^{α+2}AV_p|T |^2 Γ(α + 2)β_H^{α+2}

(β − β_H )^{α+1} log ( 2π β − β_H β_H Λ ) .(3.13)

We will also set Λ = (2π)^{−1} in this formula hereafter.

3.2 Large radius case Let us consider the case that some radii are much larger than the string scale √ α^′. When the radii in the directions parallel to the Dp-Dp system are much larger than the string scale, the Hagedorn singularity is dominant and we can use the results above. But when the radii in the directions transverse to the Dp-Dp system are much larger than the string scale, the radius dependent singularities exist near the Hagedorn singularity as is sketched in figure 1, and we must consider the radius dependent terms. We will show only the D + d = 9 case, because, in the D + d ≤ 8 case, the result can be obtained in a similar way to the D + d = 9 case as we will comment in the next section. For simplicity, let us assume that some of the transverse directions has the same radius R_d with R_d ≫ √ α^′. Since ϑ function in (3.5) can be rewritten as p−d+d∏

i=p−d+1 ϑ_3 ( 0 | | | iα^′t 2R_d^2 ) = ∞∑ n_i=−∞ exp − p−d+d∑

i=p−d+1 πn_i^2α^′ 2R_d^2 t , (3.14)

the free energy can be approximated as F (T, β, R) ≃ − AV_p β_H ∫_∞ Λ dt ∞∑ n_i=−∞ exp ( −π β^2 − β_n^2 β_H^2 t ) +

+ 4π|T |^2AV_p β_H ∫_∞ Λ dt t ∞∑ n_i=−∞ exp ( −π β^2 − β_n^2 β_H^2 t ) , (3.15)

– 8 – where we have defined

β_n^2 ≡ β_H^2 1 − p−d+d∑

i=p−d+1 n_i^2α^′ 2R_d^2

. (3.16)

From this we can see that singularities exist at β = β_n on the real axis of complex β-plane, and they approach to the Hagedorn singularity β = β_H as R_d increases. This free energy can be rewritten by using the incomplete Γ function as F (T, β, R) ≃ ∞∑ n_i=−∞ [ − β_H AV_p 2πβ_n(β − β_n) Γ ( 1 , 2π β_n(β − β_n)

β_H^2 Λ ) +

+ 4πAV_p|T |^2 β_H Γ ( 0 , 2π β_n(β − β_n)

β_H^2 Λ )] , (3.17)

where we assumed that β ≃ β_n for each terms. For the first term, we can set Λ = 0. For the second term, we can use (3.9). Combining these two terms, we get F_{sing}(T, β, R) ≃ ∞∑ n_i=−∞ [ − β_H AV_p 2πβ_n(β − β_n) − 4πAV_p|T |^2 β_H log ( 2π β_n(β − β_n) β_H^2 Λ )] . (3.18)

We will also set Λ = (2π)^{−1} in this formula hereafter.

4. Finite temperature effective potential near the Hagedorn temperature

In this section, we compute the finite temperature effective potential of the brane-antibrane systems in the toroidal background. We must compute it by using the microcanonical ensemble method as we have mentioned in section 2. All the statistical variables are derived from the density of states in the microcanonical ensemble method. The density of states Ω(E) is obtained from the inverse Laplace transformation of the partition function Z(β) (2.4). The partition function is given by (2.4), which is rewritten as

Z(β) = exp [−β(F_{reg} + F_{sing})] , (4.1)

where F_{reg} is the regular part of the free energy. The entropy S(E) can be derived from Ω(E) as S(E) = log Ω(E)δE , (4.2)

where δE represents the energy fluctuation, and the inverse temperature β from the partial derivative of S(E) β = ∂S ∂E . (4.3)

The finite temperature effective potential of the Dp-Dp system can be calculated from these variables as V (T, E) = 2τ_pV_p exp(−8|T |^2) − β^{−1}S . (4.4)

Now, we are ready to calculate the finite temperature effective potential by using the microcanonical ensemble method.

– 9 –

Figure 2: Complex β-plane.

4.1 String scale radius case

Let us first consider the case that all the radii in the transverse directions are about string scale. In this case, the calculation of the finite temperature effective potential in the toroidal background is similar to that on non-compact background. Thus, we will calculate in the D + d = 9 and the D + d = 8 cases explicitly, and show only the results for the other cases.

(a) D + d = 9 (α = −1).

Let us consider the D + d = 9 case, which is the most interesting case. This is the case that the Dp-Dp system is extended in all the non-compact directions. In this case, F_{sing} is given by (3.10) and F_{reg} can be expanded as

−βF_{reg}(β) = λ_0V_p − σ_0V_p(β − β_H ) + O(V_p(β − β_H )^2) . (4.5)

Then, by using (3.10) the inverse Laplace transformation (2.3) can be rewritten as Ω(T, E, R) ≃ e^{βH E+λ0Vp} ∫ C_a dβ 2πi ( β − β_H β_H )_{−D−1Vp|T |}2 exp [ (β − β_H )E + C_{−1}V_p β − β_H ] , (4.6) where we have defined

C_{−1} = β_H A 2π , (4.7) D_{−1} = −4πA, (4.8)

and we take the contour C_a as sketched in figure 2. Let us suppose that both E and E/V_p are very large. Then, the saddle point method works well because the exponent

– 10 – in the integrand is very large. The result is

Ω(T, E, R) ≃ 1 2 √ π ( β_H^2E C_{−1}V_p )^1_{2 D−1Vp|T |}^2 ( C_{−1}V_p E^3

) 1_4 × × exp ( β_H E + λ_0V_p + 2 √ C_{−1}V_pE ) . (4.9)

Substituting Ω(E) into (4.2), we obtain S(T, E, R) ≃ D_{−1}V_p|T |^2 2 log ( β_H^2E C_{−1}V_p ) − 3 4 log ( E C_{−1}^{1/3}V^{1/3}_p (δE)^{4/3} ) + + β_H E + λ_0V_p + 2 √ C_{−1}V_pE, (4.10)

and from (4.3), we get β ≃ D_{−1}V_p|T |^2 2E − 3 4E + β_H + √ C_{−1}V_p E . (4.11)

The finite temperature effective potential can be derived from (4.4). In order to argue the stability of the brane-antibrane system, we need only |T |^2 term of V (T, E, R). This term is given by [ −16τ_pV_p + 2πAV_p β_H log ( 2πβ_H E AV_p )] |T |^2 . (4.12)

It should be noted that the second term in the coefficient of |T |^2 increases with increasing E. Since the first term is constant as far as V_p and τ_p fixed, the sign of the |T |^2 term changes from negative to positive at large E. The coefficient vanishes when E ≃ AV_p 2πβ_H exp ( 8β_H τ_p πA ) . (4.13)

Since (4.11) can be approximated as β ≃ β_H + √ C_{−1}V_p E , (4.14)

for large E, we can derive the critical temperature T_c at which the coefficient vanishes. The result is T_c = β^{−1} ≃ β_H^{−1} [ 1 + exp ( − 4β_H τ_p πA )]_{−1} . (4.15)

Here we see that this temperature is very close to the Hagedorn temperature since τ_p is very large if the coupling of strings is very small. Above this temperature, the coefficient of |T |^2 is positive and T = 0 becomes the potential minimum. This implies that a phase transition occurs at the temperature T_c which is slightly below the Hagedorn temperature, and the Dp-Dp system, which is extended in all the noncompact directions, is stable above this temperature.

– 11 –

(b) D + d = 8 (α = −1/2).

Let us consider the D + d = 8 case, where we will see that a result strikingly different from the D + d = 9 case arises. This is the case that the Dp-Dp system is extended in all the non-compact directions except for one direction. In this case, the inverse Laplace transformation (2.3) is rewritten as

Ω(T, E, R) ≃ e^{βH E+λ0Vp} ∫ C_a dβ 2πi exp [ (β − β_H )E + C_− 1_2 V_p(β − β_H )^{−1/2} −

− D_− 1_2 V_p|T |^2(β − β_H )^{1/2} ]

≃ e^{βH E+λ0Vp} ∫ C_a dβ 2πi [ 1 − D_− 1_2 V_p|T |^2(β − β_H )^{1/2} ] × × exp [ (β − β_H )E + C_− 1_2 V_p(β − β_H )^{−1/2} ] , (4.16)

where we take the small |T |^2 approximation in the second equality and we have defined

C_− 1_2 = β_H^{1/2}A √ 2 , D_− 1_2 =

2^{7/2}π^2A β_H^{1/2}

. (4.17)

We can also use the saddle point method and obtain

Ω(T, E, R) ≃ C_− 1_2^{1/3}V_p^{1/3}

3^{1/2}2^{1/3}π^{1/2}E^{5/6} ×

× exp β_H E + λ_0V_p +

3C_− 1_2^{2/3}V^{2/3}_p E^{1/3}

2^{2/3} − C_− 1_2^{1/3}D_− 1_2 V^{4/3}_p |T |^2

2^{1/3}E^{1/3} .

We can calculate the entropy S, the inverse temperature β and the potential V (T, E, R) from (4.2), (4.3) and (4.4) as in the D + d = 9 case. The |T |^2 term of V (T, E, R) is given by [ −16τ_pV_p − 2^5π^2A^{4/3}V^{4/3}_p 3β_H^{4/3}E^{1/3} ] |T |^2 . (4.18)

It should be noted that the second term in the coefficient of |T |^2 decreases as E gets large. Thus, the coefficient of |T |^2 remains negative for large E. This implies that a phase transition does not occur unlike in the D + d = 9 case.

(c) D + d ≤ 7 (α ≤ 0).

We only show the results for the D + d ≤ 7 case, because we can obtain these results by the similar calculation to the previous work [10]. The |T |^2 term of the finite

– 12 –

Figure 3: Contour deformation.

temperature effective potential is given by [ −16τ_pV_p − 8π^2A^2V^2_p β_H E log ( β_H E AV_p )] |T |^2 , (4.19)

for D + d = 7, [ −16τ_pV_p +

2^{10}π^6A^4V^4_p 6β_H^4E^3 ] |T |^2 , (4.20)

for D + d = 6, [ −16τ_pV_p +

16π^2 β_H^2E^′ ] |T |^2 , (4.21)

for D + d = 5, where E^′ ≡ E − 2πA β_H V_p log (AV_p) , (4.22)

and [ −16τ_pV_p +

16π^2 β_H^2E ] |T |^2 , (4.23)

for D + d ≤ 4. From these we can see that the coefficients are negative for large E, so that a phase transition does not occur.

4.2 Large radius case Next, let us consider the case that some of the radii in the directions transverse to the Dp-Dp system are much larger than the string scale. In this case, the radius dependent singularities exist near the Hagedorn singularity. The behavior of the finite temperature effective potential is determined by the relation between the total energy and the radii of the target space torus. We will mainly consider the D + d = 9 case. We assume that all the d-dimensional directions have the same radius R_d, for simplicity.

(a) Hagedorn singularity dominance, saddle point method.

In order to estimate the contribution from the radius dependent singularities, let us pick up the leading two singular terms of the free energy (3.18). Then the inverse

– 13 –

Laplace transformation (2.3) can be rewritten as Ω(T, E, R) ≃ ∫ C_a dβ 2πi exp [ βE − βF_{reg}(β) + C_{−1}V_p β − β_H + 2d C_{−1}V_p β − β_1 ] , (4.24)

where C_{−1} is defined by (4.7) and β_1 is the nearest singularity to the Hagedorn singularity, namely, β_n with ∑ i n_i^2 = 1. In this case, we can deform the contour as sketched in figure 3, and we obtain Ω(T, E, R) ≃ ∫ C_{βH} dβ 2πi exp [ βE − βF_{reg}(β) + C_{−1}V_p β − β_H ] + + ∫ C_{β1} dβ 2πi exp [ βE − βF_{reg}(β) + 2d C_{−1}V_p β − β_1 ] . (4.25)

Let us expand F_{reg}(β) in a power of (β − β_H ) as (4.5) and of (β − β_1) as −βF_{reg}(β) = λ_1V_p − σ_1V_p(β − β_1) + O(V_p(β − β_1)^2) , (4.26) and define E^′ ≡ E − σ_1V_p , z ≡ √ E C_{−1}V_p (β − β_H ) ,

z^′ ≡ √ E^′ 2dC_{−1}V_p (β − β_1) . (4.27)

Then (4.25) can be rewritten as Ω(T, E, R) ≃ √ C_{−1}V_p E e^{βH E+λ0Vp} ∮ dz 2πi exp [√ C_{−1}V_pE ( z + 1 z )] +

+ √ 2dC_{−1}V_p E^′ e^{β1E+λ1Vp} ∮ dz^′ 2πi exp [√ 2dC_{−1}V_pE^′ ( z^′ + 1 z^′ )] , (4.28)

where the contours for each terms encircle the origin in the complex z-plane and z^′-plane counter-clockwise respectively. If we assume that √ C_{−1}V_pE ≫ 1, then we can use the saddle point method. Substituting (4.7), we can rewrite this condition as E ≫ α^{′ p−d−12} R_d^d V_p . (4.29)

By using the saddle point method, we obtain Ω(T, E, R) ≃ Ω_0(T, E, R) + Ω_1(T, E, R) , (4.30) where Ω_0(T, E, R) and Ω_1(T, E, R) represent the contribution from the Hagedorn singularity β = β_H and from the next leading singularity β = β_1 respectively: Ω_0(T, E, R) ≃ 1 2 √ π ( C_{−1}V_p E^3 )_{1/4} exp ( β_H E + λ_0V_p + 2 √ C_{−1}V_pE ) ,

Ω_1(T, E, R) ≃ d^{14} 2^34 √ π ( C_{−1}V_p E^{′3} ) 1_4 exp ( β_1E + λ_1V_p + 2 √ 2dC_{−1}V_pE^′ ) . (4.31)

– 14 –

If log(Ω_0/Ω_1) ≫ 1, then Ω(T, E, R) is dominated by Ω_0(T, E, R) and we can ignore the term Ω_1(T, E, R) [16, 18]. Let us assume that E ≫ σ_0V_p. Then log(Ω_0/Ω_1) can be approximated as log Ω_0 Ω_1 ≃ ( β_H E + λ_0V_p + 2 √ C_{−1}V_pE ) − ( β_1E + λ_1V_p + 2 √ 2dC_{−1}V_pE^′ )

≃ (β_H − β_1)E − (√ 2d − 1 ) 2 √ C_{−1}V_pE , (4.32)

where, in the second equality, we have used (λ_0 − λ_1)V_p ≃ −σ_0V_p(β_H − β_1), which is derived from (4.5) and (4.26). Then above condition is approximated as

(β_H − β_1)E ≫ √ C_{−1}V_pE . (4.33)

Substituting (4.7) and (3.16) with ∑ i n_i^2 = 1, we obtain E ≫ R_d^{4−d}V_p α^{′ 5+p−d2} . (4.34)

We can also show that we can ignore the contribution from other singularities. Therefore, if E satisfies

E ≫ max σ_0V_p, α^′ p−d−1 2 R_d^d V_p , R_d^{4−d}V_p α^{′ 5+p−d2} , (4.35)

then the density of states is dominated by the contribution from the Hagedorn singularity and we can use the saddle point method to compute the density of states. By using the saddle point method, we can also show the Hagedorn singularity dominance in |T |^2 terms. As a consequence, V (T, E, R) is the same as that in the case of d = 0 and D + d = 9, and phase transition occurs near the Hagedorn temperature.

(b) Hagedorn singularity dominance, no saddle point method.

Let us consider the region where we cannot use the saddle point method. From (4.28) the saddle point approximation does not work well when √ C_{−1}V_pE ≪ 1, namely,

E ≪ α^{′ p−d−12} R_d^d V_p . (4.36)

In this case, the exponents in the integrands in (4.28) are very small and both integrals are given by powers of √ C_{−1}V_pE. Thus, log(Ω_0/Ω_1) can be approximated as log Ω_0 Ω_1

≃ (β_H − β_1)E , (4.37)

we can ignore the term Ω_1(T, E, R) if E satisfies (β_H −β_1)E ≫ 1, which is rewritten as E ≫ R_d^2 α^{′ 32}

. (4.38)

– 15 –

We can also show that we can ignore the contribution from other singularities in this region. Therefore, if E satisfies max ( σ_0V_p,

R_d^2 α^{′ 32} ) ≪ E ≪ α^{′ p−d−12} R_d^d V_p , (4.39)

then the density of states is dominated by the contribution from the Hagedorn singularity and we can ignore the contribution from other singularities. Thus, the density of states is given by (4.6), which can be rewritten by using the modified Bessel function of the first kind as [18]

Ω(T, E, R)≃ ( C_{−1}V_p E )^{1−D}−1^{Vp|T |2}_2 β_H^{D−1Vp|T |2} e^{βH E+λ0Vp} I_{D−1Vp|T |}2_{−1} ( 2 √ C_{−1}V_pE ) . (4.40) Let us expand the modified Bessel function as

I_ν (z) = ∞∑ n=0 1 n! Γ(ν + n + 1) ( z 2 )_{2n+ν} , (4.41)

and keep the lower order terms because the argument 2 √ C_{−1}V_pE ≪ 1 is very small.

Using the fact that the Γ function can be approximated as Γ(ϵ) ≃ 1 ϵ , (4.42)

for small ϵ, we obtain Ω(T, E, R) ≃ C_{−1}V_p(β_H E)^{D−1Vp|T |2} e^{βH E+λ0Vp} ( 1 + D_{−1}|T |^2 C_{−1}E ) . (4.43)

We can calculate the entropy S, the inverse temperature β and the potential V (T, E, R) from (4.2), (4.3) and (4.4) as in the string scale radius case. The |T |^2 term of V (T, E, R) is given by [ −16τ_pV_p + 4πAV_p β_H log(β_H E) ] |T |^2 . (4.44)

The coefficient vanishes when E ≃ 1 β_H exp ( 2^{9−d}2 β_H^{d+1}τ_pR_d^d πα^{′ d+d−p2} ) , (4.45)

where we use the explicit expression of A with D + d = 9, that is, A = α^{′ d+d−p2} 2^{5−d}2 β_H^dR_d^d

. (4.46)

But this E cannot satisfy the condition (4.36). This is because τ_p is very large if the coupling of strings is very small, and V_p ≥ α^{′ p2} since we assumed that R ≥ √ α^′. This means that, as E increases, E exceeds the region (4.39) before a phase transition occurs. Thus, a phase transition does not occur in this region.

– 16 –

(c) contribution from radius dependent singularities.

In the previous two regions (4.35) and (4.39), the density of states is dominated by the contribution from the Hagedorn singularity. Here, we consider the remaining region

σ_0V_p ≪ E ≪ min R^{d2} α^{′ 3}2 , α^{′ p−d−12} R_d^d V_p , (4.47) or max σ_0V_p, α^′ p−d−1 2 R_d^d V_p ≪ E ≪ R^{d4−d}V^p α^{′ 5+p−d2} , (4.48)

in which we cannot ignore the contribution from the radius dependent singularities. The singular part of the free energy F_{sing} is given by (3.18). Although we must perform the summation over n_i in order to include the contribution from the radius dependent singularities, it is difficult to compute this sum directly. However if we return to (3.15), which is rewritten as

F (T, β, R) ≃ − AV_p β_H ∫_∞ Λ dt ∞∑ n_i=−∞ exp − p−d+d∑

i=p−d+1 πn_i^2α^′ 2R_d^2 t − π β^2 − β_H^2 β_H^2 t +

+ 4π|T |^2AV_p β_H ∫_∞ Λ dt t ∞∑ n_i=−∞ exp − p−d+d∑

i=p−d+1 πn_i^2α^′ 2R_d^2 t − π β^2 − β_H^2

β_H^2 t ,

the sum over n_i is approximated by integral as p−d+d∏

i=p−d+1 ∞∑ n_i=−∞ exp ( − πn_i^2α^′ 2R_d^2 t ) −→ p−d+d∏

i=p−d+1 ( 2R_d^2 πα^′t ) 1_2 ∫_∞ −∞ e^{−xi2} dx_i , (4.49)

for large R_d, and we can compute it. By evaluating the gaussian integral, we obtain F (T, β, R) ≃ − A^′V_p β_H ∫_∞ Λ dt t^{− d2} exp ( −π β^2 − β_H^2 β_H^2 t ) + + 4π|T |^2A^′V_p β_H ∫_∞ Λ dt t^{− d+22} exp ( −π β^2 − β_H^2 β_H^2 t ) , where we have defined

A^′ = α^{′−p+ 9+d−d2} 2^{5−d−d}2 β_H^d ∏_{9−d} i=p−d+d+1 Ri . (4.50)

This free energy is equivalent to (3.6) with D + d = 9 − d. If we compute the finite temperature effective potential from this, we obtain the same results with the string scale radius case with D + d = 9 − d. As a consequence, a phase transition does not occur in this region.

– 17 –

Here, let us make a short comment on the D + d ≤ 8 case. For extremely large E, we can show that the contribution from the Hagedorn singularity is dominant, and we obtain the same results with the string scale radius case with the same D + d. For not so large E, the summation over n_i can be approximated by the gaussian integral, and we obtain the same results with the string scale radius case with D + d replaced by D + d − d. Therefore, a phase transition does not occur in this case.

5. Conclusion and discussion

In this paper, we have discussed the behavior of the finite temperature effective potential on the brane-antibrane pair in the toroidal background. We have evaluated the |T |^2 term of the potential near the Hagedorn temperature by using the microcanonical ensemble method, and investigated whether T = 0 becomes stable near the Hagedorn temperature.

When all the radii in the directions transverse to the Dp-Dp system are about the string scale, the result of the D + d = 9 case is in sharp contrast to that of the D + d ≤ 8 case. For D + d = 9 case, the sign of the coefficient of the |T |^2 term changes from negative to positive at slightly below the Hagedorn temperature. This implies that a phase transition occurs at this temperature and the Dp-Dp system becomes stable above this temperature. For D + d ≤ 8 case, the coefficient remains negative near the Hagedorn temperature, so that such a phase transition does not occur. We thus concluded that the Dp-Dp pair, which is extended in all the non-compact directions, is created near the Hagedorn temperature.

When some of radii in the directions transverse to the Dp-Dp system are much larger than the string scale, the result of the D + d = 9 case is also in sharp contrast to that of the D + d ≤ 8 case. In D + d = 9 case, a phase transition occurs if E reaches (4.13) which satisfies (4.35). Therefore, a phase transition occurs for large enough E even if R_d is much larger than the string scale and the Dp-Dp system is not extended in all the ddirections. Whether phase transition occurs or not depends on the topology of the target space. Strings are sensitive to the topology of the target space. In D + d ≤ 8 case, there is no possibility that a phase transition occurs.

Since our calculation is based on the work of Andreev and Oft [11], we must confirm the validity of their work. However, we only need to analyze the vicinity of T = 0 in order to investigate whether the phase transition occurs or not. Our calculation is valid if the mass square is shifted as equations (2.11) and (2.12) for small |T |.

The conclusion of our previous work is that only the spacetime-filling D9-D9 pair is created near the Hagedorn temperature in the non-compact background [10]. Since the D9-D9 pair always satisfies D + d = 9, it is also created for large enough E in the toroidal background. Thus, speculation about the Hagedorn transition is not denied in the toroidal background case.

The application of our model to the inflationary cosmology would be very interesting [12, 13]. If E is larger than (4.13) and satisfies the condition (4.35) in the early universe then the brane-antibrane pair is stable and the universe expands inflationary. But when E becomes smaller than (4.13) as the universe expands, the brane-antibrane pair

– 18 – becomes unstable and the tachyon starts to roll down from T = 0 [24]. It must be noted that if we consider the dilaton gravity, the tension depends on time, because the tension of a D-brane depends on the dilaton field.

Finally, the results that a brane-antibrane pair is created only when it is extended in all the non-compact directions is favorable to the Plank solid model of Schwarzschild black holes [25]. It might be interesting to study the relation between our model and the black holes.

Acknowledgments

The author would like to thank colleagues at Kyoto University for useful discussions.

References

[1] K. Ohmori, A review on tachyon condensation in open string field theories, hep-th/0102085.

[2] E. Witten, On background independent open string field theory, Phys. Rev. D 46 (1992) 5467 [hep-th/9208027]; Some computations in background independent off-shell string theory, Phys. Rev. D 47 (1993) 3405 [hep-th/9210065].

[3] S.L. Shatashvili, Comment on the background independent open string theory, Phys. Lett. B 311 (1993) 83 [hep-th/9303143]; On the problems with background independence in string theory, hep-th/9311177.

[4] J.A. Minahan and B. Zwiebach, Effective tachyon dynamics in superstring theory, J. High Energy Phys. 03 (2001) 038 [hep-th/0009246].

[5] D. Kutasov, M. Mariño and G.W. Moore, Remarks on tachyon condensation in superstring field theory, hep-th/0010108.

[6] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170]; Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105]; Non-BPS states and branes in string theory,

hep-th/9904207; Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027

[hep-th/9911116].

[7] U.H. Danielsson, A. Güijosa and M. Kruczenski, Brane-antibrane systems at finite temperature and the entropy of black branes, J. High Energy Phys. 09 (2001) 011 [hep-th/0106201].

[8] W.-H. Huang, Boundary string field theory approach to high temperature tachyon potential,

hep-th/0106002.

[9] W.-H. Huang, Brane-antibrane system interaction under tachyon condensation, Phys. Lett. B 561 (2003) 153 [hep-th/0211127].

[10] K. Hotta, Brane-antibrane systems at finite temperature and phase transition near the Hagedorn temperature, J. High Energy Phys. 12 (2002) 072 [hep-th/0212063].

[11] O. Andreev and T. Ott, On one-loop approximation to tachyon potentials, Nucl. Phys. B 627 (2002) 330 [hep-th/0109187].

– 19 –

[12] G.R. Dvali and S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483];

S.H.S. Alexander, Inflation from D-D̄-brane annihilation, Phys. Rev. D 65 (2002) 023507 [hep-th/0105032];

G.R. Dvali, Q. Shafi and S. Solganik, D-brane inflation, hep-th/0105203; C.P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R.J. Zhang, The inflationary brane-antibrane universe, J. High Energy Phys. 07 (2001) 047 [hep-th/0105204]; A. Mazumdar, S. Panda and A. Perez-Lorenzana, Assisted inflation via tachyon condensation, Nucl. Phys. B 614 (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, J. High Energy Phys. 03 (2002) 052 [hep-th/0111025].

[13] G.W. Gibbons, Cosmological evolution of the rolling tachyon, Phys. Lett. B 537 (2002) 1 [hep-th/0204008];

M. Fairbairn and M.H.G. Tytgat, Inflation from a tachyon fluid?, Phys. Lett. B 546 (2002) 1 [hep-th/0204070];

S. Mukohyama, Brane cosmology driven by the rolling tachyon, Phys. Rev. D 66 (2002) 024009 [hep-th/0204084];

A. Feinstein, Power-law inflation from the rolling tachyon, Phys. Rev. D 66 (2002) 063511 [hep-th/0204140];

T. Padmanabhan, Accelerated expansion of the universe driven by tachyonic matter, Phys. Rev. D 66 (2002) 021301 [hep-th/0204150];

A.V. Frolov, L. Kofman and A.A. Starobinsky, Prospects and problems of tachyon matter cosmology, Phys. Lett. B 545 (2002) 8 [hep-th/0204187];

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. B 541 (2002) 6 [hep-th/0205003];

M. Sami, Implementing power law inflation with rolling tachyon on the brane, Mod. Phys. Lett. A 18 (2003) 691 [hep-th/0205146];

M. Sami, P. Chingangbam and T. Qureshi, Aspects of tachyonic inflation with exponential potential, Phys. Rev. D 66 (2002) 043530 [hep-th/0205179];

T. Mehen and B. Wecht, Gauge fields and scalars in rolling tachyon backgrounds, J. High Energy Phys. 02 (2003) 058 [hep-th/0206212];

G. Shiu, S.H.H. Tye and I. Wasserman, Rolling tachyon in brane world cosmology from superstring field theory, Phys. Rev. D 67 (2003) 083517 [hep-th/0207119]; Y.-S. Piao, R.-G. Cai, X. Zhang and Y.-Z. Zhang, Assisted tachyonic inflation, Phys. Rev. D 66 (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, J. High Energy Phys. 11 (2002) 041 [hep-th/0207156];

A. Buchel, P. Langfelder and J. Walcher, Does the tachyon matter?, Ann. Phys. (NY) 302 (2002) 78 [hep-th/0207235];

B. Wang, E. Abdalla and R.-K. Su, Dynamics and holographic discreteness of tachyonic inflation, Mod. Phys. Lett. A 18 (2003) 31 [hep-th/0208023];

S. Mukohyama, Inhomogeneous tachyon decay, light-cone structure and D-brane network problem in tachyon cosmology, Phys. Rev. D 66 (2002) 123512 [hep-th/0208094]; M.C. Bento, O. Bertolami and A.A. Sen, Tachyonic inflation in the braneworld scenario, Phys. Rev. D 67 (2003) 063511 [hep-th/0208124].

– 20 –

[14] G.W. Gibbons, Thoughts on tachyon cosmology, Class. and Quant. Grav. 20 (2003) S321 [hep-th/0301117].

[15] D. Mitchell and N. Turok, Statistical properties of cosmic strings, Nucl. Phys. B 294 (1987) 1138;

M.J. Bowick and L.C.R. Wijewardhana, Superstrings at high temperature, Phys. Rev. Lett. 54 (1985) 2485.

[16] N. Deo, S. Jain and C.-I. Tan, Strings at high-energy densities and complex temperature, Phys. Lett. B 220 (1989) 125; String statistical mechanics above Hagedorn energy density, Phys. Rev. D 40 (1989) 2626;

N. Deo, S. Jain, O. Narayan and C.-I. Tan, The effect of topology on the thermodynamic limit for a string gas, Phys. Rev. D 45 (1992) 3641.

[17] K. Hotta, K. Kikkawa and H. Kunitomo, Correlation between momentum modes and winding modes in Brandenberger-Vafa’s string cosmological model, Prog. Theor. Phys. 98 (1997) 687 [hep-th/9705099].

[18] S.A. Abel, J.L.F. Barbon, I.I. Kogan and E. Rabinovici, String thermodynamics in D-brane backgrounds, J. High Energy Phys. 04 (1999) 015 [hep-th/9902058].

[19] M.J. Bowick and S.B. Giddings, High temperature strings, Nucl. Phys. B 325 (1989) 631.

[20] R. Rashkov, K.S. Viswanathan and Y. Yang, Background independent open string field theory with constant b field on the annulus, hep-th/0101207;

T. Suyama, Tachyon condensation and spectrum of strings on D-branes, Prog. Theor. Phys. 106 (2001) 1017 [hep-th/0102192];

K.S. Viswanathan and Y. Yang, Tachyon condensation and background independent superstring field theory, Phys. Rev. D 64 (2001) 106007 [hep-th/0104099]; M. Alishahiha, One-loop correction of the tachyon action in boundary superstring field theory, Phys. Lett. B 510 (2001) 285 [hep-th/0104164];

K. Bardakci and A. Konechny, Tachyon condensation in boundary string field theory at one loop, hep-th/0105098;

B. Craps, P. Kraus and F. Larsen, Loop corrected tachyon condensation, J. High Energy Phys. 06 (2001) 062 [hep-th/0105227];

G. Arutyunov, A. Pankiewicz and B. Stefanski Jr., Boundary superstring field theory annulus partition function in the presence of tachyons, J. High Energy Phys. 06 (2001) 049 [hep-th/0105238];

T. Lee, K.S. Viswanathan and Y. Yang, Boundary string field theory at one-loop, J. Korean Phys. Soc. 42 (2003) 34 [hep-th/0109032].

[21] K. Hashimoto, Dynamical decay of brane-antibrane and dielectric brane, J. High Energy Phys. 07 (2002) 035 [hep-th/0204203];

K. Hashimoto and N. Sakai, Brane-antibrane as a defect of tachyon condensation, J. High Energy Phys. 12 (2002) 064 [hep-th/0209232].

[22] J. Polchinski, Evaluation of the one loop string path integral, Commun. Math. Phys. 104 (1986) 37;

E. Alvarez, Strings at finite temperature, Nucl. Phys. B 269 (1986) 596; E. Alvarez and M.A.R. Osorio, Superstrings at finite temperature, Phys. Rev. D 36 (1987) 1175.

– 21 –

[23] K. Kikkawa and M. Yamasaki, Casimir effects in superstring theories, Phys. Lett. B 149 (1984) 357;

N. Sakai and I. Senda, Vacuum energies of string compactified on torus, Prog. Theor. Phys. 75 (1986) 692.

[24] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]; Tachyon matter, J. High Energy Phys. 07 (2002) 065 [hep-th/0203265]; Field theory of tachyon matter, Mod. Phys. Lett. A 17 (2002) 1797 [hep-th/0204143].

[25] K. Hotta, The information loss problem of black hole and the first order phase transition in string theory, Prog. Theor. Phys. 99 (1998) 427 [hep-th/9705100].

– 22 –