arXiv:hep-th/0606236 v1 24 Jun 2006

The Final Fate of the Rolling Tachyon

Taejin Lee^∗ Department of Physics, Kangwon National University, Chuncheon 200-701, Korea and Pacific Institute for Theoretical Physics, Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road Vancouver, B.C. V6T 1Z1, Canada (Dated: June 24, 2006)

We propose an alternative interpretation of the boundary state for the rolling tachyon, which may depict the time evolution of unstable D-branes in string theory. Splitting the string variable in the temporal direction into the classical part, which we may call “time” and the quantum one, we observe the time dependent behaviour of the boundary. Using the fermion representation of the rolling tachyon boundary state, we show that the boundary state correctly describes the timedependent decay process of the unstable D-brane into a S-brane at the classical level.

I. INTRODUCTION

The time evolution of unstable states has been a perennial research subject in various branches of theoretical physics. The most recent problem which appears on the stage is the fate of unstable D-branes in string theory. Since A. Sen brought up this problem [1], called rolling tachyon, it has been one of the most important research themes in string theory [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. It was asserted that the unstable D-brane decays as the open string tachyons condensate [31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46] on the D-brane and it may be described by an exact time-dependent classical solution of string theory.

The rolling tachyon can be described in the sigma model approach by introducing an exactly marginal boundary term to the world-sheet string action, S = − 1 4π ∫ M dτ dσ∂X^0 · ∂X^0 + ∮ ∂M dσ ( Ae^{X0} + Be^{−X0} ) + . . . , (1)

where the second term describes the boundary interaction corresponding to the open string tachyon field with A and B constants. We abbreviate the string action for the spatial string coordinates X^i, i = 1, . . ., 25 and use units where α^′ = 1. Note the negative signature of the kinetic term for X^0 which indicates that it is the time coordinate. Choosing A = g/2 and B = 0, we can study an unstable D-brane which decays into a more stable configuration. The tachyon profile with this simplest choice is called half-S-brane [3]. The quantum theory of this sigma model is well defined if we take a Wick rotation to Euclidean time, X^0 → iX^0. After Wick rotation we get a conformal theory for a non-compact boson with a periodic boundary potential. It is well known that the conformal field theory of this kind can be described in terms of the boundary state, which can be given as an exact sum of Ishibashi states of the SU (2) current algebra. Sen observed that this boundary state can be used to depict the time evolution of the unstable D-branes. Since then, various aspects of the time dependent process driven by the tachyon instability have been explored by numerous authors. However, our understanding the final fate of the unstable D-brane and the exact dynamics of the rolling tachyon is not yet complete. The exact time dependent description is only available for the first few lower levels. If we expand the boundary state in the bosonic oscillator basis, we get |B⟩ = f(t)|0, t⟩ + g(t)α_{−1}α̃_{−1}|0, t⟩ + · · · . (2) By some algebra we have [1] f(t) = ∑ j (−πge^t)^{2j} = 1 1 + πge^t , g(t) = f(t) − 2 = 1 1 + πge^t − 2 (3)

where the reverse Wick rotation is taken.

As t → ∞, we find f(t) → 0, g(t) → −2. (4)

∗Electronic address: taejin@kangwon.ac.kr

Since the stress tensor for the tachyon profile is given as

T_{00} = −T_p, T_{ij} = δ_{ij} T_pf(t), (5)

T_{ij} → 0 while T_{00} is independent of time as t → ∞. It implies that the pressure vanishes in this limit. This observation led Sen [47, 48] to propose that the decay product may be pressureless tachyon matter [49, 50, 51, 52, 53].

One may attempt to evaluate the higher level components in the expansion of the boundary state Eq.(2). Constable and Larsen [25] developed an efficient techniques to evaluate the higher level components using the Polyakov string path integral. They compute large classes of the higher level components explicitly, in particular, B^{(N,N)} (t) = f(t) − 2 N N−1∑ n=0 (N − n)(−πge^t)^n, (6) where B^{(N,N)} is the coefficient of the terms α_N α̃_{−N} |0⟩ in the expansion of the boundary state Eq.(2). An interesting point is that all the coefficients, B^{(N,N)}, diverge B^{(N,N)} → − 2 N (−πg)^{(N−1)}e^{(N−1)t} as t → ∞ (7)

except for B^{(1,1)}(t) = g(t) → −2. However, this divergent behaviour of B^{(N,N)}(t) contrasts with our expectation: The boundary state |B⟩ is supposed to describe the time dependent process of the rolling tachyon at classical level in a well defined manner. It leads us to speculate that the bosonic oscillator basis may not be a suitable basis to describe the time dependent description of the rolling tachyon.

The boundary condition which follows from the world-sheet string action Eq.(1) is ( 1 2π ∂ ∂τ X(τ, σ) − g 2 e^X ) | | | |_{τ=0} = 0. (8)

Note that when g → −∞, the boundary condition reduces to the Neumann condition. If we denote the zero mode part of X by t, the effective coupling becomes ge^t and the boundary condition implies that the unstable object is a D-brane initially in the far past. As t → ∞, the boundary interaction becomes effectively stronger. And it has been conjectured [54] that in the far future the unstable D-brane may become a S-brane [55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66], which is a localized object in the temporal direction. The main subject of this paper is to show how one can realize this intuitive picture in the framework of the boundary state formulation, which takes into account the full string degrees of freedom.

II. TIME EVOLUTION OF THE BOUNDARY STATE

One of the distinctive features of string theory which differentiates it from the ordinary quantum field theory is that “time” is embedded in the dynamical variable X along the temporal direction as its zero mode. Due to this distinctive feature often time-dependent description become subtle in string theory. In order to get the time-dependent description of a given dynamical process we should carefully factor the time from the dynamical degrees of freedom Here we take a simple strategy to split the string variable X as follows

X = t + X̂. (9)

Here t corresponds to the classical part of X, which we may call the ”time” and X̂ denotes collevtively the quantum degrees of freedom. We regard t as a modular parameter of the string state (or the target space) and X̂ as the dynamical variable describing quantum fluctuations around it. In order to have a well-define quantum system we may take the Wick rotation for X̂ but not for t; X̂ → iX̂.

Time Evolution of Some Simple Boundary States in One Dimension Recently we developed [67, 68] a free fermion representation of the boundary conformal field theory for the rolling tachyon, generalizing the work of Polchinski and Thorlacius [69] for the open string to the closed string. In this fermion theory the boundary interaction becomes a simple fermion current operator. As a result an explicit, compact, exact expression of the boundary state has been obtained. Since the marginal boundary term becomes a bilinear operator in terms of fermion fields, it would be more appropriate to discuss the time dependent description using the fermion basis rather than the bosonic oscillator basis.

Once we factor the time, we find that the fermion boundary state behaves distinctively depending on the boundary condition it satisfies. Let us consider a simple one dimensional system first where it has only one string coordinate. In two dimensions fermions and bosons are mapped to each other by

ψ_L(z) = e^{−i π2 pR} : e^{−i√2XL(z)} :, ψ^†_L(z) = e^{i π2 pR} : e^{i√2XL(z)} : (10a) ψ_R(z̄) = e^{−i π2 pL} : e^{i√2XR (z̄)} :, ψ^†_R(z̄) = e^{i π2 pL} : e^{−i√2XR (z̄)} : (10b)

where X_R(z̄) and X_L(z) are the right- and left-moving boson fields, respectively. The left- and right-moving boson operators are defined by the mode expansions:

X_L(τ + iσ) = 1 √ 2 x_L − i √ 2 p_L(τ + iσ) + i √ 2 ∑ n≠0 α_n n e^{−n(τ+iσ)}, (11a)

X_R(τ − iσ) = 1 √ 2 x_R − i √ 2 p_R(τ − iσ) + i √ 2 ∑ n≠0 α̃_n n e^{−n(τ−iσ)}. (11b)

The non-vanishing commutators are

[x_L, p_L] = i , [x_R, p_R] = i (12a) [α_m, α_n] = mδ_{m+n} , [α̃_m, α̃_n] = mδ_{m+n}. (12b)

The Neumann and Dirichlet boundary conditions for the bosonic string are given as X_L(0, σ) |N ⟩ = X_R(0, σ) |N ⟩ , (13a) X_L(0, σ) |D⟩ = −X_R(0, σ) |D⟩ . (13b) These boundary conditions are transcribed in the fermion theory as follows ψ_L(0, σ) |N ⟩ = iψ^†_R(0, σ) |N ⟩ , ψ^†_L(0, σ) |N ⟩ = iψ_R(0, σ) |N ⟩ , (14a) ψ_L(0, σ) |D⟩ = −iψ_R(0, σ) |D⟩ , ψ^†_L(0, σ) |D⟩ = −iψ^†_R(0, σ) |D⟩ . (14b) We may construct the boundary states which satisfy these conditions[80]

|N ⟩ = : exp { i ∫ dσ 2π ( ψ^†ψ̃^† + ψψ̃ )} : |0⟩, (15a)

|D⟩ = : exp { i ∫ dσ 2π ( ψ̃^†ψ − ψ^†ψ̃ )} : |0⟩. (15b)

If we introduce the time t explicitly, the Neumann condition does not change but the Dirichlet condition changes into (X_L + X_R) |D; t⟩ = it|D; t⟩. (16) The corresponding fermion boundary condition becomes ψ_L(0, σ) |D; t⟩ = −ie^{√2t}ψ_R(0, σ) |D; t⟩ , ψ^†_L(0, σ) |D; t⟩ = −ie^{−√2t}ψ^†_R(0, σ) |D; t⟩ . (17) Hence the boundary state |D; t⟩ is constructed to be in the fermion representation as

|D; t⟩ =: exp { i ∫ dσ 2π (e^{−√2t}ψ̃^†ψ − e^{√2t}ψ^†ψ̃) } : |0⟩. (18)

Since the Neumann state does not change,

|N ; t⟩ = |N ; 0⟩ =: exp { i ∫ dσ 2π ( ψ^†ψ̃^† + ψψ̃ )} : |0⟩. (19)

Time Evolution of Some Simple Boundary States in Two Dimensions In order to fermionize the boundary conformal field theory for the rolling tachyon we introduce an auxiliary free boson Y as in refs. [67, 68]

ϕ_{1L} =

X_L + Y_L √ 2 , ϕ_{1R} =

X_R + Y_R √ 2 (20a)

ϕ_{2L} = X_L − Y_L √ 2 , ϕ_{2R} = X_R − Y_R √ 2 . (20b)

In the two dimensional system, described by two bosons X and Y , we have four simple boundary states |D, N ⟩, |D, D⟩, |N, N ⟩, |N, D⟩ where the first and second label is the boundary condition for X and Y bosons respectively. These simple boundary states are given in terms of the fermion fields respectively [67] as |N, N ⟩ = : exp { i ∫ dσ 2π ( ψ_1ψ̃_1 + ψ^†_1ψ̃^†_1 + ψ_2ψ̃_2 + ψ^†_2ψ̃^†_2 )} : |0⟩ |N, D⟩ = : exp {∫ dσ 2π ( ψ^†_1ψ̃_2 − ψ^†_2ψ̃_1 − ψ̃^†_1ψ_2 + ψ̃^†_2ψ_1 )} : |0⟩ (21) |D, N ⟩ = : exp {∫ dσ 2π ( ψ^†_1ψ̃^†_2 − ψ̃^†_1ψ^†_2 + ψ̃_1ψ_2 − ψ_1ψ̃_2 )} : |0⟩ |D, D⟩ = : exp { i ∫ dσ 2π ( ψ^†_1ψ̃_1 − ψ^†_2ψ̃_2 − ψ̃^†_1ψ_1 + ψ̃^†_2ψ_2 )} : |0⟩ Now we introduce t by factoring the zero mode of X explicitly. Since |N, D⟩ and |N, N ⟩ are independent of time (the zero mode of X), they do not change in time |N, N ; t⟩ = |N, N ; 0⟩ = |N, N ⟩, |N, D; t⟩ = |N, D; 0⟩ = |N, D⟩. (22) The time dependence of the boundary state |D, N ⟩ follow from its t dependent boundary condition ψ_{1L}(0, σ)|D, N ; t⟩ = e^tψ^†_{2R}(0, σ)|D, N ; t⟩, ψ_{2L}(0, σ)|D, N ⟩ = e^{−t}ψ^†_{1R}(0, σ)|D, N ; t⟩, (23) ψ^†_{1L}(0, σ)|D, N ; t⟩ = −e^{−t}ψ_{2R}(0, σ)|D, N ⟩, ψ^†_{2L}(0, σ)|D, N ⟩ = −e^tψ_{1R}(0, σ)|D, N ; t⟩. Thus, the boundary state |D, N ; t⟩ is constructed as |D, N ; t⟩ =: exp {∫ dσ 2π ( e^tψ^†_1ψ̃^†_2 − e^{−t}ψ̃^†_1ψ^†_2 + e^{−t}ψ̃_1ψ_2 − e^{−t}ψ_1ψ̃_2 )} : |0⟩. (24)

One can construct the boundary state |D, D; t⟩ also in a similar way. If t is explicitly factored, the boundary condition for |D, D; t⟩ is read as ψ_{1L}(0, σ)|D, D; t⟩ = ie^tψ_{1R}(0, σ)|D, D; t⟩, ψ_{2L}(0, σ)|D, D; t⟩ = −ie^{−t}ψ_{2R}(0, σ)|D, D; t⟩, (25a) ψ^†_{1L}(0, σ)|D, D; t⟩ = ie^{−t}ψ^†_{1R}(0, σ)|D, D; t⟩, ψ^†_{2L}(0, σ)|D, D; t⟩ = −ie^tψ^†_{2R}(0, σ)|D, D; t⟩. (25b) The boundary state |D, D; t⟩ satisfying these boundary conditions is easily obtained as |D, D; t⟩ =: exp { i ∫ dσ 2π ( e^tψ^†_1ψ̃_1 − e^{−t}ψ^†_2ψ̃_2 − e^{−t}ψ̃^†_1ψ_1 + e^tψ̃^†_2ψ_2 )} : |0⟩. (26)

Time Evolution of the Rolling Tachyon We may recall the exact boundary state for the rolling tachyon in fermion theory [67]

|B, D; 0⟩ = : exp {∫ dσ 2π [( ψ^†_1ψ̃_2 − ψ^†_2ψ̃_1 − ψ̃^†_1ψ_2 + ψ̃^†_2ψ_1 ) − gπi ( ψ^†_1ψ̃_1 − ψ̃^†_2ψ_2 )] } : |0⟩ (27)

The time dependent boundary condition |B, D; t⟩ can be obtained by simply factoring t |B, D; t⟩ = : exp {∫ dσ 2π [( ψ^†_1ψ̃_2 − ψ^†_2ψ̃_1 − ψ̃^†_1ψ_2 + ψ̃^†_2ψ_1 ) − ge^tπi ( ψ^†_1ψ̃_1 − ψ̃^†_2ψ_2 )] } : |0⟩ (28)

The boundary state |B, D; t⟩ may be considered as the quantum state of the unstable D-brane probed by the closed string around ⟨X⟩ = t.

III. THE FINAL FATE OF THE ROLLING TACHYON

We may rewrite the boundary state |B, D; t⟩ Eq.(28) as follows |B, D; t⟩ = : exp { i ∫ dσ 2π [ Ψ^†_LM_1Ψ_R − Ψ^†_RM_2Ψ_L ]} : |0⟩ (29)

where

M_1 = σ_2 + ge^tπ 2 (I + σ_3) = ( ge^tπ −i i 0 ) , M_2 = σ_2 + ge^tπ 2 (I − σ_3) = ( 0 −i i ge^tπ ) (30) and Ψ_L = ( ψ_1 ψ_2 ) , Ψ_R = (~ ψ_1 ψ̃_2 ) . Note that Ψ_L and Ψ_R are the local perturbative basis in string theory and we are free to choose the most suitable one to describe the system. Any two basis are related to each other by a similarity transformation. The analysis of the time dependent behaviour in the limit where t → ∞ would be simpler if we choose the perturbative basis where the matrices M_1 and M_2 are diagonalized. What we should be concerned with is the spectrum of the string state in the limit.

Both matrices M_1 and M_2 are Hermitian and have the same characteristic equation: Their eigenvalues are

λ_± = ge^tπ 2 ± √ 1 + ( ge^tπ 2 )_2

. (31)

The (normalized) eigenvectors for M_1 with the eigenvalues λ_± respectively are 1 √ λ^2_± + 1 ( λ_± i ) . (32)

Defining

S_1 =

λ_+

√_{λ2++1}^{λ−}√_{λ2−+1} i√_{λ2++1}^i√_{λ2−+1} , (33)

we diagonalize M_1 by a similarity transformation

M_1 → S^{−1}_1 M_1S_1 = ( λ_+ 0 0 λ_− ) . (34)

Simultaneously we transform the fermion fields Ψ^†_{−n} and Ψ̃_{−n} with n > 0

Ψ^†_{−n} → Ψ^†_{−n}S_1, Ψ̃_{−n} → S^{−1}_1 Ψ̃_{−n}. (35)

In order to preserve the canonical anti-commutation relations among fermion fields we must also transform Ψ_n and Ψ̃^†_n (n > 0) as follows

Ψ_n → S^{−1}_1 Ψ_n, Ψ̃^†_n → Ψ̃^†_nS_1. (36)

Following the same steps we diagonalize M_2. If we choose the normalized eigenvectors for M_2 as 1 √ λ^2_∓ + 1 ( −i λ_∓ ) , (37)

the transformation matrix S_2 is given as

S_2 =

−^i√_{λ2−+1} −^i√_{λ2++1} λ_− √_{λ2−+1}^{λ+}√_{λ2++1} . (38)

The second term in the exponent of Eq.(28) can be diagonalized by taking a similarity transformation

M_2 → −S^{−1}_2 M_2S_2, Ψ_{−n} → iS^{−1}_2 Ψ_{−n}, Ψ̃^†_{−n} → iΨ̃^†_{−n}S_2, n > 0 (39)

Here an extra phase i is introduced to take care of the unwanted phase we will get after diagonalization. The canonical anti-commutation relation is preserved if we transform Ψ^†_n and Ψ̃_n accordingly as

Ψ^†_n → −iΨ^†_nS_2, Ψ̃_n → −iS^{−1}_2 Ψ̃_n, n > 0 (40)

Upon diagonalizing, we have

M_1 = gπ 2 I + √ 1 + ( ge^tπ 2 )_2

σ_3, (41a)

M_2 = − gπ 2 I + √ 1 + ( ge^tπ 2 )_2

σ_3. (41b)

(Note also that under this similarity transformation the world sheet string Hamiltonian is invariant.)

In the limit where t → ∞,

M_1 → ( e^t 0 0 −e^{−t} ) , M_2 → ( e^{−t} 0 0 −e^t ) . (42)

Here we translate t such that

t → t + t_0, gπe^{t0} = 1. (43)

After diagonalizing the exponent, in the limit where t → ∞, the boundary state |B, D; t⟩ behaves precisely as |D, D; t⟩ Eq.(26) |B, D; t⟩ → |D, D; t⟩, as t → ∞ (44) Of course, in the far past where t → −∞, the boundary state reduces to the boundary state for a D-brane |B, D; t⟩ → |N, D; t⟩ = |N, D⟩, as t → −∞ (45) Thus, in the far future the unstable Dp-brane can be viewed as a Sp-brane if the local perturbative basis is appropriately chosen.

IV. CONCLUSIONS

The time dependent decay process of the unstable D-brane is one of the most important subjects in string theory. Splitting the classical part from the quantum part of the string coordinate variable in the temporal direction and identifying it as time, we observe the time dependent behaviour of the boundary state, which describes the unstable D-brane. The classical part called time is a non-dynamical part of the zero mode, which may be regarded as a modular parameter of the target space-time. The boundary state proposed by Sen [1] is supposed to be a classical solution of the string theory which should depict the decay process at the classical level. The final fate of the unstable D-brane, which should be described by the proposed boundary state, has been one of focal points of recent studies [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. It has been also conjectured that the final decay product may be the S-brane, all of which tangential dimensions are spacelike [54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. However, how such a classical description of the decay process of the unstable D-brane can be realized in a consistent manner with the rolling tachyon was an open question.

Here in this paper we propose an alternative interpretation of the boundary state for the rolling tachyon to show that the boundary state correctly depicts the decay process of the unstable D-brane into a S-brane at classical level. The strategy we take is to separate the non-dynamical part from the string coordinate variable in the temporal direction and identify it as time and the rest as the quantum degrees of freedom. Then we apply the Wick rotation to quantum part only to have a well-defined quantum system as suggested by Sen and examine the time dependent behaviour of the boundary state. In the far past the boundary state trivially reduces to that for a D-brane. And we observe that in the far future the boundary state approaches that of the S-brane if we choose the local string perturbative basis appropriately. The boundary state delineates continuous transition of the D-brane into a S-brane at classical level. It is worth while to note that the fermion representation of the boundary state is quite useful to find the most suitable perturbative basis.

The unstable D-brane may undergo further some quantum decay process by emitting closed strings. The quantum decay process of the unstable D-brane has been already studied by numerous authors [3, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. It would be an interesting work to combine the classical process discussed here and the quantum process studied in the previous works to get a consistent unified description of the decay of the unstable D-brane.

Acknowledgement

Part of this work was during the author’s visit to ICTP (Italy), KIAS (Korea) and PITP (Canada). This work was supported by KOSEF through Center for Quantum Space-Time (CQUeST).

[1] A. Sen, “Rolling tachyon,” JHEP 0204, 048 (2002) [hep-th/0203211].

[2] See for a review on the rolling tachyon: A. Sen, “Tachyon dynamics in open string theory”, Int. J. Mod. Phys. A20 (2005) 5513 [hep-th/0410103].

[3] N. Lambert, H. Liu and J. Maldacena, “Closed strings from decaying D-branes” [hep-th/0303139]. [4] A. Sen, “Time evolution in open string theory,” JHEP 0210, 003 (2002) [hep-th/0207105]. [5] P. Mukhopadhyay and A. Sen, “Decay of unstable D-branes with electric field,” JHEP 0211, 047 (2002) [hep-th/0208142]. [6] A. Sen, “Time and tachyon” [hep-th/0209122].

[7] A. Sen, “Open and closed strings from unstable D-branes, Phys. Rev. D68 (2003) 106003 [hep-th/0305011]. [8] A. Sen, “Dirac-Born-Infeld Action on the Tachyon Kink and Vortex”, [hep-th/0303057]. [9] A. Sen, “Open-Closed duality at tree level”, Phys. Rev. Lett. 91 (2003) 181601 [hep-th/0306137] [10] A. Sen, “Open-Closed duality: Lessons from matrix model”, Mod. Phys. Lett. A19 (2004) 841 [hep-th/0308068] [11] A. Sen, “Rolling tachyon boundary state, conserved charges and two dimensional string theory”, JHEP 0405, 076 (2004), [hep-th/0402157] [12] F. Larsen, A. Naqvi and S. Terashima, “Rolling tachyons and decaying branes”, JHEP 0302 (2003) 039 [hep-th/0212248]. [13] G. W. Gibbons, K. Hori and P. Yi, “String fluid from unstable D-branes”, Nucl. Phys. B596 (2001) 136 [hep-th/0009061]. [14] T. Okuda and S. Sugimoto, “Coupling of rolling tachyon to closed strings”, Nucl. Phys. B647 (2002) 101 [hep-th/0208196] [15] C. Kim, H. B. Kim and Y. Kim, “Rolling tachyons in string cosmology”, Phys. Lett. B552 (2003) 111 [hep-th/0210101] [16] H. Lee and W. S. l’Yi, “Time evolution of rolling tachyons for a brane-anti-brane pair”, J. Korean Phys. Soc. 43 (2003) 676 [hep-th/0210221] [17] S. J. Rey and S. Sugimoto, “Rolling tachyon with electric and magnetic fields: T-duality approach”, [hep-th/0301049]. [18] S. J. Rey and S. Sugimoto, “Rolling of modulated tachyon with gauge flux and emergent fundamental string”, Phys. Rev.

D68 (2003) 026003 [hep-th/0303133] [19] T. Takayanagi and N. Toumbas, “A matrix model dual of type 0B string theory in two dimensions” [hep-th/0307083]. [20] M. R. Douglas, I. R. Klebanov, D. Kutasov, J. Maldacena, E. Martinec, and N. Seiberg, “A new hat for the c = 1 matric model” [hep-th/0307195].

[21] I. Ya. Aref’eva, L. V. Joukovshaya and A. S. Koshelev, “Time evolution in superstring field theory on non-BPS brane, JHEP 0309 (2003) 012 [hep-th/0301137] [22] Y. Demasure and R. A. Janik, “Backreaction and the rolling tachyon”, Phys. Lett. B578 (2004) 195 [hep-th/0305191] [23] M. Gutperle and A. Strominger, “Timelike boundary Liouville theory,” [hep-th/0301038].

[24] F. Larsen, A. Naqvi and S. Terashima, “Rolling tachyons and decaying branes”, JHEP 0302 (2003) 039 [hep-th/0212248] [25] N. R. Constable and F. Larsen, “The rolling tachyon as a matrix model”, JHEP 0306 (2003) 017 [hep-th/0305177] [26] V. Schomerus, “Rolling tachyons from Liouville theory”, JHEP 0311 (2003) 043 [hep-th/0306026] [27] K. Nagami, “Rolling tachyon with electromagnetic field in linear dilaton background”, Phys. Lett. B591 (2004) 187 [hep-th/0312149] [28] A. Fotopoulos and A. A. Tseytlin, “On open superstring partition function in inhomogeneous rolling tachyon background”, JHEP 0312 (2003) 025 [hep-th/0310253] [29] E. Coletti, I. Sigalov, W. Taylor, “Taming the Tachyon in Cubic String Field Theory”, JHEP 0508 (2005) 104 [hep-th/0505031] [30] V. Forini, G. Grignani, G. Nardelli, “A new rolling tachyon solution of cubic string field theory” [hep-th/0502151]; “A solution to the 4-tachyon off-shell amplitude in cubic string field theory”, JHEP 0604 (2006) 053 [hep-th/0603206] [31] J. A. Harvey, D. Kutasov and E. J. Martinec, On the relevance of tachyons [hep-th/0003101] [32] D. Kutasov, M. Mariño and G. Moore, “Some exact results on tachyon condensation in string field theory” [hep-th/0009148] [33] L. Cornalba, “Tachyon Condensation in Large Magnetic Fields with Background Independent String Field Theory” [hep-th/0010021] [34] K. Okuyama, “Noncommutative Tachyon from Background Independent Open String Field Theory” [hep-th/0010028]

[35] O. Andreev, “Some Computations of Partition Functions and Tachyon Potentials in Background Independent Off-Shell String Theory” [hep-th/0010218] [36] G. Arutyunov, S. Frolov, S. Theisen and A.A. Tseytlin, “Tachyon condensation and universality of DBI action” [hep-th/0012080] [37] J. David, “Tachyon condensation using the disc partition function” [hep-th/0012089] [38] G. Chalmers, “Open string decoupling and tachyon condensation” [hep-th/0103056] [39] T. Lee, “Tachyon condensation, boundary state and noncommutative solitons”, Phys. Rev. D64, 106004 (2001), [hep-th/0105115] [40] T. Lee, “Tachyon Condensation and Open String Field theory”, Phys. Lett. B520 (2001) 385, [hep-th/0105264] [41] T. Lee, “Boundary string field theory at one-loop, J. Korean Phys. Soc. 42 34 (2003), [hep-th/0109032] [42] O. Andreev and T. Ott, “On One-Loop Approximation to Tachyon Potentials”, Nucl.Phys. B627 (2002) 330 [hep-th/0109187] [43] K. Hotta, “Brane-Antibrane Systems at Finite Temperature and Phase Transition near the Hagedorn Temperature” [hep-th/0212063] [44] T. Uesugi, “Worldsheet Description of Tachyon Condensation in Open String Theory” [hep-th/0302125] [45] I. Ellwood, J. Shelton, W. Taylor, “Tadpoles and Closed String Backgrounds in Open String Field Theory”, JHEP 0307 (2003) 059 [hep-th/0304259] [46] K. Hashimoto, S. Terashima, “Boundary String Field Theory as a Field Theory – Mass Spectrum and Interaction”, JHEP 0410 (2004) 040 [hep-th/0408094] [47] A. Sen, “Tachyon Matter”, JHEP 0207 (2002) 065 [hep-th/0203265] [48] A. Sen, “Field Theory of Tachyon Matter”, Mod. Phys. Lett. A17 (2002) 1797 [hep-th/0204143] [49] S. Sugimoto and S. Terashima, “Tachyon matter in boundary string field theory,” JHEP 0207, 025 (2002) [hep-th/0205085] [50] A. Buchel, P. Langfelder and J. Walcher, “Does the tachyon matter?,” Annals Phys. 302, 78 (2002) [hep-th/0207235];

A. Buchel and J. Walcher, “The tachyon does matter,” [hep-th/0212150].

[51] A. Ishida and S. Uehara, “Rolling down to D-brane and tachyon matter,” JHEP 0302, 050 (2003) [hep-th/0301179]. [52] O-Kab Kwon, Piljin Yi, “String Fluid, Tachyon Matter, and Domain Walls”, JHEP 0309 (2003) 003 [hep-th/0305229] [53] Ho-Ung Yee, Piljin Yi, “Open/Closed Duality, Unstable D-Branes, and Coarse-Grained Closed Strings”, Nucl. Phys. B686 (2004) 31 [hep-th/0402027] [54] M. Gutperle and A. Strominger, “Spacelike branes,” JHEP 0204, 018 (2002) [hep-th/0202210]. [55] A. Strominger, “Open string creation by S-branes” [hep-th/0209090].

[56] F. Leblond and A. W. Peet, “SD-brane gravity fields and rolling tachyons”, JHEP 0304 (2003) 048 [hep-th/0303035] [57] C. -M. Chen, D. V. Gal’tsov and M. Gutperle, “S-brane Solutions in Supergravity Theories”, Phys. Rev. D66 (2002) 024043 [hep-th/0204071] [58] M. Kruczenski, R. C. Myers and A. W. Peet, “Supergravity S-Branes”, JHEP 0205 (2002) 039, [hep-th/0204144] [59] S. Roy, “On supergravity solutions of space-like Dp-branes”, JHEP 0208 (2002) 025 [hep-th/0205198] [60] N. S. Deger and A. Kaya, “Intersecting S-Brane Solutions of D=11 Supergravity”, JHEP 0207 (2002) 038, [hep-th/0206057] [61] K. Ohta and T. Yokono, “Gravitational Approach to Tachyon Matter”, [hep-th/0207004] [62] J. E. Wang,“Spacelike and Time Dependent Branes from DBI”, JHEP 0210 (2002) 037 [hep-th/0207089] [63] V. D. Ivashchuk,“Composite S-brane solutions related to Toda-type systems” [hep-th/0208101] [64] K. Hashimoto, P-M. Ho, J. E. Wang, “S-brane Actions” [hep-th/0211090] [65] K. Hashimoto, P.-M. Ho, S. Nagaoka, J. E. Wang, Time Evolution via S-branes, Phys. Rev. D68 (2003) 026007 [hep-th/0303172] [66] G. Jones, A. Maloney, A. Strominger, “Non-Singular Solutions for S-branes”, Phys. Rev. D69 (2004) 126008 [hep-th/0403050] [67] Taejin Lee, Gordon W. Semenoff, “Fermion Representation Of The Rolling Tachyon Boundary Conformal Field Theory”, JHEP 0505 (2005) 072 [hep-th/0502236] [68] M. Hasselfield, Taejin Lee, G.W. Semenoff, P.C.E. Stamp, “Critical Boundary Sine-Gordon Revisited”, to be published in Ann. Phys. (2006) [hep-th/0512219] [69] J. Polchinski and L. Thorlacius, “Free fermion representation of a boundary conformal field theory,” Phys. Rev. D 50 (1994) 622 [hep-th/9404008].

[70] B. Chen, M. Li and F-L Lin, “Gravitational Radiation of Rolling Tachyon”, JHEP 0211, 050 (2002) [hep-th/0209222] [71] J. McGreevy and H. Verlinde, “ Strings from Tachyons”, JHEP 0312 (2003) 054 [hep-th/0304224] [72] I. R. Klebanov, J. Maldacena, N. Seiberg, “ D-brane Decay in Two-Dimensional String Theory”, JHEP 0307 (2003) 045 [hep-th/0305159] [73] J. Kluson, “Particle Production on Half S-brane”, Int. J. Mod. Phys. A19 (2004) 3707 [hep-th/0306002] [74] K. Nagami, “Closed String Emission from Unstable D-brane with Background Electric Field”, JHEP 0401 (2004) 005 [hep-th/0309017] [75] K. Hashimoto, P.-M. Ho, J. E. Wang, “Birth of Closed Strings and Death of Open Strings during Tachyon Condensation”, Mod. Phys. Lett. A20 (2005) 79 [hep-th/0411012] [76] J. Shelton, “Closed Superstring Emission from Rolling Tachyon Backgrounds”, JHEP 0501 (2005) 037 [hep-th/0411040] [77] L. Leblond, “On the Production of Open Strings from Brane Anti-Brane Annihilation”, JHEP 0601 (2006) 033 [hep-th/0510261] [78] N. Jokela, E. Keski-Vakkuri, J. Majumder, “On Superstring Disk Amplitudes in a Rolling Tachyon Background”, Phys.

Rev. D73 (2006) 046007 [hep-th/0510205]

[79] Chanju Kim, Yoonbai Kim, Hwang-hyun Kwon, O-Kab Kwon, “BPS D-branes from an Unstable D-brane in a Curved Background”, Phys. Rev. D72 (2005) 026006 [hep-th/0504130] [80] As is well-known, the fermion theory has two secotrs; the NS-NS sector and the R-R sector. Explicit expressions of the fermion boundary states are slightly different in each sector. Here we only discuss the NS-NS sector for the sake of simplicity. See [67] for more detailed expressions.