Published by Institute of Physics Publishing for SISSA/ISAS Received: September 1, 2004 Accepted: October 18, 2004

Boundary string field theory as a field theory — mass spectrum and interaction

Koji Hashimoto

Institute of Physics, University of Tokyo Komaba, Tokyo 153-8902, Japan E-mail: koji@hep1.c.u-tokyo.ac.jp

Seiji Terashima

New High Energy Theory Center, Rutgers University 126 Frelinghuysen Road, Piscataway, NJ 08854-8019, U.S.A. E-mail: seijit@physics.rutgers.edu

Abstract: We study the BSFT actions by using an analytic continuation in momentum space. We compute various two- and three-point functions for some low-lying excitations including massive states on BPS/non-BPS D-branes. The off-shell two-point functions for the tachyon, the gauge field and the massive fields are found to reproduce the well-known string mass-shell conditions. We compare our action with the tachyon actions previously obtained by the derivative expansion (or the linear tachyon profiles), and find complete agreement. Furthermore, we reproduce the correct on-shell value of the tachyon-tachyon-gauge three-point function on brane-anti-brane systems. Though inclusion of the massive modes has been thought difficult because of the non-renormalizability in string σ models, we overcome this by adopting general off-shell momenta and the analytic continuation.

Keywords: Superstrings and Heterotic Strings, D-branes, String Field Theory.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep102004040 /jhep102004040 .pdf

Contents

1. Introduction 1

2. BSFT action via analytic continuation 3 2.1 Brief review of super BSFT action 4 2.2 Tachyon two-point function 6 2.3 Relation to derivative-expanded BSFT tachyon action 9 2.4 Gauge field two-point function 10 2.5 Massive field two-point functions 12 2.5.1 First massive state on non-BPS brane 12 2.5.2 First massive state on BPS D-brane 14

3. Interaction in BSFT — three-point function 17 3.1 Three-point function in brane-anti-brane 18 3.2 Exact coincidence with derivative-expanded BSFT 20 3.3 Reproduction of string scattering amplitude 22

4. Generalities — minimum length in string theory 25

5. Conclusion and discussions 28

A. Rolling tachyon solution 29

B. Background constant field strength 31

1. Introduction

The outstanding problems in string theory, such as determination of its vacuum, require complete non-perturbative definition of string/M theory. At present, only a few candidates for it are in our hand, among which the most promising formulation may be string field theories [1, 2, 3]. However, their techniques developed for calculating various physical quantities are yet not enough for checking the validity and efficiency of the string field theories. Background-independent (or boundary) string field theory (BSFT) [1] is one of the formulations of the string field theories. For superstrings, the BSFT action S is conjectured to be simply given by the partition function Z of supersymmetric boundary σ models [4, 5, 6]. The BSFT turned out to be very useful in describing exactly some of the important consequences of the tachyon condensation based on the Sen’s conjectures [7] such as tensions of topological defects. Very few have been as successful as the BSFT in extraction of off-shell information in string theory, which suggests that the BSFT is an essential touchstone for exploring non-perturbative aspects of string theories and even obtaining a proper definition of string/M theory.

– 1 –

Though the BSFT is a very attractive formulation, it has some shortcomings to be overcome. One of those is that the definition of the BSFT action given in [1] is rather formal and it is difficult to apply it for actual purposes. Consequently, its relation to worldsheet spectra and string scattering amplitudes is rather unclear. This relation is one of the main points we are going to clarify in this paper. One of the other problems is difficulty in incorporating string massive modes in the BSFT. Since the BSFT action is defined with boundary perturbations (interactions) of the worldsheet σ model action, there is apparent difficulty in defining its partition function for non-renormalizable boundary perturbations. More explicitly, since^∂_{∂τ} X(τ) has mass dimension one in the boundary one dimensional theory, only the tachyon T (X) and the massless gauge fields A_μ(X) are renormalizable couplings of the boundary σ model, once perturbative expansion in powers of dimensionless X is employed (this corresponds to Taylor (or derivative) expansion of the space-time fields in the boundary couplings). For this reason, it has been widely believed that only for the tachyon and the gauge field one can compute BSFT actions, but one can not compute the action for massive modes since they correspond to nonrenormalizable boundary perturbations, of which the mass dimensions are greater than one. However, there is a loophole in this argument: we may include an infinite number of boundary couplings so that the renormalization is consistent [8]. Although it seems difficult naively to find such a set of bases of infinite dimensions, our answer is quite simple — we use a Fourier decomposition instead of the Taylor expansion, for the boundary interactions. For example, if we express T (X(τ)) in the normal-ordered plane-wave basis as T (X) = ∫ dk t(k) : e^{ik·X(τ )}: , the dimension of this normalized field is less than one for an appropriate region of the momentum value k^2 (this procedure was briefly discussed in appendix A of [9] and similar methods were used in [10, 11]). As we will see in this paper, if we consider t(k) with appropriately negative k^2, the partition function Z is computed to be finite and there is no need to perform the renormalization further, thus the BSFT action is well defined for perturbatively all order in t(k). Moreover, we can analytically continue the BSFT action to include t(k) with any k. The important point is that this procedure can be applied also for the massive fields and we have a BSFT action for all (bosonic) space-time fields. With use of the normal ordered Fourier basis and the analytic continuation, the BSFT (and also boundary σ models) can incorporate all the excitations of the open string including the massive modes with arbitrary momenta.

In this paper, we study the BSFT action using this analytic continuation method. We compute various two- and three-point functions for some low-lying excitations (including massive states) on BPS/non-BPS D-branes and brane-anti-branes. In this paper we assume S_{BSFT} = Z [5]. The off-shell two-point functions for the tachyon, the gauge field and the massive fields are found to be reproducing the well-known string mass-shell conditions. We compare our action with the tachyon action previously obtained in [4, 12, 13] by the derivative expansion (or linear tachyon profiles), and find complete agreement for terms existing in both. This is an interesting result since the peturbative tachyon mass was not correctly obtained previously in [4, 14] becasuse of truncation of higher derivative terms in the boundary interaction, while our analytic continuatinuation method includes arbitrary higher drivative terms and gives the correct perturbative tachyon mass. This mechanism

– 2 – has been applied to the tachyon condensation senario in our previous paper [15] in which we have showed that the BSFT linear tachyon backgrounds corresponding to lower-dimensional BPS D-branes and rolling tachyons in fact give rise to deformations of mass-shell structures (expected in effective field theory results such as in [16]) for all the open string excitations, which verifies the Sen’s conjectures [7]. One of the other intriguing aspects of our two-point functions is that they seem to require a cut-off for large momenta — this might be the appearance of the minimum length in string theory.

For three-point functions, we reproduce the correct on-shell value of the tachyontachyon-gauge three-point function on brane-anti-brane systems. (Most of the other combinations of the fields vanish in the superstring case.) To compute the on-shell value of the three-point function, the limiting procedure empoloyed in [10, 11] is not correct in general. Furthermore, [10] pointed out a problem in which the three-point function with a gauge field exhibits a divergence. We solve these problems by using a field redefintion of the space-time fields which makes the three-point function regular at the on-shell value. The three-point function obtained in this way coincides with the S-matrix computation. As a property of interactions in the BSFT, the following consistency condition is expected [10]: the action S = Z already includes the vertices which reproduce on-shell tree level S-matrix [6], while the path integral of e^{iS} or one-particle-reducible Feynman graphs would give further contributions to it, thus these additional contributions should vanish with on-shell external legs. We have checked this explicitly for our three-point function.

The organization of the paper is as follows. In section 2, after describing our general procedures of computation of the BSFT action, we give two-point functions of spacetime fields including massive excitations reproducing correct superstring spectra for BPS/non- BPS D-branes. A detailed consistency with the tachyon/gauge BSFT actions in the previous literatures is studied. In section 3, a three-point function on a non-BPS brane is obtained and its properties, especially the reproduction of a string scattering amplitude, are studied. section 4 is for discussing various interesting properties of the obtained off-shell action, including an indication of a spacetime resolution in string theory. In appendix A we apply our action to reproduce a part of Sen’s result on rolling tachyons [17, 18], and in appendix B, a background gauge field strength is introduced to see derivative corrections to Born-Infeld actions. In this paper we consider only superstrings since their BSFT action is simple.

2. BSFT action via analytic continuation

After pointing out the difficulty in getting mass-shell conditions in previous techniques (Taylor expansions of the boundary couplings) in the BSFT, in this section we explain how the different choice of the expansion basis consistently gives a BSFT action incorporating the mass-shell conditions. Emphasis is on the fact that, even for massive excitations which are widely believed to be non-renormalizable and so difficult to be treated in boundary σ models, we can successfully write down the BSFT action via the “analytic continuation method”. We utilize the momentum dependence of conformal dimensions of off-shell vertex operators to obtain a finite partition function which is the BSFT action. Though one has to

– 3 – make the analytic continuation to get into physically interesting regions of momenta such as the nearly on-shell region, this method turns out to be consistent with all known actions of tachyons and gauge fields derived with Taylor (derivative) expansion of the boundary couplings.

2.1 Brief review of super BSFT action

The disk partition function for a BPS D9-brane is defined by Z = ∫ DXDψ exp[−I(X, ψ)] . (2.1) In this definition the σ model action I is composed of two terms, I = I_0 + I_B, where I_0 is the bulk part^1

I_0 = 1 4π ∫ Σ d^2z [ 2 α^′ ∂_zX^μ∂_{z̄}X_μ + ψ^μ∂_{z̄}ψ_μ + ψ̃^μ∂_zψ̃_μ ] , (2.2)

and I_B is a boundary interaction which is written by a superfield whose argument is restricted to the boundary,

X^μ(τ, θ) = X^μ(τ) + √ 2α^′iθψ^μ(τ) . (2.3)

In this paper we take a convention α^′ = 2. When applied to the context of the BSFT, Σ should not be the upper half plane but a unit disk, and thus ∂Σ is not the real axis but a unit circle. So, τ parametrizes the boundary circle of the disk, −π < τ ≤ π. As an example of the boundary perturbation, a massless gauge field on a BPS D-brane is represented by

I_B = ∫ ∂Σ dτdθ[−iD_θX^μA_μ(X)] , (2.4)

where the superspace derivative is

D_θ = ∂ ∂θ + θ ∂ ∂τ . (2.5)

Other space-time fields can be incorporated as boundary couplings possessing higher powers of D_θ.

For a brane-anti-brane system, we should include the following boundary fermion which represents the Chan-Paton factor of the brane-anti-brane [19]. In the superfield notation, the boundary fermion is

Γ(τ, θ) = η(τ) + θF (τ) , (2.6)

and its kinetic action is given by [12, 13]

I_Γ = ∫ ∂Σ dτdθ [−Γ̄D_θΓ] = ∫ ∂Σ dτ [η̄η̇ − F̄ F ] . (2.7) 1The spacetime metric is diag(−1, 1, 1, · · · , 1) in this paper.

– 4 –

This means that η is a propagating boundary fermion while F is an auxiliary field. By the canonical quantization of this action, we may regard η̄, η and [η̄, η] as Pauli matrices σ_+, σ_− and σ_3, respectively, which are Chan-Paton degrees of freedom of the two branes. The number of Γ’s in the interaction terms is related to the GSO parity. To obtain The disk partition function, we should path-integrate also Γ, Z = ∫ DXDψDηDF exp[−I(X, ψ) − I_Γ(η, F )] . (2.8) To get a boundary action for a non-BPS D-Brane, we simply restrict Γ to a real superfield. As an example, the tachyon field on the D-brane is represented as

I_Γ + I_B = ∫ ∂Σ dτdθ [ −ΓD_θΓ +

T (X) √ 2π Γ ]

= ∫ ∂Σ dτ [ ηη̇ − F^2 + i √ 2 π ψ^μη∂_μT (X) − T (X) √ 2π F ] . In this boundary action, we can easily integrate out the auxiliary field F to get

I_Γ + I_B = ∫_π −π dτ [ ηη̇ + i √ 2 π ψ^μη∂_μT (X) + 1 8π T (X)^2 ] . (2.9)

When the tachyon field is constant, we immediately obtain the well-known spacetime tachyon potential of the form e^{−T 2/4}.

The super BSFT action is conjectured to be given by the disk partition function

S_{BSFT} = Z . (2.10)

We normalize Z as Z = T ∫ d^{10}x when all space-time fields vanish, where T is the tension of the corresponding brane(s). (Hereafter, we use this normalization of Z.) The validity of the assumption (2.10) has been discussed in [5].

To evaluate the partition function of the open superstring σ model, one needs to specify the explicit form of the boundary couplings. Historically, Taylor expansions for the boundary coupling have been adopted in which for example the tachyon field is expanded as

T (X) = T (x) + ∂_μT (x)X̂^μ + 1 2 ∂_μ∂_ν T (x)X̂^μX̂^ν + · · · , (2.11)

where the worldsheet scalar field X^μ is decomposed into its zero mode x^μ plus the oscillator mode X̂^μ. The multiple scalar fields should be normal-ordered so that the boundary coupling is well-defined. The partition function can be evaluated using the worldsheet propagators ⟨ X̂^μ(τ)X̂^ν (0) ⟩ = −4η^{μν} log | | |2 sin τ 2 | | | , ⟨ψ^μ(τ)ψ^ν (0)⟩ = 1 2 sin^τ_2

. (2.12)

The propagator for η (in the non-BPS case) is ⟨ η(τ)η(τ^′) ⟩ = 1 2 ϵ(τ − τ^′) = 1 2 sin(τ/2) | sin(τ/2)| , (2.13)

– 5 – where ϵ(τ_{12}) is the sign function. Due to the worldsheet periodicity, the last expression is appropriate, if we define^{sin(τ /2)}_{| sin(τ /2)|} = 0 for τ = 2nπ (n ∈ Z).

The Taylor expansion (2.11) adopted in most of the literature has provided various interesting results [6, 9, 4, 14, 12, 13], especially on the tachyon condensation and the Sen’s conjectures. For the tachyon profiles linear in X, the boundary interaction is pathintegrated exactly and gives the tensions of lower-dimensional D-branes. However, this simple expansion (2.11) is obviously incompatible with general mass-shell conditions, because basically the above expansion is a derivative (or α^′) expansion. Throwing away the higher derivatives to compute the partition function is valid only for nearly massless states, though generic on-shell conditions are apparently different from the massless condition. In this paper, we adopt a different expansion to reconcile the on-shell condition with the computability of the partition function.

2.2 Tachyon two-point function

The essence described in appendix A of [9] is to use a plane-wave basis instead of the Taylor (derivative) expansion (2.11) to extract the structure of the off-shell tachyon state which can be nearly on-shell. We expand the tachyon field as

T (X) = ∫ dk t(k)e^{ik·X} = ∫ dk t_R(k) : e^{ik·X} : = ∫ dk t_R(k) e^{ik·x} : e^{ik·X̂} : . (2.14)

The function t(k) is a momentum representation of the tachyon field. We allow generic function t(k) which is thus off-shell. We introduced the normal ordering so that the tachyon off-shell coupling itself is well-defined on the boundary of the worldsheet. The relation to the renormalized tachyon field is

t(k) = t_R(k) exp [ 2k^2 log ϵ ] (2.15)

where ϵ is the regularization parameter in a regularized version of the propagator (2.12), ⟨ X̂^μ(τ)X̂^ν (0) ⟩ = 2η^{μν} ∑ m≠0 1 |m| e^{imτ −|m|ϵ} . (2.16)

Accordingly, the renormalized tachyon field in the coordinate representation is

T (x) = exp [−2(log ϵ)∂_μ∂^μ] T_R(x) . (2.17)

In superstring theories, the open string tachyon appears in unstable D-branes. Here we consider the tachyon in a non-BPS D-branes. The relevant boundary action I_Γ + I_B is (2.9). Since we work in component fields in the rest of this paper, we refer to (2.9) without the η kinetic term, i.e. the second and the third term in (2.9), as I_B. The tachyon n-point function is given by 1 n! ∫ dx ⟨(−I_B)^n⟩ , (2.18)

– 6 – where ⟨ ⟩ denotes the path-integration over X̂, ψ and η with the worldsheet action I_0 + ∫ dτ ηη̇ for the non-BPS case. A simplification occurs as explained in [20], the term T^2 in the tachyon coupling I_B vanishes in an appropriate region of the momenta, since T (X(τ))T (X(τ)) = ∫ dkdk^′ t_R(k)t_R(k^′)e^{i(k+k′)·x} lim_{ϵ→0} : e^{ik·X̂(τ +ϵ)} : : e^{ik′·X̂(τ )} : = ∫ dkdk^′ t_R(k)t_R(k^′)e^{i(k+k′)·x} lim_{ϵ→0} exp [ 4k · k^′ log |ϵ| ] : e^{i(k+k′)·X̂(τ )} : = ∫ dkdk^′ t_R(k)t_R(k^′)e^{i(k+k′)·x} lim_{ϵ→0} ϵ^{4k·k′} : e^{i(k+k′)·X(τ )} : = 0 . (2.19)

Here we have assumed k · k^′ > 0. Thus we may consider just the term ψ^μη∂_μT in I_B for the computation of the relevant part of the partition function (2.18) and then analytically continue the result to all other region of k. What we are doing here is a kind of an off-shell version of [18].

In this subsection we obtain the tachyon two-point function ∫ dx⟨I_BI_B⟩ which provides the mass-shell condition, with use of the boundary propagators (2.12), (2.13).^2 Noting the well-known result ⟨ : e^{ikX} (τ) :: e^{ik̃X} (0) : ⟩ = | |2 sin τ 2 | |^{4k·k̃} e_{i(k+}~_{k)x} , (2.20)

we obtain ⟨I_BI_B⟩ as ∫ dτ_1dτ_2 ⟨( i √ 2 π ) : ψ^μη∂_μT (τ_1) : ( i √ 2 π ) : ψ^ν η∂_ν T (τ_2) : ⟩ = = ∫ dk_1dk_2 ∫ dτ_1dτ_2 ( −2 π ) 1 2 ϵ(τ_{12}) −1 2 sin(τ_{12}/2) | | |2 sin τ_{12} 2 | | |^{4k1·k2} η^{μν} × e^{ik1·x+ik2·x}(ik_1)_μt_R(k_1)(ik_2)_ν t_R(k_2) = ∫ dk_1dk_2 2^{4k1·k2} ∫ dτ_{12} | |sin τ_{12} 2 | |^{4k1·k2−1} η^{μν} e^{ik1·x+ik2·x}(−k1 · k2)tR(k1)tR(k2) = ∫ dk_1dk_2 e^{ik1·x+ik2·x}(−k_1 · k_2)t_R(k_1)t_R(k_2)2^{4k1 ·k2} 2 √ π Γ(2k_1 · k_2) Γ(2k_1 · k_2 + 1/2) = − ∫ dk_1dk_2 e^{i(k1 +k2)·x}t_R(k_1)t_R(k_2)2^{4k1·k2} √ π Γ(2k_1 · k_2 + 1) Γ(2k_1 · k_2 + 1/2)

. (2.21)

Hence defining

Z^{(2)}(y) ≡ 2^{2y} √ π Γ(y + 1) Γ(y + 1/2)

, (2.22)

we obtain the BSFT action S = Z = T ∫ dx [ 1 − 1 2 ∫ dk_1dk_2 t_R(k_1)e^{ik1·x}Z^{(2)}(α^′k_1 · k_2)t_R(k_2)e^{ik2·x} + O(t^4_R) ]

2After completion of this work, we found that this subsection has an overlapping result with [21].

– 7 – y

Z^{(2)}(y)

Figure 1: Behavior of the kinetic function Z^{(2)}(y). It has zeros at y = −n + 1/2 while poles at y = −n (n ∈ Z^+). The region y > −1 is regular.

= T ∫ dx [ 1 − 1 2 T_R(x)Z^{(2)}(−α^′ ←− ∂ · −→ ∂ )T_R(x) + O(T^4_R) ] , (2.23)

where we recovered the explicit α^′ dependence by α^′/2 = 1. Note that here we haven’t performed the target space zero-mode integral ∫ dx, and so we actually compute the BSFT lagrangian density L. The action has information of all order in its spacetime derivatives but for small magnitude of the tachyon field. We shall see interesting properties of this action below.

First, the tachyon mass-shell condition should be read from the kinetic function Z^{(2)}. The equation of motion for the tachyon follows from the action as

Z^{(2)}(∂^2)T_R(x) = O(T^3_R) . (2.24)

Plane-wave solution with an infinitesimal magnitude is represented as T_R(x) = λe^{ik·x} (λ ≪ 1), for which the equation of motion reduces to

Z^{(2)}(−α^′k^2) = 0 . (2.25)

This can be solved by k^2 = 1/2α^′, the tachyon mass-shell condition.

Strangely, as seen obviously in figure 1, there are an infinite number of solutions for this equation (2.25), α^′k^2 = n + 1/2 (n ∈ Z_{≥0}). However, poles exists before the next zero is reached from the regular region y > 0. These poles might be interpreted as a spacetime resolution or a minimum length in string theory. We shall discuss this point in detail in section 4.

The kinetic operator Z^{(2)}(y) can be expanded around the on-shell momentum, in terms of y + 1/2. The coefficient [ ∂ ∂y Z^{(2)}(y) ] y=−^1_2 = π 2 (2.26)

gives us an information on the normalization of the tachyon field once we require the canonical normalization of the kinetic term. (The terms higher in the power of (y + 1/2) in the expansion of Z^{(2)}(y) can be absorbed into the field redefinition of the tachyon field.) This normalization is necessary in comparing the BSFT results with known string scattering amplitudes, which will be studied in section 3.

– 8 –

2.3 Relation to derivative-expanded BSFT tachyon action

We can compare our result (2.23) with the known expression for the tachyon lagrangians derived so far in BSFT’s. An interesting fact is that, although the definition of the partition function naively suggests that a constant T gives vanishing result (2.19) (this is due to the fermion integral dθ in [18]), the “potential” T^2 term is reproduced in our result (2.23) after the analytic continuation. In fact, the two-point function in (2.23) has a regular Taylor expansion for small momentum as

Z^{(2)}(y) = ∞∑ n=0 a_ny^n , (2.27)

a_0 = 1 , a_1 = 4 log 2 , a_2 = − π^2 6 + 8(log 2)^2 , . . . (2.28)

and in particular, a_0 is non-vanishing. This means that the lagrangian is expanded in terms of the derivatives (i.e. slowly-varying field approximation) as L T = 1 − 1 2 T^2_R + 2α^′ log 2(∂_μT_R)^2 + ( π^2 12 −4(log 2)^2 ) α^{′2}(∂_μ∂_ν T_R)^2 + O(∂^6) . (2.29)

So there appears T^2_R “potential” term. Note that, on the other hand, in the conventional BSFT approaches [4, 13] the T^2_R term was due to the expansion of the tachyon potential e^{−T 2}R^{/4} coming from the contact term T_R(X)^2 in the boundary action which we have neglected as seen in (2.19). Technically speaking, the reason why the potential term T^2_R appears is that we have evaluated the worldsheet partition function for generic tachyon momentum k_μ and taken a limit k → 0, which is different from the case of putting k = 0 from the first place. We have unawares used an analytic continuation to evaluate the kinetic operator in regions of interest.

A conventional string σ model approach (Taylor expansion or derivative (α^′) expansion of the boundary couplings) provides a similar form of the effective action for the tachyon [13], L T = 1 − 1 2 T̃^2_R + 2α^′ log 2(∂_μT̃_R)^2 + α^{′2}γ_0(∂_μ∂_νT̃_R)^2 + O(∂^6) . (2.30)

The original result in [13] was for a brane-anti-brane, but restricting the complex tachyon field to be real (^{1√}_2 T^{non−BPS}_R = Re T^{DD}_R ), the action reduces to that of the non-BPS brane as above. The value of the constant γ_0 defined in [13] can be computed^3 to be

3With the following relation for a small ϵ, ∑ m,r>0 e^{−(r+m)ϵ} m(m + r) = ∑ m,r>0 ∫_∞ ϵ dϵ^′ e^{−(r+m)ϵ} m = ∫_∞ ϵ dϵ^′ −e^{− ϵ′2} log(1 − e^{−ϵ′} ) 1 − e^{−ϵ′} = (log ϵ)^2 2 + π^2 6 − 2(log 2)^2 + O(ϵ)

where the summation index m is for positive integers while r is for positive half-odd numbers, γ0 can be explicitly evaluated as

γ0 = − lim_{ϵ→0} ∑ m,r>0 1 m ( 1 r + m − 1 r − m ) e^{−(r+m)ϵ} + π^2 3 − 4(log 2)^2

– 9 – γ_0 = π^2/12 − 4(log 2)^2. This lagrangian (2.30) completely coincides with our result (2.29). Although it looks that these two lagrangians were obtained in different regularization schemes, in fact these two regularizations turn out to be the same: the renormalization used in the σ model approach [13] was T = T̃_R + α^′ log ϵ∂_μ∂^μT̃_R +^1_2 α^{′2}(log ϵ)^2(∂_μ∂^μ)^2T̃_R + · · · with the regularized propagator (2.16), which coincides with the expansion of our regularization (2.17). Therefore we find T_R = T̃_R up to the present order of the derivatives.^4 Furthermore, we note that our result (2.29) is consistent also with the “usual” BSFT action S = T ∫ dx e^{−T 2} F(2α^′∂^μT ∂_μT ) , F(x) ≡ x 4^x 2 Γ(x)^2 Γ(2x)

= 1 + 2(log 2)x + O(x^2) , (2.32)

which was obtained [4] by an exact evaluation of the path-integral with a linear tachyon profile T = a + u_μX^μ. Therefore, these different actions (2.23), (2.30) and (2.32) are different expansions of the unique BSFT action which contains correct physical quantities: the tachyon mass, the tachyon potential an so on.

To consider the rolling tachyon solution [17, 18] in the obtained BSFT action (2.23) is interesting. We will study it in appendix A. There we show that a half S-brane marginal deformation of a conformal field theory [22] is actually a solution of our equation of motion with an infinite number of derivatives, preserving the energy while the pressure gradually decreases.

It is noteworthy that for the rolling tachyon solutions we should consider local quantities, such as the lagrangian density L or energy momentum tensor, instead of the integrated values such as the action S = ∫ dx L [17, 18]. This is because in the latter case the actual action is divergent. It follows that we can not use any partial integration or momentum conservation relations because the integration is divergent for such configuration. Therefore the lagrangian density should be sensible. Indeed, our analysis above in getting the lagrangian has not used the partial integration or the momentum conservation relation.

2.4 Gauge field two-point function

The two-point function of the massless gauge fields can be obtained in the same manner. The boundary interaction for the gauge field is (2.4), and written in component fields as

I_B = −i ∫ ∂Σ dτ ∫ dk ( a_μ(k)Ẋ^μe^{ikν Xν} − 2f_{μν} (k)e^{ikμXμ} ψ^μψ^ν ) . (2.33)

Here a_μ(k) is the momentum representation of the target space gauge field, and f_{μν} (k) ≡ ik_μa_ν (k) − ik_ν a_μ(k) is that of the field strength. Note that the same action is used for the gauge fields in a BPS D-brane, a non-BPS D-brane and a brane-anti-brane; the following

= −2 lim_{ϵ→0} ∑ m,r>0 1 (m + r)(m − r) e^{−(r+m)ϵ} + π^2 3 − 4(log 2)^2 = π^2 12 − 4(log 2)^2 . (2.31)

4Note that a change of a renormalization constant, like ϵR in [10], corresponds to a field redefinition T → e^{c∂2} T = T + c∂^2T + · · · . This gives an extra factor e^{2c∂2} to Z^{(2)}, which does not change the on-shell condition. Thus it is clearly unphysical.

– 10 – consideration is applicable to any D-brane system. Let us define the renormalized gauge field for the boundary action to be well-defined,

I_B = −i ∫ ∂Σ dτ ∫ dk ( a_{Rμ}(k)Ẋ^μ : e^{ikν Xν} : −2f_{Rμν} (k) : e^{ikμXμ} : ψ^μψ^ν ) , (2.34)

where

a_μ = a_{Rμ} exp [2(log ϵ)k_μk^μ] , A_μ(X) = exp [−2(log ϵ)∂_μ∂^μ] A_{Rμ}(x) . (2.35)

Making the operator Ẋ^μ normal-ordered with : e^{ik·X} : may produce an additional term, ∫ dτ Ẋ^μ : e^{ik·X̂} : − ∫ dτ : Ẋ^μe^{ik·X̂} := = ∫ dτdτ_1dτ_2⟨X^ρ(τ_1)X^σ(τ_2)⟩ ∂ ∂τ δ(τ_1 − τ)δ(τ_2 − τ)η^{μρ}ik^σ : e^{ik·X̂} : . (2.36)

However, this last expression vanishes with careful treatment with the regularized propagator (2.16). The fermion self-contraction ψ^μψ^ν − : ψ^μψ^ν : vanishes by the same reason.^5 So the well-defined boundary interaction for the renormalized gauge field (2.35) is given by (2.34).

Expanding (2.35) to the leading nontrivial order in k, we obtain

a_ρ(k) = a_{Rρ}(k) + 2k^2(log ϵ)a_{Rρ}(k) . (2.37)

Field redefinitions of a_μ which is of the form of a total derivative in the boundary action is still allowed, thus we may add a term to get

a_ρ(k) = a_{Rρ}(k) + 2k^2(log ϵ)a_{Rρ}(k) − 2k^ν k_ρ(log ϵ)a_{Rν} (k) = a_{Rρ}(k) − 2ik^ν (log ϵ)f_{Rνρ}(k) . (2.38)

This is the form which has been often used in the σ model approach, see [13]. So our renormalization is the same as that of the σ model.

We would like to evaluate the two-point function of the boundary coupling (2.34), ∫ dx⟨I_BI_B⟩, with use of the boundary propagators (2.12). A straightforward calculation shows

⟨I_BI_B⟩ 2π = ∫ dk_1dk_2 a_{Rμ}(k_1)a_{Rν} (k_2) ∫ dτ ( η^{μν} sin^{2 τ}_2

+4k^μ_2 k^ν_1 cot^2 τ 2 )⟨ : e^{ik1X} (τ) :: e^{ik2X} (0) : ⟩ + + ∫ dk_1dk_2 f_{Rμν} (k_1)f_{Rρσ}(k_2) ∫ dτ η^{μρ}η^{νσ} − η^{μσ} η^{νρ} 2 sin^{2 τ}_2 ⟨ : e^{ik1X} (τ) :: e^{ik2X} (0) : ⟩ . The remaining correlator is just (2.20), so the integration over τ can be performed and finally gives

⟨I_BI_B⟩ = −4π^{3/2} ∫ dk_1dk_2 f_{Rμν} (k_1)f^{μν}_R (k_2)(1 − 4k_1 · k_2)

Γ(2k_1 · k_2 − 1/2) Γ(2k_1 · k_2 + 1) e^{i(k1 +k2)x}2^{4k1·k2} 5When there is a background constant field strength, these are non-vanishing. See appendix B.

– 11 –

= 8π^{3/2} ∫ dk_1dk_2 f_{Rμν} (k_1)f^{μν}_R (k_2)

2^{4k1·k2} Γ(2k_1 · k_2 + 1/2) Γ(2k_1 · k_2 + 1) e^{i(k1+k2)x} = 8π^2F_{Rμν} (x) ( 1 + π^2 6 ( ←− ∂ · −→ ∂ )^2 + O ( ( ←− ∂ · −→ ∂ )^3 )) F^{μν}_R (x) . (2.39)

This incidentally reproduces the well-known fact that the derivative correction of the form (∂_μf_{νρ})^2 can have a vanishing coefficient for an appropriate choice of the renormalization condition in the σ model approach. The terms higher order in y can also be put to be zero by a field redefinition since we are dealing with just the two-point function. The situation becomes more nontrivial in a constant field strength background in which one can compare more terms with the results obtained in the other approaches, including string scattering amplitudes. For details see appendix B.

In the present case the gauge invariance ensures that the mass-shell condition is just as expected, k^2 = 0. Indeed, if we take the Lorentz gauge k · a_R = 0 or add an appropriate gauge fixing term to the action (like the ξ = 1 (Feynman or Fermi) gauge), and use a partial integration, we can easily show

⟨I_BI_B⟩ = 8π^{3/2} ∫ dk_1dk_2 e^{i(k1 +k2)x}a_{Rμ}(k_1)a^μ_R(k_2)Z^{(2)}_{gauge}(2k_1 · k_2) , (2.40)

where the kinetic operator is defined as

Z^{(2)}_{gauge}(y) ≡

2^{2y} Γ(y + 1/2)

Γ(y) = √ π y(1 + O(y^2)) , (2.41)

which has a zero at y = −2k^2 = 0. The kinetic operator is regular for y > −1/2 while for negative y there appears periodically zeros and poles. Its similarity to the tachyon kinetic operator (2.22) is obvious. In fact, this structure appears commonly for all the open string excitations as we shall see below for the massive cases. General discussions on this structure will be given in section 4.

2.5 Massive field two-point functions

Now it is clear that one can follow the same procedures to get two-point functions also for the massive excitations. Although the boundary couplings representing the massive excitations are generically non-renormalizable especially when seen in Taylor (derivative) expansions of the boundary couplings, in the normal-ordered plane-wave basis the dimension of the boundary couplings can be chosen to be normalizable for appropriate values of the off-shell momenta. Then the result can be analytically continued to give information even around the on-shell momentum.

2.5.1 First massive state on non-BPS brane We explicitly show how this mechanism works for the first massive state in a non-BPS D9-brane. The usual quantization on the worldsheet theory results in a single massive antisymmetric two-form field B_{[μν]}(x) as a physical spectrum. The mass squared is 1/2α^′ and the field is subject to the constraint ∂^μB_{μν} (x) = 0. In this subsection we reproduce this result in the BSFT.

– 12 –

In writing the most general boundary couplings, we need a single Γ and two D_θ so that the coupling represents a consistent GSO parity and the mass level:

I_B= ∫ dτdθ [ D_θX^μD_θX^ν B^′_{μν} (X)Γ+D_θ D_θX^μC_μ(X)Γ+D_θ X^μE_μ(X)D_θΓ+F_μ(X)D_θD_θΓ ] . (2.42) We can use a partial integration to put E_μ = F = 0, noting that the total derivative vanishes, ∫ dτdθ D_θ [∗] = 0 . (2.43)

The resultant lagrangian has the following gauge symmetry:

δB^′_{μν} = ∂_μΛ_ν − ∂_ν Λ_μ , δC_μ = 2Λ_μ , δΓ = −D_θX^ν Λ_ν . (2.44)

Note that here for this transformation to be a symmetry we ignored CΛ and BΛ. This is justified when we use the normal ordering for the fields and also for the gauge transformation parameter Λ, as in (2.19). Then, if we use the gauge invariant combination B_{μν} = B^′_{μν} −^1_2 (∂_μC_ν − ∂_ν C_μ) instead of B^′, the field C_μ drops out in the action after an appropriate change of Γ. Indeed, C_μ can be trivially gauge away and this is an analogue of the Higgs mechanism in the massive sector. Then what we should consider at this level is just ∫ dτdθ [ D_θX^μD_θX^ν B_{μν} (X)Γ ] . (2.45)

Note that because Γ transforms by the gauge transformation, the space-time fields which correspond to the GSO odd sector, for example the tachyon, should appear in the gauge transformation law for fields in the GSO even sector. However, these fields come into the transformation as products with Λ, therefore it vanishes for appropriate momentum region (as in (2.19)) and we can neglect this mixing effect in our analytic continuation method at least in the two-point functions.

Let us consider the two-point function of the resultant coupling B. We decompose the fields into component fields with use of (2.3), (2.5) and (2.6). Then, after integrating out the auxiliary field F , we obtain the following expression for the boundary coupling of the field B(x):

I_B = 2i ∫ dτ [( 2Ẋ^μψ^ν B_{μν} (X) − 4ψ^μψ^ν ψ^ρ∂_ρB_{μν} (X) ) η ] . (2.46)

Our regularization principle is to use the normal ordering for the Fourier transform of the fields, B_{μν} (X) ≡ ∫ dk b_{Rμν} (k) : e^{ik·X} : . (2.47)

A straightforward calculation shows that

⟨I_BI_B⟩ = ∫ dkd~k e^{i(k+~k)·x}32π^{3/2}2^{4k·~k} Γ(2k · ~k) Γ(2k · ~k + 1/2) ×

– 13 –

× [ (2k · ~k − 1/2)b_{Rμν} (k)b^{μν}_R (~k) − 4k^μb_{Rμν} (k)~k_ρb^{ρν}_R (~k) ] . (2.48)

The equations of motion are solved by ( 2k^2 + 1 2 ) b_{Rμν} (k) = 0 , k^μb_{Rμν} (k) = 0 . (2.49)

The first equation is the mass-shell condition k^2 = −1/4, while the latter equation is a constraint for the b_{Rμν} field. These are identical with the worldsheet derivation of the spectrum, thus we have confirmed that our analytic continuation method in the BSFT provides a consistent on-shell information even for massive fields. The number of the physical degrees of freedom is 1 2 d(d − 1) − (d − 1) = 1 2 (d − 1)(d − 2) . (2.50)

Note that the constraints give −(d − 1) since a constraint k^μb_{Rμ0} does not have k_0 component, i.e. a time derivative, and k^ν (k^μb_{Rμν} (k)) = 0 trivially. So, one of the constraint is not a dynamical one.

The kinetic term (2.48) has a pole at k^2 = 0. Therefore it is not well-defined at the zero momentum. This would be related to the fact that the massive modes are nonrenormalizable in the Taylor (derivative) expansion of the boundary coupling, since the Taylor expansion is by definition around the zero momentum.

2.5.2 First massive state on BPS D-brane Let us consider the first massive state on a BPS D-brane. Boundary couplings at this level are composed of three super-derivatives, so we may write down the general couplings as

I_B = ∫ dτdθ[D_θX^μD_θX^ν D_θX^ρV_{μνρ}(X) + D^2_θ X^μD_θX^ν W_{μν} (X) + D^3_θ X^μS_μ(X)] . (2.51)

Due to the fermionic nature of D_θX^μ, the indices of the field V_{μνρ} are totally-antisymmetric. This system has the following two gauge symmetries, (a) δV_{μνρ} = 1 6 ∂_{[ρ}Λ_{μν]}(X) , δW_{μν} = Λ_{μν} (X) , (2.52) (b) δW_{μν} = ∂_ν Λ_μ(X) , δS_μ = Λ_μ(X) . (2.53)

Since the indices of the field V are antisymmetric, Λ_{μν} in (a) is also antisymmetric in its indices. Thus we can gauge away the antisymmetric part of the tensor field W_{μν} . Using the second gauge symmetry (b), we may gauge away the field S_μ. Remaining fields are the antisymmetric V_{μνρ} and the symmetric part of W_{μν} .

In this subsection, we concentrate on the symmetric field W_{μν} and shall derive its mass-shell condition by computing its two-point function in the BSFT. (It is easy to find that there is no mixing term among V and W at the level of two-point functions, due to their symmetry property on the indices.) The result should recover the mass-shell condition obtained by the old covariant quantization technique for open superstrings,

k^2 = − 1 2 , ∂^μW_{μν} (x) = 0 , W^μ_μ (x) = 0 . (2.54)

– 14 –

That is, the on-shell degrees of freedom of the symmetric tensor field W_{μν} are traceless and transverse to the momentum, and their mass squared is 1/α^′.

The component expression of the boundary coupling is obtained from the superfield expression (2.51) as

I_B = ∫ dτ [ 4Ẋ^μψ^ν ψ^ρ∂_ρW_{μν} (X) + (Ẋ^μẊ^ν − 4ψ̇^μψ^ν )W_{μν} (X) ] . (2.55)

We expand the field in the plane-wave basis as before,

W_{μν} (X) = ∫ dk w_{μν} (k)e^{ik·X} = ∫ dk w_{Rμν} (k) : e^{ik·X} : . (2.56)

The renormalization due to the normal ordering for the plane wave basis was done with the regularized propagator in the same manner,

w_{μν} (k) = e^{2k2 log ϵ}w_{Rμν} (k) . (2.57)

However, necessary renormalization is not only this, in contrast to the case of the massless states. Contractions appearing in a part of the boundary couplings generate a finite additional term, since

Ẋ^μẊ^ν − 4ψ̇^μψ^ν = : Ẋ^μẊ^ν : −4 : ψ̇^μψ^ν : +η^{μν} ( 1 sinh^2(ϵ/2) − cosh(ϵ/2) sinh^2(ϵ/2) )

→ : Ẋ^μẊ^ν : −4 : ψ̇^μψ^ν : − 1 2 η^{μν} (as ϵ → 0) . (2.58)

The cancellation of the divergences here is due to the supersymmetry,^6 but there remains a finite constant. Because the contractions ⟨ẊX⟩ is vanishing, there appears no additional term. We obtain a well-defined boundary couplings with normal ordered operators,

I_B = ∫ dτ ∫ dk w_{Rμν} (k) [ 4ik_ρ : Ẋ^μψ^ν ψ^ρe^{ik·X} : + : Ẋ^μẊ^ν e^{ik·X} : − − 4 : ψ̇^μψ^ν e^{ik·X} : − 1 2 η^{μν} : e^{ik·X} : ] . (2.59)

The presence of the last term is quite unpleasant: this results in the non-vanishing one-point function, since

⟨I_B⟩ = ∫ dk w^μ_{Rμ} (k) e^{ikx} . (2.60)

The non-zero one-point function immediately means that the vacuum we have chosen is not really a vacuum. However, it is quite unlikely that zero vacuum expectation value for all the excitations is not a consistent open string vacuum. Then what is wrong^7 with this?

6Strictly speaking, the boundary condition of the NS sector we are considering breaks the supersymmetry [6]._7

In [10], a possibility of cancellation with a higher level boundary term was discussed, but it may not help the cancellation of one-point functions of the whole coupling space.

– 15 –

Our standpoint on this point in this paper is that the one-point function should be put to zero from the first place — there are several natural reasons to believe in this prescription. First, if we closely look at the old covariant quantization, the traceless condition w^μ_{Rμ} = 0 appears as a physical state condition stemming from a supersymmetry generator G_{3/2} which does not include Lapracian, and this suggests that the traceless condition does not come out as a consequence of the equation of motion of the BSFT. Secondly, let us consider a corresponding procedure in the β-function method in string σ models. In that method, one regards a divergence coming from Wick contractions of higher operators as an equation of motion for the coefficient fields of the remaining operators. In other words, this is a renormalization in the boundary theory. However, in the present case, there is no coefficient field of just : e^{ik·X} : to renormalize the possibly divergent quantity. That is, the coefficient of : e^{ik·X} : should be put to be zero in the β-function method, rather than to be renormalized. In fact, correspondingly to this observation, there is no way to write the : e^{ik·X} : term in a supersymmetric manner, so the term of our concern in the boundary coupling would cause a problem unless put to be zero.

Thus we proceed with assuming the traceless condition w^μ_{Rμ} = 0. The two-point function is calculated as

⟨I_BI_B⟩ = ∫ dkdk̃ e^{i(k+k̃)·x}w_{Rμν} (k)w_{Rαβ} (k̃)π √ π2^{4k·k̃} Γ(2k · k̃ − 1/2) Γ(2k · k̃ + 1) × × [ − 8η^{μα}η^{νβ}(2k · k̃)(2k · k̃ − 1) − 32k̃^μk̃^ν k^αk^β + 32k̃^μk^αη^{νβ}(2k · k̃) + + η^{μν} η^{αβ} ( 2k · k̃ − 1 2 ) + 4(k̃^μk̃^ν η^{αβ} + η^{μν} k^αk^β) ] . (2.61)

The equations of motion follows as

Γ(−2k^2 − 1/2) Γ(−2k^2 + 1) [ −8η^{μα}η^{νβ}(−2k^2)(−2k^2 − 1) − 32k^μk^ν k^αk^β −

−32k^μk^αη^{νβ} (−2k^2) + η^{μν} η^{αβ} ( − 2k^2 − 1 2 ) + +4(k^μk^ν η^{αβ} + η^{μν} k^αk^β ) ] w_{Rμν} (k) = 0 . (2.62)

Trivial solutions to this equation are

2k^2 = 1, 2, 3, 4, . . . (2.63)

We look for nontrivial solutions of the equation (2.62). We first obtain two independent scalar equations by multiplying k^αk^β or η^{αβ} on (2.62),

Γ(−2k^2 − 1/2)

Γ(−2k^2) k^αk^βw_{Rαβ} = 0 ,

Γ(−2k^2 − 1/2) Γ(−2k^2 + 1) ( 2k^2 + 5 2 ) k^αk^βw_{Rαβ} = 0 . (2.64)

Here we have used the traceless condition w^α_{Rα} = 0. With the momentum different from the trivial solutions (2.63), a unique solution to these equations is

k^αk^βw_{Rαβ} = 0 . (2.65)

– 16 –

Multiplying k^α on (2.62), we obtain

Γ(−2k^2 − 1/2) Γ(−2k^2 − 1)

= 0 or k^αw_{Rαβ} = 0 . (2.66)

When k^2 = −1/2 which solves the first equation, we substitute it back to (2.62) and obtain k^αw_{Rαβ} = 0. (However when k^2 = 0 there appears no additional constraint.) On the other hand, when the second equation k^αw_{Rαβ} = 0 is satisfied, substituting back it into (2.62), we obtain k^2 = −1/2, 0, 1/2, 1, . . .. So, in sum, we obtain two nontrivial solutions:

k^αw_{Rαβ} = w^α_{Rα} = 0 , k^2 = − 1 2 , (2.67) or k^αk^βw_{Rαβ} = w^α_{Rα} = 0 , k^2 = 0 . (2.68)

Therefore the solutions of (2.62), different from the trivial solutions (2.63), are (2.67) or (2.68). The first solution (2.67) which is the one with the lowest k^2 recovers the result of the old covariant quantization (2.54). (Note that in the previous cases with lower levels, there similarly appears the additional zeros in the kinetic functions, and the true mass-shell conditions reproducing correctly the worldsheet spectra is the one with the lowest k^2.)

3. Interaction in BSFT — three-point function

Although the two-point functions themselves exhibit interesting structures, for our BSFT to be a field theory, study of nontrivial interactions is indispensable. In this section we compute a three-point function explicitly. We consider only the gauge fields and the tachyon fields for simplicity. For these fields, the three-point function appears in a brane-anti-brane, while there is no three-point interaction for a BPS or a non-BPS D-brane. This follows from the GSO parity and the symmetry τ ↔ −τ in the partition function. The simplest possibility which one might expect in the brane-anti-brane is the A^{(−)}_μ T T threepoint function, since it might arise as a part of the covariant derivative of the complex tachyon kinetic term D_μT D^μT . In this section, we shall see this in detail.

As for the boundary couplings of tachyon and massless gauge fields on the brane-anti-brane, we follow the notation of [13]. The boundary interaction terms written in component fields after integration of the auxiliary fields are

I_B = ∫_π −π dτ [ i 2 [η, η]Ẋ^μA^{(−)}_μ (X) − i[η, η]ψ^μψ^ν F^{(−)}_{μν} (X) + i √ 2 π ηψ^μD_μT (X) − − i √ 2 π ψ^μηD_μT (X) − 1 2π T (X)T (X) + i 2 Ẋ^μA^{(+)}_μ (X) − iψ^μψ^ν F^{(+)}_{μν} (X) ] .(3.1)

The gauge fields A^{(±)} are (plus or minus) linear combinations of the U(1) gauge fields living on two D-branes, A^{(±)} ≡ A^{(1)}_μ ± A^{(2)}_μ . The complex tachyon field is charged under only the gauge group of A^{(−)}, and the covariant derivative is defined as D_μT = ∂_μT − iA^{(−)}_μ T . We define the operator fields in terms of the normal-ordered Fourier transform as before

– 17 –

(in the following, for simplicity we omit the subscript “R” which denotes the renormalized fields),

T (X) = ∫ dk t(k) : e^{ik·X} : , T (X) = ∫ dk t(k) : e^{ik·X} : , (3.2) A_μ(X) = ∫ dk a_μ(k) : e^{ik·X} : , F_{μν} (X) = ∫ dk f_{μν} (k) : e^{ik·X} : . (3.3) Note that we defined t(k) = t^∗(−k). With this renormalized fields, for example the term T T in (3.1) vanishes in an appropriate region of the momenta, by the same reason as (2.19) in the non-BPS case. When the momenta are chosen appropriately, any operator product at the same worldsheet point always vanishes, thus the covariant derivatives appearing in (3.1) can be replaced by just the ordinary derivative,

D_μT (X) = ∂_μT (X) , D_μT (X) = ∂_μT (X) . (3.4)

So their Fourier transforms are

D_μT (x) = ∫ dk e^{ik·x}ik_μ t(k) , D_μT (x) = ∫ dk e^{ik·x}ik_μ t(k) . (3.5) The propagator for η and η is analogous to (2.13), ⟨ η(τ)η(τ^′) ⟩ = 1 2 ϵ(τ − τ^′) = 1 2 sin(τ/2) | sin(τ/2)| . (3.6)

The computation of the complex tachyon two-point function goes precisely as before, to give

⟨I_B(T )I_B(T )⟩ = ∫ dτ_1dτ_2 ⟨( i √ 2 π ) : ηψ^μD_μT (τ_1) : ( −i √ 2 π ) : ψ^ν ηD_ν T (τ_2) : ⟩

= − ∫ dk_1dk_2 e^{ik1·x+ik2·x}t(k_1)t(k_2)2^{4k1·k2} √ π Γ(2k_1 · k_2 + 1) Γ(2k_1 · k_2 + 1/2)

. (3.7)

The kinetic function is Z^{(2)}(y) (2.22). Expansion for small momenta, y ∼ 0, coincides with the action obtained in [13].

3.1 Three-point function in brane-anti-brane

It is easy to see that the following three-point functions vanish because some of the fermionic boundary operators do not have their counterpart to be contracted in Wick contractions.

T T T = T T T = T T T = T T A^{(+)} = T T A^{(+)} = T T A^{(−)} = T T A^{(−)} = T A^{(+)}A^{(+)} = T A^{(+)}A^{(−)} = T A^{(−)}A^{(−)} = T A^{(+)}A^{(+)} = T A^{(+)}A^{(−)} = T A^{(−)}A^{(−)} = 0 .

Most of other three-point functions vanish due to the symmetry τ → −τ:

T T A^{(+)} = A^{(+)}A^{(+)}A^{(+)} = A^{(+)}A^{(+)}A^{(−)} = A^{(+)}A^{(−)}A^{(−)} = A^{(−)}A^{(−)}A^{(−)} = 0

– 18 – except the single one, T T A^{(−)}. This term is expected, as mentioned earlier. To evaluate this T T A^{(−)}, first we compute the contribution from the F^{(−)} term in (3.1). ∫ dτ_1dτ_2dτ_3 ⟨ i √ 2 π : ηψ^μD_μT (τ_1): ( −i √ 2 π ) : ψ^ν ηD_ν T (τ_2) : (−i) : [η, η]ψ^ρψ^σF^{(−)}_{ρσ} (τ_3) : ⟩ = = −2i π ∫ dk_1dk_2dk_3e^{i(k1+k2+k3)·x}i(k_1)_μt(k_1)i(k_2)_ν t(k_2)f_{ρσ}(k_3) × × ∫ dτ_1dτ_2dτ_3 ⟨ : ηψ^μe^{ik1·X̂} (τ_1) :: ψ^ν ηe^{ik2·X̂} (τ_2) :: [η, η]ψ^ρψ^σe^{ik3·X̂} (τ_3) : ⟩

= −i 4π ∫ dk_1dk_2dk_3e^{i(k1+k2+k3)·x}2^{4(k1 ·k2+k+2·k3+k3·k1)}(k^ρ_1 k^σ_2 − k^ρ_2 k^σ_1 )t(k_1)t(k_2)f_{ρσ}(k_3) × × ∫ dτ_1dτ_2dτ_3 | |sin τ_{12} 2 | |^{4k1·k2} | |sin τ_{23} 2 | |^{4k2·k3−1} | |sin τ_{13} 2 | |^{4k1·k3−1} = −i π (2π)^3 ∫ dk_1dk_2dk_3e^{i(k1+k2+k3)·x}(k^ρ_1 k^σ_2 − k^ρ_2 k^σ_1 )t(k_1)t(k_2)f_{ρσ}(k_3) × × I ( 2k_1 · k_2, 2k_2 · k_3 − 1 2 , 2k_1k_3 − 1 2 ) . (3.8)

The integral I was obtained in [11],

I(a_1, a_2, a_3) ≡ ∫_{2π} 0 dτ_1dτ_2dτ_3

(2π)^3 | |2 sin τ_{12} 2 | |^{2a1} | |2 sin τ_{23} 2 | |^{2a2} | |2 sin τ_{13} 2 | |^{2a3} = Γ(a_1 + a_2 + a_3)Γ(1 + 2a_1)Γ(1 + 2a_2)Γ(1 + 2a_3) Γ(1 + a_1)Γ(1 + a_2)Γ(1 + a_3)Γ(1 + a_1 + a_2)Γ(1 + a_1 + a_3)Γ(1 + a_2 + a_3) = 2^{2(a1 +a2+a3)} √ π^3

Γ(a_1 + a_2 + a_3)Γ(a_1 + 1/2)Γ(a_2 + 1/2)Γ(a_3 + 1/2) Γ(1 + a_1 + a_2)Γ(1 + a_1 + a_3)Γ(1 + a_2 + a_3)

. (3.9)

The term coming from A^{(−)} in (3.1) can be evaluated in the same manner, ∫ dτ_1dτ_2dτ_3 ⟨ i √ 2 π : ηψ^μD_μT (τ_1): ( − i √ 2 π ) :ψ^ν ηD_ν T (τ_2) : i 2 : [η, η]Ẋ^ρA^{(−)}_ρ (τ_3) : ⟩ = = −i π ∫ dk_1dk_2dk_3e^{i(k1+k2+k3)·x}i(k_1)_μt(k_1)i(k_2)_ν t(k_2)a_ρ(k_3) × × ∫ dτ_1dτ_2dτ_3 ⟨ : ηψ^μe^{ik1·X̂} (τ_1) :: ψ^ν ηe^{ik2·X̂} (τ_2) :: [η, η]Ẋ^ρe^{ik3·X̂} (τ_3) : ⟩

= 1 2π ∫ dk_1dk_2dk_3e^{i(k1 +k2+k3)·x}k_1 · k_2t(k_1)t(k_2)a_ρ(k_3)2^{4(k1 ·k2+k2·k3+k1·k3)} × × ∫ dτ_1dτ_2dτ_3 | |sin τ12 2 | |^{4k1·k2−2} | |sin τ23 2 | |^{4k2·k3−1} | |sin τ13 2 | |^{4k1·k3−1} ×

× ( k^ρ_1 sin τ_{23} 2 cos τ_{13} 2 sin τ_{12} 2 + k^ρ_2 sin τ_{13} 2 cos τ_{23} 2 sin τ_{12} 2 ) . (3.10)

To evaluate the last part, we use the following identity

sin A sin B cos C = 1 4 [− cos(A+B−C)+cos(−A+B+C)+cos(A−B+C)−cos(A+B+C)] .

– 19 –

Then the last integral can be performed to give

2(2π)^2 ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}k_1 · k_2t(k_1)t(k_2) [ k_1 · a(k_3)(−I_1 − I_2 + I_3) − (k_1 ↔ k_2) ] , (3.11) where

I_1 ≡ I ( α, β − 1 2 , γ − 1 2 ) , I_2 ≡ I ( α−1, β + 1 2 , γ − 1 2 ) , I_3 ≡ I ( α−1, β − 1 2 , γ + 1 2 ) , and α ≡ 2k_1 · k_2, β ≡ 2k_2 · k_3, γ ≡ 2k_1 · k_3.

Summing up (3.8) and (3.11), we obtain the full three-point function, ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) [−βk_1 · a(k_3) + γk_2 · a(k_3)] C = = ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) × 1 2 [ (β − γ)k_3 · a(k_3) − (β + γ)(k_1 − k_2) · a(k_3) ] C , (3.12)

where C ≡ √ π2^{2(α+β+γ+1/2)}Γ(α + β + γ + 1)Γ(α + 1/2)Γ(β)Γ(γ) Γ(α + β + 1/2)Γ(α + γ + 1/2)Γ(β + γ + 1)

. (3.13)

In the Lorentz gauge k_3 · a(k_3) = 0, the three-point function becomes a rather simple form: ∫ dk_1dk_2dk_3 e^{i(k1 +k2+k3)·x}t(k_1)t(k_2)(k_2 − k_1) · a(k_3) √ π 2 Γ( ∑ i α_i +^1_2 ) ∏ i 4^{αi} Γ(α_i) ∏ i<j Γ(α_i + α_j)

, (3.14)

where α_1 ≡ α + 1/2, α_2 ≡ β and α_3 ≡ γ.

3.2 Exact coincidence with derivative-expanded BSFT As noted before, the three-point function T T A^{(−)} is expected to arise naturally as a part of the tachyon kinetic term with the covariant derivative, D_μT D_μT . This is the usual picture considered in [13], while in our case, the covariant derivatives appearing in the boundary interaction vanish due to our normal ordering, (3.5). In this sense, the origins of the T T A^{(−)} three-point function are quite different, but we shall see in this subsection that these two methods give the same T T A^{(−)} with a suitable field redefinition. In section 2, we have seen nontrivial coincidence on the tachyon potential term T^2 in different approaches. Here is another nontrivial example.

The tachyon two-point function T T and the three-point function T T A^{(−)} are included in the α^′-expanded action obtained in [13] in a σ model approach, L T = −T T + 8 log 2D_μT D_μT + 8γ_0D_μD_ν T D_μD_ν T + 64i(log 2)^2F_{μν} D_μT D_ν T . (3.15)

Here and in the following study we omit the suffix (−) for simplicity, and neglect terms quartic (or in higher powers) in fields and also terms of O(α^{′3}). Relevant terms are expanded explicitly to give the three-point function as

D_μT D_μT = ∂_μT ∂_μT − iA_μ(T ∂_μT − ∂_μT T ) + O(A^2) , (3.16)

– 20 –

D_μD_ν T D_μD_ν T = ∂_μ∂_ν T ∂_μ∂_ν T − 2iA_μ(∂_ν T ∂_ν ∂_μT − ∂_ν ∂_μT ∂_ν T ) −i(∂_ν A_ν )(T ∂_ν ∂_ν T − ∂_ν ∂_ν T T ) + O(A^2) , (3.17) F_{μν} D_μT D_ν T = (∂_ν A_ν − ∂_ν A_μ)∂_μT ∂_ν T + O(A^2) . (3.18)

We go to the momentum representation of this lagrangian for our later purpose.

S = T (S_2 + S_3) , (3.19)

S_2 ≡ ∫ dx ∫ dk_1dk_2 e^{i(k1+k2)·x}t(k_1)t(k_2)(−1 + 8 log 2k_1 · k_2 + 8γ_0(k_1 · k_2)^2) , (3.20)

S_3 ≡ ∫ dx ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) × [ k_1 · a(k_3)(−8 log 2 + 8γ_0(k_1 · k_3 + 2k_1 · k_2) − 64(log 2)^2k_2 · k_3) +

+ k_2 · a(k_3)(8 log 2 − 8γ_0(k_2 · k_3 + 2k_1 · k_2) + 64(log 2)^2k_1 · k_3) ] . (3.21)

This lagrangian should coincide with our BSFT lagrangian up to a field redefinition. This redefinition should be in higher order in fields, since we already know that our tachyon two-point function coincide with that of [13] without any field redefinition. This means that the redefinition should be of the form T → T + T A. At a glance this redefinition looks strange, in view of that the gauge transformation on T is modified. However, it turns out that this is the case: in our normal-ordered plane-wave basis the tachyon is actually gaugeinvariant, because any field multiplication turns out to be vanishing as in (2.19) and thus e^{iΛ}T = T . (This statement should be understood except for global gauge transformations.) Therefore, what we need as a field redefinition is the one which makes the tachyon field gauge-invariant. To achieve this, we consider the following form of the field redefinition:^8

t(k_1) → t(k_1) + ∫ dk_3 1 k_3 · (k_1 − k_3) a_μ(k_3)(k_1 − k_3)^μt(k_1 − k_3) + O(a^2) , (3.22)

t(k_2) → t(k_2) − ∫ dk_3 1 k_3 · (k_2 − k_3) a_μ(k_3)(k_2 − k_3)^μt(k_2 − k_3) + O(a^2) . (3.23)

Substituting this redefinition to the above lagrangian (3.19), we obtain the following T T A^{(−)} terms (we have redefined the momenta as k_1 − k_3 → k_1 and so on so that all the fields have common arguments) ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) × × [ k_1 · a(k_3) { −8 log 2 + 8γ_0(k_1 · k_3 + 2k_1 · k_2) − 64(log 2)^2k_2 · k_3 + + 1 k_1 · k_3

(−1 − 8 log 2(k_1 + k_3) · k_2 + 8γ_0((k_1 + k_3) · k_2)^2) } + + k_2 · a(k_3) { 8 log 2 − 8γ_0(k_2 · k_3 + 2k_1 · k_2) + 64(log 2)^2k_1 · k_3 −

8There are other forms satisfying our requirement of the change of the gauge transformation, but (3.22) and (3.23) turn out to be the correct one.

– 21 –

− 1 k_2 · k_3

(−1 − 8 log 2(k_2 + k_3) · k_1 + 8γ_0((k_2 + k_3) · k_1)^2) }] . (3.24)

On the other hand, in terms of small momenta we Laurent-expand C (3.13) in our BSFT lagrangian and obtain C = 1 3βγ [ 6 + 12 log 4(α + β + γ) + 12(log 4)^2(α + β + γ)^2 −

− π^2((α + β + γ)^2 − 2βγ) + O(k^6) ] . (3.25)

Substituting this expression to the three-point function (3.12), one can see exact coincidence with the one obtained by the field redefinition of the results of [13], (3.24).

3.3 Reproduction of string scattering amplitude

In this subsection, we shall see that our three-point function reproduces string scattering amplitude at the on-shell momenta. This is a very important check for our claim that the BSFT evaluated with the analytic continuation gives consistent perturbative string theory information, not only the mass-shell conditions.

First we study the value of the three-point function when all the external momenta are set to their on-shell values. The on-shell values of the Lorentz-invariant momentum parameters are α = − 1 2 , β = γ = 0 . (3.26)

We expand the momenta around their on-shell values, α_1(≡ α+1/2), α_2(≡ β), α_3(≡ γ) ≪ 1. The expansion leads C = π (α_1 + α_2)(α_1 + α_3) α_1α_2α_3

+ O(α_i) . (3.27)

This term gives indefinite result for the on-shell value of the three-point function — the value depends on how one takes the limit to the on-shell momenta. Even worse, the expression may diverge in some limit, for example, α_2 ∼ α_3 ∼ ϵ^2, α_1 ∼ ϵ, ϵ → 0. However, we can subtract a part of this term by a field redefinition of the tachyon, to make it definite. The redefinition for the tachyon is of the form same as that of the previous subsection. After subtracting these indefinite terms, we arrive at an expression which is irrelevant on how is the limit to the on-shell momenta.

Let us see this in detail. The above limiting behavior in C results in the three-point function in the Lorentz gauge as ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) × × −π 2 (k_1 − k_2) · a(k_3)

(α_1 + α_2)(α_1 + α_3)(α_2 + α_3) α_1α_2α_3

+ · · · . (3.28)

The indefinite part can be cast into the form

(α_1 + α_2)(α_1 + α_3)(α_2 + α_3) α_1α_2α_3 = α_1 + α_2

α_3 + α_1 + α_3

α_2 + α_2 + α_3 α_1

+ 2 . (3.29)

– 22 –

The first term can be eliminated by a field redefinition of the form similar to (3.22) and the second by (3.23), while the third one can be eliminated by a field redefinition of the gauge field of the form

a_μ(k_3) → a_μ(k_3) + ∫ dk f(k, k_3) 4k · (k_3 − k) + 1 t(k_3 − k)t̄(k) (3.30)

where f is chosen in such a way that the resulting term coming out of the gauge kinetic term can eliminate the third term in (3.29). (The denominator corresponds to the factor 1/α_1).^9 The last term in (3.29) is remaining and cannot be absorbed into the field redefinition, because any redefinition should not be singular at on-shell momenta and so for example a redefinition a_μ → a_μ +

∫_1

α_2+α_3 aμt is not allowed (α2 + α3 = −2k 2 3 is included in the kinetic term). Thus the on-shell three-point function reads with the last term in (3.29) as

L_3 = 2T_{D9}N^2_T N_A(−π) ∫ dk_1dk_2dk_3 e^{i(k1+k2+k3)·x}t(k_1)t(k_2) (k_1 − k_2)^μa^{(−)}_μ (k_3) . (3.31)

Here 2T_{D9} is the tension of the brane-anti-brane, and we have newly included the normalization factors for the tachyon and the gauge field N_T and N_A respectively in the boundary coupling: T (x) → N_T T (x), A^{(±)}_μ → N_AA^{(±)}_μ . We have put N_T = N_A = 1 in the calculations so far, but we need these hereafter to compare our result with a string scattering amplitude. The normalization factors N_{T,A} can be fixed by requiring the canonical normalization for the kinetic term (two-point functions). The tachyon kinetic term can be expanded as (see (2.26))

2T_{D9}N^2_T T (x) ( π [ ←− ∂ · −→ ∂ − 1 4 ] + O ([ ←− ∂ · −→ ∂ − 1 4 ]_3)) T . (3.32)

Thus, up to a higher order field redefinition of the form t(k) → ( 1 + O (( k^2 + 1 4 )_2)) t(k) , (3.33)

the canonical normalization of the kinetic term (L = |∂_μT |^2 −^1_4 |T |^2) implies

2T_{D9}N^2_T π = 1 . (3.34)

In the same manner, we obtain the gauge two-point function for the present brane-anti-brane case^{10}

2T_{D9} 1 2 ⟨ I_B(A^{(−)})I_B(A^{(−)}) ⟩ = 2T_{D9}N^2_Aπ^2F^{(−)}_{μν} (x)F^{(−)μν} (x) + (higher derivatives) (3.35)

9It is noteworthy that the same field redefinition simultaneously removes the divergence of the threepoint function at zero momenta, because the field redefinition of the gauge field (3.30) is regular at the vanishing momenta.

10To obtain the expression (3.35), we have to multiply ⟨: ηη(τ1) : : ηη(τ2) :⟩ = 1/4 on the previous result for the BPS D-brane (2.39). The resultant normalization in (3.35) coincides with the result of the σ model calculation in [13].

– 23 – with a similar expression also for A^{(+)}_μ . This gives the following normalization relation so that L =^1_4 (F^{(1)}_{μν} )^2 +^1_4 (F^{(2)}_{μν} )^2 is achieved,^{11}

2T_{D9}N^2_Aπ^2 = 1 8 . (3.36)

Since we know the tension of the D9-brane, the normalizations N_T and N_A are completely fixed^{12} from (3.34) and (3.36), and thus the normalization of the three-point function (3.31) is determined.

We may compare this normalized three-point function (3.31) with the known tree-level string scattering amplitude [23],

e(2π)^{10}δ (∑ k_i ) (k_1 − k_2) · ζ^{(−)} , (3.37)

where ζ^{(−)}_μ is the polarization of the gauge field A^{(−)}_μ , and e is the open string coupling defined in [23]. We can deduce e = N_A (3.38)

by just looking at the structure of the covariant derivatives in ours and [23]. In [23], the constant Wilson line was introduced as a background which shifts the tachyon momentum as k_μ − eA^{(−)b.g.}_μ , while in our case the change of the normalization of the gauge field A^{(−)}_μ → N_AA^{(−)}_μ gives rise to the change of the covariant derivative to ∂_μ − iN_AA^{(−)}_μ . Substituting this relation (3.38) and the tachyon normalization (3.34) into our three-point function (3.31), we find the exact reproduction of the scattering amplitude (3.37). Thus we conclude that the BSFT three-point function (3.31) in which the divergent part has been subtracted by a field redefinition coincides with the string scattering amplitude.^{13}

11We have implicitly used the same normalizations for A^{(+)} and A^{(−)}, because otherwise these canonical kinetic terms for A^{(1,2)} would not be achieved.

12Since the tension is of order 1/g^2_{open} ∼ 1/g_{closed}, the determined normalizations NT,A are of order gopen, which is consistent. To determine the exact value of NT,A in terms of gopen, we need the explicit expression for the D-brane tension written by the open string coupling defined in our boundary couplings. This can be obtained by a computation of a one-loop amplitude of an open string normalized in our convention and using the open-closed duality.

13An amusing point is that a naive comparison of our boundary couplings with the string vertex operators gives the relation same as (3.38). The vertex operators in the 0 picture in [23] were VT = −4e c kμψ^μe^{ik·X} · 1 2 (σ1 ± iσ2) , (3.39) VA = ie c ζμ ( Ẋ^μ − 4iψ^μk_ν ψ^ν ) e^{ik·X} · 1 2 (σ0 ± σ3) , (3.40)

where c is the worldsheet ghost and the Pauli matrices σ’s are Chan-Paton factors (σ0 ≡ 12×2 ). Comparing these with our boundary couplings by simply dropping the ghost, we obtain −NT √ 2 π = −4e , NA = e . (3.41)

The second relation is precisely what we learned in comparison of the covariant derivatives (that is, the gauge transformation laws after the field redefinition). The ratio of the relations (3.41) is consistent with the ratio of our results (3.34) and (3.36). Note that the normalization of the vertex operators (3.39) and (3.40) was fixed in [23] by demanding the unitarity (this is the reason why we had to normalize our BSFT twopoint function canonically, to compare our result with the scattering amplitude). This suggests that our

– 24 –

Note that in the bosonic case [10] the tachyon three-point function with on-shell momenta was evaluated by taking the limit symmetric under the momentum exchange among the three tachyons. However, with a careful evaluation, this turns out to be unnecessary – one can in fact show that the three-point function given in [11] is free of indefiniteness around the on-shell momenta. So the value of the bosonic tachyon three-point function does not depend on how one takes the on-shell limit, and is definite without any fieldredefinition.

Second, let us see what happens to the three-point functions when one of the fields is set to their on-shell values. When the tachyon T (or T ) is on-shell and thus α_1 +α_3 = 0 (or α_1 + α_2 = 0 respectively), the factor C vanishes and so the three-point function disappears. When the gauge field is on-shell (α_2 + α_3 = 0 and k_3 · a(k_3) = 0), although C is nonvanishing, the coefficient in front of C in (3.12) vanishes. Therefore, when one of the three outer legs is on-shell, the three-point function vanishes. This results in the vanishing of on-shell one-particle-reducible diagrams, when we treat the BSFT action as a field theory action and perform the usual Feynman rule for getting higher point functions. In fact, although the propagator connecting the vertices is diverging at the on-shell momentum, it is not powerful enough to cancel the vanishing of the on-shell vertices connected to two boundary points of the propagator in the Feynman graph. This is quite satisfactory since, as mentioned in the introduction, the BSFT action S_{BSFT} = Z already includes the vertices which reproduce the on-shell tree level S-matrix [6], and one-particle-reducible Feynman graphs generated by lower vertices should vanish.^{14}

4. Generalities — minimum length in string theory

In this section we consider general properties of the super BSFT action. If we look at the structure of the worldsheet boundary integral, it is easy to notice that for massive fields with the mass-shell condition k^2 = −(N − 1)/2α^′, the integral is convergent for 2α^′k · k̃ > N , (4.1) where N is the oscillator level of the open string excitations. In our boundary couplings, N is the number of the derivative D_θ. This can be seen in the the dimensions of the corresponding operators. So, for two-point functions in BSFT, there is a region for the momentum where the integral over the worldsheet boundary is well-defined and finite. This is interesting in view of the fact that usually in BSFT the massive excitations are believed not to be treatable because they are non-renormalizable operators. This convergent region (4.1) of the momentum can apply also for three- or more point functions, since the divergence appears only when two of the vertices collide to each other. Therefore, if any pair of the momenta satisfies (4.1) the integral is finite. Then we can use the analytic continuation to obtain the BSFT action for any momenta.

BSFT is automatically unitary by construction. However, in this comparison of the vertex operators, it is not clear why we may simply drop the ghost.

14The paper [10] considered a bosonic case in which there are corrections containing the beta function to the relation SBSFT = Z. In our superstring case, there is no such correction.

– 25 –

However, there are many singularities in the momentum space. For massive excitations, the two-point functions are expected to have the following form:

Z^{(2)}(y) ∼

2^{2y}Γ(y + (2 − N)/2) Γ(y + (1 − N)/2)

, (4.2)

where y = −α^′ ←− ∂ · −→ ∂ = −α^′k^2. All of our BSFT results are of this form^{15} — the tachyon (N = 0) Z^{(2)}(y) is exactly above, and the gauge field (N = 1) kinetic function takes this form in the Lorentz gauge k^μa_μ = 0, which is also the case for the massive fields. From this expression, we observe that there is a common structure in the kinetic term of the open string excitations — an infinite number of poles and zeros appear in the tachyonic region (k^2 > 0) in the kinetic operator Z^{(2)}. For the tachyon, see figure 1. Note that for k^2 > −(N − 1)/2α^′ the operator with the level N is irrelevant and the first pole is found at k^2 = −(N − 2)/2α^′. This means that we can make an analytic continuation of the two-point function Z^{(2)} to the inside of the irrelevant region until hitting the pole.

This quite intriguing pole/zero structure might suggest a minimum length in space which can be observed by fundamental strings. Let us regard the BSFT action as an offshell generalization of the tree level S-matrix generating effective action as in [6]. Near the on-shell momentum k, we may try to redefine the fields so that they have canonically normalized kinetic terms. For example, the redefinition of the gauge field should be A^′_μ = (Z^{(2)}_{gauge}(α^′∂^2))^{1/2}A_μ. However, Z^{(2)}_{gauge}(y) (2.41) has a singularity at y = −1/2. Moreover, it changes the sign when we go over the singularity, which implies that the field redefinition becomes imaginary, then is not allowed. Therefore we might have to restrict the region of the momentum k in order to avoid the singularity,^{16} at least if we naively interpret the two-point functions, derived by using a coordinate system of the space of the boundary couplings (spacetime fields) suggested in BSFT. The introduction of the upper-bound for the momentum k^2, somewhat like a Briroinn zone, implies that the space becomes effectively discretized with the scale √ α^′, that is, the string length. One can interpret this as a spacetime resolution, or rather to say, the minimum length in string theory.

On the other hand, one can in principle compute the effective action using cubic string filed theory [2] at least for the bosonic case. This should coincide with our BSFT action upto field redefinition ambiguities. For on-shell fields, these two are considered to be the same as described in [11] for bosonic three-point tachyons and as agrgued in [6]. The problem is, as mentioned above, that the field redefition used for relating Z^{(2)} to the standard kinetic terms in the cubic string field theory does not exist at and beyond the singularity of Z^{(2)}. Furthermore, if we remember the Witten-Shatashvili formula [1] (δ/δg_i)S_{BSFT} ∼ β^iG_{ij} (where β^i is the beta function for the boundary coupling (spacetime field) g_i, and G_{ij} is the metric of the space of the couplings) and β^i ∼ (k^2 + (N − 1)/2α^′), we find that the

15For a related discussion, see [10].

16Here we assume our analytic continuation is valid. We note that the tachyon kink solution T = u9X^9, for example, has an expression t(k) = iu9^∂_{∂k} δ(k) in the momentum space, which is within the allowed momentum region even though it is an off-shell configuration.

– 26 – extra poles and zeros are coming from the metric G_{ij} as was pointed out in [11]. This indicates that the problem is not only for the kinetic terms, but a more general one.

One possible resolution is that the cubic string field theory may also have the restriction on the momentum for some reason. However, this is not likely because non-singular field redefinition does not relate interaction terms to the kinetic term at tree level. Another possibility is that the coordinate system of the BSFT is singular at the singularity though the physics is not singular and we should use another appropriate coordinate system of the space of the boundary couplings beyond the singularity. Since the fields of the BSFT is in some sense natural, it is reasonable to expect that the singularity of the coordinate system means some peculiar physics appearing there, like the example of the noncommutative soliton discussed by Sen [24]. Hence the singularity of the space of the boundary couplings may reflect some kind of the minimum length.

Meanwhile, let us regard the BSFT action as that of a constructive (string) field theory [1], instead of taking it as an effective action. Then in this interpretation we would have to path-integrate the fields, which causes a serious problem for loop amplitudes. Although the loop amplitudes of the BSFT are known to be difficult to deal with and we do not have any definite answer to that, we would like to give a few comments on it. The problem is that we have to perform an integration over the loop momenta in perturbative evaluation of the loop amplitudes. It seems that the momentum bound which we studied in this section is an obstacle to perform the loop momentum integration. Furthermore, on internal vertices, the momentum conservation cannot satisfy the lower bound for the momenta. To avoid this problem, we can decompose the propagator obtained in the BSFT as

Γ(y) Γ(y + 1/2) = 1 √ π ∞∑ n=0 (2n − 1)!!

(2n)!! 1 y + n = 1 π ∞∑ n=0 Γ(n + 1/2) Γ(n + 1) 1 y + n , (4.3)

which is a sum of a massless propagator and infinitely many tachyonic propagators. (This formula is similar to the one used in [25] but differs in that the poles appear in the tachyonic side in our case.) Then effectively there appears no singularity and the bound may disappear, at the sacrifice of introduction of infinitely many tachyons. Using a Feynman rule with these propagators and vertices of the BSFT action, it might be possible to reproduce correct string amplitudes in a field-theoretical manner, also for the loop amplitudes.

There is another way to avoid this problem on the loops. In the previous section, we found that the three-point function disappear once one of the three momentum legs is put to be on-shell. If this is the general feature of the n-point functions in the BSFT action evaluated with the disk partition function, any field-theoretical loop amplitude constructed from these vertices vanishes. Thus from the first place there is no problem concerning the cut-off of the loop momenta. Then, how can we reproduce the string theory loop amplitudes from the BSFT? A possible answer to this question might be that we have to consider also the BSFT action based on partition functions of higher genus worldsheets. (This standpoint is different from Witten’s original proposal that the disk partition function is a definition of the BSFT.) There are several problems even for one-loop BSFT’s [26], which is beyond the study in this paper.

– 27 –

5. Conclusion and discussions

The main virtue of the analytic continuation method which we have developed in this paper is that it accommodates the BSFT and string σ models to the massive excitations. Allowing the normal-ordered Fourier basis for the boundary couplings of the σ model partition function (= the BSFT action), we can choose appropriate momentum which manifestly makes the partition function finite. The analytic continuation of the momenta brings us to any region of interest, including especially the on-shell momenta. The resulting BSFT off-shell two-point functions for the tachyon field, the gauge field and some of the massive fields on a BPS/non-BPS D-brane reproduce the well-known string mass-shell conditions. The BSFT three-point function computed for two tachyons and a single gauge field on a brane-anti-brane provides the correct on-shell value of the standard scattering amplitude calculation. In doing this, we have used the field redefinition of the tachyon and the gauge field which makes the three-point function regular at the on-shell value, instead of the prescriptions in [10, 11]. The three-point function obtained in section 3 is consistent with the assumption S_{BSFT} = Z: since the partition function already includes all the on-shell scattering amplitudes, the BSFT action should not generate additional contributions to these from one-particle-reducible Feynman graphs. In fact, our vertex vanishes if we put one of the external legs to be on-shell.

We have found that our BSFT tachyon action coincides with those constructed so far in the Taylor (or derivative) expansion of the tachyon boundary coupling or in the linear tachyon profiles. As for the two-point functions we need no field redefinition to relate these, since the standard renormalization of the fields in the σ model turns out to be identical with our renormalization based on the normal-ordered Fourier basis. For the three-point function, a certain field redefinition obtained by looking at the difference in gauge transformations on both sides gives a perfect agreement of the on-shell tachyontachyon-gauge interaction.

Because our analysis is based on the perturbation of the σ model couplings for T, A_μ, . . ., how our methods may incorporate non-perturbative effects of BSFT is a quite important subject to study. To illustrate this, let us recall the example [18] where a perturbative series in the BSFT sums up to give a neat result. For the rolling tachyon solution T (X) = λe^{−X0} the partition function was obtained perturbatively as Z = ∑ n(−(T (X_0))^2)^n/n, which can be analytically continued to 1/(1 + T^2) to give the information of the final state of the rolling tachyon [18]. This suggests that we need anyway the analytic continuation in general for the σ model couplings. Then, how we can see directly non-perturbative effects of BSFT, like instantons in gauge theories? An answer is found in the evaluation of the partition function with the linear tachyon profiles, or the constant gauge field strength, or more general cases considered in [27], which can be regarded as non-perturbative results. The path integral of the world sheet action with these profiles reduces to a gaussian integral, and is evaluated exactly, thus the results are non-perturbative in the boundary couplings. To find a more universal relation between this and the analytic continuation method, and how to extend our analysis beyond the perturbation, are interesting questions.

– 28 –

We would like to point out an intriguing similarity between our tachyon two-point function (2.23) and the partition function of the linear tachyon profile (2.32). In fact, F(x) in (2.32) is written as 2 √ πΓ(x + 1)/Γ(x + 1/2) which, as a function, is the same as Z^{(2)}(y) defined in (2.22) if we absorb the 2^{2y} factor into the redefinition of the tachyon field. In the former, the argument is x = 2α^′(∂_μT )^2 while in the latter y is just α^′∂^2. This surprising similarity suggests that there might be some relation between these two, such as a certain field redefinition. If this is true, our result could be applied to the analysis of the rolling tachyon physics using BSFT [28, 15].

Although our approach have reproduced various perturbation results of string theory, there are still many indispensable aspects which need to be explored to have a definite “field-theoretical” BSFT. First, we need to include space-time fermions. This is difficult because we use the NS-R formalism, but it might be overcome by taking into account the broken supersymmetry [29]. Secondly, general n-point functions may have more complicated singularity structures, such as cuts. We do not have tools powerful enough to compute explicitly the higher-point functions which might exhibit interesting structures. At least, the four-point functions should reproduce the Veneziano amplitude and the s-t channel duality. Lastly, the most important is to understand the loop amplitudes of the BSFT discussed in the previous section. These are very interesting questions and we hope to come back to these in the future.

Acknowledgments

K.H. would like to thank M. Kato for valuable discussions, and Y. Kikukawa and T. Yoneya for comments.

S.T. would like to thank J. McGreevy, D. Kutasov, A. Parnachev, S. Sugimoto and T. Takayanagi for useful discussions.

The work of K.H. was partly supported in part by the Grant-in-Aid for Scientific Research (No. 12440060, 13135205, 15540256 and 15740143) from the Japan Ministry of Education, Science and Culture.

A. Rolling tachyon solution

In this appendix, we study the properties of a classical solution of the tachyon equation of motion (2.25). Consider a solution of a plane wave with the momentum k_0 = i/ √ 2α^′, k_i = 0, which is well promoted to be an exactly marginal operator [22, 18], called a half S-brane. For this tachyon profile T = λe^{x0/√2α′} , the energy and the pressure were computed in [18] with an arbitrary λ, by evaluating a disk amplitude with an insertion of a single closed string vertex. Here we may compute those observables by purely field-theoretical method in the sense of target space, since we have an off-shell action for the tachyon. Let us see how our action reproduce a part of the results of [18]. We couple the system to the gravity in a natural manner, S = T ∫ dx √ −g [ 1 − 1 2 T (x)Z^{(2)}(− ←− ∇_μα^′g^{μν} −→ ∇_ν )T (x) + O(T^4) ] . (A.1)

– 29 –

From this expression the energy is defined as T_{00} = [2δL/δg^{00} ]_g00_{=−1}. We may make a dimensional reduction to 1 dimension without losing generality. The reduced lagrangian has an infinite number of derivatives (we define √ −g^{00} ≡ v),

L = T 1 v [ 1 − 1 2 ∞∑ n=0 a_nα^{′n}v^{2n}(∇^n_0 T )^2 ] , (A.2)

thus it is nontrivial that the solution T = λe^{x0/√2α′} has a conserved energy, which we are going to check. The covariant derivatives are explicitly written as ∇^n_0 T = (1/v^{n−1}) × ∂_0(v∂_0(v∂_0(· · · (v∂_0T )))). Let us take a differentiation of L with respect to v, giving the energy in the system, 1 T δL δv | | |_{v=1} = − ( 1 − 1 2 a_0T^2 ) − 1 2 ∞∑ n=1 a_nα^{′n} δ δv 1 v n (v∂_0(v∂_0(v∂_0(· · · (v∂_0 T ))))^2 v=1 = − ( 1 − 1 2 a_0T^2 ) − 1 2 ∞∑ n=1 a_nα^{′n} 2n−1∑

i=1 (∂^i_0T )(∂^{2n−i}_0 T )(−1)^{i−n} . (A.3)

The equation of motion ∑_∞ n=0 a_n(−1/2)^n = 0 can be used under the substitution of the solution T = λe^{x0/√2α′} . We finally obtain the conserved energy

T_{00} = T , (A.4)

as we expected.

It is easy to show that the pressure T_{ii}, which can be computed in the same manner from our lagrangian, is identical to the partition function itself, since we are dealing with a spatially homogeneous rolling. This pressure reproduces the small field expansion of the result of the worldsheet computation [18], T_{ii} = T ( 1 − π 2 ( λe^{x0/} √ 2α^′ )_2

+ O(λ^4) ) . (A.5)

We have used a relation Z^{(2)}(y = 1/2) = ∑ n a_n(1/2)^n = π. The pressure is decreasing, and the system is decaying to the tachyon matter [17].

How about the the tachyon profile T = λ cosh(X^0/ √ 2α^′) which was originally considered by Sen [17]? The computation of the partition function faces a problem that T (τ)T (0) diverges as τ → 0 because of contributions from cross terms, that is, ⟨: e^{X0/√2α′} (τ) :: e^{−X0 /√2α′} (0) :⟩. Due to this divergence, the integration over τ does not converge. However, now we have a BSFT action using the analytic continuation and it should be valid for this tachyon profile. In fact, if we notice that the contributions from the cross terms are proportional to the equation of motions and thus vanish, we can easily check that the pressure and energy computed from the action agree with those computed by Sen using the boundary state [17] to the order we considered.

– 30 –

B. Background constant field strength

Though the two-point functions obtained in this paper exhibit interesting higher derivative structures, at least around the on-shell momenta we can make a field redefinition to make them to be in a canonical form. In this sense any nontrivial consequence on effective action, except for the mass-shell conditions, may not come out from the two-point functions. However, if we include nontrivial backgrounds and compute two-point functions in those backgrounds, they contain information of higher point functions in a reduced manner. In this appendix, we follow this line and adopt a constant gauge field strength F̄_{μν} as a background. Many σ model calculations have been done so far on this background, which would be good for comparison with our method.

According to [6], the worldsheet boundary propagator is

⟨X^μ(φ_1)X^ν (φ_2)⟩ = 4 ∞∑ n=1 1 n e^{−ϵn} (G^{μν} cos(nφ_{12}) − iH^{μν} sin(nφ_{12}))

= −2 [ (G^{μν} − H^{μν} ) log(1 − e^{iφ12−ϵ}) + (G^{μν} + H^{μν} ) log(1 − e^{−iφ12−ϵ}) ] , ⟨ψ^μ(φ_1)ψ^ν (φ_2)⟩ = i 2 [ (H^{μν} − G^{μν} ) e^{(iφ12 −ϵ)/2} 1 − e^{iφ12 −ϵ} + (H^{μν} + G^{μν} ) e^{(−iφ12 −ϵ)/2} 1 − e^{−iφ12 −ϵ} ] (B.1)

where

G^{μν} = (1 − F̄^2)^{−1} , H^{μν} = F̄ (1 − F̄^2)^{−1} . (B.2)

Here F̄ is a background constant field strength, and G_{μν} is so-called open string metric. Let us first consider a self-contraction to give a renormalized boundary coupling. The boundary coupling is the same as before, (2.33). The redefinition of the gauge field to absorb the divergent factor coming from the normal ordering is

a_μ(k) = a_{Rμ(k)} exp[2k_μG^{μν} k_ν log ϵ] . (B.3)

As in section 2.4, expansion of this and addition of a total derivative term gives

a_ρ(k) = a_{Rρ(k)} + 2k_μG^{μν} k_ν (log ϵ)a_{Rρ(k)} − 2k_μG^{μν} k_ρ(log ϵ)a_{Rν(k)} = a_{Rρ(k)} − 2ik_μG^{μν} (log ϵ)f_{Rνρ}(k) . (B.4)

This renormalization is the same as that of [6].

A crucial difference from the boundary coupling in section 2.4 appears in the selfcontractions. The term (2.36), which vanished for the trivial background, is now giving a nonzero contribution: ∫ dτ⟨Ẋ^μ(τ)X^σ (τ)⟩ik^σ : e^{ik·X̂} := 1 e^ϵ − 1 4H^{μσ} ik_σ ∫ dτ : e^{ik·X̂} : . (B.5)

In addition, the fermion self-contraction is also non-vanishing as ⟨ψ^μ(φ)ψ^ν (φ)⟩ = iH^{μν} e^{ϵ/2} e^ϵ − 1

. (B.6)

– 31 –

Thus the diverging part of the self-contraction cancels with each other, while a finite term remains:

I_B = −i ∫ dτ ∫ dk ( a_{Rμ}(k) : Ẋ^μe^{ik·X} : −2f_{Rμν} (k) : ψ^μψ^ν e^{ik·X} : −iH^{μν} f_{Rμν} (k) : e^{ik·X} : ) . The last term is the finite modification due to the renormalization in the presence of the background constant field strength.

Interestingly, this modification results in non-vanishing one-point function,

⟨I_B⟩ = −H^{μν} F_{Rμν} (x) . (B.7)

This is expected, as an expansion of the Maxwell lagrangian around a constant field strength.^{17} So our renormalized boundary coupling is consistent with the usual target space picture.

Let us compute the two-point function with this boundary coupling. A straightforward calculation shows that

⟨I_BI_B⟩ = ∫ dkd~k e^{i(k+~k)·x}8π^{3/2}2^{4kμGμν ~kν} Γ(2k_μG^{μν} ~k_ν + 1/2) Γ(2k_μG^{μν} ~k_ν + 1) f_{ρσ}(k)f_{δγ} (~k)G^{ρδ} G^{σγ} . (B.8) The higher-derivative part turns out eventually to be nothing different from the one obtained in the case of vanishing field strength background, except that the metric is now replaced by the open string metric G_{μν} . Our result (B.8) is consistent with the partition function results of [6]. However, our result is slightly different from the effective action derived from string scattering amplitudes provided in [6]. This discrepancy might be resolved by some field redefinitions or Jacobi-like identities among field strengths.

References

[1] 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];

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, Alg. Anal. 6 (1994) 215–226 [hep-th/9311177].

[2] E. Witten, Noncommutative geometry and string field theory, Nucl. Phys. B 268 (1986) 253.

[3] H. Hata, K. Itoh, T. Kugo, H. Kunitomo and K. Ogawa, Manifestly covariant field theory of interacting string, Phys. Lett. B 172 (1986) 186; Covariant string field theory, Phys. Lett. B 34 (1986) 2360;

N. Berkovits, SuperPoincaré invariant superstring field theory, Nucl. Phys. B 450 (1995) 90 [hep-th/9503099], erratum ibid. B459 (1996) 439.

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

17This existence of the one-point function does not cause any problem as opposed to the situation in section 2.5.2, because it is proportional to the field strength and thus it does not change the vacuum and the constant field strength is a solution of the equations of motion.

– 32 –

[5] M. Marino, On the bv formulation of boundary superstring field theory, J. High Energy Phys.

06 (2001) 059 [hep-th/0103089];

V. Niarchos and N. Prezas, Boundary superstring field theory, Nucl. Phys. B 619 (2001) 51 [hep-th/0103102].

[6] O.D. Andreev and A.A. Tseytlin, Partition function representation for the open superstring effective action: cancellation of mobius infinities and derivative corrections to Born-Infeld lagrangian, Nucl. Phys. B 311 (1988) 205.

[7] 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].

[8] T. Banks and E. Martinec, The renormalization group and string field theory, Nucl. Phys. B 294 (1987) 733.

[9] D. Kutasov, M. Marino and G.W. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148]; A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103].

[10] S.A. Frolov, On off-shell structure of open string sigma model, J. High Energy Phys. 08 (2001) 020 [hep-th/0104042].

[11] E. Coletti, V. Forini, G. Grignani, G. Nardelli and M. Orselli, Exact potential and scattering amplitudes from the tachyon non-linear β-function, J. High Energy Phys. 03 (2004) 030 [hep-th/0402167].

[12] P. Kraus and F. Larsen, Boundary string field theory of the dd̄ system, Phys. Rev. D 63 (2001) 106004 [hep-th/0012198].

[13] T. Takayanagi, S. Terashima and T. Uesugi, Brane-antibrane action from boundary string field theory, J. High Energy Phys. 03 (2001) 019 [hep-th/0012210].

[14] A.A. Tseytlin, Sigma model approach to string theory effective actions with tachyons, J.

Math. Phys. 42 (2001) 2854 [hep-th/0011033].

[15] K. Hashimoto and S. Terashima, Brane decay and death of open strings, J. High Energy Phys. 06 (2004) 048 [hep-th/0404237].

[16] G. Gibbons, K. Hashimoto and P. Yi, Tachyon condensates, carrollian contraction of Lorentz group and fundamental strings, J. High Energy Phys. 09 (2002) 061 [hep-th/0209034].

[17] 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].

[18] F. Larsen, A. Naqvi and S. Terashima, Rolling tachyons and decaying branes, J. High Energy Phys. 02 (2003) 039 [hep-th/0212248].

[19] E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188];

J.A. Harvey, D. Kutasov and E.J. Martinec, On the relevance of tachyons, hep-th/0003101.

[20] A. Fotopoulos and A.A. Tseytlin, On open superstring partition function in inhomogeneous rolling tachyon background, J. High Energy Phys. 12 (2003) 025 [hep-th/0310253].

– 33 –

[21] M. Laidlaw and M. Nishimura, Comments on higher derivative terms for the tachyon action,

hep-th/0403269.

[22] A. Strominger, Open string creation by S-branes, hep-th/0209090;

M. Gutperle and A. Strominger, Timelike boundary Liouville theory, Phys. Rev. D 67 (2003) 126002 [hep-th/0301038];

N.R. Constable and F. Larsen, The rolling tachyon as a matrix model, J. High Energy Phys. 06 (2003) 017 [hep-th/0305177];

V. Balasubramanian, E. Keski-Vakkuri, P. Kraus and A. Naqvi, String scattering from decaying branes, hep-th/0404039.

[23] I. Pesando, On the effective potential of the dp dp-bar system in type-II theories, Mod. Phys.

Lett. A 14 (1999) 1545 [hep-th/9902181].

[24] A. Sen, Some issues in non-commutative tachyon condensation, J. High Energy Phys. 11 (2000) 035 [hep-th/0009038].

[25] M. Kato, Particle theories with minimum observable length and open string theory, Phys.

Lett. B 245 (1990) 43.

[26] 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];

M. Alishahiha, One-loop correction of the tachyon action in boundary superstring field theory, Phys. Lett. B 510 (2001) 285 [hep-th/0104164];

S. Nakamura, Closed string tachyon condensation and on-shell effective action of open-string tachyons, Prog. Theor. Phys. 106 (2001) 989 [hep-th/0105054];

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 J. Stefanski, B., 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) 34–40 [hep-th/0109032];

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

[27] K. Li and E. Witten, Role of short distance behavior in off-shell open string field theory, Phys. Rev. D 48 (1993) 853 [hep-th/9303067].

[28] S. Sugimoto and S. Terashima, Tachyon matter in boundary string field theory, J. High Energy Phys. 07 (2002) 025 [hep-th/0205085];

J.A. Minahan, Rolling the tachyon in super BSFT, J. High Energy Phys. 07 (2002) 030 [hep-th/0205098].

[29] A. Sen, Supersymmetric world-volume action for non-BPS D-branes, J. High Energy Phys.

10 (1999) 008 [hep-th/9909062];

T. Yoneya, Spontaneously broken space-time supersymmetry in open string theory without gso projection, Nucl. Phys. B 576 (2000) 219 [hep-th/9912255];

– 34 –

S. Terashima and T. Uesugi, On the supersymmetry of non-BPS D-brane, J. High Energy Phys. 05 (2001) 054 [hep-th/0104176].

– 35 –