arXiv:1108.5317v3 [hep-th] 13 Dec 2011

arXiv:1108.5317
 UT-Komaba/11-6

Solutions from boundary condition changing operators in open superstring field theory

Toshifumi Noumi and Yuji Okawa

Institute of Physics, University of Tokyo Komaba, Meguro-ku, Tokyo 153-8902, Japan tnoumi@hep1.c.u-tokyo.ac.jp, okawa@hep1.c.u-tokyo.ac.jp

Abstract

We construct analytic solutions of open superstring field theory in the Berkovits formulation using boundary condition changing operators under some regularity conditions, extending the previous construction in the bosonic string. We also consider the gauge-invariant observables corresponding to closed string one-point functions on the disk. We analytically calculate the gauge-invariant observables for the solutions both in the bosonic string and in the superstring and find the expected change of boundary conditions of the disk.

1 Introduction

String field theory can be thought of as a universal, effective theory when elementary excitations are string-like. To eliminate ghosts from such string-like excitations in unphysical directions, any covariant description in terms of a spacetime field theory would require gauge invariance. Then the gauge invariance seems to determine the interacting theory uniquely. This has been a guiding principle in constructing covariant string field theory [1, 2].

On the other hand, we know from the perturbative world-sheet formulation of string theory that consistent backgrounds are described by conformal field theories in two dimensions. The classical equation of motion of string field theory determined by the spacetime gauge invariance should therefore reproduce this requirement of conformal invariance in the world-sheet perspective. We hope that deeper understanding of the relation between the world-sheet conformal invariance and the spacetime gauge invariance would reveal aspects of the non-perturbative theory behind the perturbative string theory.

In the case of the open string, a consistent background is given by a choice of boundary conformal field theory (BCFT), and different open string backgrounds correspond to different conformal boundary conditions. We would therefore like to have a systematic construction of solutions in open string field theory for a given BCFT. Since the change of boundary conditions can be described by insertions of boundary condition changing (bcc) operators in the original BCFT, one possible approach to such systematic constructions would be to use bcc operators.

Since the construction of an analytic solution for tachyon condensation by Schnabl [3], an impressive amount of analytic results for open string field theory have been obtained [4– 67]. In [61], analytic solutions of open bosonic string field theory were constructed using bcc operators when they satisfy some regularity conditions. The starting point of the construction was the solutions in Schnabl gauge for marginal deformations when operator products of the marginal operators are regular [14,15]. The solutions take the form of a superposition of wedgebased states.^1 When we write the wedge state W_α as W_α = e^{αK} ,^2 the solutions can be written in terms of the states K, B, c, and V , where these states are based on the wedge state W_0 of zero width with a line integral of the energy-momentum tensor and the b ghost for K and B, respectively, and with a local insertion of the c ghost and the marginal operator for c and V , respectively.^3 The solutions in [14, 15] were later generalized by Erler [16]. Just as the tachyon vacuum solution by Schnabl [3] written in terms of K, B, and c was generalized by replacing e^{K/2} with an arbitrary function f(K) of K in [4], the solutions in [14, 15] were generalized by

1 We denote wedge states [68, 69] with operator insertions by wedge-based states. 2 Products of string fields in this paper are defined using Witten’s star product [1]. 3 We follow the conventions of [4], but the states are rescaled as K_{here} = (π/2) K_{there}, B_{here} = (π/2) B_{there}, and c_{here} = (2/π) c_{there}.

replacing e^{K/2} with an arbitrary function f(K) of K. The resulting solutions depend explicitly on V and thus cannot in general be written in terms of bcc operators. In [61] it was found that the solutions can be written in terms of bcc operators for a special choice^4 of the function f(K) given by f(K) = 1/ √ 1 − K. In this case the solutions depend on V only through bcc operators, and one can show that the solutions satisfy the equation of motion when bcc operators obey some regularity conditions. Another important feature of the solutions using bcc operators is that one can construct the solutions only from the information on three-point functions on a disk of a pair of bcc operators and an arbitrary operator in the original BCFT, while the solutions in Schnabl gauge [14,15] depend in a complicated way on multi-point functions of the marginal operator.

The purpose of this paper is to extend the construction in [61] to open superstring field theory in the Berkovits formulation [70]. Namely, we would like to construct solutions of open superstring field theory written in terms of bcc operators. Actually, this can be immediately achieved by combining the following two observations. The first one is that solutions in [61] can be written only in terms of bcc operators, the energy-momentum tensor, the b ghost, and the BRST operator Q without explicitly using the c ghost. We can prove that the solutions satisfy the equation of motion QΨ + Ψ^2 = 0 (1.1)

of open bosonic string field theory, where Ψ is the open string field of ghost number 1, only using the relations of these operators which we call KBσ algebra. Since this KBσ algebra also holds in open superstring field theory, we can construct a state Ψ in open superstring field theory satisfying the bosonic equation of motion (1.1). It is important that the c ghost does not appear explicitly in this form of the solutions because the BRST transformation of the c ghost takes a different form in the superstring and requires an extension of the algebra to the superconformal ghost sector.

The second observation is that one can construct solutions of open superstring field theory from a state Ψ in the small Hilbert space satisfying the bosonic string equation of motion (1.1) by inserting an operator R(t) satisfying Q · R(t) = 1 appropriately [38, 59]. We can therefore construct solutions in open superstring field theory written in terms of bcc operators simply by inserting R(t) appropriately to the state Ψ in the KBσ algebra. This is the first main result of this paper.

Since the solutions are written in terms of bcc operators, we expect that they describe the BCFT associated with the bcc operators we chose. As we mentioned earlier, the solutions in [61]

4 Incidentally, this is the same choice of f(K) in the phantomless solution for tachyon condensation [50] by Erler and Schnabl.

were originally constructed by rewriting solutions for marginal deformations with regular operator products, and thus these solutions in the bosonic string do describe the BCFT deformed by regular marginal deformations. We can also relate our solutions in the superstring to known solutions for regular marginal deformations. In this paper, we provide more direct evidence of the correspondence between the solutions using bcc operators and the associated BCFT. It was conjectured by Ellwood [32] that the gauge-invariant observables [71, 72] evaluated for a solution correspond to closed string one-point functions on the disk with the modified boundary conditions associated with the solution. We analytically calculate the gauge-invariant observables for the solutions using bcc operators both in the bosonic string and in the superstring and find the conjectured change of boundary conditions of the disk. This is the second main result of this paper.

The organization of this paper is as follows. In section 2 we review the solutions [61] in the bosonic string. We introduce the KBσ algebra and demonstrate that the equation of motion is satisfied only using the KBσ algebra. In section 3 we construct solutions in the superstring. After discussing the general prescription for the construction of solutions in the Berkovits formulation of open superstring field theory, we apply it to the solutions using bcc operators. In section 4 we analytically calculate the gauge-invariant observables for the solutions using bcc operators both in the bosonic string and in the superstring and find the conjectured change of boundary conditions of the disk. Section 5 is devoted to discussion.

2 Solutions to the bosonic string equation of motion

2.1 KBσ algebra

The wedge state W_α with α ≥ 0 is defined by its BPZ inner product ⟨ φ, W_α ⟩ as follows:

⟨ φ, W_α ⟩ = ⟨ f ∘ φ(0) ⟩_{Cα+1} . (2.1)

Here and in what follows we denote a generic state in the Fock space by φ and its corresponding operator in the state-operator mapping by φ(ξ). We denote the conformal transformation of φ(ξ) under the map f(ξ) by f ∘ φ(ξ), where f(ξ) = 2 π arctan ξ . (2.2)

The coordinate z related through z = f(ξ) to the coordinate ξ on the upper half-plane used in the standard state-operator mapping is called the sliver frame. The correlation function is evaluated on the surface C_{α+1}, which is the semi-infinite strip obtained from the upper halfplane of z by the identification z ∼ z + α + 1. We usually use the region −1/2 ≤ ℜz ≤ 1/2 + α for C_{α+1}.

Just as the line integral L_0 of the energy-momentum tensor generates a surface e^{−tL0} in the standard open string strip coordinate, the wedge state W_α can be thought of as being generated by a line integral of the energy-momentum tensor in the sliver frame. We denote the wedge state W_0 of zero width with an insertion of the line integral by K and write the wedge state W_α as W_α = e^{αK} . (2.3) An explicit definition of the state K is given by ⟨φ, K⟩ = ⟨ f ∘ φ(0) ∫ 1_{2 −i∞} 1 2 +i∞ dz 2πi T (z) ⟩ C_1

, (2.4)

where T (z) is the energy-momentum tensor and we use the doubling trick. Note that the line integral is from a boundary to the open string mid-point before using the doubling trick, while the line integral L_0 is from a boundary to the other boundary.

Just as the line integral L_0 is the BRST transformation of the line integral b_0 of the b ghost, the line integral that generates the wedge state is the BRST transformation of the same line integral with the energy-momentum tensor replaced by the b ghost. Correspondingly, we define the state B by ⟨ φ, B ⟩ = ⟨ f ∘ φ(0) ∫ 1_{2 −i∞} 1 2 +i∞ dz 2πi b(z) ⟩ C_1

. (2.5)

By construction, the state K is the BRST transformation of B. Another important property of the state B is that B^2 = 0.

Let us next consider wedge states with modified boundary conditions. The change of boundary conditions on a segment of the world-sheet boundary from a point a to a point b can be described by inserting a pair of bcc operators σ_L(a) and σ_R(b). We denote the wedge state W_α = e^{αK} with modified boundary conditions by σ_L e^{αK} σ_R: ⟨ φ, σ_L e^{αK} σ_R ⟩ = ⟨ f ∘ φ(0) σ_L (_1 2 ) σ_R ( α +^1_2 )⟩ C_{α+1} . (2.6)

In other words, we denote the state based on the wedge state W_0 of zero width with an insertion of σ_L(t) by σ_L and W_0 with an insertion of σ_R(t) by σ_R. Since bcc operators are in the matter sector, they commute with any line integral of the b ghost. We therefore have [B , σ_L ] = 0 and [B , σ_R ] = 0.

In [61] solutions written in terms of K, B, σ_L, and σ_R were constructed when operator products of bcc operators are regular, while in general they have singular operator products. The regularity conditions on bcc operators can be stated as

lim_{ϵ→+0} σ_L(t) σ_R(t + ϵ) = 1 , lim_{ϵ→+0} σ_L(a) σ_R(b) σ_L(b + ϵ) σ_R(c) = σ_L(a) σ_R(c) , (2.7) and in the language of the states σ_L and σ_R the conditions are translated into the relations

σ_L σ_R = σ_R σ_L = 1 . (2.8)

When we prove that the equation of motion is satisfied, we use states such as σ_LKσ_R, and it was implicitly assumed in [61] that these states are well defined. However, if the operator product of σ_L(t) and σ_R(t), for example, takes the form σ_L(0) σ_R(t) = 1 + t^αA (0) + . . . with 0 < α < 1, the state σ_LKσ_R is singular.^5 It is also possible that operator products of more bcc operators develop similar singularities. In this paper we assume that there are no such singularities in the matter sector.

To summarize, we have defined the states K, B, σ_L, and σ_R satisfying the relations

B^2 = 0 , [ B, σ_L ] = 0 , [ B, σ_R ] = 0 , σ_L σ_R = 1 , σ_R σ_L = 1 , (2.9)

and K = QB. One can show that the solutions in [61] satisfy the equation of motion (1.1) only from these relations. While we have given an explicit realization of these states, one can construct a solution from any Grassmann-odd state B and any Grassmann-even states σ_L and σ_R satisfying the relations (2.9), and K = QB can be regarded as a definition of K.

By considering the BRST transformation of each of the relations in (2.9), we find

[ K, B ] = 0 , { B, Qσ_L } = [ K, σ_L ] = −[ 1 − K, σ_L ] , { B, Qσ_R } = [ K, σ_R ] = −[ 1 − K, σ_R ] , (Qσ_L) σ_R + σ_L (Qσ_R) = 0 , (Qσ_R) σ_L + σ_R (Qσ_L) = 0 . (2.10)

We use these relations as well as (2.9).

2.2 Solutions using bcc operators in the bosonic string

The solution Ψ written in terms of K, B, σ_L, and σ_R is given by [61]

Ψ = − 1 √ 1 − K (Qσ_L) σ_R 1 √ 1 − K − 1 √ 1 − K (Qσ_L) B 1 − K (Qσ_R) 1 √ 1 − K , (2.11)

where 1 1 − K = ∫_∞ 0 dt e^{−t} e^{tK} , 1 √ 1 − K = ∫_∞ 0 dt e^{−t} √ πt e^{tK} . (2.12)

It is convenient to introduce a non-real solution ~Ψ related to Ψ as ~Ψ = 1√ 1 − K Ψ √ 1 − K = − 1 1 − K (Qσ_L) σ_R − 1 1 − K (Qσ_L) B 1 − K (Qσ_R) , (2.13)

5 We would like to thank the referee of this paper for pointing this out.

where √ 1 − K should be understood as a superposition of wedge-based states: √ 1 − K = 1 − K √ 1 − K = ∫_∞ 0 dt e^{−t} √ πt e^{tK} (1 − K) . (2.14)

Since any function of K is annihilated by the BRST operator, Ψ satisfies QΨ + Ψ^2 = 0 when ~Ψ satisfies Q~Ψ + ~Ψ2 = 0. Although ~Ψ is simpler than Ψ, the solution ~Ψ does not satisfy the reality condition on the string field [73]. Let us demonstrate that Q~Ψ + ~Ψ^2 = 0 follows only from (2.9) and (2.10).

In calculating Q~Ψ, we write ~Ψ as follows:

~Ψ = − 1 1 − K (Qσ_L) 1 1 − K σ_R − Q [ 1 1 − K (Qσ_L) B 1 − K σ_R ] , (2.15)

where we used Q [ B 1 − K ] = K 1 − K = 1 1 − K − 1 . (2.16)

The second term in (2.15) is BRST-exact and does not contribute to Q~Ψ. The BRST transformation of ~Ψ is thus given by Q~Ψ = 1 1 − K (Qσ_L) 1 1 − K (Qσ_R) . (2.17)

Let us next calculate ~Ψ^2. In this case we write ~Ψ as

~Ψ = 1 1 − K (Qσ_L) 1 1 − K (Qσ_R)B − 1 1 − K (Qσ_L) 1 1 − K σ_R (1 − K) (2.18)

or as ~Ψ = B 1 − K (Qσ_L) 1 1 − K (Qσ_R) + σ_L 1 1 − K (Qσ_R) . (2.19)

Multiplying Ψ in (2.18) and Ψ in (2.19), we find

~Ψ^2 = 1 1 − K (Qσ_L) 1 1 − K (Qσ_R)Bσ_L 1 1 − K (Qσ_R) − 1 1 − K (Qσ_L) 1 1 − K σ_RB(Qσ_L) 1 1 − K (Qσ_R) − 1 1 − K (Qσ_L) 1 1 − K σ_R(1 − K)σ_L 1 1 − K (Qσ_R) = − 1 1 − K (Qσ_L) 1 1 − K (Qσ_R) ,

(2.20)

where we used

(Qσ_R)Bσ_L − σ_RB(Qσ_L) = { Qσ_R, B } σ_L − B[(Qσ_R)σ_L + σ_R(Qσ_L)] = −[ 1 − K, σ_R ]σ_L . (2.21)

It follows from (2.17) and (2.20) that Q~Ψ + ~Ψ^2 = 0 and therefore Ψ in (2.11) satisfies the equation of motion (1.1).

The solutions were originally constructed by rewriting solutions for marginal deformations with regular operator products [61]. While we do not necessarily assume that the modified boundary conditions are marginally connected to the original ones, the regularity conditions imply the existence of a marginal operator given by V (t) = σ_L∂_tσ_R(t).^6 We therefore need to relax the regularity conditions for the construction of more general solutions.

3 Solutions in open superstring field theory

In this section we construct solutions in open superstring field theory from bcc operators. We first discuss the general prescription for the construction of solutions in open superstring field theory. We then present solutions using bcc operators and discuss their regularity. In the last subsection, we consider marginal deformations with regular operator products.

3.1 Open superstring field theory

The equation of motion for open superstring field theory in the NS sector [70] is

η_0 ( e^{−Φ} Q e^Φ ) = 0 , (3.1)

where Φ is the open superstring field. It is Grassmann-even and has ghost number 0 and picture number 0. The superconformal ghost sector is described by η, ξ, and ϕ [74, 75], and η_0 is the zero mode of η. The BRST operator for the superstring is given by Q = ∫ [ dz 2πi j_B (z) − dz̄ 2πi j̃_B(z̄) ] (3.2)

with j_B = c T^m_B + c T^{ηξ}_B + c T^ϕ_B + ηe^ϕ T^m_F + bc∂c − bη∂ηe^{2ϕ} , T^{ηξ}_B = − η∂ξ , T^ϕ_B = − 1 2 ∂ϕ∂ϕ − ∂^2ϕ , (3.3)

where T^m_B and T^m_F are the holomorphic components of the energy-momentum tensor and the supercurrent, respectively, in the matter sector and j̃_B is the antiholomorphic counterpart of j_B . Conformal normal ordering is implicit throughout this paper. The superconformal ghost sector can also be described by the free bosons χ and ϕ via the bosonization [74, 75]:

ξ(z) ∼= e^χ(z) , η(z) ∼= e^{−χ}(z) . (3.4)

6 We would like to thank the referee of this paper for explaining this to us.

The operator product expansions are given by χ(z)χ(0) ∼ ln z , ϕ(z)ϕ(0) ∼ − ln z . (3.5) We will use this description later. The operator η_0 is a derivation with respect to the star product. It is nilpotent and anticommutes with the BRST operator Q: Q^2 = 0 , η^2_0 = 0 , {Q, η_0} = 0 . (3.6) The gauge transformation of the string field is given by e^Φ → e^{Φ′} = Ω e^Φ Λ with Q Ω = 0 , η_0 Λ = 0 . (3.7)

3.2 General prescription

For any solution Φ in open superstring field theory, we can define a string field Ψ of ghost number 1 and picture number 0 by Ψ = e^{−Φ} Q e^Φ , (3.8) which satisfies the following equations:^7 QΨ + Ψ^2 = 0 , η_0 Ψ = 0 . (3.9) Based on this fact, Erler divided the construction of a solution in open superstring field theory into the following two steps [16]: the first step is to construct a string field Ψ satisfying (3.9), and the second step is to solve the equation (3.8) for Φ. Note that different solutions for a given Ψ are all gauge-equivalent. For two solutions Φ_1 and Φ_2 we can show that Ω given by e^{Φ1} = Ω e^{Φ2} (3.10) is annihilated by Q:

Q Ω = Q(e^{Φ1} e^{−Φ2} ) = (e^{Φ1} Ψ) e^{−Φ2} + e^{Φ1} (−Ψ e^{−Φ2} ) = 0 , (3.11) where we used Q e^{Φ1} = e^{Φ1} Ψ following from e^{−Φ1} Q e^{Φ1} = Ψ and Q e^{−Φ2} = −Ψ e^{−Φ2} following from e^{−Φ2} Q e^{Φ2} = −Q(e^{−Φ2} ) e^{Φ2} = Ψ.

7 The first equation in (3.9) takes the same form as the equation of motion in the modified cubic open superstring field theory [76, 77].

3.2.1 The free theory Let us consider the second step of the strategy by Erler for the free theory. Namely, for a string field Ψ satisfying QΨ = 0 , η_0 Ψ = 0 , (3.12) we would like to solve Ψ = Q Φ (3.13) for Φ. This can be solved when Ψ is in the Fock space because the cohomology of Q is trivial in the large Hilbert space. This can be seen by the existence of an operator R(t) satisfying Q · R(t) = 1 , (3.14) and we choose R(t) = −cξ∂ξe^{−2ϕ}(t) (3.15) in this paper. Consider the operator corresponding to the BRST-closed state Ψ in the stateoperator mapping and denote it by Ψ(ξ). To solve (3.13), let us insert R(t) to the left of Ψ(0):

R(−ϵ) Ψ(0) (3.16) with 0 < ϵ < 1. The BRST transformation of this pair of operators is Ψ(0) because Q·R(−ϵ) = 1 and Q · Ψ(0) = 0. Therefore, the state ^Ψ_L corresponding to R(−ϵ) Ψ(0) satisfies Q ^Ψ_L = Ψ . (3.17) We thus have a solution Φ = ^Ψ_L to (3.13). Similarly, the BRST transformation of Ψ(0) R(ϵ) (3.18) with 0 < ϵ < 1 is −Ψ(0), and the state ^Ψ_R corresponding to Ψ(0) R(ϵ) satisfies Q ^Ψ_R = −Ψ . (3.19) We have another solution Φ = −^Ψ_R to (3.13).

The solutions ^Ψ_L and −^Ψ_R depend on the parameter ϵ, but they are all gauge-equivalent. For example, ^Ψ_L with different values of ϵ are gauge-equivalent because R(−ϵ_1) Ψ(0) − R(−ϵ_2) Ψ(0) = Q · [ R(−ϵ_2) R(−ϵ_1) Ψ(0) ] . (3.20) We can similarly show the equivalence of −^Ψ_R with different values of ϵ and the equivalence between ^Ψ_L and −^Ψ_R. When the limit ϵ → 0 of ^Ψ_L or −^Ψ_R is finite, the resulting state is a solution in the Fock space, while ^Ψ_L and −^Ψ_R with ϵ > 0 are not.

3.2.2 The interacting theory

– Non-real solutions This construction can be generalized to the interacting theory and to the state Ψ outside the Fock space. Suppose that the state Ψ satisfying (3.9) is made of wedge-based states and we can insert R(t) to the left of all the other operator insertions. The resulting state ^Ψ_L satisfies Q ^Ψ_L = (1 + ^Ψ_L) Ψ (3.21)

because when the BRST operator acts on R(t), we have Ψ, and when the BRST operator acts on the other operator insertions, we have −QΨ = Ψ^2 with the insertion of R(t), which is ^Ψ_LΨ. Similarly, suppose we can insert R(t) to the right of all the other operator insertions. The resulting state ^Ψ_R satisfies Q ^Ψ_R = −Ψ (1 + ^Ψ_R) . (3.22)

From these equations we observe that

(1 + ^Ψ_L)^{−1}Q(1 + ^Ψ_L) = (1 + ^Ψ_L)^{−1}(1 + ^Ψ_L) Ψ = Ψ , (1 + ^Ψ_R) Q(1 + ^Ψ_R)^{−1} = −[ Q(1 + ^Ψ_R) ] (1 + ^Ψ_R)^{−1} = Ψ (1 + ^Ψ_R)(1 + ^Ψ_R)^{−1} = Ψ ,

(3.23)

and we can construct two solutions Φ_L and Φ_R to (3.8):

e^{ΦL} = 1 + ^Ψ_L , e^{−ΦR} = 1 + ^Ψ_R , (3.24) or Φ_L = ln (1 + ^Ψ_L) , Φ_R = − ln (1 + ^Ψ_R) , (3.25)

where ln (1 + X) for a string field X is defined by

ln (1 + X) ≡ ∞∑ n=1 (−1)^{n−1} n X^n . (3.26)

The solutions Φ_L and Φ_R depend on the insertion point of R(t) in ^Ψ_L and ^Ψ_R, and we can also use R(z) and ~R(z̄) in the bulk instead of R(t) on the boundary. However, all these solutions are gauge-equivalent because by construction they give the same Ψ.

– Real solutions These solutions do not generally satisfy the reality condition [73]. For the open superstring field, the condition is stated as Φ^‡ = −Φ, where X^‡ is the conjugate of X defined by the combination of the Hermitian conjugation (hc) and the inverse BPZ conjugation (bpz^{−1}):

X^‡ ≡ bpz^{−1} ∘ hc (X) . (3.27)

The conjugation satisfies

(QX)^‡ = − (−1)^{|X|} QX^‡ , (3.28) (X Y )^‡ = Y^‡ X^‡ , (3.29)

where |X| denotes the Grassmann property of the string field X: it is 0 mod 2 for a Grassmanneven state and 1 mod 2 for a Grassmann-odd state. See [26] for a detailed discussion on the reality condition relevant to our case, in particular, about the insertion of R(t).

When Ψ satisfies the condition Ψ^‡ = Ψ, which is the reality condition for the string field in bosonic string field theory, we can construct ^Ψ_L and ^Ψ_R such that they are conjugate to each other: ^Ψ^‡_L = ^Ψ_R. This implies that ( e^{ΦL} )_‡ = e^{−ΦR} or Φ^‡_L = −Φ_R . (3.30)

Since Φ_L and Φ_R are solutions to (3.8) for the same Ψ, they are gauge-equivalent:

e^{ΦR} = Ω e^{ΦL} with Q Ω = 0 . (3.31)

We also observe that the gauge transformation parameter Ω is real:

Ω^‡ = (e^{ΦR} e^{−ΦL} )^‡ = e^{ΦR} e^{−ΦL} = Ω . (3.32)

Using these properties, we can construct a solution Φ_{real} satisfying the reality condition from Φ_L and Φ_R by the following gauge transformations [16]:

e^{Φreal} = Ω^{1/2}e^{ΦL} = Ω^{−1/2}e^{ΦR} . (3.33)

Since Φ_{real} is gauge-equivalent to the solutions Φ_L and Φ_R, it satisfies the equation of motion, and its reality follows from (3.30) and (3.32): ( e^{Φreal} )_‡ e^{Φreal} = (Ω^{1/2}e^{ΦL} )^‡ Ω^{1/2}e^{ΦL} = e^{−ΦR} Ω e^{ΦL} = 1 . (3.34)

The precise definition of Φ_{real} in terms of ^Ψ_L and ^Ψ_R is

e^{Φreal} = Ω^{1/2}e^{ΦL} = 1 √ e^{ΦL} e^{−ΦR} e^{ΦL} = 1 √ (1 + ^Ψ_L)(1 + ^Ψ_R)

(1 + ^Ψ_L) , (3.35)

where 1 √ 1 + X

≡ e^{− 12 ln (1+X)} (3.36)

with ln (1 + X) defined in (3.26). More explicitly, we have 1 √ (1 + ^Ψ_L)(1 + ^Ψ_R) = ∞∑ n=0 Γ(1/2) Γ(n + 1) Γ(1/2 − n) ( ^Ψ_L + ^Ψ_R + ^Ψ_L ^Ψ_R )_n . (3.37)

We can verify that Q ( ^Ψ_L + ^Ψ_R + ^Ψ_L ^Ψ_R ) = 0 and ( ^Ψ_L + ^Ψ_R + ^Ψ_L ^Ψ_R )^‡ = ^Ψ_L + ^Ψ_R + ^Ψ_L ^Ψ_R, consistent with the general discussion. The real solution Φ_{real} is expanded as follows:

Φ_{real} = 1 2 ( ^Ψ_L − ^Ψ_R ) − 1 4 ( ^Ψ^2_L − ^Ψ^2_R ) + 1 6 ( ^Ψ^3_L − ^Ψ^3_R ) − 1 24 ( ^Ψ_L ^Ψ_R ^Ψ_L − ^Ψ_R ^Ψ_L ^Ψ_R )

+ 1 48 ( ^Ψ^2_L ^Ψ_R − ^Ψ_L ^Ψ^2_R + ^Ψ_R ^Ψ^2_L − ^Ψ^2_R ^Ψ_L ) + . . . . (3.38)

We can confirm that Φ_{real} satisfies the reality condition Φ^‡_{real} = −Φ_{real} for the first few terms in the expansion.

Each of the solutions Φ_L, Φ_R, and Φ_{real} is defined by a formal infinite sum, and its convergence will depend on details of the solutions. While this issue of convergence is specific to our particular constructions, existence of Φ for a given Ψ in general is an interesting question. As we noted earlier, Ψ satisfying (3.9) is a solution to the modified cubic string field theory so that this question is related to existence of a solution in the Berkovits theory for a given solution in the modified cubic theory. See [59] for recent discussion.

Finally, let us consider the action for solutions constructed using this general prescription. The action of open superstring field theory in the Berkovits formulation is given by [70] S = − 1 2g^2

∫_1 0 dt [∂_t Tr (A_{η0} A_Q) + Tr (A_t {A_Q, A_{η0} })]

with A_{η0} = e^{−Φ(t)} η_0e^{Φ(t)} , A_Q = e^{−Φ(t)} Qe^{Φ(t)} , A_t = e^{−Φ(t)} ∂_te^{Φ(t)} , Φ(0) = 0 , Φ(1) = Φ , (3.39)

where g is the open string coupling constant and Tr(AB) = ⟨A, B⟩. The value of the action is gauge invariant and the expression for the non-real solution Φ_L in terms of Ψ and ^Ψ_L is S = 1 g^2 ∞∑ n=3 n−2∑ m=1 (−1)^{n−1} m n(n − 1) Tr ( ^Ψ^m_L (η_0 ^Ψ_L) ^Ψ^{n−m−2}_L Ψ ) . (3.40)

The derivation is given in appendix A.

3.3 Construction of solutions from bcc operators

Our goal is to construct solutions to the equation of motion (3.1) written in terms of bcc operators. We can construct such solutions if Ψ in (3.8) is written in terms of bcc operators and if we can insert R(t) appropriately to obtain ^Ψ_L and ^Ψ_R satisfying (3.21) and (3.22), respectively. Since the KBσ algebra also holds in open superstring field theory,^8 the solution

8 As we mentioned in the introduction, it is important that the c ghost does not appear explicitly because the BRST transformation of the c ghost in the superstring is different from that in the bosonic string.

(2.11) to the bosonic string equation of motion

Ψ = − 1 √ 1 − K (Qσ_L) σ_R 1 √ 1 − K − 1 √ 1 − K (Qσ_L) B 1 − K (Qσ_R) 1 √ 1 − K (3.41)

can be seen as a string field in superstring field theory satisfying QΨ + Ψ^2 = 0. Furthermore,

Ψ is annihilated by η_0 because all elements of the KBσ algebra are in the small Hilbert space.

Therefore, Ψ satisfies the two equations in (3.9).^9 It also satisfies the reality condition Ψ^‡ = Ψ.

Following the general prescription discussed in subsection 3.2, we construct solutions using

Ψ in (3.41) and the operator R(t). We define R by a state based on the wedge state W_0 of zero

width with a local insertion of R(t) on the boundary: ⟨ φ, R ⟩ = ⟨ f ∘ φ(0) R (_1 2 ) ⟩ C_1 . (3.42)

Using the state R, we can construct ^Ψ_L and ^Ψ_R as follows:

^Ψ_L = − 1√ 1 − K R (Qσ_L) σ_R 1 √ 1 − K − 1 √ 1 − K R (Qσ_L) B 1 − K (Qσ_R) 1 √ 1 − K , ^Ψ_R = 1√ 1 − K σ_L (Qσ_R) R 1 √ 1 − K − 1 √ 1 − K (Qσ_L) B 1 − K (Qσ_R) R 1 √ 1 − K . (3.43)

We therefore obtain two non-real solutions Φ_L and Φ_R given by

e^{ΦL} = 1 − 1 √ 1 − K R (Qσ_L) σ_R 1 √ 1 − K − 1 √ 1 − K R (Qσ_L) B 1 − K (Qσ_R) 1 √ 1 − K , e^{−ΦR} = 1 + 1 √ 1 − K σ_L (Qσ_R) R 1 √ 1 − K − 1 √ 1 − K (Qσ_L) B 1 − K (Qσ_R) R 1 √ 1 − K , (3.44)

and a real solution Φ_{real} given by

e^{Φreal} = 1 √ (1 + ^Ψ_L)(1 + ^Ψ_R)

(1 + ^Ψ_L) . (3.45)

3.4 Regularity of the solutions

In our construction of the solutions, the operator R(t) is inserted at the same point where the

BRST transformation of the bcc operator σ_L or σ_R is inserted. Furthermore, in the expressions

of 1/(1 − K) and 1/ √ 1 − K in (2.12), the integral region of t reaches t = 0, which corresponds

to W_0 of zero width. Therefore, various operator insertions in the solutions collide and could

make the solutions singular. In this subsection, we investigate the regularity of the solutions

and demonstrate that they do not have any short-distance singularity of operator products.

9 The string field Ψ can be regarded as a solution using bcc operators in the modified cubic theory.

Let us consider operator insertions in the superconformal ghost sector. There are two sources of such operator insertions: one is R(t) = −cξ∂ξe^{−2ϕ}(t) and the other is the BRST operator acting on the bcc operators σ_L(t) and σ_R(t). Since bcc operators behave as superconformal primary fields under superconformal transformations, their BRST transformations are determined by their weights. From the regularity condition lim_{ϵ→+0} σ_L(t) σ_R(t + ϵ) = 1 , (3.46) we assume that σ_L(t) and σ_R(t) behave as superconformal primary fields of weight 0. Then their BRST transformations are given by Q · σ_L(t) = c∂_tσ_L(t) + ηe^ϕG_{−1/2} · σ_L(t) , Q · σ_R(t) = c∂_tσ_R(t) + ηe^ϕG_{−1/2} · σ_R(t) , (3.47)

where G_{−1/2} generates the supersymmetry transformation: G_{−1/2} · φ(t) ≡ ∫ C(t) [ dz 2πi T_F (z) − dz̄ 2πi ~T_F (z̄) ] φ(t) . (3.48)

Here T_F (z) and ~T_F (z̄) are the holomorphic and antiholomorphic components, respectively, of the world-sheet supercurrent, and C(t) is a contour in the upper half-plane which runs from the point t + ϵ on the real axis to the point t − ϵ on the real axis in the limit ϵ → 0 with ϵ > 0.

In the description using ϕ and χ, the operator R(t) is written as R(t) = c e^{2χ}e^{−2ϕ}(t) , (3.49) and the BRST transformations of bcc operators are Q · σ_L(t) = c∂_tσ_L(t) + e^{−χ}e^ϕG_{−1/2} · σ_L(t) , Q · σ_R(t) = c∂_tσ_R(t) + e^{−χ}e^ϕG_{−1/2} · σ_R(t) . (3.50)

From these expressions, we notice that the superconformal ghost sector of (3.41) and (3.43) has a simple structure. Namely, the superconformal ghosts χ and ϕ always appear in the form e^{mχ}e^{−mϕ}. Because of the difference in the sign of the two operator product expansions in (3.5), the operator product of e^{mχ}e^{−mϕ}(t) and e^{nχ}e^{−nϕ}(t) is regular for arbitrary m and n: lim_{ϵ→0} e^{mχ}e^{−mϕ}(t) e^{nχ}e^{−nϕ}(t + ϵ) = (−1)^{mn}e^{(m+n)χ}e^{−(m+n)ϕ}(t) . (3.51) We therefore find that the superconformal ghost sector does not have any short-distance singularity of operator products. As the matter and bc ghost sectors do not suffer from any singularity, we conclude that the operator products in (3.41) and (3.43) are regular.

In the same way, we can show that star products made of ^Ψ_L and ^Ψ_R are also regular. This guarantees the regularity of operator products in the solutions Φ_L, Φ_R, and Φ_{real}, although there still remains the issue of convergence in the infinite sum mentioned in subsection 3.2.

3.5 Marginal deformations with regular operator products

We conclude this section by discussing the relation between our solutions constructed from bcc operators and previous solutions for marginal deformations with regular operator products [16, 17,19], where the regularity conditions of bcc operators are satisfied. The marginal operator V_1 in the superstring is the supersymmetry transformation of a superconformal primary field ^V_{1/2} in the matter sector of weight 1/2:

V_1(t) = G_{−1/2} · ^V_{1/2}(t) . (3.52)

An integrated vertex operator in the 0 picture is an integral of V_1 on the boundary: ∫_b a dt V_1(t) = ∫_b a dt G_{−1/2} · ^V_{1/2}(t) . (3.53)

It is invariant under the BRST transformation up to nonvanishing terms from the endpoints of the integral region: Q · ∫_b a dt V_1(t) = ∫_b a dt ∂_t [ cV_1(t) + ηe^ϕ ^V_{1/2}(t) ]

= [ cV_1(b) + ηe^ϕ ^V_{1/2}(b) ] − [ cV_1(a) + ηe^ϕ ^V_{1/2}(a) ] .

(3.54)

The operator cV_1(t) + ηe^ϕ ^V_{1/2}(t) is annihilated by the BRST operator, so it can be written as a BRST transformation of an operator. Since

lim_{ϵ→0} R(t − ϵ) [ cV_1(t) + ηe^ϕ ^V_{1/2}(t) ] = cξe^{−ϕ} ^V_{1/2}(t) , (3.55)

we have cV_1(t) + ηe^ϕ ^V_{1/2}(t) = Q · V(t) (3.56)

with V(t) = cξe^{−ϕ} ^V_{1/2}(t) . (3.57)

When operator products of V_1 are regular,^{10} bcc operators are given by

σ_L(a) σ_R(b) = exp [ λ ∫_b a dt V_1(t) ] = exp [ λ ∫_b a dt G_{−1/2} · ^V_{1/2}(t) ] , (3.58)

10 In the following, we also need regularity conditions involving ^V_{1/2}. A set of conditions, which is sufficient for the solutions to be well defined, can be stated in the following way: the operators V_1(t_1)V_1(t_2)^n and ^V_{1/2}(t_1)V_1(t_2)n are finite in the limit t_1 → t_2 for any positive integer n and the operator ^V_{1/2}(t_1) ^V_{1/2}(t_2)V_1(t_2)n vanishes in the limit t_1 → t_2 for any positive integer n.

where λ is a deformation parameter. We can confirm that the conditions described in subsection 2.1 are satisfied. The BRST transformation of (3.58) is given by

Q · exp [ λ ∫_b a dt V_1(t) ] = exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) − λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ] . (3.59) We can see that the effect of the BRST transformation is localized at the endpoints a and b, which is consistent with the local property of bcc operators. Furthermore, the BRST transformations of the two terms on the right-hand side of (3.59) are Q · [ λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ]] = −λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) , Q · [ exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) ] = −λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) , (3.60)

where we used lim_{t1→t2} Q · V(t_1) Q · V(t_2) = 0 . (3.61)

From (3.59) and (3.60), we identify the BRST transformations of bcc operators as

σ_L(a) (Q · σ_R) (b) = exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) , (Q · σ_L) (a)σ_R(b) = −λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ] , (Q · σ_L) (a) (Q · σ_R) (b) = −λ (Q · V) (a) exp [ λ ∫_b a dtV_1(t) ] λ (Q · V) (b) . (3.62)

When the operators are inserted on wedge states, these relations can be translated as follows: σ_L e^{αK} (Qσ_R) = e^{α(K+λV1)}λ (QV) , (Qσ_L) e^{αK} σ_R = −λ (QV) e^{α(K+λV1)} , (Qσ_L) e^{αK} (Qσ_R) = −λ (QV) e^{α(K+λV1)}λ (QV) , (3.63)

where the states V_1 and V are defined by the states based on the wedge state W_0 of zero width with a local insertion of V_1(t) and V(t), respectively, on the boundary. Note that e^{α(K+λV1)} is a wedge state with the modified boundary conditions [61].

We can now write the solutions (3.44) in terms of K, B, V_1, and V as follows:

e^{ΦL} = 1 + 1 √ 1 − K λV 1 √ 1 − K + 1 √ 1 − K λV B 1 − K − λV_1 λ (QV) 1 √ 1 − K , e^{−ΦR} = 1 − 1 √ 1 − K λV 1 √ 1 − K − 1 √ 1 − K λ (QV) B 1 − K − λV_1 λV 1 √ 1 − K . (3.64)

Here we used the relations R (QV) = V , (QV)R = −V , (3.65) which follow from (3.55). It is straightforward to express a real solution (3.45) in terms of K, B, V_1, and V. As in the bosonic theory [61], our solutions correspond to the special choice f(K) = 1/ √ 1 − K in the class of solutions by Erler [16].

4 Gauge-invariant observables

A classical solution in open string field theory is expected to correspond to a BCFT. In particular, the solutions constructed from bcc operators should correspond to the BCFT associated with the bcc operators. In this section, we provide evidence by calculating the gauge-invariant observables introduced in [71, 72].

The gauge-invariant observable W (Ψ, O) is defined for a solution Ψ in open bosonic string field theory and an on-shell closed string vertex operator O of weight (0, 0) [71, 72]. In [32], Ellwood conjectured that it is related to the closed string one-point function on the disk with the modified boundary conditions associated with the solution. The relation is given by

W (Ψ, O) = A_∗(O) − A_0(O) , (4.1)

where A_0(O) and A_∗(O) are the closed string one-point functions on the unit disk

A_0(O) = 1 2πi ⟨O(0)c(1)⟩_{disk} , A_∗(O) = 1 2πi ⟨O(0)c(1)⟩_{disk, BCFT∗} , (4.2)

in the original BCFT for A_0(O) and in the BCFT_∗ associated with the solution Ψ for A_∗(O), as indicated by the subscript.

Based on this conjecture by Ellwood, it is expected that the gauge-invariant observables for the solutions constructed from bcc operators reproduce the one-point functions in the BCFT associated with the bcc operators. After recalling some basic properties of the gauge-invariant observables, we evaluate W (Ψ, O) for the solution (2.11) in the bosonic string constructed in [61], and then we extend the calculation to the solutions (3.44) and (3.45) in the superstring.

4.1 Properties of W (φ, O)

For a state φ in the Fock space, W (φ, O) is defined by the following correlator on the upper half-plane:

W (φ, O) = ⟨O(i)f_I ∘ φ(0)⟩_{UHP} with f_I (ξ) = 2ξ 1 − ξ^2

. (4.3)

The conformal transformation f_I (ξ) is associated with the wedge state W_0 of zero width, which is also called the identity state:

⟨ φ, W_0 ⟩ = ⟨ f ∘ φ(0) ⟩_{C1} = ⟨ f_I ∘ φ(0) ⟩_{UHP} . (4.4)

Therefore, W (φ, O) can be thought of as a BPZ inner product of φ and the identity state W_0 with an insertion of O at the conical singularity, and we can formally express W (φ, O) in the sliver frame as W (φ, O) = ⟨ O(i∞) f ∘ φ(0) ⟩_{C1} . (4.5)

This expression is formal because the point i∞ where O is inserted is outside the coordinate patch, and we need another patch for a more rigorous treatment.

It follows from the definition that W (φ, O) vanishes for any BRST-exact state and has a cyclic property:

W (QΛ, O) = 0 , (4.6) W (φ_1 φ_2, O) = (−1)^{|φ1| |φ2|}W (φ_2 φ_1, O) . (4.7)

It is easy to see the cyclic property (4.7) from the expression (4.5). The observable W (Ψ, O) is thus invariant under gauge transformations in the bosonic string:

W (δΨ, O) = W (QΛ + [Ψ, Λ], O) = 0 . (4.8)

We can also represent W (φ, O) as a correlator on the unit disk by the conformal transformation f_{disk}(ξ) from the upper half-plane to the disk:

W (φ, O) = ⟨O(0)f_{disk} ∘ f_I ∘ φ(0)⟩_{disk} with f_{disk}(ξ) = 1 + iξ 1 − iξ , (4.9)

where the explicit form of f_{disk} (f_I (ξ)) is

f_{disk} (f_I (ξ)) = ( 1 + iξ 1 − iξ )_2 . (4.10)

Consider a state Σ based on W_s defined by ⟨φ, Σ⟩ = ⟨ f ∘ φ(0) n∏ i=1 O_i(z_i) ⟩ C_{s+1} with 1 2 ≤ ℜz_i ≤ s + 1 2 , (4.11)

where O_i(z_i) are some local operators. A formal expression for W (Σ, O) in the sliver frame can be written as W (Σ, O) = ⟨ O(i∞) n∏ i=1 O_i(z_i) ⟩ C_s , (4.12) where the surface C_s is represented in the region^1_2 ≤ ℜz_i ≤ s +^1_2 of the upper half-plane. A precise expression for W (Σ, O) can be obtained by a conformal transformation from the surface C_s to the unit disk: W (Σ, O) = ⟨ O(0) n∏ i=1 h_s ∘ O_i(z_i) ⟩ disk

, (4.13)

where the map h_s(z) from C_s to the unit disk is given by

h_s(z) = f_{disk} ( f^{−1} (_{2z} s )) = exp 2πiz s . (4.14)

In the following, we use the expression of the gauge-invariant observables on the unit disk.

4.2 Gauge-invariant observables in the bosonic string

We start with the evaluation of the gauge-invariant observable for the solution (2.11) in the bosonic string

W (Ψ, O) with Ψ = − 1 √ 1 − K (Qσ_L) σ_R 1 √ 1 − K − 1 √ 1 − K (Qσ_L) B 1 − K (Qσ_R) 1 √ 1 − K , (4.15) where O = cc̃O_m with O_m being a matter conformal primary field of weight (1, 1). Using the cyclic property (4.7), W (Ψ, O) reduces to the form

W (Ψ, O) = W (~Ψ, O) with ~Ψ = − 1 1 − K (Qσ_L) 1 1 − K σ_R − Q [ 1 1 − K (Qσ_L) B 1 − K σ_R ] , (4.16) where ~Ψ is defined in (2.13) and we wrote its expression given in (2.15). Since BRST-exact terms do not contribute to the gauge-invariant observables, W (~Ψ, O) further reduces to the following form:

W (~Ψ, O) = W (~Ψ_∗, O) with ~Ψ_∗ = − 1 1 − K (Qσ_L) 1 1 − K σ_R . (4.17)

When σ_L(t) and σ_R(t) are matter primary fields of weight 0, their BRST transformations are

Q · σ_L(t) = c∂_tσ_L(t) , Q · σ_R(t) = c∂_tσ_R(t) , (4.18)

and ~Ψ_∗ is written as ~Ψ_∗ = − 1 1 − K c[K, σ_L] 1 1 − K σ_R , (4.19)

where c is a state based on the wedge state W_0 of zero width with a local insertion of c(t) on the boundary. Note that an insertion of ∂_tσ_L(t) is translated into the commutator [K, σ_L]. We can further rewrite ~Ψ_∗ as

~Ψ_∗ = 1 1 − K [1 − K, cσ_L] 1 1 − K σ_R + 1 1 − K [K, c]σ_L 1 1 − K σ_R = cσ_L 1 1 − K σ_R − 1 1 − K c + 1 1 − K [K, c]σ_L 1 1 − K σ_R = ∫_∞ 0 ds e^{−s} cσ_Le^{sK} σ_R − ∫_∞ 0 ds e^{−s} e^{sK} c + ∫_∞ 0 ds_1 ∫_∞ 0 ds_2 e^{−(s1+s2)}e^{s1K} [K, c]σ_Le^{s2K} σ_R = ∫_∞ 0 ds e^{−s} cσ_Le^{sK} σ_R − ∫_∞ 0 ds e^{−s} e^{sK} c + ∫_∞ 0 ds ∫_1 0 dτ se^{−s} e^{(1−τ )sK} [K, c]σ_Le^{τ sK} σ_R . (4.20)

The commutator [K, c ] corresponds to an insertion of ∂_tc(t) on the boundary, and the operator ∂_tc(t) is transformed under the conformal map h_s(z) in (4.14) as h_s ∘ ∂_tc(t) = ∂_t ( s 2πi e^{−2πit/s}c(e^{2πit/s}) ) = −i∂_θ ( e^{−iθ}c(e^{iθ}) ) , (4.21)

where θ =^{2πt}_s . Using the expression of the gauge-invariant observables on the unit disk, we find

W (~Ψ_∗, O) = ∫_∞ 0 dse^{−s} s 2πi lim_{ϵ→+0} ⟨ O(0)cσ_L(1)σ_R(e^{(2π−ϵ)i}) ⟩ disk − ∫_∞ 0 dse^{−s} s 2πi ⟨O(0)c(1)⟩_{disk} − i ∫_∞ 0 ds ∫_1 0 dτ se^{−s}∂_θ [ e^{−iθ} ⟨ O(0)c(e^{iθ})σ_L(1)σ_R(e^{2πiτ} ) ⟩ disk ] | |_{θ=0} .

(4.22)

We can factorize the matter and ghost sectors of the correlator in the last term as e^{−iθ} ⟨ O(0)c(e^{iθ})σ_L(1)σ_R(e^{2πiτ} ) ⟩ disk = e −iθ ⟨ cc̃(0)c(e^{iθ}) ⟩_{bc} disk ⟨ O_m(0)σ_L(1)σ_R(e^{2πiτ} )

⟩_{matter}

disk .

(4.23) From the rotation invariance of the disk amplitude, we find ∂_θ [ e^{−iθ} ⟨ cc̃(0)c(e^{iθ}) ⟩_{bc} disk ] = 0 . (4.24)

Therefore, the last term in (4.22) vanishes, and the final expression of the gauge-invariant observable is

W (Ψ, O) = W (~Ψ_∗, O) = 1 2πi lim_{ϵ→+0} ⟨ O(0)cσ_L(1)σ_R(e^{(2π−ϵ)i}) ⟩ disk − 1 2πi ⟨O(0)c(1)⟩_{disk} . (4.25)

The second term on the right-hand side is A_0(O). The first term is A_∗(O) because of the insertions of bcc operators: 1 2πi lim_{ϵ→+0} ⟨ O(0)cσ_L(1)σ_R(e^{(2π−ϵ)i}) ⟩ disk = 1 2πi ⟨O(0)c(1)⟩_{disk, BCFT∗} = A_∗(O) . (4.26)

We have thus obtained the relation (4.1) conjectured by Ellwood.

4.3 Gauge-invariant observables in the superstring

Let us extend the calculation to the superstring. For a solution Φ in superstring field theory, the gauge-invariant observable is defined by W (e^{−Φ}Qe^Φ, O) [32], where O is an on-shell closed string vertex operator of weight (0, 0). In the NS-NS sector we can take the operator O to be

O = (ξ + ξ̃)cc̃e^{−ϕ}e^{−ϕ̃} ^O_m , (4.27)

where ^O_m is a matter superconformal primary field of weight (^1_2 ,^1_2 ). The conjecture by Ellwood in the superstring can be stated as [32]

W (e^{−Φ}Qe^Φ, O) = A_∗(O) − A_0(O) . (4.28)

For the solutions (3.44) and (3.45), the gauge-invariant observables are

W (e^{−Φ}Qe^Φ, O) = W (Ψ, O), (4.29)

where Ψ is given by (3.41). As in the case of the bosonic string, the calculation of the observables reduces to the following form:

W (e^{−Φ}Qe^Φ, O) = W (~Ψ_∗, O) with ~Ψ_∗ = − 1 1 − K (Qσ_L) 1 1 − K σ_R . (4.30)

The explicit form of Q · σ_L(t) in the superstring is given by

Q · σ_L(t) = c∂_tσ_L(t) + ηe^ϕ(G_{−1/2} · σ_L)(t) (4.31)

when σ_L(t) and σ_R(t) are matter superconformal primary fields of weight 0. Since the bc ghost sector of O is cc̃, the second term on the right-hand side of (4.31) does not contribute to the observables because it does not contain any c ghost. In the case of the R-R sector, the explicit form of O is not simple [32]. However, the bc ghost sector is cc̃ so that the second term on the right-hand side of (4.31) does not contribute to the observables either. The calculations in both sectors therefore reduce to that in the bosonic string, and we exactly obtain the relation (4.28) conjectured by Ellwood.

5 Discussion

– Universal coefficients In this paper, we constructed a class of analytic solutions of open superstring field theory in the Berkovits formulation from boundary condition changing operators satisfying the regularity conditions described in subsection 2.1. In the case of the solutions in the bosonic string, the dependence on the matter sector is simple, and we only need the information of three-point functions with a pair of bcc operators and an arbitrary operator in the original BCFT [61]. In the case of the solutions in the superstring, the dependence on the matter sector is again simple. All the solutions Φ_L, Φ_R, and Φ_{real} are constructed from star products of ^Ψ_L and ^Ψ_R, which are specified by giving ⟨φ, ^Ψ_L⟩ and ⟨φ, ^Ψ_R⟩ for an arbitrary state φ in the Fock space, and the dependence of ⟨φ, ^Ψ_L⟩ and ⟨φ, ^Ψ_R⟩ on the matter sector reduces to the three-point functions ⟨ φ_m(t_1)(G_{−1/2} · σ_L)(t_2)σ_R(t_3)

⟩_{matter} UHP , ⟨ φ_m(t_1)σ_L(t_2)(G_{−1/2} · σ_R)(t_3)

⟩_{matter} UHP , ⟨ φ_m(t_1)(G_{−1/2} · σ_L)(t_2)(G_{−1/2} · σ_R)(t_3)

⟩_{matter} UHP ,

(5.1)

where φ_m(t) is an arbitrary matter conformal primary field. For example, ⟨φ, ^Ψ_L⟩ for φ(t) = −c∂ce^{−ϕ}φ_m(t) is given by

⟨φ, ^Ψ_L⟩ = C_φ g(h) with C_φ = ⟨ φ_m(0)(G_{−1/2} · σ_L)(1)σ_R(∞)

⟩_{matter} UHP , (5.2)

and g(h) is a universal function of the weight h of φ_m, which does not depend on the particular choice of φ_m or the bcc operators σ_L and σ_R. The explicit form of g(h) is g(h) = ( h − 1 2 ) ∫_∞ 1 2 dx ∫_∞ 0 ds ∫_∞ 1 2 dy e^{1−x−s−y} 2π √ (x −^1_2 )(y −^1_2 ) ( 2 sin θ_s L sin θ_x sin θ_{x+s}

)_{h+} 1_2

× θ_y sin^2 θ_x + θ_x sin^2 θ_y − sin θ_x sin θ_s sin θ_y sin^2 θ_s

(5.3)

for h ≠^1_2 and g(^1_2 ) = 1, where L = x + s + y and θ_ℓ =^ℓ_L π. The details of the calculation are presented in appendix B. It is straightforward to calculate ⟨φ, ^Ψ_L⟩ and ⟨φ, ^Ψ_R⟩ for a different φ.

– Towards the generalization to singular bcc operators For a systematic construction of solutions in open string field theory for a given BCFT, we would like to generalize the construction of solutions to the case when operator products of the bcc operators are singular.^{11} We expect that the structure we observed in the calculation of the gauge-invariant observables in section 4 gives us some insight into this generalization. The solution takes the form

~Ψ = cσ_L 1 1 − K σ_R − 1 1 − K c + ( irrelevant terms ) , (5.4)

where the irrelevant terms are the terms which do not contribute to the gauge-invariant observables such as BRST-exact terms or those containing ∂_tc. From this structure, it is obvious that the gauge-invariant observables for the solution reproduce the expected change of boundary conditions of the disk.

11 See [46, 60, 65] for other interesting approaches to this problem.

We also observe this structure in the phantomless solution for tachyon condensation by Erler and Schnabl [50]. It is given by

Ψ = − 1 √ 1 − K (c − cKBc) 1 √ 1 − K , (5.5)

and the associated ~Ψ has the same structure:

~Ψ = 1√ 1 − K Ψ √ 1 − K = − 1 1 − K c + Q ( 1 1 − K Bc ) . (5.6)

In [50] a class of gauge conditions called dressed B_0 gauges were introduced. In fact the solutions (5.5) and (2.11) satisfy the same gauge condition in the class of dressed B_0 gauges. In the generalization to bcc operators with singular operator products, the same structure may continue to hold, and this gauge condition may play an important role.

Acknowledgments

We would like to thank Michael Kiermaier, Michael Kroyter, and Pablo Soler for valuable comments on an earlier version of the paper. We also thank the Yukawa Institute for Theoretical Physics at Kyoto University for hospitality during the workshop YITP-W-11-05 on “Quantum Field Theory and String Theory”, where T.N. presented the results in this paper. We also benefited from the workshop “Summer Institute 2011 Cosmology and String”, where this work was completed. The work of T.N. was supported in part by JSPS Grant-in-Aid for JSPS Fellows. The work of Y.O. was supported in part by Grant-in-Aid for Young Scientists (B) No. 21740161 from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan, by Grant-in-Aid for Scientific Research (B) No. 20340048 from the Japan Society for the Promotion of Science (JSPS), and by the Japan Society for the Promotion of Science (JSPS) and the Academy of Sciences of the Czech Republic (ASCR) under the Japan-Czech Republic Research Cooperative Program.

A Evaluating the action

We discuss the structure of the action for solutions constructed by the general prescription explained in subsection 3.2. As shown in [78], the action (3.39) of open superstring field theory in the Berkovits formulation can be written as S = − 1 g^2

∫_1 0 dt Tr ((η_0A_t) A_Q) . (A.1)

Since the solutions Φ_L, Φ_R, and Φ_{real} in subsection 3.2 are gauge-equivalent, the values of the action for them are the same. Here we evaluate the action for Φ_L = ln(1 + ^Ψ_L). Choosing the t-dependence of Φ(t) to be e^{Φ(t)} = 1 + t^Ψ_L , (A.2)

we have A_t = (1 + t^Ψ_L)^{−1} ^Ψ_L , A_Q = (1 + t^Ψ_L)^{−1}(1 + ^Ψ_L) tΨ ,

(A.3) and η_0A_t = −(1 + t^Ψ_L)^{−1}(t η_0 ^Ψ_L)(1 + t^Ψ_L)^{−1} ^Ψ_L + (1 + t^Ψ_L)^{−1}(η_0 ^Ψ_L)

= (1 + t^Ψ_L)^{−1}(η_0 ^Ψ_L) [ 1 + (1 + t^Ψ_L)^{−1}(−t^Ψ_L) ] = (1 + t^Ψ_L)^{−1}(η_0 ^Ψ_L)(1 + t^Ψ_L)^{−1} .

(A.4)

Therefore, the action for the solution Φ = Φ_L is S = − 1 g^2

∫_1 0 dt Tr [ (1 + t^Ψ_L)^{−1}(η_0 ^Ψ_L)(1 + t^Ψ_L)^{−1}(1 + t^Ψ_L)^{−1}(1 + ^Ψ_L)tΨ ] . (A.5)

The expansion of the action in Ψ and ^Ψ_L is given by S = − 1 g^2 ∞∑ a,b=0 ∫_1 0 dt t^{a+b+1} Tr [ (−^Ψ_L)^a(η_0 ^Ψ_L)(b + 1)(−^Ψ_L)^b(1 + ^Ψ_L)Ψ ]

= − 1 g^2 ∞∑ a,b=0 b + 1 a + b + 2 Tr [ (−^Ψ_L)^a(η_0 ^Ψ_L)(−^Ψ_L)^bΨ − (−^Ψ_L)^a(η_0 ^Ψ_L)(−^Ψ_L)^{b+1}Ψ ]

= − 1 g^2 ∞∑ a,b=0 a + 1 (a + b + 2)(a + b + 1) Tr [ (−^Ψ_L)^a(η_0 ^Ψ_L)(−^Ψ_L)^bΨ ]

= 1 g^2 ∞∑ n=2 n−2∑ m=0 (−1)^{n−1} m + 1 n(n − 1) Tr [ ^Ψ^m_L (η_0 ^Ψ_L) ^Ψ^{n−m−2}_L Ψ ] . (A.6)

Since Tr [ η_0(AB) ] = 0, which follows from the BPZ property ⟨ η_0A, B ⟩ = −(−1)^{|A|}⟨ A, η_0B ⟩, we find that_{n−2} ∑ m=0 Tr [ ^Ψ^m_L (η_0 ^Ψ_L) ^Ψ^{n−m−2}_L Ψ ] = Tr [ η_0 (^Ψ^{n−1}_L Ψ) ] = 0 , (A.7)

where we also used η_0Ψ = 0. We therefore obtain S = 1 g^2 ∞∑ n=3 n−2∑ m=1 (−1)^{n−1} m n(n − 1) Tr [ ^Ψ^m_L (η_0 ^Ψ_L) ^Ψ^{n−m−2}_L Ψ ] . (A.8)

The first few terms in the expansion are S = 1 g^2 Tr [ 1 6 ^Ψ_L(η_0 ^Ψ_L)Ψ − 1 12 { ^Ψ_L(η_0 ^Ψ_L)^Ψ_LΨ + 2^Ψ^2_L(η_0 ^Ψ_L)Ψ } + . . . ] . (A.9)

The state ^Ψ_L is constructed by inserting R(t) to Ψ, and the operator η_0 annihilates Ψ and changes R(t) to the picture-lowering operator Y (t) = c∂ξe^{−2ϕ}(t). Schematically, each term in (A.8) consists of n states of Ψ, n − 2 insertions of R(t), and one Y (t).

B Universal coefficients

In this appendix we evaluate ⟨φ, ^Ψ_L⟩ for φ(t) = −c∂ce^{−ϕ}φ_m(t), where φ_m(t) is a matter conformal primary field of weight h. When the bcc operators are superconformal primary fields of weight 0, ^Ψ_L is given by ^Ψ_L = ^Ψ_{L1} + ^Ψ_{L2} + ^Ψ_{L3} (B.1)

with

^Ψ_{L1} = − 1√ 1 − K ce^χe^{−ϕ} ( G_{−1/2}σ_L ) σ_R 1 √ 1 − K , ^Ψ_{L2} = − 1√ 1 − K ce^χe^{−ϕ} ( G_{−1/2}σ_L ) B 1 − K c [K, σ_R] 1 √ 1 − K , ^Ψ_{L3} = − 1√ 1 − K ce^χe^{−ϕ} ( G_{−1/2}σ_L ) B 1 − K e^{−χ}e^ϕ ( G_{−1/2}σ_R ) 1 √ 1 − K , (B.2)

where the states e^{mχ} and e^{nϕ} are defined by the states based on the wedge state W_0 of zero width with a local insertion of e^{mχ}(t) and e^{nϕ}(t), respectively, on the boundary. For φ(t) = −c∂ce^{−ϕ}φ_m(t), the inner product ⟨φ, ^Ψ_{L3}⟩ vanishes because of the constraint from the bc ghost number: ⟨φ, ^Ψ_L⟩ = ⟨φ, ^Ψ_{L1}⟩ + ⟨φ, ^Ψ_{L2}⟩ . (B.3) We first evaluate the second term ⟨φ, ^Ψ_{L2}⟩ given by ⟨φ, ^Ψ_{L2}⟩ = − ∫_∞ 1 2 dx ∫_∞ 0 ds ∫_∞ 1 2 dy e^{1−x−s−y} π √ (x −^1_2 )(y −^1_2 ) × ⟨f ∘ φ(0)ce^χe^{−ϕ}(G_{−1/2} · σ_L)(x)Bc∂_sσ_R(x + s)⟩_{CL} , (B.4)

where L = x + s + y and the operator B is a line integral of the b ghost defined by B = ∫_{−i∞} i∞ dz 2πi b(z) . (B.5)

The correlator in (B.4) can be factorized as follows:^{12} ⟨f ∘ φ(0)ce^χe^{−ϕ}(G_{−1/2} · σ_L)(x)Bc∂_sσ_R(x + s)⟩_{CL} = − (π 2 ) 1_2 ⟨c∂c(0)c(x)Bc(x + s)⟩^{bc}_{CL} ⟨e^{−ϕ}(0)e^χe^{−ϕ}(x)⟩^{χϕ}_{CL} ×∂_b⟨f ∘ φ_m(0)(G_{−1/2}·σ_L)(x)σ_R(b)⟩^{matter}_{CL} | | |_{b=x+s} . (B.6)

Since φ_m, G_{−1/2} · σ_L, and σ_R are primary fields of weight h,^1_2 , and 0, respectively, we find

⟨f ∘ φ_m(0)(G_{−1/2} · σ_L)(a)σ_R(b)⟩^{matter}_{CL} = ( 2 L )_h ( π L cos^2 θ_a

) 1_2 ⟨ φ_m(0)(G_{−1/2} · σ_L)(tan θ_a)σ_R(tan θ_b)

⟩_{matter} UHP = C_φ ( 2 L )_h ( π L ) 1_2 1

sin θ_a ( sin θ_{b−a} sin θ_a sin θ_b

)_{h−} 1_2 , (B.7)

where 0 < a < b < L, θ_ℓ =^ℓ_L π, and C_φ is a constant independent of a, b, and L. It is related to the coefficient of the matter three-point function of φ_m, G_{−1/2} · σ_L, and σ_R as follows: ⟨ φ_m(t_1)(G_{−1/2} · σ_L)(t_2)σ_R(t_3)

⟩_{matter} UHP = C_φ

|t_3 − t_2|^{h− 1}2 |t_2 − t_1|^{h+ 1}2 |t_3 − t_1|^{h− 1}2

. (B.8)

In other words, C_φ is the matter three-point function with operators φ_m, G_{−1/2} · σ_L, and σ_R inserted at 0, 1, and ∞, respectively:^{13}

C_φ = ⟨ φ_m(0)(G_{−1/2} · σ_L)(1)σ_R(∞)

⟩_{matter} UHP . (B.9)

Therefore, the matter correlator in (B.6) is

∂_b⟨f ∘ φ_m(0)(G_{−1/2} · σ_L)(x)σ_R(b)⟩^{matter}_{CL} | | |_{b=x+s} = ( h − 1 2 ) C_φ ( 2 L )_h ( π L ) 3_2 1

sin θ_{x+s} sin θ_s ( sin θ_s sin θ_x sin θ_{x+s}

)_{h−} 1_2 . (B.10)

The ghost sector correlators take the form ⟨c∂c(0)c(x)Bc(x + s)⟩^{bc}_{CL} = L^2 π^3 ( −θ_y sin^2 θ_x − θ_x sin^2 θ_y + sin θ_x sin θ_s sin θ_y ) , ⟨e^{−ϕ}(0)e^χe^{−ϕ}(x)⟩^{χϕ}_{CL} = − π L sin θ_x . (B.11)

12 The normalization of the correlator on the upper half-plane is ⟨e^χ c∂c∂^2c e^{−2ϕ}(z)⟩_{UHP} = −2 up to a factor of the spacetime volume. We also use the following convention of factorization: ⟨e^χ c∂c∂^2c e^{−2ϕ}(z)⟩_{UHP} = −⟨c∂c∂^2c(z)⟩^{bc}_{UHP}⟨e^χe^{−2ϕ}(z)⟩^{χϕ}_{UHP}⟨1⟩^{matter}_{UHP} with ⟨c∂c∂^2c(z)⟩^{bc}_{UHP} = −2 and ⟨e^χe^{−2ϕ}(z)⟩^{χϕ}_{UHP} = −1.

13 Since the weight of σ_R vanishes, we can simply send the position of σ_R to infinity without considering the conformal transformation I(ξ) = −1/ξ.

Combining all the sectors, we have ⟨φ, ^Ψ_{L2}⟩ = C_φ ( h − 1 2 ) ∫_∞ 1 2 dx ∫_∞ 0 ds ∫_∞ 1 2 dy e^{1−x−s−y} 2π √ (x −^1_2 )(y −^1_2 ) ( 2 sin θ_s L sin θ_x sin θ_{x+s}

)_{h+} 1_2

× θ_y sin^2 θ_x + θ_x sin^2 θ_y − sin θ_x sin θ_s sin θ_y sin^2 θ_s . (B.12)

Let us next consider the first term ⟨φ, ^Ψ_{L1}⟩ given by ⟨φ, ^Ψ_{L1}⟩ = − ∫_∞ 1 2 dx ∫_∞ 1 2 dy e^{1−x−y} π √ (x −^1_2 )(y −^1_2 ) ⟨f ∘ φ(0)ce^χe^{−ϕ}(G_{−1/2} · σ_L)σ_R(x)⟩_{Cx+y} . (B.13)

It vanishes for h ≠^1_2 . For h =^1_2 , it is evaluated as

⟨φ, ^Ψ_{L1}⟩ = C_φ . (B.14)

We conclude that the inner product ⟨φ, ^Ψ_L⟩ can be written as a product of the constant C_φ given by (B.9) and the universal function g(h) independent of the particular choice of φ_m or the bcc operators:

⟨φ, ^Ψ_L⟩ = C_φ g(h) (B.15)

with g(h) = ( h − 1 2 ) ∫_∞ 1 2 dx ∫_∞ 0 ds ∫_∞ 1 2 dy e^{1−x−s−y} 2π √ (x −^1_2 )(y −^1_2 ) ( 2 sin θ_s L sin θ_x sin θ_{x+s}

)_{h+} 1_2

× θ_y sin^2 θ_x + θ_x sin^2 θ_y − sin θ_x sin θ_s sin θ_y sin^2 θ_s

(B.16)

for h ≠^1_2 and g(^1_2 ) = 1.

References

[1] E. Witten, “Noncommutative Geometry and String Field Theory,” Nucl. Phys. B 268, 253 (1986).

[2] B. Zwiebach, “Closed string field theory: Quantum action and the B-V master equation,” Nucl.

Phys. B 390, 33 (1993) [arXiv:hep-th/9206084].

[3] M. Schnabl, “Analytic solution for tachyon condensation in open string field theory,” Adv. Theor.

Math. Phys. 10, 433 (2006) [arXiv:hep-th/0511286].

[4] Y. Okawa, “Comments on Schnabl’s analytic solution for tachyon condensation in Witten’s open string field theory,” JHEP 0604, 055 (2006) [arXiv:hep-th/0603159].

[5] E. Fuchs and M. Kroyter, “On the validity of the solution of string field theory,” JHEP 0605, 006 (2006) [arXiv:hep-th/0603195].

[6] E. Fuchs and M. Kroyter, “Schnabl’s L_0 operator in the continuous basis,” JHEP 0610, 067 (2006) [arXiv:hep-th/0605254].

[7] L. Rastelli and B. Zwiebach, “Solving Open String Field Theory with Special Projectors,” JHEP 0801, 020 (2008) [arXiv:hep-th/0606131].

[8] I. Ellwood and M. Schnabl, “Proof of vanishing cohomology at the tachyon vacuum,” JHEP 0702, 096 (2007) [arXiv:hep-th/0606142].

[9] H. Fuji, S. Nakayama and H. Suzuki, “Open string amplitudes in various gauges,” JHEP 0701, 011 (2007) [arXiv:hep-th/0609047].

[10] E. Fuchs and M. Kroyter, “Universal regularization for string field theory,” JHEP 0702, 038 (2007) [arXiv:hep-th/0610298].

[11] Y. Okawa, L. Rastelli and B. Zwiebach, “Analytic Solutions for Tachyon Condensation with General Projectors,” arXiv:hep-th/0611110.

[12] T. Erler, “Split String Formalism and the Closed String Vacuum,” JHEP 0705, 083 (2007) [arXiv:hep-th/0611200].

[13] T. Erler, “Split String Formalism and the Closed String Vacuum, II,” JHEP 0705, 084 (2007) [arXiv:hep-th/0612050].

[14] M. Schnabl, “Comments on marginal deformations in open string field theory,” Phys. Lett. B 654, 194 (2007) [arXiv:hep-th/0701248].

[15] M. Kiermaier, Y. Okawa, L. Rastelli and B. Zwiebach, “Analytic solutions for marginal deformations in open string field theory,” JHEP 0801, 028 (2008) [arXiv:hep-th/0701249].

[16] T. Erler, “Marginal Solutions for the Superstring,” JHEP 0707, 050 (2007) [arXiv:0704.0930 [hep-th]].

[17] Y. Okawa, “Analytic solutions for marginal deformations in open superstring field theory,” JHEP 0709, 084 (2007) [arXiv:0704.0936 [hep-th]].

[18] E. Fuchs, M. Kroyter and R. Potting, “Marginal deformations in string field theory,” JHEP 0709, 101 (2007) [arXiv:0704.2222 [hep-th]].

[19] Y. Okawa, “Real analytic solutions for marginal deformations in open superstring field theory,” JHEP 0709, 082 (2007) [arXiv:0704.3612 [hep-th]].

[20] I. Ellwood, “Rolling to the tachyon vacuum in string field theory,” JHEP 0712, 028 (2007) [arXiv:0705.0013 [hep-th]].

[21] I. Kishimoto and Y. Michishita, “Comments on solutions for nonsingular currents in open string field theories,” Prog. Theor. Phys. 118, 347 (2007) [arXiv:0706.0409 [hep-th]].

[22] E. Fuchs and M. Kroyter, “Marginal deformation for the photon in superstring field theory,” JHEP 0711, 005 (2007) [arXiv:0706.0717 [hep-th]].

[23] M. Kiermaier and Y. Okawa, “Exact marginality in open string field theory: a general framework,” JHEP 0911, 041 (2009) [arXiv:0707.4472 [hep-th]].

[24] T. Erler, “Tachyon Vacuum in Cubic Superstring Field Theory,” JHEP 0801, 013 (2008) [arXiv:0707.4591 [hep-th]].

[25] L. Rastelli and B. Zwiebach, “The Off-shell Veneziano amplitude in Schnabl gauge,” JHEP 0801, 018 (2008) [arXiv:0708.2591 [hep-th]].

[26] M. Kiermaier and Y. Okawa, “General marginal deformations in open superstring field theory,” JHEP 0911, 042 (2009) [arXiv:0708.3394 [hep-th]].

[27] O. K. Kwon, B. H. Lee, C. Park and S. J. Sin, “Fluctuations around the tachyon vacuum in open string field theory,” JHEP 0712, 038 (2007) [arXiv:0709.2888 [hep-th]].

[28] T. Takahashi, “Level truncation analysis of exact solutions in open string field theory,” JHEP 0801, 001 (2008) [arXiv:0710.5358 [hep-th]].

[29] M. Kiermaier, A. Sen and B. Zwiebach, “Linear b-Gauges for Open String Fields,” JHEP 0803, 050 (2008) [arXiv:0712.0627 [hep-th]].

[30] O. K. Kwon, “Marginally Deformed Rolling Tachyon around the Tachyon Vacuum in Open String Field Theory,” Nucl. Phys. B 804, 1 (2008) [arXiv:0801.0573 [hep-th]].

[31] S. Hellerman and M. Schnabl, “Light-like tachyon condensation in Open String Field Theory,” arXiv:0803.1184 [hep-th].

[32] I. Ellwood, “The Closed string tadpole in open string field theory,” JHEP 0808, 063 (2008) [arXiv:0804.1131 [hep-th]].

[33] T. Kawano, I. Kishimoto and T. Takahashi, “Gauge Invariant Overlaps for Classical Solutions in Open String Field Theory,” Nucl. Phys. B 803, 135 (2008) [arXiv:0804.1541 [hep-th]].

[34] I. Y. Aref’eva, R. V. Gorbachev and P. B. Medvedev, “Tachyon Solution in Cubic Neveu-Schwarz String Field Theory,” Theor. Math. Phys. 158, 320 (2009) [arXiv:0804.2017 [hep-th]].

[35] A. Ishida, C. Kim, Y. Kim, O. K. Kwon and D. D. Tolla, “Tachyon Vacuum Solution in Open String Field Theory with Constant B Field,” J. Phys. A 42, 395402 (2009) [arXiv:0804.4380 [hep-th]].

[36] T. Kawano, I. Kishimoto and T. Takahashi, “Schnabl’s Solution and Boundary States in Open String Field Theory,” Phys. Lett. B 669, 357 (2008) [arXiv:0804.4414 [hep-th]].

[37] M. Kiermaier and B. Zwiebach, “One-Loop Riemann Surfaces in Schnabl Gauge,” JHEP 0807, 063 (2008) [arXiv:0805.3701 [hep-th]].

[38] E. Fuchs and M. Kroyter, “On the classical equivalence of superstring field theories,” JHEP 0810, 054 (2008) [arXiv:0805.4386 [hep-th]].

[39] E. Fuchs and M. Kroyter, “Analytical Solutions of Open String Field Theory,” Phys. Rept. 502, 89 (2011) [arXiv:0807.4722 [hep-th]].

[40] M. Asano and M. Kato, “General Linear Gauges and Amplitudes in Open String Field Theory,” Nucl. Phys. B 807, 348 (2009) [arXiv:0807.5010 [hep-th]].

[41] I. Kishimoto, “Comments on gauge invariant overlaps for marginal solutions in open string field theory,” Prog. Theor. Phys. 120, 875 (2008) [arXiv:0808.0355 [hep-th]].

[42] M. Kiermaier, Y. Okawa and B. Zwiebach, “The boundary state from open string fields,” arXiv:0810.1737 [hep-th].

[43] N. Barnaby, D. J. Mulryne, N. J. Nunes and P. Robinson, “Dynamics and Stability of Light-Like Tachyon Condensation,” JHEP 0903, 018 (2009) [arXiv:0811.0608 [hep-th]].

[44] I. Y. Aref’eva, R. V. Gorbachev, D. A. Grigoryev, P. N. Khromov, M. V. Maltsev and P. B. Medvedev, “Pure Gauge Configurations and Tachyon Solutions to String Field Theories Equations of Motion,” JHEP 0905, 050 (2009) [arXiv:0901.4533 [hep-th]].

[45] I. Kishimoto and T. Takahashi, “Numerical Evaluation of Gauge Invariants for a-gauge Solutions in Open String Field Theory,” Prog. Theor. Phys. 121, 695 (2009) [arXiv:0902.0445 [hep-th]].

[46] I. Ellwood, “Singular gauge transformations in string field theory,” JHEP 0905, 037 (2009) [arXiv:0903.0390 [hep-th]].

[47] I. Y. Aref’eva, R. V. Gorbachev and P. B. Medvedev, “Pure Gauge Configurations and Solutions to Fermionic Superstring Field Theories Equations of Motion,” J. Phys. A 42, 304001 (2009) [arXiv:0903.1273 [hep-th]].

[48] E. A. Arroyo, “Cubic interaction term for Schnabl’s solution using Pade approximants,” J. Phys.

A 42, 375402 (2009) [arXiv:0905.2014 [hep-th]].

[49] M. Kroyter, “Comments on superstring field theory and its vacuum solution,” JHEP 0908, 048 (2009) [arXiv:0905.3501 [hep-th]].

[50] T. Erler and M. Schnabl, “A Simple Analytic Solution for Tachyon Condensation,” JHEP 0910, 066 (2009) [arXiv:0906.0979 [hep-th]].

[51] E. Aldo Arroyo, “The Tachyon Potential in the Sliver Frame,” JHEP 0910, 056 (2009) [arXiv:0907.4939 [hep-th]].

[52] F. Beaujean and N. Moeller, “Delays in Open String Field Theory,” arXiv:0912.1232 [hep-th].

[53] E. A. Arroyo, “Generating Erler-Schnabl-type Solution for Tachyon Vacuum in Cubic Superstring Field Theory,” J. Phys. A 43, 445403 (2010) [arXiv:1004.3030 [hep-th]].

[54] S. Zeze, “Tachyon potential in KBc subalgebra,” Prog. Theor. Phys. 124, 567 (2010) [arXiv:1004.4351 [hep-th]].

[55] M. Schnabl, “Algebraic solutions in Open String Field Theory - a lightning review,” arXiv:1004.4858 [hep-th].

[56] I. Y. Arefeva and R. V. Gorbachev, “On Gauge Equivalence of Tachyon Solutions in Cubic Neveu- Schwarz String Field Theory,” Theor. Math. Phys. 165, 1512 (2010) [arXiv:1004.5064 [hep-th]].

[57] S. Zeze, “Regularization of identity based solution in string field theory,” JHEP 1010, 070 (2010) [arXiv:1008.1104 [hep-th]].

[58] E. A. Arroyo, “Comments on regularization of identity based solutions in string field theory,” JHEP 1011, 135 (2010) [arXiv:1009.0198 [hep-th]].

[59] T. Erler, “Exotic Universal Solutions in Cubic Superstring Field Theory,” JHEP 1104, 107 (2011) [arXiv:1009.1865 [hep-th]].

[60] L. Bonora, C. Maccaferri and D. D. Tolla, “Relevant Deformations in Open String Field Theory:

a Simple Solution for Lumps,” arXiv:1009.4158 [hep-th].

[61] M. Kiermaier, Y. Okawa and P. Soler, “Solutions from boundary condition changing operators in open string field theory,” JHEP 1103, 122 (2011) [arXiv:1009.6185 [hep-th]].

[62] M. Murata and M. Schnabl, “On Multibrane Solutions in Open String Field Theory,” Prog.

Theor. Phys. Suppl. 188, 50 (2011) [arXiv:1103.1382 [hep-th]].

[63] E. A. Arroyo, “Conservation laws and tachyon potentials in the sliver frame,” JHEP 1106, 033 (2011) [arXiv:1103.4830 [hep-th]].

[64] L. Bonora, S. Giaccari and D. D. Tolla, “The energy of the analytic lump solution in SFT,” JHEP 1108, 158 (2011) [arXiv:1105.5926 [hep-th]].

[65] T. Erler and C. Maccaferri, “Comments on Lumps from RG flows,” arXiv:1105.6057 [hep-th]. [66] L. Bonora, S. Giaccari and D. D. Tolla, “Analytic solutions for Dp branes in SFT,” arXiv:1106.3914 [hep-th].

[67] S. Inatomi, I. Kishimoto and T. Takahashi, “Homotopy Operators and One-Loop Vacuum Energy at the Tachyon Vacuum,” arXiv:1106.5314 [hep-th].

[68] L. Rastelli and B. Zwiebach, “Tachyon potentials, star products and universality,” JHEP 0109, 038 (2001) [arXiv:hep-th/0006240].

[69] M. Schnabl, “Wedge states in string field theory,” JHEP 0301, 004 (2003) [arXiv:hep-th/0201095]. [70] N. Berkovits, “SuperPoincare invariant superstring field theory,” Nucl. Phys. B 450, 90 (1995) [Erratum-ibid. B 459, 439 (1996)] [arXiv:hep-th/9503099].

[71] A. Hashimoto and N. Itzhaki, “Observables of string field theory,” JHEP 0201, 028 (2002) [arXiv:hep-th/0111092].

[72] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, “Ghost structure and closed strings in vacuum string field theory,” Adv. Theor. Math. Phys. 6, 403 (2003) [arXiv:hep-th/0111129].

[73] M. R. Gaberdiel and B. Zwiebach, “Tensor constructions of open string theories. 1: Foundations,” Nucl. Phys. B 505, 569 (1997) [arXiv:hep-th/9705038].

[74] D. Friedan, E. J. Martinec and S. H. Shenker, “Conformal Invariance, Supersymmetry and String Theory,” Nucl. Phys. B 271, 93 (1986).

[75] J. Polchinski, “String theory. Vol. 2: Superstring theory and beyond,” Cambridge University Press, Cambridge U.K. (1998).

[76] C. R. Preitschopf, C. B. Thorn and S. A. Yost, “Superstring field theory,” Nucl. Phys. B 337, 363 (1990).

[77] I. Y. Arefeva, P. B. Medvedev and A. P. Zubarev, “New representation for string field solves the consistency problem for open superstring field theory,” Nucl. Phys. B 341, 464 (1990).

[78] N. Berkovits, Y. Okawa and B. Zwiebach, “WZW-like action for heterotic string field theory,” JHEP 0411, 038 (2004) [arXiv:hep-th/0409018].