Published by Institute of Physics Publishing for SISSA/ISAS Received: March 26, 2003 Revised: October 30, 2003 Accepted: December 22, 2003

Exact Solutions in SFT and Marginal Deformation in BCFT

Josef Klusoň^∗

Institute of Theoretical Physics, University of Stockholm, SCFAB SE- 106 91 Stockholm, Sweden, and Institutionen för teoretisk fysik BOX 803, SE- 751 08 Uppsala, Sweden E-mail: josef.kluson@teorfys.uu.se

Abstract: In this note we will study solution of open bosonic string field theory based on action of operators from chiral algebra of boundary conformal field theory on identity element of string field theory star algebra. We will demonstrate that the string field theory action for fluctuation fields around this classical solution can be mapped to the string field theory action defined through the new boundary conformal field theory that arises from the original one through the marginal deformation inserted on the world-sheet boundary.

Keywords: D-branes, String Field Theory.

∗On leave from Masaryk University, Brno

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep122003050 /jhep122003050 .pdf

Contents

1. Introduction 1

2. General solutions 2

3. Relation between SFT action S^′ and the deformation in BCF T 8

4. Conclusion 11

1. Introduction

Much work has focused on the search for classical solutions of cubic bosonic open string field theory (SFT) [1] (For review, see [2]–[5].). Despite important technical progress in the understanding of the open string star product-notably the discovery of a new connections with non-commutative field theory [6]–[15] it is still very difficult to find analytic classical solution. Exception is the special form of SFT, vacuum string field theory (VSFT), where exact results have been obtained [18]–[26].

In our recent papers [27]–[31] we found some exact solutions of SFT equation of motion.^1 All these solutions have the property that when we expand the string field around this solution and insert it into the SFT action then the new BRST operator Q^′ suggests that SFT action for fluctuation modes is in some sense related to the SFT action defined around the new background boundary conformal field theory (BCF T^{′′}) that arises from the original BCF T by presence of marginal deformation on the world-sheet boundary. The possible relation between these two actions will be indication of the background independence of SFT [53]–[57] which unfortunatelly is not explicitly seen in its formulation. Let us say more about this issue.

This issue arises because SFT can be written after choosing what amounts to a classical solution, namely BCF T with central charge c = 0. As a result the SFT actions S_1 , S_2 written using two different BCF T^′s BCF T_1 and BCF T_2 are not manifestly equivalent. However it was shown in [53]–[57] that for the case when BCF T_1 and BCF T_2 are nearby theories related by infinitesimal marginal deformation, one can prove that S_1 and S_2 are the same action expanded around different solutions.

In this paper we will try to study this problem from slightly different point of view. In particular, we focus on the relation between solution of SFT equation of motion given in [27]–[31] and the marginal deformation in BCF T . Our goal is to show that when we expand string field around classical solution and insert it into the original SFT action

1For closely related papers, see [34]–[52]. For other papers considering exact solutions in SFT, see [38, 39, 40, 41].

– 1 –

S which is defined on background BCF T , we obtain after suitable redefinition of the fluctuation modes the SFT action S^′ defined on BCF T^{′′} that is related to the original BCF T by inserting marginal deformation on the boundary of the world-sheet (For more details about marginal deformations in BCF T , see [32].). To say differently, we will show that two SFT actions S, S^′ written using two different BCF T , BCF T^{′′} which are related by marginal deformation, are in fact two SFT actions expanded around different classical solutions.

In order to show this equivalence will consider operators, that determine exact solution of SFT, which belong to the chiral algebra W of BCF T .^2 More precisely, we will construct the solution of SFT equation of motion that is based on an action of some operator W from W on the SFT star algebra identity element I. Then we will study the fluctuation modes around this solution. It turns out that after performing suitable redefinition of the fluctuation modes we will get correlation functions^3 which have the same form as the correlation functions in the deformed BCF T^{′′} that arises from the original one by insertion of marginal interaction W(x) on the world-sheet boundary. In order to be able to perform such a identification we took the operators W from W since only in that case we have well defined deformed correlation functions in BCF T containing bulk and boundary operators as well as operator W(x) [32]. In other words we will show that the SFT action S^′ for fluctuation modes is the same as the SFT action defined by the second BCF T^{′′}. This result can be considered as more precise extension of the analysis given in [27] in the sense that we explicitly show the equivalence of these two actions. We mean that this result could be considered as further indication of the background independence in SFT [53]–[57].

The organization of this paper is as follows. In the next section (2) we review the basic facts about SFT, bulk an boundary CFT. Then we turn to the construction of the classical solution of SFT equation of motion following [27]–[31]. In section (3) we will study fluctuation modes above the classical solution and we will find the precise relation between the SFT S^′ for fluctuation modes and SFT defined on BCF T^{′′}. In conclusion (4) we will outline our results.

2. General solutions

We begin this section with the review the basic facts about bosonic string field theory, following mainly [2, 3, 4]. Gauge invariant string field theory is described with the full Hilbert space of the first quantized open string including b, c ghost fields subject to the condition that the states must carry ghost number one, where b has ghost number −1, c has ghost number 1 and SL(2, C ) invariant vacuum |0⟩ carries ghost number 0. We denote H the subspace of the full Hilbert space carrying ghost number 1. Any state in H will be denoted as |Φ⟩ and corresponding vertex operator Φ is the vertex operator that creates state |Φ⟩ out of the vacuum state |0⟩

|Φ⟩ = Φ |0⟩ . (2.1)

2For very nice review to the subject of BCF T see for example [60, 61] and reference therein. 3These BCF T correlation functions define SFT action S in the CFT description [48, 49].

– 2 –

Since we are dealing with open string theory, the vertex operators should be put on the boundary of the world-sheet.^4. The string field theory action is given [1] S = − 1 g^2_0 ( 1 2α^′ ⟨I ∘ Φ(0)QΦ(0)⟩ + 1 3 ⟨f_1 ∘ Φ(0)f_2 ∘ Φ(0)f_3 ∘ Φ(0)⟩ ) , (2.2)

where g_0 is open string coupling constant, Q is BRST operator and <> denotes correlation function in the combined matter ghost conformal field theory in the upper half plane Imz ≥ 0. I, f_1, f_2, f_3 are conformal mapping exact form of which is reviewed in [2] and f_i ∘ Φ(0) denotes the conformal transformation of Φ(0) by f_i. For example, for Φ a primary field of dimension h, then f_i ∘Φ(0) = (f^′_i (0))^hΦ(f_i(0)). In our calculation we use convention from the very nice review [2]

T_m(z) = − 1 α^′ ∂_zX^μ_L(z)∂_z X^ν_Lη_{μν} , T_m(z) = − 1 α^′ ∂_zX^μ_R(z)∂_z X^ν_R(z)η_{μν} , X^μ_L(z)X^ν_L(w) ∼ − α^′ 2 η^{μν} ln(z − w) , X^μ_R(z)X^ν_R(w) ∼ − α^′ 2 η^{μν} ln(z − w) , X^μ_L(z)X^ν_R(w) ∼ − α^′ 2 η^{μν} ln(z − w) (2.3)

with the BRST operator Q = 1 2πi ∫ C dzj_B (z) − 1 2πi ∫ C dzj_B (z) , j_B (z) = c(z) [ T_m(z) + 1 2 T_{gh}(z) ] , j_B (z) = c(z) [ T_m(z) + 1 2 T_{gh}(z) ] , (2.4)

where j_B (z) is holomorphic and j_B (z) is anti-holomorphic current and where T_{ghost} , T_{ghost} are holomorphic and anti-holomorphic stress energy tensor for the ghosts. In what follows we will not need to know the explicit form of the ghost contribution.

It turns out that the natural definition of the string field theory is in language of BCF T [48, 49]. BCF T are usually regarded as associated boundary theories to the bulk CFT theories. Recall that bulk CFT are defined on the whole complex plane and they appear in the world-sheet description of the closed strings. Their state spaces H^P contain all the closed string modes and the coefficients C = C^P of their operator product expansions (OPE) encode closed string interactions. The space H^P is equipped with the action of a hamiltonian H^P and of field operators ϕ(z, z). According to state-field correspondence we have an identification ϕ(z, z) = Φ^P (|ϕ⟩ , z, z) , for all |ϕ⟩ ∈ H^P . (2.5) 4Since these states describe open string they belong to the class so-named boundary operators in BCF T that live on the real line y = 0 for z = x + iy [61].

– 3 –

Among the fields of a CFT one distinguishes so-called chiral fields which depend on only one of the coordinates z or z so that they are either holomorphic, W = W (z), or antiholomorphic, W = W (z). The (anti)-holomorphic fields of given theory, or their Laurent modes W_n , W_n defined through

W (z) = ∑ W_nz^{−n−h} , W (z) = ∑ W_nz^{−n−h} , (2.6) generate two commuting chiral algebras W and W. The most important of these chiral fields, the Virasoro fields T (z), T (z) with modes L_n , L_n are among the chiral fields and numbers h , h are the (half-)integer conformal weights of W (z) , W (z).

BCF T are conformal field theories on the upper half-plane Imz ≥ 0 which in the interior Im > 0 are locally equivalent to the given bulk theory: The state space H^H of the BCF T is equipped with the action of a hamiltonian H^H and of bulk fields ϕ(z, z) = Φ^H (|ϕ⟩ , z, z) , (2.7) which are assigned to the same fields as were used to label filed in the bulk theory. However these fields ϕ act on a different space of states H^H . We also demand that all the leading terms in the OPE’s of bulk fields coincide with the OPE’s in the bulk theory. Having the same singularities as in the bulk theory means that the boundary conditions do not affect the equation of motion in the bulk. We must also require the boundary theory to be conformal. This is guaranteed if the Virasoro field obeys the following gluing condition

T (z) = T (z) , z = z . (2.8)

We also presume that all chiral fields W (z), W (z) can be extended analytically to the real line and that there exist a local automorphism Ω-called the gluing map of the chiral algebra W such that W (z) = Ω ( W ) (z) , z = z . (2.9)

Now the assumption of the existence of the gluing map Ω has powerful consequence that it gives rise to an action of one chiral algebra W on the state space H^H of the boundary theory. More precisely, we combine the chiral fields W (z) and ΩW (z) into single object W(z) defined on the whole complex plane such that

W(z) := W (z) , Im z ≥ 0 , W(z) := ΩW (z) , Im z < 0 . (2.10)

Thanks to the gluing condition along the boundary this field is analytic and we can expand it in a Laurent series W(z) = ∑ n W_nz^{−n−h} (2.11)

so that we introduce the modes W_n that acts on the Hilbert space H^H . Then we can obtain the modes W_n through the integration over the curve in the upper half complex plane

W_n = 1 2 ( 1 2πi ∫ C dzz^{n+h−1}W (z) − 1 2πi ∫ C dzz^{n+h−1}Ω(W )(z) ) , (2.12)

– 4 – where C is curve in the upper half plane that is labeled as z = −e^{−iσ+τ} , σ ∈ (0, π). It is important to stress that there is just one such action of W constructed out of the two chiral fields W (z) and ΩW (z).

After this short review of BCF T we return to the SFT and its equation of motion. Note that in the abstract language [1] the open string field theory action (2.2) is S = − 1 g^2_0 ( 1 2α^′ ∫ Φ ⋆ QΦ + 1 3 ∫ Φ ⋆ Φ ⋆ Φ ) (2.13)

from which we immediately get an equation of motion 1 α^′ QΦ_0 + Φ_0 ⋆ Φ_0 = 0 . (2.14)

It is easy to see that the string field in the form

Φ_0 = e^{−λKL(I)} ⋆ 1 α^′ Q(e^{λKL(I)}) , λ ∈ R (2.15)

is solution of (2.14) for any ghost number zero operator K_L acting on the SFT star algebra ⋆ identity element I which is ghost number zero string field that obeys [33]

I ⋆ X = X ⋆ I = X , (2.16)

for any string field X.^5 Let us consider operator K in (2.15) from the chiral algebra W of BCF T in the form

K ≡ W = 1 2 ( 1 2πi ∫ C dzW (z) − 1 2πi ∫ C dzΩ(W )(z) ) . (2.17)

where W (z), W (z) are holomorphic, anti-holomorphic fields respectively of conformal weight (1, 0) , (0, 1) which transform under general conformal transformations z → f(z) as

U_f W (z)U^{−1}_f = df(z) dz W (f(z)) ≡ f^′(z)W (f(z)) , U_f W (z)U^{−1}_f = df(z) dz W (f(z)) ≡ f^′(z)W (f(z)) . (2.18)

Then we immediately get that W is invariant under conformal transformations

f ∘ W ≡ U_f WU^{−1}_f = 1 2πi ∫ C dzf^′(z)W (f(z)) − 1 2πi ∫ C dzf^′(z)W (f(z)) (2.19) = 1 2πi ∫ f(C) dzf^′(z)W (f(z)) − 1 2πi ∫ f(C) dzf^′(z)W (f(z)) = W using the fact that W does not depend on the integration contour C as a consequence of gluing conditions (2.9).

We can also define an action of W on identity field directly in CFT language, following [45, 46, 47]. Instead to taking |I⟩ as identity element of star algebra we will define its through the relation ⟨I| O⟩ = ⟨f_I ∘ O⟩ , |O⟩ = O(0) |0⟩ , (2.20) 5For recent study of the identity element I, see [42]–[45].

– 5 – where f_I = h^{−1}(h(z)^2) , h = 1 + iz 1 − iz . (2.21)

In this approach the identity field is considered as state that belong to family of wedge states [48, 50, 21]. Wedge state |n⟩ of an angle^{2π}_n is defined ⟨n |O⟩ = ⟨f_n ∘ O⟩ , f_n = h^{−1} ( h(z)^{2/n} ) . (2.22)

It follows that |I⟩ is the wedge state |n = 1⟩ of an angle 2π. In this description we define action of the operator W on I as ⟨I| W |ϕ⟩ = ⟨f_I ∘ Wf_I ∘ ϕ(0)⟩ . (2.23) Using invariance of W under conformal transformation we immediately get that W annihilates any wedge state since ⟨n| W |ϕ⟩ = ⟨f_n ∘ (Wϕ(0))⟩ = ⟨Wf_n ∘ ϕ(0)⟩ = ⟨ 1 2πi ∮ C dzW(z)f_n ∘ ϕ(0) ⟩ = 0 (2.24)

by deforming the contour C until it shrinks to a point at infinity where there is no other operator. In the upper expression we used standard doubling trick to express W through holomorphic current W(z). Let us apply this result for identity field I and write W = W_L + W_R, where subscripts L, R denote the integrals of holomorphic and antiholomorphic currents W (z) , W (z) over left and right side of the string respectively. Then we immediately get W(I) = 0 ⇒ W_L(I) = −W_R(I) . (2.25)

For our next purposes it is important following “partial integration formula”

W_L(A) ⋆ B + A ⋆ W_R(B) = 0 , (2.26)

where A , B are general string fields. Recent very nice discussion of the upper expression can be found in [45], where instead of operator W the BRST operator Q is considered. The proof given there can be easily applied for general operator that is invariant under conformal transformations so that (2.26) is valid for W too.

Let us return to the solution of SFT (2.15). We observe that it has the form of pure gauge. This fact certainly deserves deeper explanation. As is well known the string field theory action (2.13) is invariant under small gauge transformations

δΦ = QΛ − Λ ⋆ Φ + Φ ⋆ Λ , (2.27)

where Λ is ghost number zero string field. On the other hand the action (2.13) is not generally invariant under the large gauge transformations

Φ^′ = e^{−Λ} ⋆ Q(e^Λ) + e^{−Λ} ⋆ Φ ⋆ e^Λ . (2.28)

– 6 –

As is well known there is a sharp distinction between the small gauge transformations and the large ones, for very nice discussion, see [58]. As was argued there, small gauge transformation describes redundancy in our description of the theory. On the other hand, large gauge transformations are true symmetries that relate different solutions in given gauge theory which in our case is the open bosonic string field theory. We will see that this interpretation of the large gauge transformation is the appropriate one in case of (2.15). To support this claim let us start to study fluctuation modes around Φ_0. As usually we expand string field Φ as Φ = Φ_0 + Ψ (2.29)

and insert it in (2.13). Then we obtain an action for the fluctuation field Ψ in the same form as the original one (2.13)

S^′ = − 1 g^2_0 ( 1 2α^′ ∫ Ψ ⋆ Q^′Ψ + 1 3 ∫ Ψ ⋆ Ψ ⋆ Ψ ) , (2.30)

where the new BRST operator Q^′ was introduced [33]

Q^′(X) = Q(X) + α^′Φ_0 ⋆ X − α^′(−1)^{|X|}X ⋆ Φ_0 . (2.31)

In order to obtain the new form of the BRST operator (2.31) we will follow the calculation given in [28]. We start with the function

F (t) = 1 α^′ e^{−λWL(I)t} ⋆ Q(e^{λWL(I)t}) , F (1) = Φ_0 , F (0) = 0 (2.32)

and perform Taylor expansion around the point t = 1

Φ_0 = F (1) = F (0) + ∞∑ n=1 1 n! d^nF d^nt (0) , (2.33)

where dF dt = λ α^′ e^{−WL(I)t} ⋆ [Q, W]_L(I) ⋆ e^{WL(I)t} , dF dt (0) = λ α^′ [Q, W]_L(I) ≡ λD_L(I) , d^2F d^2t

= λe^{−WL(I)t}(−W_L(I) ⋆ D_L(I) + D_L(I) ⋆ W_L(I)) ⋆ e^{WL(I)t} ,

d^2F d^2t

(0) = −λW_L(I) ⋆ D_L(I) + λD_L(I) ⋆ W_L(I) = λ[W, D]_L(I) ,

d^3F d^3t

(0) = λ^2[W_L, [W_L, D_L]] , . . . , d^nF d^nt (0) = λ^n n−1 [W, [W, . . . , [Q, W]]]_L(I) (2.34)

and consequently

Φ_0 = 1 α^′ ∞∑ n=1 λ^n n! n [W, [W, . . . , [Q, W]]]_L(I) ≡ D_L(I) . (2.35)

– 7 –

It is important to stress that for validity of the calculation given above W must obey the relation (2.26). We have also used Q(I) = 0 ⇒ Q_R(I) = −Q_L(I) , [Q_R, W_L] = 0. ¿From (2.35) see that we can express Φ_0 as a result of the action of the ghost number one operator D_L acting on the identity field. Then we immediately obtain Q^′(X) = Q(X) + α^′D_L(I) ⋆ X − α^′(−1)^{|X|}X ⋆ D_L(I) = Q(X) − α^′I ⋆ D_R(X) − α^′D_L(X) ⋆ I = Q(X) − α^′D(X) = Q(X) + ∞∑ n=1 λ^n n! n [W, [W, . . . , [W, Q]]](X) = e^{λW}(Q(e^{−λW}(X))) . (2.36)

This form of the shifted BRST operator Q^′ is convenient for the analysis of fluctuation modes around solution (2.15) as we show in the next section.

3. Relation between SFT action S^′ and the deformation in BCF T

In the previous section we have found an exact solution of the string field theory and also an action for fluctuation modes

S^′ = − 1 g^2_0 ( 1 2α^′ ∫ Ψ ⋆ Q^′Ψ + 1 3 ∫ Ψ ⋆ Ψ ⋆ Ψ )

= − 1 g^2_0 ( 1 2α^′ ⟨ I ∘ Ψ(0)Q^′Ψ(0) ⟩ + 1 3 ⟨f_1 ∘ Ψ(0)f_2 ∘ Ψ(0)f_3 ∘ Ψ(0)⟩ ) , Q^′(Ψ(0)) = e^{λW}Qe^{−λW}(Ψ(0)) . (3.1)

Upper expression implies that it is natural to consider following redefinition of fluctuation states |Ψ⟩ = e^{λW} |Φ⟩ , |Ψ⟩ = Ψ(x = 0) |0⟩ , |Φ⟩ = Φ(x = 0) |0⟩ , (3.2)

where Ψ(x) , Φ(x) are boundary operators in BCF T which are localized at point x on the real line. Using the fact that W annihilates vacuum state |0⟩ we can write

W |Ψ⟩ = WΨ(0) |0⟩ = [W, Ψ(0)] |0⟩ (3.3)

hence

|Ψ⟩ = e^{λW} |Φ⟩ = ∞∑ N=0 λ^N N! N [W, [W, . . . , [W, Φ(0)]]] |0⟩ ,

[W, Φ(0)] = 1 2πi ∮ C dzW(z)Φ(0) (3.4)

so that we can define the vertex operator for fluctuation field as

Ψ(x) = e^W(Φ)(x) ≡ ∞∑ N=1 λ^N 2^N N! ∮ C_1 · · · ∮ C_N dz_1 2πi · · · dz_N 2πi W (z_1) · · · W (z_N )Φ(x) , (3.5)

where C_i are small circles around the point x and where their radii are given as ϵ_{i−1} > ϵ_i and in the end of the calculation we take the limit ϵ_i → 0. In the previous expression we

– 8 – have slightly moved the insertion point x above to real axis in order to perform contour integration. As a result the second term in W has no singularity with Φ(x) and hence we can consider the holomorphic field W (z) only.

When we insert (3.2) into (3.1) we get S = − 1 g^2_0 ( 1 2α^′ ∫ e^{λW}(Φ) ⋆ e^{λW}Q(e^{−λW}e^{λW}(Φ)) + 1 3 ∫ e^{λW}(Φ) ⋆ e^{λW}(Φ) ⋆ e^{λW}(Φ) )

= − 1 g^2_0 ( 1 2α^′ ⟨ I ∘ ( e^{λW}(Φ)(0) ) e^{λW}(QΦ(0)) ⟩ + + 1 3 ⟨ f_1 ∘ ( e^{λW}(Φ)(0) ) f_2 ∘ ( e^{λW}(Φ)(0) ) f_3 ∘ ( e^{λW}(Φ)(0) )⟩) . (3.6)

Using (2.19) we obtain

f_i ∘ (e^{λW}(Φ)(0)) = U_{fi} e^{λW}U^{−1}_{fi} ( U_{fi} Φ(0)U^{−1}_{fi} ) = e^{λW}(f_i ∘ Φ(0)) (3.7)

so that the SFT action S^′ for fluctuation modes can be written as

S^′ = − 1 g^2_0 ( 1 2α^′ ⟨ e^{λW} (I ∘ Φ(0)) e^{λW}(QΦ(0)) ⟩ + + 1 3 ⟨ e^{λW}(f_1 ∘ Φ(0))e^{λW}(f_2 ∘ Φ(0))e^{λW}(f_3 ∘ Φ(0)) ⟩ )

= 1 g^2_0 ( 1 2α^′ ⟨I ∘ Φ(0)QΦ(0)⟩_{W,λ} + 1 3 ⟨f_1 ∘ Φ(0)f_2 ∘ Φ(0)f_3 ∘ Φ(0)⟩_{W,λ} ) , (3.8)

where we have defined deformation of boundary correlators [32]

⟨Φ_1(x_1) . . . Φ_M (x_M )⟩_{W,λ} = ⟨ e^{λW}(Φ_1)(x_1) . . . e^{λW}(Φ_M )(x_M ) ⟩ . (3.9)

The form of the action (3.8) is the main result of our paper which says that when we perform redefinition of fluctuation modes as in (3.5), then the SFT S^′ (3.1) is the same as the SFT action defined on the background BCF T^{′′} that arises from the original one through marginal deformation inserted on the real line z = z. More precisely, the general prescription of the boundary deformation in given BCF T is as follows. We start with some BCF T with the state space H^H_{Ω,α} where (Ω, α) denotes the boundary condition along the real line. Boundary operators ψ(x) ∈ Φ(H^H ) may be used to define a new perturbed BCF T^{′′} whose correlation functions are constructed from the unperturbed ones by the formal expansion

⟨ϕ_1(z_1, z_1) . . . ϕ_N (z_N , z_N )⟩_{α,λψ} = Z^{−1} ⟨I_{λψ}ϕ_1(z_1, z_1) . . . ϕ_N (z_N , z_N )⟩_α

= Z^{−1} ∑ n λ^n ∫ . . . ∫ x_i<x_{i+1} dx_1 2π · · · dx_N 2π × × ⟨ψ(x_1) . . . ψ(x_N )ϕ_1 . . . ϕ_N ⟩_α , (3.10)

– 9 – where λ is a real parameter. From the second line it is clear that the symbol I_{λψ} in the first line should be understood as a path ordered exponential of the perturbing operator

I_{λψ} = P exp (λS_ψ) ≡ P exp ( λ ∫_∞ −∞ dx 2π ψ(x) ) . (3.11)

We must mention that given expression is rather formal and suffers from UV divergences and should be regularized. For more detailed discussion, see again [32]. And finally (3.10) defines deformations of bulk correlators only. If there are extra boundary fields present in the correlation function, these formulas have to be modified so that these boundary fields are included in the path ordering. However for special class the boundary deformations these formulas simplify considerably [32]. In (3.10) the boundary operator ψ has conformal dimension h. For h ≠ 1 the perturbation will automatically introduce length scale and we have to follow the renormalization group flow to come back BCF T . However as was stressed in [32] all these general perturbations have common feature that the new BCF T is associated to the same bulk CF T . As a conclusion, the boundary perturbations can only induce changes of the boundary conditions. For marginal deformations with h = 1 this implies that the boundary deformation induces the change of the original BCF T with the gluing condition Ω to the new BCF T^{′′} with the new gluing condition Ω^{′′}, where the precise form of the Ω^{′′} depends on the nature of ψ [32].

Let us consider the deformation of correlators that contain boundary fields as well. It was shown in [32] that (3.10) admits for the obvious generalization

⟨ψ_1(u_1) . . . ψ_M (u_M )ϕ_1(z_1, z_1) . . . ϕ_N (z_N , z_N )⟩_{α,λψ} = (3.12)

= Z^{−1} ∑ n λ^n n! ∫_∞ −∞ . . . ∫_∞ −∞ dx_1 2π · · · dx_N 2π ⟨ψ(x_1) . . . ψ(x_N )ψ_1 . . . ψ_M ϕ_1 . . . ϕ_N ⟩_α ,

if and only if the boundary fields ψ_1, . . . , ψ_M are local with respect to the perturbing field ψ [32], where two boundary fields ψ_1(x_1) , ψ_2(x_2) are said to be local if

ψ_1(x_1)ψ_2(x_2) = ψ_2(x_2)ψ_1(x_1) , x_1 < x_2 . (3.13)

This equation is supposed to hold after insertion into arbitrary correlation functions and the right hand side to make sense it is required that there exists a unique analytic continuation from x_1 < x_2 to x_1 > x_2. We also say that a boundary field ψ(x) is called self local or analytic if it is mutually local with respect to itself. For example, the OPE of a self-local boundary field ψ with conformal dimension h_ψ = 1 is determined up to a constant to be

ψ(x_1)ψ(x_2) = K (x_1 − x_2)^2

+ reg , h_ψ = 1 . (3.14)

After appropriate renormalization [32] the correlation function (3.12) can be written as

⟨ψ_1(u_1) . . . ψ_M (u_M )ϕ_1(z_1, z_1) . . . ϕ_N (z_N , z_N )⟩_{α,λψ} = (3.15) = ∑ n λ^n n! ∫_∞ γ_1 . . . ∫ γ_n dx_1 2π . . . dx_N 2π ⟨ ψ(x_1) . . . ψ(x_N )ψ̃_1 . . . ψ̃_M ϕ_1 . . . ϕ_N ⟩ α ,

– 10 – where γ_p is the straight line parallel to the real axis with Imγ_p = iϵ/p and where the fields ϕ̃_i are given

ψ̃_i(u_i) =^∞ ∑ n=0 λ^n 2^nn! ∮ C_1 dx_1 2π · · · ∮ C_n dx_n 2π ψ_i(_i)ψ(x_n) . . . ψ(x_1) . (3.16)

Note that boundary fields W from the chiral algebra W are local with respect to themselves to all other boundary and bulk fields in the theory so that (3.15) can be applied to correlators involving arbitrary bulk and boundary fields. Then we see that (3.9) is special case of (3.15) with no bulk operators inserted and that (3.5) has the same form as (3.16). Consequently we can claim that redefinition of fluctuation modes (3.5) in S^′ (3.6) maps this action to the SFT action (3.8) that describes SFT action defined on background BCF T^{′′}.

4. Conclusion

In this note we have studied the solution of open bosonic SFT based on the existence of marginal operators W from the chiral algebra W of BCF T , where BCF T is the classical background on which given SFT is defined. We have mainly focused on the relation between the fluctuation field around the classical solution and the deformed BCF T^{′′} that Arieses from the original BCF T by inserting marginal interaction on the real line. We have seen that after an expansion of the string field around the classical solution and its insertion to the original action we obtain the SFT action S^′ that after redefinition of fluctuation fields is written using BCF T^{′′} correlators that are deformations of the correlators in BCF T through introduction of perturbation W(x) from the chiral algebra W on the real line. In other words, we have shown that two string field theory actions S_1, S_2 defined using two BCF T^′s , BCF T_1, BCF T_2 where these two BCF T^′s are related through marginal deformations from the chiral algebra (It is important that λ is not infinitesimal.), are in fact an expansion of SFT action around different classical solutions. We mean that this result could be considered as an additional evidence of the background independence of open bosonic string field theory [53]–[57] even in case of general deformation parameter λ. We also hope that this result could be helpful for recent application of SFT, for example for the study of the rolling tachyon solution.

However there is am open question that deserves better explanation. The main problem with the exact solution given in this paper is that it resembles pure gauge solution. We have briefly discussed this issue in previous sections but we fell that this problem deserves better explanation. We would like argue as follows. From the study of the marginal deformations in the CF T that was performed in [32] we know that under boundary deformations by fields from the chiral algebra of given BCF T the partition function is invariant and hence the spectrum of the BCF T does not change. The presence of this boundary deformation is mainly seen in the change of the one point bulk function. For example, let us consider open BCF T describing Dp-brane in bosonic theory in flat spacetime. As was shown in [32] the insertion of the boundary perturbation corresponding to the translation in the transverse direction to the world-volume of the D-brane does not change the Hilbert space of given BCF T however it changes one-point function that , roughly speaking, contains

– 11 – the information about the transverse position of D-brane. In other words, from the point of view of the open strings living on D-brane nothing changes. We can interpret this result as a consequence of the translation symmetry of the flat spacetime and hence all transverse positions of D-brane are equivalent. On the other hand we have seen that such a shift of the transverse position of D-brane can be described by exact solution of the open string field theory given in previous section. Since this solution has the form of the pure gauge we could then naively say that it does not describe any new physical situation. However from the equivalence between this solution and the deformation of the BCF T as was shown in this paper and the arguments given above considering marginal deformations in the transverse position of D-brane we mean that this solution really describes new physical situation. On the other hand we have argued above that from the point of view of the open strings living on the world-volume the initial and final positions of D-brane are equivalent and hence it is then natural to expect that this solution could have the form of the pure gauge. On the contrary we expect that solutions of the string field theory equation of motions that correspond to the boundary deformations in the BCF T that do not belong to the chiral algebra of given theory will not have as simple form as a solution given in this paper. We mean that study of these deformations and their relations to the solution of the SFT equation of motion is very interesting problem and we hope to return to it in near future.

Acknowledgments

I would like to thank Ulf Danielsson and Ulf Lindström for their support in my research. This work is partly supported by EU contract HPRN-CT-2000-00122.

References

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

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

[3] I.Y. Arefeva, D.M. Belov, A.A. Giryavets, A.S. Koshelev and P.B. Medvedev, Noncommutative field theories and (super)string field theories, hep-th/0111208.

[4] P.-J. De Smet, Tachyon condensation: calculations in string field theory, hep-th/0109182.

[5] W. Taylor, Lectures on D-branes, tachyon condensation and string field theory,

hep-th/0301094.

[6] I. Bars, I. Kishimoto and Y. Matsuo, Analytic study of nonperturbative solutions in open string field theory, Phys. Rev. D 67 (2003) 126007 [hep-th/0302151].

[7] I. Bars, Map of Witten’s * to Moyal’s *, Phys. Lett. B 517 (2001) 436 [hep-th/0106157].

[8] L. Rastelli, A. Sen and B. Zwiebach, Star algebra spectroscopy, J. High Energy Phys. 03 (2002) 029 [hep-th/0111281].

[9] I. Bars and Y. Matsuo, Associativity anomaly in string field theory, Phys. Rev. D 65 (2002) 126006 [hep-th/0202030].

[10] I. Bars and Y. Matsuo, Computing in string field theory using the Moyal star product, Phys.

Rev. D 66 (2002) 066003 [hep-th/0204260].

– 12 –

[11] M.R. Douglas, H. Liu, G. Moore and B. Zwiebach, Open string star as a continuous Moyal product, J. High Energy Phys. 04 (2002) 022 [hep-th/0202087].

[12] D.M. Belov, Diagonal representation of open string star and Moyal product, hep-th/0204164. [13] I.Y. Arefeva and A.A. Giryavets, Open superstring star as a continuous Moyal product, J.

High Energy Phys. 12 (2002) 074 [hep-th/0204239].

[14] I. Bars, MSFT: Moyal star formulation of string field theory, hep-th/0211238. [15] I. Bars, I. Kishimoto and Y. Matsuo, String amplitudes from Moyal string field theory, Phys.

Rev. D 67 (2003) 066002 [hep-th/0211131].

[16] L. Rastelli, A. Sen and B. Zwiebach, String field theory around the tachyon vacuum, Adv.

Theor. Math. Phys. 5 (2002) 353 [hep-th/0012251].

[17] L. Rastelli, A. Sen and B. Zwiebach, Vacuum string field theory, hep-th/0106010. [18] L. Rastelli, A. Sen and B. Zwiebach, Classical solutions in string field theory around the tachyon vacuum, Adv. Theor. Math. Phys. 5 (2002) 393 [hep-th/0102112].

[19] V.A. Kostelecky and R. Potting, Analytical construction of a nonperturbative vacuum for the open bosonic string, Phys. Rev. D 63 (2001) 046007 [hep-th/0008252].

[20] L. Rastelli, A. Sen and B. Zwiebach, Half strings, projectors and multiple D-branes in vacuum string field theory, J. High Energy Phys. 11 (2001) 035 [hep-th/0105058].

[21] L. Rastelli, A. Sen and B. Zwiebach, Boundary CFT construction of D-branes in vacuum string field theory, J. High Energy Phys. 11 (2001) 045 [hep-th/0105168].

[22] D.J. Gross and W. Taylor, Split string field theory. I, J. High Energy Phys. 08 (2001) 009 [hep-th/0105059].

[23] D.J. Gross and W. Taylor, Split string field theory. II, J. High Energy Phys. 08 (2001) 010 [hep-th/0106036].

[24] M. Schnabl, Wedge states in string field theory, J. High Energy Phys. 01 (2003) 004 [hep-th/0201095].

[25] L. Bonora, D. Mamone and M. Salizzoni, B field and squeezed states in vacuum string field theory, Nucl. Phys. B 630 (2002) 163 [hep-th/0201060].

[26] L. Bonora, D. Mamone and M. Salizzoni, Vacuum string field theory with b field, J. High Energy Phys. 04 (2002) 020 [hep-th/0203188].

[27] J. Kluson, Exact solutions in open bosonic string field theory and marginal deformation in CFT, hep-th/0209255.

[28] J. Kluson, Some solutions of Berkovits’ superstring field theory, hep-th/0201054. [29] J. Kluson, Exact solutions of open bosonic string field theory, J. High Energy Phys. 04 (2002) 043 [hep-th/0202045].

[30] J. Kluson, Marginal deformations in the open bosonic string field theory for N D0-branes, Class. and Quant. Grav. 20 (2003) 827 [hep-th/0203089].

[31] J. Kluson, New solution of the open bosonic string field theory, hep-th/0205294. [32] A. Recknagel and V. Schomerus, Boundary deformation theory and moduli spaces of D-branes, Nucl. Phys. B 545 (1999) 233 [hep-th/9811237].

– 13 –

[33] G.T. Horowitz, J. Lykken, R. Rohm and A. Strominger, A purely cubic action for string field theory, Phys. Rev. Lett. 57 (1986) 283.

[34] T. Takahashi and S. Tanimoto, Wilson lines and classical solutions in cubic open string field theory, Prog. Theor. Phys. 106 (2001) 863 [hep-th/0107046].

[35] T. Takahashi and S. Tanimoto, Marginal and scalar solutions in cubic open string field theory, J. High Energy Phys. 03 (2002) 033 [hep-th/0202133].

[36] I. Kishimoto and T. Takahashi, Open string field theory around universal solutions, Prog.

Theor. Phys. 108 (2002) 591 [hep-th/0205275].

[37] T. Takahashi, Tachyon condensation and universal solutions in string field theory, Nucl.

Phys. B 670 (2003) 161 [hep-th/0302182].

[38] A. Kling, O. Lechtenfeld, A.D. Popov and S. Uhlmann, Solving string field equations: new uses for old tools, Fortschr. Phys. 51 (2003) 775 [hep-th/0212335].

[39] A. Kling, O. Lechtenfeld, A.D. Popov and S. Uhlmann, On nonperturbative solutions of superstring field theory, Phys. Lett. B 551 (2003) 193 [hep-th/0209186].

[40] O. Lechtenfeld, A.D. Popov and S. Uhlmann, Exact solutions of berkovits’ string field theory, Nucl. Phys. B 637 (2002) 119 [hep-th/0204155].

[41] O. Lechtenfeld and A.D. Popov, On the integrability of covariant field theory for open N = 2 strings, Phys. Lett. B 494 (2000) 148 [hep-th/0009144].

[42] I. Ellwood, B. Feng, Y.-H. He and N. Moeller, The identity string field and the tachyon vacuum, J. High Energy Phys. 07 (2001) 016 [hep-th/0105024].

[43] Y. Matsuo, Identity projector and D-brane in string field theory, Phys. Lett. B 514 (2001) 407 [hep-th/0106027].

[44] I. Kishimoto, Some properties of string field algebra, J. High Energy Phys. 12 (2001) 007 [hep-th/0110124].

[45] I. Kishimoto and K. Ohmori, CFT description of identity string field: toward derivation of the vsft action, J. High Energy Phys. 05 (2002) 036 [hep-th/0112169].

[46] K. Ohmori, On ghost structure of vacuum superstring field theory, Nucl. Phys. B 648 (2003) 94 [hep-th/0208009].

[47] K. Ohmori, Comments on solutions of vacuum superstring field theory, J. High Energy Phys.

04 (2002) 059 [hep-th/0204138].

[48] A. LeClair, M.E. Peskin and C.R. Preitschopf, String field theory on the conformal plane. 1.

Kinematical principles, Nucl. Phys. B 317 (1989) 411.

[49] A. LeClair, M.E. Peskin and C.R. Preitschopf, String field theory on the conformal plane. 2.

Generalized gluing, Nucl. Phys. B 317 (1989) 464.

[50] L. Rastelli and B. Zwiebach, Tachyon potentials, star products and universality, J. High Energy Phys. 09 (2001) 038 [hep-th/0006240].

[51] A. Sen and B. Zwiebach, Large marginal deformations in string field theory, J. High Energy Phys. 10 (2000) 009 [hep-th/0007153].

[52] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, Patterns in open string field theory solutions, J. High Energy Phys. 03 (2002) 003 [hep-th/0201159].

– 14 –

[53] A. Sen, On the background independence of string field theory, Nucl. Phys. B 345 (1990) 551. [54] A. Sen, On the background independence of string field theory. 2. Analysis of on-shell S matrix elements, Nucl. Phys. B 347 (1990) 270.

[55] A. Sen, On the background independence of string field theory. 3. Explicit field redefinitions, Nucl. Phys. B 391 (1993) 550 [hep-th/9201041].

[56] A. Sen and B. Zwiebach, A proof of local background independence of classical closed string field theory, Nucl. Phys. B 414 (1994) 649 [hep-th/9307088].

[57] A. Sen and B. Zwiebach, Background independent algebraic structures in closed string field theory, Commun. Math. Phys. 177 (1996) 305 [hep-th/9408053].

[58] J.A. Harvey, Magnetic monopoles, duality and supersymmetry, hep-th/9603086. [59] B. Zwiebach, Oriented open-closed string theory revisited, Ann. Phys. (NY) 267 (1998) 193 [hep-th/9705241].

[60] M.R. Gaberdiel, D-branes from conformal field theory, hep-th/0201113. [61] V. Schomerus, Lectures on branes in curved backgrounds, Class. and Quant. Grav. 19 (2002) 5781 [hep-th/0209241].

– 15 –