Published by Institute of Physics Publishing for SISSA/ISAS Received: February 10, 2003 Revised: March 4, 2003 Accepted: March 15, 2003

Integrability in SFT and new representation of dispersionless KP tau-function

Alexey Boyarsky^∗

Niels Bohr Institute Blegdamsvej 17, DK-2100 Copenhagen, Denmark E-mail: boyarsky@alf.nbi.dk

Oleg Ruchayskiy

Enrico Fermi Institute and Dept. of Physics, University of Chicago 5640 Ellis Ave. Chicago IL, 60637, USA E-mail: ruchay@flash.uchicago.edu

Abstract: We are investigating the properties of vacuum and boundary states in the CFT of free bosons under the conformal transformation. We show that transformed vacuum (boundary state) is given in terms of tau-functions of dispersionless KP (Toda) hierarchies. Applications of this approach to string field theory is considered. We recognize in Neumann coefficients the matrix of second derivatives of tau-function of dispersionless KP and identify surface states with the conformally transformed vacuum of free field theory.

Keywords: String Field Theory, Integrable Hierarchies.

∗On leave of absence from Bogolyubov ITP, Kiev, Ukraine.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep032003027 /jhep032003027 .pdf

Contents

1. Introduction 1

2. General setup 3

3. Interpretations of function B(s) 5 3.1 Digression about the tau-function of analytic curves 6 3.2 Identification of second derivatives of function B(s) 7 3.3 Function B(s|t) 8

4. String field theory 9 4.1 Neumann coefficients as second derivatives of tau-function 11 4.2 Surface state as conformally transformed vacuum B(s) 13

5. CFT with the boundary and dToda tau-function 13 5.1 Homogeneity condition for 2D Toda tau-function 14

A. Computation for holomorphic derivatives 15

B. Computations for mixed derivatives 15

C. Homogeneity property of hermitean one-matrix model 17

D. Homogeneity property of normal matrix model 18

1. Introduction

Integrability plays an important role in physics. It allows one to go beyond perturbation theory and to discover properties of one’s systems which are usually inaccessible in any other way. That is why when one finds a hidden integrability in the problem it usually means a major breakthrough in it and promises many new and unexpected results.

Recently the integrability was discovered behind the dynamics of conformal maps [1]– [3]. Namely, it was shown that analytic curves on the plane can be parametrized by their so called harmonic moments (set of complex variables t_k, k ≥ 0). These moments proved to be good coordinates in the space of such curves. Evolution of the curve with respect to varying one of those moments, while keeping the rest fixed, turned out to be described by dynamical flows of the dispersionless 2D Toda Lattice hierarchy. As it is well known all these flows commute with each other and therefore t_k are indeed well-defined coordinates in the space of analytic curves.

– 1 –

In particular it was shown that one can associate the tau-function with the space of analytic curves. Conformal transformation from a curve to the unit circle is expressed in terms of second derivatives of this tau-function calculated at values of its arguments, which coincide with harmonic moments t_k of the curve at hand. This allowed the authors of [3] to introduce the concept of tau-function of analytic curves. In section 3.1 we provide an overview of some results from works [2, 3].

These ideas were applied to several problems in condensed matter: (e.g. laplacian growth [1], Quantum Hall effect [8]) and quantum field theory (solutions of WDVV equations [7]). In each of those cases integrability helped to obtain new results.

In this paper we are proposing a different realization of the idea of connection between integrability and conformal maps. We realize a tau-function as a state which is the conformal transform of the vacuum of conformal field theory (CFT) in two dimensions. This is done in the following way. If one realizes Fock space of CFT in terms of functions of infinitely many formal variables s_k and represents creation (annihilation) operators as multiplication on s_k, (differentiation with respect to s_k), then the vacuum is just a constant function. Conformal transformation of the plane induces the linear transformation of creation and annihilation operators of the theory, mixing them in general. Then the natural question arises: what is the new vacuum (defined with respect to the new annihilation operators) as a function of the same variables s_k and conformal transformation (which is parametrized by harmonic moments t_k of the curve mapped by this transformation to the unit circle)?

We show in section 3 that this function (called B(s|t) in the paper) is a generating function of the (holomorphic) second derivatives of the (logarithm of^1) tau-function of analytic curve calculated at the point t_k. Also, considered as a function of s_k with t_k’s fixed, this function B(s|t) itself is a (logarithm of) tau-function of dispersionless KP (dKP) hierarchy [15, 10, 16]. As a function of s_k it is quite simple, being quadratic in all variables. Nevertheless it is closely related to some other non-trivial tau-function in variables t_k, namely the tau-function of dKP F_{herm}, given by large N limit of hermitean one-matrix model. Using the specific homogeneity condition enjoyed by this function we can identify it with our B(s_k = t_k|t).

This gives a new, much simpler and more intuitive free field realization of some taufunctions of dKP (compared to the fermion constructions of [4]) and has immediate applications.

The first application we consider is in the area of String Field Theory (SFT) [26]. The language adopted in the present paper is an adequate one in case of SFT and is indeed widely used there. One of the basic objects in the SFT construction are so-called “Neumann” coefficients. In their terms the interaction of the theory (the star-product) can be defined [21]–[25]. They are expressed in terms of conformal mapping of world-sheets of three interacting strings. Using Neumann coefficients one can also construct the surface states - states in (boundary) CFT associated with the given conformal transformation.

1In case of dispersionless hierarchies logarithm of tau-function is a more natural object than tau-function itself. Throughout this paper we will abuse the terminology by calling it just a tau-function.

– 2 –

The description of such states is an important problem of SFT as some of them correspond to D-branes in SFT [19].

We show in section 4 that the “Neumann coefficients” associated with the class of conformal transformations considered in this paper are nothing else but second derivatives of tau-function of dKP hierarchy. This implies a number of properties, in particular the algebraic relation between the elements of the Neumann matrix. Also we show that our constructed tau-function B(s|t) is a representation of the surface state and thus provides new geometrical interpretation for this object.

Finally, we show in section 5 that the proper generalization of our construction to the case of CFT of free scalar field with the Dirichlet boundary conditions allows to find a similar representation (in terms of conformally transformed boundary state instead of conformally transformed vacuum) for the tau-function B(s,s̄) of dispersionless 2D Toda Lattice hierarchy (dToda) [16]. This tau-function is related to the large N limit of the so-called normal matrix model [17, 18].

This generalization, being quite straightforward at the first glance, is non-trivial. Homogeneity conditions for the normal matrix model differ from those for hermitean matrix model. Identification of B(t, t̄) with the “tau-function of analytic curves” is thus more complicated compared to the previous case of hermitean one-matrix model. We will address it elsewhere [9]. Right now we only mention that this construction is needed for applications to the CFT description of the excitation of Quantum Hall Droplet and to 2D string theory. Both these problems are known to be related to normal matrix model (see e.g. [8] and [12, 13]).

2. General setup

Consider free chiral scalar field ϕ(w) in two dimensions

ϕ(w) = ϕ_0 + b_0 log w − ∞∑_′ k=−∞ ( b_k k w^k ) . (2.1)

This theory is a free CFT. Consider its current J(w) J(w) = ∂ϕ(w) = ∞∑ k=−∞ b_k w^{k+1} (2.2)

b_k obey the usual commutation relations:

[b_k, b_n] = k δ_{k+n,0} (2.3)

J(w) is a primary operator of this CFT with the conformal dimension Δ = (1, 0), therefore we know that for any conformal transformation w(z): J̃(z)dz = J(w)dw|_{w=w(z)} . (2.4) We represent J̃(z) in the form analogous to (2.2):

J̃(z) =^∞ ∑ n=−∞ a_n z^{n+1} . (2.5)

– 3 –

Commutation relations for the a_k’s are the same as for b_k’s. We can extract modes of the operator J(w) in the following way:^2

b_n = ∮ ∞ dw 2πi w^nJ(w) . (2.6)

By virtue of (2.4) this can be written as:

b_n = ∮ ∞ dz 2πi [w(z)]^nJ̃(z) . (2.7)

Analogously to the equation (2.6) we know that

a_k = ∮ ∞ dz 2πi z^kJ̃(z) . (2.8)

Expanding w(z) as a power series in z in eq. (2.7) we get the linear transformation from b_k to a_n.

General form of w(z) which we will consider in this paper is w(z) = z r + ∞∑ k≥0 p_k z^k . (2.9)

It is univalent at infinity i.e. maps region around z = ∞ into the region around w = ∞ in the one-to-one manner. General transformation will have the following form:

b_n = C_{n,n}a_n + C_{n,n−1}a_{n−1} + · · · + C_{n,0}a_0 + ∑ k>0 C_{n,−k}a_{−k} , n > 0 (2.10)

b_{−n} = ∞∑ k=n C_{−n,−k}a_{−k} , n > 0 , (2.11) where, C_{k,n} are function of coefficients of conformal transformation (2.9). For example, C_{n,n} = r^{−n}, C_{n,n−1} = n p_0 r^{−(n−1)}, etc. General form of C_{n,k} is given by C_{n,k} = ∮ ∞ dz 2πi z^{−k−1} ( w(z) )_n ∀ n, k . (2.12) In particular, C_{0,k} = δ_{0,k}, which means that operator b_0 does not transform (b_0 = a_0).

Given set of operators b_k with the commutation relation (2.3) one can build a Fock space F_b with the vacuum, chosen by the condition (2.13):

b_n |0⟩_b = 0, n ≥ 0 (2.13)

and b_{−n}’s acting on it as raising operators and thus building the F_b. Correspondingly we may build a Fock space F_a, starting from vacuum |0⟩_a and acting on it with operators a_{−k}’s.

Now, the question we want to ask is the following: what kind of transformation in the Fock space is induced by the transformation (2.10)–(2.11)? For example, what would correspond in the space F_a to the vacuum state (2.13)?

2 Everywhere in this paper we choose orientation of the contour of integration such that ∮ ∞ dz z^{−1} = 2πi

– 4 –

To answer this question we would like to pick explicit realization of Fock space F_a. Let’s realize the operators a_k in the following way:^3

a_n = ∂ ∂s_n ; a_{−n} = ns_n; n > 0 . (2.14)

Then Fock space F_a is the space of functions of infinitely many variables s_1, s_2, . . . Vacuum |0⟩_a is a constant.

Let’s find the function, that corresponds in F_a to the vacuum (2.13) understanding operators b_k in terms of (2.10)–(2.11). This function (which we will look for in the form exp (B(s))) obeys the system of equations: 1 r ∂B(s) ∂s_1 = −(p_1s_1 + 2p_2s_2 + 3p_3s_3 + · · ·) 1 r^2 ∂B(s) ∂s_2 = − 2p_0 r ∂B(s) ∂s_1 + 2 ( p_0p_1 + p_2 r ) s_1 + 2 ( p^2_1 + 2p_0p_2 +

2p_3 r ) s_2 + · · ·

· · · . (2.15)

One can easily integrate equations (2.15) to get (up to the constant of integration):

B(s) = 1 2 ∞∑ n,k=1 s_ks_n ∂^2B(s) ∂s_k∂s_n , (2.16)

where coefficients ∂_{sk} ∂_{sn} B do not depend on s_k and are expressed in terms of r, p_k - coefficients of conformal map (2.9). For example one has: 1 r ∂^2B(s) ∂s_1∂s_k = −kp_k . (2.17)

We put the constant of integration in (2.16) equal to zero.

3. Interpretations of function B(s)

In the sections that follow we are going to show that the function B(s) can be identified with the logarithm of the tau-function of dispersionless KP hierarchy [10, 16, 15]. Note that the function B(s) depends not only on the formal variables s_k (which correspond to creation operators a_{−k}), but also on the (coefficients of) conformal transformation w(z). It is necessary for the future interpretation to describe this dependence explicitly. To do this we will need some basic information about the “good coordinates” in the space of conformal transformations (or, equivalently, in the space of analytic curves).

3We do not define the action of operator a0 in this section, because we will be working in the subspace of Fa, where a0 |ψ⟩ = 0

– 5 –

3.1 Digression about the tau-function of analytic curves

It was shown in [1]–[3] that one can describe the conformal mappings in the following convenient way. Consider mapping w(z) from the exterior of the curve C in the z plane to the exterior of the unit circle in the w plane, univalent at infinity. General map of this type has the form (2.9). Obviously, map w(z) fully describes the curve C. Another way to parameterize the curve C is by the set of so-called harmonic moments t_k given by

t_k = 1 k ∮ C dz 2πi z̄ z^{−k} , k > 0 ; t_0 = ∮ C dz 2πi z̄ . (3.1)

Set t_0, t_1, . . . (which we will collectively denote by t) plays the role of coordinates in the space of the analytic curves. This means, that the coefficients of conformal map (2.9) are actually the functions of them: r = r(t), p_k = p_k(t). Explicit connection between those two sets of data for C is given by the function F (t) — so called tau-function of analytic curves [3].

One of the definitions of the function F (t) is

F (t) = 1 π^2 ∫ ∫ int C log | | | 1 z − 1 ζ | | | d^2z d^2ζ . (3.2)

This is a functional that maps space of analytic curves into the complex numbers. One can consider it as a function of t_k. This function turns out to be a logarithm of tau-function of dispersionless 2D Toda Lattice hierarchy (dToda). This is the same tau-function, that can be obtained in the large N limit of normal matrix model [17]. Note, that as a function of complex variables t_k F (t) is usually not analytic, therefore we will think of it as an analytic function of two sets of variables (plus t_0): F (t) = F (t_0; {t_k}; {t̄_k}). Nevertheless we will be using the notation F (t).

Coefficients p_k’s as functions of t can be read off the following useful relation: log w(z) z/r = −∂_{t0} D(z)F (t) , (3.3)

where D(z) = ∞∑ k=1 z^{−k} k ∂ ∂t_k (3.4)

and log r^2 = ∂^2_{t0} F (t).

As any tau-function, F (t) obeys the set of Hirota identities. Hirota identities for dToda can be written in the form [3]: D(z)D(ζ)F (t) − 1 2 ∂^2_t2_0 F (t) = log w(z) − w(ζ) z − ζ (3.5)

which in view of (3.3) provides the relation between the second derivatives ∂_{tk} ∂_{tn} F (k, n > 0) and ∂_{t0} ∂_{tl} F and one can actually express all second derivatives ∂_{tk} ∂_{tn} F in terms of the ∂_{t0} ∂_{tl} F (see e.g. [15] and discussion in [7]). For the discussion below we would prefer to

– 6 – rewrite (3.3) and (3.5) in the form excluding any reference to the conformal transformation w(z): (z − ζ)e^{D(z)D(ζ)F} = ze^{−∂t0 D(z)F} − ζe^{−∂t0 D(ζ)F} . (3.6) It should be noted that any tau-function of dToda hierarchy is also a tau-function of dKP hierarchy, considered as a function of t_1, t_2, t_3, . . . only with all other “times” (i.e. t_0, t̄_k) fixed (c.f. [16]). The Hirota identity, which suits better for KP (and for the purpose of our paper) can be easily derived from (3.5). Taking ζ → ∞ in (3.5) one gets:

rw(z) = z + p_0r − ∂_{t1} D(z)F = z + p_0r − ∞∑ k=1 ∂^2F (t) ∂t_1∂t_k z^{−k} k (3.7)

and thus exp(D(z)D(ζ)F ) = 1 − D(z)∂_{t1} F − D(ζ)∂_{t1} F z − ζ . (3.8)

Eq. (3.8) is precisely the Hirota equation for dispersionless KP hierarchy [15, 16].

Note, that Hirota equations (3.8) (correspondingly (3.6)) are valid for any tau-function of the dKP (correspondingly dToda) hierarchy, not only for the “tau-function of analytic curves” described above. So, one can take point of view in a sense opposite to that of [2, 3]. One can define some univalent conformal map by the (3.7) for KP or (3.3) for Toda case, for any tau-function of the corresponding hierarchy.^4 In this case one would (in general) lose the interpretation of the times of dKP (dToda) tau-functions (let’s call them t̃_k) as harmonic moments of the curve mapped to the unit circle.^5 by w(z). However t̃_k would still be coordinates in the space of conformal maps. The parameterization of the univalent conformal maps w(z|t̃_k) is then given by the (3.7) or (3.3). If one uses only Hirota identities (as we will do in the following sections), then this parameterization of the conformal maps, given by different tau-function, can be used as well. However, anything which relies on the special properties of particular tau-function (which are often derived using geometrical interpretation, like (3.2)) would not be available any more. Example of such an interpretation for the dKP tau-function, related to the one-matrix model, is discussed in [6]. In their case the contour gets shrunk to the cut along the real axis and in this limit the tau-function of analytic curves goes into the partition sum of the hermitean one-matrix model.

3.2 Identification of second derivatives of function B(s)

We would like to re-express derivatives ∂_{sk} ∂_{sn} B in terms of function F (t), because this would clarify for us the meaning of function B(s). The first hint that this expression can be very simple is given by comparison of eq. (3.7) with eq. (2.17). Indeed, comparing

4Of course, it is not obvious that for any tau-function w(z), formally defined in this way, will have nonzero radius of convergence around infinity. But for the wide class of tau-functions it is so. Below when we say “arbitrary” tau-function we will mean “any tau-function, defining non-trivial conformal map via (3.7) or (3.3)”.

5Different (slightly more involved) geometrical interpretation of the arguments of tau-function t̃_k exists for all tau-functions [5].

– 7 – coefficients in front of z^{−k} in the right and left hand sides of eq. (3.7) one can easily see that ∂^2F (t) ∂t_1∂t_k = −krp_k, and thus

∂^2F (t) ∂t_1∂t_k = ∂^2B(s) ∂s_1∂s_k . (3.9)

The natural guess would be that all second derivatives ∂_{sk} ∂_{sn} B are equal to ∂_{tk} ∂_{tn} F . This is indeed the case, as we show in appendix A.

Thus function B(s) becomes a generating function of the matrix of second derivatives: ∂_{ti} ∂_{tj} F : B(s|t) = 1 2 ∞∑ k,n=1 s_ks_n ∂^2F (t) ∂t_k∂t_n . (3.10)

To avoid confusion let’s stress once again, that function B(s|t) is quadratic function in s_k and its dependence on parameters t_k is defined entirely by ∂^2_{tk tn} F and this fact is express by notations (3.10).

Let us also mention here, that we did not use yet any properties of the particular tau-function F (t) defined in [2, 3]. In appendix A we only used the fact that tau-function satisfies Hirota equations (3.5) for the w(z) satisfying (3.3). The only place where we implicitly supposed that F is the “tau-function of analytic curves” is where we think about t_k as being harmonic moments of the curve, mapped by w(z) to the unit circle, i.e. we use the particular parameterization of conformal maps w(z|t_k). As it was stressed in the previous section (see also footnote 5, p. 5), in principle we could use equivalent description in terms of different tau-function F̃ (t̃_k) which would define for us different parameterization of the conformal maps w(z|t̃_k) given again by the same formulae (3.3) (or (3.7)). As a result we would also get an equivalent to (3.10) formula for B(s|t) (which in this case we call B(s|{w}) to stress once again its dependence on the conformal mapping w(z) and not on particular parameterization thereof) B(s|{w}) = B(s|t̃_k) = 1 2 ∞∑ k,n=1 s_ks_n ∂^2F̃ (t̃) ∂t̃_k∂t̃_n . (3.11)

An example of such an equivalent description, which will be of interest for us here is the one for F̃ = F_{herm} and t̃_k = T_k . Here F_{herm} is the tau-function of the dKP hierarchy, equal to the large N limit of the partition sum of the hermitean one-matrix model and T_k are new moments (coupling constants of the matrix model), defined in [6]. Then we can rewrite B(s|{w}) in the form B(s|{w}) = B(s|T_k) = 1 2 ∞∑ k,n=1 s_ks_n ∂^2F_{herm}(T ) ∂T_k∂T_n . (3.12)

In fact, applying the limiting procedure of [6] one can obtain representation (3.12) for B directly from (3.10).

3.3 Function B(s|t) The representation (3.10) means that function B(s|t) (as a function of s_k with all t_k being held constant) satisfies Hirota equation (3.8) and thus by itself is the logarithm of tau-function of dKP hierarchy.

– 8 –

Thus set of equations (2.15) may be considered as another form of Hirota identities, because it allows to express all second derivatives of logarithm of tau-function of dKP in terms of derivatives with respect to t_1, t_k. In the section 4 we will find yet another interpretation of this function.

One may ask the question then: “What is the particular condition, which selects this tau-function among all other tau-functions of dispersionless KP hierarchy?”. Let us note, that everything which is said above in this section could be valid for any parameterization of the conformal maps given by some tau-function as it was discussed before. The function B(s) as a function of s_k only will not change if we change this parameterization and the tau-functions F̃ (t̃). Note also that equation (2.16) looks similar to the equation 1 2 ∞∑ k,n=1 t_kt_n ∂^2F^{(0)}_{herm} ∂t_k∂t_n = F^{(0)}_{herm} , (3.13)

where F^{(0)}_{herm} (called F_{herm} in the section 3.2) is the leading term of the partition sum of hermitean one-matrix model in the large N limit (c.f. appendix C). Eq. (3.13) is the consequence of the homogeneity condition which is obeyed by particular tau-function of KP, given by this matrix model (see App. C for details). Thus we are able to identify our tau-function B(s|T ) with the one, given by hermitean one-matrix model in large N limit: B(T |T ) = 1 2 ∞∑ k,n=1 T_kT_n ∂^2F_{herm}(T ) ∂T_k∂T_n = F_{herm}(T ) . (3.14)

4. String field theory

Let’s turn to the application of these ideas now. As mentioned before, the language of this paper is useful in the completely different field of String Field Theory (SFT) (c.f. [21, 22]). The subject is huge and there are many reviews of it (see, e.g. [20] and references therein). Here we briefly remind necessary for us formulae. This is not intended as an introduction to the subject, but only serves to specify our notations.

Action of the Cubic String Field Theory has the following schematic form [26]: S_{SF T} = 1 2 ∫ Φ ∗ Q_B Φ + 1 3 ∫ Φ ∗ Φ ∗ Φ . (4.1)

We will not discuss the kinetic term here. Cubic vertex V (A, B, C) ≡ ∫ Φ_A ∗ Φ_B ∗ Φ_C (4.2)

can be defined in several ways. The first (so called operator) approach is the following: given three string states |A⟩_1 , |B⟩_2 , |C⟩_3 (corresponding to Φ_A, Φ_B , Φ_C ), each belonging to its own Hilbert space H_1, H_2, H_3, their interaction vertex V (A, B, C) is given by V (A, B, C) = ⟨V_3| ( |A⟩ ⊗ |B⟩ ⊗ |C⟩ ) , (4.3)

– 9 – where ⟨V_3| ∈ H^∗_1 ⊗ H^∗_2 ⊗ H^∗_3 is defined^6 by the expression:

⟨V_3| = ⟨0|_1 ⊗ ⟨0|_2 ⊗ ⟨0|_3 exp −1 2 3∑ r,s=1 ∞∑ n,m=1 α^{(r)}_n N^{rs}_{nm}α^{(s)}_m . (4.4)

Here α^{(s)}_m are modes of the scalar field, indices r, s = 1, 2, 3 number Hilbert spaces H_r of each of three strings and Neumann coefficients N^{rs}_{nm} are given by N^{rs}_{nm} = 1 n m ∮ 0 dz 2πi z^{−n} ∮ 0 dζ 2πi ζ^{−m} f^′_r(z)f^′_s(ζ) (f_r(z) − f_s(ζ))^2

, (4.5)

where f_r(z) are the conformal transformations of the upper-half plane of each of the strings to the unit circle. In terms of |V_3⟩ one can also define a star-multiplication of any two states: |A ∗ B⟩ = ( ⟨A| ⊗ ⟨B| ) |V_3⟩ . (4.6)

There exists another definition of V (A, B, C) more useful in applications [21, 22]:

V (A, B, C) = ⟨(f_1 ∘ Φ_A)(0) (f_2 ∘ Φ_B )(0) (f_3 ∘ Φ_C )(0)⟩ , (4.7)

where correlator in the r.h.s. of (4.7) is computed in any CFT (e.g. CFT on the unit disk) and the maps f_i (i = 1, 2, 3) are the same as in eq. (4.5). Expression in the r.h.s. of (4.7) has the following meaning. One takes (primary) operator Φ and acts on it with the conformal transformation f(z) (we will denote the conformal image of Φ under the action of f as (f ∘ Φ) or f[Φ]):

(f ∘ Φ)(z) = f[Φ(z)] = (f^′(z))^dΦ(f(z)) = U_f Φ(z)U^{−1}_f , (4.8)

where d is the conformal dimension of the operator. The operator U_f can be realized in the following way (for f(z) regular at the origin):^7

U_f = exp ∑ n≥2 v_nL_n , (4.9)

where v_n are Laurent modes of the function v(z) = ∑ v_nz^{n+1}, related to the f(z) in the following way:

e^{v(z)∂z} z = f(z) . (4.10)

One can associate the state ⟨f|, corresponding to any conformal map f(z), defined as

⟨f| Φ⟩ = ⟨0| (f ∘ Φ) |0⟩ for all operators Φ . (4.11)

In particular: ⟨f| . . . α_{k1} . . . α_{k2} . . . |0⟩ = ⟨0| . . . f[α_{k1} ] . . . f[α_{k2} ] . . . |0⟩ , (4.12) 6We write eq. (4.4) schematically, for one scalar field, suppressing ghosts, integration over momenta, etc.

(for details see e.g. [23, 24, 25] or any review in SFT)

7We have as usual Ln |0⟩ = 0, n ≥ −1 and correspondingly ⟨0| Ln = 0, n ≤ 1.

– 10 – where α_k are modes of the expansion of the scalar field X(z) and vacuum |0⟩ is defined with respect to them. The state ⟨f| can be represented as

⟨f| = ⟨0| U_f . (4.13)

Indeed, notice that U^{−1}_f |0⟩ = U_f |0⟩ = |0⟩ (4.14)

for U_f given by (4.9) and taking into account footnote 7, p. 10 we get the result (4.12). For the purpose of searching surface states one usually needs to find coefficients v_n, thus one needs to solve the equation (4.10), which is quite non-trivial generally.

State (4.13) has oscillator representation as well. Let’s consider free scalar field X(z). Then ⟨f| = ⟨0| exp −1 2 ∞∑ n,m=1 α_nN^f_{nm}α_m . (4.15)

Coefficients N^f_{nm} are given by the analog of (4.5):

N^f_{nm} = 1 n m ∮ 0 dz 2πi z^{−n} ∮ 0 dζ 2πi ζ^{−m} f^′(z)f^′(ζ) (f(z) − f(ζ))^2

. (4.16)

Representation (4.15) is easy to derive if one considers only two operators α_k, α_n in eq. (4.12) and notices that integrand in the r.h.s. of eq. (4.16) is just a correlator of ⟨f[∂X(z)]f[∂X(ζ)]⟩. 4.1 Neumann coefficients as second derivatives of tau-function

Now we would like to repeat this construction for the case at hand. Namely, we will consider w(z), given by (2.9) instead of f(z) and construct the corresponding surface state |w⟩ . First, let’s introduce the field v (z):

ev^{(z)∂z} z ≡ w(z) . (4.17)

As w(z) is regular at infinity, the expansion of this field v(z) = ∑ v_nz^{n+1} has only n ≤ 1 modes non-zero. As a result U_w, corresponding to eq. (4.9) is given by

U_w = exp ∑ n≤−1 v_nL_n

(4.18)

and contrary to the property U_f |0⟩ = |0⟩ here we have

⟨0| U_w = ⟨0| U^{−1}_w = ⟨0| . (4.19)

Let’s apply the transformation U_w in the operators in the F_a. We get

(w ∘ J̃)(z) = U_wJ̃(z)U^{−1}_w . (4.20)

– 11 –

So, for U_wa_kU^{−1}_w ≡ w[a_k] as in previous section, we can define surface state |w⟩ ⟨0| . . . a_{k1} . . . a_{k2} . . . |w⟩ = ⟨0| . . . w[a_{k1} ] . . . w[a_{k1} ] . . . |0⟩ , (4.21) where

|w⟩ = U^{−1}_w |0⟩ = exp 1 2 ∞∑ n,m=1 a_{−n}N^w_{nm}a_{−m} |0⟩ . (4.22)

Using the definition (4.20) and operator product expansion for the current J̃(z) one can show (see e.g. [22]) that Neumann coefficients N^w_{nm} here are given by:

N^w_{nm} = 1 n m ∮ ∞ dz 2πi z^n ∮ ∞ dζ 2πi ζ^m w^′(z)w^′(ζ) (w(z) − w(ζ))^2

. (4.23)

One can rewrite this expression in the following form:

N^w_{nm} = 1 n m ∮ ∞ dz 2πi z^n ∮ ∞ dζ 2πi ζ^m∂_z∂_ζ log ( w(z) − w(ζ) z − ζ ) . (4.24)

Note, that ∮ ∞ dz 2πi z^{−n} ∮ ∞ dζ 2πi ζ^{−m} 1 (z − ζ)^2

= 0 ∀ n, m > 0 . (4.25)

Comparing equation (4.25) with that of (3.5) we come to the conclusion that N_{nm} = 1 n m ∂^2F (t) ∂t_n∂t_m . (4.26)

This means that Neumann matrix is actually the matrix of second derivatives of one function, F (t), which is associated with conformal map w(z) in the way described in the section 3.1!

This fact in particular provides a number of relation between the matrix elements of N_{nm} (see e.g. [15, 7]) as a consequence of eq. (3.8). We show first several of them:

N_{22} = N_{13} − 1 2 N^2_{11} N_{23} = N_{14} − N_{11}N_{12} N_{33} = 1 3 N^3_{11} − N_{11}N_{13} − N^2_{12} + N_{15} · · · Of the whole matrix N_{nm} only coefficients N_{1k} are independent!

We should also mention that this construction is trivially generalized for the case of conformal transformations, regular at the origin z = 0, considered in section 4 (see e.g. [6]). In this case Neumann coefficients (4.16) are expressed by the same equation (4.26) with the same tau-function F .

– 12 –

4.2 Surface state as conformally transformed vacuum B(s) If the representation (2.14) for operators a_{−n} is used, surface state (4.22) looks identical to the exponential of (3.10). Indeed, one can see that “conformally transformed vacuum” |0⟩_b coincides with (4.22), i.e.

b_k(a) |w⟩ = 0 . (4.27) To see this, note, that expressions U_wa_kU^{−1}_w ≡ w[a_k] are not equal to b_k. Expressions for b_k are given by the inverse transformation

b_k = U_w−1 a_kU^{−1}_{w−1} = U^{−1}_w a_kU_w . (4.28)

Eq. (4.28) is identical to (2.7) or equivalently (2.10)–(2.11) i.e. b_k are just w^{−1}[a_k]. From this and the first formula of (3.10) one can easily see that b_k |w⟩ = (U^{−1}_w a_kU_w) U^{−1}_w |0⟩ = U^{−1}_w a_k |0⟩ = 0.

We see that the two constructions give equivalent definitions of |w⟩ and “surface state” is nothing else but “conformally transformed vacuum” which was identified in the previous sections with the quadratic tau-function of integrable hierarchy B(s|t)(or, equivalently, generating function of second derivatives of the tau-function corresponding to the matrix model).

5. CFT with the boundary and dToda tau-function

If function B(s|t) is actually a logarithm of tau-function of dKP hierarchy, the question arises — can tau-function for some other hierarchy be obtained in a similar way. We will demonstrate in this section that one can obtain the tau-function of dispersionless 2D Toda Lattice hierarchy in the way similar to that, taken in sections 2–3.

Consider the scalar field in the exterior of the unit circle in the plane w, with the Dirichlet boundary conditions on the circle:

ϕ(w, w̄) = b_0 log |w|^2 − ∞∑_′ k=−∞ ( b_k k w^k + b̄_k k w̄^k ) (5.1) ϕ(w, w̄) | |_{|w|=1} = 0 . (5.2)

Presence of the boundary makes holomorphic and anti-holomorphic modes dependent, which can be expressed via boundary state |β⟩:

(b_k − b̄_{−k}) |β⟩ = 0 , ∀ k > 0 . (5.3)

Bringing together expressions (2.10) and (2.11) (and their analogs for the b̄_k) we get k∑ n=1 C_{k,n}a_n + C_{k,0}a_0 + ∞∑ n=k C_{−k,n}a_{−n} − ∞∑ n=k C̄_{−k,n}ā_{−n} = 0 . (5.4)

where C_{k,n} is given by (2.12). Similarly C̄_{−k,n} = ∮ ∞ dz 2πi z^{−n−1} ( w̄(z) )_{−k} , −∞ < n ≤ 0 , k > 0 . (5.5)

– 13 –

Again, we realized a_k as in (2.14) and introduce new variables s̄_k, in terms of which we would realize ā_k similarly to (2.14), and s_0 in terms of which a_0 is realized as multiplication operator (note, that here, contrary to the case of section 2 boundary state (5.3) imposes no restriction on b_0). Then the conformally transformed state in the form exp ( B(s,s̄) ) obeys the equations k∑ n=1 C_{k,n} ∂B ∂s_n + C_{k,0}s_0 + ∞∑ n=k C_{−k,n}ns_n − ∞∑ n=k C̄_{−k,n}ns̄_n = 0 , k > 0 (5.6)

and analogs of (5.6) where coefficients are conjugated and s_k interchanged with s̄_k.

Again, one can show (see appendix B) that not only ∂_{sk} ∂_{sn} B = ∂_{sk} ∂_{sn} B = ∂_{tk} ∂_{tn} F but also mixed second derivatives ∂^2_{sks̄n} B actually coincide with ∂_{tk} ∂¯_{tn} F . As a result, we get the generating function of the matrix of second derivatives (5.7) B(s_0, s,s̄):

B(s_0, s,s̄) = s^2_0 2 ∂^2F ∂t^2_0 + 1 2 ∞∑ k,n=1 ( s_ks_n ∂^2F ∂t_k∂t_n + s̄_ks̄_n

∂^2F ∂t̄_k∂t̄_n ) +

+s_0 ∞∑ k=1 ( s_k ∂^2F ∂t_0∂t_k + s̄_k ∂^2F ∂t_0∂t̄_k ) + ∞∑ k,n=1 s_ks̄_n ∂^2F ∂t_k∂t̄_n (5.7)

here we’ve chosen “constant of integration” to be^{s20}_2^{∂2F}_{∂t20} , so that function B would be the generating function for all second derivatives of dispersionless 2D Toda tau-function.

5.1 Homogeneity condition for 2D Toda tau-function Recall that in section 3.3 we noticed that function B(s|t) has the same scaling as partition sum of hermitean matrix model. This allowed us to identify B(T |T ) = F_{herm}(T ). Let us see if something similar is possible in the present case. In the large N limit partition sum of normal matrix model obeys (see appendix D): ∞∑ k=1 ( 1 − k 2 ) t_k ∂F_0 ∂t_k + ( 1 − k 2 ) t̄_k ∂F^0 ∂t̄_k + t_0 ∂F_0 ∂t_0 = 2F_0 . (5.8)

We see that this homogeneity condition has very different than (5.7). Thus we can not repeat naively the trick like with the equation (3.14). This fact is not just a technical detail. It has important mathematical reason and consequences for physical interpretation. Detailed discussion of this issue is beyond the scope of the present paper. We would like only to note here that it is important for the application of the method developed here to the CFT description of the edge excitation of Quantum Hall Effect. We are going to return to it elsewhere [9].

Acknowledgments

We would like to thank J. Harvey, R. Janik, V. Kazakov, I. Kostov, B. Kulik, N. Nekrasov, N. Obers, K. Okuyama, A. Zabrodin, B. Zwiebach and especially P. Wiegmann and J. Ambjorn for discussions. This work was supported in part by NSF Grant No. PHY-9901194. A.B. acknowledges support of Danish Research Council. O.R. would like to acknowledge the kind hospitality of Niels Bohr Institute where part of this work was done.

– 14 –

A. Computation for holomorphic derivatives

We are going to show that all second derivatives of the function B(s) are expressed through the second derivatives of the function F (t).

Taking n^{th} equation in (2.15) and differentiating it with respect to s_k one gets: n∑ m=1 C_{n,m} ∂^2B ∂s_k∂s_m + k C_{n,−k} = 0 . (A.1)

We can rewrite it using definition of (2.12) as n∑ m=1 ∮ ∞ dz 2πi w^n(z) z^{m+1} ∂^2B(s) ∂s_m∂s_k = −k ∮ ∞ dz 2πi w^n(z)z^{k−1} , k, n > 0 . (A.2) Obviously, eq. (2.17) was just a particular case of (A.2) for n = 1. We are going to substitute ∂_{tn} ∂_{tm} F into equations (A.2) and show that they hold as a consequence of Hirota identity (3.5).

First, consider the l.h.s. of (A.2). Note that as a consequence of (2.9) we can substitute ∞ instead of n as an upper summation index in (A.2) n∑ m=1 ∮ ∞ dz 2πi w^n(z) z^m ∂^2F (t) ∂t_m∂t_k = − ∮ ∞ dz 2πi w^n(z)∂_{tk} D^′(z)F (t) , (A.3)

where we denoted by D^′(z) = ∂_zD(z), with operator D(z) defined in (3.4). Then, taking derivative with respect to z of Hirota eq. (3.5) we get: ∂_{tk} D^′(z)F = ∮ ∞ dζ 2πi kζ^{k−1} ( w^′(z) w(z) − w(ζ) − 1 z − ζ ) (A.4)

(recall note 2, p. 4). We assume first that contour of integration in (A.4) is chosen so that |z| > |ζ|. Then we can perform the integration over ζ in the last term of (A.4), which gives zero. Substituting expression (A.4) back into the r.h.s. of (A.3) we get − ∮ ∞ dz 2πi w^n(z)∂_{tk} D^′(z)F (t ) = − ∮ ∞ dζ 2πi kζ^{k−1} (∮ ∞ dw 2πi w^n w − w(ζ) ) . (A.5)

We have chosen |z| > |ζ| which means that |w(z)| > |w(ζ)| and hence the contour of integration over w in (A.5) goes between poles at w = ∞ and w = w(ζ). The result of integration gives w^n(ζ) which together with (A.3) competes the proof.^8

B. Computations for mixed derivatives

In case of dispersionless 2D Toda there is another type of Hirota identity, along with (3.5) — the mixed one:

1 − exp(−D(z)D̄(ζ̄)F ) = 1 zζ̄ exp(∂_{t0} (∂_{t0} + D(z) + D̄(ζ̄))F ) . (B.1)

8If we have chosen |z| < |ζ|, then the integral in (A.5) would give zero (both poles inside the contour), but the last integral in (A.4) would be equal to kζ^{k−1} instead. So, the final result would be of course the same.

– 15 –

The first equation of Hirota (B.1) is

∂^2F ∂t_1∂t̄_1

= exp(∂^2_{t0} F ) . (B.2)

By differentiating (B.2) with respect to t_0 we get the first equation of dispersionless Toda hierarchy for the function u, such that ∂_{t0} u = log r^2 = ∂^2_{t0} F :

∂^2u ∂t_1∂t̄_1 = ∂ ∂t_0 exp ( ∂u ∂t_0 ) . (B.3)

Eq. (B.1) expresses mixed derivatives in terms of derivatives with respect to t_0 and t_k or t_0 and t̄_k. Now, consider set of equations (5.6). First of all, it is obvious that second derivatives with respect to s_k, s_n obey the same system of equations (A.1) and thus are derivatives of the function F with respect to the appropriate harmonic moments t_k, t_n. By differentiating eq. (5.6) with respect to s_0 one can re-write it in the following form: ∀ n > 0 : n∑ k=1 ∂^2B(s,s̄) ∂s_0∂s_k ∮ ∞ dz 2πi w(z)^nz^{−k−1} + ∮ ∞ dz 2πi w(z)^nz^{−1} = 0 . (B.4)

As in appendix A we would like to substitute ∂_{s0} ∂_{sk} B with ∂_{t0} ∂_{tk} F in eq. (B.4) show that ∂_{t0} ∂_{tk} F obey precisely the same set of equations, which can be written as (c.f. comment before eq. (A.3)): ∮ ∞ dz 2πi w(z)^n∂_{t0} D^′(z)F = ∮ ∞ dz 2πi w(z)^nz^{−1} , (B.5)

where D^′(z) was define in appendix A. As a consequence of (3.3) we can write

− D^′(z)∂_{t0} F = w^′(z) w(z) − 1 z . (B.6)

Multiplying l.h.s. of (B.6) by w(z)^n and integrating around z = ∞ we get: ∮ ∞ dz 2πi w(z)^n∂_{t0} D^′(z)F = − ∮ ∞ dw 2πi w^{n−1} + ∮ ∞ dz 2πi w(z)^nz^{−1} . (B.7)

First terms integrates to zero and we get precisely the r.h.s. of eq. (B.5)!

Next, we want to show that for mixed derivatives of B are equal to those of F (t). To do that, take n^{th} equation (5.6) and differentiate it with respect to s̄_k: n∑ m=1 C_{n,m} ∂^2B(s,s̄) ∂s̄_k∂s_m − k C̄_{−n,−k} = 0 . (B.8) Again, by the same reasons as before, we substitute ∂_{tk} ∂¯_{tn} F into (B.8) and rewrite it as ∮ ∞ dz 2πi w(z)^n∂¯_{tk} D^′(z)F = −k ∮ ∞ dz 2πi z^{k−1} ( w̄(z) )_{−n} . (B.9)

Rewrite eq. (B.1) in the form: D(z)D̄(ζ)F = − log ( 1 − 1 w(z)w̄(ζ) ) (B.10)

– 16 –

(note, that we should have |w(z)w̄(ζ)| > 1 for the r.h.s. of this expression to be expansion in z^{−1}, ζ^{−1}). Now differentiate it with respect to z and extract the term, containing ∂¯_{tk} : D^′(z)∂¯_{tk} F = − ∮ ∞ dζ 2πi kζ^{k−1} w^′(z) w(z) 1 w(z)w̄(ζ) − 1 . (B.11)

Now, substituting (B.11) into the l.h.s. of (B.9) we get ∮ ∞ dζ 2πi kζ^{k−1} ∮ ∞ dw 2πi w^{n−1} ww̄(ζ) − 1 = ∮ ∞ dζ 2πi kζ^{k−1} (w̄(ζ))^n

(B.12)

(in the last equation we used the fact that |w w̄(ζ)| > 1). This result coincides with r.h.s. of (B.9), which proves the statement that mixed derivatives B(s,s̄) are equal to those of F (t).

C. Homogeneity property of hermitean one-matrix model

We show in this section that partition sum of one matrix model, which is known to be a tau-function of KP hierarchy [11, 12] obeys certain homogeneity condition. Partition sum can be written as

Z_{herm}(t) = ∫ N∏ k=1 dλ_k Δ^2(λ) e^{−NV (λ)} , (C.1)

where V (λ) =^∞ ∑ k=1 t_kλ^k and Δ(λ) is a Van-der-Monde. One can see that Z_{herm}(N; {t_k}) =

Z_{herm}(Nt_1, Nt_2, . . .). Then if one applies^∞ ∑ k=1 t_k∂_{tk} to Z_{herm} one gets:

∞∑ k=1 t_k ∂ ∂t_k Z_{herm}(t) = ∫ N∏ k=1 dλ_k Δ^2(λ) e^{−NV (λ)} ( N ∞∑ k=1 t_kλ^k ) . (C.2)

This result can be also represented as N^∂_{∂N} Z_{herm}. Now, it is well known (see e.g. [14]) that at large N partition sum of (C.1) should obey the genus g expansion:

log Z_{herm} = ∞∑ g=0 N^{2−2g}F^{(g)}_{herm} . (C.3)

So, for N → ∞ property (C.3) implies: N∂_N Z_{herm} = 2Z_{herm}. Thus, for the (logarithm of) partition sum of the hermitean one-matrix model one can get in the large N limit: ∞∑ k=1 t_k ∂F^{(0)}_{herm} ∂t_k = 2F^{(0)}_{herm} . (C.4)

This is precisely the scaling which we need in view of (3.10).

– 17 –

D. Homogeneity property of normal matrix model

One may wish to repeat the derivation of the appendix C for the case of 2D Toda taufunction F , given by the partition sum of normal matrix model [17]:

Z_{norm} = ∫ N∏ k=1 d^2z_k |Δ_N (z)|^2 e^{−NV (z,z̄)} , (D.1)

where V (z, z̄) = −zz̄+^∞ ∑ k=1 (t_kz_k +t̄_kz̄_k). The term zz̄ proves to make a significant difference.

Namely, we cannot say that dependence on N for Z_{norm} enters only in combinations Nt_k or Nt̄_k, there is also an explicit dependence on N. To get rid of it, one can rescale z_k → z_k/ √ N, z̄_k → z̄_k/ √ N to

Z_{norm} → ∫ N∏ k=1 d^2z_k |Δ_N (z)|^2 exp ( −zz̄ + ∞∑ k=1 ( t_kN^{1−k/2}z_k + t̄_kN^{1−k/2}z̄_k ) ) . (D.2)

Repeating the reasonings similar to those of appendix C we are getting homogeneity condition (5.8) for F_0 — the leading term of the large N limit expansion of log Z_{norm}: ∞∑ k=1 ( 1 − k 2 ) t_k ∂F_0 ∂t_k + ( 1 − k 2 ) t̄_k ∂F^0 ∂t̄_k + t_0 ∂F_0 ∂t_0 = 2F_0 (D.3)

(variable t_0 can be introduce in by means of: ∂_{t0} Z_{norm} = NZ_{norm}). We see that the presence of zz̄ terms makes the homogeneity condition quite different from simply two copies of (C.4).

References

[1] M. Mineev-Weinstein, P.B. Wiegmann and A. Zabrodin, Integrable structure of interface dynamics, Phys. Rev. Lett. 84 (2000) 5106 [nlin.SI/0001007].

[2] P.B. Wiegmann and A. Zabrodin, Conformal maps and dispersionless integrable hierarchies, Commun. Math. Phys. 213 (2000) 523 [hep-th/9909147].

[3] I.K. Kostov, I. Krichever, M. Mineev-Weinstein, P.B. Wiegmann and A. Zabrodin, τ-function for analytic curves, hep-th/0005259.

[4] M. Jimbo and T. Miwa, Solitons and infinite dimensional Lie algebras, Publ. Res. Inst. Math.

Sci. Kyoto 19 (1983) 943;

see also T. Miwa, M. Jimbo, E. Date, Solitons: differential equations, symmetries and infinite dimensional algebras, Cambridge University Press, Cambridge 2000.

[5] A. Zabrodin, Dispersionless limit of Hirota equations in some problems of complex analysis, Theor. Math. Phys. 129 (2001) 1511 [Teor. Mat. Fiz. 129 (2001) 239] [math.CV/0104169].

[6] A. Marshakov, P. Wiegmann and A. Zabrodin, Integrable structure of the Dirichlet boundary problem in two dimensions, Commun. Math. Phys. 227 (2002) 131 [hep-th/0109048].

[7] A. Boyarsky, A. Marshakov, O. Ruchayskiy, P. Wiegmann and A. Zabrodin, On associativity equations in dispersionless integrable hierarchies, Phys. Lett. B 515 (2001) 483 [hep-th/0105260].

– 18 –

[8] O. Agam, E. Bettelheim, P. Wiegmann and A. Zabrodin, Viscous fingering and a shape of an electronic droplet in the quantum hall regime, cond-mat/0111333.

[9] A. Boyarsky and O. Ruchayskiy, CFT description of edge excitations in quantum Hall effect from Laughlin functions and integrability, to be published.

[10] K. Takasaki and T. Takebe, Sdiff(2) KP hierarchy, hep-th/9112046.

[11] I.K. Kostov, Conformal field theory techniques in random matrix models, hep-th/9907060.

[12] V. Kazakov, I.K. Kostov and D. Kutasov, A matrix model for the two-dimensional black hole, Nucl. Phys. B 622 (2002) 141 [hep-th/0101011].

[13] S.Y. Alexandrov, V.A. Kazakov and I.K. Kostov, Time-dependent backgrounds of 2d string theory, Nucl. Phys. B 640 (2002) 119 [hep-th/0205079].

[14] P. Di Francesco, P. Ginsparg and J. Zinn-Justin, 2-d gravity and random matrices, Phys.

Rept. 254 (1995) 1 [hep-th/9306153].

[15] R. Carroll and Y. Kodama, Solution of the dispersionless Hirota equations, J. Phys. A 28 (1995) 6373 [hep-th/9506007].

[16] K. Takasaki and T. Takebe, Integrable hierarchies and dispersionless limit, Rev. Mod. Phys. 7 (1995) 743 [hep-th/9405096].

[17] L.-L. Chau and O. Zaboronsky, On the structure of correlation functions in the normal matrix model, Commun. Math. Phys. 196 (1998) 203 [hep-th/9711091].

[18] P. Wiegmann and A. Zabrodin, Large scale correlations in normal and general nonhermitian matrix ensembles, hep-th/0210159.

[19] D. Gaiotto, L. Rastelli, A. Sen and B. Zwiebach, Star algebra projectors, J. High Energy Phys. 04 (2002) 060 [hep-th/0202151];

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

L. Rastelli, A. Sen and B. Zwiebach, String field theory around the tachyon vacuum, Adv. Theor. Math. Phys. 5 (2002) 353 [hep-th/0012251].

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

[21] 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.

[22] 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.

[23] D.J. Gross and A. Jevicki, Operator formulation of interacting string field theory, Nucl. Phys.

B 283 (1987) 1; Operator formulation of interacting string field theory, 2, Nucl. Phys. B 287 (1987) 225.

[24] E. Cremmer, A. Schwimmer and C. Thorn, The vertex function in Witten’s formulation of string field theory, Phys. Lett. B 179 (1986) 57.

[25] S. Samuel, The physical and ghost vertices in Witten’s string field theory, Phys. Lett. B 181 (1986) 255.

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

– 19 –