arXiv:hep-th/0507002 v2 21 Sep 2005

hep-th/0507002

The Ground Ring of N = 2 Minimal String Theory

Anatoly Konechny, Andrei Parnachev and David A. Sahakyan

Department of Physics, Rutgers University, 126 Frelinghuysen rd., Piscataway NJ 08854, USA

Abstract

We study the N = 2 string theory or the N = 4 topological string on the deformed CHS background. That is, we consider the N = 2 minimal model coupled to the N = 2 Liouville theory. This model describes holographically the topological sector of Little String Theory. We use degenerate vectors of the respective N = 2 Verma modules to find the set of BRST cohomologies at ghost number zero–the ground ring, and exhibit its structure. Physical operators at ghost number one constitute a module of the ground ring, so the latter can be used to constrain the S-matrix of the theory. We also comment on the inequivalence of BRST cohomologies of the N = 2 string theory in different pictures.

1 Introduction

The ground ring proved to be a powerful tool in constraining the dynamics of noncritical bosonic and N = 1 fermionic string theories. In [1] Lian and Zuckerman constructed BRST cohomologies at various ghost numbers. A particularly interesting subset of these BRST invariant operators is a set of operators of ghost number zero. Under the operator product these operators form a ring, which is called the ground ring. Its importance was first realized in [2], where the relations to the symmetries of the theory were revealed. More recently the relations between the ground ring and the D-branes of the theory were understood [3]. In particular it was shown that boundary states based on the ZZ branes [4] turn out to be the eigenvectors of the ground ring generators. Moreover, the corresponding eigenstates label the singular points in the moduli space of boundary couplings.

An interesting set of string theories is obtained by gauging N = 2 superconformal symmetry on the worldsheet. The resulting model is called the N = 2 string [5, 6]. The ground ring of the critical N = 2 string was studied in [7]. In this paper we study the ground ring of the N = 2 minimal string theory. This model is obtained by coupling the SU(2)/U(1) superparafermions to the N = 2 Liouville theory, or equivalently to the N = 2 SL(2)/U(1) supersymmetric coset [8]. We will use these equivalent descriptions interchangeably in the paper. One of the main motivations for our work is better understanding of the topological sector of Little String Theory (LST). LST appears in various decoupling limits of string theories which contain NS5 branes or singularities. An interesting property of LST is that while being a non-local theory it does not contain gravity. This theory was extensively studied (for recent review and further references see [9, 10]) using the holographically dual description [11], and many interesting features have been unveiled [12–16]. The simplest of LSTs are 5 + 1 dimensional theories with sixteen supercharges. They arise from the decoupling limit of k type IIA or type IIB NS5-branes in flat space. The holographic description of these theories is given by closed strings in the near horizon geometry of NS5 branes–the CHS background [17]. Unfortunately, string theory in this background is strongly coupled due to the presence of the linear dilaton. One way to avoid this problem is to consider the theory at a non-singular point in the moduli space. The simplest such configuration corresponds to NS5 branes distributed on a circle. In this case the CHS background gets deformed into [18]

R^{5,1} × ( SU(2) U(1) × SL(2) U(1) ) /Z_k, (1.1)

where the Z_k orbifolding ensures the R-charge integrality, i.e. imposes the GSO projection.

String theory in the CHS background (and its deformation) enjoys N = 4 worldsheet supersymmetry, hence one can define N = 4 topological string theory in this background, which is equivalent to the N = 2 string [19]. This topological string captures the sector of string theory in the background (1.1), which is protected by supersymmetry. This is similar to the description of the BPS sector of type II string theory compactified on Calabi-Yau threefold by the N = 2 topological string. One expects that the N = 2 string should holographically describe the topological version of Little String Theory. In [20] the validity of this proposal was checked by an explicit calculation of F^4 coupling, where F is the Abelian gauge field in the low-energy theory, using Heterotic/Type II duality.

One can use the ground ring to effectively compute amplitudes of physical operators in the N = 2 string theory. Indeed, BRST invariant operators at ghost number one form a module of the ground ring and one can use this fact to express correlation functions of these operators in terms of the structure coefficients of the ground ring. Let us label the physical operators of the theory T by multi-index [I]. Then T_{[I]} = O_{[I]}T_{[0]}, where O_{[I]} is a ground ring element and we can write

⟨T_{[I]}T_{[J]}T_{[K]}⟩ = N_{IJK} ⟨T_{[0]}T_{[0]}T_{[0]}⟩. (1.2)

In this expression N_{IJK} are the structure constants of the ground ring. Unfortunately for the bosonic and N = 1 string the existence of contact terms [21] makes simple generalization of this result to four and higher point amplitudes hard. This is because one has to integrate over the worldsheet position of at least one of the operators. Hence, the explicit knowledge of the contact terms is required. It is plausible that bigger symmetry of the N = 2 string theory will allow one to understand the structure of contact terms, and possibly to generalize this method to four and higher-point amplitudes.

This paper is organized as follows. In Section 2 we define the N = 2 Minimal String Theory and provide necessary details.

In Section 3 the general construction of ground ring elements is presented. It is similar to that employed in bosonic and N = 1 fermionic minimal string theories. We establish that there is a one to one correspondence between the f-series degenerate vectors of Verma modules of SU(2)/U(1) and SL(2)/U(1) supercosets and ground ring elements in the (−1, −1) picture of the N = 2 string. Ground ring elements are labeled by the level at which the null vector appears in the corresponding superconformal family and a certain quantum number m which is related to the R-charge of the SU(2)/(1) coset.

In Section 4 we explicitly construct ground ring elements based on the level one degenerate operators in the SU(2)/U(1) and SL(2)/U(1) supercosets and show that they generate a Z_k subring. This subring acts on the elements of ground ring by shifting m.

In Section 5 we consider degenerate vectors which give rise to null vectors at level two. We find the explicit form of null vectors and use them to construct the level two ground ring elements. We argue that they are the generators of the ground ring.

In Section 6 ground ring operators based on g-series degenerate vectors are discussed. We show that the operators responsible for the spectral flow symmetry of the theory belong to this category along with the unity operator. These operators have total picture 0. We argue that these are the only independent ground ring elements at this picture based on g-series.

We conclude with the discussion of our results and directions for future research.

Appendix A provides necessary information about the N = 2 superconformal ghosts. In Appendix B we present some useful facts about SU(2)/U(1) and SL(2)/U(1) supercosets and derive the fusion rules of the degenerate operators at level one. In Apendix C we give a detailed description of the fusion of the level one ground ring operators. In Appendix D we give an example of a kernel and a co-kernel of a picture-raising operator, hence illustrating the inequivalence of different pictures in the N = 2 string theory.

2 N = 2 minimal strings

The worldsheet matter content of the N = 2 minimal string theory is given by the product of two N = 2 superconformal cosets SL(2)/U(1) × SU(2)/U(1). The level of both cosets is a positive integer k. The corresponding (coset) central charges are

c_{SU} = 3 ( 1 − 2 k ) , c_{SL} = 3 ( 1 + 2 k ) . (2.1)

The N = 2 superconformal algebra reads [L_m, G^±_r ] = (m 2 − r ) G^±_{m+r} , [L_m, J_m] = −nJ_{m+n} , {G^+_r , G^−_s } = 2L_{r+s} + (r − s)J_{r+s} + c 3 ( r^2 − 1 4 ) δ_{r,−s} , (2.2) {G^+_r , G^−_s } = {G^−_r , G^−_s } = 0 , [J_n, G^±_r ] = ±G^±_{r+n} , [J_m, J_n] = c 3 mδ_{m,−n} , where L_n are the Virasoro algebra generators, G^±_r , are the modes of the supercurrents (r ∈ Z+ 1/2 in the Neveu-Schwarz and r ∈ Zin the Ramond sectors) and J_n are modes of the U(1) R-current.

Upon gauging the world-sheet N = 2 superconformal algebra one introduces the usual fermionic (b, c) conformal ghost system, a pair of bosonic (β^±, γ^∓) systems and an additional fermionic (b̃, c̃) system with weights (0, 1) that arises when gauging the R-current.

Our conventions regarding the ghost systems are collected in appendix A. The BRST current takes the form

j_{BRST} = cT + η_−e^{ϕ−} G^+ + η_+e^{ϕ+} G^− + c̃J^m + 1 2 [cT^{gh} + η_−e^{ϕ−} G^+_{gh} + η_+e^{ϕ+} G^−_{gh} + c̃J^{gh}] , (2.3)

where T^{gh}, G^±_{gh}, J^{gh} are the ghost N = 2 currents whose explicit expressions are given in (A.1), η^± and ϕ_± are bosonized superghosts (see appendix A). The total central charge of the N = 2 ghost system equals -6; this matches the total central charge of the matter theory (2.1).

The chiral BRST operator Q_{BRST} = 1 2πi ∮ dz j_{BRST} , (2.4) commutes with the ghost number current

j_{gh} = −bc − b̃c̃ + η^+ξ^− + η^−ξ^+ , (2.5)

and the two picture number currents

j_{π+} = −η^+ξ^− − ∂ϕ_+; j_{π−} = −η^−ξ^+ − ∂ϕ_− . (2.6)

The corresponding cohomology groups are thus labeled by the ghost number and the picture numbers (Π_+, Π_−).

One can define two picture raising operators P CO^± = {Q, ξ^±} = c∂ξ^± + e^{ϕ∓} (G^± − 2η^±e^{ϕ±} b ± 2∂(η^±e^{ϕ±} )b̃ ± η^±e^{ϕ±} ∂b̃) . (2.7) It is known [7] that unlike in the N = 1 superstrings, the picture raising operators (2.7) are not isomorphisms of the absolute cohomology groups at different pictures (see appendix D for explicit examples of the P CO^± kernel and cokernel elements). This complicates the analysis of the cohomologies.

The SU(2)/U(1) superparafermion primaries V_{j,m} are labeled by j ∈^1_2 Z, 0 ≤ j ≤^{k−2}_2 and a number m ∈ {−j, −j + 1, . . . , j − 1, j}. In the NS sector these primaries have conformal dimensions Δ[V_{j;m}] = j(j + 1) k − m^2 k (2.8) and the R-charge q(V_{j,m}) = − 2m k . (2.9)

The SL(2)/U(1) N = 2 primaries are denoted by V^′_{h,m}. They are labeled by two real numbers h and m. The latter number takes the values m ∈ h + Z_+ for a lowest weight representation, m ∈ −h + Z_− for a highest weight one and m ∈ −h, −h + 1, . . . , h − 1, h for a finite one. The conformal dimension reads

Δ[V^′_{h,m}] = − h(h − 1) k + m^2 k (2.10)

while the R-charge is given by q(V^′_{h,m}) = 2m k . (2.11)

3 Construction of ground ring elements

As explained above, the ground ring consists of physical states at ghost number 0. In this section we describe the construction of nontrivial elements of the ground ring following [22], where (p,q) minimal models coupled to Liouville theory were studied. The minimal models contain a large set of null vectors in the Verma module; each of them can be dressed with a null vector in the Liouville theory to produce a physical state at ghost number 1. It has been argued [22] that these null vectors should be set to zero in the physical theory. Hence, the ghost number 1 physical state described above should be set to zero. Its BRST pre-image is a non-trivial physical state at ghost number 0 [22], otherwise known as a ground ring element.

Let us review the structure of the null vectors in SU(2)/U(1) and SL(2)/U(1), following [23] (see also [24]) We first consider SU(2)/U(1) at level k (SL(2)/U(1) expressions are obtained by the substitution k→ − k) Here we only discuss the NS sector. The R sector can be obtained from it by the spectral flow. The ground ring elements which realize this operation are described below.

The corresponding Kac determinant has two series of zeroes specified by two functions f_{r,s} and g_l [23]:

f_{r,s} = 2(c̃ − 1)Δ − q^2 − 1 4 (c̃ − 1)^2 + 1 4 [(c̃ − 1)r + 2s]^2 , (3.1) and g_l = 2Δ − 2lq + (c̃ − 1)(l^2 − 1 4 ) , (3.2)

where c̃ − 1 = ± 2 k , (3.3)

where the −(+) sign is for SU(2)/U(1) (SL(2)/U(1). The null states are at the level rs for the f-series and at the level |l| for the g-series states. The R-charge of the null states differs from that of the corresponding primaries by zero in the case of f-series, and by ±1 = sign(l) for the g-series.

We want to construct (−1, −1) picture physical states at ghost number 1. A natural ansatz would be ce^{−ϕ+} e^{−ϕ−} {−rs}V_{j,msu} V^′_{h,msl} , (3.4) where {−rs} stands for a raising operator at level rs acting on the SU(2) superparafermion primary V_{j,msu} and the SL(2) superparafermion primary V^′_{h,msl} . The condition of vanishing R-charge implies m_{su} = m_{sl}, so that q_{su} = −q_{sl}. According to (3.1) and (3.2), the dimension of the matter part in (3.4) is zero for f-series and |l| for the g-series. Hence, it is the f-series which is well suited for the construction of physical states of the type (3.4). Below we will identify the quantum numbers which correspond to the zeroes of (3.1). We will discuss the g-series later in the paper.

The quantum numbers of degenerate states whose conformal dimension and R-charge satisfy (3.1) can be obtained with the help of (2.10), (2.11) for SL(2)/U(1) theory and (2.8), (2.9) for SU(2)/U(1). The result for the latter is j_{r,s} =^{ks−1−r}_2 . Since j is restricted to lie between 0 and (k − 2)/2, we must set s = 1. Hence, degenerate states in the supersymmetric SU(2)/U(1) which have a null descendant at level s are parameterized by j_r = k − 1 − r 2 , r = 1, . . . , k − 1; m = −j_r, −j_r + 1, . . . , j_r . (3.5) Corresponding degenerate states in the supersymmetric SL(2)/U(1) are labeled by

h_r = − k − 1 + r 2 , r = 1, . . . , k − 1; m = h_r, h_r + 1, . . . , −h_r . (3.6) We now describe the construction of a ground ring operator based on the f-series degenerate operators V_{jr m}, V^′_{hr m}, with j_r and h_r given by (3.5) and (3.6), respectively. The physical state operator at ghost number 1, which should be set to zero, has the following general form O^′ = ce^{−ϕ+} e^{−ϕ−} (λ{−rs, su} + λ^′{−rs, sl}) V_{jr m}V^′_{hr m} , (3.7) where λ and λ^′ are arbitrary coefficients. The corresponding state is equal to zero in the physical theory. The ground ring element O is found by requiring Q_{BRST} O = O^′ . (3.8) Below we consider r = 1 and r = 2 cases in detail. We find that the operator O is determined up to a rescaling and an addition of BRST-trivial piece which corresponds to the choice of λ and λ^′ in (3.7). Note that O is a ground ring element in the (−1, −1) picture.

The operators that will be useful in the following are [20, 25] S^+ ≡ e^{b̃c/2}e^{ϕ+/2−ϕ−/2}V_{0,0}(R, −)V^′_{0,0}(R, −) , (3.9) S^− ≡ e^{−b̃c/2}e^{−ϕ+/2+ϕ−/2}V_{0,0}(R, +)V^′_{0,0}(R, +) . (3.10)

These operators are in the BRST cohomology of the N = 2 string theory at ghost number 0, and hence are elements of the ground ring. They satisfy

S^+S^− ∼ 1 , (3.11)

and map NS sector states into R sector states, thereby providing an isomorphism between the two sectors of the theory. That is why it is sufficient to consider only NS sector.

By squaring (3.9) we obtain new ground ring operators

(S^+)^2 ≡ e^{b̃c}e^{ϕ+−ϕ−} V k−2_{2 ,} k−2_2 V^′k+2_{2 ,−} k+2_2 , (3.12) (S^−)^2 ≡ e^{−b̃c}e^{−ϕ+ +ϕ−} V k−2_{2 ,−} k−2_2 V^′k+2_{2 ,} k+2_2 . (3.13)

in the (1,-1) and (-1,1) pictures, respectively. It is not hard to see that these operators have zero dimension and R-charge. Their existence implies that BRST cohomologies at picture (Π_+, Π_−) and (Π_+ + n, Π_− − n), n ∈ Zare isomorphic. There exist two picture raising operators (2.7) but they do not have an inverse in the N = 2 string^1.

4 Ground ring operators at level one

A null vector belonging to the superconformal family generated by |Δ, q⟩ at the first level (f-series) is given by

|χ⟩ = [(q − 1)L_{−1} − (2Δ + 1)J_{−1} + G^+_{−1/2}G^−_{1/2}]|Δ, q⟩ , (4.1)

where Δ and q satisfy 2(c̃ − 1)Δ = q^2 − c̃ . (4.2) In this expression c̃ = c/3 is the (rescaled) central charge of SL(2)/U(1) (upper sign) or SU(2)/U(1) (lower sign) cosets c̃ = 1 ± 2 k . (4.3)

We would like to find a state such that the action of the BRST charge on it will yield a null vector of the form (4.1). The local operator corresponding to such a state will belong to the ground ring. More precisely, we would like to find an operator O such that {Q_{BRST} , O} = λc[(q^{(su)} − 1)L^{(su)}_{−1} − (2Δ^{su} + 1)J^{(su)}_{−1} + G^+_{−1/2}^{(su)}G^−_{1/2}^{(su)}]VV^′e^{−ϕ+} e^{−ϕ−} + λ^′c[(q^{(sl)} − 1)L^{(sl)}_{−1} − (2Δ^{sl} + 1)J^{(sl)}_{−1} + G^+_{−1/2}^{(sl)}G^−_{1/2}^{(sl)}]VV^′e^{−ϕ+} e^{−ϕ−} .

(4.4)

where V and V^′ are the degenerate operators at level one in SU(2)/U(1) and SL(2)/U(1) supercosets respectively and λ, λ^′ are proportionality coefficients. One can further simplify

1 An example of a kernel and a co-kernel of the picture raising operators is discussed in the Apendix D.

the expressions above, by noting that

Δ^{(sl)} = −1 − Δ^{(su)} ≡ −1 − Δ , q^{(sl)} = −q^{(su)} ≡ −q , (4.5)

that follows from the physical state condition on the operator {Q, O}. These equations are consistent with the condition that degenerate operators in SU(2)/U(1) and SL(2)/U(1) cosets lie in the f-series at level one. We can solve the conditions (4.2), (4.5) explicitly to obtain VV^′ = V k−2_{2 ,m}V^′_− k_{2 ,m} ≡ V^{(1)}_m V^{′(1)}_m (4.6) with − k − 2 2 ≤ m ≤ k − 2 2 . (4.7)

To find the operator O we start by considering the following ansatz

O = e^{αb̃c}V^{(1)}_m V^{′(1)}_m e^{−ϕ+} e^{−ϕ−} + ∂ξ^−c(A^{(su)}m G^+_{−1/2}^{(su)} + A^{(sl)}m G^+_{−1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−2ϕ+} e^{−ϕ−} + c∂ξ^+(B^{(su)}m G^−_{1/2}^{(su)} + B^{(sl)}m G^−_{1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−ϕ+} e^{−2ϕ−} .

(4.8)

Acting by Q_{BRST} we find the following independent equations on the coefficients B^{(sl)}m = A^{(su)}m ≡ A_m , A^{(sl)}m = B^{(su)}m ≡ B_m , B_m − A_m = λ , 1 + 2A_m = λ(q_m − 1) , α = −(2Δ_m + 1)λ .

(4.9)

Solving these equations we find one parameter family of solutions

2A_m = λ(q_m − 1) − 1 , 2B_m = λ(q_m + 1) − 1 , α = −λ(2Δ_m + 1) .

(4.10)

At first sight this result seems to be puzzling, since we expected to get a single solution for a fixed m. To resolve this puzzle we note that QO_{λ=0} is identically zero. So it seems that we found two “physical” operators instead of one. It turns out, however, that O_{λ=0} is actually BRST exact. One can show that O_{λ=0} = {Q, 1 2 c∂ξ^+∂ξ^−V^{(1)}_m V^{′(1)}_m e^{−2ϕ+} e^{−2ϕ−} } . (4.11)

(A fast way to see that O_{λ=0} is cohomological to zero is by checking P CO^+O = 0.)

Hence indeed we obtain a single non-trivial ground ring operator corresponding to the given degenerate state. One can conveniently fix the gauge by considering O_λ − O_{λ=0} as a representative of the ground ring. After an appropriate rescaling we obtain ground ring operators O^{(1)}m = b̃cVV^′e^{−ϕ+} e^{−ϕ−} + ∂ξ^−c(A^′_mG^+_{−1/2}^{(su)} + B^′_mG^+_{−1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−2ϕ+} e^{−ϕ−} + c∂ξ^+(B^′_mG^−_{1/2}^{(su)} + A^′_mG^−_{1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−ϕ+} e^{−2ϕ−} ,

(4.12)

where A^′_m = −^{(qm−1)}

2(2Δ_m+1) = 1 k−2m , B^′_m = −^{(qm+1)}

2(2Δ_m+1) = − 1 k+2m . (4.13)

For certain applications it is convenient to consider these operators at higher pictures. In particular we would like to apply P CO^+ to the operator (4.12)

P CO^+O^{(1)}_m = b̃cG^+_{−1/2}V^{(1)}_m V^{′(1)}_m e^{−ϕ+} + ∂ξ^{− c}_{(2Δ+1)} e^{−2ϕ+} G^+_{−1/2}^{(sl)}G^+_{−1/2}^{(su)}V^{(1)}_m V^{′(1)}_m +

2(A^′_mG^+_{−1/2}^{(su)} + B^′_mG^+_{−1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−ϕ+} + c∂ξ^+e^{−ϕ+} e^{−ϕ−} V^{(1)}m V^{′(1)}_m . (4.14) The P CO^− for this operator reads

P CO^−O^{(1)}m = −b̃cG^−_{1/2}V^{(1)}m V^{′(1)}_m e^{−ϕ−} + ∂ξ^+c^1_{(2Δ+1)} e^{−2ϕ−} G^−_{1/2}^{(sl)}G^−_{1/2}^{(su)}V^{(1)}m V^{′(1)}_m +

−2(B^′_mG^−_{1/2}^{(su)} + A^′_mG^−_{1/2}^{(sl)})V^{(1)}m V^{′(1)}_m e^{−ϕ−} − c∂ξ^−e^{−ϕ+} e^{−ϕ−} V^{(1)}m V^{′(1)}_m . (4.15)

The P CO^+ operator takes a particularly nice form when the V^{(1)}m is a chiral primary that is when m = 1 − k/2. Then we have

P CO^+O^{(1)}_{1−k/2} = e^{−ϕ+} e^{−b̃c}G^+_{−1/2}V^{(1)}_{1−k/2}V^{′(1)}_{1−k/2} + c∂ξ^+e^{−ϕ+} e^{−ϕ−} V^{(1)}_{1−k/2}V^{′(1)}_{1−k/2} . (4.16)

We can compute the OPE of two level one ground ring operators P CO^+O^{(1)}m_1 and P CO^−O^{(1)}m_2 given by (4.14), (4.15). Thus the ground ring elements we are fusing are chosen in the gauge (4.12). To compute the OPE’s of the matter operators we use formulas (B.12)-(B.16) and similar formulas for the SU(2)/U(1) coset.

After a straightforward computation we obtain that for m_1 + m_2 < 0 we have the following product of cohomologies

P CO^+O^{(1)}_{m1} P CO^−O^{(1)}_{m2} = K_{m1 ,m2}Õ^{(1)}_{m3} , (4.17)

where Õ^{(1)}m_3 is the ground ring element given in (4.8) with m_3 = m_1 + m_2 + k/2 and a λ = −1/(q_1 + q_2) fixed such that B_{m3} = 0 in (4.10). The numerical coefficient K_{m1 ,m2} in (4.17) is K_{m1 ,m2} = −C_{m1,m2} (q_1 + q_2)^2[k(q_1 + q_2 − 2) − 2][k(q_1 + q_2 − 2) + 2] k^2(q_1 − 1)(q_2 − 1)

(4.18) where C_{m1,m2} is defined as an OPE coefficient

V^{(1)}_{m1} V^{′(1)}_{m1} (z_1)V^{(1)}_{m2} V^{′(1)}_{m2} (z_2) ∼ C_{m1,m2} z^{Δ1+Δ2 −Δ3} 12 G^{+,su}_{−1/2}V^{(1)}_{m3} G^{−,sl}_{−1/2}V^{′(1)}_{m3} . (4.19)

For m_1 + m_2 > 0 one obtains a result similar to (4.17) with an operator Õ^{(1)}m_3 , m_3 = m_1 + m_2 − k/2 appearing on the RHS being in a different gauge and with a different proportionality coefficient K^′_{m1 ,m2} = C^′_{m1,m2} (q_1 + q_2)^2[k(q_1 + q_2 − 2) − 2][k(q_1 + q_2 − 2) + 2] k^2(q_1 + 1)(q_2 + 1)

, (4.20)

where C^′_{m1,m2} is defined as follows

V^{(1)}_{m1} V^{′(1)}_{m1} (z_1)V^{(1)}_{m2} V^{′(1)}_{m2} (z_2) ∼ C^′_{m1,m2} z^{Δ1+Δ2 −Δ3} 12 G^{−,su}_{−1/2}V^{(1)}_{m3} G^{+,sl}_{−1/2}V^{′(1)}_{m3} . (4.21)

In the case m_1 + m_2 = 0 the product of the corresponding cohomologies yields the O_− k_2

O^{(1)}_{− k2} = O^{(1)}_{k2} = c∂ξ^+V^{′(1)}_{− k2} e^{−2ϕ−} e^{−ϕ+} + ∂ξ^−cV^{′(1)}_{k2} e^{−2ϕ+} e^{−ϕ−} . (4.22)

One further finds that the operator O^{(1)}_{− k2} acts (up to an insignificant numerical constant) as the identity operator within the ground ring. The technical details related to the fusion of operators O^{(1)}m appear in appendix C.

It is not hard to see from the above OPEs that the operators O^{(1)}m generate a cohomology subring isomorphic to Z_k with a generator x = O^{(1)}_{1−k/2}.^1

5 Ground ring operators at level two

In this section we construct the ground ring operators at level two. As we show below these operators play an important role in constructing the complete ground ring. We start by computing the null vector belonging to superconformal family generated by |Δ, q⟩, where Δ and q satisfy relation (3.1) with r = 2 and s = 1 Δ = q^2 2(c̃ − 1) + 1 8 (c̃ − 1) − c̃^2 2(c̃ − 1)

. (5.1)

From the Kac determinant we know that this family has a null vector at level two with the R-charge equal to the original one. Hence we can write down the following ansatz for the null vector

f̂ (2)|Δ, q⟩ = (AL_{−2} + BJ_{−2} + CL2_{−1} + DJ 2_{−1} + EL_{−1}J_{−1} + F G^+_{−1/2}G^−_{3/2}+ gG^+_{−3/2}G^−_{1/2} + HL_{−1}G^+_{−1/2}G^−_{1/2} + IJ_{−1}G^+_{−1/2}G^−_{1/2})|Δ, q⟩ .

(5.2)

1 Note that to compute powers of x one only needs to use the product rule (4.17).

It is a straightforward exercise to compute the coefficients in this expression. We find (up to an overall normalization)

A = 1 B = 4 + 3q − c̃(2 + q)

(−1 + c̃)^2 C = 2 −1 + c̃ D = − (−3 + c̃ − 2q)(1 + c̃ + 2q)

2(−1 + c̃)^3 E = − 4(1 + q) (−1 + c̃)^2

(5.3) F = 2(−3 + c̃)c̃ − 4q (−1 + c̃)^2(−3 + c̃ + 2q) g = − 2(1 + c̃ + 2q)((−3 + c̃)c̃ + 2q) (−1 + c̃)^2(1 + c̃ − 2q)(−3 + c̃ + 2q) H = − 16q (−1 + c̃)(1 + c̃ − 2q)(−3 + c̃ + 2q) I = 16(1 + c̃ + 2Δ) (−1 + c̃)(1 + c̃ − 2q)(−3 + c̃ + 2q) . (5.4)

Following the general procedure outlined in section 3, we would like to find an operator such that the action of BRST operator yields a null physical operator at ghost number one {Q, O^{(2)}_m } = ce^{−ϕ+} e^{−ϕ−} (λf̂^{(2)(su)} + λ^′f̂^{(2)(sl)})V^{(2)}_m V^{′(2)}_m . (5.5)

In this expression V^{(2)}m and V^{′(2)}_m are SU(2)/U(1) and SL(2)/U(1) degenerate operators at level 2 V^{(2)}_m V^{′(2)}_m = V k−3_{2 ,m}V^′_− k+1_{2 ,m} ≡ VV^′ . (5.6)

Now we are ready to write down an ansatz for the ground ring operator O^{(2)} = c∂b̃VV^′e^{−ϕ+} e^{−ϕ−} + a_0cbVV^′e^{−ϕ+} e^{−ϕ−} + c∂^2ξ^+ {a^{(−)}_1 G^{−(su)}_{−1/2} + b^{(−)}_1 G^{−(sl)}_{−1/2} }VV^′e^{−ϕ+} e^{−2ϕ−} + c∂ξ^+∂ϕ_−{a^{(−)}_{11} G^{−(su)}_{−1/2} + b^{(−)}_{11} G^{−(sl)}_{−1/2} }VV^′e^{−ϕ+} e^{−2ϕ−} + c∂ξ^+{a^{(−)}_2 L^{(su)}_{−1} G^{−(su)}_{−1/2} + b^{(−)}_2 L^{(sl)}_{−1} G^{−(sl)}_{−1/2} + c^{(−)}_2 L^{(su)}_{−1} G^{−(sl)}_{−1/2} + d^{(−)}_2 L^{(sl)}_{−1} G^{−(su)}_{−1/2} a^{(−)}_3 J^{(su)}_{−1} G^{−(su)}_{−1/2} + b^{(−)}_3 J^{(sl)}_{−1} G^{−(sl)}_{−1/2} + c^{(−)}_3 J^{(su)}_{−1} G^{−(sl)}_{−1/2} + d^{(−)}_3 J^{(sl)}_{−1} G^{−(su)}_{−1/2} + a^{(−)}_4 G^{−(su)}_{−3/2} + b^{(−)}_4 G^{−(sl)}_{−3/2} +}VV^′e^{−ϕ+} e^{−2ϕ−} + {terms obtained by replacing + superscript by −}+ {a_5e^{α5cb̃}L^{(su)}_{−1} + b_5e^{β5cb̃}L^{(sl)}_{−1} + a_6e^{α6cb̃}J^{(su)}_{−1} + b_6e^{β6cb̃}J^{(sl)}_{−1} + a_7e^{α7cb̃}G^{+(su)}_{−1/2} G^{−(su)}_{−1/2} + b_7e^{β7cb̃}G^{+(sl)}_{−1/2}G^{−(sl)}_{−1/2} + c_7e^{γ7cb̃}G^{+(su)}_{−1/2} G^{−(sl)}_{−1/2} + d_7e^{δ7cb̃}G^{+(sl)}_{−1/2}G^{−(su)}_{−1/2} }VV^′e^{−ϕ+} e^{−ϕ−} .

(5.7)

Using the form of the null vector (5.3) and the BRST current (A.5) in equation (5.5) one can find the ground ring element. The result of this calculation is quite cumbersome for general m and we will not present it here. Instead we note that one can generate all level two ground ring operators using the relation

P CO^+O^{(2)}_{− k−32} P CO^−O^{(1)}_m = O^{(2)}_{m+ 32} , (5.8)

which can be derived using (B.23) (and corresponding expression for the SU(2) part). Hence for all applications it is is sufficient to know the form of the O^{(2)}m for special value of m = −(k − 3)/2. In this case the SU(2)/U(1) operator V becomes chiral, which simplifies the result considerably. The application of P CO^+ on O^{(2)} yields then the following result^1 P CO^+O = c∂ξ^+(2(1 + k)L^{(su)}_{−1} + (1 − k)L^{(sl)}_{−1} − 2kJ^{(su)}_{−1} + 2kJ^{(sl)}_{−1} +^1_2 G^{+(sl)}_{−1/2}G^{−(su)}_{−1/2} +^{k+1}_2 G^{+(sl)}_{−1/2}G^{−(sl)}_{−1/2} )VV^′e^{−ϕ+} e^{−ϕ−} + 1 2 c∂ξ^−(G^{+(sl)}_{−3/2}G^{+(sl)}_{−1/2} + (k + 1)G^{+(su)}_{−3/2} G^{+(sl)}_{−1/2})VV^′e^{−2ϕ+} +

(2G^{+(su)}_{−3/2} + 2(1 + k)G^{+(sl)}_{−3/2} + kL^{(sl)}_{−1} G^{+(sl)}_{−1/2} − kL^{(su)}_{−1} G^{+(sl)}_{−1/2}− (1 + 2k)J^{(sl)}_{−1} G^{+(sl)}_{−1/2} + (k − 1)J^{(su)}_{−1} G^{+(sl)}_{−1/2} )VV^′e^{−ϕ+} +

cb̃(−2kG^{+(su)}_{−3/2} + 2kG^{+(sl)}_{−3/2} + (k − 1)L^{(sl)}_{−1} G^{+(sl)}_{−1/2} − (1 + 2k)L^{(su)}_{−1} G^{+(sl)}_{−1/2}− 2kJ^{(sl)}_{−1} G^{+(sl)}_{−1/2} + 2kJ^{(su)}_{−1} G^{+(sl)}_{−1/2} )VV^′e^{−ϕ+} . (5.9) We expect from the fusion rules of the level two operators that

P CO^+O^{(2)}P CO^−O^{(2)} ∼ O^{(1)} + O^{(3)} . (5.10)

Hence using this relation one can generate all the f-series elements of the ground ring.

1 We use Mathematica to solve (5.5) and find the coefficients in (5.9).

6 BRST cohomologies related to the g-series

As was already noted in section 3, the construction of ground ring elements which correspond to null vectors in the g-series (3.2) is complicated by the fact that there is no simple general ansatz that would be similar to (3.4). Below we will analyze some particular ground ring operators based on the g-series. Those examples show that in the Verma module those operators O satisfy an equation Q_{BRST} O = O^′. Here O^′ is a null operator which in general is given by a nontrivial linear combination of descendants of some primitive null vectors. This set of primitive null vectors can contain vectors from the g-series as well as from the f-series. This is to be contrasted with the simple equation (3.8).

The identity operator We have in the matter sector

Q_{BRST} |0⟩ = cL_{−1}|0⟩ + γ^−G^+_{−1/2}|0⟩ + γ^+G^−_{1/2}|0⟩ . (6.1)

The identity operator has q = R = 0, Δ = 0. It belongs to the g-series of degenerate operators and has two null vectors at level 1/2: G^±_{−/1/2}|0⟩. The vector L_{−1}|0⟩ is a sum of descendants of these two null vectors. This follows from the anticommutator {G^+_{−1/2}, G^−_{1/2}} = 2L_{−1}. Operators S^± Consider the operators S^± (3.9) which are ground ring elements in the Ramond sector. The operators V_{0,0}(RR, ±) and V^′_{0,0}(RR, ±) belong to the g=series. The operators G^±_{−1}V_{0,0}(RR, ±)V^′_{0,0}(RR, ±) , G^∓_0 V_{0,0}(RR, ±)V^′_{0,0}(RR, ±) . (6.2) are null.

When we check the BRST invariance of the operators S^± we obtain [Q_{BRST} , S^±] = e^{±b̃c/2}[η^±e^{3ϕ±/2−ϕ∓/2}G^∓_{−1} + η^∓e^{ϕ+/2+ϕ−/2}G^±_0 + ce^{±(ϕ+/2−ϕ−/2)}(L_{−1} ± 1 2 J_{−1})]V_{0,0}(RR, ∓)V^′_{0,0}(RR, ∓) . (6.3)

While the first two operators in the right hand side of (6.3) are primitive null operators (6.2) the operators (L_{−1} ± 1 2 J_{−1})V_{0,0}(RR, ∓)V^′_{0,0}(RR, ∓) (6.4)

can be represented as sums of descendants of the null vectors (6.2). This follows from the anticommutators

{G^+_0 , G^−_1} = 2L_{−1} + J_{−1} {G^+_{−1}, G^−_0 } = 2L_{−1} − J_{−1} . (6.5)

Operators (S^±)^2 Consider the operators (S^±)^2 given in (3.12). The primaries

V_± ≡ V k−2_{2 ,±} k−2_2 , V^′_± ≡ V^′k+2_{2 ,±} k+2_2 (6.6)

belong simultaneously to the g-series where they have a null vector at level 1/2 and to the f-series where they have a null vector at level 1. The corresponding null operators read G^±_{−1/2}V_∓ , G^±_{−1/2}V^′_± , [2( 1 k − 1)(L_{−1} ± J_{−1}) + G^±_{−1/2}G^∓_{−1/2}]V_± ,

[−2( 1 k + 1)(L_{−1} ± J_{−1}) + G^±_{−1/2}G^∓_{−1/2}]V^′_∓ . (6.7)

Note that the f-series vectors are up to the 1/2-descendants of the g-series vectors just (L_{−1} ± J_{−1})V_±, (L_{−1} ± J_{−1})V^′_∓.

We have Q_{BRST} (S^±)^2 = e^{±b̃c}[η^±e^{2ϕ±−ϕ∓} G^∓_{−3/2}V_±V^′_∓ + (∂η^± + ∂ϕ_±η^±)e^{2ϕ±−ϕ∓} G^∓_{−1/2}V_±V^′_∓ + ce^{±(ϕ+−ϕ− )}(L_{−1} ± J_{−1})V_±V^′_∓] . (6.8)

The second and the third terms in the RHS are null. This follows directly from the form of the primitive null vectors (6.7). Whereas the first term can be represented as a sum of descendants of the g and f-series null vectors (6.7) because of the commutation relations

[L_{−1} + J_{−1}, G^−_{1/2}] = −G^−_{3/2} , [L_{−1} − J_{−1}, G^+_{−1/2}] = −G^+_{−3/2} . (6.9)

Consider now a general situation. From (3.2) we find that any primary V_{j,m} belongs to the g-series and has two null vectors at levels l = j +^1_2 ± m while a primary V^′_{h,m}′ belongs to the g series if l = m^′ +^1_2 ± h ∈^1_2 Z. The corresponding SL(2) representation based on V^′_{h,m}′ is finite if h < 0. The condition that the total R-charge of the operator V_{j,m}V_{h,m}′ is an integer R implies that m − m^′ =^k_2 R. The total dimension of this operator is Δ = (j + h)(j − h + 1) k + (m + m^′)R 2 . (6.10)

Generically for Δ to be an integer or a half-integer one has to set h+j = 0 or h+j = −k/2 (note the unitarity bounds on h and j). Or alternatively one can have the reflected equations with h replaced by 1 − h. In the remainder of this section we will concentrate on the case h = −j. (Cohomologies based on the matter primaries with h + j = −k/2 can be obtained by applying the spectral flow to the cohomologies based on the f-series considered in the previous two sections.) Since |m| ≤ j, |m^′| ≤ h it follows that in m = m^′ in this case. Denote such a primary VV^′ ≡ V_{j,m}V_{−j,m}. Its total R-charge and dimension are zero. The prescribed picture numbers Π_± = 0 and the vanishing total R-charge allow for an operator of the form

O = F (b, b̃, c, c̃)(γ^+)^{N+} (γ_−)^{N−} (β^+)^{M+} (β^−)^{M−} VV^′ . (6.11)

The R-charge conservation requires N_+ − N_− − M_+ + M_− = 0. We further note that the combinations γ^−β^+ and γ^+β^− do not carry any charges except for the conformal weight 1. Since there are no operators in the ghost Fock space with ghost number zero and negative conformal dimension the above two combinations can be dropped. Since β^± have positive conformal dimension this leaves us with the powers (γ^+γ^−)^N . The latter have ghost number 2N and conformal dimension −N. One finally notes that there are no combinations of the remaining ghosts b, c, b̃, c̃ that can compensate both of those charges. We conclude that N = 0. The only uncharged combination of the remaining ghosts is cb̃. The upshot of these considerations is that the only ghost structure that can be present in a nontrivial cohomology representative based on the VV^′ is cb̃. (The above discussion concerned the primaries themselves, by similar considerations one can conclude that no descendant of such a family can be present in a nontrivial cohomology.) By acting with the BRST charge Q_{BRST} on an operator of the form

e^{αcb̃}VV^′ (6.12)

we obtain e^{αcb̃}[γ^+G^−_{1/2} + γ^−G^+_{−1/2}]VV^′ + cL_{−1}VV^′ − αcJ_{−1}VV^′ . (6.13) The right hand side of this expression has a zero norm only if VV^′ is the identity operator and α = 0. Thus we see that (up to the operators obtained by applying the spectral flow to the f-series based cohomologies) the identity operator is essentially the only cohomology in picture (0, 0) based on the g-series.

7 Conclusions and future directions

In this paper we studied BRST cohomologies at ghost number zero in the N = 2 minimal string theory. Such cohomologies are related to null vectors present in the SU(2)/U(1) and SL(2)/U(1) parafermion representation spaces on which one builds up the matter sector of the theory. We explicitly constructed the ground ring elements corresponding to level one and level two primitive null states belonging to the f-series of degenerate representations. The superparafermion fusion rules together with our analysis of the cohomologies based on the g-series imply that these elements generate all of the ground ring^1. A particularly simple subring isomorphic to the Z_k ring, where k is the level of

1 There can still be some accidental cohomologies based on the g-series at higher pictures, but we do not think those can be of much practical value

parafermion algebras, is generated by the cohomologies based on the degenerate operators with the null states at level one. This construction is described in detail in section 4 of this paper.

As mentioned in the introduction, the study of the ground ring in the N = 2 minimal string theory presented in this paper is motivated by a number of potential applications. One of them is the structure of topological amplitudes on the CHS background. To be able to apply the ground ring in this context one needs to investigate the structure of the module over the ground ring that is carried by the physical operators with ghost number one. Possible contact terms in the correlators also need to be understood. We hope to address these issues and to compute some amplitudes explicitly by this method in the future.

Another interesting direction is extending the interrelations between D-branes, the ground ring and a spectral curve found in [3] to the N = 2 minimal strings. It was found in [3] that the geometrical object behind minimal bosonic and minimal type 0 strings is a complex curve parameterized by a complexified boundary Liouville constant. The singularities of this curve are in correspondence with the Liouville theory ZZ-branes [4] on the one hand and with the ground ring and its module relations on the other. Dbranes in N = 2 super Liouville theory were studied in a number of papers [26–29]. The relations between the N = 2 analogs of the ZZ-branes found in [26] and their FZZT-brane [30] counterparts suggest that in the N = 2 case there is a complex surface analogous to the spectral curve of [3]. We will report on the details of its construction and the relations with the ground ring elsewhere [31]. Elucidating this structure potentially may be useful for finding a matrix model description of the N = 2 two-dimensional black hole and little strings.

Acknowledgements

We are grateful to D. Belov, D. Friedan, D. Kutasov and G. Moore for useful discussions. This work was partially supported by DOE grant DE-FG02-96ER40949.

A N = 2 superconformal ghosts

T^{gh} = 2∂cb + c∂b + ∂c̃b̃ − 3 2 (∂γ^−β^+ + ∂γ^+β^−) − 1 2 (γ^−∂β^+ + γ^+∂β^−) , G^±_{gh} = −2γ^±b ± 2∂γ^±b̃ ± 2γ^±∂b̃ + 3 2 ∂cβ^± + c∂β^± ± c̃β^± , J^{gh} = ∂(cb̃) + γ^−β^+ − γ^+β^− . (A.1)

These operators satisfy N = 2 algebra [32]. The super ghosts OPE reads β^±(z)γ^∓(w) ∼ −1 z − w (A.2)

We bosonise superconformal ghosts as

β^± ∼= e^{−ϕ∓} ∂ξ^±; γ^± ∼= η^±e^{ϕ±} (A.3)

which implies η^±(z)ξ^∓(0) ∼ 1 z (A.4)

In (A.3) ϕ is the canonically normalized scalar. It is sometimes convenient to express the BRST current in terms of bosonised ghosts

J_{BRST} = cT + η^+e^{ϕ+} G^− + η^−e^{ϕ−} G^+ + c̃J+

c[∂cb + ∂c̃b̃ −^1_2 (∂ϕ^+)^2 −^1_4 ∂^2ϕ^+ −^1_2 (∂ϕ^−)^2 −^1_4 ∂^2ϕ^− − η^+∂ξ^− − η^−∂ξ^+] −2η^+e^{ϕ+} η^−e^{ϕ−} b − ∂(η^−e^{ϕ−} )η^+e^{ϕ+}b̃ + ∂(η^+e^{ϕ+} )η^−e^{ϕ−}b̃ 3 4 ∂c(∂ϕ^+ + ∂ϕ^−) + c̃(∂ϕ^− − ∂ϕ^+) (A.5) Below are expressions for BRST variations of certain operators in the ghost CFT {Q, c} = c∂c − 2γ^−γ^+ {Q, γ^±} = c∂γ^± −^1_2 γ^± ± c̃γ^± {Q, c̃} = c∂c̃ + 2γ^−∂γ^+ − 2γ^+∂γ^− {Q, b̃c} = 2γ^−γ^+b̃ + cJ − c(∂ϕ^+ − ∂ϕ^−) {Q, e^{−ϕ+} e^{−ϕ−} } = ∂ce^{−ϕ+} e^{−ϕ−} + c∂(e^{−ϕ+} e^{−ϕ−} ) {Q, e^{ϕ+} e^{−ϕ−} } = −∂ce^{ϕ+} e^{−ϕ−} + c∂(e^{ϕ+} e^{−ϕ−} ) + η_+e^{2ϕ+} e^{−ϕ−} G^− + 2c̃e^{ϕ+} e^{ϕ−} + 2η^−η^+e^{2ϕ+}b̃ (A.6)

B Superparafermions and their fusion rules

Here we summarize some basic facts on the SL(2)/U(1) and SU(2)/U(1) superparafermions introduced in section 2. (The two theories are closely related, and most of the formulae differ by the substitution k→ − k). In the following we will suppress antiholomorphic terms. The R-current of N = 2 algebra of superparafermions can be bosonised as

J_R = i √ c 3 ∂X_R . (B.1)

The expressions for N = 2 primaries in the R sector are [20] Δ[V^{(sl,susy)} h;m (R, ±)] = − h(h − 1) k + (m ±^1_2 )^2 k + 1 8 (B.2) and q_{sl,R} = ± 1 2 + 2m ± 1 k (B.3)

The corresponding SU(2)/U(1) formulae are Δ[V^{(su,susy)} h;m (R, ±)] = j(j + 1) k − (m ±^1_2 )^2 k + 1 8 (B.4) and q_{su,R} = ± 1 2 − 2m ± 1 k (B.5)

The expressions for the conformal dimensions and R-charges of parafermion vertex operators in the NS sector are given by (2.8)–(2.11). The superconformal primaries V^′_{h,m} are related to the primaries of the bosonic SL(2)/U(1) theory (see e.g. [20]) V^′_{h,m} = V^{(sl)}_{h;m} e^{iαmXR} , α_m = 2m √ k(k + 2)

(B.6)

Primaries of the bosonic SL(2)/U(1) theory are related to the primaries of SL(2)_{k−2} WZW model Φ_h(x, x̄) through the coupling to the extra U(1) whose bosonised current we denote by ∂Y . In addition, there is an analog of Fourier transform, which diagonalizes Φ_h(x, x̄) in the J^{sl}_3 basis (eigenvalue of J^{sl}_3 is conventionally denoted by m). V^{(sl)}_{h;m,m̄} = e^i √_{2k (mY −m̄Ȳ )} ∫ d^2xx^{h+m−1}x̄^{h+m̄−1}Φ_h(x, x̄) (B.7)

The construction of SU(2)/U(1) parafermions is very similar and can be found for example in [33, 34]

The SU(2) fusion rules are

[V k−2_{2 ,m}][V k−2_{2 ,m}′ ] ∼ [V_{0,m+m}′ ] = [G^−_{1/2}V k−2_{2 ,m+m}′_{−k/2}] if k − 2 > m + m^′ > 0 [G^+_{−1/2}V k−2_{2 ,m+m}′_{+k/2}] if 2 − k < m + m^′ < 0 1 if m + m^′ = 0

(B.8)

while in SL(2) we have [26, 27] [V^′_{−k/2,m}][V^′_{−k/2,m}′] ∼ [G^−_{1/2}V^′_{−k/2,m+m}′_{+k/2}] + [V^′_{−k,m+m}′ ] + [V_{0,m+m}′ ] if 0 > m + m^′ > −(k − 2) .

(B.9)

For integral level k, that is the case of interest for the minimal N = 2 strings, a special degeneration occurs in the SL(2)/U(1) OPE B.9 - the family [V^′_{−k,m+m}′ ] drops out of the theory (see e.g. [35]).

In general if we have an OPE of the type

V^′_1(z)V^′_2(0) ∼ CG^−_{1/2}V^′_3(0). (B.10) with the fusion coefficient C, it turns out that the fusion coefficients in the following OPE’s G^+_{−1/2}V^′_1(z)V^′_2(0) ∼ C_1V^′_3(0) V^′_1(z)G^−_{1/2}V^′_2(0) ∼ C_2V^′_3(0),

(B.11) are C_1 = −C_2 = −C(2Δ_3 + q_3). (B.12)

We will also need to know the fusion coefficients in the following OPE

G^−_{1/2}V^′_1(z)V^′_2(0) ∼ C_3G^−_{3/2}G^−_{1/2}V^′_3(0) (B.13)

To compute it we consider the following 3-pt function^1

⟨G^−_{1/2}V^′_1V^′_2G^+_{−3/2}G^+_{−1/2}V^′_3⟩ = ⟨G^−_{1/2}V^′_1G^+_{−1/2}V^′_2G^+_{−1/2}V^′_3⟩

(_1

z_1 −z_3 − 1 z_2 −z_3 ) − (2Δ_1+q_1) (z_1−z_3 )^2 ⟨V ′ 1V^′_2G^+_{−1/2}V^′_3⟩

(B.14)

This expression allows us to find also the following fusion coefficient

G^−_{1/2}V^′_1G^+_{−1/2}V^′_2 ∼ C_4G^−_{1/2}V^′_3 (B.15)

We find C_4 + C(2Δ_1 + q_1) = 0 C_3(2Δ_3 + 3q_3 − 2 + 2c̃) = −C(2Δ_1 + q_1)

(B.16)

The expressions above are derived for the fusion rules (B.9) which are relevant for the SL(2)/U(1) parafermions. Similar expressions hold for their SU(2)/U(1) counterparts; one is instructed to invert the sign of the U(1)_R charge.

There is an alternative way to derive the fusion rules and the structure constants discussed above. It involves considering the null vectors and their effect on the OPEs. Let’s start with the simplest case of level one null vector. As discussed above the null vector has the following form

[(q_1 − 1)L_{−1} − (2Δ_1 + 1)J_{−1} + G^+_{−1/2}G^−_{1/2}]|Δ_1, q_1⟩ ≡ f̂|Δ_1, q_1⟩, (B.17)

where Δ_1 and q_1 satisfy 2(c̃ − 1)Δ_1 = q^2_1 − c̃. (B.18) We will be interested in OPE’s of the following type (we suppress the z dependence)

V^′_1(z)V^′_2(0) ∼ CG^+_{−1/2}V^′_3(0)

G^−_{1/2}V^′_1(z)G^+_{−1/2}V^′_2(0) ∼ C_4G^−_{1/2}V^′_3(0)

(B.19)

1 Note that G^−_{3/2} G^−_{1/2} V^′_3 is a Virasoro primary and hence has simple scaling behavior at infinity.

To find the allowed V^′_3 we consider the following correlator

⟨f̂ V^′_1(z_1)V^′_2(z_2)G^+_{−1/2}Ṽ^′_3⟩ = 0, (B.20)

where Ṽ^′_3 is the conjugate of V^′_3. Expanding (B.20) we find [ (q_1 − 1)∂_{z1} − (2Δ_1 + 1) ( −^{q2}_{z21} +^{q1+q2}_{z31} )] ⟨V^′_1(z_1)V^′_2(z_2)G^+_{−1/2}Ṽ^′_3⟩ =

−⟨G^−_{1/2}V^′_1(z_1)G^+_{−1/2}V^′_2(z_2)G^+_{−1/2}Ṽ^′_3⟩,

(B.21)

where z_{ij} = z_i − z_j . Using this equation we find the following relations

(q_1 − 1) ( Δ_{21} −^1_2 ) C = −(2Δ_1 + 1)q_2C + C_4 ( Δ_{31} +^1_2 ) (q_1 − 1) = (2Δ_1 + 1)(q_1 + q_2),

(B.22)

where Δ_{21} = Δ_2 + Δ_1 − Δ_3 and Δ_{31} = Δ_3 + Δ_1 − Δ_2. One can check that these equations are in complete agreement with (B.9) and (B.16). In terms of h, m quantum numbers (B.19) can be written as follows

V^′_− k_{2 ,m1} V^′_{h,m2} ∼ CG^−_{1/2}V^′_{h,m1+m2 +k/2}. (B.23)

The coefficient C in (B.19) will become zero for k and k − m_1 integer, since two additional null vectors associated with the zeros of polynomial (3.2) will appear. This problem can be dealt with by starting from irrational k and redefining the SL(2)/U(1) operators in such a way to make C finite.

C Fusion of the O^{(1)}m operators.

Here we give details of the fusion of operators O^{(1)}m constructed in section 4. We start by fixing the normalization of the level one SL(2)/U(1) operators. Consider the OPE involving the operator V^{′(1)}_m , with m ∈ R and a generic operator V^′_{h,m}′ ,

V^{′(1)}_m (z)V^′_{h,m}′ (0) ∼ C_↑ ( h − m − m^′ + k 2 )_{−1} G^+_{−1/2}V^′_{h,m+m}′_− k_2 + C_↓ ( h + m + m^′ + k 2 )_{−1} G^−_{1/2}V^′_{h,m+m}′_+ k_2 + · · · , (C.1)

where we suppressed the z-dependence and the ellipses stand for two additional terms in the OPE, which are not relevant for our consideration. The structure constants C_↑ and C_↓ can be found in e.g. in [27]. Up to an uninteresting overall multiplicative factors these are C^2_↑ =

Γ(1 − h − m^′)Γ(1 +^k_2 − m)Γ(h + m + m^′ −^k_2 − 1) Γ(h + m^′)Γ(−^k_2 + m)Γ(2 − h − m − m^′ +^k_2 )

(C.2)

C^2_↓ =

Γ(1 − h + m^′)Γ(1 +^k_2 + m)Γ(h − m − m^′ −^k_2 − 1) Γ(h − m^′)Γ(−^k_2 − m)Γ(2 − h + m + m^′ +^k_2 )

(C.3)

We immediately see that both C_↑ and C_↓ vanish for m = − k 2 , − k 2 + 1, · · · , k 2 , (C.4)

as expected. Redefining the SL(2)/U(1) operators as

Ṽ ′_m ≡ lim_{ϵ→0} V^′_{m+ϵ} √ Γ ( − k 2 + m + ϵ ) , (C.5)

we see that both C̃_↑ and C̃_↓ become finite for m satisfying (C.4). Note that the case of h = −k/2 and m + m^′ = 0 is special since the coefficients in (C.1) blow up. At this point we need to switch our attention to the whole operator O^{(1)}m . There is an additional factor K_{m1 ,m2} in the fusion of O^{(1)}m ’s

P CO^+O^{(1)}_{m1} P CO^−O^{(1)}_{m2} = C_{m1,m2} K_{m1 ,m2} O^{(1)}_{m3} . (C.6)

Here m_3 = m_1 +m_2 −k/2 and C_{m1,m2} ∝ C_↑(m_1, m_2) ( h − m_1 − m_2 +^k_2 )_{−1} for m_1 +m_2 > 0 and m_3 = m_1 + m_2 + k/2, C_{m1 ,m2} ∝ C_↓(m_1, m_2) ( h + m_1 + m_2 +^k_2 )_{−1} for m_1 + m_2 < 0.

For m_1 + m_2 = 0 the corresponding fusion rule is defined as follows. First of all note that the relevant SU(2) fusion rule has the form

[V^{(1)}_m ][V^{(1)}_{−m}] ∼ [1] (C.7)

so that both terms in the right hand side of (C.1) contribute to

O^{(1)}_{− k2} = O^{(1)}_{k2} = c∂ξ^+V^{′(1)}_{− k2} e^{−2ϕ−} e^{−ϕ+} + ∂ξ^−cV^{′(1)}_{k2} e^{−2ϕ+} e^{−ϕ−} . (C.8)

The relevant proportionality coefficient K_{m,−m} in this case vanishes precisely in such a way that the product C_{m1,m2} K_{m1 ,m2} becomes finite. The operator (C.8) acts as an identity operator within the ground ring.

D Action of the picture raising operators on BRST cohomologies

Here we give an example of a kernel and a cokernel of a picture-raising operator (2.7) considered on BRST cohomologies. We begin with an example of a situation when P CO^± map BRST non-trivial operators into BRST trivial ones. The simplest example of such phenomenon is the operator O = ce^{−ϕ−} e^{−ϕ+} 1 . (D.1) This operator is mapped into zero by the action of both P CO^±. In general BRST nontrivial operators of the type O = ce^{−ϕ−} e^{−ϕ+} VV^′ , (D.2) where V and V^′ are (anti-)chiral primaries of SU(2)/U(1) and SL(2)/U(1) respectively are mapped into zero by the action of P CO^+ (P CO^−)^1

Consider now a BRST invariant operator in the standard (−1, −1) picture O = ce^{−ϕ−} e^{−ϕ+} V^′V . (D.3) The operator V and V^′ should be primaries of the corresponding N = 2 algebras, in order for O to be BRST closed. Now let us perform picture changing into the (0, −1) picture. The result is O^′ = ce^{−ϕ−} G^−_{12} (V^′V) . (D.4)

In general the BRST cohomologies in this picture have the following form

Õ = ce^{−ϕ}−Ṽ^′Ṽ , (D.5)

where Ṽ^′Ṽ satisfies G^+_r (Ṽ^′Ṽ) = 0 , G^−_{r−1}(Ṽ^′Ṽ) = 0 r > 0 , Δ(Ṽ^′Ṽ) =^1_2 , q((Ṽ^′Ṽ) = −1 .

(D.6)

These conditions are indeed satisfied for the O^′, but it is easy to see that in this picture there are additional BRST invariant operators corresponding to the fields which are antichiral in SU(2)/U(1) and SL(2)/U(1) separately. This operator is based on primaries in SU(2)/U(1) and SL(2)/U(1) which are labeled the following quantum numbers

j^{su} = m^{su} =^k_2 − h , m^{sl} = −h , h^{sl} = h . (D.7)

A simple combinatorial analysis, similar to the one done in section 6 of the paper, shows that one cannot write down an operator with ghost number one, picture (−1, −1), vanishing total R-charge and dimension, which would be based on a matter primary with dimension 1/2 and R-charge -1. Thus there is no P CO^+ pre-image for operator (D.5).

1 It should be noted, however, that in contrast with the case considered in section 2, here the image of the P CO^± is not an exact zero but rather a null state.

References [1] B. H. Lian and G. J. Zuckerman, “New selection rules and physical states in 2-D gravity: Conformal gauge,” Phys. Lett. B 254, 417 (1991).

[2] E. Witten, “Ground ring of two-dimensional string theory,” Nucl. Phys. B 373, 187 (1992) [arXiv:hep-th/9108004].

[3] N. Seiberg and D. Shih, “Branes, rings and matrix models in minimal (super)string theory,” JHEP 0402, 021 (2004) [arXiv:hep-th/0312170].

[4] A. B. Zamolodchikov and A. B. Zamolodchikov, “Liouville field theory on a pseudosphere,” arXiv:hep-th/0101152.

[5] H. Ooguri and C. Vafa, “Geometry of N=2 strings,” Nucl. Phys. B 361, 469 (1991). [6] H. Ooguri and C. Vafa, “N=2 heterotic strings,” Nucl. Phys. B 367, 83 (1991). [7] O. Lechtenfeld and A. D. Popov, “Closed N = 2 strings: Picture-changing, hidden symmetries and SDG hierarchy,” Int. J. Mod. Phys. A 15, 4191 (2000) [arXiv:hepth/9912154].

[8] K. Hori and A. Kapustin, “Duality of the fermionic 2d black hole and N = 2 Liouville theory as mirror symmetry,” JHEP 0108, 045 (2001) [arXiv:hep-th/0104202].

[9] O. Aharony, “A brief review of ’little string theories’,” Class. Quant. Grav. 17, 929 (2000) [arXiv:hep-th/9911147].

[10] D. Kutasov, “Introduction to little string theory,” Prepared for ICTP Spring School on Superstrings and Related Matters, Trieste, Italy, 2-10 Apr 2001 [11] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, “Linear dilatons, NS5-branes and holography,” JHEP 9810, 004 (1998) [arXiv:hep-th/9808149].

[12] M. Berkooz and M. Rozali, “Near Hagedorn dynamics of NS fivebranes, or a new universality class of coiled strings,” JHEP 0005, 040 (2000) [arXiv:hep-th/0005047].

[13] T. Harmark and N. A. Obers, “Hagedorn behaviour of little string theory from string corrections to NS5-branes,” Phys. Lett. B 485, 285 (2000) [arXiv:hep-th/0005021].

[14] D. Kutasov and D. A. Sahakyan, “Comments on the thermodynamics of little string theory,” JHEP 0102, 021 (2001) [arXiv:hep-th/0012258].

[15] O. Aharony, A. Giveon and D. Kutasov, “LSZ in LST,” Nucl. Phys. B 691, 3 (2004) [arXiv:hep-th/0404016].

[16] A. Parnachev and A. Starinets, “The silence of the little strings,” arXiv:hepth/0506144.

[17] C. G. . Callan, J. A. Harvey and A. Strominger, “Supersymmetric string solitons,” arXiv:hep-th/9112030.

[18] A. Giveon and D. Kutasov, “Little string theory in a double scaling limit,” JHEP 9910, 034 (1999) [arXiv:hep-th/9909110].

[19] N. Berkovits and C. Vafa, “N=4 topological strings,” Nucl. Phys. B 433, 123 (1995) [arXiv:hep-th/9407190].

[20] O. Aharony, B. Fiol, D. Kutasov and D. A. Sahakyan, “Little string theory and heterotic/type II duality,” Nucl. Phys. B 679, 3 (2004) [arXiv:hep-th/0310197].

[21] M. B. Green and N. Seiberg, “Contact Interactions In Superstring Theory,” Nucl.

Phys. B 299, 559 (1988).

[22] C. Imbimbo, S. Mahapatra and S. Mukhi, “Construction of physical states of nontrivial ghost number in c ¡ 1 string theory,” Nucl. Phys. B 375, 399 (1992).

[23] W. Boucher, D. Friedan and A. Kent, “Determinant Formulae And Unitarity For The N=2 Superconformal Algebras In Two-Dimensions Or Exact Results On String Compactification,” Phys. Lett. B 172, 316 (1986).

[24] E. Kiritsis, “Character Formulae And The Structure Of The Representations Of The N=1, N=2 Superconformal Algebras,” Int. J. Mod. Phys. A 3, 1871 (1988).

[25] J. Bischoff and O. Lechtenfeld, “Path-integral quantization of the (2,2) string,” Int.

J. Mod. Phys. A 12, 4933 (1997) [arXiv:hep-th/9612218].

[26] C. Ahn, M. Stanishkov and M. Yamamoto, “ZZ-branes of N = 2 super-Liouville theory,” JHEP 0407, 057 (2004) [arXiv:hep-th/0405274].

[27] K. Hosomichi, “N = 2 Liouville theory with boundary,” arXiv:hep-th/0408172.

[28] D. Israel, A. Pakman and J. Troost, D-branes in N=2 Liouville and its mirror, Nucl.

Phys. B710 (2005) 529-576; hep-th/0405259.

[29] T. Eguchi, Modular Bootstrap of Boundary N=2 Liouville Theory, Comptes Rendus Physique 6 (2005) 209-217; hep-th/0409266.

[30] V. Fateev, A. Zamolodchikov and Al. Zamolodchikov, Boundary Liouville Field Theory I. Boundary State and Boundary Two-point Function, hep-th/0001012. J. Teschner, Liouville theory revisited, Class.Quant.Grav. 18 (2001) R153-R222; hepth/0104158.

[31] A. Konechny, A. Parnachev and D. Sahakyan, work in progress.

[32] J. Polchinski, “String theory. Vol. 2: Superstring theory and beyond,” 1998, Cambridge U. Pr.

[33] A. B. Zamolodchikov and V. A. Fateev, “Disorder Fields In Two-Dimensional Conformal Quantum Field Theory And N=2 Extended Supersymmetry,” Sov. Phys. JETP 63, 913 (1986) [Zh. Eksp. Teor. Fiz. 90, 1553 (1986)].

[34] Z. a. Qiu, “Nonlocal Current Algebra And N=2 Superconformal Field Theory In Two-Dimensions,” Phys. Lett. B 188, 207 (1987).

[35] J. Teschner, On structure constants and fusion rules in the SL(2, C )/SU(2) WZNW model, Nucl.Phys. B546 (1999) 390-422; hep-th/9712256.