Published by Institute of Physics Publishing for SISSA/ISAS Received: December 11, 2002 Accepted: May 2, 2003

Liouville field theory on an unoriented surface

Yasuaki Hikida

Department of Physics, Faculty of Science, University of Tokyo Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan E-mail: hikida@hep-th.phys.s.u-tokyo.ac.jp

Abstract: Liouville field theory on an unoriented surface is investigated, in particular, the one point function on a RP^2 is calculated. The constraint of the one point function is obtained by using the crossing symmetry of the two point function. There are many solutions of the constraint and we can choose one of them by considering the modular bootstrap.

Keywords: D-branes, Conformal Field Models in String Theory.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep052003002 /jhep052003002 .pdf

Contents

1. Introduction 1

2. Liouville field theory 2

3. One point function on a RP^2 3

4. Crosscap state and modular bootstrap 5

5. Conclusion 8

A. Several useful formulae 9

1. Introduction

In the recent development of the string theory, the D-branes become the crucial objects. Among other things, they are used for the investigation of the string duality and AdS/CF T correspondence. However, it is known that there are tadpoles in the configurations only with D-branes and we have to introduce the orientifolds in order to cancel the tadpoles. Thus, it is also important to investigate the orientifolds.

The most famous example is the type I string theory, which can be regarded as the type IIB string theory with (1+9) dimensional orientifold plane. This theory is defined on unoriented worldsheets with and without boundary. Although we know well the orientifolds in the flat space, we have little knowledge about the orientifolds in the curved backgrounds. Only in the case of rational conformal field theory, the orientifolds have been investigated [1]–[3] and their geometrical pictures are given recently [4]–[9].

In this paper, we consider the Liouville field theory on an unoriented surface as the simple example of non-rational case. Liouville field theory is also interesting because it appears in several important systems. This theory was much investigated about ten years ago because of the relation with the two dimensional quantum gravity. It is known that the Liouville field theory is dual to the SL(2, R)/ U(1) WZW model, which appears in superstring theory as an interesting solvable case. In addition, the AdS_3 string theory is resemble to the Liouville field theory, thus it is important in a sense of the AdS/CF T correspondence.

The Liouville field theory with boundary is studied in [10]–[16] and we will follow their analysis. First we obtain the solutions of the one point function by making use of the crossing symmetry on the two point function. Then we determine the precise form by considering the one loop partition function. The D-branes in the AdS_3 space are much

– 1 – investigated [17]–[33] in the similar manner. The orientifold of the AdS_3 space is also constructed in [34], however the constraint is too weak and we cannot determine the precise form of the one point functions.^1 It is a better point that we can determine the exact form in the Liouville field theory case.

The organization of this paper is as follows. In section 2, we review the Liouville field theory on a sphere and summarize our notations. In section 3, the one point function on a RP^2 is examined. We obtain the constraints from the crossing symmetry of the two point functions and then we solve these constraints. In section 4, we consider the modular bootstrap and the precise form of the one point function is determined. The conclusion and discussions are given in section 5 and the several useful formulae are summarized in appendix A.

2. Liouville field theory

The Liouville Field Theory is defined by the action S = 1 4π ∫ d^2x √ g [ g^{μν} ∂_μϕ∂_ν ϕ + QRϕ + 4πμe^{2bϕ} ] , (2.1)

where g is the metric and R is the scalar curvature. The quantity Q = b + 1/b is called as the background charge and μ is called as the cosmological constant. By setting μ = 0, the stress tensors are given by

T (z) = −(∂ϕ)^2 + Q∂^2ϕ , T̄ (z̄) = −( ¯∂ϕ)^2 + Q ¯∂^2ϕ , (2.2)

and the central charge of the theory is c = 1 + 6Q^2. The primary fields are defined as V_α = exp(2αϕ(x)) with the conformal weights Δ_α = α(Q − α). The normalizable states correspond to the operators with α = Q/2+iP , where we restrict P ≥ 0 since the operators V_α and V_{Q−α} are related by so called reflection relations [36].

We can investigate the conformal field theory by considering the correlation functions of the fields. In principle, the multi-point correlation functions can be calculated from the information of the two point functions and three point functions: ⟨V_α(x)V_α(y)⟩ = D(α) |x − y|^{4Δα} , ⟨V_{α1} (x_1)V_{α2} (x_2)V_{α3} (x_3)⟩ =

C(α_1, α_2, α_3) |x_1 − x_2|^{2Δ12} |x_2 − x_3|^{2Δ23} |x_3 − x_1|^{2Δ31}

, (2.3)

where we use

Δ_{12} = Δ_{α1} +Δ_{α2} −Δ_{α3} , Δ_{23} = Δ_{α2} +Δ_{α3} −Δ_{α1} , Δ_{31} = Δ_{α3} +Δ_{α1} −Δ_{α2} . (2.4)

These quantities can be obtained by using the following technique. Among the general states, there are special states which are degenerate

Φ_{m,n} = e(^{(1−m) 1b +(1−n)b})^ϕ , (2.5)

1The one point function can be determined up to overall factor with the help of the geometric interpretation [34].

– 2 – and they satisfy some differential equations. The simplest one is given for Φ_{1,2} = V_{−b/2} as ( 1 b^2

∂^2 + T (z) ) V_{−b/2} = 0 . (2.6)

When considering the operator product expansions including the degenerate states, these differential equations restrict the number of primary fields. For the above example Φ_{1,2} = V_{−b/2}, we find V_{−b/2}V_α ∼ C_+V_{α−b/2} + C_−V_{α+b/2} , (2.7)

where the coefficients can be calculated as C_+ = 1 and C_− = −μπ γ(2bα − 1 − b^2) γ(−b^2)γ(2bα) , γ(x) = Γ(x) Γ(1 − x)

. (2.8)

Using this operator product expansion, we can evaluate the three point function including this field in two ways. Equating two quantities, we obtain the constraint and the solution is given by D(α) = 1 b^2 (πμγ(b^2))^{(Q−2α)/b} γ(2bα − b^2) γ(2 − 2α/b + 1/b^2)

. (2.9)

The constraint does not determine the unique solution, however there is a quite strong constraint that the quantities obtained should be related by the duality b ↔ 1/b. This duality should be understood by also replacing the cosmological constant μ with μ̃ satisfying πμ̃γ ( 1 b^2 ) = ( πμγ(b^2) )_{1/b}2 . (2.10)

The general three point functions can be evaluated in the similar way and their explicit forms are obtained in [35]–[39].

3. One point function on a RP^2

For the oriented surface with boundary, there are several constraints of the theory which are called as the sewing constraints [40], and for the unoriented surface, there are three types of additional constraints [41]. In this section, we use the constraint related to the one point functions on the RP^2 and in the next section we see the other two types of constraints from Möbius strip and Klein bottle amplitudes.

The one point function on a RP^2 can be calculated by using the mirror technique. In the case of the one point function on a disk, we can use the upper half plane by conformal mapping from the disk. Then, we can map from the upper half plane to the whole plane by using the involution I(z) = z̄. There is a fixed line Im z = 0, which corresponds to the boundary. In the case of the one point function on a RP^2 , we can also use the upper half plane, however we should use other involution I(z) = −1/z̄ and there is no boundary. By using these mirror techniques, the one point function on a RP^2 can be written as ⟨V_α(z, z̄)⟩_{RP}2 = U(α) |1 + zz̄|^{2Δα} , (3.1)

where the z dependence is determined by the conformal symmetry.

– 3 –

In order to determine the coefficient U(α), we use the two point function including the degenerate field V_{−b/2} just like the bulk case as ⟨V_{−b/2}(z, z̄)V_α(w, w̄)⟩_{RP}2 . (3.2) When two points z and w are close, it is natural to use the OPE (2.7) and we can write as ⟨V_− b_2 (z, z̄)V_α(w, w̄)⟩_{RP}2 = |1 + ww̄|^{2Δα−2Δ−b/2} |1 + zw̄|^{4Δα} × (3.3) × ( C_+(α)U ( α − b 2 ) F_+(η) + C_−(α)U ( α + b 2 ) F_−(η) ) , where we define the cross ratio as η = |z − w|^2 (1 + zz̄)(1 + ww̄)

. (3.4)

Since this correlation function includes the degenerate field Φ_{1,2} = V_{−b/2} which satisfies (2.6), the conformal blocks F_± also satisfy the differential equation and they can be obtained by solving the differential equation. These solutions are expressed by the hypergeometric functions as

F_+(η) = η^{bα}(1 − η)^{bα}F (−1 + 2bα − 2b^2, 2bα, 2bα − b^2; η) , F_−(η) = η^{1−bα+b2} (1 − η)^{bα}F (1 + b^2, −b^2, 2 − 2bα + b^2; η) . (3.5)

Some properties of the hypergeometric functions are summarized in appendix A.

We should notice that the involution I acts to the field as I : V_α(z, z̄) → ϵ_αV_α ( − 1 z̄ , − 1 z ) , (3.6)

where the phase factor should be ϵ_α = ±1 since the product of two involutions is the identity. In the rational conformal field theory case, the label of fields takes a discrete number, therefore we can choose an arbitrary sign for the different fields as long as they are consistent with the OPE. On the other hand, the label of fields in our case takes the continuous value. Thus we can see that the consistency of OPE implies ϵ = +1. By using this fact, we find ⟨V_α(z, z̄) · · ·⟩ = ⟨ V_α ( − 1 z̄ , − 1 z ) · · · ⟩ , (3.7)

and this equation gives constraint to the one point function [41].

The following two point function can be calculated in the similar way as ⟨ V_{−b/2}(z, z̄)V_α ( − 1 w̄ , − 1 w )⟩ RP^2 = (3.8) = |1 + ww̄|^{2Δα−2Δ−b/2} |1 + zw̄|^{4Δα} ( C_+(α)U ( α − b 2 ) F_+(1 − η) + C_−(α)U ( α + b 2 ) F_−(1 − η) ) .

– 4 –

Using the properties of the hypergeometric functions in appendix A, we obtain

F_+(1 − η) =

Γ(2bα − b^2)Γ(1 − 2bα + b^2) Γ(1 + b^2)Γ(−b^2)

F_+(η) + + Γ(2bα − b^2)Γ(−1 + 2bα − b^2) Γ(−1 + 2bα − 2b^2)Γ(2αb) F_−(η) , F_−(1 − η) =

Γ(2 − 2bα + b^2)Γ(1 − 2bα + b^2) Γ(1 − 2bα)Γ(2 − 2αb + 2b^2)

F_+(η) + + Γ(2 − 2bα + b^2)Γ(−1 + 2bα − b^2) Γ(1 + b^2)Γ(−b^2)

F_−(η) . (3.9)

Now we can compare two quantities (3.3) and (3.8) by using (3.7). Then the following constraints are obtained as U ( α − b 2 ) = Γ(2bα − b^2)Γ(1 − 2bα + b^2) Γ(1 + b^2)Γ(−b^2) U ( α − b 2 ) − − πμ γ(−b^2)

Γ(1 − 2bα + b^2)Γ(−1 + 2bα − b^2)

Γ(2bα)Γ(2 − 2bα + 2b^2) U ( α + b 2 ) , U ( α + b 2 ) = Γ(2 − 2bα + b^2)Γ(−1 + 2bα − b^2) Γ(1 + b^2)Γ(−b^2) U ( α + b 2 ) − − γ(−b^2) πμ Γ(2 − 2bα + b^2)Γ(2bα − b^2) Γ(1 − 2bα)Γ(−1 + 2bα − 2b^2) U ( α − b 2 ) . (3.10)

These constraints can be solved and the solutions are of the forms as U(α) = 2 b ( πμγ(b^2) )_{(Q−2α)/2b} Γ(2bα − b^2)Γ ( 2α b − 1 b^2 − 1 ) f(α) . (3.11)

The function f(α) is given by the linear combination of the following two functions as cos (( b + 1 b ) π ( α − Q 2 )) , cos (( b − 1 b ) π ( α − Q 2 )) , (3.12)

where we have used the duality b ↔ 1/b in order to restrict the form of the solutions. We should notice that these solutions satisfy the reflection relation [36]

U(α) = U(Q − α)D(α) , (3.13)

where D(α) is the coefficient of the two point function (2.9). Although we cannot determine the coefficients at this level, they can be fixed by considering the Möbius strip amplitude as we will see in the next section.

4. Crosscap state and modular bootstrap

It is convenient to introduce the boundary states and the crosscap state for considering the Liouville field theory on the annulus, Möbius strip and Klein bottle. First, let us review the analysis of the boundary states [10, 12]. The Virasoro character of the general

– 5 – non-degenerate representation α = Q/2 + iP is given by

χ_P (τ) = Tr_{HP} (q^{L0−c/24}) = q^{P 2} η(τ) , (4.1)

where the eta function η(τ) is defined in appendix A. The modular transformation can be written as χ_P ( − 1 τ ) = √ 2 ∫ dP^′χ_P ′ (τ)e^{4πiP P ′} . (4.2) For the degenerate state Φ_{m,n}, the character is χ_{m,n}(τ) = q^{− 14} (^{mb +nb})^2 − q^{− 14} (^{mb −nb})^2 η(τ) , (4.3)

which transforms under the modular transformation as χ_{m,n} ( − 1 τ ) = √ 2 ∫ dP χ_P (τ) ( cosh ( 2πP ( m b + nb )) − cosh ( 2πP (m b − nb )))

= 2 √ 2 ∫ dP χ_P (τ) sinh ( 2πmP b ) sinh(2πnbP ) . (4.4)

The boundary states are described in terms of the Ishibashi states [42] which satisfy

I ⟨P |q^{12} (^{L0+L̄0− c12} )|P^′⟩_I = δ_{P,P} ′ χ_P (τ) . (4.5)

The general boundary states can be written by the linear combination of the Ishibashi states. The coefficients correspond to the one point functions since they can be calculated by the overlaps between the boundary states and closed string states.

The one point function on a pseudosphere was obtained in [12] and the corresponding boundary states are labeled by (m, n) as C ⟨m, n| = ∫ dP Ψ_{m,n}(P )_I ⟨P | . (4.6) The boundary state |1, 1⟩_C can be interpreted as a basic state and the wave function Ψ_{1,1}(P ) is

Ψ_{1,1}(P ) = 2^{3/4}2πiP Γ(1 − 2ibP )Γ (1 − 2iP /b) (πμγ(b^2))^{−iP/b} . (4.7) The other wave functions Ψ_{m,n} are expressed in this basis as

Ψ_{m,n}(P ) = Ψ_{1,1}(P ) sinh (2πmP /b) sinh(2πnbP ) sinh(2πP /b) sinh(2πbP )

. (4.8)

There are the other kind of boundary states which correspond to the one point functions on the disk [10]. The wave functions can be labeled by a continuous number s and they are given by

Ψ_s(P ) =

2^{−1/4}Γ(1 + 2ibP )Γ (1 + 2iP /b) cos(2πsP ) −2iπP (πμγ(b^2))^{−iP/b} . (4.9) The normalization of wave functions is determined by using the basic boundary states.

– 6 –

Next, we construct the crosscap state. For the Möbius strip amplitudes, it is convenient to introduce the following characters [1] as χ̂_α(q) = e^{−πi(Δα−c/24)}χ_α(− √ q) . (4.10)

The modular transformation of the Möbius strip can be performed by so called P matrix (P = √ T ST^2S √ T ). This matrix transforms τ → −1/(4τ) and for the character of the non-degenerate representation it can be given by e^{2πi(−1/4τ )P 2} η (−1/4τ ) = ∫ dP^′e^{2πiP P ′} e^{2πiτ P ′2} η(τ) , (4.11)

and for the character of the degenerate representation it can be written as

e^{−2πi}(^{− 14τ} )^{14} (^{mb +nb})^2 − e^{−2πi}(^{− 14τ} )^{14} (^{mb −nb})^2 η ( −^1_{4τ} ) = = ∫ dP e^{2πiτ P 2} η(τ) ( cosh ( πP (m b + nb )) − cosh ( πP ( m b − nb )))

= 2 ∫ dP e^{2πiτ P 2} η(τ) sinh ( πmP b ) sinh(πnbP ) . (4.12)

In the case of crosscap state, the Ishibashi states are defined by I ⟨C, P |q^{12} (^{L0+L̄0−c/12})|C, P^′⟩_I = δ_{P,P} ′ χ_P (τ) , I ⟨B, P |q^{12} (^{L0+L̄0−c/12})|C, P^′⟩_I = δ_{P,P} ′χ̂_P (τ) . (4.13)

In this basis, the crosscap state is represented as C ⟨C| = ∫ dP Ψ_C (P )_I ⟨C, P | , (4.14)

where Ψ_C (P ) is the wave function corresponding to the crosscap state.

In order to determine the wave function Ψ_C (P ), we use the character of the identity representation (m, n) = (1, 1). The modular transformation is given in (4.12) and it can be interpreted as

χ̂_{1,1} ( − 1 τ ) = ∫ dP χ̂_P (τ)Ψ_{1,1}(P )Ψ_C (−P ) . (4.15)

This equation determine the wave function including the normalization factors as

Ψ_C (P ) =

2^{−3/4}Γ(1 + 2ibP )Γ(1 + 2iP /b) −2iπP (πμγ(b^2))^{−iP/b} × × ( cosh ( πP ( b + 1 b )) − cosh ( πP ( b − 1 b ))) . (4.16)

This also determines the precise form of the one point function on the RP^2 (3.12).

– 7 –

Because we obtain the precise form of the crosscap state, we can calculate the other partition functions straightforwardly. The overlaps between the boundary states |m, n⟩_C (4.6) and the crosscap state |C⟩_C are given by Z_{m,n}(τ) = ∫ dP χ̂_P (τ)Ψ_{m,n}(P )Ψ_C (−P ) = 2 ∫ dP χ̂_P (τ) sinh (2πmP /b) sinh(2πnbP ) sinh (πP /b) sinh(πbP ) sinh (2πP /b) sinh(2πbP )

. (4.17)

By using the formula sinh(2πnbP ) sinh(2πbP ) = n−1∑ l=1−n,3−n,··· e^{2πlbP} , (4.18)

we find Z_{m,n}(τ) = m−1∑ k=1−m,3−m,··· n−1∑ l=1−n,3−n,··· χ̂_{2k+1,2l+1} ( − 1 τ ) . (4.19)

We should note that the coefficient of the character of the identity representation is less than one, which means that the crosscap state we have constructed is the irreducible one.

The other type of the Möbius strip amplitudes correspond to the overlaps between the boundary states parametrized by s and the crosscap state as

Z_s(τ) = ∫ dP χ̂_P (τ)Ψ_s(P )Ψ_C (−P ) = ∫ dP dP^′χ̂_P ′ ( − 1 τ ) e^{2πiP P ′} Ψ_s(P )Ψ_C (−P ) = ∫ dP^′χ̂_P ′ ( − 1 τ ) ρ(P^′) , (4.20)

where ρ(P^′) is the density of states. The last one is the Klein bottle amplitude, which is given by Z(τ) = ∫ dP χ_P (τ)Ψ_C (P )Ψ_C (−P ) = ∫ dP dP^′χ_P ′ ( − 1 τ ) e^{4πiP P ′} Ψ_C (P )Ψ_C (−P ) = ∫ dP^′χ_P ′ ( − 1 τ ) ρ(P^′) . (4.21)

In the case of the boundary states, the density of states can be calculated by the other method and we can compare them. It is interesting to compare these densities of states with the ones obtained by other methods if we could also in the case of crosscap state.

5. Conclusion

Liouville field theory on an unoriented surface is investigated. The basic information is given by the one point function on a RP^2 . Since it is difficult to calculate in general, we use the trick which was developed for the bulk three point function [37] and for the one

– 8 – point function on a disk [10] and on a pseudosphere [12]. The degenerate states satisfy some differential equations, and hence the two point functions including these states are calculable. By assuming the crossing symmetry, we obtain the constraint for the general one point function (3.10). Although there are plenty of solutions of the constraint, we can choose one of them (4.16) by making use of the modular bootstrap.

Since Liouville field theory is a typical example of the non-rational conformal field theory, the application to the other backgrounds, e.g., AdS_3 spaces [34], might be done by using the methods we have used. Apart from the solvable property, Liouville field theory is interesting because it can be embedded into the full superstring theory. For that purpose, we should extend our analysis to the supersymmetric case like [15, 16]. If we can apply to the consistent superstring theory, the orientifolds in a non-trivial background can be constructed and we may see interesting phenomena in the system with the non-trivial orientifolds.

Acknowledgments

We would like to thank K. Hosomichi for useful discussions.

A. Several useful formulae

The hypergeometric functions have the following properties under the reparametrizations F (a, b, c; η) = (1 − η)^{c−a−b}F (c − a, c − b, c; η) , (A.1) F (a, b, c; 1 − η) = Γ(c)Γ(c − a − b) Γ(c − a)Γ(c − b) F (a, b, 1 − c + a + b; η) + + η^{c−a−b} Γ(c)Γ(a + b − c) Γ(a)Γ(b) F (c − a, c − b, 1 + c − a − b; η) . (A.2) We often use the following formulae for Gamma function as

Γ(1 + z) = zΓ(z) , Γ(1 − z)Γ(z) = π sin(πz) , Γ(1 + ix)Γ(1 − ix) = πx sinh(πx)

, (A.3)

where z is an arbitrary complex number and x is a real number.

The Dedekind eta function is defined by

η(τ) = q^{1/24} ∞∏ n=1 (1 − q^n) , (A.4)

where q = exp(2πiτ) and its modular transformation is given by η(τ + 1) = e^{πi/12}η(τ) , η ( − 1 τ ) = √ −iτη(τ) . (A.5)

– 9 –

References

[1] G. Pradisi, A. Sagnotti and Y.S. Stanev, Planar duality in SU(2) WZW models, Phys. Lett.

B 354 (1995) 279 [hep-th/9503207].

[2] G. Pradisi, A. Sagnotti and Y.S. Stanev, The open descendants of nondiagonal SU(2) WZW models, Phys. Lett. B 356 (1995) 230 [hep-th/9506014].

[3] G. Pradisi, A. Sagnotti and Y.S. Stanev, Completeness conditions for boundary operators in 2d conformal field theory, Phys. Lett. B 381 (1996) 97 [hep-th/9603097].

[4] I. Brunner, On orientifolds of WZW models and their relation to geometry, J. High Energy Phys. 01 (2002) 007 [hep-th/0110219].

[5] L.R. Huiszoon, K. Schalm and A.N. Schellekens, Geometry of WZW orientifolds, Nucl. Phys.

B 624 (2002) 219 [hep-th/0110267].

[6] C. Bachas, N. Couchoud and P. Windey, Orientifolds of the 3-sphere, J. High Energy Phys.

12 (2001) 003 [hep-th/0111002].

[7] N. Couchoud, D-branes and orientifolds of SO(3), J. High Energy Phys. 03 (2002) 026 [hep-th/0201089].

[8] Y. Hikida, Orientifolds of SU(2)/U(1) WZW models, J. High Energy Phys. 11 (2002) 035 [hep-th/0201175].

[9] I. Brunner and K. Hori, Notes on orientifolds of rational conformal field theories,

hep-th/0208141.

[10] V. Fateev, A.B. Zamolodchikov and A.B. Zamolodchikov, Boundary Liouville field theory, I.

Boundary state and boundary two-point function, hep-th/0001012. [11] J. Teschner, Remarks on Liouville theory with boundary, hep-th/0009138. [12] A.B. Zamolodchikov and A.B. Zamolodchikov, Liouville field theory on a pseudosphere,

hep-th/0101152.

[13] K. Hosomichi, Bulk-boundary propagator in Liouville theory on a disc, J. High Energy Phys.

11 (2001) 044 [hep-th/0108093].

[14] B. Ponsot and J. Teschner, Boundary Liouville field theory: boundary three point function, Nucl. Phys. B 622 (2002) 309 [hep-th/0110244].

[15] T. Fukuda and K. Hosomichi, Super Liouville theory with boundary, Nucl. Phys. B 635 (2002) 215 [hep-th/0202032].

[16] C. Ahn, C. Rim and M. Stanishkov, Exact one-point function of N = 1 super-Liouville theory with boundary, Nucl. Phys. B 636 (2002) 497 [hep-th/0202043].

[17] S. Stanciu, D-branes in an AdS_3 background, J. High Energy Phys. 09 (1999) 028 [hep-th/9901122].

[18] J.M. Figueroa-O’Farrill and S. Stanciu, D-branes in AdS_3 × S^3 × S^3 × S^1, J. High Energy Phys. 04 (2000) 005 [hep-th/0001199].

[19] C. Bachas and M. Petropoulos, Anti-de Sitter D-branes, J. High Energy Phys. 02 (2001) 025 [hep-th/0012234].

[20] P.M. Petropoulos and S. Ribault, Some remarks on anti-de Sitter D-branes, J. High Energy Phys. 07 (2001) 036 [hep-th/0105252].

– 10 –

[21] P. Lee, H. Ooguri, J. w. Park and J. Tannenhauser, Open strings on AdS_2 branes, Nucl.

Phys. B 610 (2001) 3 [hep-th/0106129].

[22] A. Giveon, D. Kutasov and A. Schwimmer, Comments on D-branes in AdS_3, Nucl. Phys. B 615 (2001) 133 [hep-th/0106005].

[23] Y. Hikida and Y. Sugawara, Boundary states of D-branes in AdS_3 based on discrete series, Prog. Theor. Phys. 107 (2002) 1245 [hep-th/0107189].

[24] A. Rajaraman and M. Rozali, Boundary states for D-branes in AdS_3, Phys. Rev. D 66 (2002) 026006 [hep-th/0108001].

[25] A. Parnachev and D.A. Sahakyan, Some remarks on D-branes in AdS_3, J. High Energy Phys.

10 (2001) 022 [hep-th/0109150].

[26] A. Rajaraman, New AdS_3 branes and boundary states, hep-th/0109200. [27] P. Lee, H. Ooguri and J.-W. Park, Boundary states for AdS_2 branes in AdS_3, Nucl. Phys. B 632 (2002) 283 [hep-th/0112188].

[28] B. Ponsot, V. Schomerus and J. Teschner, Branes in the euclidean AdS_3, J. High Energy Phys. 02 (2002) 016 [hep-th/0112198].

[29] C. Bachas, J. de Boer, R. Dijkgraaf and H. Ooguri, Permeable conformal walls and holography, J. High Energy Phys. 06 (2002) 027 [hep-th/0111210].

[30] K. Skenderis and M. Taylor, Branes in AdS and PP-wave spacetimes, J. High Energy Phys.

06 (2002) 025 [hep-th/0204054].

[31] S. Yamaguchi, Holographic RG flow on the defect and g-theorem, J. High Energy Phys. 10 (2002) 002 [hep-th/0207171].

[32] B. Ponsot and S. Silva, Are there really any AdS_2 branes in the euclidean (or not) AdS_3?, Phys. Lett. B 551 (2003) 173 [hep-th/0209084].

[33] S. Ribault, Two AdS_2 branes in the euclidean AdS_3, hep-th/0210248. [34] Y. Hikida, Crosscap states for orientifolds of euclidean AdS_3, J. High Energy Phys. 05 (2002) 021 [hep-th/0203030].

[35] H. Dorn and H.J. Otto, Two and three point functions in Liouville theory, Nucl. Phys. B 429 (1994) 375 [hep-th/9403141].

[36] A.B. Zamolodchikov and A.B. Zamolodchikov, Structure constants and conformal bootstrap in Liouville field theory, Nucl. Phys. B 477 (1996) 577 [hep-th/9506136].

[37] J. Teschner, On the Liouville three point function, Phys. Lett. B 363 (1995) 65 [hep-th/9507109].

[38] B. Ponsot and J. Teschner, Liouville bootstrap via harmonic analysis on a noncompact quantum group, hep-th/9911110.

[39] J. Teschner, Liouville theory revisited, Class. and Quant. Grav. 18 (2001) R153 [hep-th/0104158].

[40] D.C. Lewellen, Sewing constraints for conformal field theories on surfaces with boundaries, Nucl. Phys. B 372 (1992) 654.

[41] D. Fioravanti, G. Pradisi and A. Sagnotti, Sewing constraints and nonorientable open strings, Phys. Lett. B 321 (1994) 349 [hep-th/9311183].

[42] N. Ishibashi, The boundary and crosscap states in conformal field theories, Mod. Phys. Lett.

A 4 (1989) 251.

– 11 –