Published by Institute of Physics Publishing for SISSA/ISAS Received: December 10, 2003 Revised: April 7, 2004 Accepted: April 8, 2004

Defect lines and boundary flows

Kevin Graham and Gerard M.T. Watts

LPTHE, Université Paris VI 4 place Jussieu, F–75 252, Paris, Cedex 05, France, and Mathematics Department, King’s College London Strand, London WC2R 2LS, U.K.

E-mail: kgraham@lpthe.jussieu.fr, gmtw@mth.kcl.ac.uk

Abstract: Using the properties of defect lines, we study boundary renormalisation group flows. We find that when there exists a flow between maximally symmetric boundary conditions a and b then there also exists a boundary flow between c × a and c × b where × denotes the fusion product. We also discuss applications of this simple observation.

Keywords: Conformal Field Models in String Theory, Tachyon Condensation, Boundary Quantum Field Theory.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep042004019 /jhep042004019 .pdf

Contents

1. Introduction 1

2. A lightning review of rational conformal field theory 2 2.1 Petkova and Zuber’s defect lines 5

3. Considerations from TCSA 6

4. Disorder lines and boundary states 8 4.1 Embedding theorem 8 4.2 Application to flows 10

5. Applications 11 5.1 Minimal model flows 11 5.2 Coset models 13

6. Conclusions 14

1. Introduction

Conformal field theories describe statistical systems at criticality. In two dimensions, the classification of classes of conformal field theory has provided an understanding of the notion of universality. When one introduces a boundary to the system, new elements arise and one may attempt to classify boundary critical phenomena.

The machinery of rational conformal field theory is well developed and a great deal is known about the systems at criticality. Most less well understood are theories away from the critical point. A useful way to study such theories is to deform a well known conformal field theory by some relevant perturbation. Using the knowledge of the original theory one may study the perturbed theory using a variety of techniques: Perturbation theory and the truncated conformal space approach being two. If the perturbation is also integrable one can also use a variety of powerful results from the theory of integrable systems: for example, TBA methods or non-linear integrable equations.

In this note, we consider boundary perturbations within rational conformal field theory. Using the technology of defect lines we observe a useful embedding of operator algebras of the boundary condition a into the operator algebra of boundary a × b for some b (where in the cases we will consider, boundary conditions are labelled by representations of the chiral algebra and × denotes the fusion product of these representations). This embedding is used to show the main result of this paper.

– 1 –

Assume there exists a boundary flow from boundary condition b to d, then there also exists a flow from boundary condition a × b to a × d.

Using this result, we prove the existence of many flows conjectured in the literature using the proven existence of some elementary flows. We also consider the conjecture of Fredenhagen and Schomerus [1, 2]. Here we show that a subset of the flows predicted by their conjecture may be obtained from the knowledge of a smaller number of elementary flows.

An outline of the paper is as follows. In section 2 we give a lightning review of boundary rational conformal field theory, to set notation. Here we also review the construction of defect lines following Petkova and Zuber. To study boundary perturbations we will use the formalism of TCSA. Note that we will not do any numerical analysis here, all our results are exact, however the formalism of TCSA provides a powerful tool to study these deformed boundary theories. In section 3 we introduce these ideas. Using all this technology, we prove our theorem in section 4 before demonstrating numerous applications in section 5. We end with some conclusions and directions for further work.

2. A lightning review of rational conformal field theory

We consider a rational conformal field theory (RCFT) built from two copies of a chiral algebra A containing the Virasoro algebra, and a finite set of representations of A which we denote by R_i, i = 1, 2, . . . , n. The spectrum of the bulk theory is encoded in the torus partition function, Z = ∑ i,ī Z_{i,}¯_i χ_i(q)χ̄¯_i(q̄) . (2.1)

For simplicity, we consider only the charge conjugation modular invariant,

Z_{i,}¯_i = C_{i,}¯_i = δ_{i,}¯_i∨ , (2.2)

where C is the charge conjugation matrix relating a representation labelled by i, to that of its conjugate i^∨. In our RCFT we have Verlinde’s formula, N_{ij}^k = ∑ ℓ S_{iℓ}S_{jℓ}S^∗_{kℓ} S_{0ℓ} , (2.3)

where the S-matrix is symmetric, unitary and encodes the modular transformations of the characters, χ_i(q) = ∑ j S_{ij} χ_j(q̃) , q = e^{2πiτ} , q̃ = e^{−2πi/τ} . (2.4) Boundary conditions preserving a maximal amount of symmetry are given by Cardy’s construction, which we now review. Maximally symmetric boundary conditions in RCFT are a restricted class of objects satisfying [3, 4], ( L_n − L̄_{−n} ) |a⟩_Ω = 0 , ( W_n − (−1)^{sW} ΩW̄_{−n} ) |a⟩_Ω = 0 , (2.5)

where L_n are the Virasoro generators, W_n are the modes of a field from the chiral algebra A and s_W is its spin. We have also introduced a gluing automorphism, Ω [5, 6, 7], although often boundary conditions are only called maximally symmetric if this automorphism is 1.

– 2 –

These equations may be solved separately in each sector of the bulk Hilbert space where one finds a unique solution, given by an Ishibashi state |i⟩⟩ with i labelling the sector. The Ishibashi states are a basis of the boundary states but do not correspond to physically realisable boundary conditions. The physically realisable boundary conditions must satisfy further conditions, one of which is called Cardy’s condition. To formulate this condition, we consider a cylinder with boundary conditions ⟨a| = ∑ i(ψ^i_a)^∗ ⟨⟨i| on the left and |b⟩ = ∑ i ψ^i_b |i⟩⟩ on the right. With time running around the cylinder, the Hilbert space of the theory is, H_{ab} = ⨁ k n_{ka}^b R_k , (2.6)

The partition function for this system is then, Z_{ab} = ∑ k n_{ka}^bχ_k(q) , (2.7)

and Cardy’s condition is that, ∑ i ψ^i_a(ψ^i_b)^∗ S_{ij} = n_{ja}^b , (2.8)

where S is the modular matrix mentioned above. A general solution to this equation is not known, the difficulty being that the numbers n_{ja}^b should be non-negative integers. However, much is understood [8, 9]. One important solution was given by Cardy in his original paper [4] for theories with a charge conjugation modular invariant. Using the Verlinde formula (2.3) one observes that the ansatz,

ψ^i_a = S_{ia} √ S_{i0} (2.9)

solves Cardy’s condition with, n_{jb}^a = N_{jb}^a . (2.10)

We will call such boundary conditions, Cardy boundary conditions. These are elementary boundary conditions and hence have the property that the identity representation appears only once in the Hilbert space H_{aa}, so that there is a unique operator of conformal weight zero on the boundary and the boundary correlation functions satisfy the physical clustering property. More general boundary conditions may be obtained by taking linear combinations of these solutions with positive integer coefficients. Note that Cardy’s boundary conditions are also in one to one correspondence with the primary fields of the bulk theory, and so we label them using the same set.

The spectrum of boundary fields is neatly encoded in the cylinder partition function (2.7). A general boundary field carries five labels: ϕ^{(ab)}_{iα;n}(x), where i labels the representation, a and b label the boundary conditions on the right (>x) and left (<x) of the insertion point x respectively, while α = 1, 2, . . . , N_{ib}^a accounts for any further multiplicity there may be. The label n denotes the descendants of the primary field in representation i. The

– 3 –

OPE has the form,

x>y , ϕ^{(ab)}_{iα;n}(x)ϕ^{(cd)}_{jβ ;m}(y)= ∑ k,p

N_{ij}^k∑

γ=1

N_{kd}^a∑

δ=1 δ_{bc} C^{(acd)kδ}_{iαjβ ;γ} β^γ [_{k;p}

i;n j;m ] (x−y)^{−hi;n−hj;m+hk;p} ϕ^{(ad)}_{kδ ;p}(y) , (2.11) where the numbers β^γ [·] are entirely determined by the chiral algebra A and the structure constants C satisfy the sewing constraints of [10]. In the case of the Virasoro minimal models, these sewing constraints have been solved by Runkel [11] who showed that there exists a normalisation in which,

C^{(abc)k}_{ij} = F_{kb} [ i j a c ] , (2.12)

where F is the fusing matrix which encodes the associativity of the operator product expansion. In more general RCFT, this result generalises [9, 12, 13] and there exists a normalisation in which^1 [13],

C^{(abc)kδ}_{iαjβ ;γ} = F_{kb∨} [ i j a^∨ c ]_{γ,δ} α,β

∗ , α = 1, 2, . . . , N_{ib}^a , β = 1, 2, . . . , N_{jc}^b , γ = 1, 2, . . . , N_{ij}^k , δ = 1, 2, . . . , N_{kc}^a , (2.13) where the F-matrix relates different bases for four point conformal blocks (see [14] for a definition),

i ℓ j k

p γ δ = ∑ q,α,β F_{pq} [ j k i ℓ ]_{γ,δ} α,β i ℓ j k q β α (2.14)

One can check that when one of the legs is replaced by the identity representation, the matrix degenerates and we find,

F_{pq} [ j k i 0 ]_{γ,δ} α,β = { δ_{pi}∨ δ_{qk}∨ δ_{β1} δ_{δ1} δ_{αγ} , if N_{ij}^{k∨} > 0 , 0 , otherwise .

. (2.15)

We then have, C^{(ab0)kδ}_{iαjβ ;γ} = { δ_{ka} δ_{jb} δ_{β1} δ_{δ1}δ_{αγ} , if N_{ib}^a > 0 , 0 , otherwise .

, (2.16)

which we will require later.

1We thank Ingo Runkel for discussions on the following.

– 4 –

2.1 Petkova and Zuber’s defect lines

The construction of defect lines is very analogous to that of boundary conditions. Following Zuber and Petkova [15], we will define disorder lines as operators X, satisfying the relations,

[L_n, X] = [L̄_n, X] = 0 , (2.17) [W_n, X] = [W̄_n, X] = 0 . (2.18)

One may also envisage putting a gluing automorphism into one or both of the second relations. As an operator in the bulk Hilbert space, the operator X is naturally associated to some cycle. For example on the plane, this would be some contractible cycle around the origin. On the cylinder this cycle is non-contractible. The definition (2.18) implies that this operator is invariant under local diffeomorphisms — i.e. the operator X is invariant under distortions of this line. Thus we may associate X to the homotopy class of the cycle to which it is associated.

As in the boundary case, there are also a number of consistency conditions which must be satisfied by the operator X. To formulate the analogue of Cardy’s condition, one first notes that as a consequence of (2.17), (2.18), X is a sum of projectors, X = ∑ j,j̄,α,α^′ Ψ^{(j,j̄;α,α′)}P^{(j,j̄;α,α′)} , (2.19)

where α, α^′ = 1, 2, . . . , Z_{j,}¯_j allow for repeated representations in the Hilbert space and if {|i, n⟩ ⊗ |ī, n̄⟩} denotes an orthonormal basis in R_i ⊗ R̄¯_i, we write, P^{(i,ī;α,α′)} = ∑ n,n̄ (|i, n⟩ ⊗ |ī, n̄⟩)^{(α)}(⟨i, n| ⊗ ⟨ī, n̄|)^{(α′ )} . (2.20) A consistency condition is found by considering a pair of defect lines wrapping a canonical cycle on a torus. Using a hamiltonian picture with “time” moving perpendicular to the lines, the torus partition function may be written, Z_{x|y} ≡ Tr_H ( X^†_xX_yq̃^{L0− c24} ~q̄^{L̄0− c24} ) , = ∑ j,j̄,α,α^′ ( Ψ^{(j,j̄;α,α′)} x )_∗ Ψ^{(j,j̄;α,α′)} y χ_j(q̃)χ¯_j(~q̄) . (2.21)

A second representation of the same partition function may be obtained by considering time running parallel to the defect lines. In this case, the definition of the disorder line (2.18) insures one may still construct two sets of generators L_n and L̄_n satisfying the Virasoro algebra (or more generally the chiral algebra A). Hence the Hilbert space decomposes into irreducible representations, H_{x|y} = ⨁ i,ī V_i¯_{i;x}^yR_i ⊗ R̄¯_i , (2.22)

for some non-negative integers V_i¯_{i;x}^y, and the partition function becomes,

Z_{x|y} = Tr_{Hx|y} q^{L0− c24} q^{L̄0− c24} = ∑ i,ī V_i¯_{i;x}^yχ_i(q)χ¯_i(q̄) . (2.23)

– 5 –

We may equate these two expressions using the modular transformation properties of the characters, V_i¯_{i;x}^y = ∑ j,j̄,α,α^′ S_{ji}S¯_j¯_i Ψ^{(j,j̄;α,α′) ∗} x Ψ^{(j,j̄;α,α′)} y . (2.24)

The task now is to solve this equation. A general discussion of this problem would take us too far a field^2 so here we simply state a class of solutions to (2.24) for theories with a charge conjugation modular invariant and refer the reader to the original paper of Zuber and Petkova [15]. Following [15] we observe using the Verlinde formula (2.3) that the ansatz, Ψ^{(i,ī)}_x = S_{xi} S_{0i} , (2.25)

satisfies (2.24) with, V_i¯_{i;x}^y = ∑ k N_{xi}^kN_k¯_i^y . (2.26)

We call these defect lines elementary. Note that the defect lines are also in one-to-one correspondence with the primary fields and so we label them by the same set. Having obtained this solution, further solutions may be constructed by taking linear combinations with positive integer coefficients.

3. Considerations from TCSA

The truncated conformal space approach (TCSA) to studying perturbed quantum field theories is a very powerful tool. Initially proposed by Yurov and Zamolodchikov [17], the method has been successfully applied to boundary perturbations [18, 19, 20]. We will begin by reviewing the general formalism.

Consider a strip of width L with boundary condition a on the left, b on the right and a perturbation by relevant boundary fields ϕ_i(x) = ϕ^{(bb)}_{iα;n}(x) applied to the right boundary. We will study this deformation through the perturbed hamiltonian,

H_{pert} = H_0 + ∑ i λ_iϕ_i(L) . (3.1)

Mapping this system to the upper half plane (UHP), the hamiltonian may be written in terms of operators acting on the UHP Hilbert space, H_{ab}(L) = π L ( L_0 − c 24 ) + ∑ i λ_i ( L π )_{−hi} ϕ_i(1) , (3.2)

where h_i is the conformal weight of the field ϕ_i. The idea behind the TCSA is to diagonalise H_{ab}(L) on a finite dimensional subspace of the unperturbed Hilbert space. Such a truncation may be achieved by disregarding all states above a certain level, N. This produces an approximation to the finite size system, in particular to the spectrum and the matrix elements of local fields. The errors introduced by the cut-off are not particularly

2We refer the interested reader to [16, 8].

– 6 – well understood, but by comparison with perturbation theory and exact results for integrable systems, this cut-off system can approximate the exact system very well for large ranges of L, with errors which reduce on increasing N.

The unperturbed Hilbert space for this system is, H_{ab} = ⨁ k N_{ka}^bR_k . (3.3)

So we denote a basis for the Hilbert space by {|ϕ_{kγ ;n}⟩}_n where k labels the representation, n denotes the descendant states and the label γ = 1, 2, . . . , N_{ka}^b encodes any extra multiplicity there may be. We chose this basis to be such that the conformal generator L_0 is diagonal. To simplify notation, we often suppress indices labelling basis vectors.

The Hilbert space is equipped with a non-degenerate inner product. In conformal field theory this factorises into a contribution from the representation theory of A and a piece coming from the field theory, G_{k,ℓ} = ⟨ϕ_k|ϕ_ℓ⟩ = ⟨ϕ_{kα;n}|ϕ_{ℓβ ;m}⟩ = g(k)_{n,m} δ_{kℓ} ⟨ϕ_{kα;0}|ϕ_{kβ ;0}⟩ , (3.4) where the matrix g(k) is determined entirely from representation theory. The matrix elements of the perturbed hamiltonian are as follows, H|ϕ_ℓ⟩ = ∑ k H_{kℓ}|ϕ_k⟩ , H_{kℓ} = ∑ j G^{−1}_{kj} ⟨ϕ_j |H|ϕ_ℓ⟩ . (3.5)

There are two terms contributing to this. First the unperturbed hamiltonian: in our basis this acts diagonally, [ L_0 − c 24 ] kℓ = δ_{kℓ} ( h_ℓ − c 24 ) . (3.6)

The interaction term is given in terms of the three point function:

[ϕ_i(1)]_{kℓ} = ∑ j G^{−1}_{kj} ⟨ϕ_j |ϕ_i(1)|ϕ_ℓ⟩ . (3.7)

This can be calculated using the chiral algebra to reduce a general three point function to linear combination of a finite set of elementary three point functions multiplied by purely representation theoretic factors. Indeed, using the OPE (2.11) we obtain,

⟨ϕ_j |ϕ_i(1)|ϕ_ℓ⟩ = ∑ k

N_{iℓ}^k∑

γ=1 C_{iℓ;}^k_γ β^γ [_k i ℓ ] G_{jk} . (3.8)

Placing this into (3.7) we find the two point functions cancel and so the perturbation matrices are given by representation theoretic data multiplied by a structure constant. Replacing all the indices gives the following formula for the perturbed hamiltonian, [H_{ab}(L)]_{(kα,n),(ℓβ ,m)} = δ_{(kα,n),(ℓβ ,m)} π L ( h_{ℓ;m} − c 24 ) + ∑ i,p,δ,γ λ^{(bb)}_{iδ ;p} ( L π )_{−hi;p} C^{(bba)kα} i_δ ℓ_β ;γ β γ [_{k;n}

i;p ℓ;m ] . (3.9)

– 7 –

4. Disorder lines and boundary states

An important property of the disorder lines is their relationship with boundary conditions. Consider a boundary without field insertions and a disorder line running parallel to it. Looking at the action of a disorder line on a boundary state we use the Verlinde formula (2.3) to obtain, X_x|a⟩ = ∑ j S_{xj} S_{0j} P^{(j,j̄)} ( ∑ i S_{ai} √ S_{0i} |i⟩⟩ ) = ∑ j S_{xj} S_{0j} S_{aj} √ S_{0j} |j⟩⟩

= ∑ b,j N_{xa}^b S_{bj} √ S_{0j} |j⟩⟩ = ∑ b N_{xa}^b|b⟩ ≡ |x × a⟩ . (4.1) And so for example, |a⟩ = X_a|0⟩ , (4.2) where here |0⟩ denotes the boundary state associated to the identity representation.

The partition function of the strip with Cardy boundary condition “a” on the left and “b” on the right is given in terms of the Verlinde fusion numbers as follows, Z_{ab} = ∑ i N_{ia}^bχ_i(q) . (4.3)

In particular, one observes that,

Z_{0,a×b} = Z_a∨_{×b}∨_{,0} = Z_a∨_{,b} . (4.4)

These relations become more obvious when one considers a disorder line being pulled off one boundary, moved across the strip and fused onto the other. The question we would now like to address is: in what way are the boundary conditions a and b related to a × b?

4.1 Embedding theorem Consider a boundary with boundary condition b, a boundary field ϕ^{(bb)}_i (x_i) = ϕ^{(bb)}_{iα;n}(x_i) and a defect line X_a running parallel to it. The following manipulations are illustrated in figure 1. Applying the defect line to the boundary we see that away from the insertion points, the boundary condition is changed, b → c = a × b. Applied to the boundary field, the defect line cannot change the representation theoretic qualities of the field, but it may change other attributes. Hence we can write, X_a [ ϕ^{(bb)}_i (x) ] = ϕ^{(a×b,a×b)} ρ(i) (x) = ∑ n D_{in}ϕ^{(a×b,a×b)} n (x) . (4.5)

which defines the linear map ρ and the numbers D_{in}. Now consider a pair of boundary fields. Before applying the defect line, we can use the OPE to simplify the product of the two fields, X_a [ ϕ^{(bb)}_i (x_i)ϕ^{(bb)}_j (x_j ) ] = ∑ k C^{(bbb)k}_{ij} (x_i − x_j )^{−hi−hj +hk} X_a [ ϕ^{(bb)}_k (x_j ) ]

= ∑ k,n C^{(bbb)k}_{ij} (x_i − x_j )^{−hi−hj +hk} D_{kn}ϕ^{(a×b,a×b)}_n (x_j ) , (4.6)

– 8 –

Figure 1: An illustration of the defect line manoeuvres used to obtain the embedding theorem.

wherein, to lighten notation we have absorbed the factors of β from the OPE (2.11) into a redefinition of the structure constants. Alternatively, we can apply the defect line before calculating the OPE. Let c = a × b then, X_a [ ϕ^{(bb)}_i (x_i)ϕ^{(bb)}_j (x_j) ] = ∑ n,m D_{in}D_{jm}ϕ^{(cc)}_n (x_i)ϕ^{(cc)}_m (x_j ) = ∑ n,m,p D_{in}D_{jm} C^{(ccc)p}_{nm} (x_i − x_j)^{−hi−hj +hp} ϕ^{(cc)}_p (x_j) . (4.7) It should not matter in which order we apply the defect line or take the OPE, thus we may identify (4.6) and (4.7) and obtain a homomorphism of algebras, ∑ k C^{(bbb)k}_{ij} D_{kp} = ∑ n,m D_{in}D_{jm} C^{(ccc)p}_{nm} . (4.8) Furthermore, from the explicit form of the defect line operator (2.19) and (2.25) we see that applying the defect line to the identity operator on the b boundary gives a non-zero result, X_a [ 1^{(bb)} ] ≠ 0 , (4.9)

and hence the mapping X_a is one-to-one and has a (left) inverse. Indeed, assume there exists a field ϕ^{(bb)}_i (x) such that X_a[ϕ^{(bb)}_i (x)] = 0, then consider,

X_a[ϕ^{(bb)}_i (x)ϕ^{(bb)}_i∨ (y)] = X_a[ϕ^{(bb)}_i (x)]X_a[ϕ^{(bb)}_i∨ (y)] = X_a[(x − y)^{−2hi} 1^{(bb)} + · · · ] ≠ 0 , (4.10)

giving a contradiction. Hence we have demonstrated an embedding of the operator algebra of the boundary b into that of the boundary a × b. Let us formulate these observations in the following theorem:

let c = a × b be a relation between labels of boundary conditions. Then there exists an isomorphic embedding b ⊂ c of the operator algebra of the b boundary condition into that of the c boundary condition.

– 9 –

4.2 Application to flows

We now turn our attention to perturbations of the boundary. Because the operator algebra of the boundary b can be realised within the boundary c = a × b, it is natural to ask if the boundary flows of the boundary b also have a counterpart within the c boundary. This is indeed the case and in this section we will prove the following theorem:

let c = a × b be a relation between labels of boundary conditions and let there exist a boundary renormalisation group flow from boundary condition b to d. Then there also exists a flow from a × b to a × d.

Moreover, through our investigations we will obtain further insight into the embedding theorem.

We begin our proof by considering the matrix elements of the perturbing hamiltonian on a pair of strips. We take strip A to be H_a∨_{,b} and strip B to be H_{0,a×b}. Note that the Hilbert spaces of these two systems are identical, H_a∨_{,b} = ⨁ k N_{ka}∨^bR_k = ⨁ k N_{ab}^kR_k = ⨁ k,n N_{ab}^nN_{k0}^nR_k = H_{0,a×b} (4.11)

and so the unperturbed hamiltonians are the same. Here we have used some of the properties of the fusion numbers collected in section 2. Let us label the vectors of the representation space R_k by |ϕ_{kγ ;n}⟩ with γ = 1, 2, . . . , N_{ka}∨^b. We will now show that for any perturbation on strip A, there exists a perturbation of strip B which has the same perturbing hamiltonian. That being so, by hypothesis we know there exists a flow taking,

H_a∨_{,b} → H_a∨_{,d} . (4.12)

Interpreting this as a flow on strip B we have, H_{0,a×b} → H_{0,a×d} , (4.13) as required.

We now show that we can find an appropriate hamiltonian on strip B. From the embedding theorem, we know that there exists a one-to-one mapping of each field on the right of strip A into the fields on the right of strip B preserving the chiral representation properties of that field. We also know from section 3 that the perturbed parts of the hamiltonians are given by a coupling constant times a structure constant and a representation theoretic matrix, [ H^A_{Pert} ] (k_α,n),(ℓ_β ,m) = ∑ i,p,δ,γ λ^{(bb)}_{iδ ;p} ( L π )_{−hi;p} C^{(bba∨)kα} i_δ ℓ_β ;γ β γ [_{k;n}

i;p ℓ;m ] . (4.14)

To write the hamiltonian of strip B we need a little more notation. Note that the sectors of the Hilbert space and the Cardy boundary conditions on the right of the strip are labelled by the same set, a × b = ∑ k N_{ab}^kk = ∑ k N_{ka}∨^bk , (4.15)

– 10 –

Indeed, a boundary field that changes the boundary condition ℓ_β into k_α also maps the Hilbert space sector ℓ_β into k_α (α = 1, 2, . . . , N_{ab}^k and β = 1, 2, . . . , N_{ab}^ℓ) . Hence we can write, [ H^B_{Pert} ] (k_α,n),(ℓ_β ,m) = ∑ i,p,ρ,γ λ^{(kαℓβ )} i_ρ;p ( L π )_{−hi;p} C^{(kαℓβ0)kα} i_ρℓ_β ;γ β γ [_{k;n}

i;p ℓ;m ] (4.16)

Moreover, using (2.16)^3 we find that the structure constant is not equal to one if and only if the matrix β^γ[^k_{i ℓ}] vanishes: this observation implies that if we set, λ^{(kαℓβ )} i_γ ;p = ∑ δ λ^{(bb)}_{iδ ;p} C^{(bba∨)kα} i_δ ℓ_β ;γ , (4.17)

we obtain the required identification between (4.14) and (4.16).

Actually to obtain (4.17) and prove our main result, we have not used the embedding theorem at all. Instead, equation (4.17) provides a candidate formula for the matrix D_{in} defined in equation (4.5): let k_α, ℓ_β label the elementary boundaries comprising c = a × b as above then, X_a [ ϕ^{(bb)}_{iδ ;p} ] = ∑ k_α,ℓ_β ,γ C^{(bba∨)kα} i_δ ℓ_β ;γ ϕ (k_αℓ_β ) i_γ ;p , (4.18)

and equation (4.8) can be seen by a straightforward application of the pentagon identity for the fusing matrix [14] (also [13]). We have not shown that the embedding (4.18) is the same as that obtained using a defect line (4.5), however it seems very likely. One way to show this would be to use the 3-dimensional topological realisation of defect lines and boundary conditions introduced in [8].

5. Applications

In this section, we apply our rule to a number of renormalisation group flows studied in the literature.

5.1 Minimal model flows

In this subsection we consider the A-series unitary minimal models M(m, m+1) with central charge, c = 1 − 6 m(m + 1)

. (5.1)

The set labelling representations, primary bulk fields, boundary conditions and defect lines is the Kac table K where, K^′ = {(r, s) : 1 ≤ r ≤ m−1 , 1 ≤ s ≤ m} , K = K^′/ ∼ where (r, s) ∼ (m−r, m+1−s) . (5.2) 3Note that the multiplicity labels on k (and ℓ) in (4.16) range over 1, 2, . . . , N_{kb}∨^c and so should not be identified with the multiplicity labels of (2.16). Instead, one should take (for example) [ℓ_β ]ε with ε = 1, 2, . . . , N_{ℓβ 0}^{ℓβ} = 1. Hence we have suppressed these indices in (4.16).

– 11 –

Let us now consider the boundary renormalisation group flows in these models. In [21], Recknagel el. al. studied boundary flows in the unitary minimal models using perturbation theory. There it was found that on perturbing the boundary condition (r, s) by the field ϕ_{13} in the limit of large m, one flows to the superposition of boundary conditions, (r, s) + ϕ_{13} → ⊕^{min{r,s}}_{i=1} (|r−s|+2i−1, 1) , (5.3) Here we will extend this result to finite m and prove this flow exists for s ≤^{m+1}_2 . Our result depends on the work of [22] showing that the following flow exists,

(1, s) + ϕ_{13} → (s, 1) , s ≤ m + 1 2 . (5.4)

Indeed, by using our theorem we may identify the flows in (1, s) with a subset of the flows in (r, 1) × (1, s) ≃ (r, s) as follows, (r, s) ≃ (r, 1) × (1, s) → (r, 1) × (s, 1) ≃ ⊕^{min{r,s,m−r,m−s}} i=1 (|r−s|+2i−1, 1) . (5.5) To study the region s >^{m+1}_2 , we can use the identification in the minimal model (r, s) ∼ (m−r, m+1−s) to find [22],

(1, s) + ϕ_{13} → (s−1, 1) , s > m + 1 2 . (5.6)

hence, (r, s) ≃ (r, 1) × (1, s) → (r, 1) × (s−1, 1) ≃ ⊕^{min{r,s−1,m−r,m+1−s}} i=1 (|r−s+1|+2i−1, 1) . (5.7) It is generally believed that the flows (5.5) and (5.7) exist for all (r, s) with 1 < s < m, and are generated by the same perturbation but with opposite sign of the coupling constant. This is borne out by numerical studies [23] (see [21]), TBA studies in the case of r = 1 [22] and is in agreement with the structure of boundary weights in lattice models [24, 25].

In [26] one of us studied perturbations of superpositions of boundary conditions of the form, ω = ⊕^n_{i=1}(r, s + 2i − 2) . (5.8) Note that this superposition may be written, ω ≃ (r, s+n−1) × (1, n) ≃ (r, n) × (1, s+n−1) . (5.9) Applying our theorem we reproduce and generalise the flows found in [26], ω → { (r, s+n−1) × (n, 1) ≃ ⊕^{min {r,n,m−r,m−n}} i=1 (|r−n|+2i−1, s+n−1) , (r, n) × (s+n−1, 1) ≃ ⊕^{min {r,s+n−1,m−r,m−s−n+1}} i=1 (|r−s−n+1|+2i−1, n) . (5.10)

Furthermore, we can use the non-perturbative flow (5.6) to obtain, ω → { (r, s+n−1) × (n − 1, 1) ≃ ⊕^{min {r,n−1,m−r,m−n+1}} i=1 (|r−n+1|+2i−1, s+n−1) , (r, n) × (s+n−2, 1) ≃ ⊕^{min {r,s+n−2,m−r,m−s−n+2}} i=1 (|r−s−n+2|+2i−1, n) . (5.11) These have also been observed using the absorption of boundary spin conjecture of [1, 2].

– 12 –

5.2 Coset models As a second application of this analysis, we will demonstrate that the “absorption of boundary spin” proposal of Fredenhagen and Schomerus [1, 2] may be reduced to a statement about more elementary flows in some cases. First we remind the reader of the proposal of Fredenhagen and Schomerus. The proposal concerns boundary flows in diagonal WZW coset models whose field content is specified by two affine Lie algebras h_k′ ⊂ g_k. A set of elementary boundary conditions for this theory may be labelled by pairs of integrable representations of these algebras, (L, L^′) where L is an irreducible representation of g_k and L^′ is an irreducible representation of h_k′ . However, not all pairs allowed and some pairs label the same boundary condition.

In most cases, the selection and identification rules are specified in terms of two objects^4: the identification group G_{id}, a subgroup of the set of simple currents in g_k⊗h_k′ and which we assume to act fixed point free; and the monodromy charge associated to a simple current J, Q_J (L) = h_J + h_L − h_{J×L} mod Z, where h_L is the conformal weight of the representation L in either g_k or h_k′ as appropriate.

• A pair (L, L^′) is allowed if Q_J (L) = Q_J ′ (L^′) for all (J, J^′) ∈ G_{id}.

• The pairs (L, L^′) and (J×L, J^′×L^′) are identified for each (J, J^′) ∈ G_{id}. A general boundary condition in the coset theory is a superposition of elementary boundary conditions so one may also associate a boundary condition to a pair of representations (L, L^′) by expanding in terms of irreducibles. We may now state the absorption of boundary spin conjecture:

let (S, 0) and (L, L^′) be representations in g_k⊗h_k′ such that Q_J (S) + Q_J (L) = Q_J ′ (L^′) for all (J, J^′) ∈ G_{id}, then a flow exists between the following pair of boundary conditions,

(L, S^∨|_h × L^′) → (L × S, L^′) , (5.12)

where the restriction on the left hand side involves taking the corresponding representation of the finite dimensional Lie algebra g, and restricting this to the subalgebra h ⊂ g. Then S^∨|_h is the representation of h_k′ associated to this restricted finite dimensional representation.

To use our result, we need to factorise (5.12) into pairs of representations allowed by the coset selection rules. This can be achieved if Q_J (S) = 0, in which case we use the fusion rules of the coset theory to rewrite (5.12) as follows,

(L, L^′) × (0, S^∨|_h) → (L, L^′) × (S, 0) . (5.13)

In this form it is trivial to see using the machinery developed in this paper that the existence of the flow, (0, S^∨|_h) → (S, 0) , (5.14) implies the existence of the others. Thus we have reduced a particular case of the absorption of boundary spin proposal of Fredenhagen and Schomerus to a statement about simpler flows. It remains to be shown that these elementary flows actually exist.

4We refer the reader to [2, 27] for details. Cosets can be defined in more general situations (see for example [28]), however like [1, 2], we will not consider such models.

– 13 –

6. Conclusions

In this note we have used the technology of defect lines to demonstrate an embedding of the operator algebra of a Cardy boundary condition b into that of a × b. We then used this observation to show that if there exists a flow between boundary conditions b and d then there also exists a flow between a × b and a × d where × denotes the fusion product. Finally we considered applications of this rule to the Virasoro minimal models and to the absorption of boundary spin conjecture of Fredenhagen and Schomerus [1, 2].

One obvious question is in what way does the rule extend to more general non-diagonal rational conformal field theories? In this case the interrelationship between the various positive integer valued matrices discussed in [9, 16] will be relevant. A formalism in which both defect lines and boundary conditions are particularly transparent is the 3-dimensional topological quantum field theory framework championed in [8, 29]. Here for example, the action of (4.1) corresponds to the natural tensor product of the left Frobenius module corresponding to the boundary state with the bimodule corresponding to the defect line.

In arguing our theorem, we used the matrix elements of the perturbed hamiltonian in the unperturbed basis. We avoided questions of renormalisation by assuming these problems were solved. It would be nice to have a better understanding of the renormalisation procedure using level truncation. Such knowledge may lead to a new rigorous analytic method for studying renormalisation group flows.

Acknowledgments

We would like to thank Roger Behrend, Stefan Fredenhagen, Ingo Runkel and Volker Schomerus for useful discussions, and the referees for their comments and for drawing our attention to reference [28]. G.M.T.W. would also like to thank Z. Bajnok, L. Palla and G. Takacs for useful discussions of boundary conditions, and the Royal Society for a joint project grant supporting these discussions. This work is supported in part by the EC network grant “EUCLID”, contract number HPRN-CT-2002-00325.

References

[1] S. Fredenhagen and V. Schomerus, On boundary RG-flows in coset conformal field theories, Phys. Rev. D 67 (2003) 085001 [hep-th/0205011].

[2] S. Fredenhagen, Organizing boundary RG flows, Nucl. Phys. B 660 (2003) 436 [hep-th/0301229].

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

A 4 (1989) 251.

[4] J.L. Cardy, Boundary conditions, fusion rules and the Verlinde formula, Nucl. Phys. B 324 (1989) 581.

[5] M. Kato and T. Okada, D-branes on group manifolds, Nucl. Phys. B 499 (1997) 583 [hep-th/9612148].

– 14 –

[6] A. Recknagel and V. Schomerus, D-branes in Gepner models, Nucl. Phys. B 531 (1998) 185 [hep-th/9712186].

[7] J. Fuchs and C. Schweigert, Branes: from free fields to general backgrounds, Nucl. Phys. B 530 (1998) 99 [hep-th/9712257].

[8] J. Fuchs, I. Runkel and C. Schweigert, TFT construction of RCFT correlators, I. Partition functions, Nucl. Phys. B 646 (2002) 353 [hep-th/0204148].

[9] R.E. Behrend, P.A. Pearce, V.B. Petkova and J.B. Zuber, Boundary conditions in rational conformal field theories, Nucl. Phys. B 570 (2000) 525 [hep-th/9908036].

[10] J.L. Cardy and D.C. Lewellen, Bulk and boundary operators in conformal field theory, Phys.

Lett. B 259 (1991) 274.

[11] I. Runkel, Boundary structure constants for the A-series Virasoro minimal models, Nucl.

Phys. B 549 (1999) 563 [hep-th/9811178].

[12] G. Felder, J. Fröhlich, J. Fuchs and C. Schweigert, Correlation functions and boundary conditions in RCFT and three-dimensional topology, Compos. Math. 131 (2002) 189 [hep-th/9912239].

[13] G. Felder, J. Fröhlich, J. Fuchs and C. Schweigert, The geometry of WZW branes, J. Geom.

Phys. 34 (2000) 162 [hep-th/9909030].

[14] G.W. Moore and N. Seiberg, Classical and quantum conformal field theory, Commun. Math.

Phys. 123 (1989) 177.

[15] V.B. Petkova and J.B. Zuber, Generalised twisted partition functions, Phys. Lett. B 504 (2001) 157 [hep-th/0011021].

[16] V.B. Petkova and J.B. Zuber, The many faces of Ocneanu cells, Nucl. Phys. B 603 (2001) 449 [hep-th/0101151].

[17] V.P. Yurov and A.B. Zamolodchikov, Truncated conformal space approach to scaling Lee-Yang model, Int. J. Mod. Phys. A 5 (1990) 3221.

[18] P. Dorey, A. Pocklington, R. Tateo and G. Watts, TBA and TCSA with boundaries and excited states, Nucl. Phys. B 525 (1998) 641 [hep-th/9712197].

[19] P. Dorey, I. Runkel, R. Tateo and G. Watts, g-function flow in perturbed boundary conformal field theories, Nucl. Phys. B 578 (2000) 85 [hep-th/9909216].

[20] K. Graham, I. Runkel and G.M.T. Watts, Renormalisation group flows of boundary theories,

hep-th/0010082.

[21] A. Recknagel, D. Roggenkamp and V. Schomerus, On relevant boundary perturbations of unitary minimal models, Nucl. Phys. B 588 (2000) 552 [hep-th/0003110].

[22] F. Lesage, H. Saleur and P. Simonetti, Boundary flows in minimal models, Phys. Lett. B 427 (1998) 85 [hep-th/9802061].

[23] G.M.T. Watts, unpublished.

[24] R.E. Behrend and P.A. Pearce, Integrable and conformal boundary conditions for SL(2) A-D-E lattice models and unitary minimal conformal field theories, hep-th/0006094.

[25] K. Graham and G.M.T. Watts, to appear.

– 15 –

[26] K. Graham, On perturbations of unitary minimal models by boundary condition changing operators, J. High Energy Phys. 03 (2002) 028 [hep-th/0111205].

[27] P. Di Francesco, P. Mathieu, and D. Senechal, Conformal field theory, Springer, New York 1997.

[28] J. Fröhlich, J. Fuchs, I. Runkel and C. Schweigert, Algebras in tensor categories and coset conformal field theories, hep-th/0309269.

[29] J. Fuchs, I. Runkel and C. Schweigert, Boundaries, defects and Frobenius algebras, Fortschr.

Phys. 51 (2003) 850 [hep-th/0302200].

– 16 –