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Abstract

In this paper expressions are given for the bulk and boundary structure constants of D-
series Virasoro minimal models on the upper half plane. It is the continuation of an earlier
work on the A-series. The solution for the boundary theory is found first and then extended
to the bulk. The modular invariant bulk field content is recovered as the maximal set of
bulk fields consistent with the boundary theory. It is found that the structure constants are
unique up to redefinition of the fields and in the chosen normalisation exhibit a manifest
Zo—symmetry associated to the D-diagram. The solution has been subjected to random
numerical tests against the constraints it has to fulfill.
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1 Introduction

One of the aims of studying quantum field theories is to compute correlation functions of the
fields in the theory. In two-dimensional conformal field theory one uses the presence of an
infinite amount of symmetries to achieve this goal.

We will consider a special subclass of conformal field theories, called minimal models. One
of their properties is that the correlators fulfill certain linear differential equations (see [1] or
e.g. [2] for details). One can find a distinguished set of solutions to these differential equations,
called conformal blocks. A correlator can then be expressed as a bilinear combination of these
blocks. To know the coefficients in this bilinear combination a set of complex numbers, the
structure constants, are needed. Structure constants appear in the short distance expansion
(or operator product expansion, OPE) of certain fields in the conformal field theory, called
primary fields.

In this paper we consider only Virasoro minimal models. One approach to calculate all
structure constants is to start in a situation without boundaries. In this case only bulk fields
are present and one can solve the bulk theory alone by determining the conformal blocks and
a consistent set of structure constants for the bulk fields (see [3] for the spinless case). It
is possible to classify all modular invariant minimal models without boundaries [4] with the
result that they fall into an A-D-E pattern.

Starting from a well defined bulk theory one can proceed and introduce a boundary into
the system. As it turns out the differential equations that the correlators fulfill stay the
same, but now the correlator is a linear, not a bilinear, combination of the conformal blocks
mentioned above (see [5]) and furthermore two new sets of structure constants appear: In
addition to the bulk structure constants that determine the OPE of two bulk primary fields,
there are the bulk-boundary couplings that describe the expansion of a bulk field in terms of
boundary fields, and the boundary structure constants for the OPE of two boundary fields.

One can now classify all conformally invariant boundary conditions and the boundary
fields that live on these boundaries or interpolate between two adjacent boundary conditions
(see [6-9]). Again one finds an A-D-E pattern for all possible boundary theories [9], plus
tadpole diagrams, which have been discarded as the resulting theory does not match with any
of the modular invariant bulk theories.

All three sets of structure constants can in principle be worked out from six consistency
conditions that arise from taking different limits in certain correlators and equating the differ-
ent OPEs in these limits. The constraints that arise in this way are called sewing constraints
(see [10] and for an extension to non-orientable surfaces [7]). A more general discussion of
the sewing constraints in presence of nontrivial multiplicities and their relation to [11] can be
found in [12].

Above we have started from a bulk theory, which can be solved consistently, and then
introduced a boundary. Thus the bulk structure constants are known first and then a solution
for the other two sets of structure constants consistent with these has to be obtained. Whereas
the bulk structure constants for diagonal and nondiagonal minimal models can be found in the
literature [3,13,14], these calculations have not been carried out for the boundary structure
constants and only for a subset of the bulk-boundary couplings (see [6-9]).

In this paper and a previous work [15] the missing structure constants for the A— and D-
series are calculated by taking the opposite path. The starting point now is a theory with only
boundary fields. One chooses an A—D—E type boundary field content and tries to determine
a consistent set of boundary structure constants. Once this is achieved the boundary theory
is extended to the bulk and it is only at this point that bulk fields are introduced. It is



interesting that one finds that the maximal bulk field content consistent with the boundary
theory coincides with the modular invariant one given in [4]. The bulk-boundary couplings
and the bulk structure constants can now be obtained from the sewing constraints in a straight
forward way. The results are explicit expressions for all three sets of structure constants in
terms of so called fusion (F-) matrices (see Appendix A for details and references). The
expressions are free of sign ambiguities (e.g. they do not contain any square roots) so that
they are well suited for numerical computations.

The Deyen minimal models have a larger symmetry algebra (a W-algebra, see [16] and
references therein) that contains the Virasoro algebra as subalgebra. In principle one could
understand these conformal field theories in terms of the W-algebra, with W-algebra chiral
blocks and F-matrices. But since these CFTs are still finitely reducible with respect to the
Virasoro algebra alone (i.e. only a finite number of irreducible highest weight representations
of the Virasoro algebra occur), it is possible and indeed simple to use only the Virasoro
Symmetry.

The fact that one does not use the fully extended chiral algebra and the possible presence
of multiple copies of primary fields means that the sewing constraints in Ref. [10] must be
rederived, which has been done. The results are presented in section[2]and an explicit example
is provided in Appendix A.

Both, in the A— and the D—series, the sewing constraints are overdetermined and only a
subset is used to find the structure constants. It has to some extend been tested numerically
(but not proven analytically) that the given structure constants solve the full set of constraints.
It is shown that, given the boundary field content, any solution can be brought to a standard
form by redefining the fields. In other words, under gauge transformations the space of
solutions to the sewing constraints consists of only one orbit.

The formulae for all bulk and boundary structure constants are given in eqns. —
and f. A short description of how to implement them can be found in the conclusion.
The derivation of these expressions is organised as follows:

In section [2] the notation for the various fields and structure constants is introduced and
the rederived sewing constraints for genus zero surfaces are stated in a suitable form. Section 3]
gives a short description of the procedure introduced in [9] for the construction of cylinder
partition functions. This defines the boundary field content which is used as input in the
construction of the solution to the sewing constraints. The boundary structure constants are
found in section [d Finally the extension to the bulk theory is carried out in section [5 Here
the maximal bulk field content consistent with the boundary theory is determined and it is
observed to be modular invariant. The remaining structure constants, i.e. the bulk-boundary
couplings and the bulk structure constants are calculated and expressions for the vacuum
expectation value of the unit disc are obtained. A choice of basis is presented which renders
all structure constants real. Finally it is observed that a subset of all structure constants is
left invariant under a large number of distinct Zo—actions.

2 Genus zero sewing constraints

Unless otherwise mentioned, throughout this paper the boundary conformal field theory will
be considered on the upper half plane (UHP) with the boundary given by the real line.

In a general Virasoro minimal model there can be several primary bulk or boundary fields
transforming in the same highest weight representation(s) of the Virasoro algebra. Therefore
we cannot label the fields solely by their representations. Virasoro highest weight represen-
tations are labelled by small letters 4, j, k and to take care of fields with multiplicities these



carry an additional Greek index i,, jg, ky. Boundary conditions are labelled by small letters
a,b,c or also x,y, z.

It is always possible to make the (bulk— and boundary—) two-point functions diagonal by
an appropriate choice of labels and normalisation of the fields: (s, ()¢, (y))=6i 005 f (7, y).

A bulk field ¢;, transforms in the tensor product of two Virasoro highest weight represen-
tations i®z. The two representations have conformal weights h;, h; or, for better readability,
hi, h;. A boundary field w,(i)) lives between boundary conditions a and b and transforms in
one Virasoro representation k of conformal weight hy.

The vacuum expectation value of the UHP with boundary condition a imposed on the
real line will be denoted with <1>(S)HP. The vacuum expectation value of the full complex plane
with no boundaries present will be denoted with (1) or (0(0).

The leading terms in the bulk—bulk, bulk—boundary and boundary—boundary operator
product expansions of primary fields are, in this order:

Pia (2)Pj5 (W Z Ciajy™ (2 —w w)hehih (7 — ) rhihs
B (e, (w) ) 2l>lw| (1)
b (@ + i) = Z O, ko (2g)e e (Y0 @)+ ) y>0  (2)
@b wj(bﬁc Z C;zb;jw . )hk hi—h; (1#,(::)(y)+> >y (3)

The omissions stand for an infinite sum of descendants of the primary field in question.
Eqn. — define the three sets of structure constants which are necessary to compute the
correlation functions of the minimal model under consideration: the bulk structure constants
Ci, jﬁkV with three bulk fields ., jg, kv, the bulk-boundary couplings (a)B . %7 with boundary
condition a, bulk field i, and boundary field k, and the boundary structure constants C' (fbj):”
with boundary conditions a, b, ¢ and boundary fields iq, jg, k.

By taking different limits in correlation functions one obtains a set of constraints, called
sewing constraints. For orientable genus zero surfaces it is enough to consider the following
four constraints [10]:

For four boundary fields i, j3, ky, {5 and boundary conditions a, b, ¢, d:

Z bedae ~abdls 0(212 (1 >(3)HP
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For two boundary fields p,, gc and one bulk field i4:
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For two bulk fields i, jg and one boundary field k. :
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For four bulk fields iq, jg, kv, €s:
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These constraints have been rederived using notation and techniques for calculating with
conformal blocks presented in [11]. Equations (4)—(7)) require a specific renormalisation of the
F-matrices. This normalisation, together with the explicit derivation of the constraint @ as
an example are given in Appendix A.

The form of the constraints given here is slightly different from [10]. First of all only the
Virasoro symmetry was used in their derivation and not the maximally extended chiral algebra.
Secondly slightly different limits in the correlators were chosen so that that the expectation
value of the identity field cancels from all expressions. Furthermore the present notation takes
into account fields with multiplicities (see also [12]). Leaving out the sums over multiplicities
and the multiplicity indices, — can be rearranged to match the corresponding equations
in [10].

3 Cylinder partition function

First a note about a convention used throughout this paper. To take care of the redundancy
in the labelling of representations ¢ with Kac-labels (r,s) we will only consider pairs where
r is odd. The set of entries in the Kac-table with r odd is in one-to-one correspondence to
Virasoro highest weight representations of the given central charge.

Before we can begin to solve f we need to know which fields are present in the theory.
Since our starting point is going to be the boundary theory the first thing to determine is
the boundary field content on the upper half plane or, equivalently, the cylinder partition
function.

In Ref. [9] a method for the construction of the cylinder partition functions associated to
a pair of Lie-algebras A,, G is given. Here we give a quick summary of this method.



3.1 General construction

First choose an odd number p and a number ¢ coprime to p. We will construct the cylinder
partition function of a minimal model with the following central charge:

N2
c—=1— 6u (8)
pq
Let A be the adjacency matrix of the Dynkin diagram associated to the Lie-algebra A, 1
and G be the adjacency matrix for a Lie-algebra with Coxeter number q.
For X=A or X=G define the matrix valued functions V,,(X) recursively via

Vi(X) = Vo (X) Vi1 (X) = Vo (X) ; Vi(X) =id and V2(X) = X (9)

The V,, are called fused adjacency matrices and form a representation of the Verlinde fusion
algebra.

Let a be an odd node of A and 3 be any node of G. Then a=(a, 3) labels the possible
boundary conditions. Let a=(c, 3) and b=(&,3). Then the partition function of a cylinder
of circumference T and length L with boundary conditions a and b is given by:

Zap =Y. Va(A)a"Va(G)s” - xrs() ;q = exp(—nT/L) (10)
r=1..p—1
s=1..q—1
When we take the identity x,s = Xp—r,q—s for Virasoro characters into account we can rewrite
in the following unique way:

Zap=" Y mia"xi(q) (11)

i=(r odd,s)

In Refs. [9] the genus one sewing constraint for a cylinder with no field insertions was
analysed with the result that G has to be the adjacency matrix of an A-D-E type Dynkin
diagram or of a tadpole diagram.

The numbers n;,? can be interpreted as the number of times the representation i occurs
in between the boundary conditions a and b and they thus describe the field content on the
boundary (in this case the real line).

3.2 Example: the A-series

For the pair of Lie algebras (A,—1,A4—1) one finds nia® = N;o?, i.e. the field content is just
given by the Verlinde fusion numbers [6]. Distinct boundary conditions are given by pairings
of an odd node in the first A-diagram with any node in the second:

{ dile. @l @a@a@...@{g—l} (12)

There is a distinguished boundary condition, which we will call 1-boundary, that corresponds
to the first node in each A-diagram, i.e. the (1,1)-node.

There are no fields with multiplicity and there is a umque field i=a between the a— and
l1-boundary: a % 1 = i=a. The formula Nia? = Nw can be understood as saying that
the representations i that can live between the a— and b—boundary are exactly those occurring
in the fusion of the representations a and b: a ¢ 1 b b  — a @ b




3.3 The D-series

Here ¢ has to be an even number and the boundary conditions are given by pairings of an
odd node in the A-diagram with any node in the D-diagram:

3+1

In particular the total number of boundary conditions is %(p —1)(¢+2). Again the boundary
condition associated with the first node of each diagram, i.e. the (1, 1)-node, will get a special
name. It will be called w so that it is not confused with the 1-boundary in the A-series. The
w—boundary will play a role similar to that of the 1-boundary in [15].

When looking at the D-series boundary field content one observes the following: The
boundary conditions can be organised in two categories. In the first case, which we will
denote as ‘i-type’ boundaries, a boundary condition x=(«, ) is associated with an odd node
« of the A-diagram and any node § of the D-diagram except for the two at the split end. The
second case we will call ‘n-type’. An n-type boundary a is associated with any odd A-node
and one of the two end nodes in the D-diagram.

i-type:  (@-@@--- @< n-type: e—e—e- - é (14)

The names i-type and n-type stand for ‘invariant’ and ‘non-invariant’ and are related to the
Zo—symmetry of the D-diagram.

Carrying through the procedure outlined in section one finds that an n-type bound-
ary a=(«, ) has exactly one field living on _a w_, denoted by a, (‘unique’). It has
representation labels (o, ).

An i-type boundary x=(c, 3) has two fields fields living on =z w_ with Kac-labels
(a, B) and (v, q — ) which we will denote by z. and z, ( ‘even’ and x ‘odd’). The labelling
is arbitrary, but we choose to always give the identity field on the w—boundary an ‘even’ label.

Note that since the Kac-labels of the representations that live on =z w_ are given in
terms of the node labels of the boundary condition x=(a, ) some confusion might arise. But
from the context it will be clear which one of the two interpretations makes sense.

For definiteness we will fix a specific even/odd labelling for boundary fields. It will turn
out later that the structure constants involving only i-type boundaries have an explicit Zo—
symmetry that sends even fields to themselves and odd fields to minus themselves. This
symmetry is not assumed, but a consequence of the constraints and the gauge we choose. Fol-
lowing the arguments in [19] we would like the ground state, i.e. the state of lowest conformal
weight, for each pair of boundary conditions to be invariant under that symmetry. This can
be achieved for all pairs =z w_ with z=(a, #) an i-type boundary by assigning e/o-labels
to the two representations living between these boundary conditions in the following way:

me:{(a,ﬂ) ta< xo:{(a,q—ﬁ) Ca<

(15)

DB NI
[SlaSIVIRS ]

(,g—p0) : a> (a, B) a >

As discussed in [19] the physical motivation for this choice comes from relating the Zs—action
to the effect of a disorder line stretching from boundary to boundary on a cylinder and trying
to interpret the resulting amplitude as a partition function. It is also found there that in



boundary types {—labels field content

i+ Lﬁ_L €,0 n@a:y = N&ceye + N&ceyo = Nfzoya + Nf$oye
n-i Lﬁ_L u n@ay = Néauye = Nfauyo
nn a ! b u Ba # By - nug® = Ngaub" if sy =3 mod 4

and ngab = 0 otherwise
Ba = B : g™ = Ngg, ™ if sp =1 mod 4
and ngab = 0 otherwise

Table 1: Field content and labels between the two types of boundary conditions.

general it is not possible to fix a labelling s.t. the ground state is invariant for all possible
pairs of boundary conditions.

The conformal weight of a highest weight representation with Kac-labels (r, s) is given by
hys = ﬁq((qr —ps)? — (p — q)?). Thus with definition (15)) we find:

h(wo) = h(we) = |(a = §)(8 — §)] (16)

In particular the w—boundary itself is of i-type and it has two fields living on it, the identity
we=1 and the field w, with h(w,) = (§—1)(2—1). We see that h(w,) is integer for 2 odd and
half-integer for £ even.

We will now proceed to assign e/o/u-labels to all boundary fields, not just the ones adjacent
to the w—boundary, in the following way: Any field adjacent to an n-type boundary will get
the label w. In this case no multiplicities do occur. In the case _« ¥ y  where both x
and y are of i-type, the possible representations ¢ are those that occur in the fusion of z, y.
(which is the same set as in the fusion of x,,¥,) or x.,y, (which is the same as x,,y.). If £
occurs in the x., y.—fusion it gets an e-label, i.e. d=e and if it occurs in the z., y,—fusion an
o-label d=o. If ¢ occurs in both fusions, this representation has multiplicity two and the two
corresponding fields have labels £, and /,.

The field content between different boundary conditions is summed up in table [1] listing
the numbers n;,? from for the different cases (here the representation ¢ has Kac-labels
¢ = (ry, s¢) and the boundary conditions a, b have labels (ag, 3,) and (ap, Gp))-

Notice the double role of the e/o/u-indices: When z is a boundary condition, then z., z,
or z,, denote the even/odd/unique field living between the x— and w-boundary. In particular
z. and x, denote different representations. If £ is a representation, then £., ¢, or ¢,, all denote
the same representation and distinguish fields with multiplicities by labelling one as even and
the other as odd.

3.4 Ordering of boundary conditions

The constraint equations f allow for a large amount of gauge freedom of the structure
constants. Here we find a particular set of structure constants and show that any solution
of the constraints can be transformed into this set by a regauging. For the construction
of the structure constants presented here an ordering of the boundary conditions has to be

introduced. Let x=(a, ) and y=(@, ). Then we define:

r<y & (B<pP)or(B=pFanda<a) (17)



4 Boundary structure constants

In this section we will construct a set of boundary structure constants that solve the sewing
constraint (4]) under the condition that there exists a solution at all (for the given field content).
The line of argument in this section is as follows: We assume that there exists a solution to
for the D-series field content. Then we use the property of that a change of basis in
the set of primary boundary fields maps a solution of (4)) to a new solution. By redefining the
boundary fields one by one this freedom is exploited to adjust a subset of boundary structure
constants to the values we want. This subset together with (4f) then fixes the value of a general
boundary structure constant. Altogether the statement is that any solution can via change of
basis be brought to the form presented in the end of this section.
As input for the boundary solution we use

a) the D-series field content obtained in section

b) the assumption that all two-point functions (1/1 ( )¢(ba( )) are nonzero, i.e. C'(aba) #0
for all a, b, i, that are allowed by a).

An interpretation of assumption b) is that a zero two-point function implies that the field
in question does not occur in our model and hence we are looking at a field content different

(ab )1

from what we demanded in a). This can be seen as follows: Suppose C’,””" =0 for some

choice of a,b,i,. Consider a correlator which contains the field wgib. Any correlator can
be expressed as a sum of conformal blocks with coefficients given as products of structure
constants. It is always possible to take a limit of this correlator where all bulk fields are taken

to the boundary and then all boundary fields except for wz(ib) are taken together. In the end

we are left with the two-point function ( 1/1-(ab) (z) 1/)@)( )). Thus in this limit the coefficient in

(2

(aba)

front of each conformal block contains the factor C and hence the correlator is identically

zero. Therefore any correlator involving wia Vanlshes and this field can as well be removed
from the model, so that we effectively have a field content different from a).

The actual calculation of the boundary structure constants is a slightly lengthy case by
case study and is presented only for completeness. The results are summerised in section

4.1 Nonzero boundary structure constants

First we investigate the consequence of b), i.e. that all two-point functions are nonzero.
Eqn. can be rewritten so that the two-point structure constants cancel. To do so we
set /=1 and obtain the three-point identity:

Ak = B

Applying this to the r.h.s. of we get:
a babisckydls a

- Yoo oo on [l o

]Bk'y Taqe 1alp puky !

Note that there is no freedom the rescale the identity field 1 on any boundary. Its nor-

malisation is already fixed by the condition that 1 - @Z)Z( w(my i.e. that C(my)m =0;,j0q,3 and

similar for C( yy)]’g .



Define an operation ‘*’ on the labels e, 0, u as follows: z.*=x,, z,*=x. and z,*=z,, i.e.

in terms of Kac-labels: (r,s)* = (r,q —s). Take w Wow Ti 2 T wWo w  with ¢g=1 and
x any boundary condition. The sum on the r.h.s. of reduces to p,=x;* because the
representations x; and w, can fuse only to z;*. We get:

e A b B o
7 (2
The Lh.s. is nonzero due to assumption b) and hence all terms on the r.h.s. have to be nonzero
for a solution with properties a) and b).
In the same way, for an n-type boundary a and an arbitrary boundary x we can consider
w i g kuagkerz oo | again with ¢g=1. The sum reduces to p,=a, and we are left with:

raz)l Wwza)ay, wax)x; Ty Ty
. _ lorian foas) Faul[k k}#o (21)

N TiKy ayky

Again all terms on the r.h.s. have to be nonzero.

4.2 Mixed boundaries

Define the boundary condition label p as u=(1, %), i.e. the first node of the A-diagram and
the upper end node of the D-diagram in . Consider with g Hu w Wo w Wo w Hu p
and g.=1. The sum on the r.h.s. reduces to p,=p, and we are left with:

Ol _ (Com)uu)?F l[wo wo] (22)

WoWo HuWo Hu ey iy

Using in the form p Hu w Wo w Hu p  implies C(’,ffﬁl“ v = C’(fjowﬁl“ “. We start by rescal-
ing 1/1&‘:“ ) such that:

Clar =1 (23)
From it now follows that
C(Z‘jf:j())l =A where A = Fuul [ Z: Zﬂ (24)

(wwr)Te

defining the constant A. We use the freedom to rescale w&j‘) to fix C', 2, © =A for any i-type
boundary .

Let a be an n-type boundary. Taking w Yo w Hu by g auw w  and Qe=a, the sum
reduces to p,=u, and we see, using :

wud)an ~wwa)a, _ ~wpday Wo Ay
Ol«tuzu Cwoau - Cy,ueu F“u(lu |: Mu E :| (25)

The representation £, lives on _p a  and the fusion p,, a, — £, exists by construction

of the field content. C(;jfj Za“ is nonzero (see (21))) and the F-matrix element has to be
independant of the specific choice of £, we make. We denote this F-matrix element with B,:

B, =F, . [:)O Zu} where p tu a (26)
u



Comparing to we see C%j’jl““ =B,. It is also useful to define a constant C, for any
boundary x as follows:

x of i—type: Cz — erl |: :0 :O:| T of n—type: C:E _ qu1 |: ;‘jo :o:| (27)
0 o u u

From with  w WowWo w u a 4w w , ge=a, and p,=1 we get the following identity for
any n-type boundary a:

Oa . Ba == E (28)

Let x and y be two boundaries s.t. one is of n-type. Then by rescaling wéxy) for z#w and

(#£1 we fix C'(mcy)yﬁ =1 where «, ( stand for the labels e or u, as apphcable for the present
boundary condltlons Let  be an i-type boundary. We can use ([19)) to calculate the structure
constants involving x, instead of x.:

wxa)a A o u wax)x Ba o e
e ZFMM[“’ a} c )°=AFWO[” x] (29)

Toly, Ba To E Ayl Ay, E

Using ((19) and the identities in appendix B one can verify that the definitions above give

(w:vy) yw C(y:v )yv

rise to symmetrlcal structure constants, i.e. C where at least one of x,y is of

n-type.

4.3 i-type boundaries

Let z,y be i-type boundaries. Consider the structure constant C(wxy) where the labels
«, (3,7 are either e or o (as u cannot occur in this situation). We will now try to regauge the

boundary fields such that the following rule holds:

) Yy

The structure constant C' (;:a 7. can be nonzero only if {a, 3,7} is one of the (unordered)

sets {e, e, e} or {e,0,0}.

Suppose that the representation ¢ on _x y  occurs with multiplicity one. Recall
from the analysis of the D-series boundary field content in section that then the above
rule is automatically true, since e.g. if £ gets label e then it occurs in the fusion of ., y. or
Zo, Yo but not in the fusion of z.,y, and x,, ye.

If the representation ¢ occurs with multiplicity two, we can use the freedom to form linear
combinations of the two fields to make the above rule true. This is explained in more detail
below.

Let ¢ be a representation that occurs with multiplicity two. Let wéfy) and Qj)gzy) be the two

fields. Recall that we normalised the two-point functions in such a way that only (1/1 W ) )

and <¢§iy) wef)> are nonzero. When taking linear combinations of the primary fields one has
to preserve this condition, or the form of the sewing constraints would change. One gets the
following constraints:

(PP ¥y =0, (9l = (30)

10



Now consider the following change of basis:

(%ﬁ”) - b)(wéiiy)> , (@beem)) - ?z)(wf)> &)
¢Xy) new ¢ d ¢éxoy) old %o@ new d wéoz) old

where the two matrices are invertible. The constraints amount to:

[SYERSN

ac- C%gf)ild +bd - C(:Zflfva),l()ld =0 ca - C%ﬁm)lold +db- C(Z:f;j,lold =0 (32)

€y €

We see that we can choose the new basis of 1)@ arbitrarily and the above condition fixes the
direction, but not the length of the new basis vectors for 1.
This change of basis can be used to bring the following 2x2-matrix composed of structure

constants to diagonal form:
x* 0
<0 ) (33)
Yy

wzy)ye wzyyo
<C<m o C(xe% )
WITY)Ye WIY)Yo
Czeéo C:vefo
We now redefined the structure constants C(;)Zﬂg in such a way that they obey our desired
coupling relations {e, e, e} or {e,0,0}.
The change of basis fixes the new 11’5%@ and 1/14(%”) up to rescaling. However they do already

obey the odd/even-coupling relation. To see this consider in the form:

wTexleyloat w =1

= c%ﬁ1=:c$2%<ﬂwﬂhgﬂ[€ E} (34)

yeeo xe '1:6

The 1.h.s. of this equation is zero and on the r.h.s. both C(‘;fé")ye and the F-matrix entry are

€

nonzero (this can be seen from evaluating C(foe) ! #0 instead of 0%321 =0 in (34)). Hence
CwyTe

yeko
From C%ﬂwﬁxe =A in the previous section we can determine C'(Z,Jffix" by using (19) and

(82):

=0 as we said.

W WowWo wTe xTe w | qe=x,

=l — CC,(()) R |2 2| =5 (39)
Next we fix the form of C %:z;y” . For (1, x#w we rescale wgy) and wgy) s.t.:
1 ifax<y

C(Lxu:lye)yo - Fl'eyn [;‘}z ze] C(;):Z?yo - ToYo [ . ie] ifz>y (36)

One can verify that for /=1 indeed C(;uff)x" =1 and that for x=w the above reduces to the
expressions for C““? given before.
As in the case of mixed boundaries one can now check that the definitions in give rise

to reflection symmetric structure constants, but this time there is an exception for z=y: In
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this case some of the structure constants are antisymmetric under reflection. As opposed to
the A-series, for the D-series it is in general impossible to find a gauge in which all boundary
structure constants have reflection symmetry. To see this consider in the form:

waz\exéoxl;ew‘ﬁ{ow

N C(wa)mo Cwrwo _ C(:fg?xo Cwrwwo Fﬁﬂomo |: Te Wo:| (37)

el Lol
oZLe elo oZe g Te

Eqn. forces the F-matrix entry in to square to one. But in general it does take the
values +1, depending on ¢,. So no matter how we choose C’(}UZ;}())WO and C (?;ffzw" , in general
we cannot avoid that if C(wm)%
for others.

One can verify that implies that for even fields alone we get a solution that resembles

is symmetric for some values of ¢,, it will be antisymmetric

the A-series, i.e. C (‘;fé/zye =1, whereas the various structure constants involving odd fields are:

zelo - o !

Tokte

wzyye _ Wo Yo
Cmoéyoy A.F$eye|:xo g :| .Cy

. wzyyo Wo Ye | . wryyo Wo Ye | .
FOI“ T > y- C’xeéo - I:woyo |: x: Ee} 9 ngoﬁe - Ffl'cyo [ ZBZ 66:| )

C’(wxy)ye — A . Cg; (38)

Zolo

4.4 General boundary structure constants

Consider in the form

wTax e yls 2% w ,q=kt

wzyygs C(wyZ) 2y

@y2)ke Talbr YgJs To 2y
= Cirjs - Z ((A)z,z)z7 Fyﬁk |: ] :| (39)
B8 (jxakt

where the set {a,t,~v} has to be one of {e, e, e}, {e,0,0} or {u,*,*}. Since all constants that
can occur on the r.h.s. have been computed in the previous two sections, the general boundary
structure constants can be obtained from .

Suppose all boundaries are of i-type. Then choosing a=e and y=t reduces the sum in
to B=r.In the numerator on the r.h.s. we now see the boundary structure constant C(wyz)Zt
which obeys the even/odd coupling rule as seen in section This implies that the even / odd

9kt can be nonzero only if

coupling rule extends to all boundary structure constants, i.e. C(xy
{r, s,t} is one of the sets {e, e, e}, {e,0,0} or {u,*,*}.

We can also investigate the behaviour of the boundary structure constants under reflection,
i.e. given C(xyz)kt what is C(]Zsyi) ko Using we check that for C%:Zy” reflection symmetry

is equlvalent to e=1 in the following equation:

C(Wzy)y'y _ .. C(ngg)al (wyz)za (40)
zals Syl vals
Yv¥Yy
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As remarked in the previous two sections, using the explicit form of the structure constants
derived there, we see that e=1 in all cases except for one, and that is =0 and x=y, where
we can have e= 4+ 1. This can be made more precise in the light of , if we define:

e(x,x,l,) =F, . [zje i;)] and  €(z,y,lg) = 1 in all other cases (41)

Then holds with € = e(x, y, ¢;) for all z,y,¢; and we can use this relation to evaluate the
reflection property of the general boundary structure constants obtained in . We get:

(wy2)kt €(x>y7ir)6(ya Z>js) yz)kt
A = . : 492
irls 6(:17, 27 k»t) CJSZT' ( )

4.5 Collection of results

We found: Any solution to the boundary four-point constraint for a given D-series field
content can be brought to the same form by regauging the fields, i.e. if there is a solution, it
is essentially unique.

In the gauge we chose, there are two conditions that have to be satisfied before a given
fusion wi(zy) wj(f) — w,(fj) can exist. First the according Verlinde fusion number Nijk has to
be nonzero and second the e/u/o-labels {a, 3,7} have to be one of the sets {u,*,x}, {e, e, e}
or {e,0,0} (where * stands for any label). The assignment of the e/o/u-labels is described in
section From this even/odd—coupling rule we see immediately that the boundary structure
constants involving only i-type boundaries have a Zo—symmetry of the form wgy) — @bgy) and

’ There are two boundary conditions which we have endowed with a special name. w stands
for the boundary condition associated to the (1,1) pair of nodes in the diagram and u

for (1,4). The boundary structure constants take the following form:

e Two-point functions with w (the constants A and C, are defined in and (27)):
C(wzw)l -1 C(wxw)l -1 C(wacw)l =A-C, (43)

TuTy Tele ZToTo

e For x any type and y of n-type (B, is defined in ):

L B N o W bl (1)
y 0
e For z,y of i-type and x<y (the ordering is defined in section :
L =1 oL =1
chm r [ v —ao R0 0] w

All other cases can be obtained from this list by using with e=1 (since the case z=y is
covered in the list), with results listed in , .

For the general boundary structure constants we distinguish two cases. First, for x, z of
n-type and y of i-type the sum over 3 in has to be carried out and we get:

@ydhu _ Lu 2y & . Ye Wo Ry Wo LTy 2y
Ciuju - Fyﬁk |: Z ] :| + Bz Fl‘uyo |: Z $u:| Fyezu |:j yo :| Fyok |: Z ] :| (46)
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In all other cases the sum reduces to one term with the result:

» (wxy)yﬁ (wyz')z,Y . ;
xy2)ke Talr YpJs a <y
Takt

The r.h.s. does not depend on the specific choice of «, 3,y as long as the combinations {«, r, 5},
{B,s,7} and {a,t,v} are allowed by the even/odd coupling rule. The structure constant in
the denominator is then automatically nonzero (see section . The boundary structure
constants are either symmetric or anti-symmetric under reflection, the precise behaviour is
given in eqn. .

Note in particular that if x,y, z are all of n-type or if the fields i,, js, k; are even, the
solution takes the same form as in the A-series (see eqn. (31) in [15]):

@yz)ke _ Te Ze @y2)ky Ty Ry
Cieje - Fyek |: 7] ] :| and Clu]u - Fyuk |: Z j :| (48)

In fact this form also holds for all mixed cases with only e/u field labels, except when the
boundaries x, z are of n-type and y is of i-type, when we obtained .

5 Extension to bulk theory

The bulk-boundary couplings (“)Bia k2 can be determined by analysing the sewing constraint
(xyx)1

<~.”" are nonzero for fields present in
ata

in a rewritten form using the assumption that all C'
the model (see section [4)):

1 abb)ge © k aab)qe im0 (2ham —2hi—hy—hg+ L (h+h
§ O, ngl,t?aq — E @B, k C(k'y;:] } :e (2him—2h;—hp—hq+ L (hi+he))
0 Koy m
Al a]e] .
Icm|:Z P mé P q ( )

Suppose now there is a boundary condition a and a bulk field i, s.t. i, does not couple to
any boundary field on the boundary a, i.e. (a)Bia kv =0 for all k. with ng,® # 0. Then, roughly
speaking (this is discussed in more detail below), since the r.h.s. of is now zero, all B’s
involving the bulk field ¢, are zero. Since any n-point function has a limit in which we take
all bulk fields to the boundary, and hence in this limit the factors in front of the conformal
blocks contain the product of the B’s of all bulk fields, any n-point function involving the
field i, is identically zero. This in turn just means that the bulk field i, is not part of the
model and can be left out.

Using this idea we can now determine the maximal bulk field content consistent with .
This does not prove that the maximal field content has to be modular invariant, but it turns
out that it is indeed the D-series bulk field content derived in [4].

To make this more precise, the classification of boundary conditions and their field content
in [9] establishes a one-to—one correspondence between boundary conditions and diagonal bulk
fields. In this approach specifying the possible boundary conditions is equivalent to giving the
diagonal part of the bulk partition function, and from [4] one knows which off-diagonal parts
have to be added to make it modular invariant. The statement thus is that, at least of the
A— and D-series, the bulk field content obtained by this procedure is the maximal consistent
one.
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5.1 Bulk field content

For an arbitrary boundary x consider with a=w, b=z, p,=x,, ¢c=x.. The {5 sum reduces
to one element and we get:
(x)BZ Ls C(wxx)xe — (w)Bl 1 C(‘-‘)"-’I)xe . ( F's )’

z ls 1z, =1

+ @B, w0 clenre . (B )‘k (50)
—wo

First note that from an argument similar to and we see that all boundary
structure constants that appear in are nonzero if they are allowed by fusion and the
even/odd coupling rule (see section [4.1]).

Suppose a bulk field i, does not couple to the w—boundary, i.e. (“’)Bia 1—0 and (‘”)Bz-a “o —().
Then the r.h.s. of is identically zero and since the boundary structure constant on the
L.h.s. is nonzero it follows that (a)Bia kv =0 for all a,ky. As we argued before this implies that
all correlators involving ¢, vanish and the field can be removed from the bulk theory. Hence
for any bulk field i, we need at least one of (“’)Bial and (‘”)Biaw" to be nonzero.

The bulk field i, transforms in a tensor product of two representations i®z. Suppose i, is
a field with spin, i.e. i#7. Then ¢ and 7 cannot fuse to the identity and hence it follows that
(“’)Bial =0. So for the field i, to exist we need (W)Bia“"’ 0. This is only possible if the fusion
i,7 — w, exists, i.e. only pairs with Kac-labels i=(r, s) and 7=(r,q — s) are possible. Now
consider with z=w, ls=x,=w,, x.=1. We obtain (compare also to ):

(w)Biawo — (w)Biawo 'eZﬂi(f_Li*hi) — (w)Biawo .8271'1'(%77")(%75) (51)

For the exponential to be +1 we need 4 — s to be even (recall that for the D-series p is always
odd and ¢ always even).

Next suppose that the bulk field i, is diagonal, i.e. i=7. Let i have Kac-labels (r,s). As
before denote by i* the representation with Kac-labels (r,q — s). Consider with z=w,
ls=1, r,=x.=w,. The F-sum in reduces to m=:* and we obtain:

Op, 1 = @p, 1. 2milh*—hi—hu,) _ _ @, 1 . irs (52)

Hence only diagonal bulk fields with representation i=(r, s) where s is odd are present. Recall
that by convention r is always odd.

Up to now we have determined which pairs of representations are possible in the bulk.
Now we have to determine their multiplicities. The maximal multiplicity a bulk field can
have is equal to the number of boundary fields it couples to on the w-boundary. This can
be seen as follows: Suppose two bulk fields i,,75 in the same representation i®7 can due to
the fusion rules only couple to one field w, on the w-boundary. Then we can define two new
bulk fields as linear combination of iy,ig s.t., say, (“’)Bia“jgew;«éo and (“’)Biﬁ“’gewzo. Now the
new ig field does not couple to the w-boundary at all and can be removed from the theory. A
similar argument forbids more than two bulk fields in the same representation that by fusion
can couple to the two fields on the w—boundary. The only bulk-representations that allow
coupling to both fields on the w-boundary is the pair i®i where i has Kac-labels (r,2) and
only in this case multiplicity two can occur.

Table [2] summarizes the maximal bulk field content consistent with a D-type cylinder
partition function. Each representation in the table occurs once for each possible fusion. The
only situation in which multiplicity arises is for pairs of representations that can fuse to both
1 and w,, in which case we have multiplicity two. Note that as mentioned before this can only
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1,7 fuse to representations
1 (i,2) with i =7 = (r,s) where r and s odd
Wo (i,7) with i = (r,s), 7 = (r,q—s) where r odd and s— even

Table 2: Maximal bulk field content for D-series

happen for a diagonal bulk field with both representations of the form (r, %) and when £ is

odd, i.e. in Deyen models.

Note that the same line of argument also works for the A-series. Here the situation is
much simpler, since there is only one field, i.e. the identity, on the 1-boundary. Hence only
diagonal bulk fields are allowed and only multiplicity one can occur. This is precisely the
A-series modular invariant bulk field content.

5.2 Bulk-boundary couplings

As a first step to determine the bulk-boundary couplings we will choose a basis of primary
bulk fields s.t. each field couples either to 1 or to w, on the w—boundary, but not to both
simultaneously.

As we have seen in the previous section, this demand is automatically enforced by the
fusion rules except for diagonal bulk fields in the representation i®¢ where 7 has Kac-labels
(r,4) and we are looking at a Deven model. In this case the corresponding bulk fields have
multiplicity two and similar to the argument for redefining the boundary structure constants
in section .3 we can take linear combinations of the two bulk fields to obtain the desired
coupling rule. We will denote bulk fields that couple to 1 on the w-boundary as ‘even’ and
bulk fields that couple to the boundary field w, as ‘odd’. The new bulk-boundary couplings
then fulfill ¥B;,“> =0 for the even bulk fields i, and “B;,! =0 for the odd fields i,.

We are still free to rescale all the bulk fields i,. We use this freedom to set (the odd
diagonal fields are normalised differently so that the @B; ! represent the Pasquier algebra as

seen in section :

o

B; S
Wp; wo = j : 511 for diagonal odd fields i, (i.e. i=17)
1
1 —
(“’)Bz'el = (“’)Biow” = ::11 - etz (hi=hi) for all other cases
1
Wp; 1 = @R, wo = from the coupling rule (53)

With this redefinition of the fields the sum on the r.h.s. of reduces to one term. Using
(50) with e=d and k,=w, the general bulk-boundary coupling takes the form:

@p; & = Wp, wa . Zexp (i (2hm — 2h; — hay, — hay + 3 (hoy + he)))

1 : a=e and d=e or u
7 7 C,” ' : a=o0and =0
E ! xé}p [Z ! ] A 54
Wam [ i x| ™|z, Ts B, : a=o0 and d=u (54)
0 : otherwise

where v=e if x is an i-type boundary and v=u if x is an n-type boundary.
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Note in particular that any bulk field can couple to a u—field on an n-type boundary, but
for an i-type boundary an even bulk field can only couple to an even boundary field and an
odd bulk field to an odd boundary field. This indicates that the Zo—symmetry of the boundary
structure constants for i-type boundaries carries over to the bulk.

5.3 Bulk structure constants

The bulk structure constants can now be obtained from @ Take a=w, the sum on the Lh.s.
then reduces to the term where (“’)Bmpl’“ #0, i.e. ky=w,. On the r.h.s. the sum over p, and g,
reduces to p,=wq, ge=wg. The r—sum is also reduced to one element. We are left with:

Ciajs™ = exD (15 (hw, Thwg —huy +2(hg=he )+ hog—hi—hit+hi—hj+h;))

WpR, wo WB. ws _ _ o
: - 26 -F w Hu fu Fu.) r “ j Fw m Z r Frm v (55)
(w)Bmv“’w Hulr | we wg | 99" | wa g ™0 g m w,y

where r=j if a=e and r=75* if a=0. The first F-matrix element in implements an even/odd
coupling rule for bulk fields, i.e. the only combinations for {«, 3,~} which can be nonzero are
{e,e,e} and {e,0,0}.

This implies that apart from other symmetries the bulk structure constants may have
there is a manifest Zo—symmetry which sends even bulk fields to themselves and odd one to
minus themselves. Together with section and eqn. we can now conclude that any
correlator with no or only i-type boundaries is manifestly invariant under the Zs—symmetry
e — e and o — —o applied to bulk and boundary simultaneously.

It is useful to know the bulk two-point functions in the present normalisation of fields.
From the explicit expression in we get:

Ciaia" = ?1 for diagonal fields i, (i.e. i=7)
1
Cijiss =A-Fy [ Wo ;UO] : 211 - (—1)%C) for nondiagonal fields i, (56)
1

where s(io) = hi—h; € Z is the spin of the bulk field ¢;.

In [14] it was shown that the minimal model bulk structure constants in the A— and D-
series are related by rational numbers, called relative structure constants. Taking the explicit
expression together with the normalisation (56)) we find (numerical) agreement with these
results. Also, for unitary models the signs of the two-point structure constants in are
the same as in [14], where they were shown to lead to real bulk structure constants (in the
unitary case).

Note that if all bulk fields are even the solution takes the same form as in the A-series:

G = (le[;. é.D_l (57)

Together with equations for the boundary structure constants and for the bulk-
boundary couplings this illustrates another interesting point. If one considers the even fields
alone, that is all bulk and boundary fields that are invariant under the Zs—symmetry men-
tioned above, they form a subalgebra (as the coupling e, e — o0 is not allowed) and the structure
constants are identical to the A-series in the following way:
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Consider the A-series boundary theory associated to the pair of diagrams (A,—1, 44—1). In
this theory consider only the boundary conditions (o, 3) with o < £ and 8 < £ or a > & and
B > % (compare to (15)) and the bulk fields i®i where i has Kac-labels (r, s) with both r and
s odd. Then this is a closed subset of fields of the A-series theory and in the normalisation
chosen its structure constants coincide with those of the invariant fields of the D-series theory
(Ap—1,D g +1). This correspondence seems natural form the point of view that the invariant
part of the D-diagram is an A-diagram.

5.4 Real structure constants

In the normalisation chosen in this paper the F-matrices are all real. This implies first of all
that the boundary structure constants as given in section are all real.

For the bulk structure constants we have seen in that they are real as long as only
even fields are involved. If odd fields are present consider in the case Cj,;," . The phase
factors cancel and we are left with a real expression. All other cases are real as well, as can for
example be seen from the three-point function Ciajﬁl“ C’kvkwl = C’jﬁkwi“ Ciaial together with
the fact that all two-point structure constants are real. Thus in the present normalisation
all bulk structure constants are real, both for unitary and non-unitary models.

For the bulk-boundary couplings in we can apply the identity to obtain the
result:

( “B ). ) = B g, (58)

This means that complex conjugation relates the bulk-boundary coupling for a bulk field of
spin s to that of the field of spin —s. In particular all bulk-boundary couplings for diagonal
bulk fields are real.

It is in general not possible to choose a basis of primary fields s.t. all structure constants
are real. To see this we construct a gauge invariant expression from the sewing constraints
which cannot be fulfilled by real structure constants. Consider for example two diagonal bulk
fields i, and m, and a field jg with spin one. Take @ with k=1 and a=w. This forces
Pr=g.=w, and r = 7. We get:

Z Ciajﬁmp (‘U)Bmpl — ei% . Fwom [; j:| . (W)Bl-awo (w)Bjﬁwo C(z:z:u:ﬁl (59)

P
The F-matrix entry is real and will in general be nonzero, provided that all fusions are allowed.
As discussed in section the spin one field jg has to couple to w, (i.e. (“)Bjﬁ“’" #0) and we
can find a diagonal field ¢, that couples to w,. The boundary two-point function has to
be nonzero by assumption b) in section Hence the r.h.s. is nonzero and thus some of
the D-series structure constants will have nonzero imaginary part if they solve the sewing
constraints.

We can however consider the following non-primary basis of bulk fields to obtain real
structure constants: Diagonal (even or odd) bulk fields stay as they are and for a pair ¢s, ¢
of nondiagonal bulk fields with spins +s we define a new set of fields as follows:

¢r = % (d’s + ¢—8) (# = 2% (d’s - ¢—8) (60)

The new fields ¢" and ¢' are no longer primary, but one finds that the coefficients describing
their behaviour under arbitrary conformal mappings are all real. Since the OPE is determined
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from the transformation behaviour of the fields one expects the coefficients appearing in the
OPE to be real as well.

One can see explicitly from that all bulk-boundary couplings (I)qurw and (”)B¢¢w are
real and one can verify numerically that all bulk structure constants are real in the new basis
as well. This holds for both unitary and non-unitary models.

5.5 Discrete symmetries of the structure constants

Denote the set of bulk and boundary structure constants given in f and f
with A. We see that A depends explicitly on the assignment of e/o-labels in section and
the ordering of the boundary conditions in section

Denote the set of structure constants obtained by the same procedure, but with a different
initial assignment of e/o—labels in section as B. It was shown in this paper that any solution
to the sewing constraints with the D-series field content can be brought to the form A. In
particular there is a change of basis in the set of primary fields that maps B to A.

For the primary fields in A we considered a Zs—action that takes even fields to themselves
and odd fields to minus themselves. This action leaves the structure constants involving no
or only i-type boundaries invariant.

However a different initial e/o—labelling leads to a different action of Zg on the boundary
fields. The Zo—action of B does via the change of basis induce a Zs—action on A which
is different from the original one. It follows that each distinct e/o—assignment results in a
distinct Zo—action on A.

Going back to section [3.3| we see that for each i-type boundary x#w we are free to choose
which of the two fields living on _w z_ we call . and which z,. The specific assignment
made in section [3.3| was motivated on physical grounds.

There are altogether N=2~1(@-2)/4=1 {istinct assignments. Thus among other symme-
tries the structure constants may have, there are N Zs’s acting on the set of primary fields
that leave the subset of the structure constants in A that involve no or only i-type boundary
conditions invariant. One can convince oneself that the Zs’s all act in the same way on the
bulk fields but can be distinguished from their action on the boundary fields. The collection
of Zs’s just presented does not necessarily exhaust all discrete symmetries as can be seen for
example in the three-states Potts model which has an additional Zs—symmetry of whose Zs
subgroups only one is contained in the above list.

5.6 Disc partition function and Pasquier Algebra

Up two now all constraints on the structure constants were derived in such a way that the
@)

vacuum expectation values (1)yyp cancelled. We will next derive some constraints for the
vacuum expectation values of the unit disc <1>(§). Consider the two-point function (wiy) wff)>
on the unit disc. Taking different limits leads to the constraint:
1 1
clmt (1)) = ¥t Y (61)
®

The vacuum expectation values <1>%), (1)) can be interpreted as the partition function of

the unit disc with different boundary conditions. This expression thus relates the partition
functions of different boundary conditions in the same geometry. The relation remains
true for different (genus zero) geometries, but the actual values of the partition functions do
depend on the shape of the system (see e.g. [20]). For example the partition function for a

disc of radius r is given by <1>%) -7¢/6 where ¢ is the central charge [20].
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Substituting the explicit boundary two-point functions into we arrive at the following
expressions (let z,y be i-type boundaries and a, b be n-type boundaries):

e Y LY _, W P (62)
Site  SpYe St Sy Sp% Gy be

In [9] the matrices n; that descibe the boundary field content are simultaneously diago-
nalised in the following way:

S.J
it = ) o5 Ve (Vyas)' (63)
e 1
Jjp diag.
where the sum runs over all (even or odd) diagonal bulk fields and the vectors v, form a
complete orthonormal basis.
Replicating the line of argument in section 8 of [15] in the present notation we get the
following expression for the matrices n;:

e jﬁ%«g‘ ::i]] . Cjﬂji]m’m (I)Bjﬁl <1>(‘§) (y)Bjﬂl <1>%) (64)
Using and normalising the bulk vacuum:
(0j0) = 51 (65)
we find the following relation between the bulk-boundary couplings and the vectors ,:
Yrgs = OBj," (1) (66)
By evaluating for j=1 and recalling that @B;' =1 we get:
(1Y =t (67)

Furthermore we see that the the bulk-boundary couplings to the identity on the boundary are

given by a ratio of ¢’s [9]:

o wx,jg
w:v,l

In the present normalisation the B’s form one dimensional representations of an algebra, a

fact that was used to classify possible boundary conditions in [6-9]. The algebra was identified
as the Pasquier algebra [21] in [9]:

@ B,

(68)

@p; ! (“”)Bjﬁl = ZMiaj@k7 . (I)Bk—yl (69)

where Mi,j," = 3, Yain oy (Yo, )* Va1
From the relations @, and together with the constraint that the vectors 1,
form an orthonormal basis we get the following expression:

y {\@ S1%e  if x is of i-type
z,1 —

1

. — @p. 1
VY ig ia Y1 7 S1%+ if z is of n-type

(70)

Since the bulk-boundary couplings are known from one can now check that the ’s so
defined are all real and verify numerically that they fulfill , with n;,Y on the Lh.s. taken
from section 3.3
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6 Conclusion

The aim of this paper was to find all structure constants of the D-series minimal model
boundary conformal field theory and to point out some of their properties.

The structure constants can be calculated in several steps. The basic ingredient are the
fusion matrices, as all structure constants are expressed in terms of these. A procedure to
obtain the fusion matrices recursively is given in [15], together with references to the original
literature. The matrices can also be extracted by rescaling explicit expressions found e.g.
in [17] to match the normalisation fixed in appendix A. As a first step the D-series field content
of the boundary theory is computed, as described in section [3.3] Next all boundary structure
constants are obtained from the results collected in section The boundary theory is now
fully determined. The extension from the boundary to the bulk recovers the familiar D-series
bulk field content as the maximal set of bulk fields consistent with the boundary theory (see
section . Last, the remaining two sets of structure constants, the bulk-boundary couplings
and the bulk structure constants are given in , and .

The boundary structure constants C'(ffg?;” and the bulk structure constants Cj, jﬂkW ob-

tained by this procedure are all real, both for unitary and non-unitary minimal models.
However some of the bulk-boundary couplings @B;_* are imaginary. There is in general no
basis of primary fields such that all structure constants real. In section [5.4] a non-primary
basis of fields was presented in which all three sets of structure constants are real.

The solution described above was obtained by deriving a necessary form of the structure
constants. It was shown that any solution to the sewing constraints f for the D-series
field content can be brought to this form. So just as for the A-series it follows that the
structure constants are unique up to redefinition of the fields. It was however not analytically
shown that the given structure constants do indeed solve the full set of genus zero sewing
constraints, since they are overdetermined and only a subset was used for the actual solution.
But numerical tests carried out for several minimal models where each of the equations —
was checked repeatedly with a different random selection of fields show no contradiction.

It was also found that a subset of the D-series structure constants have a manifest Zo—
symmetry: If no or only i-type boundaries are present in a correlator it is invariant under
the change ‘even’—‘even’ and ‘odd’— —‘odd’. This symmetry can be associated to the Zo—
symmetry of the D-diagram in the sense that the boundary conditions fall in two classes: the
i-type boundaries are associated to nodes left invariant by that symmetry, and the n-type
boundaries to nodes which are not. We have also seen that the even fields alone form a closed
subalgebra with structure constants equal to the corresponding ones of an A-type theory.

In deriving the structure constants we have used only the Virasoro algebra, and not consid-
ered the fact that it could be part of a larger symmetry algebra, as is the case for Deyen, models.
From the present point of view, curious properties of the solution such as the boundary field
content, the even/odd coupling rule or numerical coincidences in the structure constants, are
obtained as results of the calculation, but lack an explanation in terms of the additional struc-
ture present in the theory. One can use the maximally extended chiral algebra as a starting
point for the analysis of a boundary conformal field theory (see e.g. [22] and references therein)
and it would be interesting to interpret the explicit results presented here in this more general
framework.

In section [5.5] it was pointed out that an initial freedom in the labelling of the boundary
fields actually implies that the just mentioned Zs is part of a collection of 2P—1)(a=2)/4-1
Zo’s, each acting in a distinct way on the set of primary boundary fields. This action leaves
structure constants with no or only i-type boundaries invariant.
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Finally the vacuum expectation values (1)(;) of the unit disc with different boundary con-

ditions were computed and it was pointed out that in the present normalisation the bulk-
boundary couplings (x)Bial form one-dimensional representations of the Pasquier algebra.

To make contact with different conventions in the literature the bulk and boundary fields
may have to be redefined. The normalisations chosen in this paper can be obtained from
in terms of the bulk two-point functions, or from in terms of the bulk-boundary couplings
to the identity field on the boundary.

Acknowledgements — This work was supported by the EPSRC, the DAAD and King’s
College London. I am especially grateful to my supervisor G.M.T. Watts for suggesting the
project, encouragement, criticism and helpful conversations. Furthermore I wish to thank
V.B. Petkova, P. Ruelle and J.-B. Zuber for useful discussions.

Appendix A: Derivation of the five-point constraint

This appendix was included to illustrate how the notation and techniques for calculating with
conformal blocks described in [11] were used to rederive the sewing constraints in [10].

The sewing constraints arise from taking two different limits in a given correlator where
the fields approach each other or the boundary and demanding that the two sets of structure
constants and conformal blocks give rise to the same function.

Conformal blocks associated to different asymptotic regimes can be transformed into each
other using the fusion— or F—matrices. The F—-matrices are defined as follows:

J
q k
J k (z —w)
i p ‘ J k| 14
& W ‘;qu[i e .

The conformal blocks appearing in solve the linear differential equations associated with
the (chiral) correlator (i|¢;(z)@r(w)|l).

The normalisation convention for conformal blocks chosen in this paper is (the dots stand
for a regular expression in w):

ik
| (1) ; (w) =T ()
J
q k
- w
i (ﬁ:(l_w)hq*hj*hk(l+...) (72)

The example we consider is the derivation of the constraint resulting from taking different
limits in the correlator involving two bulk fields ¢;,, ¢;, and one boundary field w,(:f) on the
upper half plane with the boundary condition labelled a.

In the first limit we take the two bulk fields to the boundary and are left with a three-point
function on the boundary. In the second limit we start by taking the OPE of the two bulk
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fields and then take the remaining bulk field to the boundary. Let z=x,+iy, and w=x,+iy,.
The asymptotic behaviour in the two limiting cases is then given by:

(Bin (2, 2)5, (w, D) Y (2))
@ v (@ . aaa)k aaq a)
o 3 (0 9 o o o

yw_)o p7q V7€
. <2yz)hp_hi_ili (2yw)hq—hj—Bj (a:_z _ .Tw)hk_hp_hq

. (-Tz . x)hqfhpfhk (-Tw . I)hp*hk*hq

~ Y (z Cousy™ O c<,€7,37< ><:;>Hp>

Z—w MM

(2 = w)tm R (2 — )R (g )R (g, — )2 (73)

On the other hand the correlator can be expressed as a linear combination of conformal
blocks. We use two sets of conformal blocks to express the correlator in two different ways,
one associated to each asymptotic behaviour in . We obtain the following two linear
combinations:

(i (2, 2) b, (w, 0) O ()

i J
p 7 q J
z—Z w— W k
. 0 p 0
_Zcp’q' z o T
p,q
)
m J
zZ—w 7
k m J
w—w zZ—w k
0 k 0
:devm’ w T (74)

Taking the limits calculated in for the exact expressions in terms of conformal blocks
relates the coefficients ¢, 4, and d,, 7 to the products of structure constants obtained by
applying the OPE. The precise relation is:

Cpq - € iZ (hp+hq—hi—hi—h;—hj) _ Z ()B Dy (a)B ge @k ~(aaa)l (1 >(a)

DPrQe k,ylg,y UHP
A - €5 = =Fim ch OB, b CU (1 (75)

The phase factors originate from relating z — z = 24y, to 2y, etc. The sums over v, e and p in
take care of fields with multiplicities. Fields that transform in the same representation
of the Virasoro algebra show the same asymptotic behaviour and cannot be discriminated by
conformal blocks. Hence their structure constants occur as a sum in front of the according
conformal block.
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The two sets of conformal blocks in are related by a basis transformation. This
transformation can be carried out in several steps making use of two basic moves of braiding
and fusion implemented by the B— and F— matrix (see [11] for details). One possible way to

perform the basis transformation is as follows:

i J
p 7 q J
Z2—Z w— w k
0 p k 0
z w x
i 7 J J k
r. _—°\ —1
_Z(F jJ > 0 i | p ||k 0
- z z w D x
. Wz k o z w
i J v J k
~Y°F E (—){l j] 0 i | m | r | k 0
- qr pm z w z w0 x
P ) 1T
r,m - -
) 7
m J m J
Z—w zZ— W k
F E 7ln-) 7jF 1] 0 m k 0
_rmm Tlp g™ i mlmok w w x
(P o k 7 T 1]
R Aty
e qr p j pm| 4 j ™Moo,k
1
m J
Z—w 7
k m J
w — W zZ—w k
0 k 0
m o (76)

Putting , and together we recover the sewing constraint @:

Z Ciaj,emp (a)BmphY C(Zj(]?,yl <1>(€T)HP
p

v,€

a) v (@ 2 aaa)k aaa) @)
-5 (30 o e o o)
p,q

. Z eig(hk+hp7hqf2hr+hmfﬁm7hi+ﬁi+h]~+ﬁj)

Sfg el el

The summation range for r is principally over all entries in the Kac-table (quotiened by Zs)

r
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but the F—matrix entries will only be nonzero if the following three fusions are allowed:

7 7

Appendix B: Some F-matrix identities

The following constitutes a collection of F-matrix identities for Virasoro minimal models used
in the paper. They are either directly taken from [11] or special cases thereof. Note that for
the S—matrix we have S1°=S5;"" where the *-operation was defined as i* = (r,q — s) if i has
Kac-labels (r, s).

@7 k| _ imcthithe—hp—hg)pg | J 1
qu [z g]_e o qﬁvq[i k (79)
ik il ¢ i
qu{i g]:qu[j k]:qu{kz j] (80)
b ¢ d c T; Wo b wo|
LA LA B R o ] R
r . 1 k
1] i S-S Te Wo Wo Wo|
Flk:_Z ]:|Fkl|:] ]:| - SlSlJ F11‘0|:xe w0:| $01|:xe xe:| - (82)
(3 4 Sy F k k Wo Wol| Wo Wo
Fkl _j j:| Silj J |:1/ 1/:| Fxol|:xe Te — Tzl To To (83)
[ - Sll Wo Wo
AR A en
ik ii] o [ k ok
$ girtht 22— ) [ i P] 3 [ q 2_?]
- i q i1
:Zeiﬂ’(fhpth72ﬁi+2hm+%(hk+hg))Fk {p E}F Z[p g} (86)
mlg 7|
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