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Abstract

We compute the fundamental correlation functions in two-dimensional rational con-
formal field theory, from which all other correlators can be obtained by sewing: the
correlators of three bulk fields on the sphere, one bulk and one boundary field on
the disk, three boundary fields on the disk, and one bulk field on the cross cap. We
also consider conformal defects and calculate the correlators of three defect fields
on the sphere and of one defect field on the cross cap.

Each of these correlators is presented as the product of a structure constant and
the appropriate conformal two- or three-point block. The structure constants are
expressed as invariants of ribbon graphs in three-manifolds.
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1 Introduction and summary

This paper constitutes part IV of the series announced in [I], in which the relation [2, 3], 4]
between rational two-dimensional conformal field theory (RCEFT) and three-dimensional topo-
logical quantum field theory (TFT) is combined with non-commutative algebra in modular
tensor categories to obtain a universal, model independent, construction of CF'T correlation
functions. In the previous parts of the series, we concentrated on the description of correlators
without field insertions, i.e. partition functions [IJ], on the special features that arise when the
world sheet is unoriented [II]], and on the case that the CFT is obtained as a simple current
construction [IIT]. In the present part we give the fundamental correlation functions of the
CFT, i.e. a finite set of correlators from which all others can be obtained [BLE[7] via sewing and
chiral Ward identities.

1.1 Correlators from sewing of world sheets

The correlators of a CFT should be single-valued functions of the world sheet moduli, like
the positions of the field insertions or, more generally, the world sheet metric. Further, the
correlators are subject to factorisation, or sewing, constraints. These constraints arise when a
world sheet is cut along a circle or an interval and a sum over intermediate states is inserted on
the cut boundaries. This procedure allows one to express a correlator on a complicated world
sheet (e.g. of higher genus) in terms of simpler building blocks. The fundamental building
blocks are [BL6L[7] the correlators (@@®) for three bulk fields on the sphere, (%) for one bulk
field and one boundary field on the disk, (W¥¥) for three boundary fields on the disk, and
(®), for one bulk field on the cross cap. Actually, the requirement of covariance under global
conformal transformations determines each of these correlators up to the choice of a non-zero
vector in the relevant coupling space. The components of these vectors are called structure
constants.

Depending on what class of surfaces one allows as world sheets for the CF'T, different sets
of these fundamental correlators (or, equivalently, structure constants) are required:

class of world sheets fundamental correlators

(1) oriented, with empty boundary (PDD)

(2) unoriented, with empty boundary (PDPD), (D)

(3) oriented, with empty or non-empty boundary (PDD), (PW), (VIW)
¢

v, (W
(4) unoriented, with empty or non-empty boundary (PPP), (PW), (PWW) (D),

The factorisation of a given correlator into the fundamental building blocks is not unique.
Requiring that the different ways to express a correlator in terms of sums over intermediate
states agree gives rise to an infinite system of constraints for the data (PPP), (PW), (VYW),
(@) «. One way to define a CFT is thus to provide a collection of candidates for the fundamental
correlators that are required in (1) —(4) and show that they solve these factorisation constraints
and lead to single-valued correlators.

Holomorphic bulk fields (like the component T" of the stress tensor) lead to conserved charges
and chiral Ward identities, which constrain the form of the correlation functions. Solutions to
the chiral Ward identities are called conformal blocks. In rational CFT the space of conformal
blocks for a given correlator is finite-dimensional. Another important consequence of rationality



is that the fundamental correlators have to be given only for a finite collection of fields; for all
other fields they are then determined by the chiral Ward identities.

The conformal blocks that are relevant for the correlators on a given world sheet X are
actually to be constructed on the double X of X. The surface X is obtained as the orientation
bundle over X, divided by the equivalence relation that identifies the two possible orientations
above points on the boundary of X:

A

X = 0r(X)/~ with (x,o0r) ~ (x,—or) for x € 0X. (1.1)

For example, if X is orientable and has empty boundary, then X just consists of two copies of
X with opposite orientation. A correlator C'(X) on the world sheet X is an element in the space
of conformal blocks on the double,

C(X) € H(X). (1.2)

This is known as the principle of holomorphic factorisation [§].

The conformal blocks on a surface > are generically multivalued functions of the moduli
of ¥. Upon choosing bases in the spaces H(X), the behaviour of the blocks under analytic
continuation and factorisation can be expressed through braiding and fusing matrices B and
F [0 O0,I1). These matrices are in fact already determined by the four-point blocks on the
Riemann sphere. One can then express the constraints on the fundamental correlators coming
from factorisation and single-valuedness in terms of fusing and braiding matrices. It turns out
that there is a finite set of equations which the structure constants must obey in order to yield
a consistent CFT. These are the so-called sewing constraints [B.16].

The first class of CF'Ts for which explicit solutions for the structure constants have been
calculated are the A-series Virasoro minimal models. The constants for (PPP), (PV), (VIW)
and (®), are given in [I2 3,04, [0, respectively. By now many more solutions are known;
pertinent references will be given at the end of sections EE2-HE0l, in which the calculation of the
individual structure constants in the TFT framework is carried out.

Remarkably, one can also obtain exact expressions for some of the fundamental correlation
functions in a few examples of non-rational CFTs in which the chiral algebra U is too small
to make all spaces of conformal blocks finite-dimensional. The most complete answers are
known for Liouville theory, see e.g. [I5I6LI7] and references cited therein. The structure of the
expressions found in this case is very similar to the Cardy case of a rational CF'T. This similarity
might serve as a guideline when trying to extend aspects of the TF'T-based construction beyond
the rational case.

1.2 Correlators from 3-d TFT and algebras in tensor categories

The sewing constraints form a highly overdetermined system of polynomial equations, which
is difficult to solve directly. Instead, one can try to identify an underlying algebraic structure
that encodes all information about a solution. In our TFT-based construction, this underlying
structure is an algebra A in a certain tensor category. The associativity of this algebra is in
fact a sewing constraint, applied to a disk with four insertions on the boundary. This turns
out to be the only non-linear constraint to be solved in the TFT approach; all other relevant
equations are linear.



We will consider CFTs that can be defined on world sheets of type (3) or type (4). Each of
these two cases requires slightly different properties of the algebra A, but they can, and will,
be treated largely in parallel.

Our construction of CFT correlators takes two pieces of data as an input:

(i) The chiral algebra 0.
This fixes the minimal amount of symmetry present in the CFT to be constructed. More
specifically, the holomorphic (and anti-holomorphic) bulk fields contain as a subset the
fields in ¥, and all boundary conditions and defect lines preserve U (with trivial gluing
automorphism).

We demand U to be a rational conformal vertex algebra and denote by Rep(*0) its representa-
tion category. The properties! of U then imply that Rep(0) is a modular tensor category (see
section I:2.1 for definition, references and our notational conventions). To any modular tensor
category C one can associate a three-dimensional topological field theory TET(C), see e.g. [T920]
as well as section 1:2.4 and section 3.1 below. The TFT supplies two assignments. The first,
E+— H(E) associates to an (extended) surface F the space H(E) of states, a finite-dimensional

vector space. The second assignment takes a cobordism L , i.e. a three-manifold with
‘in-going’ boundary E and ‘out-going’ boundary E’ together with an embedded ribbon graph,
and assigns to it a linear map Z(M): H(E) — H(E’). In the case of Chern-Simons theory, the
state spaces of the TFT can be identified with the spaces of conformal blocks of the corre-
sponding WZW model [2]. In the case of three points on the sphere, for a general RCFT the
identification of the state spaces of the TF'T with spaces of conformal blocks is a consequence
of the definition of the tensor product; for more general situations it follows by the hypothesis
of factorisation.

According to the principle ([LJ), in order to specify a CFT we must assign to every world
sheet X a vector C'(X) in H(X). This will be done with the help of TFT(C), by specifying for

every X a cobordism 0% X and setting C(X) :=Z(Mx). Since C="Rep(*¥) encodes all the
monodromy properties of the conformal blocks, the question whether the collection {C(X)} of
candidate correlators satisfies the requirements of single-valuedness and factorisation can be
addressed solely at the level of the category C. In particular, the analysis does not require the
knowledge of the explicit form of U or of the conformal blocks. The first input in the TFT
construction is thus

e a modular tensor category C

which determines in particular also TFT(C).

For the construction of the vector C'(X) € H(X) it is actually not necessary that C is the
representation category of a vertex algebra; only the defining properties of a modular tensor
category are used. The vertex algebra and its conformal blocks are relevant only when one
wishes to determine the correlators as actual functions. In particular, in those cases where
non-isomorphic vertex algebras have equivalent representation categories (as it happens e.g. for
WZW theories based on so(2n+1) at level 1 with n taking different values congruent modulo
8), the TFT approach yields the same link invariants in the description of the correlators. It

1 To be precise, ¥ must obey certain conditions on its homogeneous subspaces, be self-dual, have a semi-
simple representation category, and fulfill Zhu’s Cy cofiniteness condition [Ig].



is only after substituting multivalued functions for the conformal blocks that two such models
have different correlators as actual functions of moduli and insertion points.

(ii) An algebra A in C.
There are generically several distinct CF'Ts which share the same chiral algebra 2, the
best known example being the A-D-E-classification of minimal models [2I]. The additional
datum we need to specify the CFT uniquely is an algebra A in the tensor category C.

More precisely, what is needed is

e a symmetric special Frobenius algebra (see section 1:3) for obtaining a CEFT defined on
world sheets of type (3);

e a Jandl algebra, i.e. a symmetric special Frobenius algebra together with a reversion
(see section II:2), for obtaining a CFT defined on world sheets of type (4).

At the level of the CFT, specifying a symmetric special Frobenius algebra corresponds to
providing the structure constants for three boundary fields on the disk (denoted (WW¥W) above)
for a single boundary condition. To obtain a Jandl algebra, one must [II] in addition provide a
reversion (a braided analogue of an involution) on the boundary fields that preserve the given
boundary condition.

Suppose now we are given such a pair (C, A) of data. The correlators Cy of the conformal
field theory CFT(A) associated to this pair are obtained as follows. Given a world sheet X, one
constructs a particular cobordism Mx, the connecting manifold [ together with a ribbon graph
Rx embedded in Mx. The different ingredients of X, like field insertions, boundary conditions
and defect lines, are represented by specific parts of the ribbon graph Rx, and also the algebra
A enters in the definition of Ryx; this will be described in detail in section Next one uses
TFT(C) to define the correlator of CFT(A) on X as C4(X) := Z(Mx).

One can prove [V] that the correlators supplied by the assignment X +— C4(X) are single-
valued and consistent with factorisation or, equivalently, with its inverse operation, sewing.
This implies in particular that the fundamental correlators (PPP), (P¥), (PWV¥) and (D)
obtained in this manner solve the sewing constraints.

We conjecture that, conversely, every CFT build from conformal blocks of the rational
vertex algebra U defined on world sheets of types (3) and (4) can be obtained from a suitable
pair (C, A) with C =Rep(*U). This converse assignment is not unique: several different algebras
lead to one and the same CFT. This corresponds to the freedom of choosing the particular
boundary condition whose structure constants are used to define the algebra structure. All
such different algebras are, however, Morita equivalent.

For theories defined on world sheets of type (3), it has been advocated in [22), 23] 24, 25]
that aspects of the fundamental correlators are captured by the structure of a weak Hopf
algebra, respectively an Ocneanu double triangle algebra. Indeed, a weak Hopf algebra furnishes
(see [20], and e.g. [21] for a review) a non-canonical description of a module category over a
tensor category, i.e. of the situation that in our TFT-based construction is described by the
algebra A in the tensor category Rep(D).



1.3 Plan of the paper

In section Bl we introduce the fusing matrices for the categories C4 of A-modules and 2C4 of
A-bimodules. These are useful for obtaining compact expressions for the structure constants.
In section Bl the ribbon graph representation of field insertions is described. We will consider
three kinds of fields: boundary fields, bulk fields, and defect fields. By a boundary field we
mean either a field that lives on a boundary with a given boundary condition or a field that
changes the boundary condition. Likewise, a defect field can either live on a defect line of a
given type, or change the defect type. A bulk field can thus be regarded as a special type of
defect field, namely one that connects the invisible defect to the invisible defect.

In section H the ribbon invariants for the fundamental correlators (2P®), (PW), (VWW¥) and
(@)« are computed, as well as the correlators (©©0) of three defect fields on the sphere, and
(0), of one defect field on the cross cap. Up to this point the discussion proceeds entirely at
the level of the tensor category C, i.e. of the monodromy data of the conformal blocks.

We would also like to obtain the fundamental correlators as explicit functions of the field
insertion points. The necessary calculations, which are presented in section [, require additional
input beyond the level of C, namely the vertex algebra U with representation category Rep(D)
and the notions of intertwiners between ‘U-representations and of conformal blocks, as well
as the isomorphism between the state spaces of the TFT and the spaces of conformal blocks.
These additional ingredients are the subject of section Al Unlike the mathematical prerequisites
employed in the earlier sections Pl-H, some of this machinery is not yet fully developed in the
literature. However, in section @ we only need the two- and three-point conformal blocks, which
are well understood.

The formulas which give our results for correlators of boundary fields ¥, bulk fields @ and
defect fields @ are listed in the following table.

Ribbon Ribbon invariant  Ribbon invariant  Correlation
Correlator  invariant in a basis in Cardy case A=1 function

(Vow)  eq. ED) eq. (E12) eq. (ELD) eq. (E10)
(P¥) eq. (ELIG) eq. (23 eq. (D) eq. (E24)
(PDP)  eq. (EZT) eq. (3 eq. (E5J) eq. (E3T)
(000)  eq. [E3) cq. (E12) eq. [EEY) eq. ([E30)
()« eq. (EIY) eq. (52 eq. (ETH) eq. (E22)
(©)x eq. (E5T) cq. (EE0) eq. [ETH) eq. [E1d)

Acknowledgements. We are indebted to N. Potylitsina-Kube for her skillful help with the
numerous illustrations. J.F. is supported by VR under project no. 621-2003-2385, and C.S. is
supported by the DFG project SCHW 1162/1-1.



2 Fusing matrices for modules and bimodules

To exhibit the mathematical structure encoded by the bulk and boundary structure constants,
we make use of the concept of module [28,29 B0,26] and bimodule categories. As the main
focus of this paper lies on the computation of correlators, we do not develop the mathematical
formalism in all detail.

Given a tensor category C, a right module category over C comes by definition with a
prescription for tensoring objects of M with objects of C from the right,

O MxC— M. (2.1)

The tensor product ®,, must be compatible with the tensor product ® of C in the sense that
there are associativity isomorphisms

(MeouU)ouV = Meyu (UaV) (2.2)

for U,V € Obj(C) and M € Obj(M), such that the corresponding pentagon identity is satisfied,
as well as unitality isomorphisms M ®x( 1= M obeying appropriate triangle identities.

A bimodule category B is a straightforward extension of this concept, allowing both for a
left action of a tensor category C and a right action of a possibly different tensor category D,

®s: CxB—B and ®z: BxD-—B. (2.3)

The compatibility conditions of the different tensor products are given by associativity isomor-
phisms

UL (VehX) 2 (UeeV)ohX (left action),
(X®ER)®rS = X @ (R®pS) (right action) , (2.4)
UL (XL R) = (UkkX)®E R (left and right action commute)

for U,V € Obj(C), R, S € Obj(D) and X € Obj(B). Again the various associators must fulfill the
corresponding pentagon identities, and again there are also unitality isomorphisms satisfying
triangle identities. In our application it is natural to take the category B to be a tensor category
as well; then there are also the corresponding additional associators and pentagon identities.

In section Bl we will see that the boundary structure constants encode the associator of a
module category, while the structure constants of bulk and defect fields give the associator of
a bimodule category. In the present section we define the expansion of these associators in a
basis. This gives the fusing matrices for modules and bimodules.

2.1 Fusing matrices for modules

The right module category relevant for our purposes is the category Cy of left A-modules, where
A is an algebra in a tensor category C (see e.g. section I:4, or section 2.3 of [BII|; we take C
to be strict.) Given a left A-module M = (M, p), we can tensor with any object U of C from
the right so as to obtain again a (generically different) left A-module M @ U= (M @ U, p ® idy)
(with all tensor products taken in C). This defines a right action ®: C4 X C — Ca.

We take A to be a symmetric special Frobenius algebra and C to be a modular tensor
category. Then also C4 is semisimple and has a finite number of non-isomorphic simple objects
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[B2B3]. Let {U;|i€Z} be a set of representatives of isomorphism classes of simple objects of
C and {M, | k€ J} a set of representatives of isomorphism classes of simple left A-modules.
Thus lower case roman letters i, j, k,... appear as labels for simple objects U;, U;, Uy, ... of C,
while lower case greek letters u, v, K, ... from the upper range of the alphabet appear as labels
for simple A-modules M, M,, M,, ... (later on, we will use such greek letters also for simple
bimodules).

As a first step towards defining the fusing matrices for C4 we choose bases in the spaces
Homy (M, ®@U;, M,),

M,

S P € Homu(M, ®@U;, M,) . (2.5)

(i

M, U

We do not restrict this choice of basis in any way, except for ¢=0, i.e. when U;=1. In this
case we demand the basis element to be v,0), = idy;,. Both the basis morphisms (E23) and the
basis morphisms Af;;), € Hom(U; ® U;, Uy) that were chosen in (1:2.29) will be labelled by lower
case greek letters a, 3,7, ..., chosen from the beginning of the alphabet. .

We also need bases in the spaces Homy (M, M, ® U;), which we denote by {0}, We
choose these bases such that they are dual to the @Z)&i)y in the sense that w&i)yozﬁé’”)'/: 0a,p 1dpr, -
Just as for the morphisms Xéj)k in (I:2.31), owing to the semisimplicity of C4 the morphisms
@Z)&i)u obey the completeness relation

MM U@ Mp, Ul
A r
" a
Moo= (2.6)
reJ a=1 \
MH Ui M,u, Ui

K.

Here we abbreviate the dimension of the morphism space Hom 4 (M, ®U;, M,.) by A;*; according
to proposition 1:5.22, these non-negative integers give the annulus coefficients of the CFT.
The fusing matrices G[A] relate two different bases of the space Homy(M,&U;QU;, M,).

We denote these bases by {b((lll_zﬁ} and {bgzk)(;}, with the individual vectors given by

M, M,
~
B U
1 2 k
s == ar and b = 5 (2.7)
Mu U; Uj MH U; Uj



Let us verify that these are indeed bases. Linear independence can be seen by composing with
the corresponding dual basis elements. Completeness of {bslzﬁ} is seen by applying ([Z4) twice.
A similar reasoning establishes completeness of {bgzk)(;}. Also note that there are > _A;rA;Y
basis elements of type b and >, NZ-fAkH” basis elements of type b®). That these two numbers
are indeed equal has been established in theorem 1:5.20(v). In CFT, equality of the two sums
means that the annulus coefficients furnish a NIMrep of the fusion rules [34]22,B5].

The fusing matrix of the module category C4 describes a change of basis from b to b2,
There exists a unique set of numbers G[A]gf_jé?;ké such that

M, M,
.
B Akp Ni]k (i) Uy
_ wij)v 5
M, = E G[A](mﬁ vk (2 8)
-3 ke ~v=1 ¢§=1
M, U; U M, U; U;

We denote the fusing matrix arising here by G[A] rather than by F[A], because in the Cardy
case A=1 it reduces to the inverse fusing matrix G of C, see (1:2.40). By composing (Z) with
the basis of Homu(M,, M,@U;®U;) dual to {bf{zk)(;}, one arrives at the following ribbon invariant
for G[A]:

M,

(nij)v _
GM]&A%& = (2.9)

M,

A possibility to compute these numbers is to first find all simple A-modules M,, by decomposing
induced modules (see section I:4.3), which is a linear (and finite) problem. Next one needs to
identify the spaces Homy(M,®U;, M,) as subspaces of Hom(Mu@)Ui, M,,). This can be done
by finding the eigenspaces of the projector fi— f that takes a morphism f € Hom(MM@)Ui, MV)
to its A-averaged morphism f, which is known to lie in the subspace Hom4(M,®U;, M,), see
definition I:4.3 and lemma 1:4.4. This is again a linear problem. These ingredients suffice to

evaluate (23).
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By construction, the matrices G[A] solve the pentagon relation

G[A]

(2.10)
—
G[A4]
Explicitly, this pentagon reads
ij (par)v
Z G ag)\ag ,ETd2 G[A]alne,'quél
_ ma (ppk) v (ijk) q (2.11)
Z Z G amocz 611762 G[A]ﬁlms,wqw Gﬁzp’\/27517’52'

P 61 752 1

If one prefers the fusing matrix F of C to appear directly, rather than its inverse G, one may
rewrite this in the form

mJ (upk) v
Z G amocz 611762 G[A]BM% »Y1GY2

ij (pir) v (ijk) q
- Z Z G az)\% ,€rd2 G[A]au%,’qu(;l F517“52 s Bapya
r 01,02,

(2.12)

When all morphism spaces involved are one-dimensional, these relations simplify considerably,

e.g. (ZIT) reads
G[A]{IFY GA)pin ZG AJ DX GAED Y Gk (2.13)

Remark 2.1:

(i) The fusing matrices G[A] (or rather, their inverses F[A]) also appear in an approach to CF'T
based on graphs and cells [2223], where the notation MF is used. The WF are required to solve
a pentagon relation; the corresponding equation for G[A] is (ZI1l). In fact, the associativity
conditions between the categories C, C4 and 4C4 give rise to a number of pentagon relations,
called the “Big Pentagon”, for the corresponding associators. The associators and the pen-
tagon relations can be visualised using cells (known as Ocneanu cells) [36,87], and can also be
interpreted in terms a 2-category with two objects, see e.g. [27] for more details.

11



(ii) As observed for the Cardy case A=1 in [I438], and for the general case in [39], the pen-
tagon for G[A] is equivalent to the sewing (or factorisation) constraint [6] for four boundary
fields on the upper half plane. If ¥#” denotes a boundary field which changes a boundary
condition described by the A-module M, to M, (looking along the real axis towards 4+o00) and
has chiral representation label a, the boundary OPE symbolically takes the form

C

W= e (2.14)

where the constants ¢/~ are the OPE coefficients?. Factorisation of the correlator of four
boundary fields leads to the constraint [6]
cli kit = ZCW pop plabeld, (2.15)

bece aed

By relation (2I2), this equation in the unknowns c is solved by

chre = GIAILD™, (2.16)
where again all multiplicity labels are omitted.

And indeed, when evaluating the corresponding ribbon invariant in (L8) below, one finds the
explicit expression (EIZ) for the coefficient occurring in the correlator of three boundary fields.
This expression implies® ([ZI0). We thus arrive at the conclusion that the boundary OPE
coefficients are given by the 6j-symbols of the module category Cy.

2.2 Fusing matrices for bimodules

The bimodule category that is needed for the description of the bulk structure constants is
of the form* C x B x C — B. Here C denotes the tensor category dual® to C in the sense that
if C=(C,®) then C=(C,®°P). Denoting the quantities in C with a bar, this means that
U=U and URQV =V®U. The bimodule category B of interest here is the category 4C4 of
A-bimodules, see definition 1:4.5.

For the action of C and C on 4Cy4 there are, in each case, two p0831b1htles Let us start with
®k: C x 4Cy — 4C4. Given an object U of C and an A-bimodule X = (X o1, pr), we define the
bimodules U ®* X as

Ut X = (UeX, (idy@p) o (cys®idx),idy®p,)  and
U™ X = (UsX, (idy@p) o (¢, y®idy), idy®p,) ,

2 With all multiplicity labels and coordinate dependence in place, one obtains an equation of the form
(I:3.11).

3 In (D) the combination c";;;;“ chro appears because it describes a three-point correlator, rather than an
OPE coefficient.

4 As mentioned in section [l we treat here only theories defined on surfaces of types (3) and (4). When one
does not include surfaces with boundary, one can also consider heterotic theories, in which case more general
bimodule categories C x B x D — B occur.

® The dual of a tensor category (C,®) is e.g. defined in section 6.2 of [31], where it was taken to be (C°PP, ®)
rather than (C, ®°PP). These two categories are tensor equivalent via the functor ?V, i.e. by taking the duals of
objects and morphisms.

(2.17)

12



respectively. (In graphical notation, for ® " the U-ribbon passes above the A-ribbon, while
for ®~ it passes below.) We take the functor ®k to be given by ®*. Similarly we can define
bimodules X ®*U when tensoring with U from the right as

X @ U = (XQU, p®idy, (p,®idy) o (idx®cy 4))  and

. (2.18)
X @ U := (XU, p®idy, (p,@idy) o (idx®c, ) ,

respectively. (In graphical notation, again for @, U passes above A, while for ®, it passes
below.) We take the functor ®J to be given by ®@~.

The reason for choosing the actions of C and C on 4Cs in this particular way is that
defect fields are to be labelled by elements of the space Homya(U ®*X ®~ V,Y) of bimod-
ule morphisms between the A-bimodules U®TX®~V and Y. In [ILII] instead the space
Homyja(X®™V,Y®*U") of bimodule morphisms was used. These two spaces are canonically
isomorphic; an isomorphism can be given as follows.

Lemma 2.2:
The mapping

¢: Homya(X @ VY@ UY) - Hompa(U®TX @~ V)Y) (2.19)

given by .
is an isomorphism.

Proof:
That ¢(f) commutes with the left and right action of A follows by a straightforward use of the
definitions. Further, one readily checks that the map ¢ acting as

$(9) = cygv o (idyv @ g) o (by ® idx ® idy) (2.21)
for g € Homu4(U®T X®7V,Y) is left and right inverse to ¢. v

It follows from proposition 1:4.6 that the category of A-bimodules is isomorphic to the
category of left modules over the algebra A ® A,,. Since A is a symmetric special Frobenius
algebra, so is A ® A,p. It follows that the category of A ® A,p,-modules is semisimple, and hence
4Ca is semisimple, too. Let us choose a set of representatives { X | k € K} of isomorphism classes
of simple A-bimodules.

The algebra A is called simple iff it is a simple bimodule over itself or, equivalently, iff
Z(A)g =1, see definition 2.26 and remark 2.28(i) of [B1] for details. If A is simple, then we
choose the representatives of simple modules such that X, = A.

Further, we choose bases {{f; ), } of the spaces Homya(U;@" X,®~U;, X)), with graphical

representation
Xy

Sy = o (2.22)




For the special case ¢ =j=0 we choose §(ou0), =Iidx,. The number of elements in the basis
{gafw.)u} of Homy 4 (U;@" X,®~Uj, X)) is denoted by ZZT);“‘X”; more generally, for any two A-
bimodules X and Y we set

72X = dim Homy 4 (U;@* X©~U;, V) = dim Hom (X @~ U;, Y@ U5) ; (2.23)

)

the second equality follows from lemma 2 together with U = U;. We denote the basis elements
dual to ([Z22)) by gL ¢ Homy4 (X, U;@" X,®@~Uj); they obey

Z_X,LL\XV
ij
iy 0 &y = bapidy, and D D EMogh o = idy, ®@idy, ® idy, (2.24)
vek a=1

The definition EZ3) of Zi)j( " is in accordance with the definition via the ribbon invariant
(I:5.151), as can be seen by inserting the second identity of (2224]) into the ribbon graph (1:5.151)
and using Z(‘))é‘y: dim Homy4(X,Y). The numbers Zi)j( " also have a physical interpretation;
they describe the torus partition function with the insertion of two parallel defect lines [A0,24];
see section 1:5.10 for details.

To motivate the definition of the fusing matrices for B= 4C4, let us have a look at the left
action of C on B. By semisimplicity, the isomorphism (X,®%U;) @5 U; 2 X, % (U; @U;) on
objects gives rise to an isomorphism

@ Hom®(X, @5 U;, X,.) ® Hom® (X5 U;, X,)

- _ L 2.25
— P Hom®(X, @y Uy, X,) @ Hom® (U, @ T;, Uy) (2.25)
k

of morphism spaces. By definition, the space Hom® (U;®U;,Uy) of morphisms in C is equal to
the morphism space HomC(UJ@UZ-, Uk) in C, while HomB(Xu(X)’"BUZ-, X,) =Homya(X,®"U;, X,)
etc. We would still like to describe the isomorphism (Z2ZH) with the help of the graphical
representation of morphisms in the ribbon category C. To this end we need a visualisation for
morphisms in C. A natural possibility is to represent them graphically by coupons that face
the reader with their back side. Thus, using dashed lines for ribbons with back side facing the
reader (see the beginning of section II:3 for conventions), we have

w w
ri’
- = (2.26)
O
T ()
U Vv U 1%

for f € Hom®(U® V, W) =Hom®(V&U, W), where on the left hand side the coupon labelled
by f is showing the black side to the reader while on the right hand side it is showing its white
side.
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After these preliminaries we are ready to give the definition of the fusing matrices F[A|A]
of the bimodule category 4C4. We have

X]/ XU
~
XpulX
Za1'a Y Nyt Nif2 Uqy L Ugs
X (zwkl
« Z Z Z Z F A|A arB,vq1926162 51 582 (2'27)
1\ \, q1,92€Z v=1 61=1 é2=1
I ]
U, U Xu Up U U; Ui X, Ug U,

Note that this encodes both the left action of C and the right action of C; the individual actions
can be extracted by setting i =7 =0 or k=1[=0, respectively.

An expression for the bimodule fusing matrix F[A|A] is obtained from (Z1) by composing
with the dual basis. One finds

X X X

FAALZE, =

amf, ’YQ1 Q251 2

(2.28)

X, X, X,

Evaluating this expression is again a linear problem, but it is more complicated than the proce-
dure for evaluating (Z9). First one must find all simple A-bimodules. By proposition 1:4.6, this
is the same as finding all simple A® A,,-modules, which (via the method of induced modules) is a
finite, linear problem. Next, the subspaces Homy4(U; ®* X ®~U;,Y) of Hom(U; ® XU, Y)
can be determined as images of the projection operators

(2.29)

15



for f € Hom(U; ® X @ U;,Y). This is a linear problem, after the solution of which one has all
the ingredients at hand that are needed to evaluate (Z28).

By construction, the F[A|A] satisfy a pentagon relation; schematically, this relation looks
like

FlA[A]

FlAlA]
Al

(2.30)

X \ \

. . .

i j k/ n oo m
N \ Xy
: \ \

F[m

and explicitly it reads

Z F A|A (zyﬁmn v [A|A](tkulu v

agAas , 0tuei vl Q1 KO, Y1TSE2P2

, g 2.31
o Z Z F AlA jk‘,ulm F[AlA](zp,uqn)u F(zyk)r F(nml)s ( )

arkaz, f1pqB203 Bidas ,yirsy2ys - v2pB2,eitez T 3983, prups”
P9 B1,82,03,72,73

Remark 2.3:

(i) In remark EZII(ii) we have seen that the boundary OPE is given by the 6j-symbols of the
module category C4. In fact, similar considerations apply to bulk and defect fields.

Let @, be a bulk field with chiral /anti-chiral representation labels oy, cv,.. Omitting all position
dependence and multiplicity indices, the OPE of two bulk fields can symbolically we written

as
Do b= C,l0,. (2.32)
Y
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The OPE coefficients C’Olﬁ7 must solve a factorisation constraint coming from the four-point
correlator on the sphere [5],6L41],

@C 5 Z Cﬁ F (a1 Biv) & (e Bryr) 6 " (2‘33)

Yo ELel Er Pr

where again all multiplicity indices and summations are omitted. If we identify

C,7 = FIAJA)g o0 (2.34)
then (233) is equivalent to the pentagon relation ([Z31]) for the F[A|A]-matrices. Recall that
the bimodule index 0 refers to the algebra A itself (we take A to be simple).

In the TF'T approach, the factorisation constraints hold by construction, and indeed the ribbon
invariant (E28]) for the correlator of three bulk fields on the sphere (to be constructed in section
] below) leads to the coefficient (234)), which implies ([Z34]). Note that in (E34) two factors
F[A|A] appear because this equation describes the coefficient for a three-point correlator, which
is a product of two OPE coefficients.

Let us now turn to defect fields. Denote by ©4" a defect field which changes a defect described
by a bimodule X, into a defect described by X,. One can think of a bulk field @, as a special
defect field ©# which changes the invisible defect (labelled by A itself) to the invisible defect,
i.e. with p and v set to zero. One can convince oneself that the OPE-coefficients of defect fields
have to fulfill a factorisation condition similar to (Z33)) and accordingly we would expect that
these OPE-coefficients are also given by matrix elements of F[A|A]. As before, this does indeed
result from the TFT-computation, see ([LZ2) below. Thus, just like is the case of boundary
fields, the OPE coefficients of defect fields can be seen as the coefficients of a suitable associator
morphism.

(ii) It is also worth recalling a well-known geometric interpretation of the pentagon identity
for the F-matrices (see e.g. [42]). This uses a description of the 6j-symbols F of a semisimple
tensor category as tetrahedra, with edges labelled by simple objects U; and faces by morphisms
Hom(U; ® U;, Uy), i.e. schematically

F = (2.35)

In this description, the pentagon identity corresponds to the equality between two ways to
obtain the body of a ‘double tetrahedron’: first, by gluing two tetrahedra along a common face,
and second, by gluing three tetrahedra along an edge common to all three of them (namely the
edge that, in the first description, connects the two vertices not belonging to the distinguished
face) and along three faces each of which is common to two of the tetrahedra. In the resulting
equation, the labels of the common faces and the internal edge are to be summed over.

To obtain an analogous interpretation of the pentagon relation [Z31) for bimodules, one

17



can represent the F[A|A] as prisms

= N o

in which the edges of the two triangular faces are labelled by simple objects of C and the
remaining edges by simple A-bimodules. The pentagon (231]) then describes again the equality
between two ways to obtain a certain geometric body, this time a ‘double prism’ on one
side (two F[A|A]s) two prisms are glued along a common quadrangle; on the other side, they
are instead glued along a quadrangle of which two edges are those edges of the original outer
quadrangles that were not involved in the previous gluing; at the remaining two edges the
quadrangle must touch triangles, and this is achieved by gluing a tetrahedron to each of the
original pairs of triangles. Again, the labels of common faces and internal edges are to be
summed over. Pictorially,

- (2.37)

\J

As already pointed out, the fusing matrices G[A] and F[A|A] are completely determined by the
modular tensor category C, the symmetric special Frobenius algebra A, and a choice of bases
in the relevant morphism spaces. While the explicit expressions are not very illuminating, we
still quickly go through the calculations, because later on we will need some of the quantities
entering these computations.

We can describe simple subobjects of an object V' of C by bases {bg’a)} of the morphism

spaces Hom(U;, V') and the dual bases {bg—’a)} of Hom(V, U;), satistying bg’ﬁ) o b};a) =07 67 idy,

Gy © b\"*) = idy. Their graphical notation is

2.3 Expressions in a basis

and the completeness property » .., > b
1% Uj

Doy =" Ao . b = ya (2.38)
Ui 1%

For modules, this amounts to the choice of morphisms introduced in (1:4.21). For bimodules we
take analogously béa) € Hom(U;, X) and bﬁ’g“’ € Hom (X, U;). In terms of these embedding and
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restriction morphisms we can now expand the morphisms w(o;k)y and E(OZ‘. e described before, as
well as their duals. We choose the conventions

7 (k)

a

for the module basis; the expansion coefficients [¢(,;,,]

My

M,

for bimodules we choose

5(oéuj)v =

g&w)v

Xy

[e3
Ui X, U
Ui X, U
«

Xy

(Unn, M)

2. 2

mnel y1=1

Um7MH

2. 2.

mnel  y1=1

Un,Mu N

>

y2=1 =1

Un,Mu N

D

y2=1 =1

Z Z g(w

Lym,n€L v1,72,01,02

=2 2 &

Im,neZ ~1,v2,01,02

mn
Ywiviy

mn
’\/1 Y28

Ol 71725

lmn
Y1726102

lmn
‘Y1’725152

(2.39)

,s are complex numbers. Analogously,

(2.40)

Substituting the expansion (239) into the ribbon invariant (Z3) for G[A] and taking the trace
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on both sides of (ZJ) immediately leads to

(wij)v dim(U,,) k) (mij
G [A] oﬁ@é,’yké - dim(M,,) Z W( ]727352 W)(ng ]737153 [17[)(# ]727161 G52r€]3 TR (241)
m,n,r Vlélf?é;f?égm

For the fusion matrices of the bimodule category one must substitute (2Z40) into (ZZ8). Using
also the braiding relation (I:2.41), this results in

[A|A]g7]rgk'iq1q25152 = dim Xu Z Z Z

L1y--4T6 P1,92,P3 €15--+,€6
[fa- ]m5w4x3 [gﬁ ]msxzm [é_'(lh,qu)ll]wg,wﬁwl R—(lk) q2
(uk)mlespocaes (S(inl)vlpapieser Sy P3P1E5E6 E p102

P1

(2.42)

Applying the fusing relation (1:2.40) first to the vertex labelled €3 and then to the vertex labelled
¢4 finally yields

(ijpkl) v _ dim(U,
[A|A]omﬁ Yq1920162 dlm Z Z
ni,...,Nne P1,$2,P3 €15---,€6
5 B ¢ 5
(€0 iy ey [y Ve, [ 5001 (2.43)

Z R (k) g2 G(]n4l na G(ndkl) ne F(U”G)nl

p162 €3N3E2, P2NEP3 ~EANAP3 ,E5G2P1 £1M2p2 ,01q1€6 °
P1,P2,P3

In writing the expansions (Z39) and [ZZ0), as well as the expressions (1)) and (ZZ3) for
the fusing matrices, we have included all multiplicity indices. In the Cardy case A=1 treated

below, as well as later on in section L8, we make the simplifying assumption that the fusion
rules in C obey N € {0,1} so as to somewhat reduce the notational burden.

2.4 Example: The Cardy case

Let us now work out the fusion matrices for the module and bimodule categories in the case
A=1. This choice for the algebra A corresponds to having the charge conjugation modular
invariant as the partition function on the torus. As already mentioned, for further simplifi-
cation we assume in the sequel that the fusion rules of the modular tensor category C satisfy
N;F €{0,1}; this allows us to suppress many of the multiplicity labels.
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The simple 1-modules are just the simple objects of C, so that C4 =C as categories. We
choose the representatives of simple modules as M, = U, with p€Z. Similarly, for the bimod-
ules we have 4C4 = C, this time even as tensor categories, and we choose the representatives of
simple bimodules as X, =U,, u €Z. Note that we continue to use greek letters to label simple
modules and bimodules to avoid confusion, even though now the three index sets Z, J and K
are identical.

Next we must specify the basis elements Vi and §(W that we will use. We make the

)%

choices
Uy
Uy
= Y =1 plv
Vlukyw = By and & o, =t e U, (2.44)
Ve O Ui U, Uj

where the (non-zero) constants [, and ozﬁ;‘; can be chosen at will; later on they will serve
as normalisations of the bulk, boundary and defect fields. The phases t; appearing in (EZZ4)
have been defined in (I1:3.43). If C is the representation category of a conformal vertex algebra
we take t; = exp(—miA;) with A; the conformal highest weight of the representation labelled
by j. The phases t; are convenient because they will lead to simpler expressions for the bulk
two-point function on the sphere and for the bulk one-point function on the disk.

Because of ), € Homy (M, ®Uy, M,) = Hom(U,&Uy,U,), there is no need for a multi-
plicity label in the first formula in (ZZ24]). In contrast, the dimension of the morphism space
Homya(U;@" X,®~U;, X,)) =Hom(U; ® U, @ U;, U,) can be larger than one, and accordingly
the basis elements 5 (i) BTE labelled by those simple objects U, that occur in the fusion U, ® U;
and for which N;y #0. In the notation introduced in (Z39) and (2240) the basis choice (ZZ4)
reads

i)™ = B O 6 and (€001 =17 0l B Oy By (2.45)

The dot ‘-’ stands for a multiplicity label that can take only a single value, the corresponding
morphism space being one-dimensional.
We also need the duals of the bases ([ZZ4]). One easily checks that these are given by

Ui U, U
U, Uy
(k) 1 Sy _ _bi 246
P = — and MY = — U, (2.46)
B Qs
U, U,

Substituting the choice of basis [Z44) into (ZJ) immediately yields

) v ﬂ"f Vﬂu’ ij
k
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for the fusion matrices of Cy4.
For the fusion matrices of the bimodule category we deduce from (2]) that

Uy Uy

Ty plw

[1‘ 1](1]ukl _ @ B ajk,a R™ (lk) q t_q (248)
an3,ypq aﬁ% tty
U, Uy

Similarly to the calculation in (2242), applying the fusion relation (I1:2.40) first to the vertex for
Hom(U; ® Uy, Ur) and then to the one for Hom(U, ® Uy, U,) results in the expression

wlv ol
[1|1](ZJMM — M R~ (lk) q tq G (jal) BG ukl 'yF(Z]’Y (2 49)
arn3,7pq g)}upy tity ™7 :

3 Ribbon graph representation of field insertions

In this section we present the ribbon graph representation for field insertions on boundaries, in
the bulk and on defect lines. This will be used in section B to express structure constants as
invariants of ribbon graphs in three-manifolds.

The ribbon graph representations will be given explicitly only for the case of unoriented
world sheets. Recall from [II] that in this case the relevant algebraic structure to describe the
full CFT is a Jandl algebra.

It is then straightforward to obtain the oriented case as well. Of course, given an oriented
world sheet, one can just forget the orientation to obtain an unoriented world sheet, for which
one can apply the construction below. However, this is not the correct procedure to use, since
in the two cases different algebraic structures are relevant:

oriented world sheets —  symmetric special Frobenius algebra

unoriented world sheets — Jandl algebra

Thus for oriented world sheets one must formulate the construction of the ribbon graphs in a
way that is applicable for any symmetric special Frobenius algebra, not just for those admitting
a reversion. This can be done as follows.
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First, as already emphasised, instead of a Jandl algebra, just a symmetric special Frobenius
algebra is to be used. Second, whenever in the unoriented case an orientation or; of a boundary
component, respectively ory of a surface, enters the construction, then in the corresponding
oriented case a canonical choice is provided by the orientation of the world sheet. In the unori-
ented case there are equivalence relations linking the two possible choices for or; 9, and this is
in fact the only place where the reversion of the Jandl algebra enters. In the oriented case these
equivalence relations are not needed and hence only the symmetric special Frobenius structure
is used.

For example, recall from section II:3 that in the unoriented case boundary conditions are
labelled by equivalence classes [M, ory], where M is a left A-module and or; is an orientation of
the boundary component. The equivalence relation (I1:3.1) is that (M, ory) ~ (M’, or}) if either
or) =or; and M’ = M or if or] = —or; and M’ = M?, where M? is the module conjugate to M
(see section 11:2.3). To obtain the prescription in the oriented case, we use the orientation orgx
of the boundary that is induced by the world sheet orientation orx to select the pair (M, orgx).
The second alternative in the equivalence relation is then obsolete.

3.1 A note on conventions

The construction of the ribbon graph described in this section departs slightly from the one
used in [I] and [II], resulting from a number of choices of conventions that have to be made.
However, in the absence of field insertions the final result, i.e. the ribbon graph embedded in the
connecting manifold, is still the same as in [IL[II]. To see this let us summarise the conventions
we choose and point out how they differ from those in [I1[IT].

Category of three-dimensional cobordisms

Recall from the summary in sections [:2.3 and 1:2.4 that a three-dimensional topological field
theory furnishes a functor (Z, H) from the cobordism category 3-cobord(C) to the category of
finite-dimensional complex vector spaces; such a functor can be constructed from any modular
tensor category C. It turns out to be convenient to give a definition of the objects and morphisms
of 3-cobord(C) slightly different from the one used in section 1:2.4.

Objects of 3-cobord are extended surfaces and morphisms of 3-cobord are cobordisms be-
tween extended surfaces. An extended surface E consists of the following data:

m A compact oriented two-dimensional manifold without boundary, also denoted by E.

m A finite set of marked points — that is, of quadruples (p;, [vi], Vi, &;), where the p;, € E are
mutually distinct points of the surface E and [y;] is a germ of arcs® ~;: [—6,0] — E with
7:(0) = p;. Furthermore, V; € Obj(C), and ¢; € {£1} is a sign.

m A Lagrangian subspace A C H;(E,R).

A morphism F — E’ is a cobordism M, consisting of the following data:

6 By a germ of arcs we mean an equivalence class [y] of continuous embeddings v of intervals [—d, ] CR
into the extended surface E. Two embeddings v: [—0,] — F and +': [-§',8'] — E are equivalent if there is a
positive £ < §,¢" such that v and 4/ are equal when restricted to the interval [—e, &].
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m A compact oriented three-manifold, also denoted by M, such that OM = (—E)UE".
Here —F is obtained from E by reversing its 2-orientation and replacing any marked point
(p,[7],U,€) by (p,[7],U,—¢) with 5(t) =~(—t), see section 1:2.4. The boundary OM of a
cobordism is oriented according to the inward pointing normal.

m A ribbon graph R inside M such that for each marked point (p, [7],U,¢) of (—E)UE" there
is a ribbon ending on (—E)UE’ in the following way. Let ¢: [0,1] X [—15, 15] — M be the
parametrisation ” of a ribbon S embedded in M and labelled by U € Obj(C). If e =+1, then
the core of S must point away from dM and the end of S must induce the germ [v], i.e.
©(0,0)=p and [¢(0,t)] =[v(t)]. If e=—1, then the core of S must point towards OM, and
©(1,0)=p as well as [p(1,—t)] =[y(t)], the presence of the minus sign implying that the

orientation of the arc is reversed.

The difference to the definition used in section 1:2.4 is that we do not take a surface with
embedded arcs, but rather with germs of arcs.® The reason for using this definition of extended
surface will become clear in section where we assign a germ of arcs to a germ of local
coordinates.

Note also that the allowed ways for a ribbon to end on an arc-germ of an extended surface
depend on the orientations of arc, ribbon-surface and ribbon-core, but not on the orientation of
the three-manifold M or of the extended surface E. The two allowed possibilities are — looked at
from ‘above’ and ‘below’ E, as well as from ‘in front of” and ‘behind’ the ribbon — the following:

\ @ _')E X (U,{-)E U, +) )
U U
U,

U U

A v/ A

J._ U J._ U L U L U

A \% \7 A

(For instance, the first picture in the first row is the same as the fourth picture in the first row,
as well as the second and third picture in the second row.)

Ribbon graph embedded in the connecting manifold

In the TFT description of correlators for oriented world sheets, we have the following conven-
tions:

7 By a parametrisation of a ribbon S we mean the following. S has a 2-orientation of its surface and a
l-orientation of its core. The rectangle [0,1] x [~ <5, ] carries a natural 2-orientation as a subset of R?, and
the interval [0,1] x {0} carries a natural 1-orientation as a subset of the z-axis. A parametrisation ¢ of S is
required to preserve both of these orientations.

8 This convention should be compared to those of [T9], which uses the arcs themselves, and of 0], which
uses tangential vectors at the insertion points p. The present convention is a compromise between the two.
Only the behaviour in an arbitrarily small neighbourhood of p is relevant, but it does not need a differential

structure on F.
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m The correlator for a world sheet X is described by a cobordism 0, X, where X is the double
of X. In particular, X is the outgoing part of the boundary oMx.

m Field insertions on the world sheet X lead to marked points on the double X. For the ribbon

graph inside the cobordism () X, X we take all ribbons ending on OMx to have cores pointing
away from the boundary, i.e. ¢ =41 for all marked points on X.

m The non-negative integers (compare formulas (1:5.30) and (I:5.65), and lemma )
Z(A);; = dim Homyuja (e (U;), ax (U;)) = dim Homua(U; T A®™ U;, A), (3.2)

with aj(U ) denoting a-induced ? bimodules, count the number of linearly independent pri-
mary bulk fields @;;(z, Z) that have chiral representation label i and anti-chiral representation
label j.

m Boundary conditions are labelled by left A-modules.

As a consequence (compare (1:5.30) or (B24]) below), when constructing the ribbon graph in
Mx for an oriented world sheet X, the ribbons embedded in X must be inserted in such a
manner that their ‘white’ side faces the boundary of Mx which has the same orientation as X.
In particular, the orientation of the ribbon-surfaces is opposite to that of the world sheet X.

This clashes with the prescription given in section I:5.1, according to which orientation of
the world sheet and the ribbons agree. The reason is that in [I] implicitly, the boundary of a
cobordism was taken to be oriented according to the outward pointing normal. However due
to the conventions above we should use the inward pointing normal.

It is not difficult to convince oneself that all pictures and formulas in [1I] and [II] remain
unchanged provided that

— one uses the inward pointing normal to orient the boundary of a cobordism, and that

— the prescription in sections I:5 and I1:3.1 is modified such that ribbons embedded in X C Mx
have surface orientation opposite to the (local) orientation of X, and similarly their core has
opposite orientation to X if they lie on the world sheet boundary.

From hereon we use this modified prescription both in the oriented and in the unoriented case.

3.2 Boundary fields

A connected component b of the boundary 90X of the world sheet has the topology of a circle.
On b there may be several insertions of boundary fields, and accordingly the intervals between
the field insertions may be labelled by different boundary conditions. Below we will see that
the configurations of fields and boundary conditions on such a boundary component are again
labelled by equivalence classes, and that this labelling generalises the one for boundaries without
field insertions.

In the sequel we say that two curves w and p are aligned in a point p of the world sheet iff
there exist parametrisations w’(t) of w and p/(t) of y such that @w’(0) =p=p/(0) and [@'] = [1'].

9 For the notion of a-induction, which is due to 43|, see e.g. definition 2.21 of [31]. The definition, as well
as a list of references, is also given in section I:5.4 where, however, the notation a(*) is used in place of aj.
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Labelling of boundary insertions

A boundary field ¥ is a collection
w = (M, N, V, %, p, 7)) (3.3)

of the following data: M, N are left A-modules, V' is an object of C, the morphism % is an
element of Homy(M @V, N), p€ 09X is a point on the boundary of the world sheet X, and
finally [v] is an arc germ such that «(0) =p and that ~ is aligned to 90X in p.

Denote by b([y1], ..., [7a]) a connected component of 90X together with n arc germs [y, such
that 7 is aligned to 0X in 7%(0). The points 7;(0) mark the insertion points of the boundary
fields. A boundary component b([vyq], ..., [v,]) with n boundary field insertions is labelled by
equivalence classes of tuples

(Ml,...,Mn/;%,...,llln;orl) (34)

subject to the following conditions.

m or; is an orientation of the boundary circle b.

m The points pr, = 7x(0) are ordered such that when passing along the boundary circle b opposite
to the direction given by ory, one passes from py, to pyy1. (Here and below it is understood that
Po =pn and p,41 = p1, and analogously for M and ¥.)

m The M, ..., M, are left A-modules. M) labels the boundary condition on the stretch of
boundary between p_; and p;. Thus if there are no field insertions, then n’ =1, and otherwise
n' =n.

m The ¥, ..., ¥, are boundary fields with defining data

W, = (Mg, Miy1, Vi, O, Drs []) - (3.5)
To define the equivalence relation we need

Definition 3.1:
Let A be a Jandl algebra in C. Given an object V' of C and two left A-modules M and N,
s=syny is the map s: Hom(M @ V, N) — Hom(N" ® V, M) defined by

M\/

NV
for ¢» € Hom(M @ V, N).
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Lemma 3.2:
Let A and s be as in definition Bl If ¢ € Homa (M ® V, N), then s(¢) € Homy (N7 @V, M7).

Proof:
The assertion follows by direct computation from the defining properties of conjugate left
modules, as given in definition I1:2.6. v

We can now formulate the equivalence relation on labellings (B) of a boundary component
b with (or without) field insertions. Consider two tuples

(My, ..., My; Wy, ... \Wysory)  and (M, ..., M ;¥ ... W0 or]), (3.7)

where ¥, = (Mj,, M1, Vie, Vi, Drs [e)) and ¥ = (M, M, Vi 4y, s [7])- We assume that the
numbering of boundary insertions is done such that either py =p) or py =p! _, (otherwise the
numbering must be shifted appropriately).

Definition 3.3:
The set of labels for the boundary component b([v1], ..., [v,]) is the set

Bb(l, .. ) o= {(My, .., Myi 0, ... Ws0my) b/~ (3.8)

of equivalence classes with respect to the following equivalence relation ~: The two tuples (B1)
are equivalent iff one of the following two conditions is satisfied:

(i) We have or} =ory, V=V, p). =k, [7) = [7k], and for k=1, ..., n’ there exist isomorphisms
or € Homy (M}, My) such that

U = rr10 0 (o' ®idy,) . (3.9)

(ii) or} = —ory, V! =V,_k, Pi = Pn—ks (V] = [Yn—k], and for k=1, ..., n’ there exist isomorphisms
@i, € Homy (M, M7, ) such that

(3.10)

) Pre10Vpo (@ @idyy) if orf =or(y}),
S\Pp—k) = _ .
pri1ovio(pr ® Ov;) if ory=—or(v),

where or(7;,) denotes the local orientation of b induced by the arc-germ [7;].

Marked points on the double

Every boundary field insertion ¥ = (M, N, V,¢,p, [y]) on X gives rise to one marked point on
the double X. This marked point is given by

® [,V +) (3.11)

with p= [p, +ors(p)]. Recall from () that X is the orientation bundle over X with the two
orientations identified over the boundary 0X. To obtain the germ [7], first choose a represen-
tative v of [y]. Since v is aligned with 0X at p, by definition there exists a >0 such that
~: [=6,0] — X. A representative 7: [—6, 0] — X of [§] is then given by 5(t) := [y(t), 2or,].
Given a labelling B € B(b([v1], ..., [yn])), one can verify that the set of marked points on X
obtained in the way described above is indeed independent of the choice of representative of B.
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Ribbon graph embedded in the connecting manifold

Note that in a small neighbourhood of a point p on the boundary of the world sheet X, the
connecting manifold Mx from (I1:3.8) looks as follows:

(3.12)

Indicated are also the intervals [—1, 1], which according to the identification rule of the gen-
eral prescription degenerate into an interval [0, 1] above each boundary point. The ribbon
graph representation of the boundary component b([y1],...,[ys]) labelled by an equivalence
class B=[Mj, ..., My; ¥y, ..., ¥y;0r1) in B(b([1], ..., [72])) is now constructed as follows.

m Choose a representative (M, ..., M,; ¥, ..., W,;ory) of the equivalence class B — Choice #1.

m Choose a dual triangulation of X such that the insertion points of b lie on edges of the
triangulation — Choice #2.

m The orientation or; of the boundary circle b together with the inward pointing normal induces
an orientation of its neighbourhood in the world sheet X. This fixes a local orientation of X
close to b, which agrees with both the bulk and the boundary orientation of the upper half
plane.

m At each vertex of the triangulation which lies on the boundary b place the element '°

A

(3.13)

in such a way that the orientation of bulk and boundary agree with that around the vertex.

10 Note that the orientations in this picture are opposite to those in (I1:3.12). This is due to the change in
convention explained in section Bl
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m At each insertion point ¥y, = (M, Mgi1, Vi, Y, Dk, [7k]) place one of the two elements

(3.14)

depending on the orientation of the arc-germ [v,] relative to that of the boundary (recall also
the convention in (BJl)). Shown in (BI4]) is a horizontal section of the connecting manifold
(BI2). Correspondingly the lower boundary in ([BI4) is that of Mx while the ribbons M
and My, are placed on the boundary of X as embedded in Mx. The arrow on the boundary
in (BI4) indicates the orientation of 0X (transported to OMx along the preferred intervals).
The ribbon graph must be placed in the plane of the world sheet X (embedded in My) in
such a way that the bulk and boundary orientation of (BI4l) agree with the local orientations
at the insertion point p; € X.

The prescription involves two choices, and we proceed to show that different choices lead to
equivalent ribbon graphs.

m Choice #2:
As in sections I:5.1 and II:3.1, independence of the triangulation follows from the identities
(I:5.11) and (I:5.12). However, if there are field insertions on the boundary we need an additional

move to relate any one dual triangulation to any other dual triangulation. It consists of taking
a vertex of the triangulation past a boundary insertion,

(3.15)

together with a similar identity for an insertion of (BXIdb). The dashed circle in (BIH) rep-
resents the piece of ribbon graph inside the dashed circle in (BI3)). This identity is a direct
consequence of the fact that the morphism ¢ in ¥ = (M, N,V,4,p,[y]) is an intertwiner of A-
modules, 1) € Homy (M &V, N).

m Choice #1:

Denote by R= (M, ..., My; ¥y, ..., Wy;0ry) and R = (Mj, ..., M ,; ¥, ..., W ;or]) two represen-
tatives of B. We will apply the above construction to the representative R’ and show that the

resulting ribbon graph can be turned into the one obtained from R. According to definition
we must consider two cases.

(i) orj =ory;. Then also V! =V, p,.=pr and [v,] =[], and there exists a choice of isomor-
phisms ¢y € Homyu (M}, M) fulfilling (BH). Starting with the ribbon graph constructed from
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R, we insert on each ribbon Mj the identity morphism in the form idy; = ;' oy, in such
a way that o, ' comes next to the field insertion ¥}. Then we move the morphism ¢, to the
other end of the Mj-ribbon. As in (II:3.17), ¢, can be taken past vertices of the triangulation,
which may lie on the boundary interval labelled by M;. After these manipulations, every field
insertion ¥ comes with the morphism go,;l to one side and with ¢, to the other. In other
words, for each k the morphism 1/}, appearing in ¥} is replaced by @11 09}, 0 (¢! @ idy, ) = .
We thus remain with the ribbon graph constructed from R.

(ii) orjy = —ory. Then also V=V, _j, p,. =pn—i and [y;] =[yn—x], and there exist isomorphisms
o € Homy (M, M7,_, . ), for k=1,...,n/, fulfilling (BEI0). We shall demonstrate the equiva-
lence of ribbon graphs in some detail for the second case in ([BI0); the first case can be seen

similarly. Around the field insertion ¥, the ribbon graph obtained from R', which we denote
by [R'], looks as follows:

(3.16)

The two opposite orientations of the boundary are indicated. We are facing the black side of
the ribbons because in order to make the local orientations of (BIIf) induced by or} agree with
those in (BI4lb), the element (BI4b) must be turned ‘upside down’ before it is inserted. As in
case (i) we insert id M= ¢, "o on each Mj, close to W. After applying in addition a half-twist

and using that, by definition, M7 =MV as an object, this leads to

M,y M,
I & - n—k+1 k
S 77 R P Bcmia o

(3.17)

By a reasoning similar to that of (I1:3.18) this specific combination of half-twist and ¢} can be
taken past vertices of the triangulation that lie on the boundary, i.e. past locations at which
A-ribbons arriving from the bulk are attached to the module-ribbons on the boundary. Taking
all of the ¢; to the neighbouring field insertion leads to a ribbon graph which close to ¥} looks
as

’

1--_<]ew_k_____; Mn7k+1

S
/ c- Ve
7] = JiE (3.18)

The morphism ¢4, has arrived from the insertion ¥, which is not visible in the section of
the full ribbon graph [R'] that we display. Next rotate the coupons labelled by @1, 1 and
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¢! by 180° in the manner already indicated in figure (I8), and deform the resulting ribbon
graph slightly,

(3.19)

By the second alternative in (BI0), the morphism in the dashed box is equal to s(1,_x). After
replacing the dashed box by the explicit form of s(¢,_) in ([BH), the ribbon graph can be
deformed so as to obtain the ribbon graph constructed from the representative R of B.

We have thus established that the ribbon graph that is obtained by our prescription for a
boundary component b([y1], ..., [y,]) labelled by an equivalence class in B(b([y], ..., [v.])) is
independent of the choices involved.

3.3 Bulk fields

A bulk field insertion is described by a point p in the interior of X, together with an arc-germ
[7] at p and a label [@]. The set of labels for bulk insertions at [y] will be denoted by D([v]).
Similarly as for boundary fields, this set consists of equivalence classes of certain tuples.

Labelling of bulk fields

The equivalence relation will be formulated in terms of a linear map wi},, that is defined as
follows.

Definition 3.4:
For A a Jandl algebra in C, the morphism wi},: Hom(U ® A®V, A) - Hom(V @ A® U, A) is

defined by
A
|

(3.20)

for pc Hom(U® AV, A).

Some properties of the map wjity, that will be needed below are listed in the following lemma.
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Lemma 3.5:

With A and wf};, as in definition B4, we have:

(i) For any ¢ € Hom(U ® A®V, A) one has w{},; (wﬁv(@) =¢.

(ii) If ¢ € Homyja (U ®*A®™ V, A), then wity () € Homy4(V@TA®™ U, A).

Proof:

(i) Writing out the ribbon graph for the morphism wi},; (wﬁv(gb)) and using o oo =64, one can

deform the resulting ribbon graph (which amounts to using that C is sovereign) so as to be left
with the graph for ¢.

(ii) One must verify that the morphism wi}, () commutes with the left and right action of A
if ¢ itself does. This can be done by a straightforward computation using the definitions (ZI1)
and (ZI8) of the left and right action of A as well as the defining properties (II:2.6) of the
reversion o on A. v

Definition 3.6:
Let [y] be an arc-germ around a point p=-(0) in the interior of X. The possible bulk fields
that can be inserted at p are labelled by equivalence classes

D(]) = {4, 4, 6, p, W], 0ra(p)) }/~ - (3.21)

Here i, j € 7 label simple objects, ¢ is a morphism in Homyu(U; @ A®~Uj, A), the insertion
point p is at v(0), and ory(p) is a local orientation of the world sheet X around p. The equivalence
relation is defined as

(4,4, 0,0, [V, 0r2(p)) ~ (4,4, wirw, (9), 0, (], —ora(p)) - (3.22)

Marked points on the double

Each bulk field insertion [®] on the world sheet X gives rise to two marked points on the double
X. If (4,4, ¢, p, [7], or2(p)) is a representative of [@], then these two points are

(ﬁia H/z]a Uia +) and (ﬁja H/j]a Uja +) ; (323)

the terms appearing in these tuples are given by p; = [p,ora2(p)], p; = [p, —ora(p)], as well as
3i(t) =[v(t), ora((t))] and 4;(t) = [y(t), —ora2(y(t))]. Here ora(y(t)) is obtalned by the extension
of ory(p) to a neighbourhood of p.

Just like in the case of boundary fields, one verifies that the marked points (B23) on X are
independent of the choice of representative of [®].

Ribbon graph embedded in the connecting manifold
The ribbon graph representation of a bulk field [®] is constructed as follows.

m Choose a representative (i, 7, &, p, [v], ora(p)) of [®@] — Choice #1.

m Choose a dual triangulation of X such that the insertion point p lies on an edge and such
that the arc « is aligned with this edge at p=-(0) — Choice #2.
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m The bulk insertion is treated as a two-valent vertex that is to be included in the dual trian-
gulation. Locally around the insertion point p, the world sheet has the orientation ors. In
Mx place the following ribbon graph:

—

plane

A>
A A

\ U
t=0-
\ O\ =
A

(3.24)

In this figure we display the ribbon graph twice, once looked upon from ‘above’ the connecting
manifold and once looked at from ‘below’. In any case, the orientation of the A-ribbons is
opposite to that of the world sheet and their white side faces the insertion point of the chiral
field label U;. The ribbon graph (B24]) must be placed in Mx in such a manner that the
embedding respects the orientation of the three-manifold My, the local orientation ory of
the world sheet X, as well as the orientation of the arcs on the boundary of Mx. There is
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precisely one way to do this; no further choice needs to be made.

We proceed to establish independence of the two choices.
m Choice #2:
Independence of the dual triangulation follows from the identities (1:5.11) together with a move

that allows to take three-valent vertices of the triangulation past the two-valent vertex formed
by the bulk field insertion

e (3.25)

and together with similar identities for different local orientations and for situations where the
A-ribbon arrives from the other side. The empty dashed circle in picture (B2ZH) stands for the
element (I1:3.11), the dashed rectangular box for (I11:3.13), and the dashed circle with inscribed
¢ for the element (B2)). Analogously as for (I:5.11) and (I:5.12),'! the equality follows in a
straightforward way upon substituting the definitions and using that the morphism ¢ is an
intertwiner of A-bimodules.

m Choice #1:
Let (i,7,0,p,[v],0re) and (j,7,¢’, p, [y], —orz) be the two representatives of [@], i.e. we have
¢ :wéin(gb). We must show that

o — % <<¢’ a> — (3.26)

The dashed boxes stand for (I1:3.13) and (II:3.14), respectively, while the dashed circle with ¢
or ¢ inscribed stands for the element (B24]), inserted with the appropriate orientation.

To facilitate drawing, let us rotate the middle plane of (B2l into the paper plane and use
the blackboard framing convention. Equation (B28) then looks as follows.

In the right figure one must insert the element ([B:24]) ‘upside down’ because the local orientation
of the world sheet is inverted with respect to the left figure. As compared to (BZH), on both
sides of the equation one coproduct has been removed against one product using the Frobenius

1 For detailed derivations, see [V].
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property. In the right figure of (B2Z7) the central part of the ribbon graph can be rotated by
180° as indicated. Using also 63" oo =0~ this leads to

(3.28)

Comparing with (B20) we see that the part of the ribbon graph inside the dashed box amounts
to the morphism

——————————

'dashed box! = w{}j v, (@) =9, (3.29)

__________

where the last equality follows from the equivalence relation for bulk labels which forces
¢ :wﬁin(gb), together with lemma BH Thus (B28) is equal to the left hand side of (B21),
establishing the claimed equality between the left hand side and the right hand side of (B21).

This finishes the demonstration that the ribbon graph for a bulk field insertion is independent
of the choices involved in its construction.

3.4 Defect fields

Together with the defect fields treated in this section, the three types of fields we consider are

bulk field boundary field defect field

et

Note, however, that this is not the most general way to treat defects. In fact, upon forming
operator products, the first two kinds of fields in (B30) close amongst each other. But once
we include also the defect field, we can generate the following more general class of fields by
taking operator products,

(3.30)

(3.31)

i.e. a boundary field with several defect lines attached and a defect field with more than two
defect lines ending on it. For example, a field of the first kind can be obtained by taking the
operator product of a boundary field and a defect field of the types listed in (B30). While
fields of the type (B31) and their operator products can be treated in the TFT-formalism in a
natural way, in this paper we will nonetheless only consider fields of the types (B30).
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Labelling of defect fields

Recall from section I1:3.8 that a circular defect d without field insertions and with orientable
neighbourhood is labelled by equivalence classes of triples [X,ory,ors], where X is an A-
bimodule, ory is an orientation of the defect circle and or, is an orientation of its neighbourhood.
The equivalence relation is given in (I1:3.150).

In order to describe the labelling of a defect circle with field insertions d([y1], ..., [1a]) we
first need the following definition.

Definition 3.7:
The linear maps

u HOI’Il(UZ@X@U],Y)HHOIH(U)@X@UZ,Y)

3.32
and u: HOIH(UZ®X®U],Y) —>H0m(UZ®YV®U],XV) ( )
are defined by
Y X\/
u(v) = v and a(v) = (3.33)
Ui X U Ui YV U

for Y e Hom(U; ® X @ U, Y).

The maps v and @ will enter into the formulation of the equivalence relation for defect
labels. This also requires the following lemma, which can be verified by direct calculation.

Lemma 3.8:
Let A be an algebra and let X, Y be A-bimodules. Then @ restricts to an isomorphism

U : HomA‘A(UZ- ®+X®_ Uj,Y) — HOHIA|A(UZ' ®+ Y? X Uj,XU) . (334)
If A is a Jandl algebra, then in addition u restricts to an isomorphism
w:  Homya(U; @ X @ U;,Y) — Homya(U; @ X* @™ U, V). (3.35)

Here X", Y" and X*,Y* denote two of the three duals one has for the bimodules X,Y, as
defined in (I1:2.40).

After these preliminaries we turn to the description of defect labels. Let A be a Jandl
algebra. A defect field @ is a collection of data

O = (X, ory(X),Y,0r2(Y),,5,9,p, [7],0r2(p) ) - (3.36)
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Here 1,5 €Z, X,Y are A-bimodules, and ory(X) and ors(Y') are local orientations of the world
sheet on a neighbourhood of the defect line labelled by X and Y, respectively; ¢ is a morphism
¥ € Homy 4 (U; @ Z @~ U;, Z'), (3.37)

where

[ X i orp(X) = orp(p),
Z= { X*® if ory(X) = —ora(p)

Y if ory(Y) = ors(p),

Yo i om(Y) = —on(p). )

and Z':{

Finally p=~(0) is the insertion point of the defect field, and [y] is a germ of arcs aligned with
the defect line at p.

A defect circle d([y1], ..., [a]) on the world sheet is labelled by equivalence classes of tuples

(Xl, OI'2<X1>, ,Xn/, 01'2(an) 3 @1, 7@n7 OI'1(d) ) y (339)

subject to the following conditions.

m or;(d) is an orientation of the defect circle d.

m The points pr =7%(0) are ordered such that when passing along the defect circle d in the
direction opposite to or;(d), one passes from py to pry1. Here and below it is understood
that po =p, and p,.1 =p1, and similarly for X, and ©y.

m The Xi, ..., X, are A-bimodules. X}, labels the defect interval between p,_; and p,. Thus if
there are no field insertions, then n’ =1, and otherwise n’ =n.

m ory(X}) is a local orientation 2 of the world sheet on a neighbourhood of the defect interval
between pi_1 and py.

m O is a defect field with defining data

Ok = ( X, ora(Xi), Xpt1, 012 (Xit1), ihs Jir U Dy 1), 0r2 (pie) ) - (3.40)

Because of the large number of orientations entering the labelling of a defect circle, the
equivalence relation on the tuples (B339) becomes somewhat technical; we include it merely for
completeness of the presentation.

The relation is conveniently formulated in terms of five basic relations. The full equivalence
class is obtained by completing the relations generated by the basic relations with respect to
transitivity and reflexivity. Consider the two tuples

T = (Xl,OI'Q(Xl), ,Xn/,OI'Q(Xn/); @1, ,@n; orl(d)) s

3.41
T/ = (X700 (X]), e X 005(X00) 160, O 04 (d) ). o

The basic relations are:

12 If the neighbourhood of the whole defect circle is non-orientable we require that there is at least one
field insertion. This field insertion can transform like an identity field, though, in which case correlators are
independent of the insertion point of this field (recall the corresponding discussion in the second half of section
I1:3.8).
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m Relation 1: Shift of labels.

The tuples 7" and T" are equivalent if their data are related by or}(d) =or,(d) and, for every k,
Xj =Xy, 0r5(Xp) =ora(Xp ) and 6, =60, ;.

m Relation 2: Reverse orientation of the defect circle, or}(d) = —or;(d).

Suppose or}(d) = —ory(d). Then 7" and 7" are equivalent if the following conditions hold. First,
the ordering of the points is reversed in both labellings, [v;] = [yn—&]. Second, the bimodules
labelling the defect intervals are related by Xj = (X/_, ,)". Finally, the defect fields 6, are
related to the fields

Oy = (X}, or5(X7), Xpuy, 0ty (X741, g, g Oy 03, (2], 0r5()) ) (3.42)
via

O = ((X;L—k-i-l)vﬁ Or/Q(X;L—k-‘rl)? (X’;L—k)v?oré(X;L—k)?

" / 36 (19 ~\ o / ro (343)
p—ky In—k> /6 © u(ﬁn—k) © (Oé ® ﬁ & Oé), Pr—k» h/n—k]? Or2(pn—k) ) )
where @ is the map defined in (B33)), and
dei/ . if 0T (’71@) =0n (d) ) id(Xf 1)V if Org(pk) :org(Xk) s
o= " = " .
O,  if ori(y) =—ori(d), 9(_)%;,k+1)v if ora(py) = —orz(Xy)
(3.44)
B dej;hk if ory (7/4) =0ry (d) ) ~ jd(X/ W)V if OT'y (pk) = 01"2<Xk+1) s
o = . = n-— .
9{]]_1/ B} if ory(yx) = —ory(d), Ocx: v if ora(pg) = —ora(Xpt1) -

For the next relations, select any ko € {1,2,...,n'}.
m Relation 3: Isomorphism of bimodules, X; = Xj,.

The tuples T and 7" are equivalent if all data of 7" coincide with the corresponding data of T,
possibly with the exception of X} , ©, ; and @) . In the latter case we require the existence
of an isomorphism ¢ € Homy 4 (X}, , Xk,) such that

Doy =@ 1ok and U =0 (deikO Q& idekO) v (3.45)

where ¥ and 9 are the morphisms in the defining data of @’ and ©.
m Relation 4: Reverse orientation at a field insertion, orf(pg,) = —ora(pk, )-

The tuples T" and T" are equivalent if all data of 7" and T" agree, with the exception of @) , for
which it is instead required that if

@ko - (Xkov OT'2 (Xko>7 Xko-l—h OT'9 (Xko+1)7 iko?jk(w 19/607pk07 [fyko]u 0r2(pko) ) ) (346)
then ©) is given by

@;ﬂo = ( XkO’ Or2(Xk0>7 Xk()—l—l’ oIy (Xko—l—l)’

L . (3.47)
Jkos Vko s ﬁou(ﬁ%) © (Oé ®ﬁ® a>7pkov h/ko]v _0r2(pk0) ) )
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where u is the map defined in (B33)), and

o {95110 if ory (k) =ori(d), 5= {jkaO if ors(p,) =ora(Xg,) ,
idekO if ory(yg,) = —ori(d), Ox,, if ora(pr,) = —ora( Xy, ) ,
(3.48)
o {HU% if ory (vx,) =ory(d), i {jdXW if ora(pry) = ora(Xiot1)
deikO if ory(yg,) = —ori(d), )}ioﬂ if ora(pr,) = —ora(Xkg41) -
m Relation 5: Reverse orientation at a defect segment, ory(X}, )= —ory(Xg,).

The tuples 7" and 7" are equivalent if all data of 7" and T agree, with the exception of Xy, and
ora(Xg, ), as well as O, 1 and Oy,. For the latter we demand

(X,'CO)S = Xk, and or'Q(X,'m) = —ory(Xg,) , (3.49)
as well as
@k()_l = (X];()—l’ OIJQ(X];()—l)’ (Xli‘o)s’ _OIJQ(XIQ‘())’

z.;co—l’j],co—l’ ﬁoﬁko—l’p;ﬁo—l’ [7]/6()—1]’ OrIQ(p;i‘o—l) ) )

I \s / / / / / (3'50)
@ko = ( (ng) ) _Orz(XkO)> Xk0+1a OTQ(XkO_H),
,é;{;()’j],{;()? ;{)Oo(del;€0®/6®de3;€0)’p;€o’[,}/1/420]’Or,2(p;€0))’
where
B I'dX;CO lf Ol"g(pko) :OrQ(XkO) y > l'dX;CO lf Ol"g(pko_l) = OrQ(XkO) y (3 51)
‘9;(;10 if ory(pr,) = —ora(Xk,), GX;CO if org(pre—1) = —ora(Xy,) - '

The set of labels for the defect circle d([y1], ..., [va]) is given by the equivalence classes
@(d([”}/l], ey h%])) = { (Xl, OI'Q(X1>, ,Xn/, 01'2(an> 3 @1, cery @n 3 OI'1<d) ) }/N y (352)
where ~ is the equivalence relation generated by the five basic relations given above.

Marked points on the double

For a defect insertion on the world sheet X the marked points on the double X are the same as
for bulk fields. Each insertion

0= (X, Or2(X)> Y> Or2(Y)a iaja ﬁap> [7]> Or2(p) ) (353)
on the world sheet X gives rise to two marked points

on the double X. Here again j; = [p, ors(p)], Dj = [p, —ora(p)], as well as 3;(t) = [y(t), ora(v(t))]
and 7;(t) = [v(t), —ora(7(1))].
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Ribbon graph embedded in the connecting manifold

The ribbon graph representation of a defect circle d([y1], ..., [7s]) labelled by an equivalence
class D € D(d([n], ..., [1a])) is constructed as follows.

m Choose a representative (Xl, ora(X1), ..., X, 019 (Xp); 01, ..., Oy orl(d)) of D — Choice #1.

m Choose a dual triangulation of X which contains the defect circle as a subset, such that each
defect insertion lies on an edge of the dual triangulation — Choice #2.

m At each insertion of a defect field © = (X, ory(X), Y, ore(Y), 4, 7,9, p, [7],01"2(}9)) place — de-
pending on the various orientations — one of the following eight ribbon graphs:

Cases (1)—(4): m

S

v U,
d
\i-UJ
y
N
U;
Uj

z

L.

Cases (5)—(8):

Y

==

X Q
;<— - \ (3.55)
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Here in all cases the coupon labelled by ¢ is placed in such a way that its orientation is
opposite to ory(p). The bimodule ribbons are always placed such that the orientation of their
cores is opposite to ori(d). The bimodules Z and Z' are related to X and Y as in (B35).
In cases (1)—(4) the orientation of the arc-germ [v] is equal to —ory(d). Those parts of the
ribbon graphs that we have put in brackets are to be inserted only if ore(X) = —ors(p) and
ora(Y) = —ory(p), respectively. In cases (5)—(8) the orientation of the arc-germ [v] is equal
to +ory(d); the parts of the ribbon graph in brackets are to be understood in the same way
as in cases (1)—(4).

We only briefly sketch how to establish independence of these choices.
m Choice #2:
As for bulk fields the fact that the morphism ¥ in a defect field © is an intertwiner of A-

bimodules allows one to move vertices of the dual triangulation past insertion points of defect
fields.

m Choice #1:

Suppose T and T" are two representatives of the equivalence class D labelling the defect circle.
We have to establish that if 7" and T” are linked by one of the five basic relations above, then the
construction leads to equivalent ribbon graphs. This can be done by straightforward, though
tedious, computations. We refrain from presenting them in any detail, except for the example
that 7" and 7" are linked by relation 2.

If T"and T" are linked by relation 2, then in particular p, = p],_,. Select a point p = py, =p,,
and consider only the fragment of the ribbon graph for 7" and 7" close to p. Suppose further
that ory(vx,) =or1(d), ora(pg,) =ora2(Xk,) and ors(pg,) = —ora(Xk,41). The other instances of
relation 2 follow by similar considerations. Denote the fragments close to p by [T] and [T7].
Applying the construction above gives

(3.56)

Here we displayed the graphs (B:5H) using blackboard framing. The upper and lower bound-
ary in these figures represent the upper and lower boundary of the connecting manifold My.
According to (BZ43) in the graph [T] we should substitute X, = (X},_; 11)", Xkosr1 = (X, _1,)"

n
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: . : . _ : :
ko = Ty kg Jho = Jn_p, a0d Vg, = Q(X,Lko)v ou(v;,_,). This results in

b
[T] = X«(_/’/l’k"“ L_’;‘ : . -X-’/I-Et-k-"- (3.57)

One can now verify that this ribbon graph fragment can be deformed into [7”] in (B20).

4 Ribbon graphs for structure constants

The correlation function for an arbitrary world sheet X, which may have boundaries and field
insertions, and which may or may not be orientable, can be computed by cutting X into
smaller pieces and summing over intermediate states. This procedure is known as ‘sewing’. In
principle, every correlator can be obtained in this way from a small number of basic building
blocks, namely the correlators of

— three boundary fields on the disk;

— one bulk field and one boundary field on the disk;
— three bulk fields on the sphere;

— one bulk field on the cross cap.

(The last of these is only needed if non-orientable world sheets are admitted.) Some correlators
involving defect fields will be presented as well, namely

— three defect fields on the sphere;
— one defect field on the cross cap.
However, recall from the discussion in section B4 that this does not correspond to the most

general way to treat defects. When cutting a world sheet involving defect lines into smaller
pieces, one is forced to also consider fields of the type ([B33), which we will not do in this paper.

The aim of this and the next two sections is to derive expressions for the building blocks
listed above in the form

(correlator) = (const) X (conformal block ). (4.1)

The constants appearing here, to be referred to as structure constants, will be obtained in
sections E2—-F1 as ribbon invariants in the 3-d TET. The conformal blocks are then introduced
in section Bl and finally the connection to correlation functions is made in section

Since a given world sheet X can be reduced to the fundamental building blocks in several
different ways, the latter must fulfill a set of consistency conditions, the so-called sewing or
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factorisation constraints [A44)0LH5,13,6,[0,22]. The correlators computed in the TFT approach
satisfy these constraints by construction H,[V].

When giving the correlators on the disk and on the sphere in sections E2-E3, we will fix a
(bulk and boundary) orientation for the world sheet from the start. In this way the expressions
we obtain are valid for oriented CFTs as well. In the unoriented case we can change the
orientation without affecting the result for the correlator, by using the equivalence relations of
section

4.1 Standard bases of conformal blocks on the sphere

Let the world sheet X be one of the building blocks listed above. To compute the constants in
(ET) we first construct the ribbon graph representation in My of the correlator on X according
to the rules given in section Bl The TFT assigns to Mx an element C'(X) in the space H( X) of
blocks on the double X. In the cases considered here, X is either the sphere S2 or the disjoint
union S?LI(—S?). The constants are the coefficients occurring in the expansion of C'(X) in a
standard basis of blocks in H(X) In the present section we describe our convention for the
standard basis in H(S?). In section H this basis will be related to products of chiral vertex
operators.

Take the sphere S? to be parametrised as R U {oo}. Define the standard extended surface
Eonliv, - -i,) to be R?U {00} with the standard orientation, together with the marked points
{((k,0), [vk] i) | k=1,...,n} and v (t) = (k+t,0). If it is clear from the context what rep-
resentations occur at the marked points, we use the shorthand notation Ey,, for Ey,[i1, - - - iy)].
Let the cobordism By, = By nlit, - s in; Py -+ s Pn—3; 01, ..., 0n—2] be given by the three-manifold
{(z,y,2) €R*| 2> 0} U{oo} together with the ribbon graph

(4.2)

where the §,, label the basis elements (1:2.29) in the spaces of three-point couplings. For
example 0y =1,..., N;,;/* labels the basis of Hom(U;, ® U;,,U,,). Note that in [Z) all rib-

119
bons are oriented in such a way that their black side is facmg the reader. The linear map
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Z(Bon, 0, Eyrn): C—H(Ey,), applied to 1€ C, and with all possible choices of the labels
P1s -y Pn—s and 0y, ..., 6,_o, gives the standard basis in the space H(Ey,,). For a proof that this
is indeed a basis, see e.g. lemma 2.1.3 in chapter IV of [I9] or section 4.4 of [20]. Situations
in which the insertion points are at different positions or in which the arcs are oriented in a
different way can be obtained from (L2) by continuous deformation.

4.2 Boundary three-point function on the disk

Consider the correlator of three boundary fields on a disk. For future convenience we regard
the disk as the upper half plane plus a point. What is shown in the picture below is a piece of
the upper half plane:

Y

On the world sheet we choose the standard orientation for bulk and boundary, as indicated.
The three boundary fields are given by

!pl - (N7 M7 Uivq/}hxh [71])7 !p2 - (K7 N7 Uj,¢2,flf2, [72])7

(4.4)
lp?) = (Ma K7 Uk>w3>$3’ [’}/3]) :

Here the coordinates of the insertion points satisfy 0 <z <zy <3, and the arc germs [7/]
at these points are given by 7(t) = (x,+t,0) for £€{1,2,3}. Further, U;, U;, Uy are simple
objects, while M, N, K are left A-modules.

Following the procedure for boundary fields described in section B one finds that the
correlator is determined by the cobordism

(4.5)

In more detail, this cobordism is obtained as follows. First note that in the situation at hand
any A-ribbons resulting from a dual triangulation of the world sheet X can be eliminated by
repeatedly using the moves (I:5.11) and (I:5.12). Thus only the module ribbons with the field
insertions as in figure (B4 remain. As explained in section Bl all ribbons are inserted with
orientation opposite to that of the world sheet. Also note that the three-manifold displayed in
(X)) is topologically equivalent to the one indicated in (BI2).
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According to section BT, the structure constants ¢( MW NWy, KWsM )s are defined to be the
coefficients occurring when expanding (ﬂﬂ) in terms of a standard basis for the space of blocks
H(X ). In the case under consideration, X is the sphere with field insertions at z1, o, 3. The
standard basis is given by the cobordisms

which are obtained from (Z) by shifting the insertion points appropriately. The defining
equation for the structure constants thus reads

N, F
Z(Mx,0,X) = > (M NG KTM)s Z(B(x1, 22, 73)5, 0, X) . (4.7)
o=1

To determine the coefficients ¢; we compose both sides of the equality with Z (B(x1, 22, 73)5, X, 0)
from the left, where By is the cobordism dual to Bs. This removes the summation and results
in the desired ribbon invariant expressing cs:

M 3
Lemmmmmmm e Pmmmmmmmmemmmeo . Sy
’ \
! 1
! 1
' 1
N [ [ (Rt !
N ! ! (~ i |- - | - ’
e T T ey T T g T T T e
(MU, NU KW M)s = Dy Ty Ty
,Jx' 'k
[=4
!

(4.8)

Here the second equality amounts to rotating the ribbon graph in S? by 180° degrees, so that one
is looking at the white sides of the ribbons, rather than their black sides. Also, we introduced
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the notation S? to indicate the graphical representation of the normalised invariant of a ribbon
graph in S®. Recall from the end of section I:5.1 that when the picture of a ribbon graph in a
three-manifold M is drawn, it represents the invariant Z (M) except when M = 53, in which case
it rather represents Z(M)/Sy . Since Spo= Z(S?%), this amounts to assigning the value 1 to the
empty graph in S3. To stress this difference, we label figures representing normalised invariants
in S% by S3, rather than by S3. (This notational distinction was not made in [TL[ITLIIT], where
the normalisation convention for S? is used implicitly.) Recall also that, by definition, we have

S0’ = dim(U;)*. (4.9)
i€l

Let us express the constant ¢(MW; NWy KW3M)s in terms of the basis introduced in (22H).
To this end we take the modules M, N, K to be simple. A correlator labelled by reducible
modules can be expressed as a sum of correlators labelled by simple modules. We set

M=M, N=M,, K=DM, (4.10)

and
@Dl = ¢€3i)u ) ¢2 = @bgfj),, ) ¢3 = ij)ﬁ . (4-11)

It is then straightforward to compute the invariant [EL8) from relation (Z8) for the fusing matrix
of the module category C4. The result is

Agpg, M
. : Kji kk
(MU NI KW M)5 = dim(M,) > GLA]M" - GlAW" (4.12)
p=1
The dot ‘-’ stands again for a multiplicity label that can only take a single value, the corre-

sponding morphism space being one-dimensional.

Formula ([EZT2) is in agreement with equation (4.16) of [22]. Note that in [22], the quantities
(UF are taken as an input, whereas the corresponding quantities G[A] can be computed (with
some effort) in terms of the multiplication of A and the fusing matrices F of C, see section

Expressions for the structure constants of three boundary fields in rational conformal field
theory have been obtained previously in various cases for models with charge conjugation
invariant [T4,22,E46, 4] and non-diagonal models [47,45.

4.3 One bulk and one boundary field on the disk

The next correlator we consider is that of a bulk field @ and a boundary field ¥ on the disk,
which we again describe as the upper half plane:

(4.13)
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The dotted line indicates the dual triangulation that we will use later on in the construction of
the ribbon graph. The bulk and boundary fields are the tuples

b = (iv.jv ¢7p7 [fY(i)]u 01'2) and U = (M7 M7 Uka wv S, [f}/w]) ) (414)

where i, j € T label simple objects, ¢ € Homya(U; T A®~ U;, A) and ¢ € Homy (M @ Uy, M).
Further, the insertion points are p=(x,y) and s=(s,0) with y >0 and s>z >0, and the two
arc germs are given by v,(t) = (z+t,y) and v, (t) = (s+t,0), respectively. The orientation ory
is the standard orientation of the upper half plane at the insertion point of the bulk field.

The construction of section Bl yields the following ribbon graph inscribed in the connecting
manifold:

(4.15)

Here the three-manifold has been drawn as in (BI2). Also, in ([EI3) it is understood that the
M-ribbon that leaves the picture to the left and to the right is closed to a large loop. One
may now ‘unfold’ the boundary OMx so as to arrive at the equivalent representation of the
three-manifold used also in (EH). This yields

M
pemmmmmmmmm oo Pmmmmmmmmm s N
l/ Q \\
1 \ \
.' oo Ve ,
1 A ;757;477)>77777::7_7_73¢\L7 A !
\ \v4 : 7 | v N
‘e ! ¢
P PSS L il R
M %
z . ! .
My = “ e | (4.16)
Y ¥ g vk
. |
: —— @
——
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To verify that this cobordism is indeed the same as ([EIH), one best works in the full ribbon
representation and translates the picture to blackboard framing only at the very end.
The basis of blocks in H(X) in which we expand Z(Mx, 0, X) is given by

UE—
5.
lﬁl
U/ Ui iUk
z A A i
B(z,y,s)s = : (4.17)
Y p
i m:
S
1 2 3 s ‘

f

Also indicated in the figure is the continuation path that one has to choose starting from the
standard situation ([L2)). The structure constants ¢(®; M), are the expansion coefficients of

(EI8) in terms of (EID),

Z(Mx,0,X) = o(®; MP); Z(B(x,y,5)5.0,X) . (4.18)
J

Gluing the cobordism dual to B(z,y, s)s selects one term in the sum on the right hand side
and thus yields, after a rotation by 180°, the ribbon graph

(@ M)y — (4.19)

Remark 4.1:

An interesting special case is the correlator of one bulk field on the upper half plane, without
any boundary field insertion. The corresponding structure constant ¢(®; M) can be obtained
from (EEI9) by taking the boundary field to be the identity, ¥ = (M, M, 1, id,;, [y]). Doing so,

48



one gets

(4.20)

To obtain (EEZ0) from (EEIH), one needs to get rid of one of the A-ribbons that are attached to

the M-ribbon, by first moving the two representation morphisms close to each other, and then

using the representation property (1:4.2), taking the resulting multiplication morphism past ¢

(which is allowed because ¢ commutes in particular with the left action of A on itself). The

resulting A-loop can be omitted owing to specialness, so that one is left with the unit n. To

arrive at (L20) it then only remains to deform the resulting ribbon graph a bit.

A ribbon graph of the form (L20) was already encountered in the definition of the quantity SA

in (I1:3.89). It follows that

SAM;Us, 9)
So.0 7

where ¢ is the morphism enclosed in a dashed box in (EZ20).

o(®; M) = (4.21)

Next we express the invariant ([ZI9) in a basis, making the simplifying assumption that
N;f€{0,1} and that (U;, A) €{0,1}. This implies in particular that A is haploid and thus
simple. By convention, the bimodules are then labelled in such a way that Xo=A. Let us
choose the boundary condition and the morphisms for the bulk and boundary field in ¢(®; M)
as

M = M;u 'QD = @D&k)u 5 ¢ = g(ﬁioj)o . (4'22)

Note that [I9) can be slightly simplified by removing the A-ribbon that arrives at ¢ in the
same way as explained in remark Bl Substituting ({22)) into (EEI9) leads to the ribbon graph
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(4.23)

a MM m, mn -
Z Z[é-ZOJ OJ a(nc(r ’) [w(uk ] I(Z Js kvaamv n)u

m,n,a p,o
where in the second step we have substituted the expansions of @Z)&k) B and 5(6@0]')0 given in (Z39)

and (ZZ0). The coefficients p* | introduced in (1:4.56), express a representation morphism in a
basis. The function (i, j, k, a, m,n) is the ribbon invariant

[(iajakaaaman) - (424)

To evaluate this invariant one first applies the appropriate relation from appendix II:A.1 to
the dashed box marked 1. Next one inserts a complete basis (1:2.31) at {2} and removes all
braidings with the help of (I:2.41). Finally one applies an F-move (I1:2.36) to {3}, so as to obtain
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Flninmgiom, (4.25)

1(i. . k,a,m,n) = GIg™" RO ™ dim(U,,) 3 2= F U,
p

p

The correlators for one bulk field and one boundary field on the upper half plane, i.e.
the structure constants describing the coupling of bulk to boundary fields, have first been
considered in [I3]. There, a constraint is derived which these coefficients have to solve and an
explicit expression for their square is found for the case of the charge conjugation invariant.
Since then, solutions for the coefficients themselves have been found, both for models with
charge conjugation invariant and for more general cases [IA22A7HAGHA. Also, in equation (5.6)
of [23] the bulk-boundary coefficients of spinless bulk fields are expressed through MF.

The coupling of a bulk field to the identity on the boundary, i.e. the one-point function of
a bulk field on the disk as in remark Bl is easier to obtain than the general bulk-boundary
structure constants, as it can already be recovered from the NIM-rep data (multiplicities in the
tensor products of C and C4) and does not require knowledge of the 6j-symbols [B0,[I3]. These
coefficients, which determine the boundary state, have been calculated for many models.

4.4 Three bulk fields on the sphere

We now turn to the correlator of three bulk fields on the sphere. Analogously as in the discussion
of the disk, we describe the sphere as R? plus a point. The correlator then takes the form

D3
P B
LI (4.26)
P :
: 452

The dotted line again indicates the dual triangulation that will be used in the construction of
the ribbon graph. The three bulk fields are tuples

@1 = (i7j7 ¢17p17 [71]701‘2) ) @2 = (kv lu ¢27p27 [72]701‘2) ) @3 = (m7 n, ¢37p37 [73]7 01'2) . (427)

Here i, j, k, 1, m,n € T label simple objects. ¢; is a morphism in Homy4(U; ®* A®@™ U;, A), and
similarly one has ¢, € Homy4 (U, ®" A®™ U, A) and ¢35 € Homya (U, @ A®™ U,, A). The
three fields are inserted at py, po and ps, respectively, with arc germs [v1], [v2], [3] given by
Y1,2,3(t) =p1.23+ (£,0). The orientations ory around the insertion points of the three bulk fields
are given by the standard orientation of R?.
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The construction of section B gives the following ribbon graph inscribed in the connecting
manifold:

(4.28)
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As a basis for the space H(X) we take the cobordisms

B(p1>p2>p3)uu -

(4.29)

where the symbol ‘B%” indicates that the manifolds are solid three-balls, with orientations as
indicated, while ‘1) denotes the disjoint union of the two three-manifolds. Expanding (2] in
terms of [L29) defines the bulk structure constants ¢(®192Ps),, via

Z(Mx, 0,X) = Z c(D192P3)  Z(B (1, p2; P3) s 0, X). (4.30)

1%

By gluing the cobordism dual to B(pi, pa, p3),w we get rid of the summation on the right hand

53



side, thus obtaining the ribbon graph

(4.31)

The additional factor 1/S o comes from the normalisation of the cobordism dual to B(p, p2, p3)
which consists of two copies of B3.

nus

Let us assume that the algebra A is simple, and thus by convention Xy = A. Also, we choose
the morphisms entering the three bulk fields in ¢(®1P2P3)., as

¢1=§f§6j)07 P2 = f(kot ¢3 = f(mon : (4.32)

Inserting these expressions in (fE31]) and rotating the resulting graph in such a way that the
white side of the A-ribbons faces the reader results in

~ Si

(4.33)

Applying now the definition ([Z27) of the F[A|A]-matrices twice, first to the pair ay, as of
morphisms, and then to the remaining two bimodule morphisms, the invariant (E33]) becomes

d
o(&1B3Py).., — A ZFA|A FLA|A) om0 (4.34)

a1 Oag ﬁmnap

Multiplying this with the inverse of the two-point correlator, one finds that the bulk OPE
coefficients are given precisely by entries of the matrix F[A|A], as announced in remark ZZ3
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Of the various types of structure constants considered in this paper, the coefficient for the
correlator of three bulk fields has the longest history. Explicit expressions have first been
obtained for the A-series Virasoro minimal models [I2 1], and subsequently for many models
with charge conjugation invariant [52,63,64L65,56] and more general theories [57, 68,69, 60,61,
62, 63,62, 65, 2.

4.5 Three defect fields on the sphere

The calculation for three defect fields is almost the same as for three bulk fields. This is not
surprising, as a bulk field is just a special kind of defect field, namely the one connecting the
invisible defect to the invisible defect. We consider three defect fields on a defect circle,

Yy
. S
’ 83 .
Lo =
Gy (4.35)
oy
p2

The three defect fields are tuples
@1 - (Xa Ory, }/a Oora, Z.aja 1917p17 [71]7 Or2) 3
@2 = (Y70r27Z70r27kvl71927p27[72]701‘2)7 (436)
@3 - (Za Or2>Xa Org,m,n, 1937293’ [73]701.2) .

Here or, is the standard orientation of R?, 4, j, k,[,m,n € T label simple objects, and U103 are

morphisms
791 - HOHIA‘A(UZ' ®+ X ® Uj, Y) ,

¥y € Homya (U @T Y ®~ Uy, 2), (4.37)

¥3 € Homya (U, @ Z®7 Uy, X) .
The three fields are inserted at py, pa, ps, with arc germs [y 2 3] given by v1.23(t) =p123+ (¢, 0).
The ribbon graph differs from the one for three bulk fields only in that the annular A-ribbon
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is replaced by the appropriate bimodule ribbons. Thus we obtain

(4.38)

Expanding this in the basis ([{LZ9) defines the structure constants of three defect fields via

Z(MX7 @7 X) = Z C(X7 @17 }/7 @27 Z7 @37 X),ul/ Z(B(p17p27p3),u,1/7 @7 X) . (439)

jn%

Gluing the cobordism dual to B(p1, p2, p3),. vields a ribbon invariant very similar to (EZ3TI):

C(Xa @h}/a @2, Z, @3’X)MV =

\:\\
m m
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The calculation of the invariant (E40) runs along the same line as in the case of three bulk
fields. Let us choose

X:Xua Y:XV7 Z:Xlia 29126(0{1' ) 192258{@21/”5’ Q93:€a3 : (441)

ipg)v (men)p

Inserting this in (EEZ40) leads to a ribbon invariant similar to (E33), which can again be evaluated
with the help of the definition (Z21). We find

dll’Il i mmunn
C(X“, @17 Xw @27 Xm @37 XH) - SO 0 Z F A|A gfl:‘ii Bmnep [A‘A],Bﬁagu 00” . (442)

Just like for three bulk fields, multiplying this expression with the inverse of the two-point
correlator one finds that the OPE coefficients for defect fields are entries of the matrix F[A|A].

4.6 One bulk field on the cross cap

After dealing with the fundamental correlators allowing to obtain all orientable world sheets
by sewing, we finally consider the additional world sheet that is needed to construct all non-
orientable surfaces as well, i.e. the cross cap. Correspondingly, the algebra A is now a Jandl
algebra.

We present the cross cap as R?/~, with the equivalence relation ~ identifying points ac-
cording to the rule u ~ opp2(u), where in standard coordinates x,y on R?, opp acts as

—1
orp2(7,Y) = 212 (z,9) . (4.43)

Consider now the correlator of one bulk field on the cross cap, with the bulk field given by
b= (iv.jv ¢7p7 [7]7 01'2)1

. (4.44)

Y
p

As before, i, j€Z, ¢ € Homya(U; @ A®™ U;, A) and v(t) =p+ (t,0), where p is the insertion
point of the bulk field. The local orientation ory around p is chosen as indicated in figure
(EZA). The interior of the dashed circle is a fundamental domain of the equivalence relation
u~ ogpz2(u). On its boundary, i.e. for |u| =1, points are identified according to u~ —u.

Similarly as in (II:3.10), one can write the connecting manifold as

My =X x [-1,0]/~  with (u,0)~ (ogp2(u),0) for all ueX. (4.45)
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For the cross cap we obtain in this way the three-manifold

(4.46)

with orientations as indicated, and with points in the t=0-plane to be identified according to
u ~ opp2(u). Next we draw the ribbon graph embedded in the t=0-plane:

Y

(4.47)

Note that there is only a single field insertion, but as a consequence of the identification
u~ opp2(u) the ribbon graph is duplicated in the picture. In ZD) the U;- and Uj-ribbons
end in dashed circles; this way we indicate the points at which they leave the t=0-plane so as
to connect to the marked points on the boundary of Mx. Recall also the notation (II:3.4) for
the element connecting two A-ribbons with opposite orientation.

The complete ribbon graph, lifted out of the t=0-plane to ¢t <0 and rotated into blackboard
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framing, looks as follows (again one better uses full ribbon notation to verify this move):

(4.48)

The space H(X' ) in this case is one-dimensional if j =7 and zero-dimensional otherwise. For

j =1 we select
B

(4.49)
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as the cobordism describing the basis element in the space of blocks. The structure constant
appearing in R X
Z(Mx, 0,X) = ¢(P) Z(Bs, 0, X) (4.50)

is again found by composing Z(Mx, (), X) with the cobordism dual to @ZJ). After a suitable
rotation of the three-manifold, this results in

RP3

|

|

In the second equality, after deforming the ribbon graph, we use that ¢ is a morphism
of bimodules, ¢ € Homga(U; @ A®~U;, A). Comparing to (I1:3.91), we conclude that the
resulting ribbon graph is just

(@) =17V, ¢) / Soo, (4.52)

where ¢’ is the morphism inside the dashed box on the right hand side of ([XRIl). T'? is the
ribbon invariant that was introduced in (I1:3.90), which was computed in a basis in (11:3.110).

One-point functions on a cross cap have been first obtained for free bosons, fermions and
ghosts in [66,I67] and for the Ising model in [7]. The cross cap Ishibashi states were discussed
in [68]. A set of cross cap one-point functions for the Cardy case in rational CFTs was given
in [69.4], and for the D-series of su(2) in [Z00)]. Simple current techniques allow one to find more
solutions in the Cardy case, as well as for more general simple current invariants [(I[Z2[3[7A5].
In particular, Gepner (and related) models have recently received a lot of attention, see e.g.

76, [0, 78]

4.7 One defect field on the cross cap

As already noted in section L3, replacing bulk fields by defect fields changes very little in the
calculation of a correlator. Thus we discuss the correlator of one defect field on the cross cap
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only very briefly. The geometric setup for the correlator is

(4.53)

where the defect field is given by © = (X, —ory, X, ors, 7, j, 9, p, [7], orz) with v(¢) = p+(¢,0) and
¥ € Homy 4 (U; @ X* ®~ U;, X). The choice of y implies that at the insertion point of the defect
field the defect runs parallel to the real axis. The orientations ors(p) around the insertion point
and ory(X) around the defect line are chosen as indicated. When giving ory(X') one must take
the orientation-reversing identification of points on R? into account.

The connecting manifold My can be found by the same method that led to (EZY). The
only difference is that the A-ribbon gets replaced by an X-ribbon, and that there is a half-twist
in accordance with ([B5H). The resulting ribbon graph is, in blackboard framing,

ST
X A___pTT
MX = z L%\ """" '\‘QD:" """"" ‘ (454)

L

Composing with the dual of the cobordism (Z49) one determines the constant ¢(X, ©) appearing
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in the relation Z(Mx, 0, X) =c¢(X,0) Z(Bs,0,X) to be

RP?

(4.55)

To work out the invariant [hH) we need to introduce a bit more notation. Note that the
morphism ¢ entering the data for the defect field © is an element of Homa 4 (U; @+ X* ®~ U;, X).
If we choose X to be the simple bimodule X, then also X*= (X, )* is a simple bimodule. Define
a map

s: K—K (4.56)

via (X,)* = X,,). We explicitly choose, once and for all, a set of isomorphisms
IT;, € Homy 4 (Xo, (Xs())%) - (4.57)

This is similar to the choice of m; € Hom(U;, (U;)Y) made in (1:2.23). For our purposes we need
to expand the inverse of II? in a basis,

Xy X,
Uz, X0) 2N

EE =2 > (@7, | (4.58)
zeZl «,f=1 Yo
X X,

s

In writing this relation we used that as objects in C, X, and (X,())® are both equal to X,.
They only differ in the left and right actions of A.
After these preliminaries, let us evaluate the invariant ({L5H). We make again the simplifying

assumption that Nif €{0,1}. Let us choose

X = XV and 79 = g(ozs(y)f)y o (ldUl® (Hz(y))_1® I.dUi) . (459)
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Substituting this into (L) results in

! a YT s 11z .
— % Z Z [g(is(y)f)u]y;zllfyg [( S(y)) 1]72ﬁ/11(’l, x, y) . (460)

T,Y V1,72

In the second equality we have replaced &, ), and (Hj(u))_l by their expansions (40) and
(DY), respectively. If one in addition drags the points where the Up-ribbon touches the iden-
tification plane along the paths indicated!* one obtains the following representation of the
invariant 1(i,z,y):

RP?

(4.61)

To compute I(i,x,y), we apply the relation (I11:3.73) to the morphism that is indicated by the
dashed box. Thereby I(i,z,y), which according to (EEG1) is the invariant of a graph in RP?, is

13 When moving the Us-ribbon one must carefully take into account the identification. As discussed at the
end of section II:3.5 this introduces additional twists.
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expressed as the invariant of a graph in S®. In the latter form, I(i,z,y) is straightforward to
evaluate; we find

1 iz 0. G(y”
('l T y S()()/f ZS()J j 9 R(zy G(yO )y8j7y = PO’yW . (462)

JET

In the second step we made use of the definition of the P-matrix [79,K0], see (II:3.122), and
used the notations

Pj=r"tPy,, P,=(TY*ST?STY?),;, T =016, Twl/z_t 165 ; (4.63)

finally, k= So0 > .0 '(dim Uy)? is the charge of the modular category C. If C is the repre-
sentation category of a RVOA, it is given by x=e™/* with ¢ the central charge of the chiral
CFT.

4.8 Example: The Cardy case

In this section we apply the TFT formalism to the simplest situation, i.e. to the algebra A =1.
This case has already been treated' in [6,H]. Furthermore we make again the simplifying
assumption that N;F € {0, 1}.

With the exception of the structure constants for three defect fields on the sphere (ELGX)
and one defect field on the cross cap ([E7H), the results of this section are not new and merely
serve to illustrate the general formalism developed above. References to previous results in the
literature are listed at the end of sections EE2-EE6 above.

Field content

As is immediate from (I:5.30) and (1:5.19), for A=1 the torus partition function is given by
the charge conjugation modular invariant, Z(1);; =0, ;. Thus there is a bulk field @; for each
simple object. In the notation of section B3, we choose

b, = (z’,i, i\ D, [7],0r2(p)) , (4.64)

where the morphism ¢; = 6(@02)0 is given by the basis element introduced in (244]).

The boundary conditions are in one-to-one correspondence with the simple objects U,
too, and the annulus coefficients are given by the fusion rules [B]. Thus we have J =7
and A,/ =N,;, compare remark 1:5.21(i). Nonetheless we continue use greek letters to label
boundary conditions. Let us denote the field that changes a boundary condition v to p and
is labelled by the simple object Uy by ¥;"”. Thus in terms of the notation of section B2, we
choose

lplg’/ = (M;u MI/7 Uku vau h/]) ) (465)

where the morphism 1 = 1), is the basis element defined in (ZZ4]).
The defects are in one-to-one correspondence with the simple objects U; as well, so that
K =17Z. Moreover, the twisted partition functions are again expressed in terms of the fusion

14 Tn @E6E] the structure constants were derived for a specific normalisation of the bulk and boundary fields.
We find it helpful to reproduce the results with normalisations kept arbitrary. Also, structure constants of
defect fields where not considered in [F6,H].
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rules [A0); as follows from the ribbon representation (I:5.151), we have Z/" = > ker Nt Nyl -
The number Z,‘:l‘y gives the multiplicity of defect fields carrying chiral and antichiral labels Uy

and U, respectively, that change a p-defect into a v-defect. Let us denote such fields by @Zl";
To be specific, in the notation of B4 we choose

@]gl‘j; = (qu 01'2(]9), Xw Ol'g(p), ku lv é-vpv h/]u 01'2(]9)) ) (466)

where § = &G, ), The multiplicity label o takes all values in 7 for which N,/ Ny, #0.

Three boundary fields

Let us first consider the case of three boundary fields ¥;*, ¥ and ¥/ on the disk, changing
boundary conditions from p to v to k to p as we move along the real axis. Substituting the
expression (Z47) for the fusion matrices of C4 into the general expression ([LI2)) immediately
results in

(MW" M, M M,) = 3755 80 G 0 G UkB qim (17,). (4.67)

Recall that the constants 3" etc. give the normalisation of the boundary fields.

Remark 4.2:

In view of the results in [T, 22, 46,4 23] one might have expected that the F-matrices appear
in (E67), rather than their inverses G. This is, however, merely an issue of normalisation and
of labelling of the boundary conditions, and illustrates the fact that the labelling of boundary
conditions by simple objects is not canonical. Indeed, at the end of this section we will see that
by suitably changing the normalisation of the boundary fields, in addition to relabelling the
boundary conditions as i, the structure constants ([EG7) can equivalently be expressed in
terms of F-matrices.

Three defect fields

Next we consider three defect fields. The structure constant of three bulk fields can then be
obtained as a special case thereof. We consider a circular defect consisting of three segments
of defect types p, v and k, respectively, see ([E3H). The change of defect type is effected by

three defect fields @Z":n’ @Zl"fm and O ... The corresponding structure constant is obtained

by substituting (2249) into ([{E42), resulting in

C(X,uv@“'y Xw@ll‘n Xm@H“L XH)

ij,017 kl,a2> mn,qs)
_ a,u|l/ v|k Ozﬁ‘“ R- () nR=(nn)0 dlm(Uu)
— YMg,oq klag T mn,os tl tj tn 5'070 (468)
(iorDas ~ (15 B (ki) k= (1 Bn) as = (7 m) o (m )
ZGV,Bl 2Gau1]ﬁ Fa2m Gf(iuﬁ ) 3G,6M0 uFa30 g M‘
B

plv

The constants a;;,, etc. determine the normalisation of the defect fields.
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Three bulk fields

The structure constants of three bulk fields ¢;, ¢; and &, on the sphere are obtained by
restricting formula (EEG8) to the case p=v =k =0. The expression then simplifies a lot, leading
to
1) 7 (ik)0
t Géky)y Fg-jlé )
ti tj So,o dlm(Uk) ’

o(®;, D5, Dp) = o aj oy RTUIF (4.69)

Here o; = ozgg etc. give the normalisation of the bulk fields. In deriving this formula we made

use of the relation )
GEPP = RO, dim(U,) ", (4.70)

which can be verified analogously as the corresponding equation for F in (1:2.45).

The normalisation of the bulk fields can be read off from the two-point structure constant,
divided by the squared norm of the vacuum (expressed as the two-point function of the identity
field). Setting m =0 and j =7 in ([EGJ) and using once more [ETM) gives

(P, D7) ;O

c(1,1)  dim(T,)" (471)

One bulk and one boundary field

Consider now the correlator for one bulk field ¢; and one boundary field ¥/* on the disk, with
boundary condition labelled by p. To evaluate the general expression ([23)), first note that the
expansion coefficients of the representation morphism are now trivial, pgf[(f:)b) =1. Also recall
relation (ZZH) for the expansion coefficients of £ and . We then find

0,.;
ep

o(®y, M, W™y = 7" a; B Ggg’“’”“ dim(U,,) FyoimeGminn, (4.72)

(e
pk

p
Of particular interest is the correlator of just one bulk field on the disk, which is obtained from

T2 by setting k= 1. Using the identities

- . dim(U,,) 0; 0; .
FinpmGinn _ P d L= N dim(U, 4.73
0 Pp0 T im0y dim(T,) ¢ % %; g, o dm(le), o (473)
one finds )
(@i, M) = — —s (4.74)

Tt dim(U;) T

The phase ;' will cancel a corresponding phase in the correlator, see equation (E27) below.
Also note that here one might have expected s;, instead of s; ;. This difference amounts to
the freedom to choose the labelling of the boundary conditions at will. Indeed, our labelling is
related to the one leading to s; , by 1 < fi; we will return to this point at the end of the section.
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One defect field on the cross cap

Consider a defect of type v on a cross cap, together with a defect field insertion 9:;’;””. To

evaluate (LG0) we need to make a definite choice for the isomorphisms II?. First note that for
A=1 one has s(v)=v for all v € K. It is convenient to choose IIJ =t,idy,. One then finds

v\v V|V —aiytl/
o(X,, 00"y = o/ R (@)

ﬁ,a ﬁ,a t t
(R0

Py
G%m“;’. (4.75)
0,0

One bulk field on the cross cap

The structure constants of one bulk field @; on the cross cap are obtained by setting v =0 in
: P,
Q 0,7
@i = .
C( ) dlm(UZ) S(],o

(4.76)

Change of normalisation for boundary fields

Let us now return to the question of expressing the structure constant ([EG17) of three boundary
fields in terms of F-matrices instead of their inverses G. We would like to demonstrate that
there is a normalisation of the boundary fields in which ([67) is expressed in terms of F, but
with all boundary labels u, v, k replaced by their conjugates.

Introduce numbers vy, by relating two different basis vectors of Hom(U, ® U;, U, ), according

to
v

= i (4.77)

I % o %

Iz i

(4.78)
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between the dual basis vectors. Consider now the ribbon representation of G I(ffj D as in (1:2.40).

Take the trace of that relation and replace the three basis vectors A, Aej)y and Y (kR)n by
the corresponding right hand sides of (1) and ([EZF). It is then not difficult to see that the
resulting ribbon graph can be deformed to equal the trace of the left hand side of (I1:2.37).
Altogether we obtain
(kji)p ”YZWZJ‘ (jip)R
Tk

Substituting this relation into (EZG) results in the equality

(M M M M,) = (o B (325 B5) (e B F U407 FIHO dim(U). - (4.80)
We conclude that by changing the normalisation of the boundary fields and renaming the
boundary conditions as u — i, one arrives at the usual expression of the boundary structure
constants in terms of F-matrix elements.

5 Conformal blocks on the complex plane

In the study of CFT correlators there are two different aspects, a complex-analytic and a purely
topological one. The construction of the correlators, as presented in detail in sections P for
the fundamental correlators (PPP), (PW), (WWW) and (D), as well as for the defect correlators
(0O0) and (O), proceeds entirely at the topological level. Given this construction, one would
next like to address the complex-analytic aspect of the correlators, thereby obtaining them as
actual functions of the insertion points. This aspect is treated in the present section and in
section We start in sections 1] and by recalling the concepts of vertex algebras and
bundles of conformal blocks.

The relation between the 3-d TFT formulation of the correlators and the complex-analytic
description relies on a number of assumptions, thus restricting the class of vertex algebras U to
which our construction can be applied. First, we require the category Rep(*0) of representations
of U to be a modular tensor category. Sufficient conditions on U which ensure this property of
Rep(W) have been given in [I8].

Given U we can define bundles of conformal blocks for Riemann surfaces with marked points.
Our second condition is to demand that these spaces are finite-dimensional, and that for surfaces
of arbitrary genus the conformal blocks give rise to the same monodromy and factorisation data
as the 3-d TFT constructed from Rep(Y). So far there is no complete treatment of this issue
in the literature. However, many results have been obtained, see e.g. [9 8182 20,83,84]. For
the purposes of this paper we do not need a complex-analytic construction of correlators in its
full generality, though, as we only consider particularly simple cases, namely the fundamental
correlators listed above. For these, at most conformal three-point blocks on the Riemann sphere
are needed.

For the purposes of this paper, we will call the class of vertex algebras satisfying these
conditions rational. From now on we take U to be rational in this sense.

Another important issue is the metric dependence of the correlation functions through the
Weyl anomaly, which arises whenever the Virasoro central charge of U is nonzero. Here again
we do not need a general treatment, because we will be interested in the ratio of a correlator
and of the corresponding correlator with all field insertions removed (see section below).
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The presence of field insertions does not affect the metric-dependence of a correlator, and hence
the Weyl anomaly cancels in such ratios.

5.1 Chiral vertex operators

In this section we describe the space of conformal blocks on the Riemann sphere P!, realised
as P=CU{oo}. To this end we collect a few notions from the theory of vertex algebras,
in particular that of an intertwiner between representations of vertex algebras. However, this
section neither is intended as a review of vertex algebras, nor is it as general as it could be in a
vertex algebra setting. Rather, the main purpose is to specify some notations and conventions
needed in the description of the CFT correlation functions. For a much more detailed exposition
of vertex algebras the reader may consult e.g. [82,83,85].

Vertex algebras and intertwiners

One formalisation of the physical concept of a chiral algebra for a conformal field theory is the
structure of a conformal vertex algebra . This is a vector space Rq, the space of states, which
is Z>(-graded with finite-dimensional homogeneous subspaces, equipped with some additional
structure. In particular, there is a state-field correspondence, assigning to every We Rg a field
W(z)=Y(W;z) € End(Rq)[z, 27']. Here End(V)[z], for V a vector space, denotes the space
of formal power series in the indeterminate z with coefficients in End(V). The state space Rq,
also called the vacuum module, contains a distinguished vector vg, the vacuum state, for which
the associated field is the identity, Y (vq; 2) =idg,,, and for which Y (u; z)vg =u + O(z) for all
u € Rg. The grading of the state space Rq is given by the conformal weight. The vacuum
v is a non-zero vector in the component of weight zero, which we assume to be one-dimen-
sional. The component of weight two contains the Virasoro vector v, whose associated field
Y (vyir; 2) =T(2) is the (holomorphic component of the) stress tensor.

We will be interested in representations of the vertex algebra U and intertwiners between
them. A representation of U of lowest conformal weight A consists of a (A+Zx¢)-graded vector
space R and a map p: Rq — End(R)[2*'], subject to some additional consistency conditions.
An intertwining operator between three modules R;, R;, Ry with conformal highest weights
A;, Aj, Ag is a map

L(52) Ry — 2M A A Hom(Ry, R[], (5.1)

satisfying a condition to be described in a moment.

In the sequel we make the simplifying assumption that certain power series of our interest
possess a non-empty domain of convergence when the indeterminate z is replaced by a complex
variable, again denoted by z; they can then be regarded as complex-valued functions analytic
in that domain. For instance, suppose we are given some fields ¢;(2) € 2% Hom(R;, Ri1)[zF'],
which may be either fields W(z) in the chiral algebra (in which case R;41 =R;) or intertwining
operators V;),i +1(v; 2) for some Y-representation R, and some v € R,,. For any two homogeneous
vectors a € Ry and ' b* € R}, | we have

(0", on(zn) - @1(z1) a) € 2zt -+ - 20m (D[[zlﬂ, s szl]] (5.2)

15 Here R} is the restricted dual of the vector space R;, which by definition is the direct sum of the duals of
the (finite-dimensional) homogeneous subspaces of R;, i.e. R = EBZO:OREZ) for Ri = @,_oRn)-
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with suitable numbers «;. It is then assumed that, when taking the z; in the power series (&.2)
to be complex variables (and thereby interpreting them as field insertion points in the complex
plane), this series converges for all (zy, 29, ..., 2,,) € C" satisfying |z,| > ... >|z| >0.

As another example where we assume convergence, let us formulate the condition for
V;k( ;z) to be an intertwining operator. For a*€ R}, beR; and c€ Ry, consider the three

formal power series
fi(z) = (a*, pi(W(2)) Vip(b;w) ¢),

fa(z) = (a, ]k(pj W(z=w))b;w)c), (5:3)
f3(2) = (a*, Vi, (b;w0) pp(W(2)) ¢),

which are elements of w2i=2i= 2z ,wil,(z—w)_ ]. What we assume is that, with z and w
interpreted as complex variables, each of these three series has a non-zero domain of conver-
gence. Usually fi(z) converges for |z| > |w|, fa(z) for |z—w| < |w]|, and f3(z) for |w|>|z| >0.
Then the condition for V;k( ;w) to be an intertwining operator is that the three functions
f12.3(2) coincide upon analytic continuation and can have poles only at z =0, w and oo.

As already mentioned, we demand that Rep(0) is a modular tensor category. In particular,
U has only finitely many inequivalent irreducible representations, and every U-representation
is fully reducible. We choose, once and for all, a set

(S,|ieT} (5.4)

of representatives of isomorphism classes of irreducible U-modules. By Si we denote the element
in this list that is isomorphic to the dual module (S)". We also take Sy =Rg,.

The morphisms of the tensor category U are intertwiners of U-modules. In particular,
Homgy(S; ® Sk, S;) is the vector space of intertwiners V7, (-; z) between S;, Sy, and S;. As U is
rational, the dimension N;{ of this space is finite.

Choice of basis for intertwining operators

We choose bases . '
{V;.’,f(-;z)|5:1,...,]\fj;§} C Homgy(S; ® Sk, S;) (5.5)

in the spaces of intertwiners V;k( ;2). We do not restrict this choice, except when S; or Sy

is the vacuum module. Take first j =0; then N =8, Thus Vi,(-;2): So— End(S;)[2*] is

unique up to multiplication by a scalar. As a basis, we take the representation morphism itself,
¢, =p;i. Then in particular the field corresponding to the vacuum vg is the identity,

Vi (va; 2) = ids, . (5.6)
Similarly, for k=0 we normalise Vi (-;2): S; — Hom(Sy, S;)[2*'] via the condition that
Vi (u; 2)vg = u + O(2) (5.7)

for all u € S;.
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Two- and three-point conformal blocks

Let vg, be the unique vector of weight zero in R§, satisfying vé(vg)=1. For X a product of
intertwiners, we write (0] X |0) for the number v (Xwvg).

For products of at most three intertwiners, the functional dependence of (0| X |0) on the
insertion points is fixed by conformal invariance. For the case of two intertwiners one finds
explicitly

(O] VO, (03 20) Vg1 21) 0) = (22—21) 2+ By (v,u)

(5.8)
with By (v, u) := (0] V2, (v52) Vo (u; 1) ]0) .

Here we take u€S; and v €S; to be homogeneous of conformal weight Ay(u) and Ag(v),
respectively. The two-point conformal block vanishes unless Ay (u) = Ag(v).
For three intertwiners one gets

(0] VO (w; 23) fo(v; 22) Vip(u; 21) [0)

D) =35 (0)= () (5 5 (0) =85 =B (3, 21 AW =Bi(0)=25) BS (0 ), )

= (23—22)

with  Bl(w, v, u) = 273088 (0] VO, (1 3) VR (0 2) Vi (u; 1) [0)
(5.9)
where u€S;, veS; and we Sy, and, as before, A;(u), A;(v) and Ag(w) are the conformal
weights of the respective vectors.

Local coordinate changes

For discussing the relationship to three-dimensional topological field theory in the next section,
one needs to introduce the group Aut O of local coordinate changes or, equivalently, locally
invertible function germs. We describe Aut O briefly; for details see e.g. section 6.3.1 of [82].

The group Aut O can be identified with a subset of the formal power series C[z] consisting
of those f € C[z] that are of the form f(z)=a;z + a2*> + ... with a; #0. Since a U-module
R is in particular a Vir-module, there is an action R of (Aut O),p, on the module R,

R: AutO — End(R) such that R(id) =id and R(fog)= R(9)R(f). (5.10)

This action R is constructed as follows. For the coordinate change f & Aut O that is given
by f(z)= Yo, axz®, set D:= Z] 1v]tj+lgt, with the coefficients v; determined by solving
vo exp(D)t = f(t) order by order in ¢. The first few coefficients are

az as az\?
Vo = Ay, v = a—, Vg = a—— (a— . (511)
1 1 1

The operator R is then given by R(f):= exp(—>_2, v;L;)vg ™. Actually we will later rather
need the inverse of R(f), which takes the form

R(f)™" = v Oexp<i Lj). (5.12)

J=1
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For example, if |A) is a Vir-highest weight vector of Lg-eigenvalue A, then for the first two
levels one finds

R(f)7HA) = (f)*|a)  and
R()TLalA) = ()2 (F'La |A) + AF"f'1A))

with f" and f” denoting derivatives of f at z=0, i.e. f'=a; and f”=2ay. Define a functional
K via

(5.13)

rie(f)(2) = flz4t) = (1) (5.14)
Then for vertex operators we have the identity [81), section 5.4]
Y(v; f(2) = R(f)" Y (R(k=(f))v; 2)R(f) (5.15)

where again f satisfies f(0)=0 and f’(0) # 0.

5.2 Spaces of conformal blocks
Extended Riemann surfaces

Recall from section Bl that the 3-d TFT assigns to every extended surface E a vector space
H(E). On the other hand, for the (chiral) 2-d CFT we need surfaces with a complex structure.
The appropriate objects here are extended Riemann surfaces. An extended Riemann surface
E¢ is given by the following data:

m A compact Riemann surface without boundary, also denoted by FE°.

m A finite ordered set of marked points, i.e. triples (p;, [¢i], Ri), where the p; € E° are mutually
distinct points, [¢;] is a germ of injective holomorphic functions from a small disk Ds C C
around 0 to E° such that ¢;(0) =p;, and R; is a module of the vertex algebra .

m A Lagrangian submodule \* C Hy(E*¢,Z) — that is, a Z-submodule \¢ of H;(E*, Z) such that
the intersection form (-, -) vanishes on A° and that any x € H,(E*, Z) obeying (z,y) =0 for
all y € \° lies in \°.

Given extended Riemann surfaces E° and E° with marked points (p;, [¢;], R;) and (55, [], Ra),
respectively, an isomorphism f: E¢— E° of extended Riemann surfaces is a holomorphic bijec-
tion of the underlying Riemann surfaces that is compatible with the (ordered) marked points
in the sense that

(Ds [@z’L R;) = (f(ps), [fo%']a R;). (5.16)

Bundles of conformal blocks

Let E€ be an extended Riemann surface with marked points (p;, [¢:], Ri), i=1,2,...,n. De-
note by (R1® -+ ®R,,)" the space of linear functions'® Ry ® --- ® R,, — C. To an extended
Riemann surface E¢ the chiral CFT assigns the space of conformal blocks on E¢ denoted by
HE(EC). Tt is defined as a subspace®” of (R;® -+ ®R,,)*. As mentioned at the beginning

16 Here ® = ®@¢ denotes the tensor product of complex vector spaces, not the tensor product in Rep(D).
17 The subspace H¢(E°) C (R1® --- @ R,,)" is described via a compatibility condition with the action of .
For details we refer e.g. to [86l section 4] and [82, chapter 9].
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of section [ we assume all H(E¢) to be finite-dimensional. One can show that if £ and E*
are isomorphic as extended Riemann surfaces, then H(E®)=H¢(E¢). Note that this is an
equality of subspaces of (R1® --- ®R,,)", not just an isomorphism. In other words, there ex-
ists a well-defined assignment [E°|— H(E) on isomorphism classes [E¢] of extended Riemann
surfaces.

Denote by Mg,n(Rl, ..., R,) the moduli space of extended Riemann surfaces of genus g
with n marked points, such that the kth point is labelled by the U-module Ry. If the choice of
representations is obvious from the context, or not important to the argument, we will write
Mg,n in place of ./\>lg7n(R1, ..., R,). The same convention will be applied to related objects
defined below. Consider the trivial vector bundle

~

Myn(Ra,.. . Rp) X (R1® -+ @R, — My,(Ry,...,Ry). (5.17)

Each point in Mg,n is an isomorphism class [E°] of extended Riemann surfaces, to which we
can assign the subspace H(E) C (R1® --- ®R,,)". This defines a subbundle of (BIT), the
bundle of conformal blocks on ./\>lg7n(R1, ..., R,); we denote it by

~

B,n(Ri,...,Ry) = Myn(Ry, ... Ry). (5.18)

The bundle Bg,n comes equipped with a projectively flat connection, the Knizhnik-Zamo-
lodchikov connection, see [87] and e.g. [82, chapter 17]. Via parallel transport, this connection
allows us to assign an isomorphism U,: H(E¢) — He(E°) to every curve 7: [0,1] — M, with
7(0) = [E] and ~(1) = [E£7].

Two examples of the map U,

We will later use two instances of the map U, the case that v corresponds to a change of
local coordinates and the case that v amounts to moving the insertion points. Restricting to
these two directions in Mg,n — moving insertion points and changing local coordinates while
the complex structure of the underlying Riemann surface remains unaltered — results in a flat
(not only projectively flat) connection. U, then depends only on the homotopy class of 7.

In both examples considered below, E¢ denotes an extended Riemann surface with marked
points (pi, [¢i], Ri), i1=1,2,...,n. We will consider curves with v(0) = [E].

For the first example, define a family E°(t) of extended Riemann surfaces by taking E°(¢)
to be given by E° with the local coordinate at the kth marked point replaced by [pg o m]
with 7 D. — D, such that 7,(0)=0 and ny=id. This defines a curve in /\;lgvn by setting
v(t) :=[E°(t)]. For this curve the map U, takes the form, for g € H¢(E°),

A

(U,B) (01, ., 0n) = B0, .o, R() Mgy ooy v) € HE(ES), (5.19)

where E°= FE°(1). Note that we cannot directly take the map R(m;)~" as defined in (I2)
because if Ry, has non-integral conformal weight, then the expression (n})%* in (EI3) is only
defined up to a phase. Instead, we set

R(n)~' :=#(1), (5.20)
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where

r: 0,1 — End(Rg)

t o R(p)t, (5.21)

and where now R(n;)~! is the map defined in (BIZ), with the phase ambiguity resolved by
demanding 7 to be continuous and to obey 7(0) = id.

For the second example consider the curves ~s(t) := [E(t)] with 6 € C. Here E°(t) is again
equal to E°, but with the kth marked point replaced this time by (pi, [pr o m], Ri), where
m(¢)=C+1td and pl=@r(n(0)). If o is defined on D, then g on, is a well-defined local
coordinate around p}, as long as § <e. With these definitions, in E°¢ = E°(1) the point p, = ¢ (0)
has been moved to p, = ¢x(0). The map U,, must obey, for each € H(E°),

d

5(U%ﬁ)(vl, ,Un)}(gzo = B(v1, ey LoqUgy oo, 0y) (5.22)

Renumbering marked points

Given an extended Riemann surface £ with marked points (p;, [¢i], Ri), i=1,2,...,n, and a
permutation 7 of {1,2,...,n}, one can define a new extended Riemann surface E¢= P (E°)
by taking the same underlying Riemann surface, but now ordering the marked points as

(Pi, [7i], Rs) = (Pr—16), [Px1())), Re1(3))-
In the same spirit, one can define an isomorphism Pr: H(E®) — H(P:(£°)) of conformal

block spaces via (Pr3)(01, ..., Un) := B(Ur(1), --- » Ux(n)), Where 0, € Ry = Ry-1(4). This extends to
a bundle isomorphism, which we will also denote by Py,

~

Pr: Byn(Riy.o,Ry) — Byn(Re101), o, Reoi(m)) - (5.23)

Conformal blocks on the Riemann sphere

Let us describe the bundle Z’S’O,n more explicitly. Define the standard extended Riemann sur-
face EG,,[i1,%2,...,9,] to be the Riemann sphere, realised as CU{oo}, with marked points
{(k,[pr],Si,) | E=1,2,...,n}, with ¢ given by ¢i(2) =2z+k. When it is clear from the context
what representations occur at the marked points, we use again the shorthand notation Eg,, for
E§ i1, iz, ... in). A basis for H¢(Ef,,) is provided by the conformal blocks

ﬁO,n['éla ain s P1yeer s Pn—35 51) a(sn—Z] = /80,n ) (524)
given by a product of intertwiners,

Bom: 0@ @y = (0 V) —(vy,n) - VI (0,2) V2 (w1, 1) |0), (5.25)

12,01

where i1,...,p,_3€Z apd 01, ..., 0np_o are multiplicity labels. R
The moduli space M ,, is connected, and the Knizhnik-Zamolodchikov connection on M, ,,
is flat. To define the bundle By, pick a curve 7 from [Ef, ]| to some [E] € Mg,. Then we

have H¢(E°) = U,(H(E§,,)), as a subspace of (S;; ® --- ®8;,)". (Note that while this defines
the subspace, it does not provide a canonical basis, since U, itself depends on the homotopy
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class of 7, whereas the image of U, does not.) In fact, if £ is given by CU{oo} with marked
points (2, [k, S;, ), then a basis of H(E£¢) can be given in terms of products of intertwiners,

ﬂpl,m Pn—3;01..0n—2 V1) - QUp

— (OIV? o (R(kolen) v 20 ) Vint (R(ko(g)

in,ln

Un—1, Zn—l) e (526)
Vp1’§1<R(/{0(<p2))_1v2 22> Vi (R(n ( ))_lv z ) 0) .
i2,i1 ) i1,0 o\¥1 1, 21

The choice of branch cuts that are required when evaluating (E24) is related to the path in
Mo (i1, ..., i,) chosen to obtain (B20) from (B2H).

5.3 Relation to TFT state spaces

In the three-dimensional topological field theory given by the Chern-Simons path integral, the
space of states on a component of the boundary of a three-manifold can be thought of as the
space of conformal blocks of the corresponding WZW model on that same surface [2]. One can
in fact extract the Knizhnik-Zamolodchikov equation for field insertions on the complex plane
from the Chern-Simons path integral [3].

In our approach to topological and conformal field theory the path integral does not play
any role. Instead, the space of states for the 3-d TFT and the space of conformal blocks for
the 2-d CFT are constructed independently, and it is a separate task to find an isomorphism
between the two spaces. In this section we make such an isomorphism explicit in the case that
the surface is the Riemann sphere. The TFT that is used in the present and the following
section is the one obtained from the modular tensor category C = Rep(Y) of representations of
the chiral algebra ‘U.

Extended surfaces from extended Riemann surfaces

To an extended Riemann surface E° one can assign an extended surface
E =3(E°) (5.27)

as follows. As a two-manifold, E coincides with E°. Further, a marked point (p, [¢], R) on E°
becomes the marked point (p, [v], R, +) on E, where the arc-germ [7] is defined by ~(t) := ¢(t),
that is, by the real axis of the local coordinate system around p. The Lagrangian subspace
of Hi(E,R) is obtained as A=\®z R from \° C H{(E° Z). The assignment JF thus acts on
extended Riemann surfaces by forgetting the complex structure and by replacing germs of
local coordinates by germs of arcs.'® For instance, recalling the definition of the standard
extended surfaces Ej,[i1, ..., i, in section B2l and of the standard extended Riemann surfaces
E§ ,li1, ... in) above, we see that

F(EG,) = Eon - (5.28)

18 This also constitutes the main reason for using a slightly different definition of extended surface as compared
to section I:2.4. While there is no canonical way to associate an arc to a germ of local coordinates, there is no
problem in assigning a germ of arcs in the way described.
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The topological counterparts of P, and U,

Recall that for an extended Riemann surface E¢, P,(E°) describes a permutation of the order
of the marked points on E°. Since the set of marked points on an extended surface E is not

ordered, we simply have
FoP, =5. (5.29)

To be able to formulate the analogue of U, in the two examples discussed in section
above, we need the following concepts. By a family E¢(t) of extended Riemann surfaces over a
Riemann surface ¥¢ we mean that each extended surface E°(t) is given by ¢ together with a
set of marked points (pi, [¢L], Rk) such that pi and ¢! depend smoothly on t. A family F(t)
of extended surfaces over a two-manifold ¥ is defined in the same way. If E(¢) is a family of
extended Riemann surfaces over ¥¢, then F(E°(t)) is a family of extended surfaces over F(X°).

To a family E°(t) with ¢ €[0,1] we can assign a curve in the moduli space M, by setting
Yee(t) :=[E°(t)]. We then also get the isomorphism U, : H(£(0)) — H(E°(1)).

On the topological side, from a family F(t) over X, with ¢€[0, 1], we can construct a
cobordism Mg: E(0) — E(1). As a three-manifold, Mg is given by the cylinder ¥ x [0, 1]. The
ribbon graph in Mg is fixed by demanding that the ribbons intersect the slice of Mg at ‘time’
t as prescribed by the marked points on E(t). The topological counterpart of U,,. 1s then the
linear map Z(Mg): H(E(0)) — H(E(1)) that is supplied by the TFT.

In this context the Riemann sphere with marked points is special: any curve in Mo,n can
be obtained as 7. for a family of extended Riemann surfaces over a single fixed base Riemann
surface, which we take to be CU{oc}. For surfaces of higher genus one needs to vary the
complex structure moduli of the underlying Riemann surfaces as well. From here on we restrict
our attention to the Riemann sphere with marked points.

The isomorphism in the case of the Riemann sphere

Let [E¢] € MO,n- We would like to describe an isomorphism
N:  HY(E®) — H(F(EY)) (5.30)

between the space of conformal blocks associated to the extended Riemann surface E¢ and the
space of states of the TFT on the extended surface F(E°).

The TF'T encodes the monodromy data of the conformal blocks. This must be reflected in
the isomorphism N. More precisely, we require R to fulfill

NoP, =N and NolU, . = Z(Mgge))oR (5.31)

for any permutation m and any family E¢(t) over CU{oco}. In addition to (B3Tl), the iso-
morphism N must be consistent with cutting and gluing of extended Riemann surfaces. For
extended surfaces of higher genus, there are further conditions arising from varying the complex
structure moduli of the underlying Riemann surface. We will not analyse the latter two types
of conditions in this paper. Instead we assume that N does satisfy these conditions, and content
ourselves with describing R for points in My, and illustrating its consistency with (3 in
some examples.
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For the Riemann sphere we fix the isomorphism X by demanding that the standard conformal
block o, € H(EG,,) from (E2H) gets mapped to the state described by the cobordism By, from

(E2),

N(ﬁoﬂ[il, ,Zn, P1y--o s Pn—3; 51, ,5n_2])

o - (5.32)
- Z(BO,n[Zb vy ln s P1y ey Pn—3 3 517 >5n—2]7®>E0,n[7117 >Zn]) 1.

Since MO,n is connected, relation (3]) can be used to determine N for all points in Mo,n,
starting from its value at the point [Ff, | as given by (B32). This way of defining X is consistent

iff (530) holds for every closed loop in M. The first property in (E31) just means that N
is independent of the ordering of the marked points of the extended Riemann surface. The
second property in ([31]) can be reformulated as follows. Two representations pf ,, and p,,, of

™ (Mo,) on He(E,,) and on H(Eq,,), respectively, are given by

Pon(0]) = Useand g, ([7]) = Z(Mgze)) , (5.33)

were the 7¢ are paths starting and ending on [Ef, | and E° is a family over CU {oo} such that
Yge =7°. The isomorphism N must intertwine these two representations,

Ro g, = oo OX. (5.34)

Below we will verify the intertwining property in two examples, and sketch an argument for it
to hold in general at the end of section B4l

Example: Closed path resulting in a twist

Define a family of extended Riemann surfaces E¢(t) over CU{oo} by taking E°(f) to be
equal to Ef, [i1, ..., 1,), except that the kth marked point gets replaced by (k, ¢y 07, S;, ) with
n:(2) =e*™z. Using U to compute the transport of a block f3y,, along the closed path yp. gives

Uy, Bom) (V1 oo vn) = 285 By (01,0 vy) (5.35)

To see this, start from formula (EI9) and use (EI3) and (EZI) so as to deduce first that
R(1;) " vy, = ™A@y and then, also using that A; = A(v) mod Z, that R(n)v, = e>™ iy,
We thus find

Pon([vme]) = 07, idremg ) - (5.36)
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Further, let E(t) :=3J(E°(t)); then the cobordism Mg: E(0) — E(1) is given by

=0
_ A A A

with the orientations of three-manifold and ribbons as indicated. Once oriented by the inward
pointing normal, the boundary at ¢ =0 is given by —FE(0) = —Ej,, and the boundary at t=1
by E(1)=Ey,, as it should be. By definition of the twist (see (1:2.9)), the middle ribbon in
(B37) can be replaced by 0, ! times a straight ribbon, so that

Z(Mp) = 0;,' Z(Eq x [0,1]). (5.38)
Since Z applied to the cylinder over Ey,, gives the identity on H(Ej,) we obtain

pon([vee]) = 05, idri, ) - (5.39)

For the closed path considered in this example, the desired identity (B34 thus even holds
independent of N (and hence provides a consistency check of the conventions described in

section BI).

Example: Closed path resulting in a double braiding

In this example we deal again with a family E°(t) over CU{oco}. We consider the situa-
tion that each of the extended Riemann surfaces E(t) has three marked points, (1, ¢1(2),S;),
(ph, ¢5(2),S;) and (3, p3(2), Sk), with the functions ¢; given by ¢;(z) = 241, @h(z) = z4+14€>™
¢3(z) = 243 and ph =} (0). Note that E¢(0) = E°(1) = E§ 5[, j, k]. A basis 3° for the conformal
blocks in H¢(E§ 3) is given by (EX) with z =1, 25 =2, 23 =3. Transporting 3° along 7. from
0 to t results in the conformal block 3% € H(E(t)) given by

B9 (0, w) = (0] Vi (w3 3) V(05 14+€*™) Vi (u; 1) |0)

5.40

_ Bgﬂ(w’ v, U) (2_e2ﬂit)A(u)—A(v)—A(w)2A(v)—A(u)—A(w)e27rit(A(w)—A(u)—A(v)) ) ( )

This block is obtained by setting z; =1, 2o = 14+€*™ and 23 =3 in ([£1), as follows from ([E2)

together with the property V;k(L_lv;z) :%V;-k(v;z) of the intertwiners. Setting t=1 we
obtain

81 (u, v, w) = T A8 3 (v, w) (5.41)
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where we also used A(u)=A; mod Z etc. Thus

Pos([Vee]) = 9]: IdHC(Egg) . (5.42)

Regarding the topological side, the cobordism Mg is easily found to be

y t=0

My = L a7 k (5.43)

Composing this cobordism with By 3 results in

\
'
Rl
.
\

l”
%,
’ ‘l

i 0,0,
Z(Mg) o Z(Bos) = 5 = Z(Boga)

(5.44)

where we applied (I:2.41) twice and then substituted (I1:2.43) (or rather the corresponding
relations for R™ instead of R). Thus for py 3 we get

0,0 .
po3([Vge]) = 9,: idyy(5y 3) - (5.45)

This shows that also in this example the identity (234]) holds independently of R, giving another
consistency check of the conventions in section Bl

5.4 The braid matrices

It is common to express various quantities of interest in terms of matrices B(7®!= (B §,"qj k)l)

which are certain specific combinations of fusing matrices F and braiding matrices R [I0,[9].
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Conversely, one can recover F and R from B. In terms of conformal blocks, the braid matrices B
can be deduced from the exchange of two insertion points in a four-point block on the sphere.
Using the map N one then verifies that this definition of B is equivalent to the one used in the
3-d TFT context.

Braid matrices in modular tensor categories

Similarly to the definition of the fusing matrices in (1:2.36), for a modular tensor category C
one defines the braid matrices B#7% to be the matrices whose entries appear as coefficients in

the relation
!
p
- TR (5.46)
q
i j k

If instead the inverse braiding is used one obtains the inverse braid matrices B~#@*),
The braid matrices can be expressed in terms of the fusing matrices F from (1:2.36) and the
braid matrices R from (1:2.41) as
Bl = ZR koppOrIIREDL, (5.47)

vy

This can be verified by first applying an inverse R-move to the morphism (€ Hom(U; ® Uy, U,)
on the left hand side of (E46), then performing an F-move, and finally an R-move applied to
the resulting morphism in Hom (U, ® U;, Uj).
Setting k=0 in (EZ0) and comparing to (1:2.41), and recalling also convention (I1:2.33), one
arrives at the relation N
RUVF=BUID", (5.48)

at,3]
Note that by convention the couplings in the one-dimensional morphism spaces involving the
tensor unit Uy =1 are not spelt out explicitly.
Furthermore, using (1:2.42) the relation (B47) is easily inverted:
ijk) k i k)1
Foims =Y RyIrBHiIR, WOt (5.49)

app,vqy
/’1’7

Thus one can obtain both R and F from the braid matrices B. One may wonder whether it is
possible to recover the twists ), and the quantum dimensions dim(Uy) as well. For this to be
the case, we need to assume that the quantum dimensions are all positive. Then we can take
the absolute value of (1:2.45) so as to find

dim(Uy) = [F{FPRR-ERO| (5.50)

80



The twist is then directly given by (1:2.45),

0 = dim(Uy,) FiFF R (RO, (5.51)

Up to equivalence, a modular tensor category is determined by the list of isomorphism classes
of simple objects {Uy | k€Z}, the dimensions N, of the morphism spaces Hom (U;@U;, Uy), and
the numbers

. ij)k ijk)l
dim(Uy), 6, RUD*, ELIML (5.52)

The considerations above show that, upon the assumption that the quantum dimensions are
positive, instead of (h3) it is sufficient to give the numbers

Bipd s - (5.53)

Braid matrices from four-point conformal blocks

The braid matrices also appear upon analytic continuation of the standard four-point conformal
blocks. In short, one takes the standard four-point block and exchanges the field insertions at
the points 2 and 3 via analytic continuation. The result can be expanded in terms of standard
blocks, and the coefficients occurring in that expansion are the braid matrices. A more precise
description is as follows.

Define a family E(t) of extended Riemann surfaces over C U {oo} by taking E°() to have
field insertions

(17 [901]’ SZ) ) (wta [SOEL SJ) ) (Zta [ng Sk) ) (4a [904]7 Sl_)) ) (554)
where ¢1(¢) =(+1, pa(Q) =C+4,
Q) =C—gze™+3, () =C+gze ™ +3, (5.55)

and w, = }4(0), 2 = ©4(0). It follows in particular that £¢(0) = E§ 4[4, j, k, []. For E¢(1) we must
also take into account the ordering of the marked points, resulting in Pros)(E°(1)) = Eg [, k, j, ],
where (23) denotes the transposition that exchanges 2 and 3. Transporting the conformal block
B i, g, k, I; p; i, v] € H(EG 4) along ype from 0 to ¢ results in the block 3" € H°(£°(t)) given
by

B (v1,v2, v3,v4) = (0] Vi (054) Vigy (v3; 22) V5 (w23 1) Vig (033 1) [0) (5.56)

with 2z, = e ™ + 3 and w, = —3 e ™z + 2. Since 3" is in the space H*(E(1)) we can apply
to it the map Pos): HC(EC(l)) — HE(E§ 4[1, K, j, 1]) and expand the result in the standard basis
for the latter space,

(P(23)ﬂi“j)(u17 Ug, U3, U4) = 6{“/(11‘17 Uz, Uz, U4)

_ZZ BUFD! Boalis k., 1 q; o) (un, ua, ug, ua) - (5:57)

By definition of the braiding in the representation category C =Rep(D) of the chiral algebra,
the matrices B /%! which appear in (E57) are the same as those defined in (E40) through a
relation between morphisms in C, see e.g. [88] for details.
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Compatibility of X and braiding

Again one obtains a family E(t) of extended surfaces by applying F to the family E°(¢). For
the associated cobordism Mg, composed with a cobordism By 4 describing the standard basis
of H(Ep.4), one finds

D‘

L

\}:F

Z(ME) OZ(BO,4[i>j> k>zvpaﬂa V]) =

Z Z BUtit Z(Boalisk,j, aionpl) . (5.58)
We can now verify the relation (E.34)) for the braiding on a basis 5 i, J, k, I; p; 1, V] of the space
HE(ES 414, 7, K, 1]) as follows:
Z(Mpg) oX(Boali, j, k, l;p; 1, v]) = Z(Mg) 0 Z(Boli, j, k, I; p; p, V])1
= Z Z BYr e Z(Boali k. 4,1 4; 0, p))1
= ZZ BYFDER(Boali, k, 5,15 g 0, p])

_NOP(23( )_NOU (60,4[2',]',]@[?175#”/])-

Here the first and third step just use the definition of X in (232), the second and fourth step
are the equalities in (B58) and (E51), respectively, and the final step amounts to the definition
1 =U,, . Boali, j, k, [ p; 1, v] together with the first of the properties ([B.3T)).

(5.59)

Consistency of N

Let us now sketch how compatibility with the braiding implies (B34]). Let v be a closed path
in Mo,n starting and ending at [Ef,]. 7° can always be written as the composition of two
paths 77 and ~s, of which +; only changes the local coordinates but leaves the insertion points
fixed, while 7, only moves the insertion points, with all local coordinates remaining of the form
or(2) = 2+pk.

The paths v; and v, are closed already by themselves, and hence can be treated separately.
For paths of type 7 relation (234 holds by an argument similar to the one used in the first
example above. A path of type 75 furnishes an element of the braid group with n strands,
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which has the special property that the strand starting at position k also ends at position
k. The braid group is generated by moves gy ;11 that exchange two neighbouring strands. It
is thus sufficient to verify the relation Xo U, = Z(Mg)oR for such elements. This in turn
follows by a similar argument as used for the four-point conformal block above, taking also into
account that the braid matrices B/ control the behaviour of the intertwiners themselves
under analytic continuation, not only that of the four-point block,

VL’;(U;},; 2) Vi (w3 w ZZ szf,fqa Vl’p (v9;w) VI (35 2) (5.60)

where the left hand side is understood as analytic continuation from |w| < |z| to |w| > |z|, taking
w clockwise around z.

6 The fundamental correlation functions

Ultimately, we would like to obtain the correlators of a CFT as functions of the world sheet
moduli and of the field insertions. To this end we must combine the results from the previous
sections with additional information about the world sheet. In particular, for non-zero central
charge the correlators C' do depend explicitly on the world sheet metric g and not only on the
conformal equivalence class of metrics, see e.g. [89]. Thus, to find the value of a correlator it
is not enough to know the conformal structure of the world sheet, but rather the metric itself
is relevant. In sections B2~ we will treat certain ratios of correlators in which the Weyl
anomaly cancels. 1

6.1 Riemannian world sheets

In sections Bl and Bl we were concerned with the 3-d TFT, and accordingly only needed the
world sheet as a topological manifold. To obtain the correlator as a function, rather than as a
vector in the TFT state space, we need the world sheet metric. To distinguish the two settings,
we will use the terms topological world sheet and Riemannian world sheet.

Definition

By a Riemannian word sheet X9 we mean a compact, not necessarily orientable, two-manifold
with metric ¢ which may have non-empty boundary, defects and field insertions.

In section Bl we found that on the topological world sheet the fields, boundaries and defects
are labelled by equivalence classes of certain tuples. The same holds true for insertions on the
Riemannian world sheet, but the quantities entering the tuples are slightly different. We will
only describe the tuples and refrain from giving the equivalence relations explicitly. They take
a similar form as in the topological case, and will not be needed for the applications below.

Define a local bulk coordinate germ [f] to be a germ of injective functions f: Ds— X9
of an arbitrarily small disk Ds={z€ C||z| <&} to X9 such that f(0) lies in the interior of
X9, On the disk Ds we take the standard metric induced by € = R% The maps f are

19 These ratios, in turn, are obtained from unnormalised correlators C(---), as opposed to the (normalised)
expectation values (---) which obey (1)=1. It is the correlators C' which appear in factorisation constraints,
and which give, e.g., the torus and annulus partition functions.
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required to be conformal, i.e. satisfy f*g=Q(x,y)(dz?+ dy?). Define further a local boundary
coordinate germ [d] to be a germ of injective functions d: Hs — X9 of an arbitrarily small
semidisk Hs={z € C | |z| <4 and Im(2) >0} to X such that d(z) € X iff € R. Again on H;
we take the standard metric and require the map d to be conformal.

Since the definition of local coordinate germs depends only on the conformal structure on
X9, we denote fields on X9 with a superscript ¢ to distinguish them from their topological
counterparts in section Bl The possible field insertions on X9 are as follows.

m A bulk field &€ is a tuple
¢ = (i,4,0,[f]), (6.1)
where 7, j € Z label simple objects, ¢ is a morphism in Homaa(U; ® " A®@~ U;, A), and [f] is
a local bulk coordinate germ.

m A boundary field ¥€ is a tuple
U= (M,N,R, ¢, [d]), (6.2)
where M and N are left A-modules, R is an object of C, ¢ € Homy(M®R, N), and [d] is a

local boundary coordinate germ.

m A defect field O° is a tuple
0° = (X,ory(X),Y,or5(Y), 1, 7,9, [f]) (6.3)

where X, Y are A-bimodules, ory(X) is a local orientation of X9 around the defect segment
labelled by X, and similarly for ory(Y'). Further, ¢, j € Z and ¥ € Homya(U; ®* Z®~ U;, Z'),
where Z, 7" are defined as in (B38). [f] is a local bulk coordinate germ which must fulfill
the condition that f(z) lies on the defect circle if z lies on the real axis.

As an additional datum, the boundary and bulk insertions are ordered, i.e. if there are m
boundary fields and altogether n bulk and defect fields, we have to pick maps from {1,2,...,m}
to the set of boundary fields and from {1,2,...,n} to the set of bulk/defect fields. Thinking
of bulk fields as a special type of defect fields, we write

w]? - (Mka Nk7 Rk? wlw [dk]) and @]Cc - (Xk7 OIQ(X)IW Yka OrQ(Y)ka ikajka ﬁka [.fk]) (64)

for the kth boundary and defect field, respectively, and their defining data. The ordering is
needed because below we construct an extended Riemann surface from X9, and in that situation
the marked points from an ordered set.

The complex double of XY

From a Riemannian world sheet X9 we can obtain an extended Riemann surface X9 , the complex
double of X9. It is constructed as follows.

If there are no field insertions on X9, then X9 is simply the orientation bundle over X9,
divided by the usual equivalence relation, i.e.

X9 = Or(X9)/~ with (z,o0ry) ~ (x,—ory) for x€0dX9. (6.5)
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Since a metric (or just a conformal structure) together with an orientation defines a complex
structure, we obtain a complex structure on Or(XY). The equivalence relation leading from
Or(X9) to X¢ respects this complex structure. In terms of charts it amounts to identifying a
subset of the upper half plane with the conjugate subset of the lower half plane along the real
axis. Thus X9 is a compact Riemann surface without boundary.

If in addition there are field insertions on X9, one obtains an ordered set of marked points
on X4 as follows.

m Each boundary field ¥°= (M, N, R, v, [d]) gives rise to a single marked point (p, [¢],R) on
X9, where

(6.6)

(2) = {[d(z), ory(d)] for Im(z) >0,
[d(2*), —ora(d)] for Im(z) <0.

Here ory(d) denotes the local orientation of X9 obtained form the push-forward of the standard
orientation on C via d. One can verify that ¢ is an injective analytic function from a small
disk in € to X9. The insertion point p is equal to ¢(0). Finally, if ¥¢ has label k from the
ordering of fields, we also assign the number k to the marked point (G.6]).

m Each bulk field ¢ = (i, j, ¢, [f]) or defect field ©° = (X, ora(X), Y, or2(Y), 4, j, 0, [f]) gives rise
to two marked points (p;, [¢i],S;) and (p;, [¢;],S;) on X9. Here

pi(2) = [f(z),0r2(f)]  and  p;(z) = [f(2"), —ora(f)] (6.7)

are analytic functions, and p; ; = ; ;(0). If the bulk / defect field has label k from the order-
ing on X9, the two marked points (1) are assigned the numbers m + 2k —1 and m + 2k,
respectively, with m the number of boundary fields.

We also need to fix a Lagrangian submodule \* C H; (Xg ,Z). This is again done via the inclusion
t: X9 — Mx (here My is the connecting manifold for X9, considered as a topological manifold),
which gives rise to a map ¢,: Hy(X9,Z) — H,(Mx, Z). We take A to be the unique Lagrangian
submodule that contains ker(c,).

Holomorphic factorisation

Given a Riemannian world sheet X9, the correlation function C'(X?) of the CFT for that world
sheet is a linear function

Any correlation function must solve the chiral Ward identities coming from the holomorphic
(and anti-holomorphic) fields in the theory, in particular those coming from fields in the chiral
algebra. This leads to the principle of holomorphic factorisation [§], which can be simply
formulated as the statement that

C(X9) € H(XY), (6.9)

i.e. that the correlator for X9 is an element of the space of conformal blocks on the complex
double of X9.
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Metric dependence

Consider a Riemannian world sheet X9. Under a Weyl transformation g+ ¢’ =e7g for some
~v: X9 — R, the correlator changes by a factor:

C(X9) = SN (X9, (6.10)

where c is the central charge and S[v] is the (suitably normalised) Liouville action, see e.g. [8Y
for details.

If one works with ratios of correlators, the prefactor can be cancelled in the following
manner. Let X9 be the Riemannian world sheet obtained from X¢ by removing all field insertions
and labelling all boundaries and defects by the algebra A. Then C(Xg) is just a complex
number, rather than a function as in (G.8), but it shows the same behaviour ([EI0) under Weyl
transformations of the metric as C'(X9). It follows that the ratio

C(X9)/C(X9) (6.11)

only depends on the conformal equivalence class of the metric g. It is these ratios, rather than
the correlators themselves, that we will present below for the fundamental correlators.

The topological world sheet and its double

Let us define an operation F which assigns to a Riemannian world sheet X9 a topological world
sheet X =F(X9) as follows.

If there are no field insertions on X9, then X is obtained from X¢ by just forgetting the
metric. If in addition there are field insertions on X9, then the corresponding insertions on the
topological world sheet X are obtained as follows.

m A boundary field ¥¢= (M, N, V,1,[d]) on X9 gives an insertion ¥ = (M, N,V 1, p,[y]) on X,
where p=d(0) and ~(t) =d(t).

m A bulk field ¢°= (3, j, ¢, [f]) on X9 gives an insertion @ = (i, j, ¢, p, [7], ora(p)) on X, where
p=f(0) and y(t) = f(t). The local orientation ors(p) of X9 is given by ory(f), i.e. the push-
forward of the standard orientation of C via f.

Similarly, for a defect field ©°= (X, ory(X), Y, or2(Y), 4, 4,9, [f]) on X9 one gets an insertion
O°= (X, ory(X),Y,0r2(Y), 4, 7,9, p, [7], ora(p)) on X.

With these definitions one can verify that the diagram

x9 L X
1 1 (6.12)
x0 L X

with F the map from extended Riemann surfaces to extended surfaces defined in section B3]
commutes.

The TFT construction describes the correlator as a state of the TFT, C'(X) e H(X). In
order to obtain the correlator C'(X9) € H¢(X9) we thus need an isomorphism

N: o H(XY) S HX). (6.13)
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Since the metric g does not appear in the topological construction, X should have some depen-
dence on g. Here we are interested in correlators (or rather, the ratios (EI1])) on the upper
half plane and on the complex plane (together with the point at infinity). In both cases we
consider the standard metric?® da? +dy?. For this metric we take the isomorphism X to be the
one defined in section

6.2 Boundary three-point function on the upper half plane

Let A be a symmetric special Frobenius algebra in C. Take the Riemannian world sheet X9 to
be the upper half plane together with three field insertions

Uy = (N, M,S;, 1, [d1]), Y= (K,N,Sj, ¥, [ds]), W= (M,K,S,s,|ds]) (6.14)

on its boundary. Here M, N, K are left A-modules, the three fields are inserted at positions x;
satisfying 0 <) <y <3, and the local boundary coordinate germs [d,,] around these points
are given by arcs d,(z) =x,+z. Note that F(X9) gives precisely the topological world sheet
displayed in figure ([E3]).

The complex double of X9 is the extended Riemann surface consisting of the Riemann sphere
X9 =P', parametrised as C U {oc}, and the three marked points (z1, [¢1],S;), (22, [2],S;) and
(x3, [¢3], Sk), with the local coordinates given by ¢, (2) =z, +2, n =1, 2, 3. The correlator C(X9)
is an element of the space of conformal blocks HC(XQ ). A basis of this space is provided by the
three-point blocks (Ed). One can thus write the correlator as a linear combination

i

C(X9) (u,v,w) = (MU NWy KW M) (0] Vi (w; 23) v’“(v; T9) Vig(u; 1) [0), (6.15)

Ji
1

5
Il

where u€S;, veS; and we S;. The constants ¢(MW; N, KWsM);s are precisely those deter-
mined by the TFT-analysis in ({£8). This follows from applying the map X to both sides of
(E13), which results in (). Altogether, for the ratio (EI1l) we find, using the explicit form
(E3) of the three-point block,

C(X9) (u, v, w) N (MU, NUKWM)s s
C(X9) B (Z dim(A) kit

(w,v, u)) (xg—xQ)Ai(u)_Aj (v)=Ag(w)
5=1 (6.16)

Ap(w)=Ai(u)—A;(v)

(r3—1)
The vectors u€S;, vE€S; and w €Sy, tell us which fields of the infinite-dimensional represen-
tation spaces of the chiral algebra are inserted at the points x3 >y >z, and A(u), A;(v),
Ag(w) are their conformal weights. Note also that C(X9)= dim(A). The constants ¢s have
been expressed in a basis in ([EI2); for the Cardy case they are given by (ELG1).

20 This makes both world sheets non-compact, but they are still conformally equivalent to compact world
sheets. We could have chosen a compact metric instead, but since the ratios @Il are invariant under Weyl-
transformations this makes no difference.
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Remark 6.1:

Even though the correlator of three boundary fields is built directly from a single conformal
block, rather than from a bilinear combination of blocks like the correlator of three bulk fields,
it is not, in general, an analytic function of the insertion points. As an example, take the
correlator of two equal boundary fields?! ¥¢, which for x, > x; is given by

C = c(MIMWYM) By (u,u) (x5 —x1) 220, (6.17)

For x1 > x5 one finds the same answer up to an exchange ;1 < xs, so that for all values of z1, xo

we can write A
C = (MUMWM) Byi(u, ) oy — 1| "5, (6.18)

which is not analytic in z; and x5 (unless A; € Z, which is a very special case). It is thus not
quite appropriate to say that the theory on the boundary is chiral.

Remark 6.2:
Consider the case M =N =K = A, i.e. on each boundary segment the boundary condition is
given by A, regarded as a left module over itself. Using the Frobenius reciprocity relation
Homy(A® U, A)=Hom(U, A) (see e.g. proposition 1:4.12), the elements of Homy(A ® S, A)
can be expressed as

¥ =mo (idy®bj,), (6.19)

where m is the multiplication morphism of A and b, denotes the basis [Z38) of Hom(Sy, A).
The ribbon graph ([fH) then takes the form

C(Aw1A!p2A!p3A)5 =

In the second equality one uses associativity of the multiplication, the transformations (1:3.49),
as well as the specialness relation mo A =ids. One can now substitute the expression of the
multiplication in a basis as in (1:3.7) to evaluate the ribbon invariant (E20). This yields

(AU AU, AW A) ka“’ m,W (e0by,) - (6.21)

10,1

21 This is zero in general, in particular if i #7. But there are many examples, like the Virasoro minimal
models, where it can be non-zero.
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Using the OPE of boundary fields as defined in (I:3.11) to evaluate the correlator (0|W3%,¥;|0)
and comparing the result to (B&21) gives

mie = ol (6.22)
This is nothing but the relation (I:3.14) that was already established in section 1:3.2. In
words it says that the boundary OPE on the boundary condition labelled by A is equal to the
multiplication on the algebra A.

6.3 One bulk and one boundary field on the upper half plane

The next correlator we consider is that of one bulk field and one boundary field on the upper
half plane. Let X9 be the upper half plane with field insertions

¢ =(i,5,0,[f])  and W= (M, M,S, 4, [d]), (6.23)

where i, j, k € Z label simple objects, ¢ € Homya(S; @ A®™S;, A) and ¢ € Homs (M ® Sy, M).
Further, [f] is a local bulk coordinate germ and [d] a local boundary coordinate germ, with
f(()=z+C and d(¢)=s+( for z in the upper half plane and s on the real axis. In fact we
take z=x+1iy and s > x> 0.

The complex double of X9 is the extended Riemann surface X9 consisting of the Riemann
sphere CU{oo} and the three marked points (s, [¢1],Sk), (x+iy, [p2],S;) and (x—iy, [¢s],S;),
with the local coordinates given by 1(¢) =5+, p2(¢) =z+iy+ ¢ and ¢3({) =x—iy+ (. We
select a basis {5} in the space of conformal blocks H¢(X9) as

Bs = (0] Vi (w; 23)V§y75(“% 22) Vio(vs 21) [0)

z1=x—iy,zo=x+iy,23=s

_ Bgij(w,u,v) oS Ak (W) =As(w)= A (v)) (S_x+iy)2(Ai(u)_Aj(U)) (6.24)

% ((S—:L’)2 i y2) —A(u)+Aj (v)— A (u) (2?/) Ap(w)—Az(u)—Aj(v)

Y

where in the first line it is understood that the points z; 23 are taken to their present posi-
tion from the standard block (B2H) with z, =n via continuation along the contours indicated
in figure (EI7). In particular, the connection to By in (@D is N(3s) = Z(B(z,y, s)s, 0, X).
Applying X! to both sides of ([EIH) thus yields

C(X9) = c(®; MW); 35, (6.25)

4

where the constants ¢(®; M¥)s are given by the ribbon invariant (ET9).
We conclude that the correlator ratio for one bulk field and one boundary field on the upper
half plane is of the form

N;F .
C(Xg)(@,u,v) _ (Z C(Q?, M) BY (w,u,v) e%i(Ak(w)—Ai(u)—Aj(v)))
C(X9) dim(A) J (6.26)
(S—$+iy)2(Ai(u)_Aj (v)) ((S—Jf)z + y2)—Ai(u)+Aj (v)—Af (u) (2y)Ak(w)—Ai(u)—Aj(v)’

where u®v € S; ®S; gives the bulk field and w € 55, the boundary field.
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Remark 6.3:
The special case of one bulk field on the upper half plane without any boundary field insertion

(compare remark EZT)) is obtained by setting ¥ = (M, M, 1, idys, [g]) as well as w = |0) € Sy. Then
([E24d) becomes

C(Xe)  dim(A)
In (GZ7) the two-point block (&) appears, which vanishes unless j =7 and A;(u)=A;(v).

Note that in the Cardy case, the phase in (GZ21) combines with the factor ¢; in (EZZ4) to a sign

C(X9)(u,v)  c(d; M) By (u, v) e ™8 (24) 2, (6.27)

6.4 Three bulk fields on the complex plane

We now turn to the correlator of three bulk fields on the complex plane, i.e. X9 is CU {oo}
together with three field insertions

@i = (iaja ¢1>[f1])’ @g = (k,l,¢2,[f2]), @g = (m,n,¢3,[f3]). (628)

Here i, j, k,1,m,n € T label simple objects; ¢; is an element of Homya(S; @ A®™S;, A), and
similarly one has ¢ € Homy4(Sy ® T A®™S;, A) and ¢35 € Homya (S, @ A®™ S, A). The three
fields are inserted at the positions z;, 22, 23 with local bulk coordinate germs [f; 23] given by
f1,23(¢) =2123+C.

The complex double of X9 is the extended Riemann surface X9 given by two copies of the
Riemann sphere CU{oo} together with six marked points, three on each connected compo-
nent. Recall that we have chosen an orientation of X9 from the outset. Let Xi be the connected
component of X9 that has the same orientation as X9 and XY be the component with opposite
orientation. We have Xi >~ P! The three marked points on the component Xi are (21, [p1], Ry),
(22, [@2], Rir) and (z3, [@s], Ry), while on XY the marked points are (2%, [¢1], R;), (%, [¢2], Ri),
(2%, @3], Rp). Here z* =2 — iy is the point complex conjugate to z =z +1iy. The local coordi-
nates are given by ¢;(¢) =2+ ¢ and &;(¢) =2+, for i=1,2,3. We select a basis {3,,} in
He(X9) via the cobordism [EZ2),

N(ﬂ,uu) = Z(B(Z17227Z3);wa®7§<) ) (629)

L.e. B, is a product of two three-point blocks (Bd). Applying 8! to both sides of [IL30) results
in
C(X9) = c(D19293) 0 Buw (6.30)
W,V

with ¢(®192Ps3),, given by the ribbon invariant E3T).

To find the explicit functional dependence of the correlator on the insertion points, we
use that the conformal block (E29) is a product of two three-point blocks. Rearranging the
individual factors in a suitable way we arrive at the expression

C(X )('Uw“'a EZ:Z SOOC ¢1¢2¢3)NV BH
dim(A

mkz(vm7 Uk, Ui) Ble(Um U, Uj)
o et (6.31)
‘33 _ Z2|w1—w2—w3 |Z3 _ Zl‘w2_w1_w3 ‘22 _ Z1|w3—w1—w2

X exp(ig032(81—82—83) + i(pgl(Sg—Sl—Sg) + ig021 (83—81—82) )
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for the correlator ratio for three bulk fields. Here ¢;; =arg(z;—z;), and we abbreviated

wy = A(v;) + Aj(vy) wy = Ag(vr) + Ay(vy), w3z = A (vm) + An(vn) ,

(6.32)
s1 = ANi(v;) — Aj(v;), So = Ag(vr) — Ay(vy) s3 = Ap(vim) — Ap(vy) .

The function (E3) is a continuous (but not analytic) function of the insertion points z;, 2o,
z3. It does not have branch cuts, because s 23 € Z which, in turn, follows from the fact that a
bulk field transforming in the chiral/antichiral representation i, j exists only if Z(A);; #0. The
matrix Z(A);; commutes with the matrix Ty = 5;6,;9,;1 (this is part of modular invariance, see
theorem I:5.1), implying that Z(A);; = (6,/6;) Z(A);;, i.e. 6, =0, for Z(A);; #0.

6.5 Three defect fields on the complex plane

As already seen in section EEH, the calculation for three defect fields differs only slightly from
the one for three bulk fields. X¢ is now the complex plane with field insertions

@f = (X7 Or2>Y> Or2ai>j> ﬁla [.fl]) ) 95 = (K ory, Z> Oory, ka l,’l?g, [f2]) )

(6.33)
05 = (Z,ory, X, 0ory, m,n, V3, [ f3]) .

Here ors is the standard orientation of the complex plane, i, 7, k, [, m,n € T label simple objects,
and the morphisms ¢, 5 3 are elements of the relevant spaces of bimodule morphisms:

191 € HOHIA|A(SZ' RTX ®™ Sj, Y) s 192 c HomA|A(Sk RTY ®~ Sl, Z) s

(6.34)
U3 € HOHIA|A(Sm RTZ Q™ Sn, X) .

The three fields are inserted at zq, 2o and 23, with local bulk coordinate germs [f; 23] given by
f123(0) =2z123+C.

Here it is important to note that in ([EZ3H) we have chosen the defect circle to run parallel
to the real axis in a neighbourhood of the defect field insertions z;. Otherwise the local bulk
coordinate germs [f;] must be modified so as to assure the condition that f;(x) lies on the defect
if = lies on the real axis. We further take |z3| > |25| > |21| as indicated in figure (E35).

The complex double of X¢ is the same as for the case of three bulk fields. Correspondingly
the conformal blocks needed to express the correlator (EE3H) are the same, too, and we can
expand

C(X9) = e(X,61,Y,05, 2,05, X) 0 B, (6.35)
[TR%
with blocks (3, as defined in ([E29). The ribbon invariant for the coefficient is given by ([E33),
as calculated in section EJ In the same manner as we arrived at the explicit form of the
correlator (E3T) of three bulk fields, for three defect fields we then find

CX) (v, oy vn) LS00 e(X,01,Y, 04, 2,05, X),, )
( g’( ) Z Z dlm(A) : Bikl(vm’ Uk?vi) Bnlj(vna Ubvj)

p=1 v=1

X |zg— 2o TS (23— 2 [PTI TS gy [T T

X eXP(i<P32(51—82—53) + 31 (s9—51—53) + i¢21(53—81—52)) ) (6.36)
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where ¢;; = arg(z;—z;) and

wy = A;(v;) + Aj(v;),  we = Ag(vg) +Aj(v), ws = A (vm) + An(vn),

6.37

S1 = Az(vz) — Aj(Uj) s So = Ak(Uk) — Al(Ul) s S3 — Am(’Um) — An(Un) . ( )

In contrast to the correlator of three bulk fields, the expression (E30) is not necessarily single

valued in the coordinates zq, 25, 23, since the numbers s, do not have to be integers. This is to

be expected. Indeed, if, for example, in the setup (E30) we take the field at zo around the field

at z; we must deform the defect circle in order to avoid taking the field @5 across the defect.

In this way we end up with an arrangement of defect lines different from the one we started
with.

6.6 One bulk field on the cross cap

Next we consider the correlator of one bulk field on the cross cap. This surface is non-orientable;
accordingly we take A to be a Jandl algebra. Analogously as in section L8 the world sheet
X9 is given by C/ogpz with ogpz the anti-holomorphic involution opp2(¢) =—1/¢*. The bulk
insertion is ¢ = (4, 7, ¢, [f]) with f({)=2+(, 4,5 €Z, and ¢ € Homya(S; @ A®~ S;, A). The
complex double of X9 is the Riemann sphere C U {oo} together with the two marked points
(z, ], Ri) and (ogp2(2), [@], R;). The holomorphic coordinate germs are given by ¢(() =z + (¢

and (() = ogpz (p(C*)) = —(z*+() .

The space H¢(X9) is the space of two-point blocks on the Riemann sphere and hence one-
dimensional, provided j =7. It is spanned by the block

Ba = (0| VI R(ko(9)) "vis 2) VE(R(ko())

where we also made explicit the dependence on the local coordinates as in (20). In the
correlators treated in the previous sections, all operators R(---)~! were just the identity, owing
to the local coordinates taking the simple form (+— p+(. In the present case this is only true
for R(mo(w))_l. The correlator is thus given by

1 1
vr; —=) 10), (6.38)

C(X9) (vi, v7) = () (0| V{vi; 2) Vig(R(ro($)) vr; —25)10). (6.39)

The constant ¢(9°) is given by the ribbon invariant (X)), as follows from applying X to both
sides of (E39) and comparing with (ER0). This result also uses the equality R(32) = Z(Bs, 0, X)1,

with By given by (E29).
We conclude that the correlator ratio for one bulk field on the cross cap is
C’(Xg)(vi, Uf) . 5070 C(@C)

C(X9) I'%(1,¢)

Bﬁ(vu R(KJO(@)) _11)1) (Z + %) _2Ai(vi)- (6-40)

Here v; @ v; €S; ® 5; specifies the state representing the bulk field. Note that for the identity
bulk insertion, in ([E5J) we have ¢’ = ¢, the counit of A, so that C'(X9)=T7(1,¢)/Sy0. Using
(EE3) and (I1:3.90) leads to the expression

I7(1,e) =Y tgi:) : (6.41)
a<A
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Suppose now further that v; is a Virasoro-primary state. Then R(/@O(gb))_lvgz (z*) 2y,
so that in this case
C(Xg>(’0i, ,Uf) . S0,0 C(@C)

. By (v;, 0:) (14 |2]2) 72200, 492
C(Xg) Fa(l,g) ZZ(UU,UZ)( +|Z| ) (6 )

The constant ¢(®€) is evaluated in ([EERZ) and (11:3.110); in the Cardy case it takes the from

(ET8).

6.7 One defect field on the cross cap

To obtain the correlator of a defect field on the cross cap one essentially repeats the calculation
in the previous section. Again, X9 = C/ogp2, this time with the insertion of a defect field, given
by ©°= (X, —ory, X, 019,14, j, ¥, [f]) with f({) =2+ ( and ¥ € Homya(S; ®" X*®~ S;, X). The
choice of f implies that the defect runs parallel to the real axis at the insertion point of the
defect field. The orientations “+ors of the neighbourhood of X are obtained as follows. Let
orp be the local orientation around f(0) induced by [f]. The orientation of X is obtained by
transporting ors along the defect to the right. When passing through the identification circle,
the orientation gets reversed, so that one arrives at the insertion point f(0) with —ors from the

left, see figure (ELRJ).
The space H¢(XY) is again spanned by the single block (E38); the correlator is

-1

c 7 ~ 1
C(X9) = (X, 0°) 0|V, (vi; 2) Vi (R(k0(@))  vis —22)10), (6.43)
where ¢(X,0°) is given by the ribbon invariant (L), as calculated in section Bl Taking
the states v; € S; and v; € S; describing the defect field to be Virasoro-primaries, altogether the
ratio of correlators for one defect field on the cross cap becomes

C(Xg)(vi,v;) _ So,0 ¢(X, ©°)

C(X9) I'7(1,¢)

Bi(vi, i) (14]2f%) 4. (6.44)

In the Cardy case, the constant ¢(X, ©°) is given by (EETH).
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