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Abstract

We review the definition of bulk and boundary conformal field theory in a way
suited for logarithmic conformal field theory. The notion of a maximal bulk theory
which can be non-degenerately joined to a boundary theory is defined. The purpose
of this construction is to obtain the more complicated bulk theories from simpler
boundary theories. We then describe the algebraic counterpart of the maximal bulk
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category. Finally, we illustrate the previous discussion in the example of the Wj 3-
model with central charge 0.
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1 Introduction

In two-dimensional conformal field theory, one usually considers correlation functions
where the fields have power law singularities as they approach each other, for example
(0(2)o(w)) = |z — w|** for the correlator of two spin fields in the critical Ising model.
Power law behaviour occurs if the two fields approaching each other are eigenvectors of the
generator of infinitesimal scale transformations A = Ly + Lo. In unitary theories one has
At = A, so that A can be diagonalised. In non-unitary theories, however, there is no a
priori reason to impose diagonalisability of A, and in this case additional logarithmic sin-
gularities can occur. For example, in the symplectic fermion model of |[GK] the two-point
correlator of the partner of the vacuum state reads (w(z)w(w)) = 4log |z — w|.

From the point of view of representation theory, in unitary theories the state spaces
are direct sums of irreducible representations of (two copies of ) the Virasoro algebra, while
in non-unitary theories the indecomposable summands may or may not be irreducible. In
fact, if A is not diagonalisable one necessarily finds such non-semi-simple behaviour.

A general recipe for constructing examples of non-logarithmic rational conformal field
theories, known as the ‘Cardy case’, is as follows. Take all irreducible representations R; of
the chiral symmetry, that is, of the algebra formed by all modes of all holomorphic fields,
or, more formally, of a vertex operator algebra V. The state space relevant to describe the
theory on a cylinder, i.e. the space of states on the circle, is Hyux = @, R; ®c R;, where
the sum runs over all irreducibles and R} is the conjugate representation. This theory can
be placed on a strip, in which case we have to fix the state space Hynq on an interval with
prescribed boundary conditions. If the two boundary conditions coincide one may take
Hina = R ®f R*, where R is an arbitrary representation of the chiral symmetry V' (not
necessarily irreducible) and ‘®;’ denotes the fusion tensor product. In particular, if we
take R =V then Hpng = V ®; V* = V. That is, the space of boundary states consists of
a single irreducible representation, namely the vacuum representation itself. This leads us
to the first theme to keep in mind:

For an appropriate choice of boundary condition, the boundary theory is much
simpler than the bulk theory.

It turns out that in all rational conformal field theories which can be defined on surfaces
with or without boundary and which have a unique bulk vacuum, the boundary theory
determines the bulk theory uniquely [FRS, [Fj1, [Ko|]. The bulk theory is characterised
as the ‘largest possible one’ which can be matched to the given boundary theory. This
principle has also been checked for some logarithmic models |[GR1, [GR2, [GRW2|. The
second theme to keep in mind can be phrased as:

For a given boundary theory, one may find a largest possible bulk theory that
can be consistently and non-degenerately joined to the boundary theory. This
bulk theory, if it exists, is unique.



This principle has also been established in the operator algebraic approach to unitary
conformal field theory on the half-plane with Minkowski signature |[LR]. (Logarithmic
models are not accessible in this setting as the formalism requires unitarity.)

On the representation theoretic side, the construction of the bulk theory as the largest
one which fits to a specific boundary theory corresponds to starting from an algebra in an
abelian braided monoidal category C and finding its ‘full centre’, a commutative algebra
in the product category C X C™".

This paper consists of three parts. In part one, which is section [2] the definition of
bulk and boundary conformal field theory in terms of its correlation functions is reviewed.
Using this definition, the characterisation of the bulk theory as the ‘largest one’ fitting to
a given boundary theory is made precise.

Part two (section [3|) provides the algebraic counterparts of the conformal field theory
notions in section[2]in the setting of abelian braided monoidal categories. This part contains
a fairly detailed review of the Deligne product of abelian categories, as this will play an
important role. The main notion in part two is that of the full centre of an algebra. We will
recall its definition, derive some of its properties, and link its definition to the maximality
condition of the bulk theory associated to a boundary theory from section [2|

Part three (section [4)) investigates one specific example of a logarithmic conformal field
theory, namely the W, s-model of central charge zero. We chose this model because on the
one hand it is still relatively simple, for example it only involves 13 distinct irreducible
representations, but on the other hand each ‘nice’ property from non-logarithmic rational
theories which is currently known to be violated in logarithmic models with a finite number
of irreducibles is already violated in the W5 3-model. We discuss properties of a tentative
bulk theory for the W, s-model which can be interpreted as a ‘logarithmic extension’ of the
underlying unitary minimal model at ¢ = 0, i.e. the trivial theory with a one-dimensional
state space. We consider the Virasoro action on states of generalised weight (0,0) and
(2,0) and discuss the operator product expansion of some of these fields. We also find that
an analogue of the indecomposability parameter b is equal to —5. This value has recently
appeared in the discussion of bulk theories with ¢ = 0 [VGJS].

This paper grew out of two talks given by the first author which were based on the joint
works [GRI1), [GR2, I[GRW1, [GRW2]. We have tried to make this paper to some extent self-
contained. In consequence it became slightly lengthy and contains a large amount of review
material. Nonetheless, there are also some new results which we briefly list: the discussion
of ideals for homomorphisms of conformal field theories in section the reformulation of
the computation of the maximal bulk theory in purely categorical language in section
and table[2} the treatment in section [3|of a class of abelian monoidal categories more general
than finite tensor categories (as defined in [EQ]); the existence proof of the full centre in this
setting in theorem the calculation of the analogue of the indecomposability parameter
b = —5 in the Ws s-bulk theory R(1*) and the operator product expansions in this model
in section



2 Bulk and boundary correlators

In this section we give a definition of conformal field theory on the complex plane and on
the upper half plane in terms of correlation functions. The presentation is tailored to be
self-contained and to make the relation to the algebraic concepts in section |3| apparent.

Bibliographical note: This section is mostly a review. The characterisation of CF'T on
the complex plane in terms of correlators and operator product expansion is used in [BPZ].
Axiomatic formulations close in spirit to the one presented below are |GGl [HKo] (other
approaches can be found in [ES, Val, [Sel [KOl [HK1]). The point that the requirement of
modular invariance poses severe constraints on a CFT was stressed in [Ca2| [CIZ]. CFT
on the upper half plane as presented below was developed in [Call [CL, [Lel; an axiomatic
formulation can be found in [Ko|. The idea to obtain the CFT on the complex plane from
correlators of boundary fields was first implemented in [Rull [Ru2] and further developed
in the context of non-logarithmic rational CFT in [FRS| [FjI} [KR]. The first application of
this principle to logarithmic models can be found in [GR1], (GR2].

2.1 Consistency conditions for CFT on the complex plane

We will take the point of view that a two-dimensional conformal field theory (or any
statistical or quantum field theory in any dimension, for that matter) is defined in terms of
its correlation functions. That is, we are given a space of fields F', which is a C-vector space
whose elements we call fields. The space F' is typically infinite dimensional, because with
each field it contains all its derivatives (see remark [2.5|(iii) below for a precise statement).
In addition we have a collection of correlators (Cy)nez.,. We call C,, an n-point correlator.
It assigns a complex number to n fields and n mutually distinct complex numbers, i.e.

C, : (C"\diag) x F" — C , (2.1)

where C"\diag stands for points (z1,...,2,) € C" such that z; # z; for ¢ # j. The
collection (C},)nez., must obey the following conditions:

(C1) Each C, is smooth in each argument from C and linear in each argument from F.

(C2) Each (), is invariant under joint permutation of the arguments in C" and F™, i.e. for
each permutation o € S,,,

C'n,(Zla R 7Zn7¢17 s 7¢TL> - Cn(za(l)v v 7Z0'(n)7¢0'(1)7 R 7¢U(n)> .

In addition, the ), must allow for an operator product expansion and satisfy invariance
conditions, cf. (C3)—(C5) below. The customary notation for a correlator is

Co(Z1y ey 20, @1y ooy ) = <¢1(z1) . (bn(zn)> , (2.2)

where for us the right hand side is just a notational device. In particular, we do not assign
an independent meaning to ¢(z) as an operator. Still, we will say ‘the field ¢ is inserted
at position 2’ if the pair ¢, z is an argument of a correlator.

bt



We now turn to the notion of a ‘short distance expansion’ or ‘operator product expan-
sion’.ﬂ The OPE links the n+1-point and n-point correlators. Namely, if two fields, say
¢1 and ¢9, are ‘close together’ in the sense that z; is closer to z, than any other insertion
point, then

(D1(21)¢2(22)3(23) - -+ ) = qusl (21— 22) - (wal22)Ps(23) -+ ) (2.3)

Here ¢, is some basis of F' and [ ¢2(x) are functions which do not depend on how many
or which fields are part of the correlator, apart from ¢; and ¢s.

More formally, we demand that F' is a direct sum F' = @, 5 F (8) where F®) are the
fields of ‘generalised scaling dimension’ A, and we demand that F' is bounded below in the
sense that F(®) = 0 for A <« 0. We define F to be the algebraic completion, i.e. the direct
product F = [Jxcg F®). The OPE is a map

M:C*xF@cF—F | (zv)— M((v), (2.4)

which is linear in F ®¢ F. In the notation of (2.3)), this amounts to writing M, (1 ® ¢9) =
>0 [ 6,(T) - pa, where the sum is typically infinite, hence the need for a completion.

Note that F' comes with canonical projections to ‘states with scaling dimension A or less’,
Py F — Py F@_ With the help of these, we formulate the OPE condition:

(C3) For n > 1, ¢1,...,¢ns1 € F, and (21,...,2,41) € C" !\ diag such that |z, — 2| <
|z — 22| for k > 2, we have

CnJrl (Zlv R25 %35+ Rn+l, ¢17 ¢27 ¢37 SRR ¢n+1)

= lim O (22,23,...,Zn+1,PA OM21_22<¢1 ®¢2)7¢37-“7¢n+1> .

A—>oo

(2.5)

The limiting procedure in is necessary because C,, is defined only on F, not on F. The
existence of the limit is a non-trivial requirement. In fact, if |27 — 22| > |25 — 22| for some
k > 2, the expression on the right will typically diverge for A — oo. That (C3) is only
formulated for the first two arguments of C),1; is not a restriction due to the permutation
invariance imposed in (C2).

Remark 2.1. In addition to (C3), one often requires the existence of a translation in-
variant vacuum vector, that is, a vector Q € F(© such that (Q(C)é1(21) - dn(zn)) =
(p1(21) « - dn(2n)) for n > 1. We prefer not to include this as an axiom because our exam-
ple in section [4| below (conjecturally) satisfies (C1)—(C3), as well as (C4) and (C5’) to be
discussed below, while not having a vacuum vector.

Finally, let us describe the coinvariance conditions. Denote by Vir the Virasoro algebra.
We demand the following properties of F':

'In our setting only the first term makes sense literally, but it is customary to use the second term and
abbreviate it as OPE, so we will do the same



e F'is equipped with the structure of a Vir @ Vir-module. The generators of the first
copy of Vir are denoted by L,, and C, and those of the second copy by L, and C.

e F has a direct sum decomposition into spaces F'(®) of generalised (L + Lo)-eigenvalue
A; this decomposition satisfies F(®) = 0 for A < 0. (This was already imposed
above.)

e [ is locally finite as a CLy @ CLy module. This means that acting with Ly and Ly
on any vector v € F' generates a finite-dimensional subspace.

The last condition guarantees in particular that the exponentials exp(ALg) and exp(ALg),
for A € C, are well defined operators on F. The condition holds automatically if all F'(®)
are finite-dimensional.

There are two types of coinvariance conditions. The first one is easy to formulate and
allows one to move insertion points:

(C4) Forn>1, ¢1,...,0, € F,and z1,..., z, € C"\diag,

%C’n(zl,...,zn,gzﬁl,...,gzﬁn) == On(Zl,...,Zn, L_1¢17...,¢n) s

_ (2.6)

d;glcn(zla---vzn7¢la“'a¢n) = Cn(zla---72n7 L—l¢17“‘a¢n) .

By permutation invariance, the fact that (C4) is formulated only for the first argument
only is not a restriction.

The second type of coinvariance condition is a bit more involved. Let f be a meromor-

phic function on CU {oo} (i.e. a rational function) which has poles at most at the points

21,...,2, and oo, and which satisfies the growth condition lim¢ . ("®f(¢) = 0. Denote
the expansion parameters around each of the z as f(¢) = > _ fk . (¢ — z)™*.

(C5) Forn>1, ¢1,...,¢0, € F, and z1,..., 2z, € C"\diag, and for all f as above,

SN Culan ez by LGy 60) =0 (2.7)

k=1 m=—o0
and the same condition with L,, in place of L,,.

The sum over m in (2.7)) is actually finite: Since f is meromorphic, f* = 0 for m < 0, and
since the grading by generalised scaling dimensions on F' is bounded from below, L,,¢r = 0
for m > 0.

Remark 2.2. In place of (C5) one could put the stronger requirement of the existence
of a stress tensor. This would be a pair of fields T, T € F (2)_(called the holomorphic and
anti-holomorphic component of the stress tensor) such that L 17 =0 and L_;T = 0, and

o0 o0

MT®¢)= > 2" Lud , M.T®¢)= > z " Lys. (2.8)

m=—0oQ m=—0oQ



Note that M,(T ® ¢) and M,(T ® ¢) are elements of F', as they should be. Furthermore,
one requires that the limit lime_o [C|*(T()P1(21) - - - Pn(2n)) exists for all n and all z;, ¢;,
and similar for T (this is sl(2, C)-invariance of the out vacuum). The conditions (2.7)) arise
from the contour integral

omi jq{f (Q1(21) -+ dulzn)) dC =0 (2.9)

where the contour is a big circle enclosing 21, ..., z,. Deforming the contour to a union of

small circles, one around each z;, and applying the OPE (12.8)) results in ({2.7)).

Remark 2.3. (i) One consequence of (C5) is that all correlators are translation invariant,

(p1(z148) -+ Iulznts)) = (d1(z1) - dnlzn)) forall s e C. (2.10)

To see this apply (C5) to the constant function f = 1, in which case f* = §,, ; for
k=1,...,n and so Zk 1 Cu(z1, o 20, b1y, Loqgg, ..o, @) = 0. Combining the cor-
respondlng relation for L_; with (C4) yields translation invariance. Along the same lines
one shows covariance (not invariance) under Mobius transformations which map none of
the points 21, ..., 2z, to infinity.

(ii)) A CFT on C can be used to define n-point correlators on the Riemann sphere. This is
done by choosing an isomorphism from the Riemann sphere to CU {oo} such that no field
insertion gets mapped to infinity and by then evaluating C,, on the resulting configuration.
(One also needs to include local coordinates around the insertions, we skip the details).

Since the OPE allows one to reduceE| Chi1 to O, all correlators are uniquely determined
by the OPE and C;. By translation invariance, C}(z, ¢) is independent of z and thus yields
a function Q* : F' — C. It follows from (C5) with f(¢) = (¢ — z)™*! that

Ci(z, Ly¢) =0 = Cy(z, Lypp) forall m<1. (2.11)

If $ € F®, then by definition (Lo + Ly — A)¥¢ = 0 for some N > 0. This gives 0 =
Ci(z, (Lo + Lo — AWNg) = (=A)YNCy (2, ¢), because, as we just saw, Cy(z, (Lo + Lo)*¢) = 0
for all £ > 0. It follows that C}(z, ¢) can be non-zero only if A = 0.

Let us collect the discussion so far into a definition.

Definition 2.4. A conformal field theory on the complex plane is a triple (F, M,Q*),
where

e I’ (the space of fields) is a Vir & Vir-module which is a direct sum of generalised
(Lo+Lo)-eigenspaces F (&) whose generalised eigenvalues are bounded from below,
and which is locally finite as a CLy & CLy module,

2 Of course, the OPE can only be applied if the condition on the distances of insertion points in (C3)
is met. But one can always choose a pair z;, z; of distinct points such that |z; — z;| is minimal among all
distances between pairs of insertion points. If necessary, one can then pick a point z arbitrarily close to
z; such that |z} — z;| is strictly smaller than all other distances. The OPE (C3) applies to the pair 2/, z;
and the value of the correlator at z; is determined by continuity.



e M (the operator product expansion) is a function C* x F ®¢ F — F which is linear
in F'®c F,

e O* (the out-vacuum) is a linear map F(© — C,

such that there exists a collection of correlators (Cy,),ez., which satisfy (C1)-(C5) and the
normalisation condition C(z,¢) = (Q2*, ¢).

Remark 2.5. (i) The definition shows that a CFT contains only a relatively small amount
of data which has to satisfy an infinite number of intricate linear and differential equations.
It is in fact very hard to prove that a triple (F, M,Q*) gives a CFT. To some extent, the
formalism of vertex operator algebras, its representations and intertwining operators was
developed with this aim. The VOA formalism allows one to prove that non-logarithmic
rational CFTs provide examples of definition 2.4 see [HKo]. We are not aware of a full
proof of the existence of a logarithmic CF'T in the above sense, e.g. using the formalism
[HLZ]. (This is merely to indicate that logarithmic CFTs are more difficult, not that we
doubt their existence).

(ii)) We have deliberately not included non-degeneracy of the 2-point correlator (¢(z)y(w))
into definition this will be discussed in the next subsection.

(iii) If the space F is finite-dimensional, then the Vir & Vir-action on F has to be trivial [
and so in particular L_; and L_; would act trivially on F. By (C5) this implies that all
correlators are independent of the insertion points. Such a conformal field theory is called
a topological field theory.

Suppose (F, M,Q*) is a conformal field theory. By assumption there exists a collection
of correlators (C,)nez., satisfying (C1)-(C5) and we have seen above that this determines
the C), uniquely. As a small example computation with the above axioms, let us look at
(¢(2)(w)). By translation invariance, we may assume w = 0. By (C3),

(()6(0)) = lim Co(0, Pao M(d @) = (@, Ma(p@9)) . (212)

The limit can be dropped because * is non-vanishing only on F(©. Next, by (C5) with
f(¢) = ¢ we know that Cs(2,0, (Lo + zL_1)p, ) + Cs(z,0, ¢, Lotp) = 0, together with (C4)
we find

and a corresponding equation with % and Lo. The solution to these first order differential
equations reads

(¢(2)1(0)) = (@, My o exp{ —In(z)(Lo @ idp + idp ® L)
—In(2)(Lo ® idp + idp @ Lo) } p @) .

3 All finite dimensional Vir-modules M are trivial. The proof is easy. The Jordan normal form of Lg
splits M into generalised Lg-eigenspaces. Let A > 0 be such that all generalised Lg-eigenvalues have real
parts of absolute value less or equal to A. Since L,, changes the generalised Lg-eigenvalue by —m, all L,,
with |m| > 2A must act as zero. For m # 0 and 2N +m # 0 we can write Ly, = [Lntm, L-n]/(2N +m).
For N large enough, both Ly and L,,_y act trivially on M, and so all L,,, with m # 0 must act trivially.
Therefore, also Ly = %[Ll,L,l] and C = 2[Ly, L_o] — 4][Ly, L_1] act trivially.

(2.14)

9



From this we see two things: when evaluated on Q*, M, is uniquely fixed by Mj; and if the
action of Ly or Ly has a nilpotent part, the two-point correlators may contain logarithms.
In sub-representations of F' which are irreducible, Ly acts diagonalisably since exp(2miLg)
commutes with all Virasoro modes, and hence by Schur’s Lemma has to be a multiple of
the identity. In this sense, the appearance of logarithms is linked to (but not equivalent
to) the presence of non-semi-simple Vir-modules.

2.2 Background states, non-degeneracy, and ideals

We would like to allow more general out-states — or background states — than the out-
vacuum §2*; namely, we would like to be able to place an arbitrary state from the graded
dual of F' “at infinity”. The graded dual of F' is by definition the space of linear maps
F — C. A more explicit description i

F = {u:F — Clinear | 3Apax(u) : u(F™)) =0 for A > Apax(u) } - (2.15)

The graded dual is again a Vir @ Vir-module via (L,u)(v) := u(L_,v) and (L,u)(v) :=
u(L_,,v). With this definition, the generahsed (Lo + Lo)- eigenvalues of F’ F" are the same as
those of F and each element v € F is annihilated by L,, and L,, for large enough m > 0.

Define a CFT on C with background states as a pair (F, M), where F' and M are as
in definition n However, for each u € F~ we now demand the existence of functions
Ch(ulz1, ...y 2n, @1, ..., &), which we will also write as

“(o1(21) - Dnlzn)) (2.16)
and which have to satisfy the following conditions:
o “p(0)) =u(ep) forallue F, ¢ e F.
e (C1)—(C4) from before, but with C,,(u|---) in place of Cy(---).

e (C%'), which is a modified version of (C5) to be described now.

Let f be a rational function on C U {oco} as for (C5), but without imposing the growth
condition at infinity. Define the f* as for (C5) and define f>° via the expansion around
infinity: f(¢) =Y o oo™t for || larger than all of the |z].

(C5') Forn>1,ueF , ¢, ....,0p € F, and z,..., 2, € C"\diag, and for all f as above,

Z Z f’C (U] ze, o 20y 01y ooy L@k s oo, On)

k=1 m=—o00 00 (2.17)
Z ffom ' C”(Lmu’Zh' . 7Zn7¢17 e 7¢n)

m=—00

* Clearly, every map satisfying the boundedness condition u(FA)) =0 for A > Apax(u) is a linear
functional on F. Suppose conversely that there were a sequence {v, }nen with v, € F (An) and A, — oo
for n — oo, such that u(v,) # 0 for all n. Then u would be ill-defined when acting on the element

> (u(vy)) "t v, €F.

10



and the same condition with L,, in place of L,,.

As for (C5), the sums in (2.17)) only involve a finite number of non-zero terms.

Let (F, M) be a CFT on C with background states. Let Q* € F be a primary sl(2, C)-
invariant state, that is, L,,Q0* = 0 = L,,Q* for all m > —1. Then (F, M,*) is a CFT on
C in the sense of definition [2.4] with correlators C,,(Q*|---). Indeed, (C5') reduces to (C5)
if we fix u to be Q* and impose the growth condition lim¢ ., ¢~ f(¢) = 0.

Remark 2.6. As was noted in remark [2.5/(iii), when F is a trivial Vir & Vir-module,
(F, M) is a topological field theory. One can easily convince oneself that then the pair
(F, M) is just a commutative, associative algebra with multiplication M : F @ F — F (F
is concentrated in grade 0, so F' = F, and M is position independent). Indeed, a useful
way to think about a conformal field theory on the complex plane is as a generalisation
of a commutative, associative algebra where the product depends on a non-zero complex
parameter.

Continuing the analogy with algebra, let us define a homomorphism of CFTs (F, M)
and (F', M') to be a Vir @ Vir-intertwiner f : ' — F’ such that fo M, = M. o (f ® f).
Since f(F®) C F'®), the map f is well-defined as a map F — F'. By an ideal in F we
mean a Vir @ Vir-submodule I of F' such that for all « € I, ¢ € F and x € C* we have
M,(t® ¢) € T and M,(¢ ®1) € I (actually one of the two conditions implies the other).
The kernel of a homomorphism is an ideal. Given an ideal I C F', we obtain a CFT on
the quotient F'/I such that the canonical projection 7 : F' — F/I is a homomorphism of
CFTs.

Another class of examples of ideals is the following. Let (F, M,Q*) be a CFT on C.
Let Fy be the kernel of the 2-point correlator, i.e. fix z # w and define

Fo={neF|{(¢(z)n(w))=0foral ¢ € F} . (2.18)

From one concludes that Fj is independent of z,w. It follows from (C5) that Fj
is a Vir @ Vir-submodule of F. Let n € Fy and ¢,¢ € F. By expressing the 3-point
correlator (n(x)p(y)w(z)) as a limit of two-point correlators via (C3) in two ways, one
involving M,_,(n ® ¢) and one M, .(¢ ® ), one sees that [} is an ideal in F. Again
because of (C3), a correlator (¢1(z1) - - - dn(zn)) is zero if at least one of the ¢; is from Fj.

Definition 2.7. A conformal field theory on the complex plane (F, M, 2*) is non-degenerate

if Fy as defined in (2.18) is {0}.

Remark 2.8. (i) If Q*(Fy) = {0}, the CFT on the quotient F'/Fy has an out-vacuum
induced by Q* and is non-degenerate. On the level of correlators, one cannot tell the
difference between F' and F'/F, and hence it is common to restrict one’s attention to non-
degenerate CF'Ts on C. However, the device of background states allows one to obtain
interesting correlators also for degenerate CFTs.

(ii) Let f : F — G be a homomorphism of the CFTs (F, M) and (G, N). Let T* € G be
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a pr1mary sl(2, C)-invariant state. Then Q* := T o f is a primary sl(2, C)-invariant state
in F'. Because of f oM, = N, o (f ® f), the correlators of (F, M,Q*) and (G, N,T'*) are
related by

(d1(z1) - Onlzn))p = (D1 (21) -+ B (2n))e ,  where ) = f(¢i) . (2.19)

(iii) With the notation of (ii), if ker(f) # {0}, it follows from ([2-19) that the CFT (F, M, Q)
is necessarily degenerate. Explicitly, (¢(2)(w))r = (2, M,_,(6®1))) = (I'*, foM,_,(¢p®
8)) = (0. Noa(F(9) ® F0)) = {¢/(2)u(w)), s0 that ker(f) C F.

(iv) If there is an isomorphism f : F — F of Vir @ Vir-modules, one can define the non-
degenerate pairing (u,v) = 7 (v(0)) = (f(u),v) on F x F. This pairing is invariant in
the sense that (L,,u,v) = (u, L_p,v) and (Ly,u,v) = (u, L_,v) for all u,v € F and m € Z.
In this situation one can also ask if the inversion z — 1/z is a symmetry of the theory, i.e.
if, for all ¢;,¢; € F,

O 1(z21) ++ fn(zn) ¥a(0)) = TG (1/20) -+ 6, (1/2n) 1(0)) . (2:20)
where (see, e.g., [Gal, Sect. 3.2])

¢} = exp(In(—z;*)Lo + In(—%;%)Lo) exp( — 2, 'L1 — z; 'Ly) ¢; . (2.21)

An inversion-covariant CFT with background states provides us with an alternative way to
define correlators on the Riemann sphere as compared to remark [2.3|(ii). For a Riemann
sphere with two or more insertions, choose an isomorphism with CU{oco} which maps one of
the insertion points to infinity and evaluate the resulting configuration with C,(f(-)|---).
Different such choices are related by a Mobius transformation which maps one of the
insertion points (including infinity) to infinity. (As in remark [2.3)(ii) one needs to choose
local coordinates around the insertions, we skip the details.)

In section [4.5] we will encounter the special situation of a (conjectural) CFT on C
with background states (F, M) which has a surjective homomorphism 7 : F' — C to the
trivial CF'T (C, -) with one-dimensional state space, where ‘-’ stands for the product on C.
Because 7 is a Vir @ Vir-intertwiner, this situation can only occur for ¢ = 0. If we take
Q* = 7 (which is a primary sl(2, C)-invariant state in ' ) as out-vacuum, the correlators
of (F, M, ") satisfy

(D1(21)02(22) -+ - On(2n))p = (1) - T(P2) - - - T(Pn) - (2.22)

Thus, if we want to tell the theory (F, M) apart from the trivial theory we must consider
correlators with background states other than 2*. This small observation is the reason for
including this subsection.

2.3 Modular invariant partition functions

Given a Vir @ Vir-module F as in the definition 2.4 the graded trace of F is

Z(F;7) =trg ( qLO_C/24 (jz‘)_é/M) , (2.23)
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Figure 1: A correlator of n bulk fields ¢; € F on the torus can be expressed as a sum of
correlators of n+2 fields on the Riemann sphere, where the two additional bulk fields are taken
from a basis {4} of F and its dual basis {¢] }.

2miT

where ¢ = ¢ and 7 is a complex number with Im(7) > 0. Suppose for the moment that
C and C both act on F' by multiplication with a number ¢. Then we can rewrite Z as

Z(F;r) = Z€f2w1m(7)-(A70/12) trFm)(e%me(T)(Loffo)) ' (2.24)
A

The graded trace may be ill-defined, for example L, and L, might have infinite common
eigenspaces or the sum over A may not converge. If Z(F’; 7) is well-defined, it is a generating
function sorting states in F' by their scaling dimension (or energy) — with dual parameter
Im(7) — and by their spin with dual parameter Re(7).

Given a conformal field theory on the complex plane (F, M, Q*), one may ask if the
set of correlators C), determined by it is part of a larger family of correlators which allow
Riemann surfaces other than the complex plane. The simplest additional surface would be

a torus of complex modulus 7,
T,=C/(Z+7Z) . (2.25)

A correlator of n fields on T is then required to be related to a sum of correlators of n+2
fields on the Riemann sphere by “inserting a sum over intermediate states”. Schematically,
this is shown in figure [ We will not go into any detail, but we point out that the sum is
over a basis {¢,} of F and a basis {¢,} dual to the first basis with respect to the 2-point
correlator on the Riemann sphere. For this procedure to make sense, the 2-point correlator
has to be non-degenerate. Such correlators on the Riemann sphere can be obtained from a
non-degenerate CFT on C via remark [2.3/(ii) or from a CFT with background states and
an isomorphism F — F as in remark [2.8](iv).

If the system of correlators on the Riemann sphere form part of a larger collection
defined on other Riemann surfaces including the torus, then the amplitude for the torus
T is described by the function Z(F'; 7). It must therefore only depend on the conformal
equivalence class of T, that is, it must be modular invariant,

Z(F;—=1/1) = Z(F;174+1) = Z(F;7) . (2.26)
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e L P2(22)

wz(@) ¢1(951) ¢3(96’3)

Figure 2: Bulk and boundary field insertions on the upper half plane. Here ¢; € F, ¢; € B
and Im(z;) > 0, z; € R. The figure describes the correlator <¢1 (x1)2(x2)3(x3)P1(21)P2(2 >
U3,2($17 T2,T3, 21,22, 1/}17 ¢27 1/}37 ¢17 ¢2)

The function Z(F;7) is called the partition function of the CFT.

Remark 2.9. (i) Physically, if the CFT arises as a continuum limit of a two-dimensional
critical lattice model, one would expect its partition function to be modular invariant since
the lattice model could equally be evaluated in a finite geometry with periodic boundary
conditions.

(ii) For non-logarithmic rational conformal field theories, modular invariance of the par-
tition function proved to be very constraining. Understanding which Vir & Vir-modules
F (or V ®c V-modules for a vertex operator algebra V) give rise to a modular invariant
graded trace is an important step in attacking classification questions. A typical behaviour
in non-logarithmic rational examples is that if V has order N distinct irreducible represen-
tations, then a modular invariant F splits into order N? irreducible direct summands. In
this sense, modular invariant CFTs for a fixed V are all “equally complicated”E]

2.4 Consistency conditions for CFT on the upper half plane

The description of conformal field theory on the upper half plane is very similar to that
on the complex plane. The main difference is that there are now two spaces of fields: bulk
fields, which are the ones already discussed in section and are inserted in the interior
of the upper half plane, and boundary fields, which must be inserted on the real axis,
cf. figure Correspondingly, the collection of correlators (Up,pn)mn now depends on two
integers, m counting the number of boundary fields and n counting the number of bulk
fields. Let H := {z € C|Im(z) > 0} be the open upper half plane. Then

Upn : (R™M\diag) x (H"\diag) x B™ x F" — C (2.27)

5 This statement can be made more precise: a non-logarithmic rational CFT with symmetry ¥V ®@c V
which has a unique vacuum and is modular invariant has the property that the categorical dimension of
F is equal to the global dimension of Rep(V), see [KR, Thm. 3.4] for details. In particular all such F have
the same categorical dimension.
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where H"\diag and R™\diag refer the set of n mutually distinct points. The customary
notation is, for ¢; € F', ¢; € B, z; € H and z; € R,

Um,n(xh...,xm,Zl,...7Zn,¢1,...,wm,(b1,...,¢n)
= (P1(1) - Ym(@m)P1(21) -+ Gn(2n)) -

Remark 2.10. In the discussion of correlators on the upper half plane above we are
implicitly assuming that the entire real axis carries the same boundary condition. In more
generality one would allow different intervals to carry different boundary conditions. We
will not treat this case explicitly, but we note that it is included in the present formalism:
One can always think of the real line with several boundary conditions as a real line
with a single boundary condition given by their superposition, together with appropriate
boundary field insertions that project to the individual constituents.

(2.28)

Definition 2.11. A conformal field theory on the upper half plane is a tuple
(F, M, Q% B,m,w*;b) ,
where

o (F,M,Q*)is a CFT on the complex plane,

B (the space of boundary fields) is a Vir-module which is a direct sum of generalised
Lo-eigenspaces B, whose generalised Lg-eigenvalues h are bounded from belowﬁ

m (the boundary OPE) is a map R<y x B ®¢ B — B, linear in B ®¢ B,

w* (the out-vacuum on the upper half plane) is a linear function B — C,
e b (the bulk-boundary map) is a map Rso x F — B, linear in F,

such that there exists a collection of correlators (U, ;)m.n, With m,n € Zsq and (m,n) #
(0,0), which satisfy (B1)—(B5) in appendix , as well as the normalisation condition
Ui0(0,¢) = (w*,¢) for all ¢ € B.

Conditions (B1)—(B5) are the same in spirit as (C1)—(C5), just more tiresome to write
down, and they have been moved to an appendix for this reason. Here we merely note that
there are now three different types of short distance expansions. The OPE of two bulk
fields as in (C3), the expansion of a bulk field ¢ close to the boundary in terms of boundary
fields via b,(¢) € B, and the OPE of two boundary fields (1, ') — m,(¢¥ ® ¢') € B.

6 The space B is automatically locally finite as a CLy module (cf. section for the definition of ‘locally
finite’). This is so because any vector v in B can be written as a finite sum of vectors v, € B, and on
each v, we have (Lo — h)Nvy, = 0 for some large enough N. For F, the same argument only gives local
finiteness as a C(Lg + L) module, which is why local finiteness as a CLg @ CLg module was included as
a separate condition.
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The basic class of examples is provided by the Virasoro minimal models with A-series
modular invariant. In this case the central charge is ¢ = 1 — 6(p—q)?/pq with p,q > 2
and coprime. Denote by ¢ a Kac-label for that central charge and by R; the corresponding
irreducible representation[] of Vir. Then F = €, R; ®c R;, where i runs over all Kac-
labels (modulo their Z/2-identification) and for B we can take the vacuum representation
B = R 1y of Ly-weight 0. There are many more possible spaces of boundary fields for this
bulk theory, namely B = U ®; U*, where U is any direct sum of the R, and ®; denotes
the fusion product (resulting again in a direct sum of the R; according to the fusion rules).

Let us stress again the point made in the introduction and in remark (ii). The space
of bulk fields in a modular invariant CF'T tends to be ‘big’ in the sense that it involves
many different irreducible representations (in logarithmic CFT this should be taken as a
statement about the composition series or about the character). On the other hand, there
often exists a CFT on the upper half plane with bulk fields /' and a much simpler set
of boundary fields B involving only very few irreducible representations. One may thus
attempt to first gain control over the boundary theory and then try to construct a fitting
bulk theory. This is the topic of the next subsection.

2.5 From boundary to bulk

In this subsection we make precise the following idea: Given a boundary theory, i.e. a space
of boundary fields and their correlators on the upper half plane, try to build the ‘biggest
bulk theory’ that can be made to fit to this boundary theory. We will find that this bulk
theory, if it exists, is unique. The algebraic version of the question of existence and the
description of the data F', M, and b will be addressed in section [3

Remark 2.12. In sections 2.1H2.4] we have discussed CFTs with Virasoro symmetry. This
can be generalised to other vertex operator algebras V as underlying symmetry of the CFT.
The space of bulk fields F' is then a representation of ¥V ®¢ V and the space of boundary
fields B a representation of V. The coinvariance conditions become those of ¥V and will
contain the Virasoro conditions in (C5) and (B5) as a subset. It is important for us to
allow this generalisation, even if we avoided spelling out the formalism for general V. The
reason is that in the examples we study, we want the category of representations Rep(V) to
have certain finiteness properties (in particular a finite number of irreducibles, more details
will follow in condition (PF) in section below). If we were only to allow V to be the
simple Virasoro vertex operator algebra at a given central charge, the finiteness conditions
would limit us to (non-logarithmic) minimal models. Therefore, we allow for more general
V), in particular the vertex operator algebra W at ¢ = 0 for the W5 3-model discussed in
section [4 It is not currently clear to us to which extent the construction below is the right
ansatz if we were to drop these finiteness conditions.

7 Of course there are many more irreducible representations of the Virasoro algebra with this value of
the central charge, but only those corresponding to entries in the Kac table are also representations of the
simple Virasoro vertex operator algebra with this central charge.
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Definition 2.13. A boundary theory is a triple (B, m,w*) with B, m, w* as in definition
, such that there exists a collection of correlators on the upper half plane (U, 0)mez-,
involving only boundary fields, and which satisfy (B1)—(B5) restricted to U, o, as well as
U10(0,7) = (w*,7) for all ¢ € B.

Thus, a CFT on the upper half plane consists of a CFT on the complex plane, a
boundary theory, and a consistent interaction between them via the bulk-boundary map.
In analogy with definition [2.7] we say

Definition 2.14. A boundary theory (B, m,w*) is called non-degenerate if for all x,y € R
with © # y and ¢ € B there is a ¢’ € B such that (¢¥(x)y'(y)) # 0.

Remark 2.15. (i) Continuing from remark , it is again helpful to briefly consider the
much simpler special case of topological field theory. One checks that a non-degenerate
boundary theory (B, m,w*) with trivial Vir-action on B is the same as an associative
but not necessarily commutative algebra B, together with a map w* : B — C such that
(a,b) — (w*,a-b) is a non-degenerate pairing on B.

(ii) As in section one can introduce boundary theories with background states (B, m)
which involve a modified version of condition (B5). We have chosen not to discuss boundary
theories with background states in detail. The construction of the ‘biggest bulk theory’
below is therefore formulated in terms of a non-degenerate boundary theory, but one could
alternatively use a boundary theory with background states.

Let us now fix a non-degenerate boundary theory (B, m,w*). The ‘biggest bulk theory’
will be characterised as a terminal object in a category of pairs P, which we proceed to
define. An object of P is a pair (F”, V'), where

e F’is a ‘candidate space of bulk fields’. Namely it is a Vir @ Vir-module with bound-
edness condition as in definition (or more generally a V ®¢ V-module).

e I is a ‘candidate bulk-boundary map’. By this we mean that b’ : Rog x F/ — B as
in definition , such that there exists a function Uj; : R x Hx B x F' — C (a
‘candidate correlator’ of one bulk field and one boundary field) which satisfies the
derivative property (B4), the coinvariance condition (B5), and which for |z| > y can
be expressed through the candidate bulk-boundary map and the boundary 2-point
correlator as

U{,l(x7iy7 ¢7 ¢) = hh—>nolo U2,0(x7 07 wa Ph © b;(¢)) ) 1/) €B ’ ¢ € F/ : (229)
Here Uy is a boundary correlator from definition which is uniquely fixed by
(B,m,w*), and P, is the canonical projection B — P, B analogous to Pa in

(C3).

e V' has to be central, a condition which we will detail momentarily.
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Figure 3: Geometric setting for the centrality condition.  The limit defining
Uil(s,x,iy,w’,qﬁ,(b) is assumed to exist for y < |z|. This gives rise to two functions U (x)
on the open interval (—s,s): U™ (x) equals U, for x € (y, s) as shown in a), while U~ (z) equals
Uy, for x € (—s,—y) as shown in b).

To formulate the centrality condition, we define a candidate correlator U, of two
boundary fields ¢, v’ € B and one bulk field ¢ € F’ via

Ué,l(sa Z, Zya ’QD/, ¢7 ¢) = hh—>r§o U3,0(37 Z, Oa w/a ’QZ}, Ph © b;(QS)) > (230)

at least for y < |z| < s (we take s > 0); we assume (as part of the centrality condition)
that the limit exists. There are then two disconnected domains for z: it can be in (y, s)
or in (—s, —y), see figure |3| for an illustration. We now try to use the derivative property
(B5) in the form

%Uil(sa €, Zya W, % ¢) = Ué,l(‘ga €, Zya wla L*lqﬁa ¢) (231)

to extend the function Uy ; to all of (—s,s). Depending on whether we start from (y, s) or
in (—s, —y), we a priori obtain two different functions U*(z) and U~ (z) on (—s,s). We
call b central if these two extensions coincide: Ut (z) = U™ () for all x € (—s, s).

The centrality condition holds automatically in a CFT on the upper half plane (because
the correlator Uy is a smooth function and satisfies the expansion conditions (B3)). The
point here, of course, is to impose only a small subset of the conditions a CFT has to
satisfy. For example, to define the pairs (F’,b") we are only ever looking at candidate
correlators with one bulk field and one or two boundary fields.

But back to the category of pairs P. Now that we have defined its objects, it is easy to
give the space of morphisms from (F”,b") to (F”,V"). It consists of all Vir@ Vir-intertwiners
f: F" — F" (or more generally V ®¢ V-intertwiners) such that the diagram of maps

F/

f Fl/
%\ B A (2.32)
B

commutes for all y > 0.
An object T in a category C is called terminal if for every object U € C there exists
a unique morphism U — T. A category C may or may not have a terminal object, but if
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one exists, it is unique up to unique isomorphism (take two terminal objects 7" and 7" and
play with maps between them). We have now gathered all ingredients to define:

(F(B),b(B)) is a terminal object in P . (2.33)

We want to think of F(B) as the maximal space of bulk fields which can be consistently
joined to our prescribed boundary theory (B, m,w*), and of course we take b(B) as the
bulk-boundary map. The next lemma makes this interpretation precise.

Lemma 2.16. Let B be a non-degenerate boundary theory. Let (F(B),b(B)) be a terminal
object in P and let (F', V') be an arbitrary object in P.

(i) The kernel of b, : F' — B is independent of y.
(i) The map b(B), : F(B) — B is injective for each y > 0.

(ii) If b, : F' — B is injective for y > 0, then there is an injective Vir @ Vir-intertwiner
v B — F(B) such that b, = b(B)y o ¢ for all y > 0.

Proof. For part (i), let K(y) be the kernel of b, : F/ — B. By non-degencracy of the
boundary theory, the kernel of b, is determined by Uy ;.

m K(y) is a Vir@ Vir-module: Use the coinvariance property to show that U] ,(z, iy, v, ¢) =
0 for all ¢ implies U] (w, 1y, ¥, L;,¢) = 0 and U{,l(:v,iy,w,fm@ = 0 for all .
m K(y) = K(y) for all y,3y' > 0: There exists a global conformal transformation H — H
which leaves a point x € R invariant and maps y to 3’. The coinvariance property can be
integrated to give Uy, (z,iy, v, ¢) = U] ,(x,iy',¢', ¢'), where 9" and ¢’ are obtained from
Y and ¢ by an appropriate exponential of modes Lo, L1, Lo, Li. Using the previous point
we see that ¢ € K(y') implies ¢/ € K(y') and thus ¢ € K(y). Together with the inverse
transformation one finds K(y) = K(/).

To see (ii), let K be the kernel of b(B), and let e : K — F(B) be the embedding map.
The triangle

K

— F(B)
&_ v, (2.34)
B

commutes for all y > 0 (since the kernel is independent of y). By the terminal object
property, the map K — F(B) which makes the above triangle commute is unique, and
therefore e = 0. Hence also K = {0}.

Part (iii) is now trivial. The existence of ¢ follows from the terminal object property.
Since b, = b(B), o v with b} and b(B), injective, also « must be injective. O

Remark 2.17. That the candidate bulk-boundary map & in a pair (F’, ') is injective has
the physical interpretation that all bulk fields can be distinguished in upper half plane
correlators. If a bulk field ¢ from the kernel of the bulk-boundary map is inserted in a
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correlator on the upper half plane, this correlator vanishes, irrespective of the other field
insertions. Thus by the above lemma, the space F(B) is maximal in the sense that any
candidate space of bulk fields (F”,b'), for which all bulk fields can be distinguished in upper
half plane correlators, can be embedded in F'(B). This embedding is compatible with the
candidate bulk-boundary map.

It remains to address the question of existence of the terminal object (F(B),b(B)),
to see how the OPE of bulk fields in F(B) is determined, to verify its associativity and
commutativity, and to investigate the compatibility of bulk and boundary OPE with the
bulk-boundary map b(B). To do so, it is best to leave behind the infinite dimensional
vector spaces underlying F'(B) and B and the infinite set of coinvariance conditions on the
correlators, and to take a fresh look at the problem from the more abstract viewpoint of
algebras in braided monoidal categories

3 Algebraic reformulation

Some aspects of the consistency conditions for a CFT are analytic in nature, such as the
convergence condition (C3) for the OPE and the differential equations (C4) to be satisfied
by correlation functions. Other aspects have a combinatorial counterpart which can be
described using the language of algebras in braided monoidal categories. In this section we
present these counterparts, and we point out the corresponding concepts from section

The translation is made by fixing a vertex operator algebra V as chiral symmetry of
the CFT and considering the category Rep(V) of representations of V. This category is by
definition C-linear and abelian. Under certain conditions on V), one obtains in addition a
tensor product and a braiding on Rep(V) [HL, [HLZ].

In this section, k& denotes a field of characteristic 0. We will use the notation C(U, V')
to denote the set of morphisms from an object U to an object V in a category C. The
categories C we will consider have the following properties:

e C is k-linear, abelian, and satisfies finiteness conditions detailed in section [3.2]

e If C is monoidal, the tensor product functor is k-linear and right exact in both
argumentsﬂ

For the algebraic constructions presented in this section, it is irrelevant whether C is realised
as representations of some vertex operator algebra V or not.

8 We should also address the non-degeneracy of the 2-point correlator and verify modular invariance.
Unfortunately, we currently do not know how to do this at the level of generality used in section[3} We can
only point to non-logarithmic rational CFTs, where everything works as it should [Fj1], [KR], and to the
Wi p-series and the Ws 3-model [GR2, [GRW2], which give modular invariant torus amplitudes and have a
self-contragredient space of bulk fields, F'(B) = F(B)*. The latter condition is necessary for the existence
of a non-degenerate 2-point correlator.

9 For monoidal C, we do not require the tensor unit 1 to be simple. Neither do we require it to be
absolutely simple, that is, we do not impose that the space of endomorphisms of 1 is k - id; .
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We assume some familiarity with abelian categories, exact functors, monoidal cate-
gories, monoidal functors, and braidings; the standard reference is [Mall]. Other notions,
such as conjugates, the Deligne product and related constructions, and algebras in monoidal
categories, are reviewed in sections [3.IH3.4. The main point of this section is the notion
of the “full centre”, introduced in section [3.5, which is the algebraic implementation of
the construction of a bulk theory form a boundary theory described in section 2.5 Some
properties related to the full centre are discussed in section [3.7]

3.1 Conjugates

In many of the constructions below we will need that every object U € C has a conju-
gate object U*. The extra structure we demand to come along with this conjugation is
summarised in

Condition (C): The category C is equipped with an involutive contragredient
k-linear functor (—)* : C — C, together with a natural family of isomorphisms
oy : U — U™ which satisfy (6y)* = (6p=)"' : U™ — U* for all U € C.
Furthermore, C is equipped with a family of isomorphisms 7y @ C(U, V*) —
C(U®V,1*), natural in U and V.

We do not demand that there be maps evy : U*®U — 1 and coevy : 1 — U®U* which
satisfy the properties of a categorical dual. Indeed, this property fails in the W5 s-example,
see section below. We do also not demand the (weaker) property that (U ® V)* be
isomorphic to V* @ U* (which also fails in the W; 3-example).

Remark 3.1. Condition (C) was introduced in [GRWIl Sect.3.1] (there, the condition
(0p)* = (dy=)~' was not spelled out). It is motivated by the relation of Hom-spaces
and spaces of conformal blocks on the sphere in the case C = Rep(V) for a suitable
vertex operator algebra V. Then R* is the contragredient representation to R (see [HLZ,
Notation I:2.36]) and dg is the natural isomorphism from a graded vector space with finite-
dimensional homogeneous components to its graded double dual, which indeed satisfies
(6r)* = (0r+)'. Denote by ®; the fusion-tensor product in Rep()). The definition of 7
is motivated by the observation that Homy (R ® S, T) is isomorphic to the space of three-
point conformal blocks on the Riemann sphere CU{oo} with insertions of R and S at x and
y, say, and of the contragredient T* of T at a point z. Since the position of the insertion
points are arbitrary, this space of conformal blocks is also isomorphic to Homy (R® (T, S*).
Furthermore, the space of blocks does not change by inserting the vertex operator algebra
V itself. Thus, with S =V, Homy(R,T*) = Homy(R ®; V,T*) = Homy(R ®; T,V*). In
the setting of [HLZ], the above reasoning amounts to Proposition I1:3.46.

Definition 3.2. A pairing p: U ® V — 1* is called non-degenerate if the map ﬂ[}}/(p) :
U — V* is an isomorphism.

An alternative characterisation of non-degeneracy of p is that po (f ® idy) = 0 implies
f=0forall f: X — U, and po(idy ®¢g) = 0 implies g =0forall g : Y — V (see [GRWT]
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Lem. B.7] for a proof). This justifies the name ‘non-degenerate’. There is a canonical
non-degenerate pairing
ﬁU = 7TU,U*(5U) . U® U* — 17 s (31)

which in particular has the property that gy o (h®idy+) = fyo(idy@h*) forallh: U — V|
see lemma [B.3]

3.2 Deligne product

The point of this subsection is to gain some familiarity with the Deligne product of k-
linear abelian categories which will be used extensively below. A reader who deems this
too technical (or boring) could maybe have a quick glance at definition [3.3} condition (PF)
and corollary and then continue with section [3.3]

Let A, B be two k-algebras. Denote by A-mod and B-mod the k-linear abelian cate-
gories of finitely generated modules over these algebras. We can now ask if we can construct
(A ®; B)-mod directly from the categories A-mod and B-mod rather than using the al-
gebras A and B. The problem one faces is that in general not every A ®, B-module is a
direct sum of tensor products of A-modules and B-modules.

For example, if A = B = k[z]/(2?), we have A @, B = klx,y]/(z* v*). The A @ B-
module M = k[z,y]/(z? y? x—y) has dimension 2 and both z and y act non-trivially.
Since up to dimension two, the only A- (or B-) module with non-trivial action is k[z]/{x?),
the module M does not arise as a direct sum of tensor products.

The passage from A-mod x B-mod (the category of pairs of objects and morphisms)
to (A ®, B)-mod is a special case of the Deligne product of abelian categories [Del §5.1].
Given two k-linear abelian categories A, B, denote by Funy,ex (A, B) the category of k-
linear right exact functors from A to B and natural transformations between them.

Definition 3.3. Let {A,},cs be a family of k-linear abelian categories. The Deligne
product of the {A,},cs is a pair (Ag, Kg), such that

(i) Ag is a k-linear abelian category, and Mg : [ .4 As — Ag is a functor which is
k-linear and right exact in each A,,

(i) Let B be a k-linear abelian category and denote by Funmuir.ex.(I[,cqAsr B) the
category of all functors which are k-linear and right exact in each A,. Then for all
B, the functor

<_> o ®S : funk,r.ex.(AS7B) B ]:unmult,r.ex. (ngsAo; B) 9 F— Fo &S 3 (32)
is an equivalence of categories.

We will also write the Deligne product as X,cg.4,, or, in case there are only a finite
number of factors with index set S = {1,2,...,n}, as A; X Ay X .- K A,. The triangle
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one would like to draw for the universal property in condition (ii) is

s

HO’ESAU IEO'ESAU

N L , (3.3)

B

and it should be read as follows: for each f € Funmutr.ex.(][,cq A B) there exists an
F € Fung,ex (As, B) such that f is naturally isomorphic to F' o Kg. Any other F’ with
this property is naturally isomorphic to F. However, this captures the equivalence of
functor categories required in condition (ii) only on the level of objects.

Remark 3.4. In the algebraic reformulation of the construction in section [2.5] the Deligne
product appears as follows. Let V be a suitable vertex operator algebra. The space of
boundary fields will be a representation of V, in other words, an object in C = Rep(V).
The space of bulk fields will be a representation of V®¢V, that is, an object in Rep(V®c V).
In the algebraic description, we will replaceF_UI Rep(V ®c V) by CKC (or rather by CXC,
were ‘rev’ refers to the inverse braiding, see section below).

If it exists, the Deligne product is unique up to an equivalence: Let (A, K) be another
Deligne product and set B = Ay and f = K in the above triangle. This results in a functor
F: As — Aj. The converse procedure gives G : Ay — A and their compositions have
to be equivalent to the identity. To make general existence statements, we will need the
following finiteness condition (cf. [Del §2.12.1]):

Condition (F): The category is k-linear and abelian, each object is of finite
length™] and all Hom-spaces are finite-dimensional over k.

By [De, Prop.5.13], if each A, satisfies condition (F) then the Deligne product Ag =
X,es4, exists and equally satisfies condition (F); for each X,,Y, € A,, the functor Kg
gives an isomorphism

®k,cf€S AU(XUJ Ya) AN AS( UGS ch ) ®U€SY(T ) . (34)
A stronger condition than (F) is

Condition (PF): The category is k-linear and abelian, and it has a projective
generator P whose endomorphism space is finite-dimensional over k.

10 We are not aware of a statement in the vertex operator algebra literature that says Rep(V @c W) =
Rep(V) X Rep(W), but it seems very natural to us that this property should hold, at least for ‘sufficiently
nice’ V and W, e.g. when their representation categories satisfy condition (PF) below.

1 An object A has finite length if there is a chain of subobjects 0 = Ay C A; C Ay C --- C A,,_1 C
A,, = A such that each S; = A;/A;_; is non-zero and simple. The S; are called composition factors and
n is the composition length.
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That P is a projective generator means that P is projective and for every U € A there
is an m € N and a surjection P®™ — U, i.e. every object in A is a quotient of some
m-fold direct sum of P’s. Since A(P, P) is finite-dimensional, so are all other morphism
spaces in A (pick projective resolutions). Since P has finite composition series (or A(P, P)
would have infinite dimension since P would have non-zero maps to every subobject in the
descending chain), so does every object in A. Thus (PF)=-(F). Categories satisfying (PF)
have the following convenient description:

Theorem 3.5 ([De, Cor.2.17]). A satisfies condition (PF) if and only if there exists a
unital finite-dimensional k-algebra A such that A is equivalent, as a k-linear category, to
the category Rep; 4 (A) of finite dimensional (over k) right A-modules.

The proof is maybe instructive to gain some intuition for the finiteness condition (PF);
for the convenience of the reader we include it in appendix [B.1] The next theorem confirms
the motivation for studying Deligne products which was stated in the beginning of this
subsection. It is proved (in greater generality) in [Del Prop. 5.3]; we sketch a proof in our
simpler situation.

Theorem 3.6. Let A, B be finite-dimensional unital k-algebras. Then
Rep;, (A) X Rep;q(B) = Repyq (A @i B) . (3.5)

Sketch of proof. Write A = Rep; 4 (A), B = Rep;,(B), D = Rep; 4 (A®; B). The functor
X:AxB—Dis (M,N)— M®;N, seen as an A®y, B right module, and (f,g) — f®kg
for module maps f,g. (Since k is a field, X is actually exact in each argument, not only
right exact, cf. [Del, Cor. 5.4].)

Let &€ be a k-linear abelian category. We need to show that (—)oX gives an equivalence
of functor categories Fungy.ex (D,E) — Funmugrex (A X B,E), see (3.2). The point is
that a k-linear, right exact functor F' : D — & is fixed by F(A ®; B), and by F(f)
for all right module endomorphisms of A ®, B. To see this, just express an arbitrary
finite-dimensional A ®; B right module M via the first two terms in a free resolution,
(A®g B)¥ — (A®y B)®™ — M — 0 for appropriate m,n € Zsq. Similarly, a functor
G : A x B — &£ which is k-linear and right exact in each argument is fixed by G(A, B)
and G(f,g) for all right module endomorphisms f of A and g of B. From this one derives
that (—) o X is essentially surjective. Natural transformations are equally determined by
evaluating them on A ®j B, respectively on (A, B), and from this one can deduce that
(—) o X is full and faithful. O

Corollary 3.7. If A and B satisfy property (PF), then so does AXB. If P and Q are
projective generators of A and B, respectively, then P X Q is a projective generator of

AXB.

Proof. By the explicit construction in appendix we have A = Rep;,(A) as k-linear
abelian categories for the choice A = A(P, P), and also B = Rep; , (B) for B = B(Q, Q).
Then by theorem we may take AX B = Rep;, (A ® B). With this choice, P X Q =
A ®; B, which indeed is a projective generator. [
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Natural transformations of right exact functors whose domain is a Deligne product are
determined by their action on “product objects”. We will use this a number of times, so
let us give a short proof (the statement holds for X, 5.4,, but for notational simplicity we
only give the case with two factors).

Lemma 3.8. Let A, B satisfy property (F). Let C be a k-linear abelian category, let F,G €
Fung r.ex (AR B,C) and let o, 5 : F = G be natural transformations. The following are
equivalent:

(i) ax = Bx for all X € AR B,
(ii) oamp = Paxp for all Ae A, B € B.

Proof. We need to check (ii)=(i). Write £ = FoX and G = G o X. The functor (—) o X
maps natural transformations F' = G to natural transformations F' = G via

{WX}XEAWS — {UA,B}(A,B)eAxB ,  Wwhere NA,B ‘= TARB - (3-6)

By condition (ii) in definition the map (3.6)) is an isomorphism and hence (3 is uniquely
determined by its values on all AKX B. ]

We will be interested in the case that a category C satisfies property (F) and is in
addition monoidal with k-linear right exact tensor product. Then the tensor product
®c : C x C — C gives us a right exact functor

Te:CRC —C, (3.7)

such that A ®: B = T¢(A K B) and analogously for morphisms. Let now D be another
such category. Then C X D is monoidal with right exact tensor product given by

TeXTp

@cmp = |(CHD) x (CRD) S CRDPRCRD S CRCHDRD 2 cRD| | (3.8)

for details see [De, Sect.5.16-17]. The unnamed isomorphism is induced by the functor
CXDxCxD—CxCxDx D which exchanges the middle two factors. In particular,
for A,Be€Cand U,V € D,

(ARU) ®cmp (BRV) = (A®e B) K (UapV) . (3.9)

3.3 Braiding

For this subsection we fix a braided monoidal k-linear abelian category C which satisfies
property (F), and which has a k-linear right exact tensor product. In the previous subsec-
tion we saw that C X C is again monoidal with right exact tensor product. We will use the
braiding on C for three related constructions:

e turn the functor 7¢ : C X C — C from above into a tensor functor,
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e cquip the category C X C with a braiding,

e define a ‘mixed braiding’” with one object from C X C and one object from C.

Let us start with the monoidal structure on 7' = T¢. The tensor product of C X C will
be denoted by ®cz. We have to give isomorphisms

Toxy T(X)@cT(Y) > T(X®eY) , Tp:1-TAR1)=1®:1, (3.10)

where T5. xy is natural in X,Y € CXC. T and T} are required to satisfy the hexagon and
triangle identity (given explicitly in and below for a lax monoidal functor).
For Tj one takes the inverse unit isomorphism of C. For T3, consider first the two functors
from C** to C given by

(4,B,U,V) — T(ARB)®@: T(URV) = (A®c B)®¢ (U®c V) and

(3.11)
(A,B,U,V) T((A@B)@@ (U&V)) = (A®cU)®c (B®cV) .

These are linked by the natural isomorphism (not writing out ®¢ between objects)B

(ida®cy'p)idy
_—

Toam ) = |(AB)UV) =25 (ABU))V (AUB)V =% (AU)(BV))

(3.12)
The defining isomorphism of the Deligne product between functor categories transports
7:2 to the desired natural isomorphism 75 in (3.10)). In particular, 75 obeys Th.ymv,axs =

Ty,w,v),a,8)- The hexagon identity for 75 follows if it holds on product objects (lemma
, and for these it reduces to the hexagon of the braiding ¢ of C, cf. [JS| Prop. 5.2].

Next we turn to the braiding on C X C that we wish to use. This will again be defined
by transporting a natural isomorphism, this time between two functors C** — C X C

(A,B,UV)  (ARB)®@x: (URV) = (A®c U)X (B®: V) and

(3.13)
(A,B,U,V) — (URV)&e (ARB) = (Ugec AR (V @ B) .

The natural isomorphism we choose is ¢4 ) w,v) = cauv X c‘_/}B. The defining property of
the Deligne product provides a natural isomorphism cxy : X ®c2 Y — Y ®¢2 X which
satisfies

c Kot
campury = | (AR B) @ (TR V) —2"YF (TR V) @2 (AK B)] . (3.14)

One verifies that the hexagon condition for the braiding on C implies the hexagon for ¢ in
C X C on product objects; by lemma [3.8| it then holds on all of C X C. We will denote the

category C X C with tensor product (3.9) and braiding (3.14]) by
CRC™ . (3.15)

12 The convention to use ¢! and not ¢ for Ty agrees with [KR] Sect.2.4] but it is opposite to [Dal
Sect. 7]. This should be taken into account when referring to proofs in [Da]. We use the ¢~! convention
to make lemma [3.9 true in the form given below. In the context of CFT, the inverse braiding convention
means that in the graphical notation “lines corresponding to holomorphic insertions go on top”.
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Finally, we turn to the mixed braiding between C X C* and C. The relevant functors
C** — C are L(A,B,U) = (A®¢ B) ® U and R(A,B,U) = U Q¢ (A @¢ B). Between
these we have the natural isomorphism ¢4 g : : L = R given by the string diagram (to be
read the optimistic way, i.e. upwards from bottom to top)

U A B
PABU = \ (3.16)
A B U
In terms of formulas, this translates ag"]
PABU = Oé(},lA,B o (cay Qcidg) o aayp o (ida ®c C&}B) o OK,Z}B,U : (3.17)

From the Deligne product, we obtain a natural isomorphism ¢ between L, R : CXCXC — C
such that p mpry = ©4,pu. We will most often use ¢ in the form

oxuv =erxRy  T(X)®cU —U®:T(X) ; XcCRC,YeC. (3.18)

There is an alternative way to define ¢x 7 by transporting the braiding from C X C™" to C
with T'. By the next lemma, these two possibilities give the same result.

Lemma 3.9. For X e CKRIC™ and U € C, the following diagram commutes.

T(X)®c U—>T(X) @ T(UK1) 2> T(X @¢2 (UK 1))
i‘pX,U T@X,U&l)i (319)
U®eT(X)—>T(UKR1) @ T(X) 2=T(UR1) @c X)

Proof. By lemma it is enough to verify commutativity of the diagram on product
objects X = AKX B. Drawing the corresponding string diagrams using (3.12)), (3.14)) and

(3.17) one finds the string diagram ({3.16]) for both paths. ]

With the help of the above lemma, it is easy to use identities for the braiding on CXC™Y
to obtain identities for ¢. We will need

Ty ' @idy ) idp x @py,U
——

OxXBEYY = [T(XY)U (TXTY)U 5 TX(TY U

2 A(TXUTY

TXWUTY) (3.20)

ox,URidry ZdU QT3
_

(UTX)TY = U(TX TY) et UT(XY)}

which follows form applying T to the hexagon identity CX®pY,URL = (ex,um ®cz idy) o
(idx ®c2 cy,umr) (we have omitted the associators) and rearranging terms via lemma

13 Our convention for associators is axyz : X®@ (Y ®2Z) - (X ®Y)® Z.
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Instead of ¢x 7, which takes one argument from C X C*" and one from C, we can use
the diagram (3.19)) to define ¢xy, which takes both arguments from C X C* via

T(X)®c T(Y)2=T(X @ Y)
|
ox,y | lT(Cx,Y) (3.21)

v
T(Y)®c T(X) 2=T(Y @c2 X)
The following observation will be important below.

Lemma 3.10. For XY € CXC™ we have the identity
SOX,T(Y) = @X’y . T(X) ®C T(Y) — T(Y) ®c T(X) . (322)

Proof. From (3.19) and (3.21]) we see that we have to establish commutativity of

;1 -
T(X ®2Y) —2=T(X) @ T(Y) —=>T(X) @ T(T(Y)R 1) 2 T(X ®c2 (T(Y) K 1))
\LT(CX,Y) T(¢X,T(Y)®1)l
—1 T2

T(Y @ X) 2= T(Y) @ T(X) "> T(T(Y) K1) ®c T(X) 2> T((T(Y) K1) ¢z X)
(3.23)
By lemmal3.8] it is enough to verify this for X = AXB and Y = UKV forall A, B,U,V € C.
In this case, the above diagram reads (not writing ®¢, brackets between objects, and
associators)

idA®cy, pRid - ida®cyy, p®id
AUBY U ABUY —> ABUV1 —— S AUV B1
CA«U®CV,1B\L \LCAvUV®C1,1B : (3.24)
idy®ca,vQidp N idyy ®c; !y ®idp
UAV B UVAB——UVI1AB UVA1B
That this diagram commutes can be checked easily by drawing string diagrams. ]

Remark 3.11. The functor T is central in the sense of [DMNO, Sect.2]. Namely, it
factors through the braided tensor functor G from C X C*" to the monoidal centre of C as

Te = [CRC™ <, Z(C) Torget, C]; we refer to [DMNO), Sect. 2] for details.

3.4 Algebras

We recall the definition of algebras in monoidal categories, and of commutative algebras in
braided monoidal categories. In the category of vector spaces, these give the usual notions
of algebras / commutative algebras.
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Definition 3.12. (i) An algebra in a monoidal category C is an object A € C together
with a morphism p: A ® A — A which is associative in the sense that

1daQu

Ao (Ao AL aga
OzA,A,Al \ A (325)
=

(A A)® A A0 A

commutes. A is called unital if it is equipped with a morphism ¢ : 1 — A such that

1®Ab®idAA®AidA®LA®1

k i“/ (3.26)

A

commutes. Here « is the associator of C and A, p are the unit isomorphisms. An algebra
homomorphism from (A,pu) to (A, ') is a morphism f : A — A’ such that fou =
wol(f®f) If Aand A" are unital, f is called unital if for ="

(ii) An algebra in a braided monoidal category is called commutative if 10 cy 4 = p.

The tensor unit 1 € C with multiplication © = A; = p; and unit ¢ = id;y is always
a commutative unital algebra. A similar class of examples are objects S € C such that
C(S,S)=k-ids and S ®: S = S. Each isomorphism S ®¢ S — S is a commutative asso-
ciative multiplication on S (not necessarily unital), and of course all these multiplications
give isomorphic algebras, see appendix In the W5 3-model treated in section , this
will give three examples of algebras (namely the representations W, W* and W(0), see
section [4] for details).

Suppose C has property (C). By a pairing on an algebra A in C we mean a morphism
m: A® A — 1%. The pairing is called invariant if

WO(idA(X)/L):WO(/L@Z'dA)OOéA’A,A. (327)
If A is unital, giving an invariant pairing is the same as giving a morphism 7: A — 1* via
7 = 7 o pu. The notion of non-degeneracy of a paring on A is that of definition [3.2]

A brief comparison between these algebraic notions and the discussion of CF'T in section
is given in table [I]

It is not surprising that a monoidal functor between two monoidal categories transports
algebras to algebras. However, also the weaker notion of a lax monoidal functor is sufficient
for this purpose.

Definition 3.13. Let A and B be two monoidal categories and let F' : A — B be a
functor. Then F' is called lax monoidal if it is equipped with morphisms Fy : 15 — F(14)
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Conformal field theory

Algebraic counterpart

RepV, for a vertex operator alge-
bra V which is ‘logarithmic-rational’:
the tensor product theory of [HLZ]
should apply and it should only have
a finite number of irreducible sectors.

(B, m,w*), a non-degenerate bound-
ary theory as in definitions [2.13] and

(F, M,Q*), anon-degenerate CFT on

C as in definitions and .

(F, M), a CFT on C with background
states as defined in section .

A braided monoidal category C which is C-linear,
abelian, with right exact tensor product, and
which satisfies the finiteness condition (PF) and
has conjugates in the sense of condition (C).

An algebra B € C with associative product m :
B ®: B — B and a map w* : B — 1* such that
the pairing w* o m on B is non-degenerate.

An algebra F' € C X C™" with associative, com-
mutative product M : F ®c2 ' — I and a map
Q. FF — 1* X 1* such that the pairing 2* o M
is non-degenerate.

An algebra F' € C K C™" with associative, com-
mutative product M : F' ®Qc2 F — F.

Table 1: Relation between the algebraic notions of this section and the discussion of CFT in
section |2} These relations have been proved for non-logarithmic rational CFTs (see [FRS, [Fjl,
HKo| [Ko|). In general the table should be understood as ‘similarity in structure’. This table
continues after some preparation with table [2| below.

and Foyy : F(U) @ F(V) — F(U ®4 V), the latter natural in U, V, such that for all
UV,W e A

B
QRPU,FV,FW

F(U)®g (F(V) ®p F(W))

idFU®F2;v,WJ/

(F(U)®@p F(V)) @5 F(W)

\LFQ;U,V@)Z'dFW

FU) @5 F(V @4 W) FU®LV)os F(W) | (3.28)
FZ;U,VW\L lFZUV,W
F(O‘i‘},v,w)
FU®q (Ve W) F(U@4 V)4 W)
and
)‘?‘U Pf“U
15 @5 F(U) F(U) F(U)®p 15 F(U)
F0®idpyi TF()@) , ide®Foi TF(,D{}) (3.29)
Frau oy

F(ly) ©p F(U) —=F(14®4U) F(U) ®p F(1a) —= F(U ®414)

commute. If Fy and F, are isomorphisms, F'is called strong monoidal (or just monoidal).
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Let A, B be monoidal categories and let F' : A — B be a lax monoidal functor. If (A, u)
is an algebra in A, then the image object F'(A) also carries the structure of an algebra,
with associative multiplication given by

fiay = |[F(A) ®5 F(A) 224 F(Ag, A) 22 F(A)] . (3.30)

If A is unital with unit ¢, then so is F(A) with unit F(:) o Fy. If f : A — B is a
homomorphism of algebras in A, then F(f) : F(A) — F(B) is a homomorphism of algebras
in B. See [JS| Sect. 5] for details.

3.5 The full centre in C X C*"

In this subsection, C is assumed to be a braided monoidal k-linear abelian category with
conjugates as in (C), which satisfies the finiteness condition (PF), and which has a k-linear
right exact tensor product functor. The assumptions (PF) and (C) will guarantee existence
of the full centre of an algebra in C, to be defined now (though much weaker conditions
should be sufficient, too). Recall the definition of the functor 7' : CRC"™ — C from sections
and , as well as the mixed braiding ¢x 4 from (3.18]).

Definition 3.14. Let (A, 14) be an algebra in C. The full centre in C X C™ is an object
Z(A) € CKC™ together with a morphism z : T(Z(A)) — A in C such that the following
universal property holds: For all pairs (X, z) with X € CKC™ and z : T(X) — A such
that the diagram

rQcida

T(X)®c A A®c A p
l@“ \A (3.31)
idA®cm {
AReT(X) ————A®c A

in C commutes, there exists a unique morphism (x4 : X — Z(A) such that

T(X) 2 p(z(4))

NA/ (3.32)

commutes.

The existence of the full centre will be proved in theorem below.
For later use we give a name to the space of maps for which the diagram (3.31)) com-
mutes. For A an algebra in C and X € CXC*

Cent(X,A) :={z: T(X) - A| (3.31) commutes } (3.33)

(‘Cent’ for centrality condition, cf. table .
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Conformal field theory

Algebraic counterpart

b, a ‘candidate bulk-boundary map’ from
a ‘candidate space of bulk fields’ F” to the
space of boundary fields B of a boundary
theory, satisfying in particular the cen-
trality condition from section .

P, the category of pairs from section
and the terminal object (F(B),b(B)) in it
from (2.33)), interpreted as the maximal
bulk theory compatible with the given
boundary theory B.

(F, M,Q*; B,m,w*;b), a CFT on the up-
per half plane as in definition [2.11] for
which the CFT on C and the boundary
theory are non-degenerate.

An object F' € CKIC™ and an algebra B €
C together with a morphism b : T(F') — B
such that b’ € Cent(F’, B).

The category Crupcenter(B) for a given alge-
bra B € C and the terminal object (Z, z) in

it, where Z € CKIC™" is the full centre of B
and z the corresponding map 7'(Z) — B.

A commutative algebra (F, M) in C X C™
with non-degenerate pairing 2* o M, a not
necessarily commutative algebra (B, m) in
C with non-degenerate pairing w* o m, and

an algebra map b : T(F) — B, such that
b € Cent(F, B).

Table 2: Continuation of table

Remark 3.15. (i) The above definition can be recast into describing the full centre in
C X C™ as a terminal object. Namely, consider the category Ciupcenter(A) whose objects
are pairs (X, z) with X € CXC™ and x € Cent(X, A), and whose morphisms are maps
f: X =Y in CXC™ such that

(3.34)

commutes. By definition, the full centre (Z,z) of an algebra A is a terminal object in
Cfull center (A> .

(ii) The full centre was introduced in [REFFS| and [Fj2, Def.4.9] in the case that C is
a modular category and is (in particular) an object in C X C*¥. The notion was then
generalised to arbitrary monoidal categories (not necessarily braided or abelian) in [Dal,
Sect. 4], where the full centre, if it exists, is an object in the monoidal centre Z(C) of C. If
C is modular, Z(C) = C K C™ by [Mii, Thm. 7.10], and the two definitions agree (cf. [Dal
Sect. 8]). In general, Z(C) and C X C™" may not be equivalent (but 7" factors through
Z(C), cf. remark [3.11]). For this reason, we added the suffix “in CKC™"” to the name “full
centre” in definition [3.14] However, because we will only ever use the full centre in C X C™
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and never the full centre in Z(C), we will drop the suffix “in C X C™"” from now on.

Let (Z,z) be the full centre of an algebra A in C as in definition . Suppose we
are given a morphism puy : Z ®c2 Z — Z; this will later be an associative, commutative
product, but let us not demand that yet. Eqn. defines a product prz) on T'(Z).
Suppose further that z intertwines prz) and pga, i.e.

T(Z) ®c T(Z) e T(2)
P ) (3.35)
2Q@cz %2,z T(Z &2 Z) z

commutes (we included also the definition of yp(z)). This diagram can be read in a second
way: Starting from T'(Z ®¢2 Z) and following the two paths to A, we see that it is an
instance of . If we can establish for the left path, the universal property of
(Z,z) provides us with a unique choice for pz, which, as we will see, is automatically
associative and commutative. This is done in the next statement, which is just [Dal
Prop. 4.1] with Z(C) replaced by C X C™". Even the proof works in the same way. Still,
as the full centre is one of the main players in this paper we include parts of the proof in

appendix [B.3|

Theorem 3.16. Let (Z,z) be the full centre of an algebra A € C. There exists a unique
product py : Z @ Z — Z such that (3.35) commutes. This product is associative and
commutative. If A has a unit 14, then there exists a unique map 1z : 1 — Z such that

(1) A 7(7)
(F(’)ll . (3.36)
1—2 >4

commutes. This map is a unit for the product jiz.

In particular, z : T(Z) — A is an algebra map. It is unital if A is unital.

3.6 The right adjoint R of T'

As in the previous subsection, C is assumed to be k-linear abelian and braided monoidal,
to satisfy (PF) and (C), and to have a k-linear right exact tensor product. The aim of
this section is to show the existence of the right adjoint R : C — C X C* of the functor
T : CXRC™ — C and give an explicit expression for it. In the next subsection, the adjoint R
will be used to give an explicit description of the full centre and thereby prove its existence.

Consider the functor C(T'(—), 1*) from C X C™" to Vect. Define Ry« (if it exists) to be
the representing object of this functor. That is, there is a natural (in X') isomorphism of
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functors C X C* — Vect,
xx : C(T(X), 1) = C*(X, Ry-) . (3.37)

Here and below, C*(X,Y) denotes the space of morphisms from X to Y in CXKC™". We will
now show that Ry« may be written as the cokernel of a morphism between two projective
objects in C X C™"; in particular, Ry« exists.

Let P be a projective generator of C (which exists by (PF)). By corollary 3.7 also
C KX C*" satisfies property (PF) and PX P is a projective generator of C KC™". Define the
linear subspace N C C?(P X P, PX P*) to consist of all f: PX P — P X P* such that

[P@cpéﬂﬂfp®cphﬂ;1ﬂ ~ 0, (3.38)

where 3p is the non-degenerate pairing defined in (3.1). Let {ui,...,u;n} be a basis of
N (the space is finite-dimensional by (PF)). Define the map n : (P X P)®Nl — P X P* as

n = Zg'l u; o 7;, with m; the projection to the i’th direct summand. Define R’ to be the
cokernel of n, so that we have the exact sequence

cok(n)

(PR PN PRP* —5 R — 0. (3.39)
Now consider the diagram
T((PR P)EN) " p g pe X ppy
wl //%; : (3.40)
A

1*

Since by its construction in , T is right exact, the top row of the diagram is exact,
i.e. T'(cok(n)) is the cokernel of T'(n). Because p o T'(n) = ZLZ‘I Bp o T(u;) oT(m;) =0
(by definition of the u;), from the universal property of the cokernel we obtain the arrow
r" . T(R') — 1*. The next theorem, whose proof can be found in appendix [B.4} states that
R’ is the object we are looking for.

Theorem 3.17. The object R’ just constructed represents the functor C(T'(—),1%), i.e. one
may take Ry« = R'.

We will soon use the object Ry« to construct the entire adjoint functor R, but first
we would like to state one important property of Ry-. Given a natural transformation
(vy : U — U)yec of the identity functor on C, set

) 8

U U], (3.41)

~ 1 (l/*
Vg = U—U>U** 7

where § is the natural isomorphism Id = (—)** from condition (C). Then 7 is again
natural in U. In particular, both Mo (v x id) and Mo (id x 7) are natural transformations
of X : C xC* — CKC™. Via the defining equivalence , these give two natural
transformations v X id and id X 7 of the identity functor on C X C™".
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Theorem 3.18. Let Ry» € CXC™ be as above and let v : Ide = Ide be a natural
transformation. Then (v R id)g,. = (idX D)g,..

The theorem is proved in appendix [B.4]

Remark 3.19. Let V be a vertex operator algebra such that C = Rep(V) satisfies the
conditions set out in the beginning of this subsection. Then exp(2miLj) acting on some
representation A € C is an example of a natural transformation of the identity functor (it
commutes with all modes of all fields in the VOA, and it can be moved past all intertwiners
f:A— Bjie. it isnatural in A). Theorem states in this case that exp(27i- Ly ®c id)
and exp(27i - id ®c Lg) act in the same way on the V ®¢ V-module Ry«. In other words,

— idp,. . (3.42)

Ry~

exp{Qm' (LO ®c id — 1d ®¢ LO)}

In CFT terms this means that in a situation where R;- is the space of bulk fieldd)] the
partition function is invariant under the T-transformation 7 +— 7 + 1.

We now turn to the right adjoint R. The involution (—)* on C induces an involution on
CXCr, which we also denote by (—)*, and which also satisfies condition (C) (see appendix
B.5). We can use R;- and the involution (—)* to define a functor R:C — C X C™ as

*

R(U) = ((U* X 1) ®c2 (Rl*)*> ., R(f)= ((f* Xidy) ez id(Rl*)*> . (3.43)
Note that R(1*) = Rj-.
Theorem 3.20. The functor R is a right adjoint for T.

The proof and the adjunction isomorphisms are given in appendix [B.5] On general
grounds, the functor R, being adjoint to a monoidal functor, is lax monoidal (see, e.g.,
[KR), Lem.2.7]). The structure maps Ry and Ry can equally be found in appendix
Thus, for an algebra A € C, R(A) is an algebra in C X C™" with multiplication (3.30)).

Remark 3.21. (i) Since R is a right adjoint functor, it is left exact. This can also be seen
explicitly from (3.43)), namely

R = [or O 0 OB oo Pl b O, o] (34
where (—)* is exact, (—) ® 1 is exact (see the beginning of the proof of theorem [3.6), and
(—) ®c2 (Rq+)* is right exact. Thus R is a right exact functor C°® — (C X C*)°? which is
the same as a left exact functor C — C X C™.

(ii) Suppose there are isomorphisms (U ®¢ V)* — V* ®¢ U*, natural in U and V. Then,
firstly, 1 = (1*)* = (1®c 1*)* = 1®¢ 1" = 1*. Secondly, the above formula for R simplifies
to R(U) = Ry ®c2 (UX1), and analogously for R(f). In this formulation, R is clearly right
exact, so that together with (i) we see that R is exact. Similarly, the natural isomorphism
(=)*oT o (—)* =T shows that T is exact.

14 For this to be possible, we must have Z(1*) = R(1*) (we will see in (3.43) that R(1*) = R;-). By
lemma below this is true if 1* = 1. We expect that Z(1*) = R(1*) also holds in the Wj g-model
(where 1* 2 1), see section
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3.7 Left centre and full centre

In this subsection, we will express the full centre of an algebra A as the ‘left centre’ — to be
defined momentarily — of the adjoint functor R applied to A. As before, C is assumed to
be k-linear abelian and braided monoidal, to satisfy (PF) and (C), and to have a k-linear
right exact tensor product.

In the braided setting, one distinguishes three different notions of the centre of an
algebra: the left centre, the right centre and the full centre. From these, the left and right
centre are subobjects of the algebra itself, while — as we have seen in definition — the
full centre lives in a different category. The left and right centres were introduced in [OZ]
and appeared in various incarnations in |Os|, [t [Dal. The following definition is taken from
[Dal, Sect. 5].

Definition 3.22. Let B be an algebra in a braided monoidal category B. The left centre
of B is an object C(B) in B together with a morphism e : C;(B) — B such that the
following universal property holds: For every U € B and arrow u : U — B such that

u®pidp

U®gB B &g B

HUB

e, > B (3.45)

B@BU KB

idp @pu

B®p B
commutes, there exists a unique arrow @ : U — Cj(B) such that e o 4 = u.

Remark 3.23. (i) There is an analogous definition for the right centre, see [OZ, [Os].

(ii) If the category B is in addition abelian and has conjugates as in (C), the left centre of
an algebra B can be expressed as a kernel. This shows at the same time that the left centre
exists and that e : Cj(B) — B is injective, i.e. Cj(B) is a subobject of B. See appendix
[B.6] for details.

(iii) Cy(B) carries a unique algebra structure such that e : Cy(B) — B is an algebra
map. This algebra structure on C)(B) is commutative. If A is unital, so is C;(A). See
[OZ, 108, Da for details.

In the previous subsection we gave the direct definition of the full centre as first formu-
lated in [Dal Sect.4]. The original definition in [Fj2], Def. 4.9] proceeds in two steps: first,
one applies the adjoint R of T' to the algebra A and second, one finds the left centre of
R(A). The same works in the present setting, as we now show. The proof is the same as in
[Dal, Thm. 5.4], we reproduce an adapted version in appendix . Denote the adjunction
natural transformation TR = Id by ¢, cf. (B.46).

Theorem 3.24. Let A be an algebra in C. The pair (Z, z) with

T(e)

7 = Cy(R(4)) z = [T(Ci(R(A))) —> T(R(A)) = A] (3.46)

is the full centre of A.
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In particular, since R exists by theorem [3.20] and the left centre exists by remark
3.23|(ii), the full centre of an algebra exists under the assumptions set out in the beginning
of this subsection.

Even if A is a commutative algebra, R(A) need not be commutative and one still needs
to take the left centre to arrive at Z(A). However, the next lemma gives a simple condition
in addition to commutativity which guarantees Z(A) = R(A); this will be useful in section
A An object S € C is called transparent if cyg o cgy = idggy for all U € C.

Lemma 3.25. If (S, us) is a commutative algebra in C and S is transparent in C, then we
can take (Z(S),z) = (R(S),es). In particular, Z(1) = R(1).

Proof. From (3.17) one checks that for transparent S we have ¢4 5 s = cagp,s. Thus also
©x,s = cr(x),s.- Condition (3.31)) is then true for all x : T(X) — S as by commutativity
of S we have pg o cgs = jig. But then the universal property of the full centre reduces
to that in lemma [B.2)(ii) with U = S, R’ = Z(S) and ' = z. By part (i) of that lemma,
R = R(S) and 1" = &5 §(idr(s)) = e, see (B.44) and (B.46). o

Remark 3.26. A different approach to finding algebraic counterparts to logarithmic CFTs
on C is taken in [F'SS]. There, the category C is chosen to be H-Mod for a certain Hopf
algebra H (in more detail, finite dimensional representations of a finite-dimensional fac-
torisable ribbon Hopf algebra) and CKC™" = H-Bimod (see [F'SS, App. A.3]). In H-Bimod
the coregular bimodule H* is studied and shown to be a commutative Frobenius algebra
[ESS, Prop.2.10& 3.1]. In addition, H* satisfies certain modular invariance properties
[ESS, Thm. 5.6]. In [FSS, App.B], the bimodule H* is proposed to be a candidate bulk
theory for a logarithmic CFT in case H-Mod = RepV for the vertex operator algebra V
encoding the chiral symmetry. In the setting of the present paper, H* corresponds to R(1).

4 The W;3-model with ¢ =0

In this section we look more closely at one particular class of examples, namely conformal
field theories built from representations of the Wy 3 vertex operator algebra. This symmetry
algebra was chosen because it demonstrates that the level of generality assumed in section
is indeed needed in the treatment of interesting examples.

We start in section with a brief collection of what is known or expected about
the representation theory of the W3 vertex operator algebra. In section it is shown
how the formalism of finding the maximal bulk theory for a given boundary theory can
produce the (trivial) ¢ = 0 Virasoro minimal model. A non-trivial bulk theory is discussed
in sections this bulk theory is logarithmic and can be understood as a ‘refinement’
of the ¢ = 0 minimal model.
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4.1 The W-algebra and some of its representations

Let Ver(h=0, c=0) be the Virasoro Verma module generated by the state 2 with Ly =
CQ = 0. It has a maximal proper submodule which is generated by the two vectors

ny = L_lQ s Ny = (L_Q — %L_lL_1>Q . (41)

Since words in L_; and L_, acting on §2 span Ver(0,0), the quotient Ver(0,0)/(ny,ng) is
just CQ with trivial Vir-action. This describes the vacuum representation of the Virasoro
minimal model with ¢ = 0, which is trivial in the sense that it is a two-dimensional
topological field theory for the commutative algebra C, cf. remark 2.6 The module V =
Ver(0,0)/(n;) is infinite dimensional and carries the structure of a vertex operator algebra
with Virasoro element 7" = L_5{) # 0 (note that Ver(0,0) is not itself a vertex operator
algebra because the vacuum () is not annihilated by the translation operator L_;). The
VOA V has an infinite number of distinct irreducible representations (see [EFZ, Thm. 4.4
and [Mil, Sect. 2.3]). To be able to apply the discussion in section , we can pass to a larger
VOA W D V, which is the chiral symmetry algebra for the W5 s-model [FGST, [AMI], and

is obtained as an extension of V by two fields of weight 15. Its character reads

(@) = 1+¢+¢*+2¢" +2¢° +4¢° + 4¢" + 7¢° + 8¢ + 12¢'°
+14q™ +21¢" + 24¢" + 34¢™ + 44¢"° +58¢° + ... . (4.2)

It turns out that xy(q) differs from the character of V only starting from ¢'°, namely
xv(q) = ...+ 41¢"® + 55¢'6 + ... (so e.g. there are three new fields at weight 15). The
VOA W is Cy-cofinite [AMI] and has 13 irreducible representations [FGST, [AMI], which
we label by their lowest Lg-weight:

r=1,0,27 015 3 ¥ (4.3)
_ 5 33 1 21 —1 35
r=2| %% &8 9w

Here, the two entries ‘0’ refer to the same irreducible representation W(0) = CQ2. We write
W(h) for the irreducible W-representation of lowest Lo-weight h. Their characters (from
[EGST]) are listed in our notation in [GRWI, App. A.1].

At this point we note the first oddity of the W, s-model: the vertex operator algebra
W is not one of the irreducible representations: it is indecomposable but not irreducible.
Indeed, Q2 is a cyclic vector (hence indecomposability) and the stress tensor T = L_5Q
generates a W-subrepresentation (on the level of Virasoro modes, this follows since L,,T = 0
for n > 0, where LyT = 0 is a special feature of ¢ = 0). Specifically, W is the middle term
in a non-split exact sequence

0— W(2) —W—W(0) —0. (4.4)

This brings us to the second oddity. Denote by R* the contragredient representation
of R (see, e.g. [HLZ, Def.1:2.35]) of a representation R. Then W* 22 W, as can be seen for
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example from their socle filtration™|

The above diagrams show the semi-simple quotients of successive submodules in the socle
filtration. For example, the largest semi-simple subrepresentation of W is W(2). Quoti-
enting by W(2), one obtains a representation whose largest semi-simple subrepresentation
is W(0), and this accounts for all of W (this is just the statement of the sequence (4.4) and
the fact that it is non-split). For W*, the largest semi-simple subrepresentation is WW(0)
and the quotient is isomorphic to W(2).

We have now pretty much reached the frontier of established mathematical truth re-
garding the W5 3-model. Hence it is time for the following

Disclaimer: The statements concerning the structure of the W; s-model in the
remainder of section 4| should be treated as conjectures, even if we refrain from
writing ‘conjecturally’ in every sentence.

The first statement under the umbrella of the above disclaimer is: The tensor product
theory of [HLZ] turns C = Rep(WV) into a braided monoidal category

+ which has property (PF) from section [3.2]
+ whose tensor product functor is right exact in each argument,
+ whose contragredient functor (—)* has property (C) from section [3.1]

The category Rep(WW ®&¢ W) (with inverse convention for the braiding in the second factor)
is just the Deligne product CKIC™". Every irreducible YWW(h) has a projective cover, which we
denote by P(h). The fusion rules of the representations generated from the 13 irreducibles
and from W* (and from two representations Q, Q* which have the socle filtration (4.5])
with 2 replaced by 1) are listed in [GRWI, App.4] (see also [EE, [FGST) [RP]); some of the
fusion rules of the projective cover P(0) are given in [GRW2, App. B.1]. The fusion-tensor
product of C will be denoted by ®;.

The properties marked ‘+’ above allow one to apply the formalism in section [3, How-
ever, there are many other convenient properties which C does not have:

— C is not semi-simple (e.g. the sequence (4.4) is not split).
— The tensor unit 1 = W in C is not simple (cf. (4.4))).

15 The socle soc(M) of a module M is the largest semi-simple submodule contained in M. The socle
filtration of M is the unique filtration {0} = My C My C My C --- C M,, = M where M, is the socle of
M, My /M is the socle of M/M; and in general M; /M, is semi-simple and equals the socle of M/M;.
The socle filtration is a unique version of the composition series. In the latter, one iteratively picks a
simple submodule and quotients by it. The composition series hence involves choices.
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— 1 = is not isomorphic to its conjugate 1* = W* (cf. (4.5))).
— The involution (—)* is not monoidal, e.g. W®;W(0))* = W(0) and W*®@;W(0)* = 0.

— The tensor product of C is not exact. For example, the functor W(0) ®; (—) transports
the exact sequence 0 — W(0) — W* — W(2) — 0 to 0 — W(0) — 0 — 0 — 0, which
1s not exact.

— C is not rigid, i.e. not every object has a dual (in the categorical sense — not to be
confused with the contragredient representation, which always exists). Examples are
the irreducibles W(0), W(1), W(2), W(5), W(7), the contragredient W* of the VOA,
and the projective cover P(0); we refer to [GRWIL Sect.1.1.1] and [GRW2l, App. B.1]
for details.

— Even if U € C has a dual UY, it may happen that UY 22 U*, e.g. WY = W (the tensor
unit is self-dual in any monoidal category), but W* 2 W.

For the rest of this subsection we take a look at the most intricatd | of the W-
representations, the projective cover P(0) of W(0). It has the socle filtration (as argued
for in [GRW2, App. B.2]):

Level P(0)
0 0
1 1/ \2
2 5/5;%7 (4.6)
s SR
\/
4 0

As before, the numbers in each row give the simple summands in the quotient of two
consecutive layers of the socle filtration. The lines indicate the action of the W-modes; for
P(0) they merely state that a vector at a given level can be transported into any of the
lower lying submodules (this is not so for P(h) with h = 1,2,5,7, see [GRW2, App. A.1]).

There are three quasi-primary states of generalised Lg-weight 0, no such states at
weight 1, two states at weight 2, and infinitely more at higher Weightsm It seems natural
to us that the quasi-primary states up to weight 2 organise themselves under the Virasoro
action as in the following diagram (the action is given up to constants, see below for the

16 Also the P(h) with h € {1,2,5,7} have a socle filtration with 5 levels (see [GRW2, App. A.1]). P(0)
is ‘most intricate’ in the sense that it does not occur in the representations generated by fusion from the
13 irreducibles and its structure has only been found by indirect reasoning.

1"The character of P(0) starts as 3 + 2q + 4¢*> + .... The two states at weight 1 are L_;-descendents,
as are two of the four states at weight 2.
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full expressions)

Lo-weight 2

o2 T
L_o+.. V .. Lo+ L
/ x / \ , (4.7)

Lo-weight 0 n

where L_5 + ... stands for the operators defined by
ti=(Lo—3L L +2(Lo+iLLy)ly)n, T:=(Lo—3L 1L )w. (48)

In more detail, let us assume that we are given a Virasoro representation with the following
properties:

1. Tt allows for a non-degenerate symmetric pairing such that (v, L,,w) = (L_,,v, w).

2. It has a cyclic vector 1 which is primary (i.e. the Vir-action on 7 generates the entire
representation and L,,n = 0 for all m > 0).

3. n generates a rank three Jordan cell for Ly of generalised eigenvalue 0; we set

w:=1~Lyn , Q:=Lw, (4.9)

4. CQ is the trivial Virasoro representation: L,,{2 = 0 for all m € Z.

Let us draw some conclusions from these assumptions. Firstly, (w,Q) = (Lon, (Ly)*n) =
(n, (Lo)>n) = 0 and similarly (Q,Q) = 0, so that we must have (n,Q) # 0 by non-
degeneracy. Hence also (w,w) = (Lon, Lon) = (n,Q) # 0. Suppose that (n,w) # 0.
Then we can replace n ~» 1’ := n + (const)w such that (n', Loyn’) = 0. Next, if (n/,n’) #0
we replace i’ ~» 1" := ' + (const )2 such that (n”,n"”) = 0. We will henceforth assume that
both has been done. Altogether, the pairing on the states of generalised Lg-eigenvalue 0
is, for some normalisation constant N # 0:

)
N
0 (4.10)
0

Secondly, using points 3. and 4. above, one verifies with a little patience that for ¢ and 7°
as defined in (4.8)

th - 0 5 Ll T = O 5
th = —bw + 912 s L2 T = —-5Q 5 (411)
(Lo—2)t = T, (Lo—-2)T = 0.
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It is then easy to compute the pairing on the weight 2 states (the pairing of a quasi-primary
with an L_;-descendent vanishes; we give the pairing restricted to ¢, 7). For example, using
invariance of the pairing and the relations (4.11)) gives

<T7 t) = <w, (LQ - %LlLl)t> = —5<w,w) . (412)

Altogether, the pairing takes the form:

()| t T
t |0 —5N (4.13)
T | =5N 0

The fact that (t,¢) = 0 is the motivation for the complicated choice of ¢ in (4.8]).

In summary, if the Vir-submodule of P(0) generated by a state n representing the top 0
in the socle filtration (4.6]) indeed has properties 1.—4., then we have quasi-primary states
w, 2, t, T defined as in (4.8)) and (4.9)) with the properties (4.10)—(4.13]). We will return

to this in the discussion of OPEs.

4.2 Computation of R(W(0))

An instance where we can compute the value of the adjoint functor R directly is the one-
dimensional W-module W(0). Namely, as we will explain in the second half of this short
subsection,

ROV(0)) = W(0) RW(0) . (4.14)

The object W(0) is transparent because it is a quotient of W and the tensor unit is always
transparent (recall that ® is right exact and hence preserves surjections). Furthermore,
W(0) @, W(0) = W(0) so that lemma [B.1]implies that W(0) is a commutative associative

algebra. Lemma [3.25| now tells us that the full centre is
Z(W(0)) =W(0) KW(0) . (4.15)

This result has an evident CFT interpretation. The algebra W(0) is a non-degenerate
boundary theory in the sense of definition In fact, W(0) is nothing but the chiral
symmetry algebra of the ¢ = 0 Virasoro minimal model. According to the discussion in
sections [2.5 and [3.5] Z(W(0)) is the largest bulk theory that can be consistently and non-
degenerately joined to the boundary theory W(0). It is then not surprising that this bulk
theory is the ¢ = 0 Virasoro minimal model, i.e. the trivial theory with one-dimensional
state space.

The derivation of is as follows. We first remark that the functor W(0) ®; (—)
from C to C is monoidal (combine W(0) ®; W(0) = W(0) with lemma [B.1)). The image
of W(0) ® (—) lies in the full subcategory of Cy C C of objects isomorphic to direct
sums of W(0) (thus Cy is a tensor-ideal). But Cy = Vect as monoidal categories via N +—
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C(W(0), N). We shall need N — C(N,W(0)) instead, which is a monoidal equivalence
CoPP = Vect. Now

COWV(0) @5 U, W(0)) = CON(0) ®; U @; W(0), W*) 2 C(U, W(0)) , (4.16)

so that the composition C WO, Co = Vect is just C(—, W(0)). Since both functors
are monoidal, we conclude that C(—, W(0)) is a monoidal functor C°°? — Vect. Finally,

for all U,V € C we have

—~
—
~

I

C(T(URV),W(0)) = CU®;V,W(0)) = CUW(0)) @cC(V,W(0))

(4.17)

—~
S
~

1%

C2(U B V,W(0) R W(0))

where (1) is monoidality of C(—, W(0)) and (2) is (3.4). By lemma3.8] this shows that for
all X € CRC™ we have C(T(X), W(0)) = C*( X, W(0)KXW(0)). Thus by definition of the
adjoint, ROW(0)) = W(0) K W(0).

4.3 Computation of R(W*)

We now want to implement the general construction of section for more interesting
boundary theories than the W(0)-example treated in the previous subsection. That is, we
should fix an associative algebra A # W(0) in C which has a non-degenerate pairing and
compute its full centre Z(A) € C X C™" according to definition

A point to stress is that neither YW nor W* are non-degenerate boundary theories as
in definition [2.14] They are both associative (and commutative) algebras (cf. lemma [B.1),
but neither allows for a non-degenerate pairing. This is evident from the socle filtration
, as a necessary condition for a non-degenerate pairing on an algebra A is that A* = A
(see definition [3.2)).

According to [GRWI), Thm.3.10], one way to produce such an algebra A € C is to
take an object U € C for which U* is the categorical dual and set A = U ®@; U*. There
are (recall the above disclaimer) many such objects to choose from. The original idea
was to choose A small in order to simplify the analysis, and one convenient choice which
produces a particularly small A is U = W(2) (which is self-contragredient). From [GRWT],
App. A.3& A 4] we read off that A = W(2) ®; W(2) has socle filtration

2
/1IN
70 7
\2/

(4.18)

The next step would be to use expression (3.43|) and theorem to obtain Z(A) as the
subobject Cj(R(A)) of R(A) = ((A*XW) ®@; ROV*)*)*. Unfortunately, we do not control
the tensor product and braiding on C well enough to carry out this computation.
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Instead, let us have a closer look at W*. As we already remarked, WW* is not a non-
degenerate boundary theory, but it is still a (non-unital) associative algebra and hence a
boundary theory with background states as alluded to in remark (ii). The full centre
Z(W*) is a commutative associative algebra and provides a bulk theory with background
states as defined in section Indeed, it is by construction the maximal such theory that
can be non-degenerately joined to the boundary theory W* (this follows from , table
and remark [3.15/(i)). However, since Z(W*) is obtained from a ‘non-standard’ boundary
theory, it is maybe not surprising that it will show some ‘non-standard’ features itself; this
will be discussed in section [£.3] below.

The first step towards Z(W*) is to determine R(W?*). The method for this given in
section has been carried out (recall the above disclaimer) in [GRW2, Sect.2.2]. The
result is as follows. As a W ®¢ Wh-representation, R(W*) splits into 5 indecomposable
summands,

ROW*) = Ho@H% EBH% @H% @Hﬁl @H§ ) (4.19)

where we have labelled the individual blocks H;, by the conformal weight of the lowest
state. The blocks H S and 'H 35 are irreducible and given by

Ho =W(5)®cWI(g),  Ha =W(EG) &c W) - (4.20)
The remaining blocks are not irreducible. The socle filtration of H 1 reads

)

2 W(5) @ W(F)

W(5) ®c W( W(E) @c W(Z)

[l

2.

=

(3) @c W(3) (4.21)

ool

S¥
l
¥
l
W(5) @cW(5) & W(F)@cW(F) .

This can be organised in a more transparent fashion if we replace each direct sum by a
little table where we indicate the multiplicity of each term as in

1| 33 1| 33 1| 33
8|8 8|8 8|8
1o — Llol2| — Lfl1]o0 (4.22)
33 33 33
810 1 81210 810 1
The socle filtrations of Hs/s and H;/3 are the same, but with {%, % replaced by {g, %

and {%, %}, respectively. The sector Hy is the most interesting, its socle filtration is (all
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empty entries are equal to ‘07)

Level 0 Level 1 Level 2
of1|2|5]|7 0[1(2]|5]|7 of1|2|5]|7
0|1 0 11 0|1 212
1 1 ————* 1|1 212| — 1 24
2 1 2|1 212 2 412
5 1 5 212 5|2 214
7 1 7 212 712 412
l (4.23)
Level 3 Level 4
0(1|2|5|7 0(1|2|5|7
0 11 0|1
1|1 212| ——— > 1 1
211 212 2 1
5 212 5 1
7 212 7 1

Via ([3.30), R(W?*) inherits the structure of an associative algebra from W*. To find
the full centre we should compute Z(W*) = C;(R(W*)) C R(W?*). Again, the lack of
detailed knowledge of the braiding means we currently cannot do this. However, we know
from remark that exp (27Ti(L0 — ZO)) acts as the identity on R(WW*). This implies that
Mg o crRocrr=mpg (abbreviating R = R(WW")), i.e. taking one field all the way around
another does not produce a monodromy. Our guess is that in fact mp o cp rp = mg, i.e.
Z(W*) = R(W?*), but as we already said, we cannot check this.

Finally, recall that the functor R(—) is lax monoidal (cf. section and so the algebra
map W* — W(0) gives an algebra map 7 : ROWV*) — R(W(0)), which we expect to be
non-zero. As a consequence, there is an OPE-preserving surjection from the tentative bulk
theory Z(W*) = R(W?*) to the ¢ = 0 minimal model W(0) ®W(0). In this sense, R(W*)

is a ‘refinement’ of the minimal model.

4.4 Modular invariance

A second interesting feature of this construction is that it leads to a modular invariant
partition function. It is a straightforward exercise to write down the vector space of mod-
ular invariant bilinear combinations of the 13 characters of irreducible VW-representations.
Namely, make the general ansatz

§(M,7) = Muyxow@(@) vy (@) 5 g=€"", (4.24)
a,b

where M is a 13x13-matrix and a, b run over the lowest Lg-weights of the 13 irreducibles.
Then the condition (M, 7 4+ 1) = &(M, 1) already forces most entries of M to be zero.
The known modular properties of the characters (see [FGST], or [GRW2, App. A.2] for
the notation used here) turn £(M, —1/7) = £(M, 7) into a linear equation for M. In this
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way one finds that (M, 7+ 1) = £(M, 1) = £(M,—1/7) has a two-dimensional space of

solutions given by (zeros are not written)

W(0) W(1) W(2) W(5) W(T) W() W(ED) w(S) w(Zl) w(d) w(E2) w(zt) w(E2)
W(0) a 28 28 28 28
W(1) 28 4B 4B 4B 4B
W(2) 28 48 4B 4B 48
W(5) 28 48 4B 4B 4B
W(T7) 28 4B 4B 4B 4B
w(d) 28 28
M= s s (4.25)
wW(3) 268 28
W& 28 28
wW(3) 28 28
wi(s2) 28 28
W(Z1) B
wW(32) 8

with a, § € C. Summing up the entries of the tables in (4.22)) and (4.23]) level by level, one
quickly checks that the above space of solutions is spanned by the characters of R(W(0))
and R(OWV*). In particular, we see that the character xrov+)(q, ) is modular invariant.

To relate the character xzov+)(q,q) to the partition function of R(W*) we appeal to
remark [2.8(iv) and section The composition series and suggest that
R(W*) =2 R(W*)*, i.e. that R(W?*) is self-conjugate. Therefore, assuming inversion in-
variance of R(W*), the construction in remark [2.8(iv) provides us with non-degenerate
two-point correlators on the Riemann sphere. According to section this allows one to
express the torus amplitude as a trace over the space of states.

The partition function of R(W*) follows a pattern also observed in supergroup WZW
models and the W ,-models [QS, IGR2], as well as in the study of modular properties of
Hopf algebra modules [FSS] (cf. remark [3.26). Namely, despite the complicated submodule
structure of R(W*) as given in , in terms of characters we simply have

Xrov) (@) = D xwn (@) xpm (@) (4.26)
h

where the sum is over the weights of the 13 irreducibles.

In [PR] it has been argued that this bilinear combination of characters is modular
invariant for all W), ;-models. Furthermore, it turns out that the function xzov+)(q,q) can
— up to a constant — be written as a linear combination of modular invariant free boson
partition functions at ¢ = 1 [PR]. In this form, xzoy+)(q,¢) has already appeared in the
context of a model for dilute polymers [Sa].

18 More precisely, xrow+)(q,7) = Ze[2,1] + 3, where for Z.[2,1] we refer to [Sal Eqn. (38)] and for the
relation to polymers to [Sal Sect.4.1.2]. We thank Hubert Saleur for a discussion on this point.
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4.5 Correlators and OPEs in R(W*)

Finally, we want to explain the non-standard features of the putative bulk theory R(W*)
in more detail. In particular, we want to show that it does not have an identity field,
nor a stress energy tensor. (However, the correlation functions are still invariant under
infinitesimal conformal transformations.)

In order to understand these features let us study the OPEs of the low-lying fields. It
follows from the socle filtration in that there are three states of generalised conformal
dimension (0,0). These are mapped into one another under the action of the zero modes.
Denoting the relevant states again by 7, w and €2, one would expect (as is also assumed
in |D that the relevant zero mode can be taken to be Ly or Ly. Since locality requires
that Lo — Ly must be diagonalisable (cf. remark , we then conclude that

Lon = Zo’f] =w , LOW = EOW =0 , LOQ = Z()Q =0. (427)

We can again define quasiprimary states ¢t and 7 by , and likewise for  and 7. It
follows from that 7 is a holomorphic field since there is no primary field of generalised
dimension (2,1) in the third or fourth level of the socle filtration and hence L 7 = 0.
By the same argument we also see that € is annihilated by all L,, and L,, modes. On the
other hand, we cannot conclude that ¢ is holomorphic, since there is a (2, 1) state in level

2 of the socle filtration (4.23)); this is indeed expected since the diagram (|4.7)) still applies,
and hence t is the ‘logarithmic partner’ of 7 (and thus should depend on both z and Z).

Some OPEs

The derivation of the OPEs and correlators presented below can be found in appendix [C]
here we merely list the results. The simplest set of OPEs are those involving (2:

Q2)p(w) =7(p) - Uw) , forall ¢ € F, (4.28)

and the OPE does not contain subleading terms. Here 7 is the intertwiner R(W*) —
R(W(0)) = C introduced in the previous subsection. The map 7 is an algebra homomor-
phism, i.e. it is compatible with the OPE, and it is non-vanishing on the level 0 state 7.
We can normalise 1 such that 7(n) = 1. In particular,

Q2)w) =Qz)w(w) =0 , Qz)n(w) =Qw) . (4.29)

Since €2 is the only si(2, C)-invariant field in R(WW*), this shows that R(VV*) has no identity
field. Next we list some OPEs involving 7:

T(2)w(w) = (’)((z—w)o) ., T()T(0) = (’)((z—w)o),

2w
T = A (o L) + 0w, (430)
—50Q(w w) 2T (w
t(x)T(w) = (A+1)- ( <Z5_QQ(U)2 + (2;;(10))2 - QZ{(M) ) + O((z—w)°) ,
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where A € C is a so far undetermined constant. From this we see that 7 — the only
holomorphic field of weight (2,0) in the space of fields F' — does not behave as the stress
tensor. For example, it has regular OPE with itself. However, a glance at shows
that the OPE of the field t = ALHt with 7 can be written as

)T = 3 )

n=-—1

+ O((z—w)°) . (4.31)

So in this OPE, ¢ behaves as the stress tensor (but it is not the stress tensor as it is not
holomorphic).
Finally, we give two more OPEs for fields of generalised weight (0,0):

w)ww) = B-Qw)+... |

4.32
wZ)nw) = (2(A=B)In|z—w]>+C)-Qw) + (1-B+2A4) -w(w) +... (4.32)

where B,C € C are new constants which remain to be determined. The dots stand for
terms which vanish for |z — w| — 0 and which have no component of generalised weight
(0,0).

Some correlators

Recall the intertwiner 7 : ROW*) — R(W(0)) = C from above. By our normalisation

w(n) =1 and by we have
(n(z1) -~ n(zn)) = 1. (4.33)

These are the correlators of the ¢ = 0 minimal model. If a state from the kernel of 7 is
inserted, the correlator vanishes.

To obtain non-trivial correlators we have to allow background states as in section
For example, the normalisation condition 7(2(0)) = 1 and the OPE imply the

correlators

N1(z1) - On(2n)QUw)) = 7(¢1) - 7(2) - - 7(¢n) (4.34)
for all ¢; € F, independent of the insertion points z; and w. Another example iﬂ
(T (0)) ="(t(0)) = -5, (4.35)

which follows immediately from (4.13) together with 7(©2(0)) = 1 which fixes N = 1.
Finally, from the OPEs (4.32)) we can directly read off the two-point correlators

“(w(z)w(w)) =0, “(n(z)w(w)) = 1-B+24 ,

(4.36)
Nw(z)w(w))y =B n(z)w(w)) =2(A=B)In|z—w|* + C .

19 The constant —5 found here is reminiscent of the b-value in the correlator of the stress tensor and its
logarithmic partner (but recall that 7 is not a stress tensor). The value b = —5 has recently been observed
in certain logarithmic bulk theories with ¢ = 0 [VGIS].
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In summary, we have seen that R(W*) does not have an identity field or a stress tensor.
Consequently, R(W*) does not allow for an OPE-preserving embedding W@cW — R(W*)
as one might have expected from a W ®¢ VW-symmetric theory. Nonetheless, by definition
the n-point correlators are Vir & Vir-coinvariants (and also W ®¢ W-coinvariants). The
above problems are closely related to the fact that the boundary theory W* from which
this construction starts only defines a boundary theory with background states, see remark
2.15|(ii). If one were to consider instead a usual non-degenerate boundary theory A with
identity field as in (4.18)), one would expect that the corresponding full center Z(A) is
better behaved. In particular, the unit condition in theorem [3.16] gives then a non-zero
OPE-preserving map W®cW — Z(A) which we expect to be an embedding, so that Z(A)
would have an identity field and a stress tensor.
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A Conditions B1-B5

In this appendix we write out conditions (B1)—~(B5) referred to in definition 2.11] Let
(F, M,Q*; B,m,w*;b) be as in that definition.

Below, we always take (x1,...,2,) € R™\diag, (21,...,2,) € H"\diag and ; € B,
¢; € I. The integers m,n are to be chosen such that all U, ,, in the statement are defined
(there has to be at least one field insertion; this field insertion can be a boundary field or
a bulk field, i.e. m,n € Z>o, m +n > 0).

(B1) U,y is smooth in each argument from R and H, and linear in each argument from
B and F.

(B2) Uy, is invariant under joint permutation of R™ and B™ and H" and F™. Namely,
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forallc € S, and 7 € S,

Um,n(xly-"vxmazla"‘7Zn7¢17"'7¢m7¢17"'7¢n)

= Um,n(xa(l)a <oy La(m)s Br(1)s -« - A7(n)) wo(l)a st 7wa(m)7 ¢T(1)7 SRR (b'r(n)) .
(A1)

Because there are three maps describing a short distance expansion in the defining data,
namely M, m, b, there are three ways to link the Uy ; for different k,[. These are listed in
the next three conditions. We denote the canonical projection F' — @ .\ F @) by Py and

the canonical projection B — @, B by P,.

(B3a) (bulk OPE) Suppose that n > 2 and that |z; — 23| < |2; — 29| for all @ > 2 and
|21 — 22| < |xj — 29| for all j. Then we can take the OPE of ¢;(21) and ¢s(22),
reducing the number of bulk fields by one:

Umm(...,21722,...,¢1,¢2,...)
= lim Uppo1(.--y 22, Pao M., (¢1 ® ¢o),...)

A—00

(A.2)

(B3b) (boundary OPE) Suppose that m > 2 and that z1 > 2, and |z, — x3| < |z; — 22| for
all i > 2 and |zq — 22| < |2; — 22| for all j. Then we can take the OPE of ¢4 (z;) and
1o (x2), reducing the number of boundary fields by one:

Um’n(l’l,.’ﬂQ, . ,w1,¢2, .. )
= lim Umfl,n(x% . '7Ph Omxrm(% ®¢2)7 e )

h—oo

(A.3)

(B3c) (bulk-boundary map) Suppose that n > 1. Write z; = x + iy. Suppose further that
|z; — x| > y for all ¢ and |z; — x| > y for all j > 0. Then we can expand ¢;(z;) in
terms of boundary fields at z, exchanging one bulk field for one boundary field:

Um,n(Ila' <y Ty 21y - 7Zn7¢17 s 7¢ma¢17' : -a¢n)
= lim Um+1,n—1(x7 Lly-eoy Ly B2y -+ y 2y Ph o by<§b1), 1/)1, ce 7¢m7 ¢2, e ,gbn)

h—oo
(A.4)
The relation between derivatives and L_; is as before,
(B4) The U,,,, satisty
%Umm(...,zl,...,gbl,...) = Um,n(---;Zla---7L—1¢1a---) s
%Um,n(...,zl,...,cﬁl,...) = Um’n(...,zl,...,z,1¢1,...) s (A5)

iUm,n('rlu---ywl?-”) = Umm .’L‘l,...,L,l’wl,...) y

dxq

where - and -L are complex derivatives, and -2 is a real derivative.
dz1 dz1 ) dx1
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Let f be a rational function on CU{oc} which has poles at most in the set {z1, ...z,
21,y Zny 21, - - -, 2o} and 0o, and which satisfies the growth condition lim; ., (3 f(¢) = 0.
The expansion around each of these points is

- A=Y g PR3 gk A (A

p=—00 p=—00 p=—00

(B5) For all f as above,

Z {ka o ..7w1,...,prk,...,¢m,¢1,...,¢n)

p=—00

+2Um,n<---7w17"'7wm7¢17"'7 (g;rlep+gp7’lzp)¢l7"'J¢n>} = O
- (A7)

Asin (C5), only a finite number of summands in the sum over p are non-zero. There is
a corresponding condition with L, and L, exchanged in the sum over bulk insertions.

The complicated looking set of conditions (B5) is obtained following the original argu-
ment in [Cal]: The fact that the boundary condition preserves conformal symmetry means
that the correlator on the UHP satisfies the same conditions as the ‘holomorphic part’
of a bulk correlator with insertions at {z1,...,%m, 21, -+, Zn, Z1,- - -, Zn}. In other words,
an insertion at z in the upper half plane is duplicated to an insertion at z and z. This
prescription arises again from contour integration, as noted in the following remark.

Remark A.1. As in remark [2 n one can replace (B5) by the stronger requirement that
there should exist a stress tensor, that is, a field TP € B®) such that m,(T ® ¢) =
S 7™ 2 L,1p. The CFT on the complex plane (F, M, *) is then equally required

m:foo
to be equipped with a stress tensor 7,7 € F®). The statement ‘the boundary condition
respects conformal symmetry’ means that the two components of the stress tensor in the

bulk agree with the stress tensor on the boundary in the sense that

lirrg)(T(x—i—iy) oy = (TP ()Y = hm(T(x—i—iy) S ) (A.8)
y*)
holds in all correlators. Define the meromorphic function u(¢) on the complex plane as

follows:
Moz{qmwum~@@»» Im(¢) 20
(T(Qr(ar) - dr(z1)-+) : Im(¢) <0
u

The conditions arise from the contour integral - f f(Q)u(¢)d¢ = 0, where the
contour is a big mrcle enclosing {z1,...,xm, 21, .. zn,zl, ...y Zn}. Then the contour is
deformed to a union of small circles around each of the Ti, %, Zi and the OPEs of the stress
tensor are substituted.

(A.9)
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B Further details on the algebraic reformulation

B.1 Proof of theorem [3.5

Proof of theorem [3.5 If A= Rep;4(A), condition (PF) follows by taking P = A, seen as
a right module over itself. For the converse, pick a projective generator P. We can choose
A= A(P, P) and define the functor H : A — Rep;, (A) on objects and morphisms by

U APU) . ULV [P 2ol (B.1)

The right action of a € A is given by f — f oa. Note that H(P) = A. The functor H is

m faithful: there exists a surjection P®"™ — U for some m, and so, given g : U — V, if
[P LU V] = 0 for all s, then also g = 0.
m full: We need to show that every linear map ¢ : A(P,U) — A(P,V) such that p(f)oa =

©(foa) foralla € A, is of the form ¢(f) = o f for some ) : U — V. Let PO¥ £, pem 2@
the first two steps of a projective resolution (thus s is surjective and the image of K is
the kernel of s). Let s1,...,s, be the restriction of s to each summand. The pullback

property along surjections,

707 if (B.2)
pem S o U

shows that all f can be written as ), s; o a; for some a; € A. Thus s1,..., s, generates
A(P,U) as an A-module. Next, consider the cokernel diagram

pek —> pom =[]
S| (B.3)
v

The cokernel property can be applied because, denoting by K;; : P — P the components
of K, > ()0 Kijj =) ,0(s;0K;;) =0as ) ,s;0K;; =0 for all j. The diagram then
shows that ¢(s;) =¥ o s; for some ¢ : U — V. Since the s; generate A(P,U), this fixes ¢
uniquely.

m essentially surjective: Let M be a finite-dimensional A-module. Let A®* — A®™ — M be
the first two steps of a projective (in fact: free) resolution. In other words, A(P, P#*) %
A(P,P¥™) — M — 0 is exact for some A-module map ¢. By fullness, there is a ¢ :

P® — PP gsuch that ¢ = ¢ o (—). Since P is projective, the functor A(P, —) is exact,

cok(tp
—_—

and so the exact sequence P®* Y, pom ) U — 0 gets mapped to the exact sequence

A(P, PE*) 200 A(p, PEm) s A(P,U) — 0. Thus M = A(P,U) for some U. 0
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B.2 Idempotent absolutely simple objects are algebras

Lemma B.1. Let M be a k-linear monoidal category and let S € M be such that S®S = S
and C(S,S) =k -idg. Pick an isomorphism m : S ® S — S.

(i) The associator asss: S®(S®S) — (S®S)®S is asss = (m ' @ids) o (ids @m).
(i1) If M is in addition braided, the braiding on S is cs.s = idsgs.

(iii) The pair (S,m) is an associative algebra in M. If M is braided, this algebra is
commutative.

() If n: S®S — S is an isomorphism, then (S,m) and (S,n) are isomorphic as algebras.

Proof. We will omit ‘®’ between objects for better readability.

(i) The space M(S(SS),(SS)S) is isomorphic to M(S,S) and hence one-dimensional.
Therefore, there has to exist a A € k™ such that

agss = A- |S(55) 2 55 0, (59)5) (B.4)

Naturality of the associator implies

fRg)®h
—_—

u(vw) D, 5(55) 2252 (59)s] = [U(vw) S wvyw L ($8)9]

(B.5)

Applying this to f = m, g = h = idg, etc., allows one to solve for a with one entry being
SS. The result is

_ 1o _
assss =A- (M @idg @m) = aggss ,

| | (B.6)
assss =A-{(ids@m™)om™} @ {mo(m®ids)} .
The pentagon with all four objects set to S reads
Q55,55 © 55,55 = (Qg,5,5 @ ids) 0 ag 55,50 (ids @ g s5) - (B.7)

Substituting the expressions in terms of A and m one quickly checks that the above identity
simplifies to A? - uw = A% - u, with u = {(m™! ® ids) om™} @ {m o (ids @ m)} # 0. Thus,
A=1.

(ii) By assumption M(SS, SS) is one-dimensional, and hence there has to be an w € k*
such that cg g = w - idsgs. By naturality,

cu,v

Uv 189, 55 59, SS} - [Uv vy 99, 55] , (B.8)

and applying this to f = m and g = idg we can solve for cggg. The result is cggs =
w - (m™ ' ®idg) o (ids ® m). One of the two hexagons with all objects set to S reads

(58,50 Cs5,5 0 Qs.55 = (€g,5 ®idg) o agg g o (ids ® cg,g) (B.9)
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Substituting the expressions for aggg from (i) and cgg, csss as above, this reduces to
w-v=w? v withv = (m!®idg) o (ids ®m). Thus w = 1.

(ili) Associativity is m o (ids ® m) = m o (m ® idg) o agss, which holds by (i), and
commutativity is trivial as c¢g g = idgg by (ii).

(iv) Since M(SS, S) is one-dimensional, we have n = Am for some A € k*. Take f = Aids.
Then fon=mo (f® f). O

B.3 Proof of theorem [3.16
Proof of theorem[3.16] Existence: Consider the composition (the left path in (3.35]))

Ty, 2®cz
w = [T(Z ®cz Z) 24 T(Z) @ T(Z) 225 Awe A M4 } . (B.10)

We need to check that the pair (Z ®c¢2 Z,w) satisfies condition (3.31)), i.e. that it is an
object in Crypcenter(A). This amounts to commutativity of (brackets, associators and ‘®¢’
are not written)

Ty ' ®ida 2®2Qid A pA®idg

T(Z)T(Z) AZZ20 f g g 225500, g 5

iidT(Z)@)SDZ,A K

Yz®7,A T(Z)AT(Z) A (B.11)

®id
A B l‘PZ,A T(Z) /
1idA@T, idA®zQz

ida®ua

AT(Z)T(Z) 22225 A4 422204 44

T(Z ®c2 Z) A

AT(Z ®¢2 Z)

The left subdiagram is just , while the details for the right subdiagram are obtained
by copying out the corresponding diagram in the proof of [Dal Prop.4.1] in the present
setting; we omit the details.

By the universal property of (7, z), there exists a unique morphism Z ®¢2 Z — Z such

that (3.32)) commutes. We define this morphism to be uz.

Commutativity: We will show below that ¢z 7 is an arrow from (Z ®c2 Z,w) to itself in
Crull center (A). This provides us with two arrows from (Z ®cz Z, w) to (Z, z) in Cru center(A),
namely p1z and pzocyz z. By uniqueness, they have to be equal, establishing commutativity.
That ¢z 7 is an endomorphism of (Z ®¢2 Z, w) amounts to commutativity of the diagram

Tt id Rz 2®i
T(Z ®¢2 Z) —2>T(Z) @c T(Z) “25T(Z2) @ A2 A A

T(cz,z) $z,2=721T(Z) $z,A A . (B.12)
Tyt 2@id, ida®z
T(Z ®¢2 Z) —2>T(Z) @ T(Z) —ZL A @ T(Z) 422 A @ A

Starting from the left, the first square commutes by definition (3.21)) of ¢z 7. By lemma
3.10, this is equal to ¢z (7). The second square is then just naturality of ¢ 7z). The
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third square is property ({3.31]) for z.

Associativity: In the proof of associativity, we will not write out tensor product symbols
and brackets between objects, and we omit all associators. We will show the equality of
the two maps a = pzo (uz ®idz) and b = pzo (idz @ uyz) from ZZZ to Z via the terminal
object property. Define the map

y = [T(ZZZ) L T(2)T(Z)T(Z) 22225 AA A 22t 4] (B.13)

where the first isomorphism is constructed from 75 and associators, and ‘mult.” stands for
any order of multiplying the three factors via p4. That y € Cent(ZZZ, A) is checked by an
analogous argument as that giving commutativity of . We now need to verify that
a and b are maps from (ZZZ,y) to (Z, z). This will imply a = b and hence associativity
of py. That T'(a) : T(ZZZ) — T(Z) makes commute amounts to commutativity of

T(pz®idz)

T(Z 2 2) (7 2) "2 1(7)
T(Z) T(lZN) T(z) Lreidrz T(Z)J/;(Z) T2 (7) (B.14)
A ﬁ:@z patids Aljz i ,£Z

The top two squares commute by definition of urz in (3.30), the bottom two squares
commute because z is an algebra map (since it satisfies (3.35))). The argument for T'(b) is
similar.

Unitality: The construction of the unit for Z rests on the observation that

—1

pru = [T(l) gl B g g e g et UT(1)] , (B.15)
which can be checked directly from (3.17]). Define the map
5t .
wi= [T(l) T g, A} . (B.16)

To see that u € Cent(1, A), we need to establish commutativity of

e L AR
T(1) A g 448y
x l/NA
A
P1,4 A . (B.17)
22
AT(l) idA®T0_1 AlidA@LAA
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The pentagon is and the remaining triangles amount to the unit property of ¢4.
Thus there exists a unique 1z : 1 — Z such that u = z 0 T(tz). The unit property of ¢z
follows by verifying that u o (idy ® 17) o p,*, po (17 ® idz) o A,;* and idy are morphisms
Z — Z in the category Cr center(A) and hence are all equal. We refer to [Dal, Prop. 4.1] for
details. ]

B.4 Proofs for theorems and 3.1§]

The proof of theorem requires three lemmas. The first one gives an alternative char-
acterisation of a representing object.

Lemma B.2. Let U € C, R € CRC™ andr’ : T(R') — U. The following are equivalent:

(i) The object R’ represents the functor C(T'(—),U) such that the natural isomorphism
C(T(-),U) — C*(—, R') maps ' to idp.

(ii) The pair (R',r") satisfies the following universal property: For all pairs (X, z) with
X € CRC™® and x : T(X) — U, there exists a unique morphism & : X — R such

that the diagram
T(%)

T(X) T(R)

DN (B.18)

U

commutes.

Proof. (i) = (ii): Denote the natural isomorphism by x_ : C(T(—),U) — C*(—, R). Natu-
rality amounts to the following two equivalent identities, for all f: X — Y, y:T(Y) — U,
and for b = xy (y),

XxWoT(f))=xvWof , Xy ()oT(f)=xx(bof). (B.19)

Suppose we are given (X, z). We need to show existence and uniqueness of .

Existence: Choose = xx(x). Commutativity of follows since r'oT(Z) = x5/ (idp:)o
T(xx(2)) = xx (idr 0 xx(2)) = .

Uniqueness: Suppose holds for some a : X — R’ in place of Z, i.e. 7’ 0 T'(a) = x. By
naturality, 7’ o T'(a) = xp/ (idr) o T(a) = x¥'(a). Thus x%'(a) = x, which is equivalent to
a=xx(z).

(i) = (i): Given z : T(X) — U, we define the map yx : C(T(X),U) — C*(X, R') to be
Xx(z) = Z. By uniqueness of Z, this is well-defined. Since for (X,z) = (R',r’) we can
choose & = idg/, the collection of maps x_ satisfies x g/ (r') = idg/, as required. It remains
to see that yx is a bijection for each X and that it is natural in X.

Naturality: We will check the first identity in (B.19)). By uniqueness of Z in (B.18) it is
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enough to check that also yy(y) o f provides an arrow from (X,y o T'(f)) to (R',7'), i.e.
that the diagram

T(
T%T(Y)/ / (B.20)
PaN

U

commutes, which it does by definition of yy.

Surjectivity: Given a : X — R, by naturality and x g/ (r') = idr one has xx(r' o T(a)) =
xx(r')oa = a.

Injectivity: Suppose xx(x) = 0. Then by definition also z =1’ o T'(0) = 0. O

The second lemma allows one to rewrite any pairing in terms of the canonical non-
degenerate pairings defined in (3.1)).

Lemma B.3. Letp: U®V — 1*.

(i) There exist unique maps f: U — V* and g : V — U* such that p = Gy o (idy ® g) and
p=PBv-o(f®dv).
(i1) For all h : U — V we have Py o (h ® idy+) = Py o (idy @ h*).

Proof. Both parts follow from naturality of 6 and 7 in condition (C). The latter amounts
to the statement that foralla: X - U, b:Y -V and q: U — V*,

mxyv(qgoa) =myyv(g)o(a®idy) , wyy(b*oq)=myv(q) o (idy @b) . (B.21)

For part (ii) we compute my,y«(dy) o (h ® idy+) = wyy«(dy o h) = myy-(h** o 0y) =
Tuu-(0u) o (idy ® h*). For part (i) set f = 7}, (p) and g = f* o . Then

= my,v ((0v)* o f** 0 dy) < v ((6v)* o Sy« o f) (B.22)
Qo) =p,

By o lidy ® g) = muu-(80) o lidy @ (f* 0 8v)) Y oy ((F* 0 6y)* 0 6y)
(

where (1) is naturality of 7, (2) is naturality of § and (3) is (dy)* = (dy~)~', which is
required by condition (C). The identity By« o (f ® dy) = p is checked along the same
lines (use naturality to move f and § inside 7). Uniqueness of f and ¢ is implied by
non-degeneracy of By and [y -+, see the text below definition |3.2] O

For the third lemma, recall the space N, the basis {u1,...,un} of N and the map
n =Y. u; o, defined in section .
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Lemma B.4. For any f : (PX P)®" — P X P* such that Bp o T(f) = 0, there exists a
(typically non-unique) ¢ : (P X P)®™ — (P X P)®INl sych that

(PR P)&m ! PR P*
o e / (B.23)
(PX P)®INI
commutes.
Proof. Denote by
(PXIP)@W - pPwP (P@P)@W\ - PWP (B.24)

the embedding and projection maps of the two direct sums. Let f; = foe;. By assumption,
fj € N. Thus we can write f; = Z‘M A;j u; for some A;; € k. Define

INl m
p=> Y Aj-tiop; : (PRP)™ — (PRP)NI (B.25)
i=1 j=1
Then indeed n oy = Ewk Ajjupomo0op; = Z” Ajju;op; = Zj fiopj=F. O

Proof of theorem[3.17. We will show that R’ satisfies condition (ii) in lemma (with
U = 1*). Namely, suppose we are given a pair (X, z) with X € CKC™ and z : T'(X) — 1.
We need to show that there exists a unique & : X — R’ such that z =" o T'(Z).

m Existence: Let

(PR P)® X, (pr pyom <O,y (B.26)
be the first two steps of a projective resolution of X. That is, we have a surjection
s: (PX P)®" — X whose kernel is the image of K : (PX P)®* — (PX P)®™ (and hence

s = cok(K)). Define

T(cok(K))

p= [T((P X P)om) TX = 1*] . (B.27)

Let m; : (P X P)®" — P X P be the projection to the i’th summand. Then T'(m;) :
T((PX P)®") — P ®¢ P and if we can define p; via

p= Z[ (PR pyEmy L, po. p b 1*}. (B.28)

By lemma|B.3|(i), there exists a ¢; : P — P* such that p; = [P ®ec P 8, P®c P* Proqs }

Define p := ), (idp W ¢;) o m;. Then

(P& P " p pr

T(cok(K))l \ lﬁP (B29)

TX 1"
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commutes by construction. It follows that Sp o T(po K) = x o T(cok(K) o K) = 0. From
lemma we get a map u such that subdiagram (1) in the following diagram commutes:

cok(K)

(PR P)® £~ (PR p)om X
I
ul (1) P ) EF; (B.30)
cok(n) \
(PR P)eINl —— pR p* R

The existence of u implies that cok(n) o po K = 0, so that by the universal property of
cok(K) there exists a unique Z : X — R’ such that subdiagram (2) commutes. This is the
Z we are looking for. It remains to show that z = 1’ o T'(Z). Since cok(K) is a surjection
and since T' is right exact, also T'(cok(K)) is a surjection, and it is sufficient to verify
xoT(cok(K)) =r"oT(Z) o T(cok(K)), i.e. commutativity of

T((PR P)em) " () e T(RY)
)

\ T (cok(n
)

()
T(cok(K)) T(P X P*

Le_

T(X) ° 1*

(B.31)

7./

Commutativity of the top square is T" applied to square (2) in (B.30)); the right triangle is
the definition of 7’ in (3.40)); finally, the bottom left square is (B.29)).

m Uniqueness: We will show that if a map f: X — R’ satisfies v’ o T'(f) = 0, then f = 0.
This implies that the Z constructed above is unique. Write g = f o cok(K). It is enough
to show that g = 0. Consider the diagram

(PR P —L > R
N
Gh cok(n) (B32)

Jul -

v N
(PR P)*IN "> p R p*

Since (P X P)®™ is projective, we can pull back g along the surjection cok(n), giving
us the existence of h. By we have Op = r’ o T(cok(n)), so that fp o T'(h) =
r"oT(cok(n))oT(h) =1"0T(g) =r'oT(f)oT(cok(K)) = 0 by assumption on f. Hence we
can apply lemmato obtain the map v in . Altogether, g = cok(n)onov =0. O

Remark B.5. Because of the finiteness assumption (PF), there is a finite number of
isomorphism classes of simple objects in C. Let {U;|i € Z} be a choice of representatives.
Furthermore, each U; has a projective cover P;. For the projective generator, we can choose
P =@, .; P;, so that R’ arises as a quotient of P X P*. In fact, one can choose a ‘smaller’
starting point, namely

Q=Prrr (B.33)

€T
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(but then the above proof would have involved more indices). To describe the map whose
cokernel to take, define the subspace

M={f:PRP—-Q|X,;8n0f=0} C CHPRPQ). (B.34)

Denote by ¢; : P, — P and m; : P — P, the embedding and restriction map of the direct
sum. Pick a basis {v;} of M and define m : (P X P)®Ml — Q as m = Zyﬂ vy o py, with p
the I'th projection (P X P)®M — PX P. Set R” = cok(m). Then in fact

R =R, (B.35)
with R" defined as in (3.39). To see this, define 7 : PR P* — Q, 7 = @,y m X ; and

L:Q — PRP* 1 =&, .; 1 X7} These maps make the two diagrams contained in

P ®c P*

— (B.36)

T(v) 1"

,agji

@ieI P ®c Pz*

()

commute. For example, fp = .7 Bpo (1 @cidp+) o (m; @cidp-) =D, o7 Bp, 0 (M ®ct}) =
Y iz Bp,oT(m). We can now construct maps between the two cokernels using their universal
properties. Consider the diagram

(P&P)EB\N| bpxpf%R/
A

n % ETNET (B.37)
Ml m cok(m) Y I
(pgp)@\ | Q R

The diagram tells us that (3°,.; 8p,) o T'(mon) = BpoT(n) = 0. Thus the image of
mon lies in the image of m (by an argument analogous to the one in lemma , so that
cok(m) omon = 0. The universal property gives a unique map R’ — R”. Similarly one
checks that cok(n) ot om = 0, giving the map R” — R’. By uniqueness, these are inverse
to each other.

The next lemma prepares the proof of theorem [3.18
Lemma B.6. For all u € C(P, P) we have cok(n) o (uXid —id X u*) = 0.

Proof. Pick an m € Z-q such that there is a surjection s : (P X P)®™ — P X P*. Let
f=(uXid—idXu*)os. Then the statement cok(n)o (uXid —id X u*) = 0 is equivalent
to cok(n) o f = 0. We will show the latter. By lemma [B.3|(ii), we have

T(s) « uid—id@u*
—_

T(PR P L pep P@Pﬂﬁ;1ﬂ:o. (B.38)

We can thus apply lemma and obtain a map f: (PX P)®" — (P X P)®Wl such that
f=no f. Hence cok(n) o f = cok(n) ono f = 0. O
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Proof of theorem[3.18. Since v K id — id X U is a natural transformation of the identity
functor on C X C*V, the diagram

>Eok(n) y
PXP"—R

l(u&id—idlzﬂ)R/ (B.39)
cok(n

(V&id—id&l))ng* l

commutes. Now note that for all U € C,
I;U* = (5U*)_1 o (]/U**)* O 6U* = ((5(])* @) (VU**)* o (551)* = (VU>* . (B40)

Thus (v Kid — id X 7) pgpr = vp Kid — id ¥ (vp)*. By lemma [B.6] the lower path in the

above diagram is zero. Since cok(n) is surjective, this implies (v M id —id X 0)p =0. O

B.5 Adjoint to the tensor product

We first need to establish the compatibility of condition (C) and the Deligne product. We
do this under the assumption that we are given two categories C, D which satisfy condition
(PF) from section (rather than (F) for we need to invoke [De, Prop.5.5]), which are
monoidal with k-linear right exact tensor product, and both have conjugates according to
condition (C).

Since (—)* is an equivalence, it is exact. Thus C°PP x D°PP O ewpBerp
factors through a functor CP? X D°P? — C X D. By [Del Prop.5.5], we may take CPP X
DePP = (CXD)°PP. Altogether, we get a contragredient involutive functor on C XD, which
we also denote by (—)*. By definition, on ‘factorised objects’ it satisfies

(CRD)y = C*RD" . (B.41)
Lemma B.7. (=) : CXD — C X D satisfies property (C).

Proof. The natural isomorphisms 6 and §% between the exact functors X and Ko {(—)** x
(=)™} from C x D to C ® D provide a natural isomorphism ¢ from Id to (—)** on C XD
with the required property (dx)* = (dx+)~'.

For the existence of 7, we stress again [Del Prop. 5.5]: C°PP K D°PP = (C K D)°PP. Thus
there is an equivalence of functor categories between k-linear right exact functors in each
argument CPP x DPP — £°PP and right exact functors (C XI'D)°PP — E£°PP. But this is the
same as saying that there is an equivalence of functor categories between k-linear functors
C xD — &, left exact in each argument, and left exact functors CXD — £. Given our
assumptions on C and D, by [Del Cor.5.4], the functor X : C x D — C K D itself is exact
in each argument.

Recall that an abelian category A, the Hom-functor from A°P x A to abelian groups
given by (A, B) — A(A, B) is left exact in each argument. Thus the functor C°P? x CPP —
Vect given by (U, V) +— C(U,V*) is left exact in each argument. The maps 7y provide
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a natural isomorphism from this functor to the functor (U,V) — C(U ® V,1*), which
therefore is also left exact in both arguments (even though it involves the right exact
tensor product). The same reasoning applies to D. The combined functors

COPP x DOPP x COPP x DPP — Vect , (U, A,V,B) — C(U,V*) @ D(A, B*) and

(U,A,V,B)— C(U®V,1") @, D(A® B,1%) ,
(B.42)
are equally left exact in each argument, and thus give two functors (CKD)°PP x (CXD)°PP —
(CXDXCKXD)PP — Vect which are left exact in each argument. In view of , these
functors are necessarily given by

(X,Y)—CKRD (X,Y") and (X,Y)—CRD(X®Y,1"K1"). (B.43)

The equivalence (3.2)) of functor categories — which as we saw above also holds for the
corresponding categories of left exact functors — now shows that the natural isomorphism
Ty ®k 74 5 between the functors (B.42) provides a natural isomorphism 7y between

the functors (B.43]). O

Recall the definition of the functor R in terms of the conjugates on C and CXC*V given
in (3.43).

Proof of theorem[3.20. The natural isomorphisms
Exo: C(T(X),U) — C*(X, R(U)) (B.44)
are provided by the composition
C(T(X), W) ﬁ C(T(X)®eW*, 1) = C(T(X)®@cT(W*K 1), 1%)
- fmmN C*(X ®c2 (W*K 1), Ry+)
= ([X G (W B )] @ (Ry)', 1T ET)

Lem.

7“;% C(T(X ®c (W*K 1)), 1)

—— C*( X ®c2 [(W*K 1) ®c2 (Ry+)*], 1" K 1%)

assoc

o (XL (TR @ (Re)T7) =CH(X L R(W))
(B.45)

]

The adjunction natural transformations are, in terms of the isomorphism (|B.44)),
nx = &xrx)(idrx)) : X — R(T(X)) , ev:= 5}_2(1U),U(idR(U)) :T(R(U)) = U, (B46)

and the satisfy the adjunction properties, for X € CKC™ and U € C,

NRU) )

[R(U) — RTR(U) Rew), RWU)] = idpuy ,

(B.47)

T(nx)

[T(X) 22 TRT(X)

ET(X)
—

T(X)] = idrx) -
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The functor R is lax monoidal (and colax monoidal), with Ry and Ry given by

R(Ty )
_

R, — [1 X122 R(T(1K 1)) R(l)} ,

Ryvy = [RU e RV M R(T(RU @2 RV)) (B.43)

—1

T,. € £
2:RU,RV R(TR(U) Rc TR(V)) R(ey®ev)

R(U ®c V)] :

see, e.g., [KR] Def. 2.1 & Lem. 2.7].

B.6 More details on centres

This appendix contains an auxiliary result which implies the existence of the left centre in
abelian monoidal categories which have conjugates as in (C), and it contains the proof of

theorem [3.24.

Let A be an abelian monoidal category with conjugates according to condition (C). Let
m: A® B — C be a morphism in A. Consider the category Q whose objects are pairs
(U,u) where v : U — A is such that m o (u ® idg) = 0. Morphisms f : (U,u) — (V,v) in
Q are maps f: U — V in A such that vo f = u.

Using conjugates, from m we obtain a morphism m : A — (B ® C*)* via

A(AB, C) == A(AB,C™) = A((AB)C*,1%) == A(A(BC™),1%) = A(A, (BC™)*) .

When applied to m, this chain of natural isomorphisms yields (B4
m = WK}BC* [WAB,C* (0com) o aAB’C*] ) (B.50)

Naturality in A (cf. (B.21])) implies that for any u: U — A we have
M ou =1y ges [TuBce(6c 0omo (u®idg)) o aypc-| , (B.51)

Lemma B.8. The following are equivalent.
(i) (K, k) is terminal in Q.
(i) k : K — A is the kernel of m: A — (B ® C*)*.

Proof. (i) = (ii): Let u: U — A be a morphism such that /m ou = 0. By (B.51)), then also
mo (u®idg) = 0. Thus (U,u) is an object in Q. By terminality there is a unique arrow
f U — K such that ko f = u. This is the thought-for f in the universal property of the
kernel.

(ii) = (i): Let (U,u) be an object in Q. Then mo (u ® idg) = 0 and as above we see that
mowu = 0. By the universal property of the kernel, there is a unique map f : U — K such
that k o f = w. Thus there is a unique morphism f : (U,u) — (K, k). O
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This lemma implies the existence of the left centre of an algebra B in the category
A. Indeed, the universal property of the left centre from definition [3.22| amounts to the
terminal object condition in the category Q from above with the choice

m:,uBo(idB@B—cB,B) B@B—>B . (B52)

As the kernel of m exists in A, so does the terminal object in Q@ and hence the left centre.

Next, we turn to the proof of theorem [3.24

Proof of theorem [3.2]] We need to check that (Z,z) = (Cj(R(A)), eaoT(e)) satisfies the
universal property in definition Let thus (X, z) be a pair such that commutes.

By lemma[B.2lwith U = A, R' = R(A) and v’ = ey, there is a unique map & : X — R(A)
such that (B.18) commutes, i.e. such that €4 o T(Z) = x. This map is given by (use
and naturality of &)

.ﬂLRmﬂ. (B.53)

i:[XﬁﬂiRMﬂ:[XﬁLMHM)
We will see below that the map ¥ satisfies the condition for the universal property of the
left centre, that is, diagram ({3.45)) commutes for the pair (X, #). Thus, the map & factors

" Ci(R(A)
/}/ \<\ (B.54)
X z R(A)

Since Z is unique and e is mono, also x’ is unique. That 2’ makes commute follows
fromz =e40T (%) =cg0T(e)oT(x') = zoT(z’). This shows that (Z, z) is the full centre
of A.

It remains to check that ¥ satisfies . For convenience, we reproduce (minimally
adapted to our setting) the proof given in [Dal, Thm.5.4]. Substituting the expression
for z, we need to show commutativity of

X @er R(A) % RIT(X)) @c2 R(A) 227 R(A) @02 R(A)
Ro (2) RQL i (B.55)
R(T(X) @c A) ——— R(A &c A)
CX,R(4A) (1) R(px,a) 3) k

R(pa)
R(id®x)
R(A®: T(X)) A&A
HR(A)
Ry

R(A) ®CQ X 1d@nx R(A) ®c2 R( ( )) 1dQR(x ®CQ R
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X R(A) nx 1 RT(X) R(A)

1 RT(X) R(A
m (1) (X) R(A)

RT(X R(A)) RT(nx 1 RT(RT(X) R(A)) Ry

@) R(T;Y) @\
m R(T(nx)1)

R(T(X)TR(A)) — ~ R(TRT(X)TR(A))
(3)

~—

R(er(x)1)

(5) (6) R(T(X)TR(A))

B2 R(T(X) A)

CX,RA RT(cx,ra) R(px,raA)=R(px,TRA) (7) lR(V’X,A)
R(TR(A)T(X)) 7 RAT(X))

% R(ler(x))

R(TR(A)T(X)) ____ R(TR(A)TRT(X))

~1 R(1T(nx))
V (10) U R ®)

R(eal)

RT(R(A) X) BT ing) RT(R(A) RT (X)) R
%R(; (11) NRT(X) R(A)

R(A) RT(X)

Figure 4: Commutativity of subdiagram (1) in (B.55)). All ® have been omitted, instead of id
the shorthand 1 in used, and only a minimum of brackets is given. The commutativity of the
individual cells is explained in the main text.

The rightmost triangles are the definition (3.30) of pp(4). Squares 2 and 4 are naturality
of Ry. Subdiagram 3 is R applied to the defining property of x. Subdiagram 1 is
somewhat tedious and is further analysed in figure In explaining the commutativity
of the various cells, let us start with the key step: the two ways of writing the arrow
between cells 6 and 7, which amounts to R applied to lemma . Using R(¢x.ra), cell
6 is R applied to the definition of ¢ in , and using R(¢x1ra), cell 7 is R applied to
naturality of ¢x _. The remaining cells are as follows: cells 1, 5, 11 are naturality of 7,
cells 2, 10 are naturality of T5, cells 3, 9 are the adjunction property , cells 4, 8 are

the definition (B.48)) of Rs. O



C OPEs in R(W*)

C.1 OPEs involving (2
We will demonstrate that for all fields ¢ € R(W*) one has
M.(Q® ¢) = M.(¢p @ Q) = () -, (C.1)

where M., (¢®1)) is the OPE as introduced in (2.4)). We will also use the conventional nota-
tion ¢(2)y(0) for the OPE. To establish we will first show that Cy(u|z,0,Q, L,¢) =0
for all ¢ € F, u € F*, and m € Z (recall the notation from section . Suppose the con-
trary and let M € Z be the largest integer such that Cy(u|z,0,Q, Ly¢) # 0. Choose N > 0
such that L,u = 0 for alln > N. Apply property (C5’) for f(¢) = (z—¢) N "M¢M*+1 Since
) is annihilated by all L, one checks that becomes 0 = 2= V"M, (u|z,0,Q, L),
in contradiction to our assumption. Similarly one checks that Cy(u|z,0,, L,,¢) = 0 for
all u, ¢, m. Let A, N be such that (Lo + Ly — A)¥¢ = 0. Then

0= CZ(U|Z’ 07 Q? (LO + Z0 - A)Nqb) = (_A)NO2(U|27 07 Qa ¢) ) (02)

and so the OPE Q(2)¢(0) can only be non-vanishing for ¢ € F©. Since w = Lyn and
Q = Ln, the OPE vanishes for ¢ = w,Q. To confirm it only remains to check
Q(2)n(0) = Q(0). Using once more that €2 is annihilated by all Virasoro modes, we have
L.M,(Q®n) = M,(Q2® L,,n), which is zero by the above argument, and analogously
L,M.,(Q®n) = 0. This applies in particular to m = —1, and the intersection of the
kernels of L_; and L_; is CQ. Thus Q(z)n(0) = a - Q(0) for some a € C. But then also
n(2)Q(0) = a-2(0) and n(z)n(w)2(0) = a*-2(0). On the other hand, from 7(n(z)n(0)) =1
we see that n(z)n(0) = n(0) + (other fields). Thus a = 1.

C.2 OPEs involving the holomorphic field 7

The next-simplest set of OPEs are those of the form 7 (z)¢(0). Since 7 is holomorphic,
this OPE does not involve logarithmic singularities (or it would not be single-valued). For
example, the most general ansatz for the OPE with w is

T(2)w(0) = 2 2(P-n(0)+Q-w(0)+ R-Q(0))+2 (S - L_1n(0)+U-L_1w(0))+O(z") (C.3)

for some constants P,Q, R,S,U € C. These constants are further constrained by the
identity

LoM.A(T @ ¢) = Y30 ("¢ ) 2" ML(Lkr T @ 6) + M(T @ L) (.4
= 2" (2(mA1) + 2 2)MA(T @ ¢) — 2(m®—m) 2" 27(¢) - Q + M.(T ® L) , '

where m € Z and ¢ € F are arbitrary. The first equality follows from (C5’) and the second

uses (4.11)) and (C.1). If one applies this identity for mm = 0 and m = 1 to (C.3)), one
quickly finds that P =Q =S =0 and R = U. Thus

T(2)w(0) = R~ (272Q(0) + 27 L1w(0)) + O(2") . (C.5)
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This also provides the two-point correlator
NT (2)w(0)) = R-27%. (C.6)

Actually, R is necessarily zero, though it will take us a little while to get there. Since the
states of generalised weight (1,0), (2,0) and (3,0) are Virasoro descendents of 7, the same
method allows one to determine the z° and z! coefficient in this OPE. The calculations
become more lengthy, but the answer is simply

T(2)w(0) = R- (272Q(0) + 27" L_1w(0) + L_ow(0) + 2L _3w(0)) + O(2?) . (C.7)

Next we compute 7 (2)7 (0) by using (C.4]) to move all Virasoro modes in M,(7 ® (L_5 —
3L_1L_1)w) to the left and by then inserting the OPE (C.7)). A short calculation yields

T(2)T(0) =R-{ —527"Q0) + 22T (0) + 2~ (L1 T)(0)} + O(z") . (C.8)

The OPEs and allow one to determine the three-point function (7 (2)7 (w)w(0))
by singularity subtraction. Thinking of the three-point function as a function of z, this
function vanishes at infinity and has poles only at w and 0. Subtracting these poles we
hence find a holomorphic function on C vanishing at infinity, i.e. a function which is iden-
tically zero:

0 = "T(2)T (w)w(0)) - R- ( o (T (W)w(0)) + Ly 5 (T (w)w(0))

Substituting (C.6)), the result is
2. R?
zw(z —w)?

T (2)T (w)w(0)) = (C.10)

Note that this function is invariant under the exchange of z and w as it has to be. Repeating
the above steps to constrain the OPE 7 (2)n(0) leads to

T(z)n0) = 2_2-{R-w(0)+A~Q(O)} + 271 {R- 1m)(0)+ A (L_qw)(0 )}
+ {R- (L-2n)(0) 4+ (A+1) - (L_ow)(0) — (L1 L_1w)(0)}
+ 2 {R- (L_31)(0) + (A+1) - (L_3w)(0) + (L2 L_1w)(0)

“3(Lalalow)(0)) + O(:2),
(C.11)

where A € C is a new constant. The corresponding two-point correlator is
T (2)n0))y =A-272. (C.12)
As before, the above OPE can be used to determine the OPE of 7 and ¢ with the result
T(2)t(0) = 27 {=5R-w(0)+ (9R — 5(A+1)) - Q(0)}
2. {2R-t(0) + (R+2(A+1)) - T(0)} (C.13)
AR (Loat)(0) + (A+1) - (L1 T)(0)} + O(2°) .
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In a slightly tedious exercise the OPEs determine the three-point correlator of (77n) by
singularity subtraction to be

NT ()T (w)n(0)) = (Z—_5§)4+wa2+Zw<2ffw)2+zjj. (©.14)

Because of the last summand, this expression is only invariant under z < w if R = 0 or
A = 0. To see that actually R = 0 is required, one can compute (in another such tedious
exercise)

(z —w)(2* + 322w + 32w + w?)

25wd

T ()T (w)t(0)) = "(T(w)T (2)(0)) = 20R(A+1) -

(C.15)
With R = 0 the correlators (7 (z)7 (w)¢(0)) are zero for ¢ any of w,n,7,t. The OPEs

(C.7), (C.8), (C.11) and (C.13) reproduce the formulas in (4.30)).

C.3 OPEs of generalised weight zero fields

Next we consider the non-holomorphic OPE w(z)w(0). The identity corresponding to ((C.4)
reads in this case

LpM.(w®¢) =2"" LM, (w®@¢)+ (m+1)2"n(¢) U+ M.(w® Lyg) ,  (C.16)
for all ¢ € F and m € Z, and analogously for L,,. For m = 0 we find in particular that
(Lo — 22)M.(w®w)=0= (Lo — 2&) M. (w R w) . (C.17)
The general solution to this first order differential equation reads
M, (w® w) = exp{In(z) Lo + In(2) Lo} ¥ for some ¥ € F . (C.18)

This shows that the leading term in the OPE is (take the component of ¥ in F(© to be
X n+Y -w+B-Q)

w(z)w(0) = X -n(0)+{Y + X In(|2|*) }w(0) + {B+ Y In(|z]*) + 1 X - (1n(|z|2))2}§2(0) +...

(C.19)
This expression can be used to compute the leading term in the OPE w(z)7 (0), which
we already know from (4.30) to be of order O(z°). Using (C.16) to move the L,, modes
past w(z) one quickly finds the requirement that X =Y = 0. This reproduces (4.32)). For
n(z)w(0) we use (C.4) in the form

LpnM.(n®@w) =2""2M,(n@w)+ (m+1)2"M,.(w®w) + M.(n® Lyw) ,  (C.20)

and analogously for L,,. We can again make a general ansatz for the leading term in the
OPE 7(2)w(0) and use the knowledge of w(z)w(0) and 7(z)7 (0) (from (4.30)) to constrain
the coefficients. The result is as stated in (4.32)), we skip the details.
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