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Abstract

There is a fascinating and, at present, poorly understood connection between affine ver-
tex operator algebras and quantum groups. In this thesis, we start with vertex operator
algebras and study categories of their modules. Using intertwining maps and intertwining
operators, we work towards understanding the theory of canonically braided monoidal
structures on such categories, as introduced by Huang, Lepowsky and Zhang. We dis-
cuss modular tensor categories and Huang’s construction of modular tensor categories
from vertex operator algebras, focusing on lattice vertex operator algebras as an example.
After developing this background knowledge, we explicitly detail a Kazhdan-Lusztig cor-
respondence. Our construction is for the case of the simple affine vertex operator algebra
associated to sly at level 1, and the Lusztig form quantum group associated to sl at the
primitive sixth root of unity.
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Chapter 1

Introduction

The Kazhdan-Lusztig correspondence bridges affine vertex operator algebras to quantum
groups. Both of these algebraic structures form braided monoidal categories made from
their representations. This “bridge” is formed as an equivalence between these braided
monoidal categories.

Let us start on the side of vertex operator algebras. One can think of an algebra as a vec-
tor space V' with a multiplication defined by a linear map from V' to End V. There are
additional conditions to be satisfied depending on whether the algebra is associative, com-
mutative, unital, a Lie algebra, etc. In a similar fashion, one can think of a vertex algebra
as a vector space V' with a linear map from V to (End V')[[z, 2 !]]. Here, (End V)|[[z, 27 ]]
is the space of formal series ZnEZ a,z~ "1, where each a,, is an endomorphism of V. So,
roughly speaking, a vertex algebra keeps track of many multiplications by assigning, to
each element, a series of endomorphisms. There are conditions a vertex algebra must
satisfy, providing analogues for multiplication, associativity, commutativity and a unit.

From a conformal-field-theoretic perspective, a vertex algebra is simultaneously each of
the following:

(i) aspace V of states,

(ii) acollection of fields, where each field is aseries ), a,z~" ' in (End V)([[z, 7],
corresponding to a state a in V,

(iii) a symmetry algebra generated by the coefficients of the fields.

In a conformal field theory, the vertex algebra must include conformal symmetry, giving
rise to the notion of a vertex operator algebra. The traditional string-theoretic interpreta-
tion views the fields of a vertex operator algebra as being inserted at z, a complex coor-
dinate that locally parametrises the two-dimensional world-sheet of a string embedded in
space-time.

It is worth remarking that vertex algebras have a historically “mathematical” motivation
as well. The monster group is the automorphism group of the moonshine module, a vertex



algebra constructed in [FLMS88]. This vertex algebra was used by Borcherds, in [Bor92],
to prove the Moonshine Conjectures, linking the monster group to the j function of num-
ber theory. Even though this thesis will not focus on the physical motivation, we will also
not be approaching vertex algebras from a “monstrous” perspective.

The conformal-field-theoretic perspective mentioned above is, however, not the full pic-
ture. For one, the vertex operator algebra only describes the holomorphic symmetry—but
this is not a problem, since the antiholomorphic symmetry is typically a copy of the holo-
morphic part. Secondly, the full state space should be a module for the vertex operator
algebra. This motivates a perspective for us to view the representation theory of a vertex
operator algebra as equally important as the vertex operator algebra itself.

Similarly to the idea that a module for an algebra V' is a vector space M and a linear map
from V' to End M, subject to some conditions, one can think of a module for a vertex
algebra V' as a vector space M and a linear map from V to (End M)][z, 27']], subject to
some conditions. Hence, we can think of a vertex algebra module and its fields as keeping
track of many actions on a space.

In conformal field theory, by use of fields, it was observed that two modules can “fuse”
together, in a tensor-product-like process, to create a third module which can then be
decomposed giving fusion rules. In [Ver88], Verlinde conjectured that the fusion rules
from a rational conformal field theory can be diagonalised by a modular transformation
matrix. Moore and Seiberg were able to demonstrate in [MS88], on a physical level of
rigour, that the Verlinde conjecture holds for rational conformal field theories. Here, it
was observed that these modules obey fusing and braiding relations similar to those of
braided monoidal categories, previously introduced in [JS86]. In [MS89], Moore and
Seiberg developed this theory, making the first steps towards a structure, known today
as a modular tensor category. It was understood that there is enough data in a rational
vertex operator algebra to canonically define a modular tensor category of its modules.
Hence, one can think of a modular tensor category as a categorical structure that encodes
certain data from a rational conformal field theory. The underlying structures of a modular
tensor category include a rigid braided monoidal category, a ribbon twist and a compatible
abelian structure.

There are other reasons for being interested in modular tensor categories—they serve as
an input datum for topological quantum field theories and, related, they are used as tools
to compute invariants for knots and 3-manifolds. We will not explore either of these
perspectives here and, instead, we refer the reader to [Tur94].

Quantum groups form a family of algebraic structures, seemingly unrelated to vertex op-
erator algebras, but they can also produce modular tensor categories. Their underlying
structure is the Hopf algebra. In some sense, Hopf algebras are designed to produce rigid
monoidal categories—each datum of a Hopf algebra directly defines a part of the rigid
monoidal structure on its category of finite-dimensional modules. When equipped with
a universal R-matrix and a ribbon element, Hopf algebras very naturally produce ribbon
tensor categories, a key ingredient of modular tensor categories. Even without a universal



R-matrix or a ribbon element, ribbon tensor categories can still be canonically produced
from certain Hopf algebras.

In [Dri90], Drinfeld produced rigid braided monoidal categories from quasi-triangular
quasi-Hopf algebras using the Knizhnik-Zamolodchikov equations from [KZ84], which
are a system of differential equations abstracted from the conformal-field-theoric Wess-
Zumino-Witten models of [Wit84]. In [KL91]-[KL94b], Kazhdan and Lusztig were in-
spired by [MS88], [MS89] and [Dri90] to construct equivalences between certain rigid
braided monoidal categories similar to Moore and Seiberg’s, and rigid braided monoidal
categories built from quantum groups.

Given any simply-laced simple Lie algebra g and its affinisation g, they constructed equiv-
alences between rigid braided monoidal categories of g-modules at certain levels & and a
rigid braided monoidal categories of modules of a quantum group associated to g. This
Kazhdan-Lusztig correspondence, as we call it today, was originally proven for only £ sat-
isfying k+h" ¢ Qxo, where 1" is the dual Coxeter number of g. The original construction
did not extend to the case where k + h" € Qs(, which includes the motivating case from
[MS88] and [MS89], where k is a non-negative integer. Soon after Kazhdan and Lusztig’s
work, Finkelberg constructed correspondences for nearly all the simple Lie algebras and
non-negative integral levels, in [Fin96] and included rigidity in [Fin13]. Here, the cate-
gory of quantum group modules was replaced with a certain “semisimple subquotient”.
An overview of the Kazhdan-Lusztig correspondence, and many current conjectures, can
be found in [Hua], where Huang also states the Kazhdan-Lusztig correspondence from a
vertex-operator-algebraic perspective, which we use here.

Finkelberg’s construction uses Kazhdan and Lusztig’s original construction, which is be-
yond the scope of this thesis. Furthermore, these works can be interpreted as construc-
tions of the rigid braided monoidal category on categories of g-modules, instead of using
a pre-existing canonical rigid braided monoidal structure from the vertex operator algebra
data. This is understandable since Kazhdan and Lusztig’s work came before Huang and
Lepowsky finished developing their tensor theory of rational vertex operator algebras in
[HL95a]-[HL95¢], furthermore the vertex operator algebras corresponding to Kazhdan
and Lusztig’s work are not rational.

There is an open problem to construct a direct equivalence between these two independent
constructions of rigid braided monoidal categories: one on the vertex operator algebra
side and one on the quantum group side. This construction should hold for all simple
Lie algebras and non-negative integral levels, without using the original construction by
Kazhdan and Lusztig. We will attempt to construct such an equivalence for a single case.

And now we arrive at the main problem of this thesis:

Construct a modular tensor category of modules of the vertex operator algebra L (sl,)
and construct a modular tensor category of modules of some sly-quantum group, both
in a canonical fashion. Then construct an equivalence of rigid braided monoidal
categories between these two categories. Does this equivalence extend to modular
structures?



But first, we must unpack this problem. As our starting point, we assume the reader has
some experience with braided monoidal categories, Hopf algebras and quantum groups.
Summaries of these topics can be found in Appendix B, Appendix C and Appendix D, re-
spectively. In Chapter 2, we will discuss vertex operator algebras and their modules, with
the free boson (Heisenberg) vertex operator algebra as a guiding example. A summary
of formal algebra, which forms the vertex-operator-algebraic language, can be found in
Appendix A. Vertex operator algebras will be our main source for constructing modular
tensor categories.

Next, in Chapter 3, we discuss the P(w)-tensor product for vertex operator algebra mod-
ules. To motivate the definition, which uses intertwining maps and a universal property,
we will use the tensor product of Lie algebras as an analogy. The P(w)-tensor product
defines the fusion product, which is used as the tensor product bifunctor in the monoidal
category constructed from certain vertex operator algebra modules.

We will then work towards the definition of a modular tensor category in Chapter 4, where
several levels of structure will be presented. At each of these levels, we will explore what
is meant by an equivalence. The notion of a modular equivalence will be needed when
extending our Kazhdan-Lusztig correspondence to the level of modular categories. This
will be a natural thing to check, since each of our categories will have a canonical modular
tensor structure.

Unfortunately, at this point, we will not have seen any examples of modular tensor cat-
egories constructed from vertex operator algebras, let alone any examples of modular
tensor categories. Thankfully, Chapter 5 will discuss how certain vertex operator algebras
have categories of modules with a canonical modular tensor structure. Here, we will also
explicitly compute the modular-categorical data given by lattice vertex operator algebras.
This chapter will provide insight to readers who want an explicit computation as guidance
for understanding the general proofs in [Hua08] and [HLZ14]-[HLZg]. One of these ex-
amples will go on to provide the modular tensor category of L, (sly)-modules to be used
in Chapter 6 for solving our main problem.

Despite the fact that our sl;-quantum group comes canonically equipped with a ribbon
tensor structure, discussed in Appendix D, we will see that additional machinery is still
needed. Appendix E will present the machinery that semisimplifies a pivotal tensor cate-
gory by recontextualising its objects, while still retaining a lot of its structure. This will
be used in Chapter 6 to produce a modular tensor category from a specific sly-quantum
group. We will then compare the monoidal structure of our modular tensor category
of L;(sly)-modules with our modular tensor category constructed from an sly-quantum
group. Using the explicitness of our constructions, we will construct a monoidal equiv-
alence between these two modular tensor categories. Our final chapter will serve as an
example of a direct construction for a Kazhdan-Lusztig correspondence of non-negative
integral level. We will show that this equivalence is braided, as expected, and is also a
modular equivalence.



Chapter 2

Vertex operator algebras and their
modules

There are various, non-trivially equivalent, definitions for vertex algebras. This thesis
will use the definition from [LL04], which uses the Jacobi identity. This definition may
not be the most field-theoretically motivated, but it transparently shows parallels between
the vertex algebra, its modules and its fusion product. Subsequent chapters will focus on
additional structures on categories of vertex algebra modules.

A comparison of equivalent definitions of vertex algebras can be found in Section 1 of
[DKO6]. A field-theoretic definition is used by [Kac98] and [FB04], where the Jacobi
identity is replaced by translation and locality axioms. A motivation, starting from con-
formal field theory, can be found in [Sch08].

Vertex operator algebras are vertex algebras that contain a representation of the Virasoro
algebra. They form part of the symmetry algebra of a conformal field theory. Not all
definitions for vertex operator algebras and their modules are exactly equivalent, however,
we will only use those used in [HLZ14] and [Hua08]. In subsequent chapters, this will
allow us to produce modular tensor categories from their modules.

The theory of vertex algebras requires formal calculus. A summary of the required formal
calculus can be found in Appendix A. In this chapter, we assume that all vector spaces
and linear maps are complex.

2.1 Vertex algebras and vertex operator algebras

We will immediately present the definition of a vertex algebra.

DEFINITION 2.1. A vertex algebra (V,Y, 1) consists of the following data:



(i) a vector space V,
(i1) a linear map
(2.1) Y(,2): V= (EndV)[z,27Y], v—=Y(v,z2) = Zvnz_"_l,
neL

called the vertex operator map or the state field correspondence, which can be
equivalently expressed as a bilinear map V' x V — V{[[x, z7]],

(iii) a distinguished vector 1 in V' called the vacuum,
satisfying the following conditions, for all u,v € V:
(1) (truncation condition)
(2.2) upv =0 for all n sufficiently large,
or equivalently
(2.3) Y (u, z)v € V((2)),

(11) (Jacobi identity)
) <y ; Z) Y (u,y)Y (v,2) —x719 (Z — y) Y(v,2)Y (u,y)

—T

(2.4)

z

=215 (y — “”) Y (Y (u, )0, 2),

(i) (vacuum property)

(2.5) Y (1,2) =idy,
(iv) (creation property)
(2.6) Y(v,2)1 € V[[2]] and li_r>r(1) Y(v,2)1 = w.

For a vector v in V', we call Y (v, 2) the field or vertex operator corresponding to v. The
endomorphisms v,, are called the modes of v. For clarity, we may sometimes write the
modes as v} to indicate that they are endomorphisms of V.

REMARK 2.2. The truncation condition ensures the existence of normal ordered prod-
ucts of two fields with the same formal variable. Recall the definition of normal ordering
from Appendix A and consider the normal ordered product ¢ Y (u, )Y (v, 2) 2. If we for-
mally allow the two formal variables y and z to be equal, then the normal ordered product
of fields Y (u, z) and Y (v, z), for any u,v € V, is

gY(U, Z)Y(U,Z)g = Z Z UmUnZ_m_n_l =+ Z Z 'Unumz_m—"—l

n€Z m<0 n€Z m>0
(2.7)
= E SO U+ S vpty, | 2L
ke7 n€eZ,m<0 n€eZ,m>0
m-+n=~k n+m=~k

Given any w € V/, by the truncation condition, there are integers M and N such that

unw =0 forallm > M and voaw=0 foralln > N.



So, we have a finite sum

(2.8) S Uppw D Ul =Y UpUw A+ Y. Vg plnw € V.
n€zZ,m<0 n€Z,m>0 k<n<N o<m<M
m+n=~k n+m=~k

Hence, 2 Y (u, 2)Y (v, 2) 2 € (End V)[[z, 2']]. Furthermore, for sufficiently large &, (2.8)
is zero. So, we can inductively repeat the previous steps to obtain the normal ordered
product of multiple fields, given by

(2.9) Y (v, 2)---Y(v", 2) 2 € (Bnd V)[[z,27Y]]  foro',... 0" € V.

The vertex operator map acts as a Z-graded analogue to the multiplication in an algebra
and we can “multiply” these fields with the normal ordered product or by indexing them
with distinct formal variables. The Jacobi identity resembles the associativity condition
for associative algebras and the Jacobi identity for Lie algebras, as seen in Examples
2.14 and 2.16 below. The former example will also show how the vacuum and creation
property resemble the unit conditions for unital algebras. A

EXAMPLE 2.3. Let A be a commutative associative unital algebra. Define the function
(2.10) Y(-,2): A— (End A)[[z, 2], a+ a = (a)2°,

where a- denotes the linear endomorphism of A given by b + a - b. Let 1 be the identity
element in A. Then, (A,Y, 1) is a vertex algebra. The Jacobi identity is satisfied since

$45(y_z)ymwnxa@—nrw(?i%)Y@wﬁ%%w

T

RENC T
— .l (y ; x) (a)(b) = 2716 (y ; x) (a-b).

:z45(£13>yoquw¢%

z

where we have used the result from Example A.20 in Appendix A to go from the second
to the third line.

The algebra A can be chosen to be finite dimensional. However, the examples of interest
to this thesis are infinite dimensional and noncommutative. O

EXAMPLE 2.4. In Section 2.4, a vertex algebra called the Heisenberg vertex algebra will
be built from the affine Lie algebra gl,. This will be a guiding example that shows the key
features of the types of vertex algebras that we consider. O

DEFINITION 2.5.  Let (V, Yy, 1y) and (W, Yy, 1) be vertex algebras. A vertex algebra
homomorphism from (V, Yy, 1y) to (W, Yy, 1yy) is a linear map f : V' — W satisfying
the following conditions:

(1) (vertex operator map is preserved)

(2.11) funv) = f(u)nf(v) forall u,v € V andn € Z,



or equivalently for the canonical extension f : V[[z, 27]] = W[z, 27]]
(2.12) FYv(u, 2)v) = Y (f(u), 2) f(v) forall u,v €'V,

(1) (vacuum is preserved)
(2.13) F1y) =1y

Our focus is on the notion of a vertex operator algebra, another algebraic structure built
from a vertex algebra. Vertex operator algebras have a distinguished vector whose modes
generate a representation of the Virasoro algebra.

DEFINITION 2.6. The Virasoro algebra is the complex Lie algebra £ spanned by the
basis {L,, : n € Z} U {c} with the Lie bracket relations:

1
(2.14) [Lon, Ln]) = (m —n)Lypin + —(m* — m)Sninoc  forallm,n € Z,
=0

12
(2.15) [c, Ly,) forall n € Z.

The Virasoro algebra arises in two-dimensional conformal field theory as the symmetry al-
gebra of holomorphic infinitesimal conformal transformations on the punctured complex
plane. For this reason, related definitions are also known as conformal vertex algebras in
[FBO4] and [Kac98].

DEFINITION 2.7. A vertex operator algebra (V, Y, 1,w) consists of the following data:

(i) a Z-graded vector space V = @, ., V(n), graded by weights wtv = n, for all
v E ‘/(n),

(ii) a vertex operator map Y (-, 2) : V' — (End V)[[z, 27 ]],

(i11) a vacuum vector 1 in V,

(iv) a distinguished vector w in V(y), called the conformal vector, with modes given by
(2.16) Y(w,2) = anz’"’l =: Z L(n)z~""2,

nez nez
satisfying the following conditions:
(i) the triple (V,Y, 1) is a vertex algebra,
(i1) (grading restrictions)

2.17) dim V() < o0 foralln € Z,
(2.18) Viny =0 for all n sufficiently negative,

(iii) (L(0)-eigenspace decomposition by grading property)
(2.19) L(0)v = (wtv)v = nv foralln € Zand v € V),

(iv) (Virasoro algebra relations)

(2.20) [L(m), L(n)] = (m—n)L(m+n)+ 1—12(m5 — M) Omtn,0CV for all m,n € Z,

for some complex number cy called the central charge of V',



(V) (L(—1)-derivative property)

(2.21) Y(L(=1)v,z) = diy(v,z) forallv € V.
z

DEFINITION 2.8. A vertex operator algebra homomorphism from a vertex operator al-
gebra (V, Yy, 1y, wy) to a vertex operator algebra (W, Yy, 1y, wy) is a vertex algebra
homomorphism f : V' — W such that the conformal vector is preserved. That is,

(2.22) flwy) = ww.

REMARK 2.9. A conformal vertex algebra or a vertex operator algebra without grading
restrictions (V,Y,1,w) is the same as in the definition of a vertex operator algebra but
without the grading restriction conditions (2.17) and (2.18). Other literature may use the
term ‘““vertex operator algebra” for similar definitions, for example in [FZ92], condition
(2.18) is required but not (2.17). A

EXAMPLE 2.10. Recall Example 2.3, explaining how commutative associative unital
algebras are vertex algebras. The algebra can be graded with every non-zero vector having
zero weight. This gives a conformal vertex algebra with a conformal vector of zero. All
of the Virasoro modes are zero, so the Virasoro relations are immediately satisfied with
zero central charge. The L(0)-eigenspace property is satisfied by the trivial grading. All
fields are constants with respect to z, hence satisfy the L(—1)-derivative property. If the
algebra is finite dimensional, then it is also a vertex operator algebra. O

EXAMPLE 2.11. In Section 2.4, the Heisenberg vertex algebra will be given the structure
of a vertex operator algebra. O

EXAMPLE 2.12. Vertex operator algebras can be constructed from positive definite even
lattices. In Chapter 5, these will be used to explicitly compute examples of modular tensor
categories. O

EXAMPLE 2.13. Vertex operator algebras can be constructed from affinisations of sim-
ple Lie algebras. These are the holomorphic symmetry algebras in Wess-Zumino-Witten
models from conformal field theory, originating in [Wit84]. In Chapter 6, we will see a
specific example for s[(2) and show its relation to an s[(2)-quantum group through equiv-
alences of (pre-)modular categories. O

2.2 Modules

We now have a theory for vertex (operator) algebras—an algebraic structure. A natural
next step would be to study how vertex (operator) algebras can be represented as linear
endomorphisms, that is, study their representation theory.

But first, we will draw some analogies between associative unital algebras, Lie algebras
and vertex operator algebras, and their respective notions of modules. (For simplicity, we
will continue to assume that all vector spaces and linear maps are over C.)



Consider an associative unital algebra (A, -, 1). A representation of A is defined by trans-
ferring its structure into endomorphisms of a vector space. Given a vector space M,
we use the canonical associative unital structure (composition as the multiplication and
the identity map as the unit) on the vector space End M. A representation of A is an
associative unital algebra homomorphism from (A, -, 1) to (End M, o,id,;). Representa-
tions are analogously defined for Lie algebras by endowing End M with the Lie bracket

[fygl=fog—gof,forf,g € End M.

If we want to find an analogy for vertex algebras, one could try to endow End M or
(End M)|[z, 27!]] with a vertex algebra structure so that we can take vertex algebra mor-
phisms from V to End M or (End M)[[z, z7!]]. This works to some extent as shown in
Chapter 5 of [LL04], but we will use a different, and more standard, approach.

As with associative unital algebras, we can instead redefine these notions via actions on
a vector space, and then require that all conditions analogous to the defining conditions
hold (at least the conditions that make sense). This produces the notion of an associative
unital algebra module. Modules of Lie algebras can be defined in a similar way as well.
This is the approach taken to define vertex algebra modules instead of representations.

As a guiding analogy, we first give an equivalent definition of an associative unital algebra.

DEFINITION 2.14. An associative unital algebra (A,Y, 1) consists of the following
data:

(i) a vector space A,
(ii) alinear map Y : A — End A (or equivalently a bilinear map - : A x A — A),
(iii) a distinguished element 1 in A,
satisfying the following conditions:
(1) (associativity)
(2.23) Y(a)Y(b) =Y (Y (a)b) foralla,be A
(or equivalently a - (b-¢) = (a-b) - cforall a,b,c € A),
(1) (identity)
(2.24) Y(1)=ids and Y(a)l=a foralla € A
(or equivalently 1 -a =a =a - 1forall a,b,c € A).
DEFINITION 2.15.  Let (A, Y, 1) be an associative unital algebra. An A-module (M,Y)y)
consists of the following data:
(1) a vector space M,
(i1) alinear map Y, : A — End M (or equivalently a bilinear map « : A x M — M),
satisfying the following conditions:
(1) (associativity)
(2.25) Yar(a)Ya(b) = Y (Y(a)b), foralla,be A
(or equivalently a+(bem) = (a-b)emforalla,b € A, m € M),
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(i1) (identity)
(2.26) Y (1) = idyy,

(or equivalently 1+m = m for all m € M).

To create Definition 2.15, the conditions for the associative unital algebra in Definition
2.14 have been copied, replacing Y with Y,, where it is appropriate. We note that the
inner Y in the associativity condition is still the map for the associative unital algebra A
because it would not make sense for this to be Y); instead. Furthermore, we have dropped
the second identity condition because there is no unit element in M. This definition agrees
with the usual definition of an associative unital algebra module or representation.

We can give similarly styled definitions for Lie algebras and representations. At the same
time we will illuminate the reason for the name of the Jacobi identity for vertex operator
algebras.
DEFINITION 2.16. A Lie algebra (g,Y’) consists of the following data:

(i) a vector space g,

(ii) alinear map Y : g — End g (or equivalently a bilinear map [-,:] : g X g — g),
satisfying the following conditions:

(1) (anticommutativity)
(2.27) Y(z)y=-Y(y)z forall z,y € g,

(i) (Jacobi identity)
(2.28) Y(@)Y(y) - Y)Y (z) =YY (x)y) forall x,y € g.
DEFINITION 2.17. Let (g,Y’) be a Lie algebra. An g-module (M, Y)) consists of the
following data:

(1) a vector space M,

(i1) alinear map Y, : ¢ — End M (or equivalently a bilinear map « : g X M — M),
satisfying the following conditions:

(1) (Jacobi identity)

(2.29) Yir(2)Yu(y) = Yu(y)Yu(z) = Yu(Y(z)y)  forallz,y € g.

We have simply replaced the traditional Lie bracket |-, -] with the adjoint representation
Y = ad. Similarly to the associative unital algebra, we have copied the conditions for the
Lie algebra and replaced Y with Y}, where it is appropriate. We note that the inner Y in
the Jacobi condition is still the map for g because it would not make sense for this to be
Y), instead. Further, we have dropped the anticommutivity condition because Y}, (x) does
not necessarily act on g nor, if we instead require ¥y € M, can we assign an action on g.
This definition agrees with the usual definition of a Lie algebra module or representation.

With these two analogies in mind, we now present the definition for a vertex algebra
module by modifying Definition 2.1.

11



DEFINITION 2.18. Let (V,Y, 1) be a vertex algebra. A V-module (M,Y)) consists of
the following data:

(i) a complex vector space M,
(i1) alinear map, also called the vertex operator map,
(2.30) V(- 2): V= (End M)[[z,27Y]], v Yig(v,2) = va2 "
nez
which can be equivalently expressed as a bilinear map V' x M — M|[[z,z7]],
satisfying the following conditions for all u,v € V and m € M:
(1) (truncation condition)
(2.31) u,m =0 for all n sufficiently large,
or equivalently
(2.32) Y (u, 2)m € M((2)),

(11) (Jacobi identity)

o718 (12 ) Vo, 2) = 710 (220) Voo, 2 Yarlun)

(2.33)

z

=l (y - ""”) Yar(Y (u, 2)v, 2),

(i11) (vacuum property)
(2.34) Y (1,2) =idyy .

For v in V, the endomorphisms v,, are still called the modes of v. For clarity, we may
sometimes write the modes as v to indicate that they are endomorphisms of M.

REMARK 2.19. The truncation condition now has w, acting on elements in M. The
inner vertex operator map in the Jacobi identity remains the map on V. The creation
property is dropped since there is no vacuum in M.

The vertex operator map of V' allows elements in V' to act on V' in many ways, indexed
by Z. This can be equivalently thought of as assigning an (End V')-valued field (i.e. a
series satisfying the truncation condition) that acts on V. The vertex operator map for
the module assigns an (End A )-valued field to each element in V', hence acting on M in
Z-many ways. A

REMARK 2.20. The notion of a vertex algebra module is most commonly used in the
literature, rather than some concept of a representation p : V' — End M. There is a defi-
nition of vertex algebra representations found in Section 5.3 of [LLLLO4]. This definition of
a representation of a vertex algebra 1/ includes a vector space M similar to the definition
for modules. However, it does not endow End M with the structure of a vertex algebra.
Instead, a weak vertex algebra structure is given to £(M) := End (M, M((x))) and a
representation is defined as a weak vertex algebra homomorphism from V to £(M). It is
then shown that this notion of representation is equivalent to the notion of modules. A
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A definition of vertex operator algebra modules can also be produced by writing down
module analogues for each vertex operator algebra condition.

DEFINITION 2.21. Let (V,Y,1,w) be a vertex operator algebra. A V-module (M,Yy;)
consists of the following data:

(i) a C-graded vector space M = €, M), graded by (conformal) weights wtv =
h, for all v € Vi),

(ii) a vertex operator map Y (-, z) : V — (End M)[[z, 2~ !]], with modes of the confor-
mal vector defined by

(2.35) Yu(w, z) = anz_”_l =: Z L(n)z"""2,

nez nez
satisfying the following conditions:
(i) the pair (M, Y)y) is a vertex algebra module of the vertex algebra (VY 1),
(i1) (grading restrictions)
(2.36) dim M) < o0 forall h € C,

(2.37) Mupy =0 for all h with real part sufficiently negative,

(iii) (L(0)-eigenspace decomposition by grading property)
(2.38) L(0)m = (wtm)m = hm forall h € Candm € M.

REMARK 2.22. Recall that, in Definition 2.7, vertex operator algebras had integral grad-
ing but now their modules have complex grading. This is done to allow L(0) to have com-
plex eigenvalues, that is, to allow for complex weights. Other similar definitions require
rational, integral or non-negative integer grading and then change the L(0)-eigenspace de-
composition condition to be L(0)m = (n+ h)m forn € Q, Z or Z>(, and some constant
h € C. A

When copying the definition for the vertex operator algebra to the definition for the vertex
operator algebra module, we see that the last two conditions have been removed. The Vi-

rasoro algebra relations and the L(—1)-derivative property in fact follow from Definition
2.21 (see Proposition 4.1.5 of [LLO04]).

PROPOSITION 2.23. Let (M,Y),) be a module for vertex operator algebra (V,Y, 1, w).
Then, the following conditions are satisfied:

(iv) (Virasoro algebra relations)

(2.39) [L(m), L(n)] = (m —n)L(m +n) + i(m3 —m)Omyncy  forallm,n € Z,

12
where cy is the central charge of V/,
(v) (L(—1)-derivative property)
d
(2.40) Yvu(L(—=1)v,z) = d—YM(v,z) forallv € V.
z
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We will not prove this result here. It follows from the fact that the commutator with L(—1)
acts as a derivative and that L(—2)1 = w.

REMARK 2.24. Consider a vertex operator algebra (VY 1, w). Definition 2.21 for ver-
tex operator algebra modules is more restrictive than Definition 2.18 for vertex algebra
modules because we carry across the grading restrictions from the definition of a vertex
operator algebra. So, the collection of (VY 1, w)-modules is smaller than the collection
of (V,Y,1)-modules; in the sense that there is an assignment including every (V, Y, 1, w)-
module as a (V. Y, 1)-module. (Note that the grading is unique by (2.38) so (V. Y, 1, w)-
modules only have additional conditions and no additional data, hence the assignment
is indeed injective.) This inclusion is proper since there can be a (V)Y 1)-module with
infinite-dimensional L(0)-eigenspaces, whereas there can be no such (V.Y 1, w)-module
due to (2.36) and (2.38). This more restrictive notion of vertex operator algebra modules
is used to form modular tensor categories, see Chapter 5. A

EXAMPLE 2.25. Given a commutative associative unital algebra A, the A-modules are
also vertex algebra modules when A is viewed as a vertex algebra. If A is finite-dimensional,
then the finite-dimensional A-modules are vertex operator algebra modules. O

EXAMPLE 2.26. Given any vertex algebra (VY 1), we have the following examples of
V-modules:

(a) The pair (V,Y"), referred to as the vacuum module or adjoint module of V.

(b) The zero vector space together with the map Y (v,z) =0, forallv € V.

(c) Let (M,Y)s) be a V-module with linear subspace N C M. Assume that NV satisfies
the submodule condition:

(2.41) vin € N forallv eV, ne N, i € Z,
on modes, or equivalently for vertex operators
(2.42) Y (v, 2)n € N[z, 271 forallv € V, n € N.

Then, (N, Y)) is a V-module. In this case we say that N is a submodule of M. If
the only submodules of M itself and the zero module, then we call M irreducible.

(d) Let (M,Yy) be a V-module with submodule N. Define the vertex operator map
Yun (-, 2) : V — (End M/N)[[z, z~']] by:
(2.43) Yan (v, 2)[m] = [Yar(v, 2)m] forallv € V, [m] € M/N,
for vertex operators, or equivalently for modes

(2.44) oMV m] = [wMm]  forallv €V, [m] € M/N, i € Z.

1

Then, (M /N, Yy~ ) is a V-module called the quotient module of M by N.

(e) The previous examples also hold for vertex operator algebras if the subspaces are
taken to have the same grading, that is, subspaces are replaced with graded sub-
spaces. O
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EXAMPLE 2.27. Let (M,Y),) be a module for a vertex operator algebra V. Define the
restricted dual M' of M = @, . M) to be the C-graded vector space

(2.45) M = M,

heC
where M ) denotes the vector space dual of the finite-dimensional vector space M.
Define the linear map

(2.46) V(- 2): V= (Bnd M)[[z, 27, Yar(v,2) =D vz
neZ
determined by the condition

(2.47) (Yar (v, 2)m/,m) = (m/, Y(eZL(l)(—z_2)L(0)v, 2_1)m>,
forall m' € M’ and m € M.

It is shown in Theorem 5.2.1 of [FHL93] that (M’, Y}/ ) is a V-module. This is actually
shown for the case of Q-graded modules, but as mentioned in Remark 2.33 of [HLZ14],
the proof carries over to the C-graded case. We call (M’, Y)/) the contragredient module

of (M, Yay). O

Explicit examples of vertex operator algebra modules will be given in Section 2.4, Chap-
ter 5 and Chapter 6.

REMARK 2.28. Given a fixed vertex operator algebra V', the V/-modules form a category
V—Mod. As is expected for notions of representations of some algebraic object, this
category will be abelian. The abelian structure is the first of many additional structures
that will be endowed on V' —Mod in subsequent chapters. To construct this category, we
need a notion of V'-module homomorphisms. A

DEFINITION 2.29. Let V' be a vertex (operator) algebra. Let (M,Y),) and (N, Yy)
be V-modules. A V-module homomorphism from (M,Y)) to (N,Yy) is a linear map
f+ M — N satisfying the following condition:

(1) (compatibility of the action of modes/vertex operators)

(2.48) fMm) =Y f(m) forallveV, me M, i € Z,
or equivalently for the canonical extension f : M[[z,27]] — N[[z,27]],
(2.49) f(Ya(v,2)m) = Yn(v, 2) f(m) forallv € V, m € M.

REMARK 2.30. Vertex operator algebra modules have, a priori, more data compared
to vertex algebra modules, namely, the C-grading. Hence, we should also impose that
f(M)) € Ny, for all h € C. However, this condition is satisfied by the compatibility
of the action of modes and L(0)-eigenspace decomposition:

(2.50)  L(0)f(m) = f(L(0)m) = hf(m)  forallh € Candm € M. A

REMARK 2.31. Vertex (operator) algebra module homomorphisms provide a good no-
tion for the morphisms in the category VV—Mod of V-modules. To see this, we observe
that the identity map id,, is a V-module homomorphism for the VV-module (M, Y;,). The
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composition of two V-module homomorphisms is a V'-module homomorphism and the as-
sociativity and identity conditions come from the category of complex vector spaces. /A

REMARK 2.32. As expected, the category of V'-modules has an abelian structure, which
will be utilised in subsequent chapters. The hom-sets in V' —Mod naturally have C-linear
structure inherited from C—Vect. Then, composition is C-bilinear with respect to the
structure, so V' —Mod is a preadditive category.

We have a binary biproduct of (M, Y),) and (N, Yy ) consisting of the vector space M & N
and vertex operator map

(2.51) Yyen(v,2)(m,n) = (Y (v, 2)m, Yn(v,2)n) forall (m,n) € M@& N, v eV,
or equivalently for modes
2.52)  vM®N(m,n) = (WMm,v¥n)  forall (m,n) e M®N,i€Z, veV.

The biproduct embedding and projection homomorphisms are the same as the ones for
coproducts and products of vector spaces; these are indeed V' -module homomorphisms.
The zero module is an initial and terminal object, hence a zero object. Combined with
preadditivity and the biproduct, V—Mod is an additive category. Given a V'-module ho-
momorphism f : M — N, the kernel of f as a linear map is a submodule of M. This
submodule, together with its inclusion into M, is a kernel of f in V—Mod. The im-
age of f is a submodule of N. The quotient of N by imf, together with the canonical
projection map, is a cokernel of f in V—Mod. Since VV—Mod is a concrete category, in-
jective morphisms are mono and surjective morphisms are epi. Inherited from C—Vect,
any monomorphism is a kernel of its cokernel and any epimorphism is a cokernel of its
kernel. This gives V—Mod its abelian structure. A

Finally, we can use the language of modules to succinctly define the following properties
for vertex (operator) algebras.

DEFINITION/PROPOSITION 2.33. A vertex (operator) algebra V' is simple if its vacuum
module is irreducible. An ideal of V' is a submodule [ of its vacuum module. The vector
space quotient V//I has the structure of a vertex (operator) algebra with its vertex operator
map defined by

Yuyr([vl, 2) = > [l where [v],[u] = [opulfor Y (v,2) = v,z
nez nez
for all [u], [v] € V/I. Then, (V/I,Yy/) is equipped with the vacuum [1] and the confor-
mal vector [w]. In fact, /I has the same central charge as V' and the canonical quotient
map V' — V/I is a vertex operator algebra homomorphism.

This proposition can be proven directly from the definition of a vertex (operator) algebra,
but we will not show this here. The notion of simple vertex operator algebras will even-
tually be used in Chapter 6 to construct the simple affine vertex operator algebras from
simple Lie algebras.
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2.3 Constructing vertex algebras

The setting for vertex algebras and their modules has now been established. However, we
are yet to introduce any non-trivial examples. To provide more richly structured examples,
there is a theorem that constructs the state-field correspondence from a vector space and
a chosen vacuum vector. But first, we need to give an equivalent definition of a vertex
algebra.

PROPOSITION 2.34. In Definition 2.1, the Jacobi identity can be replaced with the fol-
lowing conditions:
(1) (translation)
d
(2.53) [d,Y (v, 2)] = d—Y(a, z) forallv € V,
z
where d is the endomorphism v +— v_51 of V (and d = L(—1) for vertex operator
algebras),
(i1) (locality) for all u,v € V, there exists k € Z>( such that
(2.54) (y — 2)F[Y (u,y),Y (v, 2)] = 0.
REMARK 2.35. A proof for Proposition 2.34 can be found in the Section 1 of [DKO06],
where actually, the Borcherds identity is used instead of the Jacobi identity (but these can
be seen to be equivalent after explicitly expanding the series and equating coefficients).
Definition 2.1 is natural for motivating the notions of modules, intertwining operators
and maps, and the fusion product. However, it is inconvenient in practice when trying

to construct vertex algebras. Fortunately, the second formulation gives us the following
theorem. A

THEOREM 2.36. The Construction Theorem. (Theorem 5.7.1 [LLO04]) Let V' be a vector
space equipped with a distinguished vector 1 and d an endomorphism of V' with d1 = 0.
Let T be a subset of V' equipped with a map

(2.55) Yo(-,2): T — (End V)[[z,27')], Yola,2) =) anz".
nez

We call Yy(a, z), for a € T, the generating fields because we assume that the following
holds:

(1) the vector space V' is spanned by
(2.56) {al) a1 : 7 € Zsy, aW €T, n; € Zsy},

(i1) the truncation condition (2.2) and creation property (2.6) hold for all a € T',

(i11) (translation)
d
(2.57) [d,Yo(a,z)] = d—YO(a, z) foralla € T,
z
(iv) (locality) for all a,b € T, there exists k& € Zx such that

(2.58) (y — 2)*[Yo(a, y), Yo(b, 2)] = 0,
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Then, there is a unique extension of Y{ to a linear map
(2.59) Y(,2): V+— (End V)[[z,z_l]]

N 2 A LA
Y(a’(lll)"’ag““)l’z)zc’m(E) a(l)@”'—.(E) A (z)e

such that (V, Y, 1) is a vertex algebra.

We will see an application of the Construction Theorem in the next section.

REMARK 2.37. The translation and locality conditions are reflective of the equivalent
formulation for vertex algebras, given by Proposition 2.34. Note that d1 = 0 needs to
be satisfied since 1_51 = 0. Also note that the Construction Theorem can be used as a
reconstruction theorem to show that (2.59) is the unique form for a vertex operator map
given a vertex algebra. A

In Section 5.7 of [LLO4], a general construction theorem for modules is given. It requires
that the vertex algebra is constructed at the same time, with a construction theorem similar
to Theorem 2.36. Generating fields for the module are required and conditions must be
shown, one of them again being an analogue of locality. However, this is not the only
means of constructing modules. Certain vertex (operator) algebras can be constructed us-
ing Lie algebra module induction, and in these cases, some of the vertex algebra modules
can also be constructed by induction. See for example, [FZ92], where vertex operator
algebras and their modules are constructed using affine Lie algebras and the Virasoro
algebra. This relates an associative algebra to the vertex algebra, in this case it is the
(completion of the) universal enveloping algebra of the Lie algebra.

2.4 An example: the Heisenberg vertex operator algebra

In the days of early string theory, attempts were made to model a free, massless, spinless
bosonic string in flat space-time. The following vertex operator algebra arises as the
holomorphic symmetry algebra for the free boson in each dimension.

Let h = Ca = gl, be an abelian Lie algebra. Let E be the affinisation of . That is, let
h = (h ® C[t,t7!]) ® Ck be the Lie algebra with central element k and bracket relations
(@, G| = MOpyyn ok for all m,n € 7Z,

where we have denoted a ® t" by a,,. Consider the Lie subalgebra

(2.60) b0 = (h @ C[t)) & Ck,
of h and consider the Hzo—module Cy = C with the actions
(2.61) k-1=1 and a,-1=0 forn € Zs.

Inducing by C,, gives the E—module
(2.62) H=u(b) D (5s,) Co-
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To use Theorem 2.36, we define the distinguished vectors in H,

(2.63) 1=1®1 and a=a_1®1=a_1,
and define the single generating field
(2.64) Yo(a,z) = a(z) = Z anz "t

neZ

where the a,, € 6 are viewed as endomorphisms on H via their E—module actions. Finally,
we define the following endomorphism on H:

(2.65) d=>a_, 1,
n>0
(i) We can write H = span{a_,,, ---a_,,1 | { € Z>¢, ny > --- > ny > 0} as a

span of Poincaré—Birkhoff—Witt-basis (PBW-basis) vectors. That is, we can use the
Poincaré-Birkhoff-Witt theorem to say that H = U/(h @ C[t~'|¢~!) is isomorphic
to the symmetric algebra of h @ C[t~1]t~1, as vector spaces.

(i1) Note that every basis vector a_y, - --a_y,1 is annihilated by a,,, for all m > n,.

So, the truncation condition is satisfied. Also, (2.65) is indeed an endomorphism on
H, since it becomes a finite sum after acting on any vector in H. Furthermore,

lim Yy(a,2)1 = lim E a1zt = lim E a,lz7" P =a_11 =a.
z—0 z—0 z—0
nez n<—1

Hence, the creation condition is satisfied by the generating field.

(ii1)) Letv € H. Then,

[d, a,]v = [Z A1 Qs an] v = Z[a_m_lam, an)v

m>0 m>0

= 3" (@metlam 0] + [aso auan) v

m>0

= (MOmin00-m1 + (=M = 1) 14n.00m) v = —Nap_1v.
m>0

Hence, the translation condition holds:

[d, Z anznll v = Z[d, aplz "ty = Z —na, 12 "t

ne’l nez nez

d

=S (== Danz"""20 = 2 Yy(a, 2)o.
%( n—1)a,z V= o(a, z)v

(iv) Observe that, for all v € H,
(y - Z) [Yb(aﬁ y)a YE)(CL, Z)} v = (y - Z) Z [ama an]y—m—lz—n—lv

m,neL

=(y—2) Z my "2y = 271 (f) v.
)

meZ
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So,

(=2 Biala) Yoo, )] = (5 = 2076 (2) = = 275 (2] =0

hence the generating field is local with itself.
By The Construction Theorem 2.36, we have the following vertex algebra.
DEFINITION 2.38.  The free boson or (rank-1) Heisenberg vertex algebra (H,Y, 1) con-
sists of:
(1) the vector space (and H—module) H

(i1) the distinguished vacuum vector 1 =1 ® 1,

(111) the state field correspondence map
(2.66) Y(-,2) : H— (End H)[[z, 2]

Y(ap---anl,z) = ﬁ (dilz)m_l o) ﬁ (%)W_l a(2)®,

forall/ € Zspandny > --- > ny > 0.
In fact, H can also be given the structure of a vertex operator algebra.
DEFINITION 2.39. The (rank-1) Heisenberg vertex operator algebra (H,Y,1,w) con-
sists of:
(i) the (rank-1) Heisenberg vertex algebra (H,Y, 1),

(i) the conformal vector

(2.67) w=-a*1.

For the moment, we will not prove that w = %cﬂ_ll is a conformal vector, but it can
be verified directly, similarly to what we will do below for its modules. The choice of
conformal vector for (H,Y, 1) is not unique, and different choices give different central
charges in general. The central charge corresponding to (2.67) is ¢ = 1.

From now on, we use H to refer to the Heisenberg vertex operator algebra (H,Y, 1, w).
Similarly to the construction of H, induction of h>-modules gives H-modules.
DEFINITION 2.40. For each A € C, define (F*,Y)) consisting of:

(i) the vector space (and E—module)
(2.68) F* = U(b) @;_, Cy,

h>o

where C, = C is the 620 module with actionk -1 =1,a, -1 =0, forn € Z.,
and ag - 1 = A (we denote by vy, = 1 ® 1, the highest weight vector),

(i1) the map
(2.69) Yy(-, 2) : H— (End FN)[[z, 271
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Ya(am, --an1,2) = ﬁ (di‘i)nlla(z) . ﬁ (C%)W1a(z)8.

Note that we will always write vectors in F* with respect to the PBW-basis
(2.70) {a_p, - ra_pv, |0y > >np > 1, k € Zso}.

We can see that F is the vacuum module of H. In fact, the family {(F*,Y))} xec uniquely
classifies all the irreducible H-modules, as vertex operator algebra modules (Definition
2.7), up to isomorphism. Note that this classification does not hold for the vertex algebra
modules of H, viewed as a vertex algebra, since the definition for vertex operator algebra
modules is much more restrictive.

REMARK 2.41. We do not have room to prove that the F’ A\ € C, are H-modules and
furthermore exhaust the irreducible H-modules up to isomorphism. This can be found
in Section 6.3 of [LLO4], but our preferred method involves computing the Zhu algebra
(see [Zhu96] for the definition) corresponding to H. Results from [FZ92] and [Zhu96]
can be used create a one-to-one correspondence between the irreducible vertex operator
algebra modules of H and the finite-dimensional irreducible modules of U (gl;) = Clao,
the Zhu algebra of H. This correspondence is given by the induction (2.68), with inverse
its restriction to its highest-weight space. A

In order to develop intuition for vertex operator algebras, we will now demonstrate some
key features of the Heisenberg vertex operator algebra and its modules. By use of the
commutation relations of ¢/ (), the normal ordered product of the field a(z) with itself
gives the following normal ordering on modes:

2.71) o0 a4 o= {aman if m <0,
anQy, ifm > 0.
It then follows that
(2.72) S Uy & = Ay = Ay, when m + n # 0,
(2.73) 0l _plp o= olnQ_po= A_pQy, when n > 0,

where we have use the commutation relations of H for (2.72).

Let A € C. We can find the Virasoro modes by computing

Yi(w, z) = % ° Z Az ™t Z ap,z "o = Z Z % © Gy 0 2 F 2

meZ nez k€Z mmeZ

m+n=~k
1
S DD I L S
k€Z meZ kEZ
Specifically,
1 1
(274)  L(0) = 5@3 + ;anan and  L(k) = 5 W;Zamakm for k # 0.
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Note that L(—1) = d, as required. Recall that the sums in (2.74) become finite when
acting on any v € F* and, hence, belong to End F*. When performing calculations with
the L(n) as elements in the associative algebra End F*, we should always evaluate them
acting on an arbitrary vector in F*. However, for brevity, we will often omit this and
understand that there is an implicit test vector being acted on.

We can also see how L(0) grades F*. Let m € Z-. Then,

g A_pQpnG_yy = g A_pAnG_mm + Oy QA — iy, = QG_y, g a_,Qp + M.

n>0 n>0 n>0
n#Em

So, a basis vector a_p, - - - a_p,v, in F* has conformal weight given by

¢
1
(2.75) L(0)a—p, - a_p,v5 = (5)\2 + an> A_py ** Qp, V).
i=1

We can also see that the grading restrictions (2.36) and (2.38) are satisfied.

The explicit expressions (2.74) can be used to directly verify that the Virasoro modes
satisfy the Virasoro relations. We will omit the intermediate steps, but this is outlined as
follows. First, compute for m,n € Z,
0 ifn=0,
[L(m),a,] = —namin, whenm #0 and [L(0),a,] = ¢ —na, ifn <0,

—na, ifn > 0.

That is, [L(m), a,] = —nay4n, for all m,n € Z. The Virasoro relations

1
(2.76) [L(m), L(n)] = (m —n)L(m +n) + E(m?’ —M)0myn  forallm,n € Z,
can then be checked in two cases: n # 0, m +n # 0, and m > 0, n = —m. In the second
case, using Y1 (m — k)k = Lgm shows where the second term in (2.76) comes from.

Note that in the case for F, this shows that w is indeed a conformal vector. Hence, the
same calculation can be used to show that (H,Y,1,w) is a vertex operator algebra with
central charge cy = 1.

A physical interpretation for the free boson is that the ag-eigenvalue A is the momentum
of the bosonic string. The L(0)-eigenvalue is its energy with the %)\2 term corresponding

to the kinetic energy and the Zle n; term corresponding to the vibrational energy.

Further computations using H will be shown in the next chapter in Section 3.3 when com-
puting intertwining maps. The Heisenberg vertex operator algebra provides intuition for
the lattice vertex operator algebras, which we will use in Chapter 5 to construct modular
tensor categories.
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Chapter 3

The fusion product

In a conformal field theory, the fields correspond to vectors in the modules of the theory’s
holomorphic symmetry algebra V', a vertex operator algebra. A primary field corresponds
to a highest-weight vector in a V/-module, and there is a notion of “fusing” two primary
fields. The result can be decomposed into a sum of primary fields and their descendants
(fields corresponding to vectors generated from the highest-weight vector). This decom-
position can expressed as fusion rules:

(3.1) O; x &= NEd,  forsome N € Zs,
k

where ¢, j, k index the primary fields in the theory, and the fusion coefficient M’; is the
number of times ®;, occurs in the fusion product of ®; and ®;.

The notion of fusion has motivated the fusion product in a category of V' -modules:

(3.2) M;®M; = PNiM,  for some N} € Zog,
k

where M; and M; are V-modules and M, are irreducible highest-weight V'-modules.

Attempts to define a fusion product X include [Gab94], a construction using comultipli-
cation and quotients. However, we will use a universal-property-based definition of the
P(w)-tensor (fusion) product originating from [HL95a], [HL95b] and [HL94].

3.1 Motivation by Lie algebra modules

The idea of motivating vertex operator algebra modules via a Lie algebraic analogy is
given in Section 3 of [HL94]. We will give a roundabout way of defining the tensor
product for Lie algebra modules. This method motivates the definition of the P(w)-tensor
product (and the fusion product) for vertex operator algebra modules. It also illustrates
how a universal definition for a tensor product can produce a bifunctor.
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Recall Definition 2.16 for a Lie algebra (g, Y'). The Jacobi identity was expressed as
(3.3) Y(@)Y(y)z =Y ()Y (z)z =Y (Y (x)y)z forall x,y, z € g.

The definition for a g-module (M, Y),) came from replacing z € g with m € M and
Y with Y}, where appropriate. Consider the introduction of a second module (V, Yy ).
If y € g were to be replaced with n € N, then Y (y) can be replaced with a module
map from M to a possibly new module (L, Y, ). Or equivalently, Y (y)z is replaced with
I(y ® z) where [ : N ® M — L is a linear map. Finally, Y (x) needs to be replaced
with the appropriate Y, Yy or Y, depending on the context. The Jacobi identity then
becomes the condition

(3.4) Yi(x)I(n®@m) —I(n® Yy(z)m) = I(Yn(z)n @ m),
forallz € g, n € N, m € M.

Note that the anticommutativity condition (2.27) does not meaningfully translate into a
condition. We call a linear map [ : N ® M — L satisfying (3.4) an intertwining map
of type ( NLM). We call the pair ((L,Y7), ) a product of N and M. A product homo-
morphism from ((L1, Y1), I1) to ((Ls, Y3), I5) is a g-module map n : L; — Lo such that
no Iy = I,. Define the tensor product of N and M to be a product ((Ly, Yp), Iy) of NV and

M satisfying the following universal property.

For all products ((L,Y7), I) of N and M, there exists a unique product homomorphism
from ((Lo, Yp), Ip) to ((L, Y1), I), that is, there exists a unique module homomorphism
1 : Lo — L such that the following diagram commutes

NeoM " 1,

(3.5) .
\ ln
L

If such a universal tensor product exists, then it is unique up to a unique isomorphism of
products. Suppose there are two tensor products ((Lo, Yy), Io) and ((Ly, Yy), 1)) of N and
M. Then, the universal property gives two unique module homomorphisms 7 : Ly — Ly,
and € : Ly — L, that are inverse to each other since their compositions are uniquely
identities, as summarised in the following commutative diagrams.

Lo Ly
e 2
n e

I/

(3.6) NoM —2s L |, NoM 251, |y
I N
Io I,
Ly Ly

We know that we can endow the vector space N @ M with a g-module structure given by

Yvom(@)(n®@m) =Yn(@x)n@m+n® Yy(zx)m forallz € g, ne N, me M.
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Then, the Jacobi identity (3.4), for an intertwining map / : N ® M — L , becomes the
condition for a g-module homomorphism. Hence, Ly = N ® M with I; = idyg s satisfies
(3.4) and the product (N ® M, idygs) is a tensor product of N and M. Given an arbitrary
product ((L,Y7),I) of N and M, the unique module homomorphism is an intertwining
map /, as seen by

To=idnom

NOM —— NQM

(3.7) \\\\7\\\\$ lnzl .
L

It can be seen as only a “fortunate coincidence” that the tensor product of g-modules
coincides with the tensor product of vector spaces.

This definition for the tensor product emulates the standard universal property definition
for a tensor product (X ® Y, ®) of C-vector spaces X and Y. Recall that for each bilinear
map f : X x Y, there is a unique linear map f : X ®Y — Z such that we have the
commutative diagram

X><Y—>X®Y

(3.8) \ lf

However, in the Lie algebraic case, the bilinear maps (or equivalently a linear map from
the tensor product) also need to respect the g-module structure.

The universal property also motivates how to produce a bifunctor from the tensor product.
We fix a choice of model ((N ™ M, Yywar), Insar) for each pair
((N,Yn), (M,Yy)) € ob(g—Mod x g—Mod).
Let (f,g) € hom,_ Magxg- Mod (N, M), (N', M")). Then, Ingar o (f ®g) is an intertwin-
ing map of type ( ) since forall x € g,n € N, m € M, we have
Vi (@) Inmear (f ® g)(n @ m) = Yi(z) Inmu (frn @ gm)

= Inmn (Yar (2) fn® gm + fn @ Yap (x)gm)

= Inmn (fYN(2)n @ gm + fn® gYy(z)m)

= Iy (f @ g)(Yn(z)n @ m 4+ n @ Yy (x)m).

So, by the universal property of g-module tensor products, there exists a unique g-module
homomorphism f X g: N X M — N’ M’ such that the following diagram commutes.
NeM 29, N® M
(3.9) f®gl lmg

N'@ M’ S N
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We then define the assignment

— X —: g—Mod x g—Mod — g—Mod

(N, M)~ NXM, (f,g)— fXg.
It can be shown that — X — is a bifunctor similarly as in the proof of Definition/Propo-
sition 3.13. Essentially, — X — inherits its functoriality from — ® — (which inherits its

functoriality from the Cartesian product — x —). If we choose the assignment — X — on
objects to be that of the usual g-module tensor product, then f X g = f ® g, as expected.

(3.10)

3.2 The P(w)-tensor product

(We will throughout refer to the eight part series ‘Logarithmic Tensor Category Theory’
[HLZ14; HLZa; HLZb; HLZc; HLZd; HLZe; HLZf; HLZg] as HLZ.)

We now have a method for defining the tensor product of Lie algebra modules using
intertwining maps, products and a universal property, albeit in a roundabout way. HLZ
uses this as motivation to define analogues of these notions for vertex operator algebra
modules. In certain cases, the “tensor product” exists and the category of vertex operator
algebra modules naturally has the structure of braided monoidal category.

The target of the intertwining maps will require the following definition.

DEFINITION 3.1.  (Definition 2.18 of [HLZ14]) Let W = @, .c W) be a C-graded
vector space. The formal completion W of W with respect to the C-grading is the vector
space

(3.11) W =[]wWw.
heC

The projection of TV onto Wix) will be denoted by 7;,. Note that this is a purely formal
algebraic notion of completion.

REMARK 3.2. HLZ constructs a theory for Mobius vertex algebras and conformal ver-
tex algebras (recall Remark 2.9). The precise definitions can be found in Section 2 of
[HLZ14]. In the general case, the algebras are strongly graded with respect to an abelian
group. This strong grading breaks up the C-grading into finite dimensional subspaces.
The examples in this thesis will only use vertex operator algebras (i.e. conformal vertex
algebras with grading restrictions). This is exactly the HLZ notion of a conformal ver-
tex algebra strongly graded with respect to the trivial group. Furthermore, HLZ develops
the tensor theory for generalised modules, where L(0) grades by generalised eigenvalues.
Any definitions or theorems taken from HLZ will be presented here in terms of vertex
operator algebras and their ordinary modules only.' A

'Even though we will not be using HLZ to its full general and “logarithmic” potential, we still use HLZ
because it is the most current, and moreover complete, exposition of the tensor theory at this present time.
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DEFINITION 3.3. (Definition 4.2 of [HLZb]) Let w be a non-zero complex number. Let
(M;,Y;), fori = 1,2, 3, be V-modules for a vertex operator algebra (V,Y,1,w). A P(w)-
intertwining map of type (Mjle’%) is a linear map I : M; ® M, — Ms satisfying the
following conditions:

(1) (truncation condition) for all m, € My, mo € My, h € C,

(3.12) Thonl(mi @ my) =0 for n € Z sufficiently large,
(11) (Jacobi identity) forall v € V, my € My, my € Mo,

) (%) Y (v, )1 (my @ ma) — 2720 (

w—Yy

— ) I(my @ Ya(v,y)ms)

(3.13)

—wls (y - x) I(Y: (v, 2)m; ® ma).

Note that = and y are still formal variables. We will denote the vector space of P(w)-
intertwining maps of type ( M%’%) by I ( Mjlwﬁ/lz)‘

REMARK 3.4. We can compare this to the case of Lie algebra modules for which inter-
twining maps are defined by adapting the conditions in the definition for modules. Note
that obtaining (3.13) from the Jacobi identity (2.4) is the vertex operator algebra theoretic
analogue of obtaining (3.4) from the Lie algebra Jacobi identity (3.3). The main difference
is that that the intertwining maps for vertex operator algebra modules are defined in terms
of a non-zero complex number w. One may expect that the Jacobi identity would have
three formal variables, and this is the case for intertwining operators, given in Definition
5.1. As discussed in [HL.94], the non-zero complex number w represents the third punc-
ture in the Riemann sphere with punctures at 0, co and w. We will not discuss Huang’s
geometric interpretation of vertex algebra theory in this thesis and, instead, we keep to the
algebraic formulation only. A

Let (V,Y,1,w) be a vertex operator algebra.

EXAMPLE 3.5. Let (M;,Y]) and (M, Y),) be V-modules. Consider the zero module
(0,0). Then the linear map

(3.14) 0:00 My =M ®0=0—M
is a P(w)-intertwining map of type (O%J or (Mj‘f 0). Note that it is the only P(w)-
intertwining map of this type since 0 is an initial object for vector spaces. O

EXAMPLE 3.6. Let (M;, YM), (N;, YY), fori = 1,2, and (M, Yy;) be V-modules. Let
I: Ny ® Ny — M be a P(w)-intertwining map. Let f : M; — Ny and g : My — N, be
V-module homomorphisms. Then, the linear map I o (f ® g) : My ® M, — M satisfies
the following for all m; € My, mo € Mo:

(i) for all A € C and sufficiently large n € Z,
Th-nl (f @ g)(m1 @ ma) = Tp_nI(fm @ gma) =0,
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(ii) forallv € V,
71 (22) Yar(0,9) 1 (f @ g)(ma @ ma) — ) () I(f@g)(m ® VM (v, y)mo)
=276 (2) Yar (v, 9) I (fru @ gma) — 2716 (“22) I(fmy @ Y5 (v, y)gma)
= w6 (L2) 1Y, (v,2) fry ® gm)
— wls (%—I) I(fFYM (v, 2)m; @ gmsy)
= w0 (L) I(f @ g) (VM (v,2)ms @ my).
In the second and fourth line, we use the property that V'-module homomorphisms

preserve vertex operators (2.49). The second and third line is the Jacobi identity for
the intertwining map /.

So, To(f®g): My ® My — M is also a P(w)-intertwining map. O

The definition of the P(w)-tensor product will be in terms of a universal property. As
such, it will be category dependent. Let € be a full subcategory of IV —Mod.

DEFINITION 3.7. Let (M;,Y7), (Ms,Ys) € ob(%). A P(w)-product ((Ms,Y3), I3) of
M, and M, in € is a pair consisting of an object (M3, Y3) in € together with a P(w)-

intertwining /3 map of type ( Mﬁb).

DEFINITION 3.8. Let ((Ms3,Y3),1I3) and ((My,Y),), I;) be P(w)-products of M; and
My in €. A P(w)-product homomorphism from ((Ms,Y3), I3) to ((My, Ys), Iy) is a V-

module homomorphism 7 : M3 — M, such that the extension 7; : M35 — M, satisfies the
following commutative diagram.

M1®M2L>ﬁ3

3.15 _
(3.15) x |7
M,

The P(w)-tensor product will be a P(w)-product that is universal in %, put precisely in
the following definition.

DEFINITION 3.9. Let (M1,Y)), (Ms,Ys) € ob(€). A P(w)-tensor product of My and
M, in € is a P(w)-product ((Moy, Yy), ly) of M; and M, in € satisfying the following
universal property.

For all P(w)-products ((M,Y)), ) of M; and M, in €, there exists a unique P(w)-
product homomorphism 7 from ((Moy, Yy), ly) to ((M,Y)y), I), that is, there exists a
unique V-module homomorphism 7 : My — M; such that the following diagram
commutes.

M1®M2L>m

(3.16) \ lﬁ
M
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If such a model exists we denote it by ((M1 X p(w) Ma, Ypw)), Mp@w) ). Since this is unique
up to a unique isomorphism, we will usually fix a construction and call it the P(w)-tensor
product of M; and M, in €. When we are dealing with P(w)-tensor products of multiple
pairs of objects, we may use superscripts on the intertwining map M p(,, so that the maps
can be clearly distinguished.

EXAMPLE 3.10. Assume % contains (0, 0), a zero object in V' —Mod. Let (M1, Y7) be in
% . Example 3.5 showed that ((0,0),0) was a P(w)-product of (0,0) and (M, Y7). Then
for all P(w)-products ((M,Yys),I) of (0,0) and (M;,Y) in € there is unique P(w)-
product homomorphism 0 : 0 — M such that the following diagram commutes.

M1®M2L>6

3.17 e
(3.17) % l" 0
i

Hence 0Xp(,,) M; = 0 is the P(w)-tensor product. Similarly M, Xp,,0 = 0aswell. ¢

EXAMPLE 3.11.  Assume that the P(w)-tensor product exists for all pairs of objects in
% . Then the P(w)-tensor product distributes over direct sums up to isomorphism (recall
Remark 2.32 about the abelian structure of V' —Mod). This structure is inherited from the
fact that vector space tensor products distribute over direct sums. This is summarised in
the following commutative diagram:

2,9

N @,
f= %,J = P(w)
(@z M;) ® (@j N;j) — @” M; @ Nj —— @U M; Mp () N;
(3.18) me ,

M
X
Mz' &® Nj & Ml gP(w) Nj
where the 7, ; are defined by J: lm,j

[¢] -1 e
@i,jMi@Nj . r M 0

3.2.1 The P(w)-tensor product as a bifunctor

In this section, we demonstrate how to produce a bifunctor out of P(w)-tensor products.
Assume that the P(w)-tensor product exists for all pairs of objects in 4" and we have fixed
our choice of P(w)-tensor product models. We use the universal property (3.16) to define
the P(w)-tensor product on homomorphisms. This does not seem to be mentioned in the
literature, probably because it not needed explicitly for demonstrating the existence of
monoidal categories. However, we need it because we are interested in explicitly comput-
ing monoidal data in future examples.
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DEFINITION 3.12.  Let My, M, N; and N, be objects in € with P(w)-tensor products
(M, Wp () Mo, &M ) and (N1 Mp(,) No, &g(w)). Let fi : My — Ny and fo : My — No
be morphisms in CK Deﬁne 1 Wpy fo i My Rp,y My — Ny Kp(,) Ny as the unique
morphism in € such that the following commutes:

M
P(w)

My, @ My —— M, Mp(,y M,
(3.19) f1®f2l

N
P(w)

N ® N2 —_— N1 &P(w) NQ

lﬁ@p(w)fz :

Note that, @g(w) o (f1 ® f2) is an intertwining map by Example 3.6, so f; X P(w) Jo exists
by the universal property of the P(w)-tensor product.

DEFINITION/PROPOSITION 3.13.  Assume that, for all pairs of objects in €, their P(w)-
tensor product exists and we have fixed our choice of P(w)-tensor products. Then, the
P(w)-tensor product bifunctor is the functor

—&p(w)—:%xcﬁ—ﬂﬁ

(3.20)
(My, M) — My Rpy Mo (f1, f2) = [ Wp(w) fo

Proof. We show that — X p(,,) — is indeed a functor. Assume M, M, € ob(%’). Then, the
following commutes.

=M
P(w)

M1 &® M2 E— Ml &P M2
3.21) idars ®id1\42l lm
M
M1 ® M2 - Ml &P(w) M2

SO ld]w1 &p ldj\/[2 idMlgp(w)MQ'

Assume f; : L; — M;,g; : M; — N; € hom(%), for i = 1,2. Then, the following
commutes.

T
Ly ® Lo Ly Wp) Le
f1®f2l lf@zv(w)h
@,
(3.22) (g10f1)®(g20f2) M, @ My ———— M; Xp (w) M, (018 p(w)92)0(f1¥p(w) f2)
g1®g2l lglglp(w)QQ
A S
N1 ® Ny Ny Kp(w)y Na
So, (g1 0 f1) Mpw) (92 © f2) = (91 Wpw) 92) © (/1 Wpw) f2)- u

EXAMPLE 3.14. Inherited from the C-vector space tensor product, the P(w)-tensor
product is bilinear on morphisms. Let f, g : M; — N;j and h : My — N5 be morphisms
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in ¢ and let v, § € C. Then, the following diagram commutes:

M

< _
My @ My —2 MM X p(w) Ma

(3.23) (0 4By oh—a( f@hw(g@ml |t A

xg(w) —_—
N1 ® Ny —— N1 Mp) N2

So, (af + B9) Wpw) h = a(f Rpwy h) + 5(9 X pew) k). Linearity in the second argument

also follows from the bilinearity of ®. Important examples include

O./id]\/[1 &p(w)ﬁld]\/[2 = Ofﬁ idM1|Z|p(w)]V[27 0 &P(w) f =0 and f &P(w) 0=0.

Since ¢ has C-enriched hom-spaces, by Schur’s lemma, we can combine the bilinearity
with Example 3.11 to know the P(w)-tensor product on all morphisms of a semisimple

category. O

3.3 An example: the Heisenberg vertex operator algebra

We discuss the P(w)-products in the category H — Modss, the semisimple category of
finite direct sums of Heisenberg vertex operator algebra modules. (We do this so as to
not worry about any modules that may not by completely reducible.) On a “physics level
of rigour”, the P(w)-intertwining maps between the irreducible free boson modules are
readily found (see Section 6.3.2 of [DMS97]) as

[%S) an
(3.24) I(vy ®v,) = &\ (w)v, = wMexp ()\ Zl W ) Unfps
for any A\, u € C. That is, [ is the only P(w)-intertwining map of type ( FFAH;M) up to

FU
FX Fr
be zero. With all P(w)-intertwining maps known, we can find that F* K p,,) F* = FA
is a suitable model for the P(w)-tensor product.

scalar multiple. Any P(w)-intertwining map of type ( ) for v # X + p, is shown to

The proof that we give for the following proposition demonstrates an explicit computation
using the Jacobi identity. It sets upper bounds for the dimensions of the spaces of P(w)-
intertwining maps.
PROPOSITION 3.15. For A\, i1, v € C, the following holds:

1) IfI e I( = ), then / is uniquely determined by /(vy ® v,,).

FX pr
(i) If I € I(Ff;,#), then I (vy®v,) = Cexp [AY, ., =2w"] v, foraconstant C' € C.

(iii) If A+ # v, then I(Ff ;) = 0.

Proof. Let A\, u,v € C.
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) Letl el ( Ff;u) , which contains at least 0. Then, [ satisfies the Jacobi identity (3.13)

for all v € H. Choosing v = a = a_;1 and explicitly writing out the delta functions in
three variables (from Definition A.18) gives

neZ k>0 i€z
- n n— -n —i—
S TS ()t e X e @ am)y
nez k>0 =
=w ! Z Z (Z) Y (—x) Z Iamay ® me))z™" "
neZ k>0 i€z

Then, after some simplification, we have

2.2 D ()t (Z) asl (i) ® mepy)a "Ly ki1

n€Z k>0 icZ
-n,, n— n —n— —i—
329 XSSt () @ ey
neZ k>0 i€Z
n .
=23 S (e e
nezZ k>0 i€Z

Let j € Zo. In (3.25), we substitute m ;) = v, and equate the coefficients of 7'y~ to
obtain

(3.26) a_jI(vy ®@me)) — I(vy ® a_yma)) = Mw ™ T (vy ® m)).

We can start with m ) = v, and inductively obtain /(vy ® a_;, - --a_j;,v,) in terms of
I(vy ®wvy,), foralla_j, - - - a_j,v, in our PBW-basis for F'*. Also, in (3.25), we can leave
m) and m 9 as arbitrary, and equate the coefficients of 271y~ to obtain

> (1)t (;‘7) @il (ma) @ m)

k>0

=) (—1)FHw (_k]) I(may ® agmgz) = I(a-ma) @ me)).

k>0

(3.27)

We can start with m ;) = v, and inductively obtain I(a_j, - - - a_j,v, A ® myz)) in terms
of I(vy ® —), forall a_j, - - - a_;,vy in the PBW-basis (2.70) for F*. Since I(vy ® —) is
completely determined by /(vy ® v,,), thensois [(— ® —).

(if) Let j € Z~¢. In(3.25), substitute m ;) = v, and mz) = v, and equate the coefficients
of 271y~ to obtain

(3.28) a;I(vy ®v,) = Al I(vy ® v,).
We will write /(v) ® v,,) in terms of the PBW-basis (2.70), giving
(3.29) I(vy®v,) =(C+C(1a_y +C(1,1)ara_1 + C(2)a_s + -+ )v,.
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That is, the coefficient of a_,, - --a_,, v, is C(ny,...,n;). For computational conve-
nience, we define

(3.30) D(kg,... k1) :=C(ny,...,ng), Wherea_,, ---a_,, = ak"g ceat,

for some £ > 1, ky, ..., k, > 0, with £ chosen minimally so that k, # 0. Since [a,,a" ] =
lma’i;l, we have

(3.31) ata® v, = a1 (d" a, + knd* v, = kinfu,.

Hence, for ¢ > 1, for k1, ..., k, > 0, we have

(3.32) alg’f e a’flali"z e alillv,, = Kk - 1R,

Then,

(WA (N oy @ 0, = al - af Iy © v,

=04+ 0+ ko k1" D(ky, .. kv, -

So, the coefficient of a]i‘fe M ', v,, can be related to C by
(3.33) wtket -k \kebthi o — U ke IR D (R, Ky
or equivalently
k!
3.34 mtetaR G = o O o
where N(nq,...,ng) = kl,k—'kz, is the number of unique ways to order the numbers
(n1,...,nk) € Z%,. Hence,
MNF it
3.35 C(ny,..., =N(ng,...,ng) ——C".
(3.35) (n1 n) (n1 n) o
Thus, we arrive at the unique expression
(3.36)
O \E X et >~ a, .
](UA@U“):ng Z lma_m...a_nkUV:CeXp )\ZITU)]UV
= N ey M= n=

(iii) Assume \ + i # v. In equation (3.25), we equate the coefficients of 2~y ™! to obtain
vI(ma) @ me) — pl(may @ me)) = agl(may @ me)) = Ima) @ apm)

=> ((—Ukwk (Z) a_pI(may ® me) — (=1)"'w™" (Z) I(ma) & akm@)))

k>0

(k-1
= Z(—l)kw k( 1 )](akm(l) X TTL(Q)) = ](GOM(l) X M(g)) = /\I(M(l) X m(g)).
k>0
So, we have the relation
(3.37) (l/ —u— /\)](m(l) & m(g)) = 0.
Since v — 1 — A # 0, we have I = 0. O]
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The previous proof highlights that the Jacobi identity is, after simplifying and equating
coefficients, an infinite number of equations. It is restrictive enough to force a unique
form for an intertwining map of type < Ff ;‘L), up to scalar multiples, that is completely
determined by its image on the highest weight vectors of F'* and F". Moreover, it shows
that this map is zero when \ + 1 # v. However, the Jacobi identity is so strong that
it becomes impractical to verify that  : F* @ F* — Fv, defined by (3.26), (3.27) and
(3.36), is actually an intertwining operator when A\ + p = v. It is worth remarking here

that the truncation condition (3.12) is satisfied by I since /" has zero weight spaces F{}

when Re(h) < Re(%). Hence, we are left to verify that I satsifies the Jacobi identity. We
will not prove this—instead we refer the reader to the proof in Sections 3 and 4 of [TZ12].

FIJ
FX pr
0 a—n
n=1 n

PROPOSITION 3.16. The space 1 ( ) is one dimensional when v = A+ p, with basis

vector [ : vy @ vy, — exp [A Y w"] vy, and zero dimensional when v # A + p.

REMARK 3.17. Trying to verify the Jacobi identity directly was not fruitful for us. It
was too computationally difficult without a different approach as in [TZ12]. We also tried
two other methods for computing the P(w)-intertwining maps for the Heisenberg vertex
operator algebra.

The Zhu algebra A(1) is an associative algebra derived from a vertex operator algebra V/,
introduced in [Zhu90]. We used the definitions and results in [FZ92] and [Zhu96] to com-
pute the Zhu algebra for the Heisenberg vertex operator algebra. It was not too difficult to
compute that A(H) = U(gl, ), as algebras over C. However, the next step of this method is
to compute the dimensions of the space of intertwining maps by computing an isomorphic
vector space using left-, right- and bi-modules of the A(H). In our attempts, we were only
able to find an upper bound for dimensions of the spaces, but not the dimension itself.
Hence, we arrived at the same result as (ii) and (iii) of Proposition 3.15. For more on the
functoriality of the Zhu algebra construction, see [FB04]. Equivalences between certain
categories of V-modules and A(V')-modules are also discussed. We do not know when or
if this equivalence can be extended to a monoidal equivalence.

The double-dual construction, as used in HLZ, was not any simpler than trying to verify
the Jacobi identity directly. When attempting to use the construction explicitly for the
free boson, there were too many equations to have to verify directly. This highlights
the difficulty of computing P(w)-intertwining maps and tensor products. Unlike the Lie
algebra case, there is no explicit general construction, nor guaranteed existence, of the
tensor product of two modules. A

3.4 Constructing the monoidal data

We have now seen that the P(w)-tensor product can produce the bifunctor — Mp(,,) — on
a suitable category of vertex operator algebra modules. Compare this to the case for the
tensor product of g-modules, for a Lie algebra g. Here, the category g—Mod can be given
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the structure of a symmetric braided monoidal category (recall Example B.23). Keeping to
the “Lie algebra — vertex operator algebra” analogy, it is then natural to ask if (¢, Xp(,)
has a canonical (possibly non-symmetric) braided monoidal category structure.’

HLZ gives a natural construction of braided monoidal structure for certain categories of
modules of vertex operator algebras. In fact, the theory applies to the more general setting
of generalised modules and Mdobius vertex algebras. Since our examples are for vertex
operator algebras, we will present the relevant theorems specialised to the vertex operator
algebra case with modules. We will briefly discuss the procedure in HLZ in what follows.

In [HLZc], models for the P(w)-tensor products are constructed with duals. Given two
V-modules M; and Ms, consider (M; ® M,)*, the algebraic dual of their vector space
tensor product. A subspace M; Np(,) M of (M; ® M,)* is found by imposing certain
compatibility conditions that ensure the subspace has the structure of a V'-module. The
restricted dual is then taken to give the object model M Mp(,) My = (M Np(y) Ma)'.
The universal P(w)-intertwining map is defined using duals and (M; Mp(,) Ma, Xp(y)
is shown to satisfy the universal property for the P(w)-tensor product in V—Mod. One
consequence of this construction is that the full subcategory € of V-modules must be
assumed to be closed under restricted duals. The double-dual construction utilises formal
completions since the graded formal completion is the dual of the restricted dual. It is
explained in [HLZb] that P(w)-intertwining maps correspond to intertwining operators,
a formal analogue of P(w)-intertwining maps, which are independent of w. As a result,
the P(w)-tensor product is independent, up to isomorphism, of the choice of w € C*.
Hence, for concreteness, the following definition is made.

DEFINITION 3.18.  The fusion product ) = Xp ) is chosen to be a P(w)-tensor product
bifunctor at w = 1.

Other attempts to define the fusion product include Gaberdiel’s construction in [Gab94].
This model attempts to define the fusion product as a quotient of M; ® M, by certain re-
lations. The double-dual approach formalises this idea since the dual notion of a quotient
object is a subobject. An explanation of the connection between these two methods, as
well as an overview of the fusion product, can be found in [KR19].

In [HLZe], the category ¢ of V-modules is assumed to satisfy the following:
(A1) The category ¥ is a full subcategory of V' —Mod.
(A2) Every module in ¢ only has real weights.

(A3) The category ¥ is closed under images, closed under restricted duals, closed under
finite direct sums and under the P(w)-tensor product for some w € C*.

In [HLZg], the category % is assumed to further satisfy the following:
(A4) The adjoint module of V" is an object of &.

21t is also natural to ask this question when motivating vertex operator algebras from a conformal-field-
theoretic perspective. The possibility of braided monoidal structure was first remarked in [MS88]
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(AS) Every object of ¥ is a direct sum of irreducible objects of & and there are only
finitely many irreducible C'-cofinite objects of %', up to isomorphism.

DEFINITION 3.19. (Definition 11.5 [HLZf]) Let V' be a vertex operator algebra and let
W be a V-module. Let

(3.38) Vi =P Vi,
n=1
(3.39) Ci(W) =span{u_qw :u €V, we W}
If W satisfies the C'y-cofiniteness condition
(3.40) dim (W/Cy(W)) < oo,

then we say that W is C'-cofinite.

REMARK 3.20. Condition (AS) is actually stronger than the condition used in HLZ.
Originally, this condition, Assumption 12.12 of [HLLZg], is an analytic property used for
defining the associators. We, however, do not have the space nor need to go into these
details. A

As suggested by the use of a non-zero complex number w in the P(w)-tensor product,
there is a departure from the formal algebraic world and an entrance into an analytic one.
In [HLZa], the notion of an intertwining operator is defined (see Definition 5.1). These
operators capture the monodromy of paths in C*. The associators, unitors and braiding
are constructed using analytic notions. The P(w)-tensor product (for all w € C*) is used
to compute the associator, even though the final fusion product has w = 1.

THEOREM 3.21. (Theorem 12.15 of [HLZg]) Let V' be a vertex operator algebra. Any
category ¢ of V-modules satisfying assumptions (A1) — (A5) is canonically a braided
monoidal category.

The canonical construction for the associator, unitors and braiding will be discussed in
Section 5.2. But for now, we give an example.

EXAMPLE 3.22. Recall, for the Heisenberg vertex operator algebra, the P(w)-intertwining

maps of type ( Ff ;#) , for A\, i, v € C, are uniquely determined by

(3.41) Ux ® Uy > Oxy =y €XP (/\ g ﬁw") Uy,
n
n=1

up to scalar multiples. It follows that

00 a—n
(3.42) (FA M pw) F* = FM* Rpay 1 va Rp) U, = exp </\ > —w ) vm)
n=1

are P(w)-tensor products in the category of H-modules.

36



Define H—Mod' to be the full category of H-modules { £ : A € C}, the zero module and
the finite direct sums

(3.43) @ F*,  with L a finite multiset of C.
AEL

Note that we chose these objects so H—Mod' is skeletal and closed under the fusion prod-
uct, hence we can easily understand the explicit braided monoidal data.

We have used the HLZ method to produce the following braided monoidal structure for
H—Mod' (defined on the simple objects and then extended semisimply):

(i) the tensor product is the fusion product — X — : FA X F# = FAT#,
(ii) the vacuum module F° is the unit object,
(iii) the associator, left unitor and right unitor are respectively
(3.44) Apr prpv = idpripre : FPR(FFRFY) —» (FPRFY)R FY,

(345 lpr=idpm : FORF* 5 F* and  rp =idp : FP R FY - F,

(iv) the braiding is
(3.46) Rprpu = €™ idpary, 1 FARFF — PR P,

Observe that this braided monoidal structure is strict, but not symmetric. In Chapter 5, we
will see non-strict monoidal structures arising from lattice vertex operator algebras. ¢

In Chapter 5, we will exploit the HLZ construction to explicitly compute braided monoidal
data for the case of lattice vertex operator algebras. We omit our computation for the
braided monoidal data in Example 3.22, however, it can be computed using similar meth-
ods to those we will detail in Chapter 5.

REMARK 3.23. Note that in Example 3.22, the category H—Mod’ has modules with
non-real weights and infinitely many irreducible objects. That is, not all assumptions
(A1) — (AS) are satisfied. Nonetheless, the Heisenberg vertex operator algebra was able to
produce a braided monoidal category using the same methods as HLZ. This would suggest
that the results of HLZ can be generalised. A

HLZ gives a proof of existence of braided monoidal structure for categories satisfying
assumptions (A1) — (AS). However, it does not prove the existence of structures such as
rigidity and modularity (which will be defined in the next chapter). Rigidity and modu-
larity are guaranteed when stronger assumptions are made, as in [Hua08], which will be
discussed in Chapter 5. In the next chapter, we will discuss such additional structures on
(braided) monoidal categories.
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Chapter 4

Modular tensor categories

In [MS88], rational conformal field theories were noticed to produce structures, similar to
those of braided monoidal categories, with polynomial equations that imply the Verlinde
formula. These structures came to be known as modular tensor categories. In [Hua08],
it was proven that a certain class of vertex operator algebras have categories of modules
with a natural modular structure.

This chapter aims to give a concise presentation of the definitions needed to build modular
tensor categories, following [EGNO16]. Along the way, we will provide small examples
using Hopf algebras (see Appendix C for the necessary definitions). In Section 4.5, we
will define homomorphisms for modular tensor categories.

Some of the following proofs are readily found using string diagrams, for example [Kas95].
This graphical calculus is a powerful tool for computations and also illuminates the “al-
gebra” of (modular) tensor categories. However, we choose to present proofs using com-
mutative diagrams or equations so as to not suppress associators and unitors as well as
to clarify when naturality, functoriality and other conditions are being used. It should be
noted that we originally computed these diagrams by first using graphical techniques, then
converted to commutative diagrams and finally added back in the associators and unitors.
But unfortunately, due to a lack of space, we will not include any string diagrams.

4.1 Rigidity

Finite dimensional vector spaces have duals with evaluation and coevalution morphisms.
Left and right duals bring this notion to a general monoidal categorical setting.

DEFINITION 4.1.  Let (¥, ®, 1,«, A, p) be a monoidal category and let X be an object
in €. A left dual of X is the triple (X*, evx, coevy) consisting of the following data:

(i) an object X*in ¥,
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(i) a morphismevy : X*® X — 1 in ¥, called the evaluation,
(iii)) a morphism coevy : 1 — X ® X7, called the coevaluation,
satisfying the following conditions:

(i) the following composes to idx

1 . -1 .
Ax coev x ®id x Xx, x* X idx Qevy X

4.1) X — 19X — (XXX — Xo(X*®X) — Xl — X,

(i1) the following composes to id x

-1 . .
P xx id x * ®coev x Qx* X, X* ev x ®id x* Ax*

42) X* — X'l — X'@(XeX") — (X'X)eX* — 1X* — X*.

We will define right duals below in Definition 4.8. But first, we will give some examples
of left duals.

EXAMPLE 4.2. In any monoidal category, the left dual of the unit object 1 can be chosen
to be 1 with evaluation \; = p; and coevaluation A\; ' = p; . The left dual conditions are
satisfied by coherence. O

EXAMPLE 4.3. Let (H,V,n,A e, 5) be a Hopf algebra over a field k. Denote by
H—Mod the category of modules of (H, V,7) as an associative unital algebra, together
with /-module homomorphisms. We can endow  —Mod with a monoidal structure as
follows:

(i) givenobjects M and N in H—Mod, the tensor product —® — assigns the H-module
with underlying vector space M @y N and H-action defined by the (H ® H )-module
action through the coproduct, that is,

(4.3) h-(m®gn) = A(h)(m@wn) =Y (W' -m)®(h"n)  heHméeMneN.
(h)
On morphisms f and g in H—Mod, the tensor productis f ® g = f ®xk g.
(i1) the unit 1 is k equipped with the trivial module structure through the counit:

4.4) h-1=¢(h)l forall h € H,where 1 € k.

(iii) the associator and unitors are the canonical isomorphisms adopted from k—Vect:
apmun L ®x (Mmkn) = ([ Q@xm)xn le L, me M, neN,
Av:1®cme—m and py:mRg1l—m m e M,
for all H-modules L, M, N.
It follows that (H—Mod, ®, 1, «, A, p) is a monoidal category.

4.5)

The forgetful functor F' : H—Mod — k—Vect, equipped with J : F(—) @y F(—) —
F(—® —) and ¢ : k — F(k) as identities, is a monoidal functor because we equipped
H—Mod with the same monoidal structure as k—Vect.
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So far, we have only utilised the coproduct for constructing the tensor product and the
counit for constructing the unit object, so the previous construction for the monoidal struc-
ture on H—Mod holds for bialgebras (H, V,n, A, ¢) as well.

To utilise the antipode, we restrict to the full subcategory H—Modsy of finite dimensional
H-modules. Observe that (H—Modg, ®, 1, a, A, p) is a monoidal subcategory. For each
object M in H—Modgy we give the vector space dual M* = homy_vec(M, k) the struc-
ture of an //-module by defining

(4.6) (h-¢)(m) = ¢(S(h)-m) forallh € H, ¢ € M*, m € M.
Define the evaluation map
4.7) evyy MM =k, ¢ ®,m— ¢(m) forallp € M*, m e M,

to be the evaluation of m by ¢ on the left. Fix a basis {v;}$3%™ of M with dual basis
{vt}ydm M of M+, Define the coevaluation map
dim M
(4.8) coevy 1k = MM, 10— > ;@0
i=1

This definition is independent of the choice of basis. The maps ev,; and coev,, are H-
module homomorphisms and satisfy the left dual conditions (4.1) and (4.2). It follows
that (M*, ev,y, coevyy) is a left dual of M in H—Modg. O

Even though left duals are not defined via a universal property, we still have the following
fact.

PROPOSITION 4.4.  Left duals are unique up to a unique isomorphism.

Proof. Let (X*,evy,coevy) and (X* &vx,coevy) be left duals of X. Define the mor-
phisms

—1 . ____ — .
Pxx id x* ®coevx Cxx x X* evx Rid x Axw

¢ X — X1 — XH(XX*) — (X*X)X* — 1X* — X,

(4.9)
-1 .
pX* ldX* ®coev x OtF_’X“X"‘ CVX®idx* Ax*

Y XF —— X*l —— XF(XX) — (X X)X —— 1X* —— X%

(Here and below, we shall often omit ® symbols, to be deduced from context, for brevity.)
Then, ¢ and ) are inverse to each other. These isomorphisms are unique in the sense that
they satisfy

(4.10) evy = eévx o (¢ ®idy) and coevy = (idx ®1)) o coevy.

We will omit the commutative diagrams needed for this proof because they are very large
and do not demonstrate techniques different than the other proofs shown. 0

DEFINITION 4.5. Let X and Y be objects in € with left duals. Let f : X — Y be
a morphism in ¢. The left dual of f is the morphism f* : Y* — X* defined by the
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composition

Pyr  idyx @coevy oy * x X+ (idy+ @) Rid evy @idx+ A

“4.11) V" — Y1 — YV"(XX") — VX)X — Y'Y) X" — 1X* — X*

REMARK 4.6. This notation and terminology is appropriate because the properties of
the vector space dual, such as (g o f)* = f* o g* and (idx)* = idx-, generalise nicely.
Hence, if a % is a monoidal category such that every object has a left dual, then a choice
of left duals gives a contravariant functor (—)* : 4 — %. A

PROPOSITION 4.7. Let (F, J, @) be a monoidal functor from a monoidal category % to
another monoidal category &. Let X be an object in ¢ with a left dual object X*. Then,
F(X™) is a left dual object of F'(X).

Proof. Let (X*,evy,coevy) be aleft dual of X. Define
eVp(x) = ¢ o Flevy)o Jx+x and coevpx) = J)}}X* o F'(coevy) o .

Then, the following diagram commutes.
(4.12)
-1 F(coev x ®id) Fa~1 F(id ®evx) Fp
FX — F(1X) — F((XX*)X) — F(X(X*X)) — F(X1) — FX

p®id Fcoevx ®id id®@Fevx idRp~!

1FX — F1FX — F(XX")FX FXF(X*X) — FXF1 — FX1

l J1®id id®J T
coev g x ®id id ®evp x
(FXFX*)FX —> FX(FX*FX)
-1

«

Subscripts can be deduced from context. Here we have used the compatibility of associa-
tors and unitors, as well as the naturality of J. The top composes to idp(x). Similarly,

Ar(x+) © (eVr(x) @idp(x)) © ap(x+) r(x),R(x+) © (idr(x+) BCORVE()) © P ey = idp(x) -
So, (F(X*),evr(x),coeve(x)) is a left dual of F'(X) in 2. O

We can also define right duals to satisfy the condition that an object is a right dual of its
left dual, and vice versa.

DEFINITION 4.8. Let (4, ®, 1,a, A, p) be a monoidal category. Let X be an object in
€. A right dual of X is the triple (* X, ev'y, coev’y ) consisting of the following data:

(i) an object *X in ¥,
(ii) a morphismev’y : X ® *X — 1 in €, called the (right dual) evaluation,
(iii) a morphism coev’y : 1 — *X ® X, called the (right dual) coevaluation,
satisfying the following conditions:
(1) the following composes to idx

—1 . ’ / :
Px id x ®coev’y ax *x, X ev'y ®idx Ax

(4.13) X — Xl — X(X®X) — (X* X)X — 11X — X,
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(i1) the following composes to id x
(4.14)

-1 P -1 . ,
Aix coev’y Qidx x Qi x x %X id« x ®ev'y P x

X — 10X — (FXX)@*X — "X(X®*X) — *Xel — *X.

DEFINITION 4.9. Let X and Y be objects in € with right duals. Let f : X — Y be
a morphism in . The right dual of f is the morphism *f : *Y — *X defined by the
composition

(4.15)

_ . -1 .
/\*}1, coev’y @idxy Qe y x *y id« x @(fQidxy ) idx x ®ev’y P x

Y — 1Y — (*XX)Y — *X(XY) — *XY'Y) — *X1 — *X.

All statements for left duals have analogues for right duals.

EXAMPLE 4.10. We consider the setting of Example 4.3, but further assume that the
Hopf algebra H has an invertible antipode. For each object M in H —Mod¢y, we give the
vector space dual *M = homy_vec(M, k) the structure of an H-module by

(4.16) (h-¢)(m):=¢(S™*(h)-m)  forallhe H, ¢ €*M, m € M.
This is a right dual with evaluation and coevaluation

4.17) eV :m®i ¢+ ¢(m) and coevy, 1+ Zvi R V;.
The inverse of S is needed in (4.16) so that the evaluation and coevaluation are H-module
homomorphisms. For example, forh € H, m € M, ¢ € *M,

evy (A(h)(m @y ¢)) = eV’M(Zh/ -m @ h" - fb) — Z(h// L) (K - m)
(R) (k)
=D ((S()A") - 6) (m) = e(h)é(m). 0

(h)

DEFINITION 4.11. An object in a monoidal category is called rigid if it has both left
and right duals. If every object in monoidal category is rigid, we say that the monoidal
category is rigid.

EXAMPLE 4.12. If a Hopf algebra H has an invertible antipode, then H —Mod is a rigid
monoidal category. O

REMARK 4.13. Left (and right) duality is not a categorification of invertible elements
in a monoid since evaluation and coevaluation are not necessarily isomorphisms. They
can, however, be used to define a categorified notion of inverses that we will not need
here. We will use the notion of left or right duality as a generalisation of the dual of finite-
dimensional vector spaces. As such, we should also have a generalised notion of trace and
dimension. A

DEFINITION 4.14. Let % be a rigid monoidal category. Let X be an object in ¥ and f
a morphism in home (X, X**). The left categorical trace, or left quantum trace, of f is
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an endomorphism of the unit object defined by the composition

We can similarly define the right categorical trace.

REMARK 4.15. Consider the case when Endy (1) =k _vec k, for example, when % is
k-linear abelian with 1 a simple object and k is algebraically closed. We can identify
the traces TrL( f), for f : X — X**, with elements in k. Canonically, this is done by
identifying idy with 1 € k. Hence, this notion of the left categorical trace generalises the
notion of the vector space trace for an endomorphism of a finite dimensional vector space.
To further refine this analogy, we would need to associate each endomorphism, of each
object X, to a morphism from X to X**. A

DEFINITION 4.16. Let % be a rigid monoidal category. Assume we have a prescription
for assigning a specific left dual object X* to each object X in €. A pivotal structure on
% is a natural isomorphism a : idy = (—)** satisfying

(419) aAxey = ax X ay for all X, Y € Ob(cg)

A similar definition can be made by replacing rigidity with left rigidity, the property of
having all left duals. However, we will just assume that % is rigid.

DEFINITION 4.17. A rigid monoidal category ¥ is called pivotal if it is equipped with
a pivotal structure a. We call (€, a) a pivotal category.

DEFINITION 4.18. Let (¢, a) be a pivotal category. Let X be an object in ¢". The left
categorical dimension, or left quantum dimension, of X with respect to a is defined as

(4.20) dim’(X) = Tr*(ax).

DEFINITION 4.19. Let X be an object in a pivotal category (¢, a). The left categorical
trace or left quantum trace of an endomorphism f of X is defined as

That is, Tr2(f) = Trf(ax o f) and dim* (X)) = Trk(idy).

EXAMPLE 4.20. Consider the category k—Vectgy of finite dimensional k-vector spaces.
The left dual of X € ob(k—Vectgy) can be chosen to be the dual vector space X* together
with the evaluation and coevaluation morphisms defined in (4.7) and (4.8). (The right
duals can be defined similarly.) Define the following pivotal structure for k—Vect:

(4.22) ax Ve X o X x e aly V(@) s o (), p € X
This is the canonical identification of a finite dimensional vector space with its double
dual.

Given an endomorphism f : X — X in k—Vectyy, the left categorical trace of f is
dim X dim X dim X dim X

1»—>Zv,®kvl—>2fvz®]kvr—>z IkvmfvZ ®]kv»—>z (fvi),
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where {v; ;4 X is a basis of X with dual basis {v'}$™X . After identification with k, this
agrees w1th the usual notion of the trace of f. Moreover, the left categorical dimension
can be seen to agree with the dimension of X. O

EXAMPLE 4.21. Consider a pivotal category where the component of the pivotal struc-
ture at the unit can be chosen to be the identity, such as in Example 4.20. Recall that in
Example 4.2, it was shown that a left dual of the unit is the unit with unitors as evalua-
tion and coevaluation morphisms. Hence, the left categorical dimension of the unit is the
identity. Moreover, if End(1) =y _vec k, then we identify the dimension with 1. O

PROPOSITION 4.22. Let f: X — Y and g : Y — X be morphisms in pivotal category
(¢, a). Then,

(4.23) Tri(go f) =Tri(fog),

which generalises a property of traces for linear maps.
To prove this, we will need a preparatory lemma.

LEMMA 4.23. Let f : X — Y be a morphism in a rigid monoidal category %". Then,
the following diagrams commute.

coev x idy* ®f
1T —— X ®X* Y*X — Y*®Y
(424) coevy l l fidx* f*®idx l leVY
YY" — Y ® X* X*X —— 1
idy @f* X

Proof. The commutativity of the coevaluation diagram is a consequence of the following
commutative diagrams.

f®id —1i (coevy ®id)®id
XX* y VXY —— (IY)X* —— (YYH)Y)X*
A\ =
coevx I(XX*) — 1(YX™) a~!
id ®(f®id)
A~l=p1 %@coevx coevy ®(id$ +
(4.25) 1 —— 11 (YY*)(Y X*)
Yw ®id (id® id)®(]y
(id ® id)®coev x
coevy - YYH)1 — (YY*)(XX*) -
/ la,1

YY* L L Y(YFL) —— Y(YHXXY) —— Y(YHY X))
id®pt id ®(id ®coev x ) id ®(id(f®id))
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o~ l®id (id ®evy )®id
(YYH)Y)X* —— YY'Y)X* — (Y1) X*

p®id
o1 l \

(4.26) (YY*)(Y X*) o1 o1 Y X*

- /
id®p

Y(Y*(YX*) —— Y((Y*Y)X*) — Y(1X%)
id®a id ® (evy ®id)

Here we have used the naturality of the associator and unitors, and the coherence and
bifunctoriality of the tensor product. The right side of (4.25) attaches to the left side of
(4.26). The top composes to (f ® idx+) o coevx and the bottom composes to (idy ® f*) o
coevy. Similar techniques can be used for the evaluations. [

Proof of Proposition 4.22. We use the functoriality of the tensor product, the naturality of
the pivot and Lemma 4.23:
Trk(go f) = evyx- o (ax ®idx-) o (g ®idx+) o (f ® idx~) o coevy
=evy: o (ax ®idx«) o (g ®idx«) o (idy ®f*) o coevy
=evys o (idy ®f") o (ax ®idy+) o (¢ ® idy+) o coevy
=evy: o (" ®idy+) o (ax ®idy~) o (¢ ® idy+) o coevy
=evy« o (ay ®idy~) o (f ®idy+) o (g ® idy+) o coevy
=Tr;(fog). O
EXAMPLE 4.24. The following definition can be found in [BBG] for finite dimensional

Hopf algebras, though it holds for infinite dimensional Hopf algebras with invertible an-
tipodes as well.

DEFINITION 4.25. Let (H,V,n,A,¢,5) be a Hopf algebra over a field k. A pivot of H
is an element g in H that satisfies the following conditions:

(i) the element g is group like, thatis A(g) = g ® g,

(i) S*(z) = grg ' forallz € H.
If g is a pivot, we call (H,V,n, A, ¢, S, g) a pivotal Hopf algebra.

Given a pivot g of H, the rigid monoidal category H —Modsq is endowed with the pivotal
structure a? defined by

(4.27) ade: X = X,z g-ay VN (o),
where a*~Ve<t is the pivotal structure for k—Vect defined in (4.20). The assignment af is

indeed a natural isomorphism and pivotal.

As an explicit example, consider the Hopf algebra C|Z,|, where C|Z] is the group algebra
of Zy = {e, s} over C. Denote the simple modules by
1=C, s-1=1 (trivial representation),

M = Cuyy, S-Uy = —VUpm (alternating/non-trivial representation).
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[

Then, 1* = 1 and M* = M. We can choose pivots g = e or ¢ = s. The quantum
dimensions are

id if g =
428)  dime(1) =idy, forg=e,s and dimg(M)=4 L "I
—idy ifg=s.
For example, we can compute these dimensions as
(4.29)  Trl(a3,) : 1 vy @ vl = (s af Ve on)) @ vy = vl (s - vay) = —1.

Note that the choice of pivot was not unique and that the quantum dimension depends on
the choice of pivotal structure. O

DEFINITION 4.26. A pivotal structure a on a rigid monoidal category ¢ is spherical if
dim?(X) = dim? (X*) for all objects X in €, or equivalently, if Tr”(f) = Tr(f) for all
endomorphisms in %’. A rigid monoidal category ¢ is called spherical if it is equipped
with a spherical structure a.

EXAMPLE 4.27. Let (H,V,n,A ¢, S, g) be a pivotal Hopf algebra satisfying S(g) = g,

like in Example 4.24. Let X an finite-dimensional H-module, with basis {v; }8™ ¥ dual

basis {v'}&mX and double dual basis identified with the basis. Then,

dim X dim X dim X
dimgs (X) = Y v'(guy) = > v (Slg)vi) = Y vi(gv') = dimgs (X™).
=1 =1 =1
So, (H—Modgq, a¥) is spherical. O

In a spherical category, where left and right traces coincide, we shall write dim, = dim®
and Tr, = TrZ. In Section 4.4, we will see spherical structures arising in ribbon fusion
categories.

4.2 Ribbon categories

Ribbon categories combine duals with braiding by “twisting” morphisms. They can be
used to produce pivotal and spherical structures. The ribbon structure contributes as an
underlying structure of modular tensor categories.

DEFINITION 4.28. A twist (or a balancing transformation) on a braided rigid monoidal
category % is an natural isomorphism 6 : id¢ = id¢ such that

(430) 9X®y = (QX & 9}/) OCyx ©OCx)y for all X, Y € Ob(%)
A twist is called a ribbon structure if
(4.31) (O0x)" = Ox= for all X € ob(%).

A ribbon category is a braided rigid monoidal category equipped with a ribbon structure.

EXAMPLE 4.29. Recall the definition of quasi-triangular Hopf algebras from Appendix C.
A quasi-triangular Hopf algebra (H,V,n, A, ¢, S, R) admits a canonical braiding on the
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monoidal category H—Modgy, given by
(4.32) cxy(z@y) =1xy (R (x®y)), where Txy (2 ®@ y) = y ® ,
forallz € X, y € Y and X, Y € ob(H—Modg).

Continuing Example 4.24, we endow the Hopf algebra C|Z,] with the universal R-matrix

1
(4.33) R:§(e®e+e®s+s®e—s®s).

One can check that (4.33) is a universal R-matrix by explicit computation. The braiding
on the simple objects of C|Zy]—Modg, up to isomorphism, is given by
(434) Cﬂ®ﬂ21®1P—>1®1, 61®M11®UMP—>’UM®1,

. CMeM - UM @ Uy — —Upy Q Upp, Cuel U Q1= 1&vy.
Notice that the braiding c is symmetric. So, § = id : idy = idy is a twist for C[Zy] —Modgy.
Since the dual of the identity is the identity of the dual, this twist is also a ribbon struc-
ture. A different ribbon structure can be given by defining 6’ on the isomorphism classes
of simple objects as follows:

(4.35) 9?1 =1idy and ‘%\4 = —1idy; .
This is a twist since
(4.36) 1121, 1M=2M, MxI1=M, MM=T1,

~Y

and a ribbon structure since 1* = 1 and M* = M. This in fact extends to all objects
in C[Zy]—Modgy since it is a semisimple abelian category. Recalling Definition C.11 for
ribbon Hopf algebras, 6 and 6’ can be equivalently described as the ribbon structures given
by the ribbon elements v = e and v = s, respectively. O

4.3 'Tensor categories

The rigid monoidal categories that are realised in terms of representations of certain al-
gebraic objects should naturally have some abelian structure. Furthermore, this abelian
structure should be compatible with the monoidal structure, that is, the tensor product
should distribute over direct sums, up to isomorphism. Tensor categories generalise this
notion. Firstly, we specify what we mean by the following definitions about k-linear
abelian categories.

DEFINITION 4.30. Let k be a field. Let ¢ be a k-linear abelian category. Then, % is
locally finite (or artinian) if:

(i) for any two objects X, Y in &, the k-vector space homy (X, Y) is finite dimen-
sional,

(ii) every object in % has finite Jordan-Holder length.
Furthermore, % is finite if:
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(i) ¥ 1is locally finite,

(ii) % has finitely many isomorphism classes of simple objects.

Abelian categories can be interpreted as a categorified version of abelian groups, with the
biproduct being the analogue of addition.! Monoidal categories are a categorified version
of monoids, with the tensor product being the analogue of the product. Tensor categories
can be roughly thought of as a kind of categorified unital ring.

In what follows, let k be an algebraically closed field.

DEFINITION 4.31. A tensor category over k is a k-linear abelian rigid monoidal cate-
gory ¢ satisfying the following conditions:
(i) ¥ is locally finite,
(i1) the tensor bifunctor & is bilinear on morphisms,
(iii) Endg (1) =k vec k.

Importantly, the tensor product distributes over biproducts (in this case direct sums) as
given by the bilinearity of the tensor product. The local finiteness condition is an analogue
of taking finite sums. The tensor category is a model of how a ‘very nice’ representation
theory should behave. When the unit object is simple, it has a one dimensional space of
endomorphisms. This follows from Schur’s lemma (for general abelian categories) when
k is algebraically closed.

PROPOSITION 4.32. Let € be a tensor category with unit 1 and zero object 0. Then,

D XeYaeZ)2(XY)o(X®Z)and ( XaY)eZ=2(X®Z) e (Y ®2),
for all objects X,Y, Z in €,

(i) X ®0=20=20® X, for all objects X in ¢,
(ii1) 1 is a simple object.

Proof. Recall that the biproduct X; & X5 comes equipped with projection morphisms
Tx, : X1 ® X9 — X, and embedding morphisms ¢y, : X; — X; @ Xo, satisfying

id if 1 = j, )
TX,; Olx; = X L j and LX107TX1+LX207TX2:1dX1@X2~
0 ifi # 7,
Let X, Y and Z be objects in &. Consider the following morphisms
X®Y

idXV w
ALY m

XY o2) (XoY)e (X®2)

A

idxy Quz y
ldX ®7TZ %

X®7Z

!Given a non-zero object X, there is no “additive inverse” object —X such that X & (—X) = 0. So,
more accurately, abelian categories are categorified abelian monoids and the Grothendieck group is the
abelian group.
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Then, using bilinearity of the composition and tensor bifunctor, we have

(txey o (idx @7y ) + txgz o (idx ®@77)) o ((idx @ty) o Txgy + (Idx ®iz) 0 Txez)

= Lxey © Txgy T lxez O Txez = Md(xev)s(xe2);

((idx ®uy) 0 mxey + (idx ®iz) 0 Txez) © (txay © (idx @7y) + txpz o (idx @77))
= ldX ®(Ly OTy + Lz © 7Tz) = idX®(y@Z) .
So, X@YaeZ)=2(XeY)s (X®2).

The bilinearity of the tensor bifunctor also gives
idxgo = idxy ®idy = idx ®0 = 0(idx ®0) = 0.
So, for any object Y, and morphisms f: X ® 0 - Y andg: Y — X ® 0, we have
f=Fo(idxgo) = 0(f o (idxgo)) =0 and g = (idxgo) © g = 0((idxgo) © g) = 0.
That is, f and g are unique. So, X ® 0 is a zero object.

A proof that 1 is simple is given in Theorem 4.3.8 of [EGNO16] for ring categories, a
generalisation of tensor categories. In summary, a consequence of the rigidity is that, for
each X € €, X* ® — is left adjoint to X ® — and — ® X* is right adjoint to — ® X. This
makes — ® — biexact and the dual functor (—)* exact. It follows that, after some work,
any subobject of 1 is isomorphic to either O or 1. [

REMARK 4.33. InProposition 4.32, the statements (1) and (i1) are, respectively, category-
theoretic analogues for the ring properties of distributivity of multiplication over addition
and the result that multiplication with zero is zero. A

EXAMPLE 4.34. Recall from Example 4.10 that if a Hopf algebra // has an invertible
antipode, then the monoidal category of its finite dimensional modules is rigid. The tensor
product is compatible with the abelian structure and it is locally finite because it consists
of only finite dimensional modules. The unit is the base field with a one-dimensional
endomorphism space. So, H—Modg, is a tensor category. O

4.4 Pre-modular and modular tensor categories

There is an even ‘nicer’ model for how representations should behave.

DEFINITION 4.35. A fusion category is a semisimple tensor category with finitely many
isomorphism classes of simple objects.

Now assume that k is algebraically closed and has characteristic zero. In all vertex oper-
ator algebra applications, we have k = C.

DEFINITION 4.36. A pre-modular category is a ribbon fusion category.
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DEFINITION/PROPOSITION 4.37. A ribbon tensor category ¢ with twist 6 can be equipped
with the canonical pivotal structure

(4.37) ax =uxofx: X — X, X € 0ob(%),
where the Drinfeld morphism wx is defined to be the composition
(4.38)
P;(l id x ®coev x* QX X* XHF* Cx,x* ®id = evx ®id y*x A o

X — X1 — X(X*'X") — (XXHX* — (X" X)X — 1X™ — X
If ¢ is moreover a fusion category, then a is the canonical spherical structure.

The proof can be found in Propositions 8.9.3, 8.10.6 and 8.10.12 of [EGNO16].

REMARK 4.38. In this sense, ribbon fusion categories are regarded as having a spherical
structure. In fact, pre-modular categories can be equivalently defined as braided fusion
categories equipped with spherical structure. In this case, the canonical ribbon strucure is
defined as § = ' o a by rearranging (4.37) (see Proposition 8.10.12 of [EGNO16]). A

DEFINITION 4.39. Let % be a pre-modular category with spherical structure a. The
S-matrix of € is defined by

(439) S = (SXY)X,YEO(%”)a Where Sxy = Tra(CKX o CX,Y)7
and O(%) denotes the set of isomorphism classes of simple objects of €.

We identify End¢ (1) with the base field k, via idy +— 1, and then regard S as a |O(%)| x
|O(%)|-matrix over k.

DEFINITION 4.40. A modular tensor category, or modular category, is a pre-modular
category that has a non-degenerate S-matrix.

EXAMPLE 4.41. We continue Examples 4.24, 4.34 and 4.29. The abelian category
C|Z3)—Modgy has two simple objects, up to isomorphism. It is semisimple since Z, is
a finite group and the representations are over C.

The Hopf algebra C[Z,] was endowed with pivots e, s € Z, and a universal R-matrix
(4.33). We then equipped C[Zs] —Mod¢y with two ribbon structures 6§ = id and ¢’ defined
in (4.35). So, C[Zs]—Mody, together with 6 or ¢, is a ribbon fusion category. That is, a
pre-modular category.

Evaluating equation (4.38), we have

(4.40) up 1 — 1% and Upg © U > —Uh

So the canonical spherical structures ¢ and ¢, from Example 4.29, correspond to a® and

a®, respectively.

Since the braiding is symmetric, the elements of the S-matrix are given by sxy =
Treo (idxgy) = dimge (X ® Y'). That is,

(4.41) S = <} }) wheng=e¢ and S = (_11 _11> when g = s.
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Here we have taken the order of the simple objects to be (1, M ). We have identified
End(1) with C by idy — 1.

Neither of these S matrices are invertible. So, these examples are pre-modular, but not
modular. We will see examples of modular categories generated by vertex operator alge-
bras in the next chapter. O

4.5 Homomorphisms

In Chapter 6, our main goal is to produce an equivalence of modular tensor categories.
For the various kinds of categories we defined in the previous sections, we will need
to define a notion of homomorphism in order to obtain a notion of equivalence. As in
Appendix B, we will define an equivalence (of a certain type of structured category) to
be a homomorphism with an underlying functor that is an equivalence of categories. We
should expect that the quasi-inverse functor is also a homomorphism.

We were unable to find published notions for all of the following homomorphisms, so the
names of the following definitions may not be standard. But nonetheless, they are straight
forward to define as monoidal functors that preserve all necessary structure.

Firstly, rigidity is purely an existence condition on monoidal categories. That is, there is
no extra data needed. Furthermore, by Proposition 4.7, monoidal functors preserve the
left (and right) dual structures. Hence, the correct notion of a homomorphism of rigid
monoidal categories is just a monoidal functor between rigid monoidal categories.

PROPOSITION 4.42. Let % be a rigid monoidal category and let 2 be a monoidal cate-
gory. If (F, J, ¢) is a monoidal equivalence from % to &, then ¥ is rigid.

Before we can prove Proposition 4.42, we require the following lemma.

LEMMA 4.43. Let X and Y be objects in a monoidal category 4. Assume X has a left
dual (X*,evyx,coevy). Assume f : X — Y is an isomorphism. Then, X* is a left dual
object of Y. Similarly for right duals.

Proof. Define
evy = evy o (idx- ®f) and coevy = (f ' ®idx«) o coevy.

Then, the following diagrams commute.

A coev x ®id id ®ev x

1 0671
X 21X (XXX S X(XOX) —S X1 2 X

(4.42) fT id@fT l(f*@id)@ffl Tf@(id@f) lf‘1®id lf‘l

Y > 1Y > (YX)YY —— Y(XY) —— Y1 —— Y

Pttt coevy ®id a1 id ®evy P
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id ®coev x ev x ®id

X*—>X*IL—>X* XX*) —— (X* X)X*—>ILX*—>X*
(4.43) \ lld@ ~1®id) T(id@f)y
id ®coevy evy ®id
XHYX*) —— (X*Y)X*

In each diagram, the top composes to the identity. So, (X*, evy,coevy) is a left dual of
Y. ]

Proof of Proposition 4.42. LetY € ob(Z2). Since F is an equivalence, F' is essentially
surjective. Hence, there is X € ob(%’) such that F'(X) = Y. Since ¥ is rigid, it follows
that X is rigid, hence F'(X) has left and right duals. Then, by Lemma 4.43, Y has left
and right duals. So, every object in & is rigid and hence ¥ is rigid. U

REMARK 4.44. Since the quasi-inverse of a monoidal equivalence is a monoidal equiv-
alence (see Proposition B.16), it also follows that the rigidity of the target category of a
monoidal equivalence imposes rigidity of the source category. That is to say, rigidity is an
equivalence invariant in MonCat. A

Now we give a definition for functors that preserve ribbon structures. A homomorphism
of braided rigid monoidal categories is a braided monoidal functor. The twists should
satisfy ‘the image of the twist is the twist of the image’. No additional data is needed.

DEFINITION 4.45. Let % and 2 be ribbon categories with ribbon structures % and 67,
respectively. A ribbon functor (F, J, ) from & to Z is a braided monoidal functor that
satisfies the condition:

(1) (compatibility of twists)

(4.44) F(0%) =07,  forall X € ob(%).

REMARK 4.46. The compatibility of twists is not satisfied by every braided monoidal
functor. Consider the two distinct twists, 6 and ', given in Example 4.29 for the same
braided monoidal category. The identity monoidal functor is a braided monoidal functor
from (C[Zs]—Mod, 0) to (C[Zy]—Mod, &), but it does not satisfy (4.44). That is, we have
a braided functor that is not a ribbon functor. So, we must always verify the compatibility
of twists condition for ribbon functors. A

REMARK 4.47. The ribbon structure condition should be preserved by ribbon functors.
Indeed,
0lixy = 00 xy = F(0%.) = F((0%)") = (FO%)" = (/)" forall X € ob(%).

Here we have chosen F'(X*) to be the left dual object of F'X and used F'(f*) = F(f)*,
which can be proven with the following diagrams, which commute by the compatibility

52



conditions and the naturality of J.

Fp;i F(idy+ ®coevx) Fays x x*

FY* — F(Y*1) — F(Y*(XX*)) —— F((Y*X)X*)

p! l J T l Jt J T
id ®¢ id ® F'coev x

(4.45) FY*1l — FY*F1 —— FY*F(XX*) F(Y*® X)FX*
R
id @coevr x FY*(FXFX*) — (FY*FX)FX*
a1
F((ldy* ®f)®ldx*) F(evY®1dX*) F()‘X*)

F(Y*X)X*) — F((Y*Y)X*) — F(1X*) — FX*

dl dl [t |2
F(id @ f)®id Fevy ®id v~ lwid

(4.46) F(Y*X)FX —— F(Y*Y)FX* —— F1FX — 1FX*
Jeid T J@id T /
(FY*FX)FX* — (FY*FY)FX* vy ®id
(id@Ff)®id
Note that the right side of (4.45) connects to the left side of (4.46). The top composes to
F(f*) and the bottom outer perimeter composes to F'( f)*. A

REMARK 4.48. Consider two ribbon functors
(B, J,p) € — 2 and (G,K,¢): 9 — &.

Their monoidal composition (G, K, 1)) «(F, J, ¢) is a braided monoidal functor, as shown
in Proposition B.27, and the ribbon structure is still preserved since

(G o F)(0%) = G(0Fx)) = 0lgoryxy  forall X € ob(%). A

PROPOSITION 4.49. If a ribbon functor (F) J, ) is an equivalence of categories, then
its quasi-inverse has the canonical structure of a ribbon functor.

Proof. Let
(4.47) F:¢—2 G:929—%, ¢:FG=idy, n:idy = GF,

be an adjoint equivalence. From Proposition B.29, we have that G has the canonical
structure of a braided monoidal functor. We are left to show that GG preserves the ribbon
structure.

Let Y be an object in & and consider the following diagram.

ay ", qFqy —% ., gy

(4.48) egyl GFngl lGQ?GY lGG?

GY — GFGY —— GY
nGcy GEY
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The left square commutes by the naturality of 77. The two middle arrows are equal since
F is a ribbon functor. The right square commutes by the naturality of #“. The top and
bottom arrows compose to the identity by the unit-counit zigzag identities. [

Braided monoidal functors are a good notion of a morphism, as seen in Appendix B. So,
the collection of ribbon categories, together with all ribbon functors between them, form
a category RibCat. A ribbon functor (F, J,¢) where F' is an equivalence of categories,
has a quasi-inverse with ribbon functor structure. This motivates the following definition.

DEFINITION 4.50. A ribbon equivalence is a ribbon functor that is also an equivalence
of categories.

The structure we need to preserve in a homomorphism of tensor categories is the k-linear
abelian monoidal structure. The locally finite condition, rigidity, tensor bilinearity, and
the one-dimensional endomorphism space of the unit are all properties of the categories.

DEFINITION 4.51. A homomorphism of tensor categories is a kk-linear monoidal functor
between tensor categories. We will not require left or right exactness.

Note that the functor is additive since it is k-linear. If a homomorphism of tensor cate-
gories (F,J,¢) has F' an equivalence of categories, then the quasi-inverse of F' is also
k-linear and can be endowed with monoidal structure. So, we have the following defini-
tion.

DEFINITION 4.52. A tensor equivalence is a homomorphism of tensor categories that is
also an equivalence of categories.

Of course, a homomorphism of fusion categories is a homomorphism of tensor categories
between fusion categories. Since a pre-modular category is a ribbon fusion category, we
have the following definition.

DEFINITION 4.53. A pre-modular functor is a k-linear ribbon functor between pre-
modular categories. A pre-modular equivalence is pre-modular functor (F, J, p) with
F' an equivalence of categories.

REMARK 4.54. This notion of a homomorphism of pre-modular categories is enough to
preserve (i.e. describe) all the structure of a pre-modular category. The collection of pre-
modular categories and pre-modular functors form a category with the property that every
pre-modular equivalence has a quasi-inverse pre-modular functor. The natural question is
‘do pre-modular equivalences preserve modularity?’. A

PROPOSITION 4.55. Let ¢ and Z be pre-modular categories. Let (F,.J, ) be a pre-
modular equivalence from % to . Then, % is modular if and only if & is modular.

We will need two lemmas to prove Proposition 4.55.
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LEMMA 4.56. Let ¢ and 2 be pre-modular categories with pivotal structures a* and
a”, respectively. Let (F, J, ) be a pre-modular functor from ¢ to &. Then, F is pivotal
in the sense that

(4.49) F(a%) = af(xy  forall X € ob(%).

Proof. Let X be an object in 4. Recall the definition of ux from Remark 4.37 and
consider the following commutative diagrams.

Fp~1 F(id ®coev x * ) Fa
FX — F(X1) — F(X(X*X*)) —— F((XX*)X*)

p! l J T l J-1 T J
id®¢p id ® F'coev x

(4.50) FX1 — FXF1 — FXF(X*X*) F(XX*)FX**
\} l id@J 1 T J®id
id @coev p x + FX(FX*FX*) — (FXFX*)FX**
F(CX,X* ®1d) F(CVX ®1d) FX

F(XX*)X™) —— F((X*X)X*) — F(1X*) — F(X*)

Fex, x+®id Fevx ®id v l®id

(4.51) F(XX*)FX* —— F(X*X)FX** —— FIFX* — 1FX**

J®id T J@id T /
(FXFX*)FX* — (FX*FX)FX*

evpx ®id
CEX,FX* ®id

Commutativity comes from compatibility of associators and unitors, braiding and the
naturality of J. The right side of (4.50) connects to the left side of (4.51). The top
composes to F(u%) and the bottom outer perimeter composes to ug( X)- So, we have

(4.52) F(a%) = F(u% 00%) = F(u%) o F(0%) = u%(X) o 9;4'()() = a;j(x).

So, pre-modular functors respect the canonical pivotal (i.e. spherical) structure. [

LEMMA 4.57. 1If (F, J, o) is a pivotal functor, then
(4.53) F(Trge(f)) = @oTra(F(f)) o™t  forall f € Endg(X), X € ob(%).

Proof. Let X be an object in 4" and f and endomorphism of X. Consider the following
diagram.

Fcoevx F((Gf@f)é@id) Fevxx
FI —  F(X®X") — F(X*®X*) — F1

454 . T l . i T l -

1l — S FX®FX* — 5 FX"@FXx —— 1
Coevp x (FaEOFf)@)id = (al?XoFf)®id VFx*
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The middle square commutes by the naturality of J. The left and right squares are defini-
tions. The top composes to the image of the trace of f. The bottom composes to the trace
of the image of f. Reversing the unit isomorphisms obtains

F(Trye (f)) = 0o Traa (F(f)) o 0™ 0

Proof of Proposition 4.55. Since F' is an equivalence between abelian categories, it pro-
vides a one-to-one correspondence between the sets of isomorphism classes of simple
objects

(4.55) O(%) «— 0(2), X — FX.
Let X and Y be simple objects in . Then,
F(sf(y) = F(Trye(cy.x ocxy))
= oTre(Fleyx ocxy))op™

-1 -1
=@o Tra@(JX,Y O Cry,FX © JY,X S JY,X O Crx,Fy © JX7y) SR%)
1

-1

=poTr,o(cpyrx © CrxFy) 0@
9 -1
=@OSpx Fry O¥ -
In the third line, we have used Proposition 4.22 to swap the order of the morphisms in the
trace. So, we have the map

(4.56) ¢ o F(=)oy:Endg(1) — Endy(1).

Recall that we identify S;{’;Y and s%y py with elements in k via id; — 1. Furthermore,
¢ Lo F(—)oyis a k-linear isomorphism with p~'o F'(id; ) o = id;. So, after identifying
with the base field k we have

(4.57) § = (S;?Y)X,YGO(%) - (S%XvFY)X,YGO(%’) =57

Thus, the S-matrix for % is invertible if and only if the S-matrix for & is invertible. [

REMARK 4.58. Proposition 4.55 says that modularity is an equivalence invariant in the
category of pre-modular categories. If two pre-modular categories are pre-modular equiv-
alent and one of them is modular then they are equivalent as modular categories or mod-
ular equivalent. We will use this fact in Chapter 6 to produce a modular equivalence
between pre-modular categories, one constructed from a vertex operator algebra, and the
other constructed from a quantum group. A

Throughout this chapter, we have seen examples of rigidity, pivotal and spherical struc-
tures, ribbon structures, tensor and fusion structures, and pre-modular structures. How-
ever, we have not seen any examples of modular tensor categories. We will dedicate the
next chapter to providing some examples and, in accordance with the historical motivation
of modular tensor categories, we will construct them from vertex operator algebras.
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Chapter 5

Modular tensor categories from lattice
vertex operator algebras

In this chapter we will briefly present a family of vertex operator algebras that are con-
structed from positive definite even lattices. We will also discuss their modules and in-
tertwining maps, but we will not compute them here. Our aim is to demonstrate that the
constructive proof of HLZ can be repurposed to explicitly compute the braided monoidal
data for a category of lattice vertex operator algebra modules. We will then use the con-
structive proof of [Hua08] to compute the pre-modular data and verify that the S-matrix
is invertible. The main result of this chapter is the explicit presentation of the data for the
family of modular tensor categories constructed from positive definite even lattices.

5.1 Intertwining operators

The notion of an intertwining operator is used in HLZ to construct the associator, unitors
and braiding. In fact, this notion is closely related to that of the intertwining maps of
Definition 3.3 that were used in Section 3.2 to define the P(w)-tensor product.

The full theory of logarithmic intertwining operators and intertwining maps for gener-
alised modules of Mobius algebras can be found in [HLZa] and [HLZb]. We will, how-
ever, only present the definitions and results needed for the computations in Section 5.5
below. That is, we will present these definitions and results for vertex operator algebras
and their modules only.
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DEFINITION 5.1.  Let (M;,Y;), fori = 1,2, 3, be modules for a vertex operator algebra

V. An intertwining operator of type ( M]1W]3M2) is a linear map
(5.1) y(',Z>' My ® M, —>M3{Z}
may @ m) = Y(may, 2)me = ) maymez "
heC

satisfying the following conditions:
(1) (truncation condition) for all m;y € M, and m ) € My,

(5.2) m(l)%: mey =0 for all A whose real part is sufficiently large,

(i1) (Jacobi identity) for allv € V, m(y € M, and m() € My,

z7' (y — Z) Ys(u, y)V(mq), 2)me) — 20 <Z - y) Y(mqy, 2)Ya(v, y)ma
(5.3)

—T

z

—x
) (y ) Y(Yi(v, 2)may, 2)ma),
(iii) (L(—1)-derivative property) for all m(1y € M and m9) € Mo,
d
(5.4) V(L(=D)may, z)me) = —V(ma), 2)m).

We can see that the notion of an intertwining operator is similar to the notion of an in-
tertwining map in Definition 3.3. The reason for using intertwining operators, as opposed
to intertwining maps, is that the former can record monodromy in the punctured complex
plane C*. There is a correspondence (in fact, many correspondences) between intertwin-
ing operators and intertwining maps of the same type.

Recall our logarithm and substitution conventions outlined in Section A.3.

PROPOSITION 5.2.  Fix an integer p. Let (M;, Y;), fori = 1,2, 3, be modules of a vertex
operator algebra V. Then, there is a linear isomorphism between the space of intertwining
operators of type ( Mﬁh) and the space of intertwining maps of type ( Mi‘”%):
(5.5) Vs Iy, : My ® My — Mz defined by

Iyﬁp(m(l) & m(g)) = y(m(l), elp(w))m(g) for all ma) € My, me) € M.
The inverse map is
(5.6) I'— Y, My ® My — Ms{z} defined by

L) L L(0) (3= E0) ;=L O) ) )3y~ E0) ,~E(0)

y],p(M(1)7 Z)M(Q) =y m(g))|y:e—zp(w),

for all ma) € M, m) € M.

The proof of Proposition 5.2, and an explanation for the existence of (5.5) and (5.6), can
be found in Section 4.1 of [HLZDb].
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5.2 Modular tensor categories from vertex operator alge-
bras

We will present the main results from HLZ and [Hua08], outlining how to construct pre-
modular categories from certain types of vertex operator algebras. No proofs will be
given here, instead we summarise what is needed for our computations in Section 5.5 and
Section 5.6 below.

Recall the assumptions (A1) - (AS) in Section 3.4 for the construction of a braided monoidal
category from a category of vertex operator algebra modules. What follows is a set of
stronger assumptions that guarantee a category with a modular tensor structure.

In [HuaO8], the vertex operator algebra (V,Y,1,w) is assumed to satisfy the following
conditions:

(B1) The vertex operator algebra V' is simple.

(B2) The weight spaces satisfy V{,,) = 0, for all n < 0, V{o) = C1 and the contragredient
module V' is isomorphic to V' in V—Mod.

(B3) Every weak V' -module is completely reducible.

As stated in [Hua08], condition (B3) is equivalent to satisfying both of the following:
(B3a) Every Z>-gradable weak 1/-module is completely reducible.

(B3b) The vertex operator algebra V' is C'y-cofinite.

For completeness, we define these notions below, following Section 2 of [Li99].

DEFINITION 5.3. A weak V-module (M, Y)) is a vertex algebra module for the vertex
algebra (VY| 1). That is, a weak (V. Y, 1,w)-module is a (V, Y, 1)-module.

As in the case of (vertex operator algebra) V' -modules, the Virasoro relations and L(—1)-
derivative property follow from the definition of a weak V' -module.

REMARK 5.4. Recall that a vertex operator algebra module, as in Definition 2.21, is a
vertex algebra module with additional conditions. Huang remarks that Z,-gradable weak
V-modules naturally arise in the proofs and hence weak modules must be considered. As-
sumption (B3) is needed to then obtain V' -modules, which arise in the Verlinde conjecture
(i.e. the construction of modularity). A

DEFINITION 5.5. A Zx-gradable weak V-module is a weak V'-module (M, Y),) satis-
fying the following condition:

(i) there exists a Z>q-grading M = P keZog M4, such that
3.7 vaMuy € Mwi vin—k+1) for all h_omogeneous veV, neZandk € Z.
DEFINITION 5.6. Define the subspace
(5.8) Co(V) = span{u_sv | u,v € V'}
of V. Then, V is Cs-cofinite if C5(V') has finite codimension, i.e. dim (V/C5(V)) < oco.
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We now state the main result of [HuaO8].

THEOREM 5.7. (Theorem 4.6 of [HuaO8]) If the assumptions (B1) - (B3) are satisfied by
a vertex operator algebra 1/, then VV—Mod has a natural modular tensor category structure.

REMARK 5.8. Note that V—Mod in Theorem 5.7 is the category of vertex operator
algebra modules of (V)Y,1,w) and their homomorphisms. This is a subcategory of
(V,Y,1)—Mod, the category of vertex algebra modules for (V,Y, 1) and their homomor-
phisms. The main difference here is the finite-dimensional constraint on the weight spaces
of (V,Y, 1, w)-modules. For one, this property is useful when obtaining dual objects using
contragredient modules. (As an analogy, recall that rigidity is a property generalised from
finite-dimensional vector spaces.) Furthermore, the requirement for finite-dimensional
weight spaces can decrease the number of isomorphism classes of simple objects. If this
is reduced to finitely many isomorphism classes of simple objects, then a category with
objects of finite Jordan-Holder length is also ensured to exist. Hence, one can see that the
category of vertex operator modules is well-suited for pre-modular and modular tensor
structures. A

We now summarise how the modular tensor categorical data is constructed in [HuaO8].
Let V be a vertex operator algebra satisfying (B1) - (B3). Recall that a pre-modular
category is a ribbon fusion category. So, the data we need to attach to V' —Mod is:

(i) atensor product X,

(i1) a unit object 1,
(iii) an associator A, left unitor [ and right unitor 7,
(iv) abraiding R,

(v) atwist 6.

HLZ gives the construction for (X, 1, .4, [, r, R), while [Hua08] gives rigidity, # and mod-
ularity. The fusion product X on V—Mod is constructed from a family of P(w)-tensor
products (M Mp(y Ma,Mp(y)), for w € C* and pairs (M;, M;) of V-modules. The fu-
sion product is defined to be the P(w)-tensor product bifunctor at w = 1. The unit object
is 1 = V, as a V-module. In order to define A and R, the isomorphism (5.9) below is
used to compare the P(w)-tensor products at different points, whilst retaining the analytic
properties of the punctured plane.

REMARK 5.9. The “double dual” construction in [HLZc] guarantees the existence of
the P(w)-tensor products but since the P(w)-tensor product is defined by a universal
property, we can choose any model that best suits our computation. One can verify that
the construction of the associator and unitors is independent of the choice of model, up
to monoidal equivalence. We will not show this here because it would take too long
to present, but one can use the universal property to obtain the morphisms needed to
construct the compatibility of associator and unitor commutative diagrams. It follows that
the ribbon tensor structure is also model independent. A
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DEFINITION 5.10. Let M; and M5 be V-modules and let wq, ws € C*. Let vy be a path
in C* from w; to ws. Let ) be the intertwining operator associated to My Mp(,,) M by
the isomorphism (5.6) with p = 0, that is, ) = ygp(wg),o. Let [(w;) be the logarithm of
wy uniquely determined by v and log ws. The parallel transport isomorphism associated
to vy 1s the V-module isomorphism

(5.9) Ty o My Rpy,y My — My Wp(y,) M,
characterised by the condition
(5.10) To(ma) By me) = Y(may, 2)me) |—w.

for all muy € My, m@) € M,, where T, : My Mpy) Mo — M Kp(y,) M, is the
extension of 7.

DEFINITION 5.11. Let M;,¢ = 1,2,3 be V-modules. Let r; > ry > 1 —ry > 0 be real
numbers and let

(1) -1 be a path in from 1 to rq,

(0, 00)
(ii) 72 be a path in (0, co) from 1 to 7o,
(0, 00)

(ii1) ~y3 be a path in (0, from 75 to 1, and
(iv) 74 be a path in (0, co) from 7y — ry to 1.
The associativity isomorphism associated to r1 and 75 is the V' -module isomorphism

(5.11) AR My Rpg,) (My Bp(y) Ms) = (My R, —r,) Ma) Bp(r,) Ms,

characterised by the condition
(5.12)
P(ry—rs2),P(r
Ap i m) Be) (me) Beey) mie) = (m) B me) Bee) m),
for all my € M;, i = 1,2,3. The associator of M, My and M3 is the V-module
isomorphism Ay, ar, 0, defined by the composition

Anry My, Mg

M, X (M, X Ms;) s (M, R M) X Ms
A 17
(5.13) M, Rp(ryy (My 3 Ms) (My & My) Kp(r,) M3
idar, xP(MTwl TTMIEP(TQ)idMS
My Bp() (Ma Wp(,) Mz) —— (M Bpy—ry) Ma) Kp(r,) Ms

P(ri—rg),P(r2)
Ap(r1),P(rg)

DEFINITION 5.12. Let M be a V-module. The left unitor of M is the V-module iso-
morphism

(5.14) Iy : VXM — M,
characterised by the condition
(5.15) I(1X®m) =m for all m € M.
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Note that an extension is not needed here since 1 X'm € V X M. The right unitor of M
is the V-module isomorphism

(5.16) ry: MRV — M,
characterised by the condition
(5.17) r(mR 1) =eXYm  forallm e M.

DEFINITION 5.13. Let ; be the path from —1 to 1 along the unit circle in the upper
half plane. Let M; and M, be V-modules. The braiding of M, and M, is the V-module
isomorphism

(518) RM17M2 : MlgMQ%MQ&Ml,
characterised by the condition
(5.19) Ry v (M) Mpay mey) = €L(_1)T;(m(z) Xp1)y m)y),

for all m;) € My and m(y) € Mo.

The associator, unitors and braiding become the natural isomorphisms with components
as defined in Definitions 5.11, 5.12 and 5.13, respectively. The reasons for why these
V-module homomorphisms exist can be found in [HLZe], [HLZf] and [HLZg].

The proof of the rigidity of the monoidal category (V—Mod, X, V, A, [,r, R), with an
explicit construction of left and right duals and evaluation and coevaluation morphisms,
can be found in Section 3 of [Hua08]. For a V-module M, the left and right dual object
of M can be taken to be the contragredient module M’.

DEFINITION 5.14. Let M be a V-module. The twist of M is defined as the V' -module
isomorphism

(5.20) 0y = e2™0),

The twist is the natural isomorphism with components as defined in Definition 5.14. In
Section 4 of [Hua08], it is shown that (V—Mod, X, V| A I, 7, R,0) is a ribbon category.
The C-linear abelian structure is the usual structure in V' —Mod, finiteness is shown and
(V—Mod, X, V, A l,r, R,0) is shown to be a modular tensor category.

EXAMPLE 5.15. Consider the braided monoidal category H — Mod’ from Example 3.22,
constructed from the Heisenberg vertex operator algebra. Recall that assumptions (A2)
and (AS) were violated, but we were still able to produce a braided monoidal category
using HLZ. It is then natural to ask whether H — Mod’, following [Hua08], can be given
a pre-modular structure.

We have computed the following additional structure on (H — Mod’, X, H, A, [, , R) (from
Example 3.22):

(i) left and right duals F'~* of F* with evaluation and coevaluations identities, for
AeC,

(ii) the twist defined by 0 = €™ idjs, for A € C,
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(iii) the spherical structure ¢ = id (canonically from 6 as in Definition/Proposition 4.37).

(This computation is omitted but it is similar to the computation for the lattice vertex oper-
ator algebras below). Hence, by using the abelian structure adopted from the category of
H-modules, H — Mod’ has the structure of a ribbon tensor category. However, H — Mod’
is not pre-modular since there are infinitely many isomorphism classes of simple objects.

There are no non-trivial finite subgroups of (C, +), the group that characterises the simple
objects and the tensor product of H — Mod’, so H — Mod’ has no pre-modular subcategory
other than the full subcategory of direct sums of the vacaum module. In this case, the S-
matrix is S = (1), hence the pre-modular category is also modular, but this trivial example
of a pre-modular category is not of interest to us.

Semisimplification (see Appendix E) is no help either. The dimension of each simple
object is dim, (£) = 1, so the semisimplification of H — Mod’, nor any non-trivial tensor
subcategory, still has infinitely many simple objects. O

We are yet to see any examples of modular tensor categories with more than one sim-
ple object. Fortunately, the lattice vertex operators will produce a family of non-trivial
modular tensor categories, which we will explicitly compute below.

5.3 Lattice vertex operator algebras

In this section, we will describe the lattice vertex operator algebras, their modules and
their intertwining operators. We will use the root lattices of sl; and sl3 as guiding ex-
amples. Only the former example will be used to in Chapter 6 to construct an explicit
Kazhdan-Lusztig correspondence, however, other simply laced root lattices would be use-
ful examples if we were to further explore generalisations of our results from Chapter 6.

Lattice vertex operator algebras are constructed from the data provided by a positive def-
inite even lattice of finite rank. Roughly speaking, one can think of a lattice vertex oper-
ator algebra of rank d as d copies of the free boson vertex operator algebra and countably
infinitely many of their modules. The free bosons act on each other, via their vertex oper-
ators, with an additional phase in order to satisfy the vertex operator algebra axioms. In
what follows, we will use a central extension as the datum needed to describe this phase.

5.3.1 Setting

We first lay the setting for the notation and conventions using [DL93], Section 6.4 and
Section 6.5 of [LL04], and [Don95].

DEFINITION 5.16.  An even lattice (Ly, (-,-)) consists of the following data:

(i) afinitely generated free abelian group Ly,
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(ii) a Q-valued Z-bilinear form (-, -) on Ly,
satisfying the following conditions:
(i) (-,-) is symmetric, non-degenerate,
(i) (o, ) € 2Z for all a € L.
We call an even lattice positive definite if its bilinear form is positive definite.

REMARK 5.17.  We are only interested in even lattices that are positive definite, as these
produce vertex operator algebras, but we will still state this every time for clarity. A

Let (Lo, (-,-)) be a positive definite even lattice. Define the vector space ) = C ®y
Lo. Extend (-, -) to h by C-linearity. Viewing b as an abelian Lie algebra of dimension
rank(Lyg), consider the affinisation

(5.21) h=bh®C[tt '] Cc,

where we denote a ® t™ by a(m), for all @ € h and m € Z. The Lie bracket is
(5.22) [a(m),b(n)] = (a,0)mpmsnoc  and  [c,h] =0,

for a,b € h and m,n € Z. We decompose E into subalgebras

(5.23) h=bh"eh @heCc=h.ab,

where

(5.24) hT = hotClt], h =h@t'Clt™"], h=hxC and b, =h &h &Cc.

Define the H—module

(5.25) M(1) = U(h) ®upsciace Co Ze_vee UH7),

where Cy = C is the h ® C[t] & Cc-module with trivial action of h ® C[t] and c acting as
the identity.

Define the dual lattice of L to be the lattice

(5.26) (Lo)® ={B €b: (B, Lo) CZ}.
Let (fo\)o be a central extension of groups
(5.27) 1= (wg) = (Lo)° = (Lo)° = 1,

for some q € 27~ U {1}, where (w,) is the group generated by the primitive ¢"-root of
unity w, € C*. Assume that the commutator map

— —

(5.28) c: (Lo)° x (Lo)° — {wy) = (Lo)°, c(a@,b) =aba 't fora,b e (Ly)°,
satisfies

(5.29) c(a, ) = (=1)?  foralla, B € Ly C (Lg)°.

REMARK 5.18. Note that the group operation in (L)° is written additively, even though

we denote the trivial group by 1 in (5.27); we do this because (L)° may be non-abelian
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in general. In (5.29), in makes sense to raise —1 to the power of («a, ) since (o, ) =
s({a+B,a+ By — (a,a) — (B, 8)) € Z when o and [3 are in the even lattice Lo. This
is why ¢ € 2Z- so —1 € (w,), or ¢ = 1 when (Ly, Ly) € 2Z (as in the case of a
one-dimensional lattice). AN

—

Define the C[(L)°]-module induced from the C[(w,)]-module C on which w, acts by
multiplication:

—

(530) C{{Zo)*} = CIT0®] @ctogn € Ze-vee Cl(Lo)’]
We write 1(a) = a ®cj,) 1, for each a € (LO) Then, the (LO) action is given by
(5.31) a-u(b) =1(ab) and wy, - (b) = wye(b) forall a,b € (LO)O.

For each h € b and a formal variable z, define the actions

—

(5.32) h-ua) = (h,a)e(a) and z"-u(a)=2"D(a)  foralla € (Lgy)°.

Define the vector space
(5.33) Vi = M(1) ®c C{(L0)°} Ze-vee U(H) @ Cl(Lo)°].

Leth, acton ViLo)e by acting on M (1) Further let (Lo) b and 2" act on V(;,)- by acting
on (C{(LO) }. Hence, the operators (LO) b and 29 commute with b,.

REMARK 5.19.  Looking at (5.33), it may appear that we have removed the dependence
on the central extension (5.27) since V(1) Zc-vec U(h™) ® C[(Lo)°]. But, this datum is

still encoded in V(). as a (Lg)°-module. Consider (Lg)° :=sets (wq) % (Lo)°, a central
extension of (Lg)° by (w,) with the associated 2-cocycle € : (Lg)° x (Lg)° — (w,). Then,

(1, a)u(1, ) = (1, @)(L, B)) = v(e(a, B), a + ) = e(a, B)e(1, a + ),
for all o, B € (Lo)°. So, even though V(). has a basis of highest weight vectors corre-

sponding to (Lg)°, the central extension (Lg)° is still being used to track phases. A

For any subset M of (L()°, we denote the ~-preimage of M by

(5.34) M={be (Lo :be M},

and define the subspaces

(5.35) C{M} = spanc{u(b) : b€ M} C C{L},
(5.36) Vir = M(1) @c C{M} C Vi1,)e.

Choose representatives \; € (Lg)°, for each i € (Lg)°/Lo, such that i = Ly + \; and
AL, = 0. (We will need to fix these representatives as the braided monoidal data depends
on their choice, however, we will show in Proposition 5.42 below that this dependence is
only up to braided monoidal equivalence.) Denote, for each i € (Lg)°/ Ly, the space

(5.37) V(i) = Vigs,
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We have the decomposition

(5.38) Vi = @ V).

iE(Lo)O/Lo

We now define the untwisted vertex operators Y (v, z) for v € V(y)-. Define the series

a(z) = Za(n)z‘"‘l fora € b.
nez

—

For each a € (Ly)°, define

T

(5.39) Y (u(a),z) = eZn>0 8= T BN 5 7

For a € (Ly)°, a1,...,ap € b, ny,...,ng € Zsg and ¢ € Z>,, denote by v the vector
aj(—nq) - ap(—nyg)i(a) and define
(5.40)

Y (0,2)=> (ﬁ (di)au) (ﬁ (di)au) Y (i(a),2)2.

REMARK 5.20. The normal ordering in (5.40) is an extension of the normal ordering
defined in Section A.2 to non-integral powers of z. The non-integral powers arise because
2% (b) = 2% (b) with (@, b) not necessarily an integer. This normal ordering is defined
in [LLO4] by introducing weak vertex operators, but we will follow [DL93] by defining
the normal ordering on “modes” (note that the operators in z” evaluate to a power of z, so
are not actually endomorphisms of V{y,)o, but rather serve to shift the indexing of the other
modes). The normal ordering 3 - ¢ is defined to be the reordering of a product of operators

—

so that all operators in ht'C[t~!] and (Lg)° are placed to the left of any operators in
HC|t] & Cc and 2" before the expression is evaluated. A

The series (5.39) gives the well-defined linear map
(5.41) Y(-,2) : Viege = (End Vg0 ) {2}, v Y(v,2) = Zvnz_”_l.

neC
We call Y (v, z) the untwisted vertex operator associated with v. These untwisted vertex
operators will be used to define the intertwining operators in Subsection 5.3.3 below. The
“vertex operator map” Y'(+, z) will not be the vertex operator map of a vertex algebra since
ViLe)> Will not given be a vertex algebra structure,' but instead V7, will.

EXAMPLE 5.21. Consider the case when Ly = Z« is a rank-one positive definite even
lattice with the Z-bilinear form defined by (o, «) = 2. Note that this is the root lattice
of sl; where the Killing form has been normalised so that the (longest) root has a norm-

squared of 2. Then, h = Co and the dual lattice is (Lg)° = %Zoz. Note that the dual lattice

'The series Y (v, z), for v ¢ Vi, are vertex operators in the generalised vertex algebra V(o (see
[DL93]). We will not discuss generalised vertex algebras in any detail here, but V(7)o is essentially a space
containing a copy of each irreducible V7,,-module, up to isomorphism, in which one can compute their
intertwining operators.
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is the weight lattice of sly. Choose L = (Lg)° and w, = 1 so that the central extension

(5.42) 11— (Lo = (Ly)° — 1

is satisfied by (Lo)° = (Lo)° and = = id(z,).. In this case, we simply write (Lg)° addi-
tively, instead of multiplicatively. We will give the cosets in the quotient group
(543) (L(])O/LO = (%ZO&)/(ZOZ) = {Lo, LO + %O&} gGroup ZQ,

the representatives \y = O and \; = %a. Here we have identified Lo = 0 and Lo+ %oz =1,
and the addition of 7, j € (Lg)°/Lo = {0, 1} will be modulo 2. We can write V'(0) and
V(1) as spans of the following bases, respectively,

(5.44) {a(=n1) - a(=ngu(ma) [ng > - >ny > 1, £ € Z>y, m € L},
{a(=n1) - a(—noi(ma) |ng > - >ng>1, L€ Lso, mEZ+ 1} O

EXAMPLE 5.22. Consider the root lattice of sls, that is, Ly = Zay @ Zoy with the

symmetric Z-bilinear form given by the A, Cartan matrix:

(545) <Oé17061> = <042,042> =2 and <061,0ég> = —1.

This bilinear form is non-degenerate, positive definite and even.

The dual lattice is

(5.46) (Lo)° = span,{af, a5},  where af = 2ay + 30, 0 = 501 + S0
Since (o, a) = —1, we need a non-trivial and non-abelian central extension
(5.47) 1= (wy) = (Lo)° = (Lo)° — 1

in order to have a commutator satisfying c(a;, ap) = (—1){@192) = 1,

One such central extension is given as follows. We will choose ¢ to be the smallest
positive integer such that ¢(«, 5) € 27Z, for all o, € (Lg)°. Use the (Lg)° and L bases,
respectively:

1 1
(5.48) {81,62} and {B1,3B2}, where 1 := a1, [ = —qu + gaQ.

Since (o1, avg) = —1, we have (Lg, Lo) = Z, hence ((Lo)°, (Lo)°) = 3Z and ¢ = 6.

For all elements o« = myf; + mof and B = ny 8 + nafs in (Lg)°, define €(«, 5) =
wg™™ € {41}. Then, € : (Lo)° x (Lgy)° — (wg) satisfies:

(5.49) e(a, B)e(a+ B,7) = €e(B,v)e(a, B+7) and €e(a,0) =€(0,a) =0,

for all o, 3,7 € (Lo)°. That is, € is a normalised 2-cocycle for the trivial group action of
(Lo)° on (wg). Hence, € corresponds to a central extension of (Lg)° by (ws) defined as

—

(Lo)° =sets {(we) X (Lp)° with group multiplication given by

(@) = (@,0)(L,a) and (La)(L,5) = (e(a, B),a + A),
for all a, 8 € (Lo)° and n € {0,...,5}, with ((ws),0) central. The commutator is
c(a, B) = e(a, B)/e(B,a) = wi™™3m2m wwhich indeed satisfies c(a, ) = (—1)@?,
for all a, B € Ly.
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Lastly, the quotient lattice is
(Lo)°/Lo = {Lo, Lo + p1, Lo + 282} = {Lo, Lo + of, Lo + a5 }. O

REMARK 5.23. To find the central extension in Example 5.22 above, we used the com-
mutator construction from Remark 6.4.12 of [LLO4], together with the 2-cocycle con-
struction from Proposition 5.2.3 of [FLM88]. Both of these references give general con-
structions for arbitrary positive-definite even lattices. That is, every positive definitive
even lattice has a dual lattice with a central extension (5.27) satisfying (5.29). A

5.3.2 The lattice vertex operator algebra and its modules

The “vertex operator map” Y'(+, z), as defined in (5.40), restricts to the subspace V' (0) =
VLO g ‘/(Lo)o as

(5.50) Y(-,2): Vi, — (End Vi)[[z,27Y], v Y(v,2) = Zvnz_”_l.

ne”L

REMARK 5.24.  Note that (5.50) is restricted from (End V7,,){z} to (End V,)|[z, 2~ "]].
We can do this since 2%4(b) = ‘%" 4(b) only has integral powers of z because (a, b) € Z,
for all a,b € Ly. A

We define the vacuum

(5.51) 1=1®(1) eV,

and the conformal vector
d
1
(5.52) w=; > uF(=1)uf(—1) ® (1) € Vi,
k=1

where {u*}¢_, is any orthonormal basis of h and d = rank(L). Note that out of all the
V' (i), with ¢ € (Lg)°/Lo, only the subspace V' (0) = V}, contains the vacuum and the
conformal vector.

The conformal vector gives the Virasoro mode

x d d
L(0) = uk—mukarl ukOUkO,
();;( )()2;()()
which grades V (i), for ¢ € (Lg)°/Lo, by its eigenvalues, denoted by wt. Recall that in
(5.33), the modes of 6* are defined to act on M (1), with positive modes annihilating ¢(a),
and the zero-modes h = b ® Ct° are defined to act on (C{(fo\)o} by evaluating a in ¢(a).
Hence, the L(0)-eigenvalues of the basis vectors are

wt(ag(—nq) -+ ap(—ne) @ 1(a)) = wt(ar(—ny) - - - ap(—ng)) + wt(e(a))

5.53 ‘ 1
9 :an+§(a,a),
j=1
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foralla€L0+)\i,a1,...,ag€Lo,nl,...,ng€Z>0,€€Z20.

REMARK 5.25. Equation (5.53) shows that if (Lo, (-, -)) was not positive-definite, then
a € Ly could be chosen so that «(a) € Vi, has arbitrarily negative conformal weight.
Hence, the positive-definiteness guarantees the grading restriction (2.18). Since V7, can
be written in terms of a PBW-basis, V7, satisfies the finite-dimensional weight space
condition (2.17). AN

THEOREM 5.26. (From Section 6.5 of [LL04]). Let (Lo, (-,-)) be a positive definite

—

even lattice and let ((Lo)°, ) be a central extension as in Subsection 5.3.1. Then,
(1) (Vi,,Y,1,w) is a vertex operator algebra.

(ii) The V (i), for ¢« € (Lg)°/Lo, form a complete list of the irreducible V7, -modules,
up to isomorphism.

(ii1) Any V7,-module is completely reducible.

REMARK 5.27. Recall that by “V/(0)-module”, we mean a vertex operator algebra mod-
ule with finite-dimensional weight spaces and zero-dimensional weight spaces for weights
with a sufficiently negative real component. The positive definiteness of (Lq, (-,)) and
the PBW-bases from induction provide V(i) with these properties. A

REMARK 5.28. The vertex operator algebra V7, satisfies Conditions (B1)-(B3), needed
to guarantee that the category of V,-modules naturally has a modular tensor category
structure. Since the vacuum module of V7 is simple, V7, is a simple vertex operator
algebra, that is, (B1) holds. Consider any irreducible V7, -module V (i), i € (Lg)°/Lo.
Then, all non-zero L(0)-eigenspaces have weight n + 3(o, o) > 0, for n € Z, and
a € Ly + \;. Moreover, equality holds only whenn = 0 and o = 0 € Ly, so (B2) holds.
Furthermore, (B3) is proven in Theorem 3.16 of [DLM97]. A

EXAMPLE 5.29. We will continue Example 5.21, using the s[; root lattice. An orthonor-
mal basis of b is { J5a}, so we have

(5.54) L(0) = ia(O)a(O) + 13 a(=k)alh).

k=1
Moreover, L(0) acts on the basis vectors of the V7, ,-module V (i), for i € (Lg)°/ Lo, as

‘
(5.55) L(0)a(—mny) - a(—ng)e(ma) = (m2 + Z nk> a(—=ny) - a(—ng)(ma),
k=1
forall m ¢ %Z, ny>--ng > 1,0 € ZLso.

We can renormalise the modes of a/(—1)¢(0) to be a,, := \%a(n), for each n € Z. Then,
{a, : n € Z} U {c} satisfies the same commutation relations as the mode algebra for H,
the rank-1 Heisenberg vertex operator algebra, from Section 2.4. The subspace generated
by the modes {c_,, : n € Z~} from ¢(0), together with Y'(+, z) restricted to this subspace,
is vertex operator algebra isomorphic to H. We can see that V{z,)o = V(0) @ V(1) is a
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FIGURE 5.1: The solid dots correspond to basis vectors in V' (0) and the open dots cor-
respond to basis vectors in V' (1). The diagram is organised with conformal weights
increasing vertically. The lowest weight in the column labelled by ma;, for m &€ %Z, is
wti(ma) = m?, and then the weights increase by 1. The dot corresponding to weight
n + wti(ma), for n € Z>, has a multiplicity of P(n), the number of partitions of n.

direct sum of infinitely many H-modules F' 5, ,, for m € 3Z. That is, for each m € 3Z,
the modes {a,, : n € Z} generate F 5, from the highest weight vector (ma), meaning
its ap-eigenvalue is v/2m and a,,.(ma) = 0, for all n > 0. Furthermore, V(0) contains
all of the H-modules F s, with integral m and V(1) contains all of the H-modules F 5,
with half-integral m. In Figure 5.1, is a diagram of the V|- basis vectors organised by
conformal weight. O

REMARK 5.30. We saw in Example 5.15 that H has an infinitely many isomorphism
classes of simple objects and is, hence, not pre-modular. We also saw in the previous
example that H is a sub-vertex operator algebra of V,,, where L is the root lattice of sl,.
By adding more generators and relations to H, we reduce the set of isomorphism classes of
simple modules. In this case, we obtain a finite number, which is needed for pre-modular
tensor categories. A

EXAMPLE 5.31. Recall that a root system is embedded in a finite-dimensional real vec-
tor space equipped with an inner-product. (Note that in our notation we denote this inner-
product by (-, -).) Hence the corresponding root lattice has a symmetric, non-degenerate
and positive-definite Z-linear form. Furthermore, every simply laced (i.e. AD E-type)
root system ® has roots of all the same length. Hence, after normalisation, every simple
root o € A satisfies (a, a) = 2. Thus, (.5 Za, (-, -)) is a positive definite even lattice,
which provides the data needed to define a lattice vertex operator. O

REMARK 5.32. From a conformal-field-theoretic perspective, the vertex operator alge-
bras in Example 5.31 correspond to certain affine vertex operator algebras (to be defined
in Chapter 6) at level 1, that is, chiral symmetry algebras for certain Wess-Zumino-Witten
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models in [Wit84]. As discussed in Section 15.6.3 of [DMS97], lattice vertex operators
can be motivated as generalisations of these examples. Physically, each simple root is
associated to a free boson on a compactified space time. Here, a “twisted multiplication”
t(a)u(B) = e(a, B)e(a + B), for a phase €(a, ) € U(1), is introduced to preserve field
locality. Then, e can be shown to satisfy a 2-cocyle condition, which manifests itself as the
central extension in our definition but restricted from the dual lattice to the original lattice.
Sections 5.4-5.6 of [Kac98] similarly motivate the central extension in this manner, but in
a mathematical language closer to what we use in this chapter. A

REMARK 5.33. Given a positive definite even lattice L, the vertex operator algebra V7,
only depends on the choice of central extension up to isomorphism (Proposition 6.5.5 of
[LLO4]). By Remark 5.23, a central extension exists, so there is exactly one isomorphism
class of lattice vertex operator algebras per each positive definite even lattice. Hence,
the only data required for constructing a lattice vertex operator is a positive definite even
lattice if we choose the canonical central extension to be that as in Remark 5.23. A

5.3.3 Intertwining operators

In order to find the fusion product of a lattice vertex operator algebra, we want to classify
the intertwining maps of type (V(‘i/)("j)(j)) for all 4, j,k € (Lo)°/Lo. There is already a
vertex operator map Y (-, 2) : V(z,)e — (End V(1,)0){#}, defined in (5.40), that produces
a series in V{z)o{z} from two vectors in V(z,). Since Viro)o = Bic(1,)e 1, V (¢) con-
tains all irreducible V7, -modules, it appears that Y'(+, z) could be used to construct all
intertwining operators of type (V(‘i/;(\k/)(j)> for all 4,5,k € (Lo)°/Lo. In Chapter 11 and
12 of [DL93], the intertwining operators of the irreducible V7 -modules are constructed
by twisting the vertex operator map by a phase using the bilinear form of (Ly)° and the

commutator map (5.28).

DEFINITION 5.34.  For each o € (Ly)°, define the operators ™ and c(-, ) on Viz,)
by

(5.56) €™ - m®ub) =e™*Pm (b)) and c(-,a) m® u(b) =c(b,a)m @ u(b),

—

forallm € M(1) and b € (Lg)°. Forall u € V (i), i € (Lg)°/ Ly, define the operator on
ViLo)e DY

(5.57) Va (1, 2) = Y (u, 2)e™ic(-, \).
THEOREM 5.35. (Propositions 12.2, 12.5 and 12.9 of [DL93])

Let (Lo, (-, -)) be a positive definite even lattice, and let ((Lo)°, ) be a central extension
as in Subsection 5.3.1. Let i, j, k € (Lg)°/Lo. Then, we have the following.

(1) The map
(5.58) Vii(,2) V@)@ V(i) = V(i+){z}, u®@ve— Y\ (u,2)v

1S a nonzero intertwining operator of type (V (i) v (j)>.
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(i) Any intertwining operator of type (v (;("j)(j)) is a scalar multiple of Y (-, z)-, when
itj=k
(iii) The only intertwining operator of type (V(‘Z./)("j)(jo is zero, when i + j # k. [

Note that the maps )5, depend on the choice of coset representatives \;,i € (Lg)°/ L.
But a different choice of representatives will only change ); ; by a non-zero constant. So,

V(E) > and hence the fusion rules,

the vector space of intertwining operators of type (V V)

do not change.

V (k)
(@) V(3)
with the space of P(w)-intertwining maps of type (v (‘i/)("j)(j
(5.5), with p = 0. That is,

(5.59) y(, Z) — [y70 tma) @ ma) — y(TrL(l), elogw)WL(Q).

The space of intertwining operators of type (V ) is in one-to-one correspondence

)>, by the linear isomorphism

Recall that (5.59) is defined using the substitution convention as defined in Section A.3.
When performing calculations below we will often write w" instead of ¢"!°8*, for n € C.
It should be understood what it means to “raise w to an arbitrary complex power” in this
sense.

5.4 Fusion product

—

Let (Lo, (-, -)) be a positive definite even lattice together with a central extension ((Lg)°, ™)
as in Subsection 5.3.1. Let V, be the corresponding vertex operator algebra with the
semisimple category V7, —Mod of V7 ,-modules.

We seek a model for the fusion product in Vz,—Mod, which we can find since we know
all the intertwining maps. For simplicity, we will be working with a skeletal monoidal
subcategory of V7, —Mod.

DEFINITION 5.36. Let V,,—Mod’ be the full subcategory of V7, —Mod with the objects

N
(5.60) Vi)  forii,.... ix € (Lo)°/Lo, N € Zxy,
n=1

which includes a zero object 0. The model for the direct sum in (5.60) is chosen to be such
that there is only one object of the form @._, V (i, ), for any ordering of (i1, ..., iy).
(This can be done by choosing an order for (Lg)°/ Lo, then defining EBnN:l V (i,) induc-
tively.)

Note that Vz,—Mod’ is skeletal and C-linearly equivalent to Vz,—Mod. Furthermore, it
is still concrete, so we can perform computations using V7, -modules and their homomor-
phisms.
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Now we can define a model for the fusion product of V;,—Mod’. We start by finding
the fusion product on the simple modules. Since the tensor product of a tensor category
distributes over direct sums, we then know that the fusion product on the simple modules
extends to all objects in V7,—Mod’. We will define P(w)-tensor products for all w € C*.

DEFINITION/PROPOSITION 5.37. Let w € C* and let 4,5 € (Lg)°/Lo. Define the
P(w)-tensor product (V (i) Mp(,) V(5), Xp(w)) by

(5.61) V(Z) IXp(w) V(]) = V(Z —i—j) and IZp(w) = ym'(-,w) .

Proof. Leti,j, k,ky,...k, € (Lo)°/Lo. First, let I : V(i) ® V(j) — V(k) be a P(w)-
intertwining map. Consider the two cases:
(i) If k =i+ j, then I = a);; forsome a € C. So,n = aidy ;) : V(i+j) = V (k)
is the unique module map such that 77 o Xp(,,) = I.
(i) fk #i1+j,then I =0andn =0: V(i + j) — V (k) is the unique module map
such that 77 o Kp(,,) = I.

Second, let I : V(i) @ V(j) — @, V(k,) be a P(w)-intertwining map. Then, I
decomposes into the sum of the P(w)-intertwining maps I, : V(i) ® V(j) — V(k,), for
n = 1,..., N. For each n, there is a unique module map 7,, : V(i + j) — V(k,) such
that 77, o X = I,,. Then, n = ETJLI M2 V(i+7) — EBivzl V (k) is the unique module
map such that 77 o Mp(,) = I. Hence, (V (i + j),); ;) is a P(w)-tensor product of V' (4)
and V(7). O

We define the fusion product to be the assignment of P(1)-tensor products on objects and
morphisms. Hence, the fusion product bifunctor of V;,,—Mod is

—X—: VLO—MOd/ X VLO—MOd/ — VLO—MOd/

(5.62) V@), V() = V(i+j)  (0,V(i), (V(),0) =0
(a idv(i), bidv(j)) — ab idV(i+j) (O, f), (f, O) — 0
extended to direct sums of simple modules by the equalities:
M N M,N
(5.63) (@ V(zm)> b <@ V(jn)> = B V(im) BV (jn)) @ V (im + Jn)-
m=1 n=1 m,n=1 m,n=1

5.5 Braided monoidal category data

Using HLZ, we have explicitly computed the canonical braided monoidal data for V7, —Mod'.

THEOREM 5.38. The category V;,—Mod’ can be naturally given the structure of a braided
monoidal category (Vz,—Mod', [, V;,, A, 1,7, R) consisting of:
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(i) the category V7, —Mod',

(i) the bifunctor — X — : Vz,—Mod’ x V7,—Mod" — V7, —Mod', as defined by the
fusion product (5.62),

(iii) the unit object V' (0) =V,

(iv) the associator A : — X (— X —) = (— X —) X — with components at triples of
simple objects:

(5.64) Aviy v = €T Ay = A = Ap) idv g,

(v) theleft unitor / : V' (0)X — = idy and right unitor r : — XV (0) = idy as identities,
(vi) the braiding R : — X - = - X — with components at pairs of simple objects:
(5.65) Rviyvi) = em<)\i’/\j>c()‘i7 Aj) idy (i) -
Moreover, this is a braided tensor category.
We will now compute this data for simple objects by exploiting the method in [HLZg],
which we outline for convenience:
o Since V7, satisfies (B1)-(B3), we know that the braided monoidal structure exists.

o Since V;,,—Mod’ is semisimple and the fusion product distributes over direct sums,
it suffices to compute the data for simple objects.’

o Any endomorphism of a simple object is a scalar multiple of the identity, so such
an endomorphism is determined by the image of any non-zero vector.

o To compute the completion of such an endomorphism, it suffices to compute the
action on only the lowest weight terms, recalling that the grading is given by the
L(0)-eigenvalues. That is, we can choose to work with the highest weight vectors

t(a), for any a € (Ly)°.

5.5.1 Left and right unitors

Leti € (Lo)°/Lo. The left unitor [y ;) is determined by
(5.66) lvi(1Rv) =v forallv € V(i).
Let v € V(7). Then,
1XRv=Y(1,1)v=Y(1,1)e™c(-,0)v = v,
$0 ly () = 1dy ;). The right unitor ry ;) is determined by

(5.67) (R 1) = ey,

20One can verify that the associator, unitors and braiding indeed distribute over direct sums. This is
routine using techniques we have already shown, but involves many commutative diagrams, so we will not
demonstrate it here.
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Leta € Lmi. Then,
vB 1=\ (v,1)1 =Y (v, )™ (-, M) =Y (e(a), (1)
= 62">Oa(_”)%L(a) = (a) + h.w.t,

oo

eV (a) = Z %(L(—l))"L(a) = (a) + h.w.t,

where h.w.t denotes the higher weight terms as graded by L(0). So, ry(;) = idy(y).

5.5.2 Parallel transport isomorphism

Let wy,wy € C*, let v be a path in C* from w; to wy, and let [(w;) be the logarithm
of wy determined by logw, and . Leti,j € (Lg)°/Lo and let ) be the logarithmic
intertwining operator associated to the P(ws)-tensor product V (i) Xp,,) V' (j). Then, the
parallel transport isomorphism

T V(i) Bt V) = Vi + ) = V) Bpusy V() = V(i + )
is determined by

T (01 B p () v2) = V(v1, 2)va|, gt
= yHO O] (= HO) = LO0) e loBws o—l(wn)

forall v; € V(i),vy € V(j). Leta € Lo+ be Lg/—lj\j, and v; = t(a), va = 1(b).
Then, we compute that

t(a) Mpgu,) t(b) = Vi, (¢(a), wy)e(b) =Y (1(a),wr)e imhic(., A)e(D)

= e mibe(B, A )eZn>0 1T qapy (b)
_ em(z\i,b)c(b’ )\i)w§a,b L(Gb) + h.w.t

01 By 2 00,)|

and
e(l(wl)—long)L(O) ( (log wa—1(w1))L(0 L( ) IXP ws) e(logwg—l(wl))L(O)L<b))
Lia,
2

_ e(l(wn—logwg)um( ogwa—1(wn))G @@+ G, (4) K py,) L(b)>

— o(Hw1)—logw2)L(0) <€<logw2—1(w1))<%<a D436 im b e (h ) wS™ 1 (ab) + . Wt)

— (l(wr)~logws)(5 (ab,ab) 5 (@a)— 3 (b.b)) yim (i.b) (b, \; ) (a.b) t(ab) + h.w.t

= e(l(wl)_log“’?)<a’b>e”<k“g>c(l_9, )\Z-)wéa’5>b(ab) + h.w.t,

SO

(568) 7:/ — e(l(wl)flong)( b}wé b>w1—<5,5> idv(i+j) .
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To simplify this, we choose a and b to be such that @ = \; and b = Aj. Then, we have
e(llw))—logw2) @) (@) ) —(@H) _ o (1(wn)-loguwa) (hishy) glogwa(Aidy) o= logwn (As.hs)
— e(l(wl)—logwl)O\i,)\j)
Hence, the parallel transport isomorphism associated to 7 is

(5.69) T, = e(l(wr)=logwi)(Xi,A;) idy (i) -

5.5.3 Associator

Let r1, ro be real numbers satisfying ry > 7o > r1 — ro > 0. Let v, Y2, 73, 74 be paths in
(0, 00) from 1 to 71, from 1 to 75, from ry to r; — 79, from ry to 1, respectively. Then, by
substituting all principal real logarithms into (5.69) we have that 7,,, 7.,, 7, and T, are
all identities.

We now calculate the isomorphism
0 Aoy V) Be (VG) ey V() = V(i +j+ k)
— (V(l) gp(m—m) V(.])) XP(rz) V<k) = V(Z +j + k)

determined by

(5.71) AIJZEZ)_PT(?QP)(TQ) -1 &P(ﬁ) (v2 ®P(T2) v3) — (U1 &P(ﬁ—rz) v2) P(T’2) Us,

forall v, € V (i), v € V(j), v3 € V (k).

Leta € Lo/jt\)\i,b € Lmj,c € Lo/#——\)\k and v; = t(a),ve = 1(b),v3 = t(c). We
will compute both sides of (5.71). In what follows, note that a lot of the manipulation is
possible since r; > ro > 11 — 19 > 0.

We first calculate the left-hand side of (5.71):
t(a)Bpey) (1(0)Bp(ry) (c))

n
— ry

=1(a)Xp() eXn>0b(=1) 55 rég’a ™A e (e, \)u(be)

s ST BB e
L B T Y e B (0}

Now, for any m € Z-,
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(Recall that these sums are finite when acting on V7,-modules.) Hence, by use of the fact
that [A, B] = C with C central, implies [A*, B] = kC A*~, for all k € Z>o, we get

k
N R 1 r" _
2ns08(n) = p(— — — aln)—— —
[e >0 ,b( m)} = Zk! (Za(n) —n> ,b(—m)
k=0 n>0
~ k o k-1
1 _ 7”1_” _ 1 o B rl—n
:ZE > (")_—n ,b(=m) ZZEIC(—@LJJM D (“)_—n
k=1 n>0 k=1"" n>0
o0 1 —-n k=1 —-n
a.byrm™ a r =7 a(n
= <a7b> 1 Z(l{?—l)'( a( )_1_> :—<Cl,b>7’ ezn>0 () "
k=1 n>0
Hence
(@) Bp(ry) b(—na) -+ b(—n)e (bC)
= Xn>0 (=) T Enod(n) ar“e”r)‘ ( ) ( ny) - - - b(—ny)e(be)
= (5(_711) - (@, 5>7“nt) (5(_ k) — (@ b)r nk) v(a) Mp(y) t(be)
= (—(@, b))l ) gm0t (bc A )L(abc) + hawt,
where we have noted that eXn>0%=") q, 79 ¢ and c(-, \;) commute with b(—m), for

m > 0. Hence,

v(@) Bpry) (1(0) Bp(ry) ¢(c))
)

= {0 gimiri bc>c(b_c, A)riOeimNife (e, \)
1 (@B (r
ZE Z e t(abc) + how.t
k=0 N yeeny ne=1
:Tf be) wr(/\ ,bc) (bC, )\i)réb >ez7r ,C) (C )\)
_ k
Z il (Z " (T—1> > t(abc) + h.w.t
k=0 n>0
_ TYZ%) imdabe) (e, A )i e Xific(e, A, ) @b log 1 72>L abc) + h.w.t
(@b)
= {0 gim Qb (b, A )ri® NP e (g, ;) (1 - 2) t(abe) + h.w.t
1
(5.72) = {7 (1) — 1)@ OB N e (e, M )e(e, A )e(abe) + hawet
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Next we calculate the right-hand side:
(@) Bp(ry—ry) (b)) Bp(r) 1(c)
= <€Zn>o a(—n) 2 (r1 — 1) @0 it (p, /\i)L(CLb>> NMpry) t(c)

Now,
(@(—=n1)---a(—ng)e(ab)) Kp(,) t(c)

_ (ﬁ di)-u) (ﬁ (di)-m) Y (i(ab), o)

e mO0(E, i) u(e)
_o —my— 1\ _ —mi—n1 —my— 1\ _ —MmE—n
=5 Z ( ny—1 )a(ml)r2 Z ( ne—1 a(mp)ry

Xm0 8(=m) T 0 (n) 2 (ab)?"gibg ™At e(e, Aiyj)e(c)

= (ab)r(—1)m+ (g )k M T T i B (3 Ay )u(c) +huwit

=y (—pymmeh g g kg T T A e (2, Ay )uabe) + howet
(Note that ab € L m Aj = LO/—i—THj, but \; + A; # A4, in general.) So,
(5.73)

)
=(r— 7“2)@5) ei”<’\i’5>c(l_), /\i)réa ©) gim(Xit; @C(a Xits)

Loy :ﬁfﬁk (J"l _7’2)"1+"'+nk (abe) + howt

T2

b 1471272

= (ry — 1) @D XD (B N )i P imPini (e, Ay ) e ™ log (14152 t(abc) +h.w.t

o — - _ (@)
= (1 — 1) @V TP e (b M )rS0D N B e (6, Ay ) (1 + ”) 1(abe) +h.w.t
)

:rf’a rébi) (ry — T2)<E,E> eim(Nisb) gim(Nig s ,E>C((‘)7 X )C(@, Ait)e(abe) +hawt.
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Hence, by comparing the left-hand and right-hand sides of (5.71), that is, comparing
(5.72) to (5.73), we get

A]Iz(rl TQ)P(TQ) a <) (

(r1)P(r2) — ) D) IO gimAiks B (B, N Ye(e, Aivj)

— —1
(ria C>T<b I (1 —1g) @Y IO B (e, A ) (CJ\;‘)) idy (i4j+k)

(5.74) =™ AT (B N — N — A idv ik
where we have used the following fact: for all a, b, c € @J,
c(@+b,¢) = c(ab,¢) = (ab)c(ab) e = abcb ™ a ¢ = abch e eaT e

1

= ac(b,¢)ca ¢! = aca ¢ c(b,€) = c(a,e)c(b, ).

By choosing ¢ such that ¢ = )\, we finally arrive at
Apr gt 72 = eimees =AM e\ Ay — s = Ag) idvig i -
Thus, the associator
(5.75) Avay v ve 2 V() BRV () RV (E) = (V() RV () &V (k)
is the composition
. P(ri—r2)P(r
Avw v = Ty © (To Bpgeyy idvy) 0 Ap 500 0 (v Rpe o) © Ty
(5.76) = ™R T AT A (N Ny — A — Ay) idv (g -

REMARK 5.39. We can now see that fixing the choice of representatives \;, for i €
(Lo)°/ Ly, does indeed matter, since in general \; + A\; # X, ;. However, it does not
matter which set of representatives we choose to fix, as seen in Proposition 5.42. A

REMARK 5.40. For verification and illumination, we will check that the monoidal cate-
gory axioms are satisfied. Let i, j, k, ¢ € (Lg)°/Lo. We show that the pentagon identity,
(5.77) Aigjeeo Aijrre = (Aijre Bidy) o A g o (id; BA; 1 0),

is satisfied. Since A\ = Ay + A\¢ + o for some o € Ly and \;jy; — A\, — A\; € Ly, then
(MNitj — A — Aj, ) € Z and we have

(5.78) eiﬂ<>\i+j—/\i—/\j7a>c(oé7 Niti —Ai—Aj) = (_1)<>\i+]‘—/\i—>\jva>(_1)<047>\i+j—>\i—)\j) =1.
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Hence,
I NGk —Nid i — Ay A
Ai+j7k7g o .A@j’k_,_g =e€ Pikg b =Ais = £>C()\g, )\z’+j+l<: — )‘i+j — )\k)
1T (N —Ai—Aj, Ak .
- e Pt J k+[>C()\k @,)\i i )\Z — )\]) ldv(i G4k-+0)

_ eiﬂ()\i+j+k*)\i+j*>‘k’)‘é>C()\g, )\Z'Jerrk - )‘i+j - )\k)

e mAITNTAMEAI (N g, Ny — A = A) iy (i)

_ eiw()\i+j+k—)‘i+j_)‘k’)‘4>c(/\g, )\H-j—l—k - )\’H‘J - )\k)

R TN (N N — A — )
S MAHITATAAD (A Ny — A = A) iy ik
= eMRirieh AT A (N Nk — A — Ay — Ag)

e MAITANTAA (N Ny — A = A) iy ik
= e”(A"*f’\i*)‘j”\’JC()\k, Aitj — Ai = Aj)

. el‘ﬂ@wﬁk*ﬁ&%ﬁdC(A& Nitjik — N — Ajar)
AR (A, g — Aj = Ak) v g

= (A Ridy) 0 Ay jireo (id; KA, ).

The triangle identity,
(5.79) (ri ®id;) o A; . = id; K,
is also satisfied. For this, we note that the identity Lg in (L)° /L corresponds to the unit
object V'(0) and has representative Ay, = 0 € (Lg)°. Hence,

(ri Rid;) 0 Aj 1, ; = ™ Ritto A=A Al jd, o = ™A d, s = id,, = id; ;.

Thus, we have verified that (V —Mod’, X, V(0), A, [, ) is a monoidal category. A

5.5.4 Braiding

Let v~ be a path from —1 to 1 in the closed upper half plane with O deleted. Hence,
[(—1) =log(—1) = im. Leti,j € (Lo)°/Lo. Then, by (5.69), we have

(5.80) T = idv(itj)

since 7! is in the principal branch sheet. We now find Rp1) : V(i) Kpq) V(j) —
V() Wp(—1y V(i) which is determined by

(5.81) Rea (v Bpay va) = e (0 Rpqy v1)  foroy € V(i),ve € V().
Leta€ L+ A, be Iﬁ—\)\j and v; = ¢(a), v = ¢(b). Then,
1(a) Rpgy 1(b) = ™D (b, A;)u(ab) + how.t
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POV (D) Bp_yy 1(a)) = XV (im0 imXat (g A;)u(ba) + how.t )
= eL(_l)(e”r(ba N (@, \;)e(b, @)e(ab) + how.t )
= 08 gim Nt (g, Aj)c(b,@)u(ab) + h.w.t.
Hence,
Rpq) = ei”<5’6>e”<’\j’a>c( A)e(b,@)e NP e (b, \) Vidy sy
D+ e (@, A;)e(b, @)c(, b).
Choose @ and b such that@ = \; and b = Aj. So, we have
Rpay = eiﬂ(<>\j,/\z‘>—(kw\j>+<x\jAi))c(/\. AN, A)e(, Aj)

(5.82) = ™Ml e(\y, \)) idy(iry) -
Thus, the braiding is

R =T, 0o Rpa) = idy iy 0e™Ne(\;, A;) idy vy
(5.83) = ™A (N, N idy i) -

REMARK 5.41. Let i,j,k € (Lo)°/Lo. For illumination, we will show one of the
hexagon identities, namely

(5.84) Rijn = Ajri © (id; {R; ) 0 Ay 0 (Ry; Bidy) 0 Ay i
Computing the right-hand side explicitly, we get
Ao (id; ’R; 1) 0 AL o (R Widy) 0 Aj i
= NN TARAD (N N — Ay — Ap)e TR (N L)
. (eiﬂ/\jﬂ*)\j*/\i:)‘wc()\k, Niri = Aj—Ni))~ Leimdi:A) ()\l, Aj)
' €¢7r<,\i+jf/\ﬁ/\j,>\k>c(/\k7 Nitj — Ni — Aj) idig itk
= NN, N yn) ik = Rigene

The remaining hexagon identity can be verified similarly. Hence, we have verified that
(Vr,—Mod’ X, V(0), A, l,r,R) is a braided monoidal category. VAN

PROPOSITION 5.42. The braided monoidal category (Vz,—Mod’, X, V(0), A, 1,7, R) is
independent of the choice of representatives {\; € Lo+ \; : i € (Lo)°/Lo}, up to braided
monoidal equivalence.

Proof Let {\; }ic(Lo)° /1, and {)\ }Yie(Lo)o /Lo bE sets of coset representatlves and let o; =
X — A Let (Vi,—Mod', K, V(0), A, 1,7, R) and (V,,—Mod’, K, V(0), A, 1,7, R) be the
respective braided monoidal categories as per the construction above. Endow the identity
functor idVLO _Mod’ With the natural isomorphism

(585  Jvavg = TN (N, @) idvry) s V) BIV(G) = V() BV()),
forall 4,5 € (Lo)°/ Lo and the isomorphism ¢ = idy (o). To show that
(idv,, —moar > )  (Viy—Mod', B,V (0), A, 1,7, R) — (Vi,,—Mod', &, V(0), A, 1,7, R)
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is braided-monoidal, it suffices to check the compatibility of associators, unitors and
braiding for the simple objects. These diagrams are compositions of multiples of identities
and can be directly checked to commute. Since idVLO_MOd/ is an equivalence of categories,
we have that (idVLO_MOd/, J, ¢) is a braided monoidal equivalence. 0

5.6 Modularity

Finally, we will use [Hua08] to compute the canonical pre-modular structure of V7, — Mod'.

THEOREM 5.43. The category V7, —Mod' can be naturally given the structure of a pre-
modular category (Vz,—Mod’, X, V(0), A, [,, R,6) consisting of:

(i) the braided monoidal category (Vz,—Mod’, X,V (0), A, [, r, R) from Theorem 5.38,

(ii) the ribbon structure (twist) 6 : idVLOfMod’ = idVLO,Mod/ with components
(5.86) Ox =0 X 5 X

Here, the duals are V' (i)* = V(—i), for all ¢ € (Ly)°/Ly. Moreover, this pre-modular
category has an invertible S-matrix

(587) S = (SV(i),V(j))i,jE(LQ)O/LO = (€2ﬂi<)‘iv/\j>)

Thus, V7, —Mod’ is modular.

i?jE(LO)O/LO ’

5.6.1 Rigidity

The rigidity of V;,—Mod is a result of Section 3 of [Hua0O8], but we are working with
Vi, —Mod’. Recall from Proposition 4.4 that dual objects are unique up to isomorphism,
provided they exist. So, even though we do not have contragredient modules in V,,—Mod’
(as arestricted dual vector space), we can still verify that the duals exist by using modules
that are isomorphic to the contragredient modules whilst still being objects in Vz,—Mod'.

Leti € (Lo)°/Lo. For j € (Ly)°/Lo, wehave V(i) XV (j) = V(j) V(i) = V(i + j).
If we want non-zero module maps V(i + 5) — V(0) and V' (0) — V(i + j), then we need
i+ j =0,since V(0) and V(i + j) are simple. So, we define the dual object to be

(5.88) V(@)* = V(—1).
Recalling (4.1) and (4.2), for left rigidity, we must impose the following conditions:
ry(i) © (idv Mevy i) o Ay vy v © (coevy Bidva) o by = idv),
ly (=) o (evy( Midy(—y)) o Av (i) v, v(—i) © (idy(—i) Kcoevy)) o r;%_i) = idy () .
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Since
Av iy vi—iv = €™M e (N N L — A — AL idvits)
= MM (A L, ) idy g,
we may choose evaluation and coevaluation to be given by
(5.89)  evy(y = mTATANI(A N idy) : V()T RV (i) = V(0) — V(0),
(5.90) coevy ;) = idy gy : V(0) = V(i) XV (i)* = V(0).
We now verify the evaluation and coevaluation conditions. First,
rv(i) © (idv i) Bevv) o Ay vy v © (coevy ) Ridv) o by
= NN (N A (TN A)) T idy gy = idyg)
Second, we observe that
Av iy vy vi-i = Mt TAT AN A — Al — ) dy (—iqi—g)
= AT A\ A idy g -
Hence, by using \; + A_; € Ly, we have
v (=) o (evy( Ridy (i) o Av (i) v, v(—i) © (idy(—) Kcoevy)) o T‘_/%_i)
= MM TA NI (A, A )e ™A= A e (AL idy g

—Am (XA, N+

=€ >idv(,i) = idv(,i) .

So, (V(i)*,evy (), coevy () is a left dual of V(i). A similar procedure can be used to
show that V'(7)* is a right dual object of V' (i), together with
(5.91) eV = €T NN\ AL idyg)  and  coevy ;) = idy o).

These duals then extend over direct sums, hence VLO—Mod’ is rigid.

This shows that V;,—Mod' is a finite semisimple C-linear abelian rigid monoidal category
with I bilinear on morphisms and Endy, _moea(V(0)) = C. That is, Vi,—Mod' is a
fusion category. We still need to give Vz,—Mod' the canonical ribbon structure and show
that the S-matrix on V;,,—Mod’ is invertible.

REMARK 5.44. We could have used the fact that V;,,—Mod is rigid and monoidally
equivalent to Vz,—Mod’ to obtain the rigidity of V;,—Mod’ as a result of Proposition
4.42. Nonetheless, we have chosen to use the above method for its explicitness. AN

From now on, fix the dual objects, and (co)evaluation morphisms as above.

5.6.2 Twist

As discussed in [Hua08], the twist is given by
(5.92) 0 :idy, _mowr = idy, _moa s Ox =™V X = X
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We verify that this is indeed a twist on Vz,,—Mod’ by checking (4.30). Consider a simple
Vi,-module V(7). Then, 6y = ¢*™*® is a module endomorphism since for all m(a) €

V(i),me M(1),a € L/—iji, with @ = a + \;, we have

Qv(i)(mL(a)) _ e27rz’L(0)TnL(a) _ 627ri(th+WtL(a))mL(a) _ e%i(thJ“%<Q+Ai’a+ki>)mb(a)

27ri(wtm—&-%(a,a)—i—(a,)\i)—l-%()\i,)\i>) 7TZ<)\Z,)\,L>

=e mu(a) = e me(a),

since wtm, (o, \;) € Z and (a, ) € 2Z. That is,

(5.93) Ov iy = ™M) idy .

Leti,j € (Lg)°/Lo. Then, using that \;;; = \; + \; + «, for some o € L, we get
Ov oy ) = Oviisy = e (i) = €T ATt At

_ em‘((Aﬁ/\j,,\¢+/\j>+2<>\i+>\j,a>+<a,a>)

milhiti i) idy, ) idy (i1 )

7Ti<)\i +)\j >)\z‘+)\j>

idy (i) = € 1dy (i+j)

— e7ri<)\i,)\i>eﬂ'i()\j,)\j>e7ri<)\i,)\j>e7ri<)\j,/\i> ldv(H_j)
= (Bvi) Wov(y) o Rvivi © Rvavo)-
So, # is indeed a twist. Recall the definition of the left dual of a morphism from Definition

4.5. The left dual of the twist is

(Ov i)™ = ly (i) o (evv () Bidy(—i)) o ((idy(—i) Kby i) Kidy ()
o Av(—i)v(i),v(—i © (idy(—s Meoevy ;) o r;gﬂ.)

_ 6i7r<—)\i—/\,i,)\i>c()\_i’ )\i)eﬂi()\i,kﬁeiﬂ’(—)\f«;—km)\fi)C()\i’ >\—z) ldv(fl)

_ e7’l’i<)\i,)\i> ldV(—fL) — eﬂ'i<*)\7i+a7*)\7i+a> ldV(—fL)
— eﬂi((/\,i,)\,i)72()\,i,a>+(a,a>) ldV(—z) — eﬂi()\,i,)\,i) ldV(—z) — 6V(i)*7
where \; = —\_; +a for some «a € L. Thus, 6 is a ribbon structure on V7, —Mod’, hence

Vi,—Mod' is a ribbon fusion category (i.e. a pre-modular category).

REMARK 5.45. The braided monoidal functor (idVLO _Mod’» J, ¢), from the proof of Propo-
sition 5.42, is C-linear and preserves twists, since its underlying functor is the iden-
tity functor. That is, it is a pre-modular functor. Hence, the pre-modular structure of
Vi,—Mod’ is independent of the choice of coset representatives \;, for i € (Lg)°/Lg, up
to pre-modular equivalence. A

5.6.3 The S-matrix

We first find the canonical pivotal (spherical) structure a : idy = (-)** of V7, —Mod’ with
respect to the twist . Recall, from Remark 4.37, that there is a natural transformation
uy : X — X**, for X € V,—Mod’, given by the composition

idx Kcoev x * .AX7X*’XM

ol
X 55 X®V(0)

nyx*lzﬁdx**

XK (X* K X*™) (X X X*) KX

(X ) X) R X SXEe yr) e X e
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Then, the canonical pivotal structure a is given by axy = ux o 0x. Specifically, let ¢ €
(Lo)o/Lo. Then

v@) = lv © (eVV Xidy ) o (Rv),v—i Midx)
o Av (i), v(—i)v@) © (idy ) Meoevy(—y) o r;%i)
= M (A_l, N)em A=\ A ) e TATAR A (A N ) idy gy
= MmN, N idy
and so, the pivotal structure is
ay ) = uyp) 0 Oy = (TN TAIC(A A idy ) © (TN idy )
= ™R, \) idy

We can now find the S-matrix. Let i, j € (Lg)°/Lo. Recall that the S-matrix has compo-
nents given by

(5.94) svv() = Tra(Rv)va) © Rvae)v))-
Hence, we calculate

Vi)V () = eVv(=i-j) © ((av(i) © Rvyv) © Ryvavi) Bidv(—iojg) ) © coevy (i)
_ emf,\,i,f&vﬂ,A,i,ﬁC(}\iH, i j)eiﬂ'O‘iJrj:7’\i+j7>‘*i*j>c<)\7ii‘j’ Aitj)
cemRedile (A, \))e ™M e(X, ) idy )
= ¢TI A A e (g, A )e(A i, Aigy)
-2 () ) e(Mg, Ai) idy o)
— 2imiN >1dv(0) ‘
Thus, after the identification End V' (0) = C, by idy (o) — 1, we have

(595) SV (i) V() = e2i7r<)\i,)\j> fOI‘i,j c (LO)O/LO-

5.6.4 Invertibility of the S-matrix

PROPOSITION 5.46. The S-matrix of V7,—Mod' is invertible.

Proof. Since L is equipped with a symmetric bilinear form, it has an orthogonal basis,

d
say {a,}?_,. Then, (Ly)° has a basis { Bs = fara >045} with the set isomorphisms
s=1

(Lo)o/Lo < {>\z 11 € (Lo)o/Lo}

d
> {stﬁs:mS:O,...,(as,as>—1ands:1,...,d},
s=1

) d
where each ), is congruent to some ) .., m, /35, modulo Lj.

We will show that S = (62”<’\i”\i>)ije(L0)o /1, 18 invertible by showing that S (SH)* =
SS* = (|(Lo)°/Lo|d;,;), which is invertible (and S can even be renormalised by 1/+/|(L¢)°/ Lo|

85



to be unitary). For ¢, j € (Lg)°/ Lo, we have
(SS*)ZJ _ Z €2i7r(/\i,)\k>6—2i7r()\k,>\j> _ 621‘71’()\71—)\]-,)\;@)‘
kE(LQ)O/LO k’E(L())O/LO
In the case that ¢ = j, then \; = A, and hence
(857, = D mOM =|(Lo)*/Lol.
kG(Lo)O/LQ

In the case that 7 # 7, let { = i — 7 and write

(5.96) Ni— A=\ = Znsﬁs = Z B a> o (mod Ly),

s=1
for some n; € {0,..., (s, ag) — 1} with s € {1,...,d}. Since A\ ¢ L, we can choose
some ¢t € {1,...,d} such that

¢ Z. So, we can write

<at7 at)
T p .

(5.97) Taror = 7 where p and ¢ are coprime and ¢ | (v, o).
ts

Now, consider the list

(5.98) <ntﬂtam5t> = << o Qg = >04t> = mL = mz_)v

a, Q) (o, oy (g, o) q
form € {0,..., (a4, oq) — 1}. This list is can also be written as
01 -1 .
(5.99) — =, i (mod Z), repeated M times.
q q q q

Hence,

(a1,01)—1

ag)—
Z €2i7r<)\g,>\k-> — Z Z exp (27TZ <)\£7st55>>
m1=0

keL/Lg

(a1,01)—1 (ad,aa)— d
— Z e Z exp (27Ti Z (nsPs, msﬁs))
m1=0 mq=0

s=1

d
= > exp | 2mi [ (nBmuB) + D (naBemafe)
g7

d
= exp (i (my,men)) Y exp | 2wy (nyBs,myf)
m M1, 777‘\75 7777 mq s=1
s#t
=0,
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where we have used

(ot 0)—1 q—1
(5.100) Z exp (27i (ny By, mBy)) = w Z exp (2772'%) = 0.
m=0 m=0

Hence, SS5* = (|(Lo)°/Lol|d; ;). Since SS* is invertible, then so is the S-matrix. Thus,
Vi,—Mod' is a modular tensor category. [

REMARK 5.47. From V7,—Mod’, we immediately obtain many other examples of pre-
modular categories, which we briefly discuss to stress the fact that modularity is rarer than
pre-modularity. Let L be a sublattice of (L)° containing Ly:

(5.101) Lo C L C (Lo)°.

The subspace Vi, = ®ieL/LO V(i) gives the restriction Y (-,2) : V, — (End V;){z}
since L/ Ly is a subgroup of (Lg)°/Lg. Define Vz,—Mod’ to be the full subcategory of
V1, —Mod’ with the objects

N
(5.102) @BVv.)  foriy,....ix € L/Ly, N € Zs,.

Consider the full subcategory of V7, —Mod’ that contains only the simple objects. This
monoidal category is of the form as in Example B.9, with the group G = L/L; and the
abelian group A = C*. Together with the left duals, this forms a 2-group (or categorical
group) since the tensor product of an object with its dual is isomorphic to the identity. In
this sense, V7, —Mod’; can be thought of as a categorification of the group ring Z[L /L.
(Recall that (Vz,,—Mod}, @) actually decategorifies to an abelian monoid, but nonethe-
less, the analogy works for its Grothendieck group).

We observe that V7, —Mod? is closed under the fusion product since it is a “direct sum ex-
tension” of the group product in (Lg)°/ L. So, Vz,,—Mod’ has the structure of a monoidal
subcategory and, hence, the structure of a ribbon subcategory. Furthermore, the dual func-
tor (-)* : V(i) — V(—1), is a “direct sum extension” of the inversion in (L¢)°/Lo. Hence,
V1, —Mod is also a ribbon fusion category.

Finally, we give a counter-example illustrating that V;,,—Mod’, for L # (L)°, need not
be a modular category. Let Ly = Zov, with (o, o) = 4, 50 (Lo)° = 3Za. Let L = 1 Za,
sothat Lo C L € (Lo)° = Za. Then, L/Ly = {Lo, Lo + ta}, with (3, 2a) = 1. So,
the S-matrix of V;,—Mod), is the singular matrix

£2i(0,0)

e2mi(0,50) 1 1
(5.103) 5= 2ritta0) g2ritia 1a>] B {1 1] ' £

(& € 2

EXAMPLE 5.48. Continuing Example 5.29, where L is the root lattice of sl,, the mod-
ular tensor category V7, —Mod' consists of:

(i) simple objects V (i), i € Zy = {0, 1} Zgroups {Lo, Lo + 30},
(ii) the tensor product V(i) XV (7) = V(i + 7),
(iii) the unit object V' (0) =V,
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(iv) the associator Ay () v(j).vk) = { . va ne ‘7_ ’
idy(i4j4k), oOtherwise
(v) left and right unitors as identities,
id i
(vi) the braiding Ry ) v () = ?1 v 1 ‘7, ’
idy(;+;) otherwise,
(vii) dual objects V(0)* = V(0) and V(1)* =V (1),
(viii) the ribbon structure 6y () = idy (o) and Oy (1) = 7idy(y).

The S-matrix is
627ri()\0,)\0> 6271'1'()\0,)\1) 1 1
(5.104) S = Lzm(xl,m e e PR O
EXAMPLE 5.49. Continuing Example 5.22, where L is the root lattice of sl3, the mod-
ular tensor category V7, —Mod' consists of:
(i) simple objects V' (n), n € Zs = {0, 1,2} =groups { Lo, Lo + B2, Lo + 202},

(ii) the tensor product V(m) XV (n) = V(m + n),

(iii) the unit object V(0) =V,
€5 " idy oy ifL=m=2,

iv) the associator A V() =
(iv) V(0),V(m),V(n) {idV(e+m+n) otherwise,

(v) left and right unitors as identities,

27 mn

(vi) the braiding Ry () vin) = €3 ™",
(vii) dual objects V(0)* =V (0), V(1)* = V(2) and V(2)* = V(1),
27

(viii) the ribbon structure (twist) 0y (o) = idy (g, Oy n) = €3 idy (), forn =1, 2.

The S-matrix is

1 1
(5.105) S= |1 &% €% O
1 ¢35 €%

In the next chapter we will compare the explicit modular data computed in Example 5.48
to that of a modular tensor category constructed from a quantum group associated to sls.
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Chapter 6

An explicit Kazhdan-Lusztig
correspondence at a non-negative
integral level

Moore and Seiberg remarked in [MS88] and [MS89] that rational vertex operator algebras
have canonically braided tensor categories of modules and, in modern language, modular
tensor structure. In [Dri90], Drinfeld showed that for any AD E-type simple Lie algebra
g, the quantised universal enveloping algebra Uy, (g) = U(g)[[h]] has a non-strict braided
tensor category of modules. The associator is given by a system of differential equa-
tions from conformal field theory, namely, the Knizhnik—Zamolodchikov equations from
[KZ84].

Motivated by [MS88], [MS89] and [Dri90], Kazhdan and Lusztig in [KL91] used Uy (g)
and the KZ equations to define a monoidal structure on a certain category of modules for
the affine Lie algebra g. In [KLL93a; KLL93b; KL94a; K1.94b], they constructed a braided
monoidal equivalence between two rigid braided tensor categories, one constructed from
certain g-modules at level k, and the other constructed from a certain category of modules
for a g-quantum group specialised at ¢ = e/ (*+"") where h" is the dual Coxeter number
of g. This Kazhdan-Lusztig correspondence was originally proven for levels & € C such
that & + h" < 0 (and later extended to k + h"Y ¢ Qso), despite the fact that Moore and
Seiberg’s work was for non-negative integral levels.

In this chapter, we will detail a correspondence for sls at level 1. Our braided tensor equiv-
alence will involve an explicit construction of a functor which does not factor through a
category of U,-modules. We will show also that the equivalence holds on the level of
modular tensor categories. In the final section, we will explain some details of our con-
struction.
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6.1 Affine vertex operator algebras

Since this thesis has a vertex-operator-algebraic perspective, we will use affine vertex op-
erator algebras instead of using affine Lie algebras directly. Here, we give the definition
of an affine vertex operator algebra, following [FZ92]. The construction is similar to that
of the Heisenberg vertex operator algebra discussed in Chapter 2, but with gl, replaced by
a simple Lie algebra.

Let g be a finite-dimensional complex simple Lie algebra.! Assume that a Cartan subal-
gebra, root system and system of positive roots are fixed. Let

(6.1) (n)rgxg—C

be the Killing form normalised so that the highest root § has norm-squared (f, §) = 2.
DEFINITION 6.1. The affine Lie algebra g associated with the pair (g, (-,-)) consists of
the vector space

(6.2) g=g®C[t,t'] ®Ck,

with the Lie bracket relations

(6.3) [@m, bn] = [@, b]imtn + m(a, b)0p4n 0k forall a,b € g, m,n € Z,

where we write a,, = a ® t™, and k a central element.

DEFINITION 6.2. A g-module is said to be of level k if k acts as multiplication by the
complex scalar k.

Decompose g into the subalgebras
(64) /’520 =g ® C[t] D Ck and /gj, =g (029 C[til]tilj

sothatg = g>o @ g_. Let k € C and let C;, = C be the g>o-module with g ® C[t] acting
as zero and k acting as multiplication by k. Define a ¢/(g) module by the induction

(6.5) Vi(g) = U(g) R (Gs0) Cr-

Letl1 =1®1 € Vi(g). Note that V,(g) = U(g_) possesses a PBW-basis with respect to
)

. AN di
an ordered basis (a)1]? of g,

)
(66) {(l(il) cee CL(iZ) 1: nq Z s Z Ny Z 1, and ij S ij+1 lfn] = nj+1}.

—ni —Te
For convenience, in what follows, we assume that the basis (a(i))?i:nfg is orthonormal with
respect to (-, -). Now assume that k& # —h", where h" is the dual Coxeter number of g.
A Construction Theorem (Proposition 2.36) argument shows that V}(g) has the following
vertex algebra structure. The Sugawara construction® can be used to produce a conformal

vector for Vj(g), hence giving V. (g) the structure of a vertex operator algebra.

For the Kazhdan-Lusztig correspsondence, we use the construction from [FZ92] where g is simple.
However, in general g can be non-simple, as long as it is complex and equipped with a symmetric invariant
non-generate bilinear form (-, -). See the construction in Section 6.2 of [LL04], for example.

2This construction has its physical origin in [Sug68], but these days it takes on a fairly unrecognisable
form. The conformal vector (6.8) is now “well-known” and is commonly referred to as the Sugawara
construction or the Sugawara vector.
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DEFINITION 6.3. The universal affine vertex operator algebra associated to g at level k
is the 4-tuple (Vi (g),Y, 1, w) consisting of the following data:

(i) the underlying vector space Vi(g),
(ii) the vertex operator map defined by
67) Y (“)... ) qy—o__— (2 (1) (... @ (i1) ()0
67) Y(a a-n1) (ny—1)!' \ dz @) '\ dz @ (2)s,
for all agi}l e a%)ll in the PBW-basis of V(g),
(ii1) the vacuum vector 1,

(iv) the conformal vector
1 dim g

_ @ (@)
= ) 2 et

=1

(6.8)

REMARK 6.4. The Z-grading of Vi (g) is given by its L(0)-eigenvalues, given by

(6.9) L(O)ag;l)l o —Zflzl a <Z nj) _111)1 o (—Ziz)z]"

kdimg
k+hvV'

We are interested in affine vertex operator algebras that are simple (recall Definition/Propo-
sition 2.33). Since L(0) = w; grades a vertex operator algebra module, ideals are graded
subspaces. In the case of Vj(g), we have Vj(g)©) = C1. So, any proper ideal of
Vi (g) does not contain any weight zero vectors, since the vacuum vector generates Vj(g).
Hence, the unique maximal ideal J is the sum of all proper ideals and we thus have the
following simple vertex operator algebra.

The vertex operator algebra (V}(g), Y, 1,w) has central charge ¢ = A

DEFINITION 6.5. The simple affine vertex operator algebra associated to g at level k
(k # hY) is the quotient vertex operator algebra

(6.10) Li(g) = Vi(g)/J.

REMARK 6.6. In [GKO06], a necessary and sufficient condition for the irreducibility of
Vi(g) is given. It follows that V. (g) is simple when &+ 1" ¢ Qx, the case in the original
Kazhdan-Lusztig correspondence. A

6.2 The Kazhdan-Lusztig correspondence

Let g be a finite-dimensional complex simple Lie algebra and consider Ly (g), the sim-
ple affine vertex operator algebra associated to g at level k. We first state the result by
Kazhdan-Lusztig, as quoted in [Hua].
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DEFINITION 6.7. Let X be a weight of g (i.e. a dual vector of a fixed Cartan subalgebra
of g) and let L(\) be the irreducible highest weight module of highest weight \. Promote
L(\) to a gsg-module by identifying g = g ® t°, letting g ® C[t]¢ act trivially and letting
k act as the complex scalar k.

Define L(k, \) to be the unique irreducible quotient of the following g-module at level k:
(6.11) U(ﬁ) ®u(§20) L()\).

Let k € C be such that £ + 1Y ¢ Qx¢. Denote by Oy, the category g-modules at level k of
finite Jordan-Holder length whose irreducible subquotients are of the form L(k, \) with
A a dominant integral weight of g (i.e. a non-negative integral sum of the fundamental
weights of g).

THEOREM 6.8 (KAZHDAN-LUSZTIG). Let k € C be such that £ + ¥ ¢ Qso. Then,
O, has a natural rigid braided tensor category structure. Moreover, this is equivalent (as
rigid braided tensor categories) to the rigid braided tensor category of finite-dimensional

weight modules for a quantum group constructed from g at ¢ = eFH

REMARK 6.9. As remarked in Section 4.2 of [Hua], O is equivalent (as rigid braided
tensor categories) to the rigid braided tensor category L;(g)—Mod. Recall that we define
vertex operator algebra modules to have finite-dimensional L(0)-eigenspaces. It follows
that Oy, is not the usual level k is not the usual level k BGG category for g. A

In [Fin96] and [Fin13], Finkelberg used Kazhdan and Lusztig’s original work to extend the
correspondence to nearly all non-negative integral levels and simple Lie algebras. Work
towards a braided tensor structure for categories of modules of affine vertex operator
algebras at admissible levels has been made in [CHY 18]. See Section 4 of [Hua] for the
various problems and conjectures arising from extending Theorem 6.8 to different levels.
Our aim is not to solve one of these general problems, but instead, to explore an example
of a Kazhdan-Lusztig correspondence at a level k such that k£ + h"Y € Qx(. Our problem
is stated as follows.

PROBLEM 6.10. Find a rigid braided tensor category constructed from a category of
finite-dimensional modules for a quantum group associated to sl, that is equivalent (as
rigid braided tensor categories) to the rigid braided tensor category L (sly)—Mod at level
k = 1. Can this equivalence be strengthened to a modular equivalence? >

By “quantum group”, we mean one of the Drinfeld-Jimbo-type quantum groups with
underlying Hopf algebra structure discussed in Appendix D. As suggested by Conjecture
4.10 of [Hua], the quantum group will be specialised at ¢ = em¥ and the associated rigid
braided tensor category will be constructed from a semisimplification (see Appendix E) of
a full subcategory of finite-dimensional modules. We will explicitly construct an equiva-
lence and show that it can be strengthened to an equivalence of modular tensor categories.
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6.3 The vertex operator algebra [ (sl,)

We want to use L, (sl3), however, we have not computed the modular tensor category data
for Ly (sly), let alone discussed its representation theory. Fortunately, L, (sly) is isomor-
phic as a vertex operator algebra to V7, where Ly is the root lattice of sly, so we can use
the modular tensor category data for V7, computed in the last chapter in Example 5.48.
(From here on, the notation for L is fixed for this meaning.)

We will show that L, (sly) = V7, as vertex operator algebras. Denote by

(612) h:hfl]., 626711, f:ffl].,

the generators of V; (sl;), so that

(6.13) Y(a,z) =a(z) = Zanz_”_l fora = h,e, f.
neZ

Define the map ¢ on the span of {1, h, e, f},
(6.14) ¢ :span{1, h,e, f} = V,
1+ 0(0), h—a_1(0), e—ila), [f—i(-aq),

recalling the notation ¢+(a) = a ® 1 from Subsection 5.3.1 and Example 5.21.

We claim that we can extend ¢ to the linear map, defined on the PBW-basis of V; (sl3), by
6.15) ¢ :Vilsh) = Vi, p(al) - alh 1) = Fa™) - F(al) -, 0(0),

—ni 7
with respect to the ordered basis (a™"),a® a®) := (h,e, f) of sly. For ¢ to be well-
defined, we need it to respect the commutation relations of the generating modes. The
commutation relations of the vertex operators can be computed from the definitions of the
vertex operator maps for both lattice and affine vertex operator algebras. One can check
the following:

o)t =270 (2) et It st = 2075 (%) £l

(6.16) le(x), f(y)l =y~ "0 G) h(y) — y”%é (g) :
o) b)) =27 50 (£) . ket ct] = [£(0). )] =0
and



So, by induction we have

(6.18) P([am, bn]v) = [0(a)m, P(b)n](v),

for all v € Vi(sly), a,b = h,e, f, and m,n € Z. Thus, @ is a well-defined linear map,
hence a vertex algebra homomorphism. Moreover, a basis for V7, is contained in the
image of ¢, so ( is surjective.

For the conformal vector, we can find an orthonormal basis so that

1 1
(6.19) p(Wy,(s1)) = @ (E(h—ﬂl—d +2e_1f 1+ 2f—1€—11)> = 1042—1L(0) = Wy, -

Hence, ¢ : Vj(sly) — V, is a vertex operator algebra homomorphism.

Since L, (sly) is the unique simple quotient of V; (sly), Vz, is simple and im(p) # 0, we
have an isomorphism of vertex operator algebras:

(620) L1(5[2) = ‘/1(5[2)/J = ‘/1(5[2)/1{61'(@) = 11'1’1(%0) = VLO'

We have already given an explicit description of the modular structure of V;,—Mod in
Example 5.48. Thus, it remains to seek a quantum group of sy with a category of its
modules that can be semisimplified to a modular tensor category that is modular equiva-
lent to V,,—Mod.

6.4 An explicit correspondence

The quantum group we work with is the Lusztig (restricted specialisation) sly-quantum
group, with ¢ specialised to ¢, the primitive 2(k+h")™ root of unity, for k = 1 and h" = 2.
That is, U™ at e = €'™/3. (See Subsection 6.5.3 below for an explanation why we do not
use the small quantum group.) Consider the ribbon tensor category U, ereS—Mod%pe ' from
Proposition D.35.

We will focus our attention on the Weyl modules W(n), for n = 0,1,2. These mod-
ules are in fact irreducible (one can simply check this directly). The E, F, K actions are
summarised by the diagrams

(0) n - (2) )
621) Yo Yo U and Yo 1 vy,

1 el e €2 1 €2
where the nodes denote the basis vectors, the labels below the nodes are the K -eigenvalues,

the dashed arrows denote the actions by F, the solid arrows denote the actions by F, and
each action has a factor of 1.

For brevity, we will now write W (i) = W(i) fori = 0,1,2, u = véo), vy = v(()l) and

V1 = 'U%l).
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The unit object in U™ —Mod2P* ! is TV (0). So, we have
W)@ WO) = W(©), WO0)eW1)=W(1) and W(1)a W)= W(1).

We can also decompose W (1) ® W (1) into a direct sum of indecomposable modules.
The coproduct for U is used to compute the U!**-action on W (1) ® W (1), giving the
decomposition:

—€eVy @ V1 + V1 K g

1
(6.22) D o~ W(0) ® W(2).
T Ty
Vg & Vg ety @ v +v1 V] @ U1
Y
€2 1 €2

This monoidal structure (multiplication table) on W (0) and W (1) resembles the monoidal
structure on the simple objects of V;,—Mod, provided we disregard W (2) (recall that
V@)KV (j) = V(i+j), fori,j € Zy = {0, 1}, from Example 5.48). The process of
semisimplification, as discussed in Appendix E, can produce a monoidal category with
this desired monoidal structure if it recontextualises 11/ (2) as a zero object. As we will
explain in Section 6.5 below, we must first choose a subcategory before we perform the
semisimiplification.

DEFINITION 6.11. Let Geng; be the “subcategory generated by W (0) and Wr*(1)”.
Put precisely, let Geng ; be the smallest (by inclusion of object classes) full subcategory
of U™ —ModP° ! satisfying the following conditions:

(i) all modules isomorphic to W**(0) and W!*(1) are objects,
(i1) closure under tensor products,
(ii1) closure under duals,
(iv) closure under direct sums,

(v) closure under direct summands.

REMARK 6.12. The category Geng; exists because U'—ModP® ! satisfies conditions
(1)-(v). In fact, we will not need to know all of the objects in Geng ; explicitly because we
will eventually semisimplify it. As discussed in Remark E.12, it will be sufficient to know
just the indecomposable objects of non-zero dimension.

We could have instead used the construction of the category of tilting modules given in
Section 11.3 of [CP95] for odd roots of unity, or in our case, Section 3 of [Saw06] for
general roots of unity, but this construction would take too long to present here. We are
able to bypass the tilting module construction because we expect only two simple objects
after semisimplification for the case of U (sl,) at ¢ = €™/3, hence this example is small
enough to compute all necessary data explicitly. However, if we were to generalise this
procedure to other simple Lie algebras or higher roots of unity, then our procedure would
not be computationally viable. A
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By definition, Geng is a rigid monoidal subcategory and closed under direct sums and
direct summands. Recall from Remark E.12 that Geng ; can be semisimplified to produce
a semisimple pivotal tensor category. The canonical pivotal structure was described in
Remark 4.37. In the case of quasi-triangular Hopf algebras, the natural isomorphism u
in (4.38) is exactly the action by the element u = V((S ® id) Ry ) in (D.7). Since the
canonical twist for U™ is given by the action of (e~"u)~! (the inverse of the ribbon
element (D.7) in U},), the pivotal structure is given by the action of u(e " y)~! = el =
K. Note that this is equivalent to giving U* the structure of a pivotal Hopf algebra (see
Example 4.24) with pivot K, hence to giving U™—Mod*® ' the pivotal structure a’, as
defined in (4.27).

Given a module X in U, geS—Mod%pe VK acting semisimply implies that we can choose

a basis {z;} ¢ X of K-eigenvectors with dual basis {z'}*¢~_ The (left categorical)
dimension of the module is:
dimce X dimce X

(6.23) dim,x(X) = Z v'(Kx) = Z i,  where \; € C satisfies Kx; = \;jz;.
i=1 i=1

From (6.21), we can see that the dimensions of the irreducible modules are

(6.24)  dim,x(W*(0)) =1, dim,x(W*(1)) =1, and dim,x (W *(2))=0.

(Note the right categorical dimension is the sum of the reciprocals of the K -eigenvalues.

Since the eigenvalues are roots of unity, and the dimensions are real, the left and right

categorical dimensions of the Weyl modules coincide. For this reason, we can use dim,x

to denote either the left of right categorical dimensions in what follows.)

After using the pivotal structure of Ueres—Mod%"De ' to semisimplify Geng;, we can now
understand the abelian structure of Geng 1, the semisimplification of Geng ;.

PROPOSITION 6.13.  The ribbon tensor category Geng ; has two isomorphism classes of
simple objects. It follows that Geng ; is a pre-modular category.

Proof. Since W (0) and W (1) are non-isomorphic, non-zero dimensional indecomposable
objects in Geny 1, there are at least two simple objects in Geng 1, up to isomorphism. Any
simple object M in Geng; must be isomorphic to an indecomposable object in Geng ;
of non-zero dimension. Since Geng; was defined to be the smallest category with its
defining properties, there is a finite sequence of tensor products, duals, direct sums and
direct summands used to obtain M from W (0) and W (1).

Assume the case where M is obtained only from modules isomorphic to W (0) or W (1)
(i.e. never tensor with or take the dual of an object containing 1V (2) as a direct summand).
Since W (0) or W (1) are simple and self dual in Geng j, then M is isomorphic to either
W(0) or W (1).

Suppose M, at some point in the sequence, is generated from W/ (2) via a finite sequence
of tensor products, duals and direct summands. But, 1¥/(2) is a zero object in Geng 1, and
any tensor product, dual or direct summand (in Geng ;) of a zero object is zero. So, M is
a zero in Geng 1, contradicting its simplicity.

96



Hence, M is isomorphic to W (0) or W (1). Thus, Geng; has exactly two simple objects,
up to isomorphism, and is a hence a finite semisimple ribbon tensor category. That is, a
pre-modular category. [

We now need to produce a C-linear braided monoidal equivalence between Geng; and
Vi,—Mod. Since the skeletal category V7,—Mod’ is modular equivalent to V7, —Mod,
it will suffice to construct a C-linear braided monoidal equivalence between Geng; and
Vi,—Mod’. We work with V;,—Mod’ because it is easier to write down a functor and
check the compatibility conditions when the source category is skeletal.

We have effectively already computed the tensor product in Geng ; for all simple objects:
The trivial module W (0) is the unit object in U™—Mod® !, hence is the unit object in
Geng,; and Geng ;. Since IV (2) is a zero object in Geng 1, it follows from (6.22) that

(6.25) W(1) @ W (1) 2 W(0).

—Genop 1

We define a monoidal functor F' : V;,,—Mod' — m, on simple objects, by
(6.26) F(V(0)) = W(0) and F(V(1))=W(),
so that tensor product structure is preserved. The images of the morphisms are, of course,
(6.27) F(idy () =idw and F(idy@)) = idw),
which can be extended C-linearly. Extending F' over direct sums gives a C-linear additive
functor that respects tensor products (up to isomorphism).
For a monoidal functor, we also need to define the data
J: F(-)@ F(—)=F(—-X—-) and ¢:W(0)— F(V(0)).

Define ¢ = idy (o) and define the following morphisms in Geng ;:

(6.28) Ho0: W(0) ® W (0) — W(0), WU
(6.29) foa: W(0) @ W(1) — W(l), u® v; v,
(6.30) pio: W(l) @ W(0) — W(1), v; @ u > vy,
—€vy Q@ V1 + U1 Q Vg = U,

(6.31) pa: W(D @ W(1) = W(0), o 1 Z(l’ z ZZ : 8
v1 ® v — 0,

(6.32) fia: W(0) = W(l) @ W(l), U —€evy ® vy + v Q V.

Then, define the following morphisms in Geng 1, for i, j € Zy = {0, 1},
(6.33)  Jvv = gl F(V(@) @ F(V(j) = F(V(I)RV(5) = F(V(i+3)).
Note that 1100, 40,1, /1,0 are isomorphisms in Geng 1, so their semisimplifications are iso-

morphisms in Geng;. Moreover, (111 © f111 = idy (o) while ft11 © fu1 1 is the identity
on the non-zero dimension summand. So, [111] o [f111] = [idw (0] and [f11] o [p11] =
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[idW(l)@)W(l)}, hence Jy (1),y(1) is an isomorphism. Since the hom-spaces between the sim-
ple objects are either zero or one C-dimensional, .J is natural on simple objects and hence
its extension to direct sums is natural.

We now have the data (F), J, p) needed for a monoidal functor, so we are left to show
the compatibility of the associators and unitors. Recall that the semisimplification functor
S : Geng; — Geng; acts as the identity on objects. To show the commutativity of a
diagram D : 9 — Geng, it therefore suffices to show the commutativity of a diagram
D" : 2 — Geng 1, with the same objects as in the image of D, such that S o D" = D. This
enables us to perform concrete computations in Geng 1, to be used in the non-concrete
category of Geng ;.

The compatibility of associators that we wish to show can be written as

[aFV(i),Fv(j),FV(k)]

FV(@)® (FV(j)® FV(k)) —— (FV(i) ® FV(j)) @ FV (k)

id@";(li),vuﬁ lJvm,vu)@id
(6.34) FV(i)® FV(j+k) FV(i+j)® FV(k)
J‘;(li),V(ch)T lJV(m),vw)

FV(i+j+k) s FV(i+j+k)

F(Av i) v(i).vik)
Hence, it suffices to show the commutativity of

AW (i),W (3), W (k)

W(i) @ (W(j) @ W(k)) —— (W) @ W(j)) @ W(k)

id ®ﬁi’jT lﬂi,j@id

(6.35) W(i) @ W(j+ k) W(i+j)eWk)
ﬁi,j+kT l““’j’k
W(i+j+k) s W(i+7+ k)

A gk 4w ig k)
where we use i, j,k € Zy = {0,1}, write f1;; = p,;jl for (¢,7) = (0,0),(0,1),(1,0),
recall i ; from (6.32), and define the complex numbers

-1 ifi=53=k=1,
6.36 A ip=
( ) ik {1 otherwise.

To explicitly show that (6.35) commutes, we must show that mapping the basis vectors
of W(i + j + k) by the composition of linear maps, going “up and around” the diagram,
results in a factor of A; ; ;.. It will help to first compute the following:

pi1,1 (00 ® v1) = p11(—(—€vo ® v1 + 01 @ v) + € vy ® vy + 11 @ vg) = —u,

p11(v1 @ vg) = ppa (e (—evg @ vy +v1 @ vg) + e(e Mg R vy + v ® V) = €
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For brevity we omit the tensor products on elements in what follows. Recall that the
associator in a category of finite dimensional modules, for some Hopf algebra over C, is
the associator from C—Vect. The computations are as follows.

10,0 id®fio,0 a #10,0®id 10,0

(i,5,k) = (0,0,0), wr——= uu: > u(uw) = (uu)u > UL u
( ) (0 0 1)’ v; =#0,1/ w; Iid®,uo,1> u(uvl) ,i> (uu)v =u0,0®id/ w; =ALo,l Vi
(.4, k) = (0,1,0), v % vy % wvgu) & (wvg)u 25 v 2% o
(i, k) = (0,1,1),  ud% wu 22 ay(—evgoy + vyvg) 1% —e(uvg)vy + (v )vg
/J'O,1®id 10,0
F——— —€UgU; + V109 —— U
(4,4,k) = (1,0,0), o ‘M’O‘ vyt 0y vi(uu) = (viu)u PLOTH i 2
(i7j> k’) = (17 0, 1), u —€VV1 + V100 'M —evo(um) + U1(uvo)
= —e(vou)r + (v1u)v MO poun + v1vp P u
o 1d®/},1 0

(i,5,k) =(1,1,0), u s gy + U0y — —evg(viu) + vy (vou)
p1,1®id 10,0
U —>

2 —e(vovr )u + (v1v)u
10,1 id®f1,1

(1,7,k) = (1,1,1), vo+—— vou vo(—€evguy + vyp)

= —e(vovg )1 + (vo1)vg Jr Vo 2 —vg
(i,5,k) =(1,1,1), v o VU Mo, v1(—€vgvy + V1)

2 —e(vyvp) vy + (v1v1)vg e v 2 —y

From this, we see that the compatibility of associators is satisfied.

The compatibility of unitors is also satisfied, which comes from the fact that we chose
poi = lwe) and pig = Twy, for i = 0,1, and ¢ = idy (o). Recall that the unitors in
a category of finite dimensional modules, for some Hopf algebra over C, are the unitors
from C—Vect. That is, the commutativity of

W(0) @ W) 2% (i) W) @ W(0) =% wii)
(6.37) id®idl Tid and id®idl Tid ;
W(0) © W (i) —— W(i) W (i) & W(0) —— W(i)

and the application of the semisimplification functor gives the commutativity of

lw (i TW (i
W(0) ® W (i) 98w W) @ W(0) 2% Wi
638)  ou Trove) and sy [rtovi -
W) ® W (i )J—>V(O) V(Z)W(Z) W(i) ® W(O)J—W V(O)W(l)
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Thus, (F, J, ) is a monoidal functor from V;,,—Mod’ to Geng ;.

We have defined F' to be bijective on the end-spaces of each simple object V(7). The
only morphism between non-isomorphic simple objects is zero, so F' is fully faithful. We
have defined F' to be a one-to-one correspondence on the simple objects, up to isomor-
phism, of Vz,—Mod" and Geng ;. Since Geng ; is semisimple, we have that F' is essentially
surjective. Thus, F' is an equivalence of categories.

Now we have to show that /' preserves the braiding and ribbon structures. Recall that the
braiding and ribbon structure of U™ —Mod2P® ! gets transferred to Geng ; in the semisim-
plification process. We have defined ' so that 17/(0) and W (1) are the simple objects in
its image category. Hence, to verify the braiding of F', it suffices to know the braiding on
W(0) and W (1) in Geng .

We first explicitly find the braiding on the simple objects T (0) and W (1) in U™ —ModP* .
After we find the braiding concretely we can transfer it via semisimplification. Recall
from Proposition D.33, that the braiding on U'—Mod> * is defined by ¢y = 70 R,
where T v QW —w®uv,

1 —1
(6.39) = s HEl Ny nno) ( =) g
n>0 5

and e27H y@w = A y@w for weight vectors v and w of weights ) and 1, respectively.
(Recall that €*/2 = ¢"™/6) The action of R on the basis elements of W (i) ® W (j), for
1,7 = 0,1, are as follows:

Ru@u=u®@u+0+- - =u®u,
Ru®@uv,=u®@uv,+0+ - =udu;,
Rvi®uzeovi®u+0+--«:vi®u,
RU()@UO: 1/2U0®U0+0+"'_ 1/2U0®U0,
(6.40) 1/2 12
Royy®@vy =€ ""vg@v, +0+ - vy ® V1,

va®v0:eﬁH®H(v1®vo+(e—e’ Jup @vy +0---)
=20 @ug+ e V2 e — e Ny @ vy,
Rv; ® vy :el/Qv1®v1+0+-~- = 20, @ vy.

We now show that the monoidal functor (F, J, ) satisfies the braiding compatibility con-
ditions. Since Geng; and Vz,—Mod are semisimple, it suffices to show that

[ToR)]
E—

FV(@) @ F(V(5)) F(V(5) @ F(V()

(6.41) 73] £

PV BV()) g PV BV (1)
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commutes in Geng 1, for ¢, j = 0, 1. We first perform the concrete calculations for
W (i) @ W(j) = W(j) ® W(i)
(6.42) ﬁi,ﬁ lﬂw :
Wi+ j) ———— W(j+1)

74,5 dw (it 5)

1 if (¢,5) = (0,0),(0,1), (1,0
where we define the complex numbers 7; ; = { if (i, ) = (0,0),(0,1),(1,0),

i if (4, 5) = (1,1).

As before, we show that the composition “going up and around” (6.42) results in the factor
r; ;- The computations are as follows.

.. Ho, R Ko,
(1,7 0,0), v U@ u S u®ui—>
i,7) = (0

Jio,1 ToR H1,0
1), v ——u®u — v, Qui— v;

<

) =(0,0)
(i,7) = (0,1)
(5,5) = (1,0), v; &% v, @ u B 1@ v P20 o,
(i,7) = (1,1)

B1,1
1, 1,1), ur——= —evg® v +v1 vy

KA —e(e V0, @ vo) + eV e — e Yoy @y + € V205 @1y
= — 2 Qg+ € My @ v 2 —e 2 (e ) + V2 (<)
= (= — eV =iu
Hence, (6.42) commutes. So, after %mpliﬁcation, (6.41) also commutes and we con-
clude that (F, J, ) : V,—Mod — Geng; is a braided monoidal functor.

Finally, we show that (F’, J, ¢) preserves twists. Recall from Proposition D.35 that

(6.43) y=K1Y" e el (—KF)"e 2 En
= [n] !
where 2%y = e_%<’\’°‘>zv, where v has weight A. The twist is the inverse of the action

of v, and the action of v on W (i), i = 0, 1, is computed by:

vu=eu+0+--- =u,

vy = 6_16_1/2?}0 +0+ .- = —1vy,

vy = ele V2 el (e — e ) (—e e VP 04 - = —ivy.
Hence,
(644) HW(O) = idW(o) and QW(I) = iidW(l) .
So, recalling the twists in V;,,—Mod from Example 5.48,

Vi, —Mod . . Geno 1
(6.45) F(Oy@, ) = Flidv) =idrvo) = 0o,
Vi, —Mod .. .. Geno 1

(6.46) F(0y¢) ) = Fliidy) = iidrwv) = Opmiy)-
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Thus, (F,.J, ) is a ribbon functor. Since F is also a C-linear equivalence, (F,J, ) is
a pre-modular equivalence. Moreover, VLO—Mod’ is modular, so this an equivalence of
modular tensor categories by Proposition 4.55. Recall that V7, —Mod’ is modular equiv-
alent to V,,—Mod, which is modular equivalent to L;(slz)—Mod by the functor induced
by the isomorphism (6.20). Thus, a Kazhdan-Lusztig correspondence for sl at level 1 has
been constructed and strengthened to an equivalence of modular tensor categories. Our
results are summarised in the following theorem.

THEOREM 6.14. The modular tensor category L;(sl;)—Mod is modular equivalent to
Genyg 1, the semisimplification of the full subcategory Geng ; of finite-dimensional type 1
U’ /3 (sl)-modules generated by W (0) and W (1). O

6.5 Discussion

While we were able to construct a modular equivalence as in Theorem 6.14, our functor
is opaque in the sense that it is not a concrete algebraic construction of a module in the
target category from a module in the source category.

We can shed some light on the vertex-operator-algebraic side. First, L;(sly)—Mod is
isomorphic to Vi, —Mod, since L1 (sly) and V,, are isomorphic vertex operator algebras,
so we are working with L;(sly)-modules. Second, the two irreducible L, (sly)-modules,
the vacuum module and the non-vacuum module, correspond to the sl;-weights A = 0, %a,
respectively. (The irreducible modules of an affine vertex operator algebra at non-negative
integral level can be found in Theorem 1.3 of [HL99], along with their braided monoidal
data.) Indeed, the equivalence maps the irreducible L, (sly)-modules to the corresponding
irreducible (Weyl) U’S: ; (sl;)-modules with highest weights A = 0, %oz.

This post hoc analysis reveals some structure behind our functor (6.26), despite it being
constructed by inspection of the tensor products. Besides this, it is still unclear to us how
to directly construct a finite-dimensional U3, , (sl2)-module from an L, (sl;)-module. In
[McR16], it is suggested that an equivalence for non-negative levels may be constructed
by factoring through a category of Uj,-modules, as is originally done by Kazhdan and
Lusztig. However, we are trying to avoid this factorisation into the world of quasi-Hopf
algebras. Finding an equivalence that is a direct construction, and general for all finite-
dimensional complex simple Lie algebras and non-negative integral levels, is stated in

[Hua] to be an open problem.

Our process has effectively constructed the equivalence out of a non-monoidal functor
from L, (slz)—Mod to a subcategory of U'S: ;(slz)—Mod composed with the semisim-
plification functor. (This just happened to be the first functor we found to work when
constructing functors in a trial-and-error process.) Even though it is an equivalence,
this functor is opaque for the direction it is going, and if given more time, we would
refine this process. Instead, we would have constructed a C-linear monoidal functor
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F : Geng; — Ly(sly)—Mod by assigning the isomorphism classes of indecomposable
modules as W (0) — V(0), W (1) — V(1) and assigning the negligible (i.e. zero quan-
tum dimension) indecomposable modules to the zero object. Recalling our analogy for
tensor categories being categorified rings, we can think of the negligible modules as the
“kernel” of F'. Since semisimplification is a “quotient” process, we can think of Geng ;
as Geng 1/ ker(F"). We expect there should be an analogue of the first isomorphism theo-
rem in the category of pivotal tensor categories. And since F' is essentially surjective, we
expect a C-linear monoidal equivalence between L, (sl;)—Mod and Geng ;. Perhaps this
isomorphism theorem holds in the category of ribbon tensor categories.

We conclude by explaining some of the reasoning behind the semisimplification process
and our choice of quantum group.

6.5.1 Reason for choosing a subcategory

We will explain why we needed to choose a subcategory of U*— Mod]fcyipe ! before semisim-
plifying. Suppose we semisimplify U —Modg}*® !, Then consider the indecomposable
module W (3) (obtained as a Weyl module as in Definition D.28):

(6.47) ¢

A

where the nodes denote the basis vectors, the labels below the nodes are the K -eigenvalues,
the dashed arrows denote the actions by F, the solid arrows denote the actions by F, and
each action has a factor of 1.

This module has categorical dimension
(6.48) dim,x(W3)) = + el +et +e3 = 1.

Since W!*(3) is an indecomposable object with non-zero dimension, it is a simple object

in Ures—Modg® ', We want a semisimple category with two simple objects, however, we

will show that TW'(3) is not isomorphic to either 1W7*5(0) or W (1) in Ures—Mod{>® .
Since W!*(3) has a basis of K-eigenvectors, with none of them of eigenvalue 1, then
hOmUres_Modee 1(W!(3), Wr(0)) = 0. So, hom (Wres(3), Wres(0)) = 0, and

Tes _ type 1
Urs—Modg)

hence, 177*(3) and TW'*(0) are non-isomorphic objects in Urs—ModP* *. Suppose then
that f : W™(3) — W™(1) is a morphism in U™ —Mod®P ', Then, f(v{¥)) = 0 since
there are no K-eigenvectors of eigenvalue € in T/™(1). Similarly, f (vé?’)) = 0. Then,

FOP) = f(Fo)) = Ffl) =0 and  f(u)) = f(Fo) = FF) = 0.
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So, homiUées_Mod%pe r(

WE(3), Wr(1)) = 0, and hence, W™ (3) and W1*(1) are non-

. . . . t 1 t 1 .
isomorphic objects in U —Modg* *. Hence, Urs—Mod > * has more than two isomor-
phism classes of simple objects.

Thus, Ures—Mod® ' cannot be additively equivalent to V;,,—Mod. This is why we must

take a subcategory of U™ —Mod"® * before semisimplifying.

6.5.2 Reason for semisimplification

We can see from the direct sum decomposition W (1) @ W (1) = W (0) & W(2), in (6.22),
that semisimplification is used to recontextualise W (2) as a zero object. As we were
trying to construct the correspondence, two other reasons for semisimplification became
apparent, both stemming from the fact that the tensor product of two finite-dimensional
modules for a Hopf algebra is modelled after the tensor product of their underlying vector
spaces.

First, the monoidal category of finite-dimensional modules for a (non-quasi-)Hopf algebra
has “trivial” associators and unitors. That is, after the canonical identifications for the C-
linear tensor product of three modules or for a module with the unit, the associators are
identities. Semisimplification can remove this triviality because the associators are not
necessarily set-theoretic maps anymore, but instead, elements in a quotiented hom-space.
It is this mechanism that enabled us to pick up the non-trivial factors A, ;  in (6.35) and
hence the non-trivial associators in (6.34).

The second reason is due to the dimensions of the modules. The unit in our desired cate-
gory of U**-modules must be the trivial module, which has C-dimension one. If we want
aU**-module M = F(V(1))suchthat M @ M = F(V(1))® F(V(1)) = F(V(0)) = 1,
then M must be of C-dimension one. This means M is either V.(1,0) or V.(—1,0), up
to isomorphism. For an additive equivalence, we require M to be non-isomorphic to
1 = V,(1,0), hence we have M = V. (—1,0). Ignoring the fact that this is not a type
1 module (and as result has no canonical braiding or ribbon structure) the semisimple
monoidal subcategory consisting of modules isomorphic to V,(+1, 0) is additively equiv-
alent to V;,—Mod. Even though this category has the same fusion rules as V7,,—Mod, it
is monoidally equivalent to a skeletal category with trivial associators. Hence, by simi-
lar arguments to Proposition 6.16 below, there can be no monoidal equivalence between
this subcategory and V;,—Mod. Since our desired subcategory must take modules of C-
dimension greater than one into account, we must also use semisimplification to allow
isomorphisms between modules of different C-dimensions.
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6.5.3 Reason for not using the small quantum group

Our goal was to find a quantum group associated to sl,, with a semisimplified category
of modules that is braided tensor equivalent to V;,,—Mod. A promising candidate was the
small quantum group U, at a root of unity, since its irreducible representations are known
(see Theorem 6.5.7 of [Kas95]) and, as discussed in Remark D.18, we have a canonical
braided and ribbon structure. That is, we might expect a braided (or possibly ribbon)
tensor equivalence between V;, —Mod and a semisimplified subcategory of U, —Modgq at
e = ¢™/3. We will show that no such braided tensor equivalence exists, and in fact, no
monoidal equivalence exists between the two monoidal categories.

The small quantum group U, has the irreducible representations V,(1,0), V.(—1,1) and
V.(1,2) (which can be verified directly or using Theorem 6.5.7 of [Kas95]). The F, F, K
actions are summarised by the following diagrams.

o7 TNy T~ o7
u, Vo (%1 Wo w1 Wa.
(6.49) and

1 1 —1 2 1 -2

The dashed arrows represent F', the solid arrows represent £/, the numbers below the basis
vectors are their /-weights and the arrows with no labels have a factor of 1. Similarly to
before, the categorical dimensions can be found be summing over the weights. That is,

dimgx (Vo(1,0)) =1, dimgx Vi(=1,1)) = —e —e ' = —1,
dimgx (Vo(1,2)) = +1+€e2=0.
Consider the smallest full subcategory € of U.—Modg that is closed under tensor prod-
ucts, duals, direct sums and direct summands, containing Ve(1,0) and V,(—1,1), up to
isomorphism. After semisimplification, € contains the simple objects of %" of non-zero
dimension. That is, at least, V(1,0) and V.(—1,1), up to isomorphism. Using similar
arguments as in Proposition 6.13, % has exactly two simple objects, up to isomorphism.

We need to compute the tensor product on % for its simple objects. The trivial module
V.(1,0) = C is the unit object in U.—Modgq, hence is the unit object in ¢ and €. So, we
are left to compute the tensor product for V,(—1,1) ® V.(—1, 1), which decomposes into

Vo @ vy + € vy @ v

1
(6.50) @ & Ve(l,O) ) 1/6(1,2).
LTI ST T TNy
Vg ® Vg €2U0 X v + v ® vy —U1 @ Uy
~ —
€? 1 €2
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We will construct a strict monoidal category that is monoidally equivalent to % (this is
because it is easier to see when skeletal monoidal categories are not equivalent). Define
% to be the skeletal C-linear semisimple abelian category with simple objects X, and X;.
That is, % contains a zero object, denoted by 0, and the finite direct sums of X, and X},
with exactly one object in each isomorphism class.

We endow € with the tensor product ® : € x € — €, defined by
(6.51) Xi®X; = X;yj, and idy, ®@idy, = idy
with subscripts 4, j € Zy = {0, 1} This is extended bilinearly and to direct sums. Define

the associator and unitors, &, A and 7, p, to be identities. Then, (% ®, Xo, a, by ,p) is a
skeletal strict monoidal category.

i+5)

PROPOSITION 6.15. The monoidal categories % and € are monoidally equivalent.

Proof. Define the C-linear fully faithful functor on the objects
F:€—¢€, 00, X;+— V.(3),
and extend this to all direct sums. Since € is semisimple with exactly two isomorphism

classes of simple objects, then [ is essentially surjective. We now endow the categorical
equivalence F' with monoidal structure.

Define ¢ = idy, (o) : Ve(0) = F(X,) and define the following morphisms in ¢:
(6.52) fo0: Ve(0) @ Ve(0) — V(0), u® U u,
(6.53) Ve(0) @ V(1) — Vi(1), U ® v; = v,
(6.54) [ERE V(l) Ve(0) — V (1), v; @ U vy,
Vo ® V1 + € vy @ vy — u,
vy @ vg — 0,
(6.55) pins Ve(1) @ Ve(1) — Ve(0), 00 ® vy + v, ® v = 0,
—v1 Qv — 0,
(6.56) fia: Ve(0) = Vi(1) @ Vi(1), U vy @ vy + € 1oy @ .
Then, define the morphisms
(6.57) Ix,x; = pay)  F(Xi) @ F(X;) = F(X,®X;) = F(Xiy)

in €, noting that ] =J )}117 X,

We will not go through the details here, but (F, J, ¢) is a monoidal functor and a monoidal
equivalence using the same procedure as we have shown in the previous section. [

PROPOSITION 6.16. There is no monoidal equivalence between % and V7, —Mod.

Proof. We have that % is monoidally equivalent to ¢ and V7, —Mod' is monoidally equiv-
aLent to V,—Mod. So, it suffices to show that there is no monoidal equivalence between
% and V7,,—Mod'.
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Suppose that there is an C-linear monoidal equivalence:
6.58) (G:% — Vi,—Mod', K : G(—) @ G(=) = G(—&—), ¥ : V(0) = G(Xo)).

Since G is an additive equivalence, it gives a one-to-one correspondence between isomor-
phism classes of simple objects. And since G is monoidal we have G(X;) = V (i), for
t =0, 1. So, we have the commutative diagram

VIR V(1)K V(1))Am—:_>id(V(1) XV(1)XV(1)
(6.59) V(1) ®V(0) V()X V(1)
V(1) > V(1)

Glax, x;,x,)=id

Since K, x; are invertible scalar multiples of idy(;; ;), the commutativity of (6.59) gives

Kx,x, = —Kx, x,- But, we also have
(6.60)
Ay (1)=id pyv(1)=id
V() V(1) — V(1) V(1) ® V() —— V(1)
w®idl TG(XX1 )=id and id ®¢l TG(EXI )=id -
V(0)® V(1) m V(1) V(1) @ V(0) m V(1)

Since 1) 1s an invertible multiple of an identity, we have Kx, x, = Kx, x,. However, we
cannot have —K'x, x, = Kx, x, since it is invertible. This contradiction shows that no
such (G, K, ) can exist. ]

In summary, there is no monoidal equivalence and hence no braided tensor equivalence
between the semisimplification of ¢ and V;,,—Mod. This explains why we attempted to
construct an equivalence using the Lusztig quantum group instead.

REMARK 6.17.  The failure of the small quantum group equivalence demonstrates the
importance of stating all the data in a pre-modular category. Despite 4" and V},,—Mod
being ribbon fusion categories that are additively equivalent with the same fusion rules:

6.61) Vi)RV(j)=V(i+j) and W(3E) @ W(j) = W(3E+ ), fori,j € Zs,

they are not monoidally equivalent. This is clear if we have an explicit description of
the associators and unitors. Given a pre-modular category, there is no reason to assume
that the monoidal categories are strict, especially since the associator for vertex operator

algebras are in general non-trivial and the semisimplification process removes the triviality
of the quantum group associator. A
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Chapter 7

Conclusion

modular equivalence

Modular /—\

tensor [ Ly (sl;)—Mod ]<\\ Geng 4
categories A *

same tensor 'y
product modulo *~ _
negligible modules

\ v
representations > subcategory

\. J

semisimplification

' N

Gen071

( res type 1‘
U7, (sly)—Mod?

representations

Algebra [ L (sly) ] [ I a(sla) ]
Vertex operator algebras Quantum groups

FIGURE 7.1: A schematic summary of our main problem: the Kazhdan-Lusztig corre-

spondence specifically for sly at level £ = 1 and root of unity € = ¢'™/3_ The column on

the left-hand side represents the world of vertex operator algebras and the column on the

right-hand side represents the world of quantum groups. The vertical direction represents

the progression from algebraic objects, to categories of representations, to increasing
levels of categorified algebraic structure.

7.1 Summary

Throughout this thesis, we successfully built up our knowledge to a point where we could
affirmatively answer our main problem.

Starting on the algebraic level, we learned about vertex algebras, specifically their con-
formally symmetric relatives, vertex operator algebras. We initially used the Heisenberg

108



vertex operator algebra to develop an intuition for their structure. We then studied their
representation theory using their modules. As expected, the category of modules has an
abelian structure, but we progressed further to explore what other categorified structures
the categories of modules can canonically obtain. The P(w)-tensor product formed the
basis for these structures. It provided the fusion product to be used as the tensor product
bifunctor in the monoidal categorical structure. Braided monoidal data was then obtained
by analytic means using the intertwining operators associated to the P (w)-tensor product.
Again, the Heisenberg vertex operator algebra was used as a guiding example.

We then built towards the definition of a pre-modular category, using Hopf algebras to
provide concrete examples along the way. Notions of equivalences were also discussed
in preparation for our correspondence. We arrived at a point where we needed examples
of modular tensor categories, but elementary Hopf algebra examples were of no help.
Furthermore, the Heisenberg vertex operator algebra was unable to provide any non-trivial
modular tensor categories. So, we moved on to the lattice vertex operator algebras, which
were able to produce modular tensor categories, and we explicitly computed their modular
data by exploiting the HLZ procedure. One of our examples turned out to be equivalent
to L (sly)—Mod, the modular tensor category in our Kazhdan-Lusztig correspondence.

On the quantum-group-theoretic side, we studied various forms of quantum groups, but
only focusing on those associated with sly. Their representations formed categories with
ribbon tensor structure and canonical pivotal structure. After specialising to the sixth root
of unity, there were subcategories with tensor structure similar to that of L, (sl;)—Mod
but with extra modules. Semisimplification offered a way to quotient out such negligi-
ble modules and we examined the possible C-linear additive equivalences between the
semisimplifications and L (sl;) —Mod. We found that the Lusztig form U'5; , provided a
monoidal equivalence, whereas the small quantum group U_ /s did not. This monoidal
equivalence extended to a braided equivalence and, finally, to a modular equivalence.
Thus, we constructed our desired Kazhdan-Lusztig correspondence, connecting L (sls)
to an sly-quantum through an equivalence on the level of modular tensor categories.

7.2 Future directions

We constructed our functor by reducing the modular tensor categories to a state that we
could explicitly understand without the use of the algebraic objects from which they orig-
inally came. In this sense, the functor we constructed lives strictly in the upper level of
Figure 7.1. Unfortunately, this does not reveal “why” a such a functor exists. A future
step could be to “pull” the functor back down to a concrete level. That is, a functorial
construction of an object in Geng ; given any L, (sl2)-module, or vice versa.

To develop our intuition, it may help to make another explicit Kazhdan-Lusztig correspon-
dence; we have already computed the modular tensor data for L, (sl3)—Mod in Example
5.49. The desired modular tensor category on the right-hand side is expected to be the
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semisimplification of the category of U**(sl3)-modules, generated by the first three Weyl
modules. Here, € is the eighth root of unity, using 2(k + h¥) = 2(1 + 3). Following the
sly case, the “first three Weyl” modules are the three Weyl modules corresponding to the
dominant integral weights corresponding to the irreducible L;(sl3)-modules, i.e. 0, w1, wo
(note that this is 0, o], o5 in the notation of Example 5.49). This agrees with the Weyl al-
cove used for general affine vertex operators and quantum groups—however, we are yet to
understand this general approach and we are simply working with our intuition developed
for lattice vertex operator algebras.

We would like to understand the general theory of affine vertex operator algebras and
quantum groups, associated to finite-dimensional simple Lie algebras, at non-negative in-
tegral levels and roots of unity, respectively. On the vertex-operator-algebraic side, the
first place to start would be [HL99], where the braided monoidal data is readily com-
puted. On the quantum-group-theoretic side, [Saw06] lays out the general construction of
modular tensor categories at roots of unity. Sawin uses the tilting module construction,
which we were able to bypass by performing other explicit computations, but will need to
adopt for general cases. We expect that the ribbon tensor category of tilting modules has
the same tensor product decomposition rules as an affine vertex operator algebra modular
tensor category, modulo the negligible modules. These fusion rules should depend heavily
on the weight lattice of the corresponding finite-dimensional simple Lie algebra.

We suspect that the construction of the equivalence is similar to as in Figure 7.1. The
top triangle in Figure 7.1 is an analogue of the first isomorphism theorem. The negligible
modules are exactly those in the “kernel” and the semisimplification “quotients” out the
kernel (by recontextualising them as zero objects). Since the functor from the subcate-
gory of quantum group modules to the category of affine vertex operator algebra modules
is surjective, we obtain an equivalence of categories. We would like to further investi-
gate this process in the category of pivotal tensor categories. Since semisimplification
preserves so much structure, we expect similar processes to hold in other categories of
categories with underlying pivotal tensor structure, namely, the category of ribbon tensor
categories, which contains all pre-modular and modular tensor categories.

Throughout this thesis, we have discussed vertex operator algebras, modular tensor cate-
gories and the Kazhdan-Lusztig correspondence. For the readers knowledgeable in either
just vertex operator algebras or quantum groups, we have demonstrated how these alge-
braic structures are connected on the level of modular tensor categories. This thesis should
also have provided some insight to the reader on the Kazhdan-Lusztig correspondence, at
non-negative integral levels, by the use of an explicit example. As we were unable to find
such detailed examples in the literature, others may also benefit from this thesis in this re-
gard. We also hope that the reader has developed an understanding of the bigger picture,
as in Figure 7.1, while still appreciating the finer detailed mathematics at each level along
the way.
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Appendix A

Formal algebra

Formal algebra and formal calculus provide analogues of complex-analytic notions in
an algebraic way. Concepts such as series, differentiation, residues and the delta function
have formal analogues. Such notions will be needed for the formulation of vertex algebras
introduced in Chapter 2. This appendix breifly summarises the definitions and notation
to be used in the body of this thesis. Some examples will be given to illustrate how the
formalism works, while simultaneously working towards an identity that will be used to
verify our first (but trivial) example of a vertex algebra. We recommend the references
[LLO4], [FBO4] and [SchO8] for learning formal calculus.

A.1 Formal calculus

Let V be a complex vector space. We will use formal variables, typically denoted by
x,Y, 2, 21, Z2, €tc., as symbols with powers that index sequences.

DEFINITION A.l. A (doubly-infinite) formal Laurent series in z with coefficients in V'
is a doubly-infinite sequence

(A.1) > a2 = (an)nez, witha, € V.

nez
Here, we use a purely formal sum notation. We will also call this a formal distribution or,
simply, a series. We will commonly denote series by a(z) = ) a,2". Note that there is
flexibility for the indexing to change, for example, we may write ) _, a,z "1 instead.

DEFINITION A.2. The vector space of (doubly-infinite) formal Laurent series in z with
coefficients in V, denoted by V[[z, 271]] or V[[z*!]], is the complex vector space of all
series in z with coefficients in V. The scalar multiplication and vector addition is inherited
from the vector space of sequences.

DEFINITION A.3. The following are important subspaces of V[[z, 271]].
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(1) the space of polynomials

(A.2) V]z] = { > a,z" :a, € V with only finitely many non—zero} :

nEZZO

(i1) the space of formal Laurent polynomials

(A3) Vizz Y= { > apz" : a, € V with only finitely many non—zero} :

neZ

(iii) the space of formal power series

(A4) V=] = { Y apz"ia, € V} :

TLEZZ()

(iv) the space of truncated formal Laurent series

(A.5) V((z)):{ Yo apzta, €V, kGZ}.

nEZZk

DEFINITION A4. Leta(z) € V|[[z,27']] and w € C*. We define the substitutions
(A6) a(wz)= Zanz"waz = Zw”anz" e V[z, 27",

nez nez

(A7) a(w) = a(z)],zw = lim a(z) = Zw"an eV if a(z) € V[z,27],

zZ—w neZ
(A.8) a(0) = a(2)],=0 = lir% a(z)=ag €V ifa(z) € V[[7]].

2=
Note that the sum in (A.7) is actually finite since a(z) is a formal Laurent polynomial.
For multiple formal variables z1, .. ., zx, we have similar definitions of formal series with
multiple indices:
(A.9) a(zi, ..., 2k) = Z Uy 20z € V[ . 28]

The formal variables “commute”, for example, x™y" = y"x™.

DEFINITION A.5. The notion of differentiation has a formal analogue. The formal
derivative of a series ZnGZ an,, with respect to z, is defined as

(A.10) — anz" = Z na,z" L.

0

ni ng __ ni—1_no ng

(A.11) 5 5 Uny,.onp 21 0 2 = E Ny, g 21 Ryt 2"
1

(n1 ..... TLk)EZk (n1 ..... nk)EZ’V
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DEFINITION A.6. The notion of a small contour integral around a point has a formal
analogue. The formal residue of a series ) . a,, with respect to z, is defined to be

(A.12) Res, Z a,2" =a_, €V.
nez

That is, the residue of a given series is its coefficient of z~*.

DEFINITION A.7. The binomial expansion of two formal variables x and y, for n € Z,
is defined as

(A.13) (@+y" =) (Z) " Pyt e Clla,y, 2ty ),
k>0

where we use the standard binomial coefficients, for n € Z and k € Z>,,

(A.14) (Z) _nn = 1)”/;!(71_ F+ 1) hen (n,k) # (0,0), and (8) —1.

We can also define binomial expansions, such as

(A.15) (x —y)" = Z (Z) "k,

k>0

- Z(-1)’“(Z> "My e Clla,y, a7ty )

k>0

REMARK A.8. Forn > 0, we have (z + y)" = (y + )", as expected. However, when
n < 0, we have (z + y)™ # (y + x)" because the expansion has only negative powers of
the first formal variable and non-negative powers of the second formal variable. So, we
should think of the notation (x + y)™ as a function of two formal variables that cannot be
swapped in general. A

EXAMPLE A.9. We can define the shifting operator, of y by —z, as
o) (—z)™ (O\"

A.16 —r— | = ASLTAR I

(A10) eXp( x3y> ; n! <0y)

Since series in C[[x,y,z !,y !]] are doubly indexed, the shifting operator is a well-
defined map from C[[y,y']] to C[[z,y,z~', y~!]]. We can see that shifting y™,

exp (—x(%) y" = Z% ( :;)n (ay)nym =) (ZZ) (=) y™ " = (y — )",

n> n>0

introduces a binomial expansion in y and —z. O

DEFINITION A.10. There is a formal notion of multiplication
(A.17) 2 V[z, 27 x C[[z, 27 Y] — V|2, 27 ']] defined by

(Zamzm> . (anzn> S v

meZ nez keZ m,neZ
m+n=~k
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There are other variants, for example, polynomials in V' with series in C, truncated Lau-
rent series in V' and C, multiplication with series in C on the left, etc.

REMARK A.11. The internal sum, on the right-hand side of (A.17), is addition in V/,
and the external sum is a formal sum. Notice that in general, a series in V' [[z, 27!]] cannot
be multiplied with a series in C[[z, z7!]]; this would result in infinite sums in V. A way
around this is to use different formal variables. For example,

(A.18) (Z amxm> . (Z wny”> = Z Wy Gy y"

meZ nez m,ne’
is a well-defined multiplication from V{[z,z7!]] x C[[y,y']] to V[[z,y, "1,y ']]. A
REMARK A.12. The space of formal Laurent polynomials with coefficients in C is a for-
mal analogue of the space of test functions for the formal Laurent series with coefficients
in V. We can see this by defining
(A.19)
() VIlz, 2l x Clz, 27T =2 V(2,27 = Vo {al2), (2)) = Res. (a(2)@(2)) .-
Then, for any a(z),b(z) € V|[z, 27]], we have that
a(z) = b(z) ifandonlyif (a(z),¢(2)) = (b(2),(2)) for all p(z) € C[z, z7].
This justifies the name “formal distribution”. A

DEFINITION A.13. The formal delta function in z is
(A.20) 3(z) =) 2" €Cllz,z7"]].
nez

REMARK A.14. There is another common definition of the formal delta function used
in [Kac98], [FB04], [Sch08], etc. In this thesis we only use Definition A.13, as used
in [FLM88], [LL04], [HLZ14], etc. Despite the notation, (A.20) should be thought of
as an analogue of the Dirac delta function at = = 1. We will see why in the following
proposition. A

PROPOSITION A.15. Leta(z) € V[z,27!]. Then
(A.21) a(z)0(z) = a(1)d(2).

Proof. Given a(z) € V[z, 2], we have

a(z)0(z) = Z A 2™ - Zz" = Z Z am 2"

meZ nez k€EZ mmneZ
m+n==k
= Z Z A 2" = Z Ay - sz = a(1)d(z).

kEZ meZ mez keZ
It also follows that Res. (a(2)d(z)) = a(1). O
DEFINITION A.16. The formal delta function of two variables, x and y, is

T -n
(A.22) ) (5) = any c C[lz*, y*1]).
nez
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We will now give an identity for a formal delta function of two variables, which will
eventually be used in verifying the axioms for our first example of a vertex algebra.

EXAMPLE A.17. We first show that
_ x _ _
(A.23) y~'o (§> =(@z—y) "+ y—x)"

Here we use (') = (—1)* to obtain

AR RED B T +Z( Doty

k>0
:lekk+zy1kk
k>0 k>0
_ Z xky—l—k+zy—1—kxk
k<-1 k>0
X
— Zxky—l—k — y—15 (_) )
keZ Y

It then follows that
(_1)n 9\" -1 Ty _ _ .\-n—-1__ [ —n—1
(A.24) o . y o )= (x —y) (—y+x) )

For example, the second term is computed as

S (8) g (g ()

k>0 k>n k>0
—n—1
=Z—( A )<—y>-1-k-"x’“:—<—y+w>—"—1,
k>0

where we have used

()2

The first term can be computed similarly. O

DEFINITION A.18. The formal delta function of three variables, x, y and z, is

(A25) § (“y) Yy =Y ( ) ko e Cllatt, 42, 21

nel neZ k>0

We will also write three variable formal delta functions of the kind
(A.26) 5(93_?’) :5($+y>
z z
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and other similar variations.

REMARK A.19. The three variable formal delta function is needed to state a version of
the Jacobi identity, which is an axiom of vertex algebras. Observe that the order of =
and y does matter, since the formal delta function uses binomial expansions of negative
powers. A

EXAMPLE A.20. To demonstrate how formal calculus and the formal delta function
work, we will show that

(A27) ey (y;) s (;y) _ (y;) |
X —XT zZ

First consider

exp (—x%) 219 <g> =exp (—x%) 27! Zy"z*":zfl Zexp (—l‘%) yre"

Then we use Example A.17 to obtain

o (o) () =5 5 () o)

=> 2" (y—2)"" = (—z+y) "

=Y " ((y—2)"" = (2 +y) )
DI AR VRS DR Cr NIt

— a5 (y_z) ) (—Z_y). 0
x —x
REMARK A.21. The previous example is used to verify the Jacobi identity for the sim-

plest family of examples of vertex (operator) algebras, namely, commutative associative
unital algebras in Example 2.3. A

A.2 Normal ordering

Let V' be an associative algebra over C.

DEFINITION A.22. Leta(z) = . a,z7""! € V|[[z, 27!]] (note the indexing; the coef-

neZ
ficient of 27"~ is a,,). Define, respectively, the singular and regular parts of a(z) as
(A.28) a(z)- = > apz " Tand a(z)y = > anz L
n>0 n<0
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DEFINITION A.23. Leta(z) € V[[z,27 '] and b(y) € V|[[y,y !]]. Define the normal
ordered product of a(x) and b(y) as the series
o=a

(A.29) sa()b(y) s = a(z)b(y) + by)a(x)- € V2™, y*]].
Equivalently,
A0 )= 5 (5 anba S b )y
neZ \m<0 m>0
Normal ordered products can be iteratively defined for any finite number of formal series
aM(z),...,a™(z,) in distinct formal variables zy, ..., z, with coefficients in V. A
single series is defined to have the normal ordered product
(A.31) caM () = aW(z).

We then inductively define the (right-nested) normal ordered product as
(A.32)
ga(”)(zn) e a(l)(zl) °— ga(n)(zn) 8@‘"*1)(%,1) °...0 a(2)(22)a(1)(21) °...0090,

The normal ordered product of two series can be interpreted as being a product with ¢ - g
acting “formally linearly” (i.e. distributing over formal sums). That is,

(A33)  Sa(@)b(y)e =22 ama ™ P 3 by o= > SambyoxT ™y L

meZL neL m,ne’

Comparing this with (A.30), we have the following definition.

DEFINITION A.24. Let a(z) and b(y) be series with coefficients in V. For m,n € Z,
the normal ordered product of a,, and b, is defined to be

mbn 07
(A.34) © by, © = 4 mon TS
bpa, m > 0.

Note that this definition depends on the series a(z) and b(y), and their choice of indexing.
It is not necessarily a general prescription for multiplication in the algebra V.

REMARK A.25. Note that, in (A.30), the formal variables cannot be equal in general,
as this could result in infinite sums in V. In Chapter 2, the definition of a vertex algebra
allows for normal ordered products between certain series in the same variable. A

A.3 Complex indexing

We will state some definitions and conventions to be used in Chapter 5.

Let V be a vector space over C.

DEFINITION A.26. For a functiona : C — V, n — a,, we will use the formal series
notation

(A.35) a(z) = Z a,z" = a.

neC
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Denote by

(A.36) V{z} = {Z a2 1 a, €V, forn € C}

neC

the vector space of V-valued functions on C. We will call elements in V{z} formal
series indexed by C with coefficients in V', or again, simply series. There are analogous
definitions for multiple formal variables

(A.37) > G2

We will now set our convention and notation for logarithms. We will typically use w for
numbers in the punctured complex plane C*, and reserve x, y, z, etc. for formal variables.
We will use the branch cut for log w and arg w such that the imaginary component of log w
is arg w with

(A.38) 0 <argw < 2.

For logarithms not within the principal branch sheet, we will use the notation

(A.39) l,(w) = logw + 2mip, forp € Z.

DEFINITION A.27. Leta(z) = ) .can2™ € V{z} and let ¢ € C. If the substitution
a(z)|,n_ecn exists in V, then we write the substitution as

(A.40) a(e®) = a(2)].mec == a(2)|sn_een € V.

If w € C* and a(e'°8™) exists, then we also simply denote a(e!°*) by a(w).
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Appendix B

Braided monoidal categories

Braided monoidal categories with non-symmetric braiding were first introduced in [JS86].
Shortly after, in [MS88], these structures where suggested to emerge from conformal
field theory. By [KL91], it was understood that braided monoidal structures can arise
from quantum groups and affine Lie algebras. In [KL93a]-[KL94b], certain equivalences
between these two sources of braided monoidal categories where shown to exist, forming,
what we now call today, the Kazhdan-Lusztig correspondence. It was shown in [HLZg]
that certain categories of vertex operator algebra modules can also be naturally endowed
with the structure of braided monoidal categories. Explicit examples of braided monoidal
categories constructed from vertex operator algebras will be computed Chapter 5. Braided
monoidal categories also serve as the underlying structure for (pre)-modular categories as
defined in Chapter 4.

This appendix summarises the necessary definitions and results used throughout this the-
sis. Some elementary proofs are included to highlight the key features of (braided)
monoidal categories. The proofs that we have selected to show also helped us to form
the insight used to write the proofs in Section 4.5 and Chapter 6.

B.1 Monoidal categories

Monoidal categories naturally arise from the tensor product-like structure in categories
of representations of “typical” algebraic objects. For example, two representations of a
fixed group can be combined via the tensor product to produce a third representation,
and tensoring any representation with the one dimensional trivial representation leaves
it unchanged, up to isomorphism. This tensor product structure can be thought of as
a categorification of a monoid. Recall the following set-theoretic definition, which we
include for analogy.

DEFINITION B.1. A monoid (M, -, e) consists of the following data:
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(1) aset M,
(i1) a binary operation — - — : M x M — M,
(iii) an element e € M, called the identity element,
satisfying the following conditions:
(i) (associativity) x - (y - z) = (- y) - z, forall x,y, z € M,
(1) (identity)e-x =xandx -e =z, forall z € M.
The following definition models the previous definition and categorifies it by promoting:
the set to a category, the binary operation to a bifunctor, and the equations to natural iso-
morphisms. An additional identity will be added to ensure that the isomorphism relating
nested products is independent of the choice of order used to associate them. Another
identity will be added to ensure that the isomorphism relating nested products with the
unit object is independent of the choice to use the unit from the left or the right.
DEFINITION B.2. A monoidal category (¢, ®, 1, a, A, p) consists of the following data:
(i) acategory €,
(ii) a bifunctor — ® — : € X € — € called the tensor product,
(iii) an object 1 € ob(%’) called the unit object,
(iv) anatural isomorphism o : — ® (— ® —) = (— ® —) ® — called the associator,
(v) anatural isomorphism A : 1 ® — = idy called the left unitor,
(vi) a natural isomorphism p : — ® 1 = idy called the right unitor,
satisfying the following conditions:
(i) (pentagon identity) for all W, XY, Z € ob(%), the following diagram commutes

WeX)e (Y ®2)

aW,X,V WX,Y,Z

We XY ) (WeX)eY)® Z

(B.1)
idy ®ax,Yx A,X,y@idz

We(XeY)Z) —— (W (X®Y))®Z

AW, XQY,Z

(i) (triangle identity) for all X, Y € ob(%), the following diagram commutes

X]lY

X®((1®Y) (Xel)Y
(B.2)
idx @Ay px ®idy
XQY
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REMARK B.3. It is common to also call our definition of a monoidal category a tensor
category. We instead reserve this name for the notion of the tensor category defined in
Chapter 4.

Another (possibly more) common version of this definition has the associator natural iso-
morphisma : (—®—)®— = —®(—®—) being the inverse of what we have in Definition
B.2. This reverses the direction of the associator arrows in the previous definition.

There is another definition with slightly different data, replacing the left and right unitors
for a single isomorphism ¢ : 1® 1 — 1 in €. The triangle axiom is replaced with another
axiom involving the unit object. These definitions are equivalent as seen in Section 2.1 of
[EGNO16]. We have chosen our definition to match the definition and associator direction
convention used in [HLZg]. AN

REMARK B.4. Similarly to the pentagon and triangle identities, there could be other
nested combinations of tensor products and unit objects. We would like all possible ways
of relating these products with compositions of associators and unitors to be coherent, that
is, equal. Mac Lane’s coherence theorem shows that the pentagon and triangle identities
are sufficient to enforce coherence. See Theorem B.19 below for the exact statement. A

EXAMPLE B.5. The motivating example for a monoidal category consists of:
(1) the category k—Vect of k-vector spaces for a fixed field Kk,
(i1) the tensor product given by ®y, the standard tensor product over k,
(ii1) the unit object is k as a k-vector space,
(iv) the associator, on k-vector spaces X, Y and Z, given by

axyz X (YR Z) = (XQY)®kZ, z®k(yQkz)— (z®ky) Rk 2,

(v) the left and right unitors, on a k-vector space X, given by

Ax 1@ X =2 X, 1Qrer—zx and px Xl — X, xRl .

The data (k—Vect, ®y, k, a, A, p) satisfies the triangle and pentagon identities. This ex-
ample explains the origin of the name and notation of the tensor product in a monoidal
category. A similar family of examples can be made by using a commutative ring 12 and
the category of R-modules. O

EXAMPLE B.6. Let G be a group and let k[G] be the group algebra over a field k. Given
two kk[G]-modules X and Y, the tensor product X ®j Y can be given a k[G]-module
structure by defining

g-(z®xy)=(9-2) @k (g-y) foralge G, v € X, yeY.

This G-module tensor product construction together with the trivial representation on k as
the unit object, and associator and unitors adopted from k—Vect, give a monoidal category
structure to k[G]—Mod. O
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EXAMPLE B.7. Let g be a Lie algebra over a field k. Given two g-modules X and Y,
the tensor product X ®y Y can be given a g-module structure by defining

g-(r@ky)=(9-2)Rry+2xR(g-y) forallgeg ze€ X yeY.

This g-module tensor product construction together with the trivial representation on k
as the unit object, and associator, left and right unitors adopted from k—Vect, give a
monoidal category structure to g—Mod, the category of g-modules. O

REMARK B.8. Let U(g) be the universal enveloping algebra of g. Recall that there is
a canonical isomorphism of categories between g—Mod and the category U/(g)—Mod of
U(g)-modules. Then, U (g)—Mod can be given “the same” monoidal structure as g—Mod;
as seen in Example C.8. (To make this more precise we need the notion of a monoidal
structure preserving functor from Definition B.10 below.) Examples B.6 and B.7 (or more
precisely, U (g)—Mod) are special cases of the monoidal structure that arises from bialge-
bras. See Appendix C for the definition. A

EXAMPLE B.9. There are monoidal categories that are not defined as concrete cate-
gories of modules or vector spaces. For example, let G be a group and let A be an abelian
group. Let w be a 3-cocycle of G with values in A for the trivial group action. That is, a
function w : G x G x G — A satisfying, for all w, x,y, z € G,

(B.3) w(wz,y, z)w(w, z,yz) = w(w, z,y)w(w, zy, z)w(z,y, 2).
Define the following:

(i) the category ¢ with objects and morphisms
A =y,

forall z,y € G.
0 x#y, /

ob(%) =G and hom(z,y) = {

The identity morphisms are the identity element in A, and the composition of mor-
phisms is given by the group product in A,

(i1) the tensor product — ® — : € x € — € defined by
r@y=xy foralzx,yed and a®b=ab foralla,be A,

(iii) the unit object is the identity 14 € G,

(iv) the associator on z,y, z € G'is .y, = w(x,y, 2),

(v) the left and right unitors on x € G are \, = 14 = p, the identity in A.
The triangle identity is satisfied since w(x, 1g,y) = 14 for all z,y € G. The pentagon
identity is satisfied by the 3-cocycle condition (B.3). O

In Chapter 5 and Chapter 6 there will be monoidal categories with monoidal subcategories
equivalent to those in Example B.9. We will now introduce a notion for comparing the
structure of monoidal categories.

DEFINITION B.10. Let (¢, ®,1,a, A, p) and (Z,K,1,a,l,r) be monoidal categories.
A monoidal functor (F, J, ) from (¢,®,1,a, )\, p) to (2,K,1,a,l,r) consists of the
following data:
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(i) afunctor F' : € — 92,
(ii) a natural isomorphism J : F(—)X F(—) = F(— ® —),
(iii) an isomorphism ¢ : 1 — F(1) in 2,
satisfying the following conditions:

(i) (compatibility of associators) for all objects X,Y,Z € ob(%), the following dia-
gram commutes

F(X)R(F(Y)RF(Z)) — 0052 (p(X)RF(Y)) K F(Z)
idp(x) @Jy7zl lJX,YIX’idF(Z)
(B.4) F(X)RF(Y ® Z) FX@Y)RF(Z)

JX,Y®Zl lJX@)Y,Z

F(X ® (Y ® Z)) Floxyz) » F(X®Y)® 2)

(ii) (compatibility of unitors) for each object X € ob(%’), the following diagrams com-

mute
1R F(X) —F9 , p(x) FX)R1 —% 5 F(X)
B5)  pmdrx) | Trov) e s [rn
FO)RFX) 2% F(1 o X) FIXORF(1) 2% F(X ©1)

REMARK B.11. The functor F' imposes compatibility of the underlying categories, while
the natural isomorphism J imposes compatibility of the tensor products, and the isomor-
phism ¢ imposes compatibility of the unit objects. If we replace the arrows on the right-
hand side of the compatibility of associator condition with their inverses, the condition
reads that “the associator of the image is the image of the associator”. And similarly
the compatibility of the unitors condition reads that “the unitor of the image is the image
of the unitor”. Hence, a monoidal functor imposes compatibility of all the structure in
monoidal categories. A

EXAMPLE B.12. Consider the monoidal category structure on k[G]—Mod from Exam-
ple B.6. Consider the functor F' : k[G]—Mod — k—Vect that forgets the k[G]-module
structure leaving a k-vector space. Let Jxy = idxg,y for all k[G]-modules X and Y.
Let ¢ = idy. Then, (F, J, ¢) is a monoidal functor. This can be interpreted as k|[G|—Mod
having a compatible monoidal structure with k—Vect. In fact, all bialgebras will have a
category of modules with a similar monoidal forgetful functor.

For comparison, consider the category of vertex operator algebra modules endowed with
the fusion product as in Chapter 3. There is no such monoidal forgetful functor because
the fusion product does not have the same underlying vector space as the vector space
tensor product. O
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DEFINITION B.13. Let (%%, ®", 1¢,a%, ¢, p%), for i = 1,2, 3, be monoidal categories.
Let (F, J, ) and (G, K, 1) be monoidal functors from monoidal categories with i = 1
toi = 2andi = 2toi = 3, respectively. We define the composition of (G, K, 1)) after
(F, J, ) to be the triple consisting of:

(i) the functor composition G o F = GF : €' — €73,
(i1) the natural isomorphism
K+J:GF(-)®*GF(—) = GF(—®"' —) defined by
(K+J)xy) = G(Jxy) o Kpx),rv)
(we will show naturality in Proposition B.14 below),
(iii) the isomorphism in €3, ¥+ p = G(p) 0ot : 13 — GF(11).
We denote this composition by (G o F, K« J, ¢ «p) = (G, K, ) o (F, J, ).

(B.6)

PROPOSITION B.14. The composition of two monoidal functors is a monoidal functor.

Proof. The assignment K «.J is natural since the following diagram commutes for all
morphisms f: X — X’'andg:Y — Y'in €.

GF(X) @ GF(Y) LV qpxry @8 GR(Y?)

KF(X»F(Y)l lKF<X’),F<Y'>

(B.7) G(F(X) @2 F(v)) SEDZEO) ap(xy @2 F(Y7)
G(Jx,y)l lG(JX'*Y')
GF(X @'Y) — V9 arx !y

The commutativity of the top square is given by the naturality of K using F'(f) and F'(g).
Commutativity of the bottom square is given by the naturality of .J using f and g to which
the functor G is applied. The morphism Jx y is an isomorphism so its image G(Jx y) is
an isomorphism; and K'r(x) p(y) is an isomorphism so the composition (K+J)xy isan
isomorphism.
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The compatibility of associators is satisfied for all objects X, Y and Z in €' by the
commutative diagram below.
(B.8)

QGFX,GFY,GFZ

GFX(GFYGFZ) —— (GFXGFY)GFZ
d®KFpy,rz Krx, ry®id

id®GJy,z GFXG(FYFZ) G(FXFY)GFZ GJx.y®id

Krx,FyFrz Krxry,rz

~ GaFX,FY,FZ ~

GFXGF(YZ) G(FX(FYFZ)) — G((FXFY)FZ) GF(XY)GFZ
G(id ®Jy)z) G(J)gy@id)

Krx.p(vz) G(FXF(YZ)) G(F(XY)FZ) Kpxv).rz

Glx,yz Glxvy,z

v ~

GFax,y,z
GF(X(YZ)) ———2% GF((XY)Z)

Note that all brackets, tensor products and superscripts that can be understood from con-
text have been omitted. The top and bottom hexagons commute due to compatibility of
associators. The quadrilaterals on the sides commute by the naturality of K. The outer
morphisms compose to give the compatibility of associators o' and o®. The composition
of the upper outer morphisms use the fact that the tensor product is a bifunctor.

The compatibility of left unitors is satisfied for all objects X in €' by the commutative
diagram below.

3
AGF(X)

13 @ GF(X) y GF(X)
w®3idGF(X>l G(A%(M
(B.9) G(12) @ GF(X) 259, q(12 @2 F(X)) GP(O)
G(@)®3ich(x>l TG(so@?idF(x))’l

GF(1') @ GF(X) —— G(F(1') ®* F(X)) —— GF(1' ®' X)

K1y, rox) G(Jg1 x)

The top quadrilateral commutes by the compatibility of the left unitors A*> and A\?. The
right quadrilateral commutes by the compatibility of the left unitors A\? and \! to which
the functor G is applied. The bottom square commutes by naturality of K with morphisms
¢ and idp(x). We have used the fact that ¢ has the inverse G (gp‘l ®?2 idp X)) to reverse
the middle vertical arrow. The right unitors are compatible in a similar way. 0

This proof demonstrates common techniques used in proofs throughout this thesis, namely,
the application of naturality and functoriality to produce commutative diagrams.
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DEFINITION/PROPOSITION B.15. The collection of monoidal categories, the collection
of monoidal functors and monoidal composition form a category MonCat.

Proof. The monoidal functor (idy, Jxy = idxgy, ¢ = idy) gives the identity morphism
for each monoidal category. Let (F*, J*, '), for i = 1,2, 3, be monoidal functors. Then,
their monoidal composition is associative. This can be seen from the associativity of
functors and the following equations:

(J3 '(J2 y Jl))X,Y = F3<F2(J>1(,y) © J}271(X),F1(Y)) © J(3F20F1)(X),(F20F1)(Y)
= (F3 © F2)(J)1(,Y) © (Fg)‘]g‘l(X),F%Y)) © J(3F20F1)(X),(F20F1)(Y))
= (S« %)« T xy,
@’ e(pepl) = F(F? (') 0 9®) 0 ¢°
= (F?o F?) (") o (F*(¢?) 0 %) = (¢ e p?) s 0. O

In Chapter 4, a property called rigidity will be shown to be an invariant under monoidal
equivalence in MonCat. But first, we need a notion of equivalent monoidal categories.

PROPOSITION B.16. Let (F, J,¢) : (¢,®,1,a,\,p) = (Z,K,1,a,l,r) beamonoidal
functor. Assume that F' is an equivalence of categories. Let
F: -2 G:2—%, c¢:FG—idy, n:idy = GF

be an adjoint equivalence. Then, GG has a canonical structure of a monoidal functor.

Proof. Define the natural isomorphism K : G(—)®G(—) = G(—X—) with components
Kxy =G(exMey)o G(J;(}Y) o NGxXeGY :

GX®GY - GF(GX®GY) = GIFGXXFGY) - G(XXY).

Define the isomorphism

(B.11) V=G HNom : 1 — GF1 — G1.

Then, (G, K, 1) is a monoidal functor. The compatibility of associators can be found
from the following commutative diagrams.

(B.10)

axa(yz) «—CX  Gx(GYaz) ——2—— (GXGY)GZ

Wl n n
GF(idgK) b GFa v
GF(GXG(YZ)) 4—— GF(GX(GYGZ)) —E% GF(GXGY)GZ)

GJfll GJ 1 GJ 1
B.12 G(id®FK) M b
(B.12)  G(FGXFG(YZ)) +—— G(FGXF(GYGZ)) G(F(GXGY)FGZ)
Gid®J1) G(J®id)
Co )\ GFGX(FGYFG2Z)) G0y G(FGXFGY)FGZ)
G(e®(e®e)) G((e®e)®e)
G(X(YZ)) da y G((XY)2)




G(id®Fn)

G(id ®FGJ*1)l lG(id ®J71

G(id®Fn)
(B.13) G(FGXFG(FGYFGZ)) & G(FGX(FGYFGZ))
G(id ®e)
G(id®FG(5®a))l lG(a®(6®6))
G(FGXFG(Y Z)) Gog G (Y2)

(Tensor products and subscripts can be found from context.) The idea is to build outwards
from the middle hexagon of (B.12) making use of the compatibility of associators in
F. All squares commute by naturality. The bottom-left quadrilateral in (B.12) is given
by (B.13). The middle of (B.13) makes use of the counit-unit adjunction and its zig-
zag equations. The right side of diagram (B.12) can be completed by mirroring the left
side. Finally, the compatibility of associators is then given by composing the outside
morphisms.

The compatibility of the left unitors is give by the commutative diagram:

G(1X) A > GX

G(ida)T GsA id

— V GIFGX) — & 5 GFGX «+—— 1 GX
G(p~tid) | |G(pid) AGFI Al
(B.14) G(FIFGX) — " GF(IGX) «+"— 1GX
G(eid) | | G(Fnid) o GF(nid) nid
e G(FGF1FGX) o GF(GFIGX) < GF1GX
G(FGyp~1id) GF(Gyp~1id) Ge—lid

— G(FG1FGX) <% GF(G1GX) +1— G1GX
This diagram is built outwards from the compatibility of left unitors of /'. The remaining

squares commute by naturality and the triangle is a zig-zag equation. [

The previous proofs highlight the importance that monoidal categories and their mor-
phisms are built from category-theoretic notions such as functors and natural isomor-
phisms. This category-theoretic perspective provides the intuition used in Chapter 6.

DEFINITION B.17. An equivalence of monoidal categories or a monoidal equivalence
is a monoidal functor (F, J, ¢) such that F’ is an equivalence of categories.

We will now state three important theorems.

THEOREM B.18. Mac Lane’s Strictness Theorem. Any monoidal category is monoidally
equivalent to a strict monoidal category, that is, one with associators and unitors as iden-
tities.
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THEOREM B.19. Mac Lane’s Coherence Theorem. Let Xi,...,X, be objects in a
monoidal category %. Let Y and Z be tensor products of X,..., X, retaining this
order of objects, with any arbitrary insertions of the unit object and parentheses in any
order. Let f,g : Y — Z be morphisms in 4 made from the composition of associators,
unitors and identities. Then, f = g.

THEOREM B.20. Any monoidal category is monoidally equivalent to a skeletal monoidal
category, that is, one with exactly one object in each isomorphism class.

Proofs can be found in Sections 2.8 and 2.9 of [EGNO16]. Mac Lane’s coherence theorem
follows from Mac Lane’s strictness theorem.

REMARK B.21. Working with a strict category comes at the cost of a larger (by inclu-
sion) object class and a loss of concreteness (see how the object class is constructed in
Section 6.6 of [Kas95]). In general, a monoidally equivalent skeletal category cannot be
made to be strict; this fact is important for Chapter 6.

Vertex operator algebras often produce monoidal categories with non-trivial associators.
In Chapter 5, we will prefer skeletal categories over strict ones, and these categories will
still be concrete. This preference comes at the cost of non-trivial associators, but this
makes the explicit descriptions interesting from a morphism perspective. A

B.2 Braided monoidal categories

A monoid (M, -, e) is commutative if it satisfies
(B.15) T Y=y-x forall x,y € M.
To categorify this condition, we promote the equality to a natural isomorphism.
DEFINITION B.22. A braided monoidal category (¢, ®, 1, a, A, p, c) consists of the fol-
lowing data:

(i) a monoidal category (¢, ®, 1,a, A, p),

(i1) anatural isomorphismc: - ® — = — ® -, called the braiding, with the components
(B.16) cxy XY 2Y®X for X, Y € ob(%),

for which the following diagrams commute, for all X, Y, Z € ob(%):
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(1) (hexagon identity I)

CX,Y®Z

XYeZ) — (Y®2Z)0X

aX,Y7 y,zx

(B.17) (XQY)®Z Y ®(Z®X)

CX,Y®iA %&1 ®cx,y

Ay x,z
(i1) (hexagon identity 2)
XoV)®Z 2% 70 (X0Y)

-1 -1
axyy\% ,XZ,X,Y

(B.18) X®(Y®Z) (ZX)QY -

ldX ®CYX/ %(’Z(@idy

X®ZoY)— (X®2)Y

ax.zy

The hexagon identities enforce that braiding with a tensor product is the same as braiding
individually.

EXAMPLE B.23. We can endow the monoidal category of k-vector spaces, in Example
B.5, with a braiding
(B19) CX,yIX®]kY—>Y®[kX, TRKY =Y QK L.

This braiding is also inherited by k|[G]—Mod and g—Mod from Examples B.6 and B.7,
respectively. In these cases, we have the property that cxy = C;/}X, for all X,Y €
k—Vect. Note that the definition of braiding does not require this condition. O

DEFINITION B.24. A braided monoidal category (¢, ®, 1, a, A, p, ¢) is called symmet-
ric if it satisfies the following condition

(B.20) cxy =c¢yx  forall XY € ob(%).

REMARK B.25. In some literature, braided monoidal categories are called “quasitensor
categories” and symmetric braided monoidal categories are called “tensor categories”. We
will not be using this terminology here. A

In Chapter 5, we study examples of non-symmetric braided monoidal categories.

We require a notion of morphisms for braided monoidal categories. The structure we must
preserve consists of a monoidal category and the braiding. That is, we need a monoidal
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functor and a condition that “the braiding of the image is the image of the braiding”. We
do not need to add any additional data to the monoidal functor. So, we have the following
definition.

DEFINITION B.26. Let (4, ®,1,a, A, p,c) and (2,X,1,a,l,r,d) be braided monoidal
categories. A braided monoidal functor from (¢, ®, 1, o, \, p,c) to (2,X,1,a,l,7,d)
is a monoidal functor (F, J, ¢) from (¢, ®, 1,a, A, p) to (2,K,1,a,l,r) satisfying the
following condition:

(1) (compatibility of braiding) for all objects X, Y in ¥, the following diagram com-

mutes
dr(x),F(Y)
FIX)XF(Y) — F(Y)XF(X)
(B.21) JX’Yl l"”
FX®Y) — F(Y ® X)
F(ex,y)

EXAMPLE B.27. The identity monoidal functor is braided and the monoidal composi-
tion of two braided monoidal functors is braided. The proof for the latter claim is sum-
marised in the following commutative diagram.

3
GFX,GFY

GFX @* GFY ———="" 3 GFY @*GFX

KFX,FY\L lKFY,FX

Gc?
(B.22) G(FX @*FY) —" G(FY @ FX) -
GJX’Y\L lGJYJ(
GFC}( v
GF(X®'V) ———— GF(Y @' X) O

From Proposition B.15 and Example B.27 we have a category of braided monoidal cate-
gories.

DEFINITION B.28. The collection of braided monoidal categories with the collection of
braided monoidal functors and monoidal composition forms a category BraidCat.

PROPOSITION B.29. Let (F,J,p) : (¢,®,1,a,\, p,c) — (2,X,1,a,l,7,d) be a
braided monoidal functor with F' an equivalence of categories. Let (G, K1) be the

canonical quasi-inverse monoidal functor from the proof of Proposition B.16. Then,
(G, K, ) is braided.
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Proof. We use the same notation as in Proposition B.16. For all objects X, Y in &, we
have the following commutative diagram.

CGX,GY

GX ®GY » GY ® GX
noxsey ———
GF(GX ©GY) —ST5 | ap@y & GX)
(B.23) GJxy GJy
GFGX B FGY) SU9rSY o pay ® FGX)
GexRey) GleyRey)
GXRY) Cly L Gy ®X)

The commutativity of the squares, from top to bottom, respectively use the naturality of
7, the fact that F' is braided and naturality of the braiding d. 0

DEFINITION B.30.  An equivalence of braided monoidal categories or a braided monoidal
equivalence is a braided monoidal functor (F), J, @) such that F' is an equivalence of cate-
gories.

The final chapter of this thesis aims to explicitly compute a braided monoidal equivalences
in a Kazhdan-Lusztig correspondence. In Chapter 4, we explore additional structures on
categories with underlying monoidal category structures, namely, modular tensor cate-
gories. The themes of equivalence used in this appendix will be replicated in Chapter 4
to show that there is a notion of (pre)-modular equivalence built from an equivalence of
categories. There, we will utilise the braided monoidal structure that underlies the (pre)-
modular structure.
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Appendix C

Hopf algebras

We will need Hopt algebras for two reasons: first, to produce guiding examples in Chap-
ter 4, and second, to provide a foundation for quantum groups, which will be used in Chap-
ter 6 to provide an explicit example of a Kazhdan-Lusztig correspondence. We will not
give detailed proofs for any statements; this appendix only serves as a self contained col-
lection of definitions to refer to. Our suggested references for this material are [EGNO16]
and [Kas95].

In what follows, let k be a field (not necessarily C). In this appendix, all vector spaces
and linear maps are assumed to be over k, unless otherwise stated.

C.1 Algebras, coalgebras and bialgebras

We will give two equivalent definitions for an associative unital algebra. The first defini-
tion is traditional and defined on the level of elements, whereas the second definition is
defined on the level of morphisms.

DEFINITION C.1.  An associative unital algebra (A, -) over k consists of the following
data:

(i) a vector space A,

(i1) abilinearmap-: A x A — A,
satisfying the following conditions:

(1) (associativity)if x,y,z € A,thenx - (y-2) = (z-y) - 2,

(ii) (unit) there exists an element 1 € A suchthatifx € Athenz-1=z=1-x.

DEFINITION C.2.  An associative unital algebra (A, V,n) over k consists of the follow-
ing data:
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(i) a vector space A,
(i1) alinearmap V : A ® A — A, called the product,
(iii) alinear map 7 : k — A, called the unit,
satisfying the following conditions:

(1) (associativity) the following diagram commutes

AARA Y Ag A

(C.D id®Vl lv )

where A® (A A) =2 AR AR A= (A® A)® A are canonically identified,

(11) (unit) the following diagram commutes

A" A0 A

(C.2) id®77l \ lv ,

ARA —— A
where A ® k =2 A = k ® A are canonically identified.

Given an associative unital algebra (A, -) we can define the productby V(z ® y) = x - y,
forz,y € A, and theunitn : 1 € k — 1 € A. Given an associative unital algebra
(A,V,n) we can define x - y = V(z ® y), for x,y € A, and the unit 1 € A is given by
n(1). Then, the associativity and unit conditions in Definition C.1 give the associativity
and unit conditions in Definition C.2, respectively, and vice versa.

When using Definition C.2, we will often use the notation of Definition C.1 and write
V(ir®y) = x-y = zy and (1) = 1, for brevity. So, in this sense, we will treat the
definitions above as different choices of notation. The purpose of Definition C.2 is to have
a definition that we can categorically dualise.

DEFINITION C.3. A coassociative counital coalgebra (C, A, ¢) over k consists of the
following data:

(i) a vector space C,

(i1) alinear map A : C' — C' ® C, called the coproduct, (usally written with Sweedler
notation as A(h) =3~ W' @ h")

(iii) a linear map ¢ : C' — K, called the counit,
satisfying the following conditions:

(1) (coassociativity) the following diagram commutes

C—2 s0oC
(C.3) Al lidm ,
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where C ® (C®C)=C®(C®(C=(C®C)® C are canonically identified,

(i1) (counit) the following diagram commutes

C—250xC

(C4 | \ e

cCeC —aa C
where k @ C' = (' = ' ® k are canonically identified.

From now on we will use the terms algebra and coalgebra to refer to associative unital
algebras and coassociative counital coalgebras, respectively.

A bialgebra should be a vector space with an algebra structure and a coalgebra structure
such that these structures are compatible.
DEFINITION C.4. A bialgebra (B,V,n, A, ) over k consists of the following data:
(i) a vector space B,
(i1) four linear maps
V:BB—+B, n:k—B, A:B—-B®B and ¢:B —k,

satisfying the following conditions:
(i) (B,V,¢) is an algebra,
(ii) (B, A,n) is a coalgebra,
(ii1) the four compatibility conditions:
BB —Y B —2 L+ B®B
(C.5) A@Al T vev

BOB®B®B —————— BRBRB®B

where¢:x®yr—>y®x and

B® B » B B
(C.6) \ / \ /
k i y k
(C.7)
oA

The bialgebra data contains four linear maps V, 1, A and . If we naturally give k and
B ® B algebra or coalgebra structures, then the compatibility conditions ensure that these
maps are algebra or coalgebra homomorphisms with respect to the algebra or coalgebra
structure of B, respectively.
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Given a bialgebra (B, V,n, A, <), consider the category B—Mod of B-modules; by B-
module, we mean a module of the associative algebra (B, V,n). The coproduct A and
counit € canonically produce a monoidal structure on B—Mod. This is explained in detail
in Example 4.3, but essentially: A defines the tensor product bifunctor, ¢ defines the unit
object, and the associator and unitors are inherited from k—Vect.

C.2 Hopf algebras

A Hopf algebra is a bialgebra with additional data that canonically equips its category of
finite-dimensional modules with the structure of a left rigid (see Section 4.1) monoidal
category, that is, every object has left duals.

DEFINITION C.5. A Hopf algebra (H,V,n, A, ¢,S) over k consists of the following
data:

(i) abialgebra (H,V,n, A, ¢),
(i1) alinear map S : H — H, called the antipode,

HH
\Y;
1 s H
/4%

HOH g HOH

such that the following diagram commutes.

HoH S®id

/
(C.8) H N
N

Given a Hopf algebra (H, V., 7, A, ¢, S), the underlying bialgebra structure gives a monoidal
structure to the category H—Mod¢ of finite-dimensional H-modules. The antipode S
provides left duals for each object in H—Modg. If the antipode S is invertible, then S
provides left and right duals for each object in H—Mod¢y. This is explained in detail in
Examples and 4.3 and 4.10.

PROPOSITION C.6. Let (H,V,n, A, &, S) be a Hopf algebra. Then,

(C.9) S(zy) = S(y)S(z) and S(1) =1.

That is, the antipode is an associative unital algebra antihomomorphism.

We now provide two familiar examples of Hopf algebras.
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EXAMPLE C.7. Let G be a group and consider the group algebra k[G] with the usual
product and unit. Then, k[G] can be equipped with the coproduct defined by A(g) = g®g,
the counit defined by £(g) = 1, and the antipode S(g) = ¢!, for all ¢ € G. The
category k[G]—Modgy has the same monoidal structure as the tensor product given to
finite-dimensional representations of GG (recall Example B.6). The left and right duals
correspond to the contragredient representation. O

EXAMPLE C.8. Let g be a Lie algebra and consider the universal enveloping algebra
U(g) with the usual product and unit. Then, ¢/(g) can be equipped with the coproduct
defined by A(z) =2 ®1+1®x, forall x € g C U(g). As required by the compatibility
conditions, we define A(1) = 1 ® 1 and A(zy) = A(z)A(y), for all x,y € g, hence
uniquely extending A to all of U/(g) (the commutator of I/(g) is indeed respected). The
counit is defined by (1) = 1 and e(z) = 0, for all z € g. As required by the compatibility
conditions, we define £(zy) = £(z)e(y), for all z,y € U(g), hence uniquely extending &
to all of U(g). Finally, the antipode is S(x) = —uz, for all z € g. Requiring that S(1) = 1
and S(xy) = S(y)S(x), forall z,y € g, is enough to uniquely define an antipode satisfy-
ing diagram (C.8). The category U/ (g) —Modgy has a monoidal structure that is monoidally
equivalent to the tensor product given to Lie algebra representations of g (recall Example
B.7). The left and right duals correspond to contragredient representations. O

Some bialgebras can be equipped with additional data that gives the monoidal category of
finite-dimensional modules a braiding or ribbon structure.

DEFINITION C.9. A quasi-triangular bialgebra (B,V,n, A, e, R) consists of the fol-
lowing data:

(i) abialgebra (B,V,n, A, ¢, S),

(i) an invertible element R in B ® B called the universal R-matrix,

satisfying the following conditions:
(C.10) RA(x)R™' = (toA)(x)  forallz € B,

(Cl 1) (A & ld) (R) = R13R23 and <ld ®A)(R) = R13R12,
where 7: 2@y —y®x. If R=). R; ® R/, then we use the notation

(C12) Rp=Y R®R/®1, Ris=Y Ri®1®R!, Rn=)Y 1&R &R/

DEFINITION C.10. A quasi-triangular Hopf algebra or a braided Hopf algebra is a
Hopf algebra together with a universal R-matrix and quasi-triangular bialgebra structure.

Given a quasi-triangular bialgebra (B, V,n, A, e, R), the universal R-matrix provides a
braiding on the monoidal category B—Mod defined by

(C.13) cxy(r®y)=1xy(R-(z®y)),

forallz € X, y € Y and X,Y € ob(H—Modg). Here, 7 is the braiding on k—Vect, that
is, Txy (* ® y) = y ® x. Equation (C.10) ensures that the components of ¢ are B-module
homomorphisms. The hexagon identities ((B.17) and (B.18)) are satisfied by (C.11).
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In Section 4.2, we define ribbon categories. We now equip a quasi-triangular Hopf algebra
with additional data that canonically gives a ribbon structure to its category of finite-
dimensional modules.

DEFINITION C.11. A ribbon Hopf algebra (H,V,n, A, e, S, R,v) consists of the fol-
lowing data:

(i) a quasi-triangular Hopf algebra (H,V,n, A ¢, S, R) with an invertible antipode,
(i1) an invertible central element v in H, called the ribbon element,

satisfying the following relations:

(C.14) A()=(RyR) ' (v®v) and  S(v)=r.

Given a ribbon Hopf algebra (H, V,n, A, e, S, R, v) with an invertible antipode, the cat-
egory H—Modg is a braided rigid monoidal category equipped with the ribbon structure
(twist) defined by

(C.15) Ox(z)=v"' -z forall z € X and X € ob(H—Modg).

Since v is central, the components of § are /-module homomorphisms. The first relation
in (C.14) ensures that the twist condition (4.30) is satisfied, while the second relation
in (C.14) ensures that the ribbon condition (4.31) is satisfied. Note that we require the
antipode to be invertible since we have defined ribbon categories to be rigid instead of
just left rigid.

We will use ribbon Hopf algebras in Chapter 6 to construct ribbon categories from quan-
tum groups.

Now, we highlight a feature of bialgebras. The monoidal categories generated by bialge-
bras have “trivial” associators and unitors in the sense that

(C.16) axyz 2@ (Y®z)— (zQy) z,

(C.17) Ax 1l®@r—x and pPx tx®1— .
If we were to make the canonical identifications
XYeZ2)=(XQY)e~Z and ko X=X=XKLk,

then the monoidal category becomes strict.

There are notions of quasi-bialgebras and quasi-Hopf algebras that endow bialgebras
and Hopf algebras with data used to define non-trivial associators and unitors for their
monoidal categories of (resp. finite-dimensional) modules. These definitions can be found
in Chapter 15 of [Kas95] (although the associators are the inverse of what we use here).
We will not use these notions in this thesis and, instead, obtain a non-trivial associator
from a Hopf algebra using semi-simplification in Chapter 6.
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Appendix D

Quantum groups associated to sl

This appendix contains the definitions and results for the quantum groups associated to sl
to be applied in Chapter 6. Our aim is to find sl;-quantum groups with canonical ribbon
tensor categories of modules. For our application’s purposes, we will present the follow-
ing definitions and results in the special case for sl, only. However, there are general
definitions for finite-dimensional complex simple Lie algebras as well, which we would
need if we were to generalise the results from Chapter 6.

We will use the terminology and conventions from [CP95], however, other references we
have used are [Kas95], [Saw06] and [ES02].

D.1 Algebras

Even though the Hopf algebras of interest in Chapter 6 are over C, we will first take
a detour to discuss Hopf algebras over (topological) commutative rings. The definitions
from Appendix C can be generalised to commutative rings, as seen in Chapter 4 of [CP95].
That is, replace the field k with a commutative unital ring £ and the k-vector spaces with
k-modules. In the case that & is equipped with a topology, we equip H and H ® H with a
k-module topology. We also replace H @ H with its completion and require that the unit,
multiplication, counit and comultiplication are continuous. Doing so gives topological
Hopf algebras, topological quasi-triangular Hopf algebras etc. We will now introduce
the topology that is needed to eventually obtain ribbon tensor categories from certain sl,-
quantum groups.

Let h be a formal variable. We will define a Hopf algebra over C[[h]], the ring of formal
series in h with coefficients in C.

DEFINITION D.1. Let V be a C[[h]]-module. The h-adic topology on V is defined by
requiring that {h™V : n € Z>(} is a neighbourhood base for 0 € V' and that translations
and scalar multiplication are continuous.

138



REMARK D.2. For V' = C[[h]], this defines a topology for C[[h]] as a topological ring.
A general C[[h]]-module V' then becomes a topological C[[h]]-module. It follows that
every C|[[h]]-module homomorphism is continuous. A

REMARK D.3. We need topological algebras over C|[[h]], with the h-adic topology, in
order to define a universal R-matrix and ribbon element for the following quantum group.
These elements will eventually transfer the braiding and ribbon structure to categories of
other non-quasi-triangular sl;-quantum group modules, providing the canonical ribbon
tensor structures to be used in Chapter 6. A

The following definition is from Definition/Proposition 6.4.3, Lemma 8.3.6 and Corollary
8.3.16 of [CP95].

DEFINITION/PROPOSITION D.4.  Write e = Zn>0 . The Drinfeld-Jimbo quantum
group Uy, = Uy, (sly) is a topological ribbon Hopf algebra over C|[h]] consisting of:

(i) the generators X, Y and H, and relations
(D.1) [H, X] =2X, [H,Y] = -2Y, X, Y] = ———,

(i1) the coproduct and counit given by
(D.2) A(X) = X®" 10X, AY)=Yol+e ™Y, A(H)=H®1+1QH,

(D.3) e(X)=¢eY)=¢e(H) =0,
(iii) the antipode given by
(D.4) S(X)=—Xe S(Y) = -y, S(H) = —H,
(iv) the universal R-matrix
D.5) _ thH®HZ n(n- 1), (€ _] h'h) X"y
n>0 e

where we denote
sinh(nh) ™ —e"

D. | = —
D.6) (e sinh(h) eh —e=h "’
(v) the ribbon element
(D.7) v=e "y, where u = V((S ® id) Ry ).

REMARK D.5. The universal R-matrix (D.5) is an element in the completion of U, ® U},
with respect to the h-adic topology. A

REMARK D.6. The Drinfeld-Jimbo quantum group is a quantised universal enveloping
algebra because U}, is a deformation of the universal enveloping algebra of sl,, that is,
Un/hUy, is isomorphic to U (sly) as Hopf algebras over C. We can see this by comparing
Definition D.4 with Example C.8 for g = sls. (The non-immediate part is to check that
[X,Y] = H modulo hU,.) Heuristically, we think of this as U, — U(sly) as h — 0. In
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the A — 0 “limit”, the universal R-matrix (D.5) and ribbon element (D.7) become trivial,
as expected for U (sly)—Modgy, highlighting the need to consider quantum groups when
seeking non-trivial ribbon tensor categories associated to sls. A

Let ¢ be a formal variable.

DEFINITION D.7. We define the following g-analogues of numbers, factorials and bi-
nomial coefficients. Let n, k € Z. The q-number or q-bracket of n is

(D.8) [y = qq —_qql =¢" T T T
Let 0 < k < n. The g-factorial of n is
(D.9) n],! = [1]4[2]4- - - [n];, whenn >0,
and [0],! = 1, when n = 0. The g-binomial coefficient “n choose k” is
n ]!
(D.10) [ } =
ki, In— Kl [k]!

There are similar definitions with the formal variable ¢ replaced with ¢ € C\{0, +1}.

REMARK D.8. The following quantum group can be defined as an algebra over k(q), the
field of rational functions in ¢, for a field k. It is most common for k to be Q, but because
we are interested in constructing a C-linear modular tensor category in Chapter 6, we keep
to the case where k = C only. A

DEFINITION D.9. The Drinfeld-Jimbo quantum group U, = U,(sl,) is the associative
unital algebra over C(q) consisting of:
(i) the generators E/, ', K and K ! and relations
KK'=K'K =1,

D.ll K _ Kfl
®©-10) KEK™' = §°E, KFK™' = ¢ %F, [E,F] = ——+
q—q

Y

(ii) the bialgebra structure given by the coproduct A and counit ¢ defined by
AEY=1E+E®K, AF)=K'®F+F®Il,
(D.12) AK)=K®K, AKYHY=K'@K",
e(E)=¢e(F)=0, eK)=eK ") =1,
(iii) the antipode S defined by
(D.13) S(E)y=-EK™', S(F)=-KF, SK)=K' SK"'=K.

REMARK D.10. Notice that the relations for Uj, in (D.1) resemble the relations for U, in
(D.11) in the following sense. The relations (D.1) imply

hH _ ,—hH

(D.14)  MXe M =X Myt — oty (X Y] =
eh —e~

Hence, U, injects into U}, by the map

(D.15) E—X, FeY  Kl'eMM  gee
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Note that this is not a C(g)-linear map, since we are identifying C(q) with the subring
C(e") of C[[h]], but, nonetheless, the algebra relations are still preserved. This “injec-
tion” relates U, with U}, and will be used to transfer the ribbon structure of U, —Modgy to
U,—Modgy; see Propositions D.33 and D.35 below. A

REMARK D.11. Using the algebra antihomomorphism property of S, we have
S*(E)=KEK™, S*(F)=KFK™' and  S*(K*)=K*.

So, S?(u) = KuK™!, for all u € U,. It follows that u — K 'S(u)K is the inverse of
S. Since U, is a Hopf algebra with an invertible antipode, the category U,—Mod¢y has a
rigid monoidal structure and, hence, the structure of a tensor category. A

Let A = Z[q,q '] be the ring of Laurent polynomials in ¢ with coefficients in Z. An
integral form of U, is an A-subalgebra V' of U, such that U, can be recovered by an
extension of scalars from A to C(g). That is,

(D.16) U, =V ®4C(q).

We will see two integral forms of Uj,.

DEFINITION/PROPOSITION D.12.  (Definition/Proposition 9.3.1 of [CP95]) The divided

powers, for n € Z-, are defined as

(D.17) o= EL g peo = B
[n]! [n],!

The restricted integral form U'y* = U'*(sly) is the A-subalgebra of U, generated by the

elements { E™ F(" K K=':n € Z.,}. This is, non-trivially, an integral form of U,.

REMARK D.13.  One should initially be worried that U';* may not be an algebra over A
since [E, F] = KK " This is resolved in Theorem 9.3.4 of [CP95] with a long list of

q—q*
generators and relations. However, such an explicit theorem will not be needed for our

computations in Chapter 6. A

DEFINITION D.14. The non-restricted integral form U, = U 4(slz) is the A-subalgebra
of U, generated by the elements { £, F, K, K, [K; 0]}, where [K; 0] := I;:;Sl. This is
an integral form of U,.

The integral forms can be used to specialise the formal variable ¢ to a complex number
e € C\{0,£1}.

DEFINITION D.15. The restricted specialisation U’ = U!*(sl,) is the C-algebra
(D.18) U™ = U= @, C.

This is also called the Lusztig quantum group.

DEFINITION D.16. The non-restricted specialisation U, = U(sly) is the C-algebra
(D.19) U =Uy®4C.

This is also called the De Concini-Kac quantum group.
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The De Concini-Kac quantum group can be defined similarly to Definition D.9, but with
the formal variable ¢ replaced with e € C\{0, +1}.

When ¢ is not a root of unity, the g-numbers [n]. are zero only when n = 0. So, the divided
powers £ and F(™ in U™ are simply E"/[n]. and F™/[n]., respectively. Hence, the
restricted and non-restricted specialisations coincide.

In the case when € is a root of unity, the restricted and non-restricted specialisations do
not coincide, and neither do their representation theories. Moreover, there is third version
of a quantum group at root of unity arising from the non-restricted specialisation.

Denote by ¢ the smallest positive integer such that ¢/ = 1 and define
o {g if ¢ is odd

D.20 :
( ) ¢/2 if {is even

For simplicity, we will assume that ¢ is the /"-primitive root of unity ¢ = €>™/*. Note
that, [n]. = 0 if and only if n is a multiple of ¢'.

DEFINITION/PROPOSITIOE D.ll. (Definition 6.5.6 and Proposition 6.5.8 of [Kas95])
The small quantum group U, = U .(sly) is the quotient

(D.21) U.=U/(E"F"' K" - 1),

where (EY ¥ K* — 1) denotes the ideal generated by the central elements £, F** and
K% — 1. The small quantum group is in fact finite-dimensional with a basis

(D.22) {E'FIK* . 0<4d,j,k<? -1}

REMARK D.18. The small quantum group can be equipped with a universal R-matrix
and ribbon element as seen in Theorem 9.7.1 and Proposition 14.6.5 of [Kas95]. We will
not need these explicitly, but instead remark that U, is a ribbon Hopf algebra with an
invertible antipode and, hence, U.—Modg is canonically a ribbon tensor category. Thus,
it initially appears to be a good candidate for the quantum group in a Kazhdan-Lusztig
correspondence, however, we will see that this is not the case in Section 6.5. AN

D.2 Representation theory

Now that we have seen several different Hopf algebras associated to sl,, we can discuss
their representation theories. As is typical for Hopf algebras, we will only consider the
finite-dimensional representations. Our main goal is to discuss the representations for U

and U, at € a root of unity. However, we will first need to discuss the representations of
Ul and U, as well.

PROPOSITION D.19. (Proposition 6.4.10 of [CP95]) The indecomposable Uj-modules
of finite-rank (as a free C[[h]]-module) are classified by Z>,. More precisely, for each
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n € Zso, there is an indecomposable Uj,-module V},(n) with C|[[h]]-basis

(D.23) i, e

and Up-action given by

(D.24) Ho™ = (n—2r)0™,  Xo® =[n—r+1a0™, Yo = [r+ 1m0,

where v(fl) = v,(ﬁ)l = 0. Every finite-rank indecomposable Uj,-module is isomorphic to

Vi(n), for some n € Zs.

REMARK D.20. The Uy-modules V},(n) become the finite-dimensional irreducible sls-
modules when & — 0. Put precisely, V3 (n)/hV,,(n) is the irreducible sly-module of
C-dimension (n + 1), after we identify U, /hUj, with U (sl). A

The representation theory of U, is similar to the classical case of sl,-modules, in the sense
that any finite-dimensional irreducible U,-module can be shown to be a highest weight
module. The highest weights can then be solved for, and the modules can be constructed,
thus classifying all finite-dimensional irreducible modules, up to isomorphism.

However, the terminology will differ in the quantum case. Given a U,-module V', the
weight of a vector v in V' is an element A € C(g) such that K'v = Av. In this case, we call
v a weight vector. Furthermore, we call v a highest weight vector if, in addition, Fv = 0,
and in this case, we call A a highest weight. A highest weight module is one generated by
a highest weight vector.

The representation theory of U, differs from sl, in the following way. The irreducible
U,-modules of finite dimension are highest weight modules with highest weight vectors
of weights A\ = o¢", where 0 = +1 and n € Z>(. Note that the highest weights are
classified by, not only the non-negative integers, but by {(c,n) : 0 = £1, n € Z>}.

PROPOSITION D.21. (Example 10.1.3 of [CP95]) Let 0 = +1 and n € Zs(. Then,
there is an irreducible U,-module V, (o, n) with C(g)-basis

(D.25) oo,
and U,-action given by
(D.26)
Koo = gq" 200 Bo@m = oln —r +1],070 ) Fol@m = [+ 1,077,
where 07" = vfﬁﬁ) = 0. Every finite-dimensional irreducible U,-module is isomorphic

to V,(o,n), for some o = +1 and n € Z>,.
Similarly to the classical case, we have the following propositions.

PROPOSITION D.22.  (Proposition 10.1.2) Every finite-dimensional irreducible U,-module
is a weight module, that is, decomposes into a direct sum of its weight spaces.

PROPOSITION D.23. (Theorem 10.1.7) Every finite-dimensional U,-module is com-
pletely reducible.
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REMARK D.24. The irreducible modules with 0 = 1 are said to be of fype I and, for
brevity, we denote these by V,(n) = V,(1,n) with basis elements v" = v(1™). Note that
the H-action in (D.24) exponentiates to "o\ = h(=214{"  That is, the type 1 U,-
modules V,(n) are the analogues of the Uj,-modules V},(n) via the injection from Remark
D.10. This will be important when transferring the braiding and ribbon structure from Uy,
to U,.

By Proposition D.23, we have that in general, a U,-module V' is of type I if K acts
semisimply on V' with eigenvalues ¢", for some n € 7Z (importantly, not —g"). In this
case, the irreducible modules are classified by the non-negative weight lattice, similarly
to the classical case. We can think of the weight ¢" as corresponding to the weight X in
P, the weight lattice of sl,, such that Kv = ¢y = ¢™v. A

PROPOSITION D.25. (Proposition 10.1.16 of [CP95], but with the proof adapted for a
formal variable instead of a non-root of unity) Let 0 = £1 and m > n € Z>,. Then,

(D27) Vy(o.m) = Vy(0,0)@V,(m) = Vy(m)@Vy(0,0),  V;(0) = Vy(0,0)@V; (e, 0),
(D28)  Vy(m) @ Vy(n) = Vy(m+n) @ Vy(m +n—2) @ @ Vy(m — n).

REMARK D.26. Propositions D.23 and D.25 tell us that the category U,—Mod** ' of
type 1 finite-dimensional U,-modules is closed under the tensor product. Since S(K) =
K, the dual of a type 1 U,-module is also of type 1. So, U,—Mod>** is a rigid
monoidal subcategory of U,—Modgy. Finally, every type 1 module decomposes into irre-
ducible type 1 modules, hence U,—ModZP ! is closed under kernels and cokernels. It is

thus also a tensor category. A

The representation theory of U, can be used to construct De Concini-Kac quantum group
modules. In fact, the representation theory is the same when € is not a root of unity
and hence is the same for the Lusztig quantum group at a non-root of unity. The same
arguments as in Proposition D.21, but with ¢ replaced by ¢, yield the finite-dimensional
irreducible U.-modules V,(o,n), for o0 = +1, n € Z>,. The Uc-modules V, (o, n) are
defined when ¢ is a root of unity, however, these modules may not be irreducible, and in
fact, no finite-dimensional module can be irreducible if its dimension is greater than ¢’
(see Proposition 6.5.2 of [Kas95]).

The representation theory of U, can also be used to construct Lusztig quantum group
modules. Even though the finite-dimensional irreducible U,-modules produce highest
weight U**-modules, these are not necessarily irreducible.

DEFINITION D.27. Let V,(n) be a type 1 finite-dimensional irreducible module of U,

with a highest weight vector v". Consider the U%s-module generated by s,

(D.29) Vis(n) = USoi™.
It has a basis
(D.30) (i, ey,
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q q q q q

FIGURE D.1: Example of the irreducible U, module V,(1,4). The action by F'is drawn
as dashed arrows, action by FE is drawn as solid arrows, and K -eigenvalues are labelled
underneath the basis vectors.

with Uj-action given by
(D.31)

We now replace ¢ with a root of unity € # +1.

DEFINITION D.28. A Weyl module is a U **-module defined as
(D.32) W= (n) = Vit(n) ®4 C,

where ¢ acts on C as multiplication by e.

REMARK D.29. The Weyl modules are type I U**-modules. Importantly, each Weyl
module W (n) has a basis of vectors {v\"} with well-defined H-actions, that is, weights
)\ of sl such that Kv = ¢y, Note that the weights are able to be easily deduced when
€ 1s not a root of unity, but not when € is a root of unity. However, in the root of unity case,
we can use Weyl modules to deduce the weights. A

The irreducible finite-dimensional U,-modules can give U .-modules. The modules V, (o, n)
give modules for the small quantum group if £, F* and K* — 1 act as zero. Modules

not of type 1 may be taken into account. For example, if ¢ = ¢/3, then V,(1, 3) has K3

acting as —1 whereas V,(—1,3) has K3 acting as 1. We will see that Lusztig and small

quantum groups have “different representation theories”, as explained in Section 6.5.

In Figures D.1, D.2 and D.3, we show examples of type 1 U,-, U**- and U .-modules,
respectively, of dimension 4 and at ¢ = ¢™/3, to develop an intuition for their structures
by comparing the actions of the generators.

Since the small quantum group comes equipped with a universal R-matrix and ribbon
element, U.—Modyq is canonically a ribbon category. However, if we are to obtain a
ribbon category from the Lusztig quantum group, we need to restrict the category of
modules to those analogous to Uj-modules, that is, type 1 modules. In these modules,
there is a basis of weight vectors with well-defined H-actions.

Let e € C\{0, +1}.

145



__________________________________ +
________________________________________________ >
__________________________________ _>
————————————————————— > 1

(4) -==77== S (4) -7 > (4 (4) —==77== > (4
Vo U Vg ' g V3 o Y
_1 y
) 1
et €2 1 €2 et

FIGURE D.2: Example of the reducible U™ module W (n) for € = ™/3, the primitive

sixth root of unity. The actions by F'(*) are drawn as dashed arrows, actions by E(*) are

drawn as solid arrows, for s = 1,...,4, and K-eigenvalues are labelled underneath the

basis vectors. Any arrows that are not drawn, represent an action of zero. The arrows
without labels, have a factor of 1.

-1
4) —--—7== - 4) -7~ < 4 4) -7~ < 4
W T T 0 s
-1
64 62 1 672 674

FIGURE D.3: Example of a reducible U, module for e = ¢™/3. The actions by F are

drawn as dashed arrows, actions by F are drawn as solid arrows, and K -eigenvalues are

labelled underneath the basis vectors. Any arrows that are not drawn, represent an action
of zero. The arrows without labels, have a factor of 1.

DEFINITION D.30. Let V € ob(U,—Mod’*"). Decompose V into the direct sum of
irreducible submodules then generate U;*-modules from their highest weight vectors, as
in Definition D.27. Define Vi to be the A-linear direct sum of these U'{*-modules and
define the U-module V** = V' ® 4 C. Denote by U*—Mod: * the full subcategory
of U's>-modules, with objects comprising of all such V. Define U™—Modg™ * to be
the smallest (by inclusion of object-classes) full subcategory of U **-modules satisfying
the following conditions:

(i) contains all objects V"%, for V € ob(U,—ModgPe 1),
(i1) closure under tensor products,
(iii) closure under direct sums,
(iv) closure under duals,

(v) closure under subobjects and quotients.
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REMARK D.31. Given a module M in U™ —ModP*", there is a finite sequence of
tensor products, direct sums, duals, subobjects and quotients (starting with objects iso-
morphic to the Weyl modules) used to obtain M. Since the weight of a weight vector is
preserved under each of these steps, there is a well-defined basis of weight vectors of M.
This is necessary for a well-defined H -action, which is needed below to let the universal
R-matrix and ribbon element of Uy, act on a module in U™ —ModP® *.

Since U™ —Mod"* ! is closed under the tensor product and duals, it is a rigid monoidal
subcategory of U'—Mod¢y. Furthermore, Uges—Modzpe ! is closed under direct sums,
kernels and cokernels, so it also inherits the abelian structure from U!**—Mod¢. Hence,
U —ModP® ! has a tensor category structure. A

REMARK D.32. We will not explicitly construct the category of finite-dimensional type
1 U**-modules because it will not be needed in Chapter 6. However, we will direct the
reader to the resources. For non-roots of unity, this category is the same of the category of
finite-dimensional type 1 U**-modules, but with ¢ replaced with €. For odd roots of unity,
the characterisation of weight modules with K¢ = 1 is used in Chapter 11 of [CP95]. A
general construction for all roots of unity can be found in [Saw06], but the quantum group
used by Sawin is slightly different to those we have presented here. A

. . t 1 . 1. .
It remains to give U —Mod > * a canonical braiding and ribbon structure.

D.3 Ribbon tensor categories

Definition D.4 gave a topological ribbon Hopf structure for the quantum group Uj, with
universal R-matrix R and ribbon element v. So, U,—Modg is a rigid monoidal category
equipped with braiding

(D.33) cow VW WV, cvw(v@w) =71(R(w®v))
(where 7 : v ® w — w ® v) and ribbon structure
(D.34) Oy -V =V, Oy (v) = v to.

On the other hand, we do not have a universal R-matrix for U, where U is U, U{® or U,
However, by viewing U, as a “sub-Hopf algebra” of Uy, as in Remark D.10, we are still
able to define a braiding and ribbon structure for U.

PROPOSITION D.33.  (Corollary 10.1.20 of [CP95]) The monoidal category U/ —ModP® !
is a braided monoidal category with the braiding

(D.35) cvw VW WV, cvw(v@w) =7(R(w®v))

where 7 : v ® w — w ® v and R acts on V' @ W with only finitely many terms non-zero.

REMARK D.34. For the precise meaning of “R acts on V' ® W, see Section 10.1 D of
[CP95]. In essence, we use the injection from Remark D.10 to allow X to actas £, Y act
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as F and e2"7®H (g act as the scalar ™) or ¢ on v ®w, where v is of weight A and w
is of weight p (using “weight” as in Remark D.24). The U-modules are weight modules,
s0 e2"H®H g defined to act on all of V @ W. Also, sufficiently high powers of £ and F'
will annihilate finite-dimensional modules, so R acts as a finite sum and no topology is
requiredon V @ W.

We point out that ¢*** is not in the ground field C(q) when (), i) is half integral. Thus,
we must extend the base field from C(g) to C(q2) and the base ring from Z[q, ¢! to
Z[q2 } fortunately it makes no dlfference to have done this from the start. (An alter-
native approach is to redefine ¢ = s2, for another formal variable s, as done in [Saw06].)
For the specialised case, we must choose a branch sheet for ¢, that is, recognise that
€2 = 298¢ for all n € Z, for some fixed logarithm of e. In the root of unity case, we al-
ready had chosen the /™-primitive root of unity, € = ¢>™/¢ so we willuse ez = ¢"™/¢, A

We will now extend Proposition D.33 to ribbon structures.

PROPOSITION D.35. The braided monoidal category U — Modtype ! s a ribbon category
with the ribbon structure

(D.36) Oy : V =V, Oy (v) = v,

where v~ ! acts on V' with only finitely many terms non-zero.

Proof. We can rewrite the ribbon element in U}, as
v=e"V(S ®id)Ry

k: —h\n
_ hH ”‘" 1>h( - )"tk vn kv n
(s 0ig Y Y Sy @
k>0 n>0
_h)ken("{”h(eh o 6—h)n

(D.37) ikl ] (S(Y)"(—H)*H*X™

o—hH "(" nn=nyy, (e —e”M)"

_ T L (S(Y)e 2 X
n>0
—h\n
_ hH o ninn)y, (€ —e7") A O —$hH? xrn
n>0 ] !
Via the injection from Remark D.10, we let X and Y act on U-modules as £ and F/,
respectively. Since h and H appear only in exponentials, we can replace their actions
with ez i ¢2, eth —y K= and e~ 2"7” s g=2H° where ¢~ 27" acts on the \-weight
space as multiplication by ¢ —3(%)? That is to say, v acts as in element in U 4, recalling
that we have redefined A = Z[qi, q_%]. The action of £™ will annihilate all vectors in
the module for sufficiently large n, so v will act with only finitely many non-zero terms.
Hence, v acts on all type 1 finite-dimensional U/-modules. Since v is invertible and central
in U, v and its inverse acts as an automorphism, which is needed for twists. Furthermore,
the I/, F' and K actions and weights are preserved by U-module homomorphisms, so
(D.36) is a natural isomorphism. The same arguments hold when ¢ is specialised to e.
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Recall from (C.14) that, as a ribbon element on in Uy, we have A(v™!) = (v! ®
v 1) (Ry R) and S(v~') = v~1. That s, (D.36) and (D.35) satisfy the ribbon conditions:

(D38) 9V®W = ((9\/ X (gw) o Cw,v © Cy,w and (9\/)* = ev*.
Thus, (U—~ModP ', ¢, §) is a ribbon tensor category. O

Recall the canonical pivotal structure of a ribbon tensor category from Definition/Propo-
sition 4.37. The natural isomorphism w« in (4.38) is exactly the action by the element
u = V((S ®id)Ryy) in (D.7). Since the ribbon structure of U™ —Mod:P ! is given by
the action of (e*hH u)~! (the inverse of the ribbon element (D.7) in U},), the pivotal struc-
ture is given by the action of u(e " u)™t = " = K. Note that this is equivalent to
giving U the structure of a pivotal Hopf algebra (from Example 4.24) with the pivot K,
hence giving U™ —ModP* ' the pivotal structure a*, as defined in (4.27).

Assume we are given a module V in U™ —Mod"® . We can choose a basis {v; "¢ " of
weight vectors, with the dual basis {v"}™". Then, the (left categorical) dimension of
Vis

dim¢ V dim¢ V

(D.39) dimaLK(V) = Z v (Kv;) = Z i,  where )\; is the K-eigenvalue of v;.

i=1 i=1

REMARK D.36. Despite being formulated differently, our notion of trace and dimension
(by promoting (U!**, K) to a pivotal Hopf algebra) coincides with the usual definition of
quantum trace and quantum dimension (for example, Section 11.3B of [CP95]). A

In Chapter 6, we are interested in constructing a pre-modular category of U-modules. But,
U —Mod%’pe ! may have an infinite number of isomorphism classes of indecomposable
modules. In Appendix E, we discuss a process called semisimipliflication which can
potentially reduce the number of isomorphism classes of indecomposable objects in a
tensor category, while still retaining much of its structure.
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Appendix E

Semisimplification

Semisimplifications of pivotal and spherical categories were introduced in [BW99] to
obtain semisimple categories from representations of Hopf algebras. In Chapter 6, we will
need such a notion to produce a pre-modular category from a non-semisimple, non-finite
ribbon tensor category. Proofs for any of the following statements that are not proven here
can be found in [EO]. Recall that the definitions relating to pre-modular categories can be
found in Chapter 4.

E.1 Tensor ideals and quotients

A quotient category can be made from a category by retaining the object class and quoti-
enting the hom-classes by certain equivalence relations. The following definition provides
a notion of a quotient that is compatible with k-linear monoidal structure.

DEFINITION E.1. Let k be an field and let (¢, ®,1,a, A, p) be a k-linear monoidal
category. A tensor ideal I in € is a collection of subspaces

(E.1) [(X,Y) Chomy(X,Y)  forall X,Y € ob(%),
satisfying the following conditions, for all W, XY, Z € ob(%):

(i) forall f € I(X,Y), g € homy(Y, Z), h € homg (W, X),
(E.2) gofel(X,Z) and foheI(W,Y),

(i) forall f € I(X,Y), g € home(W, Z),
(E.3) fRegeIX@W,Y®Z) and g¢gRfeclWeX,ZaY).

That is, I is an ideal for composition and tensors. A tensor ideal allows us to quotient the
k-linear hom-spaces of % in a way that is well-defined on tensors.
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REMARK E.2. Note that in Definition E.1, by k-linear we only require that ¢ is additive
with k-linear structured hom-spaces and bilinear composition. We do not yet need to
require that € is k-linear abelian with a bilinear tensor product. A

DEFINITION/PROPOSITION E.3.  Let I be a tensor ideal in €. The quotient of ¢ by I
is the category 4 = %’/ consisting of the following:

(i) the objects ob(%’) = ob(%),

(ii) the morphisms homz(X,Y) = hom¢(X,Y)/I(X,Y), forall X, Y € ob(%).
(ili) composition [g] o [f] = [g o f], for all [f] € hom=(X,Y), [¢] € homz(Y, Z).
(iv) identity morphisms idx = [idx], for all X € ob(%).

The canonical quotient functor Q : € — % is the identity on objects and the quotient
map on morphisms.

REMARK E.4. The composition is well-defined since [ is an ideal on composition. The
quotient category ¢ canonically adopts the k—Vect-enriched structure since the new hom-
spaces are quotient kk-linear spaces. A zero object in % is a zero object in & since
homz(0, X) = 0/1(0,X) = 0 and homz(X,0) = 0/I(X,0) = 0 for each object X
in €. In fact, in Proposition E.11 we will see that non-zero objects in ¢’ can become zero
objects in €. Suppose we have (X; ® Xo, 7 : X1 D Xo — Xi, 00 Xi — X1 ® Xs), a
biproduct of objects X; and X, inC. Let X[®]Y = X @ Y, [r]; = [m], [t]; = [1:]. Then,

idy,] ifi=y,
(E4) [7(]1 e} [L]j = [ﬂ'i o) Lj] = [ X ] L .

0 if i # j,
which is sufficient for a biproduct. So, € is k-linear additive. Since () is a quotient map
on morphisms, it is k-linear and hence additive. A

REMARK E.5. Tensor ideals are defined to ensure the quotient category inherits the

monoidal structure (¢, [®], 1, [a], [A], [p]). The tensor product is defined as
ES5)  -B-:FxF %, X=XV ad [f]]=[feg].
The tensor product is well-defined and bilinear since [ is an ideal on the tensor product of

morphisms. The unit object of % is the unit object of €. The associator and unitors of €’
are the quotient of the associator and unitors of %. That is,

(E6) [Oé]X’y,Z = [OZX,yz] X ® (Y &® Z) — (X ®Y) &® Z,
(E.7) Nx=[\x]:1®X > X and [g]x =[px] : X @1 — X.

These are isomorphisms since () is a functor. The naturality of [a], [A] and [p] comes
from applying the quotient to the naturality squares of «, A and p in %, and using the
functoriality of (). Similarly, we can apply the quotient to the pentagon and triangle
identities, thus giving % its adopted monoidal structure. This also makes (Q,.J, p) a
monoidal functor with J and ¢ as identities. A

PROPOSITION E.6. If ¥ is rigid, pivotal, spherical, braided or ribbon, then so is 7
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Proof. The functor (@, J, ¢) is monoidal, so it takes left duals to left duals, and similarly
for right duals (see Proposition 4.7). So, the rigidity of ¢ transfers onto ¢, since () is
surjective on objects.

If a 1 idy = (—)** is a pivotal structure for ¢, then we can define a pivotal structure for
% with components [a]x = [ax]| : X — X**. Then, for all objects X, Y and morphisms
f: X —=Yin %, we have

(E.8) la]xiey = laxey] = lax ® ay] = [ax][®]lay] = [a]x[®]]a]y,

and, since () is a monoidal functor, the commutativity of

f (/]

X —Y X — Y
(E.9) a Xl lay gives the commutativity of [y Xl l[a]y .
f [f**]:[.ﬂ**

Note that [f*] = [f]*, since Q is monoidal. So, [a] is a pivot for Z.

The trace of the image is the image of the trace since, for all endomorphisms [f]: X = X
in ¥, we have that

Ty (/) = lev] o ([alo[@]lidx-]) o ([f)[@]lidx-]) o [coevx]
= [evx- o (a, ®idx-) o (f ®idx-) o coevyx] = [TrE(f)].
It follows that when % is spherical we have
dim{,(X) = Trf; ([idx]) = [Tr} (idx)] = [Trh(idx+)] = Trfy([idx-]) = dim; (X™),
for all objects X in C. So, € is spherical as well.

Assume that c is a braiding on %. Then, we can define a braiding on % with components
[cxg)y = [exey] : X ®Y — Y ® X. We can apply the quotient functor to the hexagon
identities in % to obtain the hexagon identities in &. Furthermore, we obtain the naturality
of [¢] by applying the quotient functor to the naturality squares in %’

Assume that 6 is a ribbon structure for %’. Then, [f]x = [fx] is a ribbon structure for &
since it is a natural isomorphism and, for all objects X and Y in &, we have

[0lxey = [Oxey] = [(0x @ Oy) o cyx o exy] = ([0]x[®][0]y) o [c]v.x o [c]xy

and [0x]* = [0%] = [0x-] = [0]x+. So, € naturally adopts the ribbon structure from
%. O

REMARK E.7. We have just seen that quotienting by a tensor ideal preserves a lot of
structure and does so in a very natural way. We will see that a certain type of quotienting
can change the abelian structure in such way that it creates a semisimple category. The
number of simple objects can decrease as well, potentially constructing a finite semisimple
ribbon tensor category (that is, a pre-modular category) out of a non-finite non-semisimple
ribbon tensor category. A
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E.2 Semisimplification of pivotal tensor categories

We will see that the pivotal structure of a pivotal tensor category naturally produces a
tensor ideal and the quotient is a semisimple pivotal category.

In what follows, let k be an algebraically closed field and % a pivotal tensor category over
k with pivotal structure a. We use Tr, to denote either Tr” or Tr”, and use dim, to denote
either dim” or dim?

a "

DEFINITION E.8. Let f : X — Y be a morphism in %’. We say that f is negligible if it
satisfies

(E.10) Tr,(fog)=0 for all g € homg (Y, X).
Let N/ (%) denote the collection of subspaces of negligible morphisms in €.

LEMMA E9. Let X = (P, X; and Y = P, Y; be objects in 4" decomposed into inde-
composable objects X; and Y;. Let f = @l ; Jij + X — Y be a morphism decomposed
into f; ; : X; — Y;. Then, f is negligible if and only if for each 7, j we have any one of
the following:

dim,(X;) =0, dim,(Y;) =0, or f;;isnotanisomorphism.
LEMMA E.10. The collection /(%) is a tensor ideal in €.

PROPOSITION E.11. Let € be the quotient of & by N(%). Then, % is a semisimple
tensor category. Furthermore,

(i) every indecomposable object in € is @-isomorphic to some indecomposable object
in %,
(ii) if X is an indecomposable object in ¢ of zero dimension, then X is a zero object
in &,
(iii) if X is an indecomposable object in 4" of non-zero dimension, then X is a simple
object in %

Proof. We will show that % is abelian after we first show (i) - (iii). At the moment we
mean indecomposable (i.e. a non-zero object that is not isomorphic to a direct sum of two
non-zero objects) and simple (i.e. a non-zero object with its only subobjects isomorphic
to zero and itself) in the additive sense only.

(i) Assume that X is an indecomposable object in €. Since the direct sum in € is
adopted from the direct sum in %, we can first consider a decomposition of X =
P, X, into indecomposable objects. Since isomorphisms are preserved by functors,
we have X == @, X; = [P)], Xi. But X is indecomposable in €, so all the X;
are zero-objects in €, except for exactly one, say X ; =z X. Thatis, X is -
isomorphic to an indecomposable object in €.

(ii) Let X be an indecomposable object in ¢ with dim,(X) = 0. Let f : X — Y,
g : Z — X be morphisms. Then, by Lemma E.9, f and g are negligible. That is to
say, homz(X,Y) = 0 and homz(Z, X) = 0, making X a zero object in €.
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(iii) Let X be an indecomposable object in € with dim,(X) # 0. To find if X is simple
in € we need to compare it to every indecomposable object in . By (i) and (ii),
we only need to check non-zero dimension indecomposable objects in ©". Assume
that Y is a non-zero dimension indecomposable object in ¢ and [f] : ¥ — X is
a morphism in 4. By Lemma E.9, dim,(X) # 0 and dim,(Y) # 0,50 [f] #0
implies f is an isomorphism in ¢’, hence [f] is an isomorphism in % . So, the only
subobjects of X in € are isomorphic to X or zero objects in €.

By (ii) and (iii), any indecomposable object in ¢’ is either a zero object in € ora simple
object in €. By (i), we have that every indecomposable object in & is simple. Hence, &
is semisimple in the additive sense.

We will now show that & is abelian. Let X and Y be non-zero dimensional indecom-
posable objects in € and let f : X — Y be a morphism in 4. By Lemma E.9, we
have

0 if X 24 Y orequivalently X 22 Y,

E.l11 dimy (hom=(X,Y)) =
(E.11) ik (homg( ) {1 if X = Y or equivalently X =~ Y.

So, € is a k-linear semisimple additive category such that equation (E.11) holds. Consider
a simple k-linear abelian category & with simple objects in one-to-one correspondence
with isomorphism classes of simple objects in . Since k is algebraically closed, the
hom-spaces in & between simple objects are either zero or one dimensional, by Schur’s
lemma. Hence, we can construct an additive functor from 2 to ¢ by using the one-
to-one correspondence of simple objects. This functor would also be an equivalence of
categories, so it preserves limits and colimits, namely, kernels and cokernels. Hence, % is
a semisimple abelian category.

By Proposition E.6, % is rigid. Since the tensor product (®] of % is well-defined, it is
still k-bilinear on morphisms. In a tensor category, the unit object is simple (Proposition
4.32) and its endomorphism space is a one-dimensional k-vector space. So, the only
endomorphism that is not an isomorphism is zero. By (E.11), the quotient endomorphism
space is a one-dimensional k-vector space, hence € is a tensor category. [

REMARK E.12.  Proposition E.11 says that in order to know the simple objects in &, it is
sufficient to know all the non-zero dimensional indecomposable objects in €’; we exploit
this in Chapter 6.

Note that the abelian structure of € does not directly come from the abelian structure of
% in the sense that kernels (or cokernels) in € are not the quotient image of the kernels
(or cokernels) in €. In fact, the proof does not require % to be abelian. Since we just need
the additive structure and the pivotal structure, we can instead require € to be a full rigid
monoidal subcategory of a pivotal tensor category such that % is closed under direct sums
and direct summands. This will be useful for the semisimplification in Section 6.4. A

DEFINITION E.13.  We call the quotient category € the semisimplification of ¢’. The
quotient functor is called the semisimplification functor S : € — € .
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DEFINITION E.14. Let S : € — € be a semisimplification. We say an object X in €
negligible if S(X) is a zero object in ©. Equivalently, X is negligible if it is a zero object
or it can decompose into a direct sum of indecomposable objects, each of zero categorical
dimension.

REMARK E.15. The pivotal structure is needed for defining categorical traces and di-
mensions. If the pivotal structure is spherical, then left and right traces, and hence di-
mensions, coincide. Without this condition, these left and right semisimplifications may
not coincide since left and right dimensions do not have to be zero at the same time.
One could fix this by assuming that for all objects X in %, dim%(X) = 0 if and only if
dim(X') = 0, but we are not concerned about this here. Instead, we will simply use the
left trace. A

REMARK E.16. If ¥ is a ribbon tensor category, then we can define the canonical piv-
otal structure as in Definition/Proposition 4.37. Hence, every ribbon tensor category has
a canonical semisimplification. In the case that % is finite, the quotient image of the
canonical pivotal structure is the canonical spherical structure of € as a ribbon fusion
(i.e. pre-modular) category. A

By Proposition E.6, spherical structures, along with braiding and ribbon structures, are
naturally carried across by the semisimplification process. In Chapter 6, we will use
semisimplification to produce pre-modular categories from subcategories of modules of
quantum groups.
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