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Chapter 1

Introduction

It is somewhat challenging to already explain the main research problem in the introduction when, in
order to fully understand the problem, several definitions, notational conventions and proven results are
needed that are perhaps not known to most mathematicians. For this reason we have decided to formulate
our research problem here simply by using all these needed results and terminology without any further
explanation. In the chapters following this introduction we will precisely state everything we need, so the
reader is not expected to already understand everything that is mentioned in this introduction. Since this
research project was motivated by a problem in algebraic quantum field theory, which is mathematical
formalization of a physical theory, we will begin with a brief discussion of quantum physics.

1.1 Physical background

In both classical physics and quantum physics, a physical system is described in terms of observables and
states. Observables are the physical quantities of the system that can be measured by an observer. Typical
examples of observables are the energy of the physical system or the position and velocity coordinates of the
particles that constitute the system. Roughly speaking, the state of a system is a characterization of the
condition of the physical system and is often expressed in terms of the values of certain observables. In the
most standard mathematical description of quantum theory, one assigns to each physical system a Hilbert
space H. The observables corresponding to the system are then represented by self-adjoint linear operators
acting on H and the states corresponding to the system are represented by density operators on H, i.e.
positive trace-class operators with trace equal to 1. Suppose that at a certain time the system is in a state
that is described by a density operator p and suppose that we are interested in the probability of finding
a number in the interval [a,b] when we measure a certain observable that is represented by the self-adjoint
operator A. The procedure of calculating this probability is as follows. Because A is a self-adjoint operator
on H, the spectral theorem allows us to write it as A = [, xdE4(x), where E4 is the spectral measure of A.
Then the probability p(p, A4; [a,b]) of finding a number in the interval [a,b] when measuring the observable
A while the state of the system is p is given by p(p, 4; [a,b]) = Tr(pE([a,b])).

For example, if the system consists of a single non-relativistic particle with spin 0 moving through 3-
dimensional space R3, the corresponding Hilbert space (in the so-called position representation) is H =
L?(R3) and the operators X; and P; corresponding to the position and momentum coordinates of the
particle, respectively, are given by

_how

(X)) =app@)  ad  (P)@) = 5o @

for v € L?(R3), z = (w1,22,23) € R and j € {1,2,3}. Other observables such as energy and angular
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momentum can be expressed in terms of the observables X; and P;. The operators X; and P; satisfy the
commutation relations

[X;, Xi] =0, [Pj, Py] =0, (X, Pr] = ihdjp - 1.

In fact, given these commutation relations, the particular choice of the Hilbert space H and of the operators
X; and P; is in a certain sense unique according to the Stone-von Neumann theorem; for details we refer to
Theorem 6.4 in chapter IV of [88]. In other words, in this case the algebraic properties of these operators
completely determine the Hilbert space H.

In more complicated systems, for instance those appearing in quantum field theory, there is no analogue
to the Stone-von Neumann theorem and hence there is no preferred Hilbert space corresponding to a system.
One solution to this problem, as proposed by Haag and Kastler in their famous paper [41], is to assign to
each physical system a C*-algebra A, called the algebra of (bounded) observables, rather than a Hilbert
space with concrete operators acting on it. In order to implement the spacetime structure into this algebra
A, one assigns to each bounded region O of spacetime a subalgebra A(O) of A which is interpreted as the
algebra of observables that can be measured in the region O. In this way we obtain an assignment O — A(O)
that assigns to each bounded region O of spacetime an algebra A(O). This approach to quantum theory is
called algebraic quantum field theory (AQFT).

1.2 Motivation for the project

Despite the rather physical motivation for algebraic quantum field theory, one may consider it as an area
of mathematics rather than as an area of physics, because it is formulated in terms of precise mathematical
axioms and was developed as an effort to make quantum field theory (as a physical theory) mathematically
rigorous. For a mathematician there is of course no reason to stick with this physical origin of AQFT and
therefore we can just as well alter the axioms and make them a bit more general. For instance, instead of
only considering assignments O — A(O) where the sets O are regions in spacetime, we can consider any
assignment i — A(4) where i is an element of a set with certain ordering properties. In our investigation
we will take this set to be the real line R and we will study assignments I — A(I) where to each interval
I C R we assign an algebra A(I). All these algebras A(I) are subalgebras of one big algebra A.

A mathematically interesting aspect of an AQFT A is the study of its representations. From a physical
point of view, it is also very convenient to consider representations of A on some Hilbert space. Namely, after
a representation has been chosen, we are back in the situation again where we can consider density operators
and we can carry out physically meaningful computations as explained in the preceding section. In the
representation theory of an AQFT there is a special class of representations, namely the class of Doplicher-
Haag-Roberts representations, or DHR representations for short. We will not provide the defining conditions
of such representations here, nor will we explain why the class of DHR representations was considered in the
first place. For this we simply refer to the original papers [18], [19], [20] and [21]. From these papers we also
know that the DHR representations of an AQFT A can be obtained from the so-called localized transportable
endomorphisms of A, also called the DHR endomorphisms of A. The subclass of DHR endomorphisms that
have finite statistics forms a braided tensor category Loc(A) with certain additional properties. We thus
have

Algebraic quantum field theory A ~ Braided tensor category Locy(A).

We will also assume that there is a group G that acts on A in such a way that each A(I) is mapped
onto itself under this action.! This G-action on A gives rise to a G-action on the braided tensor category

I Actually this group action is not just a purely mathematical extra ingredient to the framework. In algebraic quantum field
theory (without any generalizations made by mathematicians) one also considers local fields that are acted upon by a so-called
gauge group, giving rise to field algebras F(O). The algebra F(O) of fixed points under this G-action is then considered as
the local algebra of observables corresponding to O.
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Locs(A), which thus becomes a braided G-category. As shown in Miiger’s paper [78], in the presence of such
a G-action we can define a class of left/right G-localized endomorphisms which is more general than the

class of DHR endomorphisms. This more general class forms a braided G-crossed category G — LOCje/ R(.A)
that contains Locs(A) as a full braided subcategory. More precisely, Locs(.A) is the full subcategory of

G — LOCJLC/ R(.A) determined by the objects that have degree e, where e € G denotes the identity element.
Thus

Group G acting on the AQFT A ~ Braided G-crossed category G — Loc?/R(A)

and we have a full inclusion
Locs(A) C G — Locjf/R(A)

of a braided G-category in a braided G-crossed category.

At the beginning of this research project we were particularly interested in the following example.
Suppose that we are given some AQFT A on the real line R. For any natural number N we can consider the
N-fold tensor product A®Y, which is again an AQFT on R. The corresponding assignment is simply given
by I — A(I)®N. The category Locs(A®Y) of DHR endomorphisms is equivalent to the N-fold enriched
product LOCf(A)‘Z’N of the category Locg(A). On the N-fold tensor product A®Y the symmetric group Sy
acts in the obvious way, i.e. by permutation of the NV factors. We are thus in the situation above where we
have an AQFT A®YN with an Sy-action. In particular, we have the full inclusion

Locy (A)EN ¢ Sy — Lock/ B (A®N).

In this case, the group action on the AQFT is rather special in the sense that the group Sy only permutes
the N factors of A®"N and does not involve any details about A. For this reason it seemed reasonable
to assume that Sy — Lock/ R(A®NY is determined up to equivalence by Loc 7(A) and N alone. Thus we
expected that if 4 and B are two AQFTs, then we have the implication

Locs(A) ~Locs(B) = Sy —Locy/(A®N) = Sy — Loc™/ R (BEN) (1.2.1)

for all N. From the assumption that this implication should be true, we were led to believe that we might
be able to construct Sy — LOCJL/ R(A®NY categorically (up to equivalence) from Loc #(A) and the number
N, i.e. that there exists a categorical construction

(N,Locg(A)) ~ Sy —Locf/F(A®Y) (1.2.2)

for each N € Z>3. The search for such a construction was the original starting point for our project.
However, a more recent result of Bischoff in his note [7] implies that the implication (1.2.1) above is false,
as we will now briefly explain. In the case where A is an AQFT on R that arises from a holomorphic
completely rational chiral conformal quantum field theory, it is known that for each ¢ € Sy the braided

Sn-crossed category Sy — LOC]LC/ R(A®N ) contains precisely one equivalence class of irreducible objects of

degree ¢ and that the tensor structure of Sy — Loc]e/ R(A®N ) is therefore determined by a 3-cocycle w4 n
on Sy with values in the circle group S* C C. Up to equivalence, it is determined by the cohomology class
[wa,n] € H3(Sn,S'). If the implication (1.2.1) above is true, then the collection {{wa n]: N € Z>2} has to
be independent of the chosen holomorphic model \A. Hence for each N the cohomology class [w.4, x| has to
be trivial, because in Theorem 2 of [31] it is shown that there exist holomorphic models A for which [wa n]
is trivial for all N (namely those holomorphic models for which the central charge ¢ is a multiple of 24).
In [7] Bischoff has given a counterexample to this statement, namely he has given a holomorphic model A
for which [w4 3] is non-trivial. Knowing now that our conjectured implication (1.2.1) was actually wrong,
we also know now that the categorical construction (1.2.2) above does not exist and therefore also that our
original approach was doomed to fail. Although we were not aware of this at the beginning of the project,
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we nevertheless decided to focus on a somewhat different problem derived from this original problem, which
we will now explain.

Note that the search for the construction in (1.2.2), which unfortunately does not exist as we know
now, meant that we were trying to extend the braided Sy-category Locf(.A)gN to the braided Sy-crossed

category Sy — Loc?/ R(A®N ). Formulated somewhat more abstractly, we were trying to extend a braided
G-category C to a braided G-crossed category D D C such that the full subcategory of D determined by
the objects with degree e coincides with C. Such extensions are also called braided G-crossed extensions of
a braided G-category. A more general approach to our original problem is thus to define a construction of
a braided G-crossed extension D of a braided G-category C and at the time we hoped that we could show
that this construction gives us Sy — Loc™/ F(A®N) (up to equivalence) out of Loc(A®N) ~ Locy(A)XN.
The search for such an abstract categorical construction became the new starting point for our research
project. Since several of our non-trivial categorical results in Chapter 4 were strongly motivated by particular
observations from AQFT, we have also included a chapter on AQFT. Furthermore, it could be the case that
under certain more special conditions on the AQFT A it is still possible to construct Sy — LocL/R(A®N)
categorically from Locs(A) and that our particular construction has some relevance in such cases.

1.3 Outline of the thesis

This thesis consists of five chapters, including the present introduction. Each of these chapters consists of
several sections, some of which are further subdivided into subsections. At the beginning of each chapter
we will explicitly announce which results of that chapter are new. We will now give a brief overview of the
content of each chapter.

Chapter 2 will be about category theory and has two main purposes. The first purpose is to introduce the
definitions and results that are needed in order to fully understand the problem of extending G-categories
and in order to understand the categorical aspects of AQFT. This will make the following chapters run
more smoothly in the sense that we do not need to introduce many concepts from category theory in those
chapters, which might be considered as being distracting. The second purpose of the chapter will be to
prove several lemmas that will be needed to prove some of our more involved theorems in later chapters.

Chapter 3 discusses AQFT and plays a major role in the thesis for several reasons. As explained before,
our original research problem concerned a particular categorical construction in the representation theory of
AQFTs, and our new research problem originated from generalizing the idea of such a construction. For that
reason a proper understanding of (certain aspects of) AQFT is essential in understanding the motivation for
our research project. Besides this motivational role, the content of the chapter was also the starting point
for some of our main results in Chapter 4. For instance, we would have never conjectured the content of
Theorem 4.10.7 without our considerations in Subsection 3.2.2. Chapter 3 consists of two sections. The first
section is devoted to the theory of operator algebras, because these form the main ingredient for AQFTs.
Besides the basic facts about operator algebras, this section also includes C'*-tensor categories, the crossed
product of a BT'C™* with a symmetric tensor subcategory, as well as some elements from the theory of type
IIT subfactors. In the second section we will introduce the axioms of an AQFT on R that also carries a
group action, as well as the notion of left/right group-localized endomorphisms of such an AQFT, and we
will consider some results? concerning the categories that can be constructed from these endomorphisms.
At the very end of Chapter 3 we will give our motivation for the main construction that will be carried out
in Chapter 4.

?Besides our own results, we will also spend some time on reviewing the main results of Miiger’s paper [78], which is a
paper that has played a prominent role in our research. Since the approach in [78] was not suited for our purposes, we decided
to reconsider the content of that paper from a somewhat different point of view. This not only meant that we had to adjust
or generalize certain statements in that paper, but also that we had to give alternative proofs for some of these statements
because the proofs in [78] did not fit within our approach. So although some results in Chapter 3 were already proven in [78],
we have included their proofs in Chapter 3 because our proofs are different from the ones in [78] and cannot be found elsewhere
in the literature.
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In Chapter 4 we will first introduce the construction of the G-crossed Drinfeld center Zg(C) of a G-
category C. Our motivation for this construction was already given at the end of Chapter 3. We will not
only construct Zg(C) for strict G-categories C, but also for non-strict ones. For the non-strict case we will
also prove that Zg(C) ~ Zg(C') whenever C ~ C’.3 We will then prove that Zg(C) is equivalent to a certain
relative Drinfeld center and also that it is equivalent to a certain category of bimodule functors. Next we
will show that certain nice properties of C, such as the property of having retracts, direct sums and duals, as
well as the property of being semisimple, are inherited by Z(C). We will then consider a concrete example
of the construction of Z(C) that also has some relevance for AQFT. After that we will prove a result about
Zc(C) for the case where C is a G-spherical fusion category. We end the chapter by discussing the situation
where C has a braiding, in which case Z(C) turns out to have some nice internal structure which we were
able to unravel because of our knowledge of AQFT.

Finally, in Chapter 5 we will glance back at all previous chapters and see what we have learned. We will
also give a suggestion for another possible approach to the main problem.

1.4 List of results

As indicated in the overview above, at the beginning of each chapter we will announce which results in that
chapter are new. However, we will also sum them up here.

e Theorem 2.6.10 in Subsection 2.6.3. This theorem will be used in Chapter 4 to prove the statements in
Section 4.5, but it is also interesting in its own right because it characterizes a certain class of functors
of C-bimodule categories on a tensor category C when C is also equipped with some non-trivial structure
of a C-bimodule category.

o Theorem 2.8.24 in Subsection 2.8.5. This theorem introduces the mirror image of a braided G-crossed
category and will be used to characterize the categorical relation between left and right G-localized
endomorphisms of quantum field theories on R in Subsection 3.2.2, which in turn formed the main
inspiration for our results in Subsection 4.10.1.

e The content of Section 2.9. However, the constructions in this section are straightforward generaliza-
tions of the ones in [74].

o Lemma 8.2.14 in Subsection 3.2.3. This lemma is essential in proving Theorem 3.2.20, but it can also
be a useful result in AQFT by itself.

o The proof of Theorem 3.2.20 in Subsection 3.2.3. This theorem was proven by Miiger in his paper
[78], but we will provide an alternative proof, based on our Lemma 3.2.14.

e The content of Subsection 3.2.2. In this subsection we will investigate the relation between the
categories that arise from left and right G-localized endomorphisms of an AQFT. These results were
leading for our results in Subsection 4.10.1 and also formed the motivation for the introduction of the
mirror image of a braided G-crossed category in Subsection 2.8.5.

o Theorem 4.2.1 in Section 4.2. In this theorem we construct the G-crossed Drinfeld center Z(C) of a
strict G-category. However, as also mentioned at the beginning of Chapter 4, at the final stage of our
research project we found out that this construction had already been carried out by Barvels in [6].

e Theorem 4.8.3 in Subsection 4.3.1. In this theorem we construct the G-crossed Drinfeld center Zg(C)
of a non-strict G-category. Since this construction is rather involved, we have shifted the details to
Appendix A.

e Theorem 4.3.4 in Subsection 4.3.2. This theorem states that equivalent (non-strict) G-categories C
and C’ give rise to equivalent G-crossed Drinfeld centers Zg(C) and Zg(C’). The proof is rather long
and technical and has been shifted to Appendix B.

e Theorem 4.4.7 in Section 4.4. This theorem states that the G-crossed Drinfeld center is equivalent
(in the sense of braided G-crossed categories) to a certain relative Drinfeld center.

3The proofs in the non-strict case are very long and technical. For this reason we have decided not to include them in the
main body of the thesis, but in the appendices.
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Theorem 4.5.4 in Subsection 4.5.2. This theorem provides us with a braided G-crossed structure on
a certain category of functors of bimodule categories. This theorem is also an important result that
is needed for Theorem 4.5.5.

Theorem 4.5.5 in Subsection 4.5.3. This theorem states that the G-crossed Drinfeld center of a G-
category is equivalent to the braided G-crossed category that was constructed in Theorem 4.5.4.

The content of Sections 4.6 and 4.7. Here we demonstrate that Zg(C) inherits several nice proper-
ties from C. The results in these two sections are new, but certainly not original because they are
straightforward generalizations of the results in [75].

Theorem 4.8.2 in Section 4.8. This theorem describes the structure of the G-crossed Drinfeld center
of a certain special kind of G-category.

The content of Section 4.9. Here we eventually prove that Zg(C) has full G-spectrum if C is a G-
spherical fusion category over a quadratically closed field and satisfies dim(C) # 0. The methods used
in this section are straightforward generalizations of the methods used in [75].

Proposition 4.10.8 in Subsection 4.10.1. This proposition shows that we can define an alternative
braided G-crossed structure on Zg(C) in case the G-category C is braided. When Z(C) is equipped
with this alternative structure, we denote it by Z%(C).

Theorem 4.10.4 in Subsection 4.10.1. This theorem proves the equivalence between Z¢(C) and Zg(C)*
in case the G-category C is braided, where the latter denotes the mirror image of Z(C) as introduced
in Theorem 2.8.24.

Proposition 4.10.6 in Subsection 4.10.1. In this proposition we construct an equivalence {: Z&(C) —
Z(C) of braided G-crossed categories.

Theorem 4.10.7 in Subsection 4.10.1. This is our main result concerning the internal structure of
Za(C) in case the G-category C is braided. The content of the theorem was inspired by observation
of the categories that arise in AQFT.

Theorem 4.10.12 in Subsection 4.10.2. This theorem provides a first step in finding braided G-crossed
extensions of a braided G-category C within Z5(C). In Corollary 4.10.13 this is applied to modular
tensor G-categories to obtain more satisfactory results.



Chapter 2

Category theory

In this chapter on category theory we will introduce most of the results on categories that will be needed
later. An exception to this is the notion of C*-categories, which will be introduced in the next chapter, after
we have defined C*-algebras. Much of the content of this chapter is already known, but there are some new
results. The most important of these is Theorem 2.6.10 in Subsection 2.6.3, which will be used in Chapter
4 to prove the statements in Section 4.5. Another important result in this chapter is Theorem 2.8.24, which
will be used to characterize the categorical relation between left and right G-localized endomorphisms of
quantum field theories on R in Subsection 3.2.2, but it will also be used in Subsection 4.10.1. Another result
in this chapter that is new, but certainly not original because it is a straightforward generalization of known
results', concerns the construction of 2-categories from a collection of Frobenius algebras in Subsection
2.9.3. Perhaps Proposition 2.8.23 is also new, but it is not very deep.

There are many good texts on category theory, the standard reference being [68]. In this chapter we
have often used [28], [48] and [81].

2.1 Categories, functors and natural transformations

Although it would be reasonable to expect the reader to have some basic knowledge of category theory, we
have decided to begin our discussion by giving the definition of a category. The main reason for this is that
it allows us to properly introduce all our notation and terminology concerning categories, which might not
be standard to some readers. Our definition of a category uses the notation as in [48].

Definition 2.1.1 A category C consists of the following data:

a class Obj(C) whose elements are called the objects of the category;

a class Hom(C) whose elements are called the morphisms of the category;

an identity map id : Obj(C) — Hom(C), denoted V + idy;

a source map s : Hom(C) — Obj(C), denoted f — s(f);

a target map b : Hom(C) — Obj(C), denoted f + b(f);

a composition o : Hom(C) X opj(cy Hom(C) — Hom(C), denoted (f,g) — g o f, where

Hom(C) * oni(c) Hom(C) = {(f,g) € Hom(C) x Hom(C) : b(J) = s(g)}

denotes the class of composable? morphisms.
This collection of data is required to satisfy the following three conditions:
(1) for any object V'€ Obj(C) we have s(idy) = b(idy ) = V;

INamely, in [74] this construction was carried out for one single Frobenius algebra.
21f (f, g) € Hom(C) Xobj(c)y Hom(C) we say that f and g are composable.

7
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(2) for any morphism f € Hom(C) we have idys) o f = f oidsp) = f;
(3) for any morphisms f, g, h satisfying b(f) = s(g) and b(g) = s(h) we have (hog)o f=ho(go f).

The source and target maps are not always mentioned explicitly when defining any particular category, but
these maps can be convenient sometimes, such as in the definition of the opposite category below. Instead,
one often uses some different notation that we will introduce now. Instead of writing V' € Obj(C) to denote
that V' is an object in the category C, we will simply write V'€ C. When V., W € C, we will use the customary
notation

Home(V, W) :={f € Hom(C) : s(f) =V and b(f) = W}

and we will say that any f € Home(V,W) is a morphism from V to W. We will also write End¢ (V) :=
Home(V, V) and any f € Ende(V) will be called an endomorphism of V. If f € Home(V,W) and if it is
clear from the context that f is a morphism in the category C, we will sometimes simply write f: V — W.
If there exists an isomorphism f:V — W i.e. a morphism f :V — W for which there exists a morphism
f~': W — V such that f~'o f = idy and fo f~! = idy, then we will write V =2 W and we will say
that V and W are isomorphic objects, which obviously defines an equivalence relation on the objects of the
category. If V € C, then a morphism f € End¢(V) is called an idempotent if it satisfies f2 := fo f = f.

A category C is called discrete if the only morphisms in C are the identity morphisms. Thus, for any
V € C we have End¢(V) = {idy } and if V,W € C with V' # W then Home(V, W) = 0.

Example 2.1.2 We will now show how we can use given categories to construct new ones.

(1) If C is a category, it is easy to see that we obtain a category C°P by defining Obj(C°P) := Obj(C),
Homger (V, W) := Home (W, V), id7P == idy, s°P(f) := b(f), b°P(f) := s(f) and go°P f := fog for any
V,W € Obj(C°?) and f,g € Hom(C°P), where of course g is such that s°P(g) = b°P(f). The category
C°P is called the opposite category of C.

(2) If {C;}i=1,... n is a collection of categories, then we obtain a category C1 x ... x C, by defining Obj(C; x
... X Cp) = Obj(Cy1) x ... x Obj(Cy), Home, x..xe,, (V1,..., Vo), W1,...,W,)) = Home, (V1, W7) X
... x Home, (V, Wa), id(v;,....v,,) = (idy;, .. .,idy, ) and componentwise composition.

Definition 2.1.3 A category C is called locally small if Home (V, W) is a set for any two objects V,W € C.
A category C is called small if it is locally small and if Obj(C) is a set.

In order to prevent any potential technicalities, we will always assume in the rest of this thesis that all
our categories are small.

If {Co}aca is a collection of categories, then we define the category

| ] ca (2.1.1)

acA

as follows. Its set of objects is the disjoint union | |, 4, Obj(Ca) of sets. If (V, 1), (W, a2) € | |,c 4 Obj(Ca),

then we define
Home (V,W) ifa; =a =«
Hom, . c, (V.o (Woaz)) = { e (VW) Han o

with the obvious composition. We will call the resulting category the disjoint union of the categories {C,}.

Definition 2.1.4 A subcategory C of a category D consists of a subset Obj(C) C Obj(D) and of a subset
Hom(C) C Hom(D) that are stable under the identity, source, target and composition maps in D. We say
that C is a full subcategory if Home(V, W) = Homp(V, W) for all V,W € C. A full subcategory C of D is
called skeletal if it contains precisely one object of each equivalence class of isomorphic objects. We say
that C is a replete subcategory if V € C implies that W € C for all W € D with W 2 V.
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Let D be a category and let S C Obj(D) be a subset of objects. Then we get a subcategory C of D by taking
Obj(C) := S and Hom¢ (V, W) = Homp(V, W) for all V,W € Obj(C). Note that this is a full subcategory.
We will often refer to it by saying that it is the full subcategory of D determined by the objects in the set
S. Note that if S contains precisely one object of each equivalence class of isomorphic objects, then the full
subcategory of D determined by the objects in S is skeletal. Consequently, every category has a full skeletal
subcategory.

Definition 2.1.5 Let C and D be categories. A functor® F : C — D consists of a map F : Obj(C) — Obj(D)
and of a map F': Hom(C) — Hom(D) such that

e for any V € Obj(C) we have F'(idy) = idp(vy;

e for any f € Hom(C) we have s(F(f)) = F(s(f)) and b(F(f)) = F(b(f));
e if f,g € Hom(C) with b(f) = s(g), we have F(go f) = F(g) o F(f).

Example 2.1.6 There are several important examples of functors:
(1) If C is a category then we denote by id¢ : C — C the identity functor, which maps all objects and
morphisms onto themselves.
(2) If we have categories C, D, £ and functors F': C — D and G : D — &£ then we write Go F': C — & to
denote the composition of F' and G, which is easily seen to be a functor again.
(3) If we have categories {C;, D;}i=1,... n and functors F; : C; — D;, we write

Fix...xF,:Cyx...xCph =>Dy x...xD,

to denote the functor determined by (Vi,..., V) — (F1(V1),..., F (V) and (f1,. .., fn) — (Fi(f1),- ..

(4) If D is a category and C C D is a subcategory, then we denote by .# : C — D the inclusion functor.

Definition 2.1.7 Let C and D be categories and let F' : C — D be a functor.
(1) Then F is called faithful, respectively full, if for any two objects U,V € C the map

F :Hom¢ (U, V) — Homp(F(U), F(V))

is injective, respectively surjective. If it is both, we say that F' is fully faithful.
(2) 1If for each W € D there exists a V € C such that F(V) = W, then F is called essentially surjective.

If D is a category and C C D is a subcategory, then clearly the inclusion functor .# : C — D is always
faithful. Note that the inclusion functor is full if and only if C is a full subcategory of D.

Definition 2.1.8 Let C and D be categories and let F,G : C — D be functors. A natural transformation
@ from F to G, denoted ¢ : F — G, is a family {py : F(U) = G(U)}yec of morphisms in D such that, for
any f € Home (U, V) the square

F(U) 2 GQ(U)

F(f)l lG(f)
F(

V) 2 G(V)

commutes. If each @y is an isomorphism, then we say that ¢ : F' — G is a natural isomorphism, and in
this case we will call F and G equivalent functors. We will write Nat(F, G) to denote the set of all natural
transformations from F' to G, and we will write Aut(F) to denote the set of all natural isomorphisms from
F to itself (i.e. the natural automorphisms of F).

3More precisely, this is actually called a covariant functor, in contrast to the notion of contravariant functors. However, we
will not consider contravariant functors, so whenever we speak of a functor, we will always mean a covariant functor.
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Remark 2.1.9 (1) If F': C — D is a functor, we will write idp : F' — F to denote the natural automorphism
given by the family {(idr)v}vec with (idr)y = idp) for all U € C.

(2) If ¢ : F — G is a natural isomorphism, then the family {¢;' : G(U) — F(U)}vec defines a natural
isomorphism ¢~!: G — F.

Let C and D be categories, let F,G, H : C — D be functors and let ¢ : FF — G and ¢ : G — H be natural
transformations. Then the family

{(op)y: F(U) = H{U)}vec

defined by (¢ o p)u := ¥y o ¢y defines a natural transformation » o o : F — H. As a consequence, we
obtain a category Fun(C, D), where the objects of Fun(C,D) are the functors from C to D, the identity
morphism of F' € Fun(C, D) is given by idp as defined in Remark 2.1.9 above, the morphisms are given by
Hompyn(c,p)(F,G) = Nat(F,G) and the composition is the composition of natural transformations as we
have just defined. We will write End(C) := Fun(C, C).

Definition 2.1.10 If C and D are categories, then a functor F' : C — D is called an equivalence from C to D
if there exists a functor G : D — C together with natural isomorphisms ¢ : idp — FoG and ¢ : Go F — idc.
In this case we will say that C is equivalent? to D and write C ~ D. We will write Aut(C) to denote the full
subcategory of End(C) determined by the objects that are an equivalence from C to itself.

The following well-known lemma is often convenient if one wants to prove that a given functor is an
equivalence. A proof of this lemma can be found in [48].

Lemma 2.1.11 Let C and D be categories. Then a functor F' : C — D is an equivalence if and only if it is
fully faithful and essentially surjective.

As a direct application of this lemma, if C is a category and if S C C is a full skeletal subcategory, then the
inclusion functor establishes an equivalence & ~ C.

2.2 Tensor categories

The central concept in this chapter is the notion of a tensor category. Tensor categories are often called
monoidal categories, because they share some properties with monoids, which are sets with an associative
product operation and a unit element with respect to this product. Before we give the definition of a tensor
category we will first consider in some detail what it means to have a tensor product on a category.

Definition 2.2.1 Let C be a category. Then a functor ® : C x C — C is called a tensor product.

Suppose that ® is a tensor product on C. For U,V € C we will write U ® V rather than ®(U, V); similarly,
we will write f ® g for f, g € Hom(C) rather than ®(f,g). Explicitly, the fact that ® is a functor from C x C
to C means that

e for each pair (U,V) € C x C we have an object U@V € C.

e for each pair (f,g) € Hom(C) x Hom(C) we have a morphism f ® g € Hom(C) such that s(f ® g) =

s(f) ® s(g) and b(f @ g) = b(f) ® b(g);
e if f f' g,¢ are morphisms in C with s(f’) = b(f) and s(g’) = b(g) then we have the interchange law

(ffof)e(gog)=(f@g)o(f®yg);
e If U,V € C then idy ® idy = idygv-

4This clearly defines an equivalence relation.
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Note that we did not require a tensor product to be associative, so if U, V,W € C then (U ® V') ® W need
not be equal to U ® (V ® W). The first piece of structure in a tensor category assures that such triple
products are related to each other in a nice way in the sense of the following definition.

Definition 2.2.2 Let C be a category and let ® : C x C — C be a tensor product. Then an associativity
constraint for ® is a natural isomorphism a : ® o (® X id¢) = ® o (id¢ X ®) of functors C x C x C — C, i.e.
a family {apvw : (U@ V)W - U@ (V& W)}u,vwec of isomorphisms in C such that the square

au,v,w

UeV)eW U (VeoWw)
(f®9)®hl Jf®(9®h)
U VYW VY U e (VI e W)
commutes for all U, U, V.,V W W' e€Cand f:U -U',g:V >V and h: W — W'
Definition 2.2.3 Let C be a category with tensor product ® : C x C — C and associativity constraint

a:®o(®xide) = ®o (ide X ®). Then the associativity constraint is said to satisfy the pentagon axiom if
the pentagonal diagram

(UeV)eaW)®
U (VaWw)) UaV)e (W e X)

JUIU,V®W,X JGU,V,W&@X

U (VoWw)o X) dy ®av,w.x Ue (Ve aX))

commutes for all U, V,W, X € C.

Thus if ® is a tensor product on a category C, then an associativity constraint satisfying the pentagon
axiom controls the non-associativity of the tensor product. The next ingredient that will be needed for the
definition of a tensor category is a unit object, analogous to the unit element in a monoid. For this we first
need some notation.

Definition 2.2.4 If C is a category and if U € C, then we define a functor U x id¢ : C — C x C by
(U xide)(V) :== (U, V) and (U x ide)(f) = (idy, f) for any V € C and f € Hom(C). Similarly, we also
define the functor ide¢ x U : C — C x C.

Definition 2.2.5 Let C be a category with tensor product ® : C x C — C and fix an object I € C.
(1) A left unit constraint with respect to I is a natural isomorphism [ : ® o (I x id¢) — ide, i.e. a family
{ly : I®V — V}yec of isomorphisms in C such that the square

D e

id1®fJ( J{f

Tow —™ W

commutes for all VW € C and f:V — W.
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(2) A right unit constraint with respect to I is a natural isomorphism r : ® o (id¢ x I) — ide, i.e. a family
{rv : V&I = V}yec of isomorphisms in C such that the square

Vel —Y v

f®id1J Jf

wWel — s W

commutes for all VW € Cand f: V — W.

We have now defined the two basic structures that are needed for defining tensor categories: the associativity
constraint (satisfying the pentagon axiom) and unit constraints. The only thing that is still left to define is
a compatibility condition between these two structures.

Definition 2.2.6 Let C be a category with tensor product ®, associativity constraint a and left and right
unit constraints [ and r with respect to an object I € C. Then we say that ®, a, I, [ and r satisfy the
triangle axiom if the triangle

Veol)oW L Ve (loWw)
rm Ay
Veow

commutes for all V,W € C.

Definition 2.2.7 A tensor category (C,®,1I,a,l,r) is a category C which is equipped with a tensor product
® : C x C — C, with an object I € C (called the unit object of the tensor category), with an associativity
constraint a and with left and right unit constraints [ and r with respect to I such that the pentagon axiom
and the triangle axiom are satisfied.

Tensor categories are often called monoidal categories in the literature, although some authors use these
two terms for different things. For instance, in [28] monoidal categories are defined as in Definition 2.2.7
above, but tensor categories are defined to be monoidal categories with some extra structure.

A subcategory of a tensor category (C,®,I,a,l,r) is called a tensor subcategory if it is also a tensor
category with respect to the tensor product and unit object inherited from C.

Example 2.2.8 We mention some examples of tensor categories.

(1) An easy example is given by the category Vect(FF) of vector spaces over a field F. The objects of this
category are the vector spaces over F and the morphisms between them are the F-linear maps. It
becomes a (non-strict) tensor category if we define the tensor product to be the usual tensor product
of vectors spaces and linear maps. We will write Vect;(IF) to denote the full tensor subcategory of
Vect(F) determined by objects of Vect(FF) that are finite-dimensional.

(2) If G is a group and F is a field, then we define the representation category Rep(G;F) of G as follows.
The objects of Rep(G;TF) are representations (V,my) of G, where V is a vector space over F and
my : G — Aut(V) is a group homomorphism. The morphisms from (V, 7y ) to (W, 7y ) are the F-
linear maps T : V' — W that intertwine the two representations, i.e. for any ¢ € G we have my (¢)T =
T7y(q). The tensor product in this category is given by the tensor product of representations and of
intertwiners which are well-known from representation theory.
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A tensor category (C,®,1,a,l,r) is called strict if for all U, V,W € C and f,g,h € Hom(C) it satisfies
UV)oW=U(VeW),(fegoh=Ffeo(@oh),lIeV=V=Veli;ef=Ff=[f®id,
ay,v,w = idygvew and ly =idy = ry. Note that the pentagon and triangle axioms are trivially satisfied
in this case. Because the notion of a strict tensor category will be very important in what follows, we will
define it again explicitly, without reference to the more general definition of a (non-strict) tensor category.

Definition 2.2.9 A strict tensor category (C,®,1) consists of the following data:
e a category C;
e an associative tensor product ®, i.e. a functor C x C — C satisfying the equality ® o [® X id¢] =
® o [id¢ x ®] of functors C x C x C — C;
e an object I € C (called the unit object) satisfying I@ V=V =Vl foralVeCandid;® f=f=
f®id; for all f € Hom(C).

We will now discuss an example of a strict tensor category that will be very important to us. Let C be a
category and consider the category End(C). It is clear that for any F,G € End(C) their composition F o G
is again in End(C), which allows us to define the operation

FRG:=FoG

on the objects of End(C). Now suppose that ¢ € Homg,q(c)(F, F') and ¥ € Homgyg(c)(G,G’). Then for
any V € C we define a morphism (¢ ® ¥)y € Home(F(G(V)), F/(G'(V))) by

(p@Y)v = par(vyo F(Yv) = F'(dv) o pgvy.

It can be shown that ¢ ®4) is a natural transformation from FoG to F'oG’, i.e. that ¢®1 € Homgyqc)(F®
G, F'®@G"). In fact, it is straightforward to check that ® defines an associative tensor product on End(C) and
that End(C) becomes a strict tensor category with unit object given by id¢. Furthermore, the subcategory
Aut(C) of End(C) is a full tensor subcategory.

2.2.1 Tensor functors and natural tensor transformations

When we want to consider functors between tensor categories, it is important that these functors behave
nicely with respect to the tensor products and unit objects in both tensor categories. Even in case both
tensor categories are strict, there is no reason to demand that such a functor F' : C — D is strict in the
sense that it satisfies F(V ®c W) = F(V) ®p F(W) or F(I¢) = Ip. On the other hand, it is also possible
that a functor between two non-strict tensor categories does satisfy these strictness conditions®.

Definition 2.2.10 Let (C,®c, I¢, ac,lc,r¢) and (D, ®@p, Ip, ap,lp, rp) be tensor categories. A tensor func-
tor from C to D is a triple (F,e%, §F) consisting of
e a functor F' : C — D;
e a natural isomorphism 6% : @p o (F x F) — F o ®¢ of functors C x C — D, i.e. a family
{00,y 1 F(U)@p F(V) = F(U e V)}y e

of isomorphisms in D such that for any objects U, V,U’, V' € C and morphisms f € Hom¢(U,U’) and
g € Home(V, V') the square

5This is possible if and only if F(ay,v,w) = arw),rv),rw), Flv) =lrw) and F(ry) = rp@), L.e. if the associativity
constraint and unit constraints of C are mapped to those of D. This can easily be seen from the definition of a tensor functor
below.
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F
6U,V

F(U)&p F(V) F(U®cV)
F(f)@DF(Q)J JF(JI@)CQ)
6FI ’7
F(U") @p F(V') =i F(U ®c V')

commutes, satisfying the additional property that the diagram

(aD)F(U),F(V),F(W)

(F(U)®p F(V))@p F(W) FU)®p (F(V)®p F(W))

55,v®vidF<W)l lide)@D‘;g,w
F(U®:V)®p F(W) F{U)®p F(V®cW)
55®cv,wl l‘sg,V@’cW

F((ac)v,v,w)

F(U®cV)®c W) F(U ®c (V &c W))

commutes for all U, V, W € C;
e an isomorphism e’ : Ip — F(I¢) such that the diagrams

l T
Ip @p F(U) (Ip)Fr) F(U) F(U) @ Ip (ro)r) FU)
6F®DidF<U)l F((zmﬁ and lide)@DEF TF«mU)
) ou,
F(Ic) ®@p F(U) === F(Ic ®c U) F(U)®p F(Ie) —< F(U ®c Ic)

commute for all U € C.
The tensor functor (F,e’,6%) is said to be a strict tensor functor if F(I¢) = Ip and F(U ®¢ V) =
F(U) Xp F(V) for all U,V € C and if EF = id[,D = ldF(IC) and 55"/ = idF(U)®DF(V) = idF(U®CV) for all
UV ecC.

Remark 2.2.11 If both tensor categories are strict, then the hexagonal diagram reduces to the square

idp ) ®Doy w
—

FU)®p F(V)®@p F(W) FU)®p F(V ®&c W)

F
J(SU,V(QCW

FU®cV & W)

65\v®DidF(W)J

F
Svgev,w

FU®cV)@p F(W)

and the two square diagrams involving e can then be reduced to the statement that the compositions

F

Flle) @p F(U) —s F(Ie 9c U) = F(U)

" ®@pidp )
—

F(U) = Ip ®p F(U)

and

F

FU) @p F(le) —2 s F(U ®¢ Ie) = F(U)

idpy®pe”
_—

FU) = F{U) @p Ip
are both equal to idp(r).

Let (C,®c, Ic,ac,lc,re), (D, ®p, Ip,ap,lp,rp) and (€, R¢, I¢, ag, lg, re) be tensor categories and let (G,e%, 6%)
C — D and (F,e",6) : D — £ be tensor functors. Then the composition F o G can be given the structure

of a tensor functor (F o G,f°¢ §°F) by defining

ef°C .= F(e%) o eF and 55,0‘9 = F(ng) o 5g(U).,G(V) (2.2.1)
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for any U,V € C.
When we have a natural transformation from one tensor functor to another tensor functor, we demand
that this natural transformation behaves nicely with respect to the tensor structure of these functors.

Definition 2.2.12 Let (C,®¢, I¢,ac,lc,re¢) and (D, ®p, Ip,ap,lp,rp) be tensor categories and let
(F,ef',65),(G,e%,6%) :C - D
be tensor functors. Then a natural tensor transformation
¢ (Fef,6F) = (G,e%,69)

is a natural transformation ¢ : F' — G such that the following diagrams commute for each pair (U, V) of
objects in C:

F(lc)
/ F(U) @p F(V) 225 FU @ V)
ID Ple and WU@DLPVJ( J{‘PUQ@cV
5 v
X G(U) @p G(V) 22 QU e V).
G(lc)

A natural tensor isomorphism is a natural tensor transformation that is also a natural isomorphism. In this
case we call (F,ef",6') and (G, %, 5%) equivalent tensor functors.

Let (C,®¢, Ic,ac,lc,rc) and (D, ®p, Ip,ap,lp,rp) be tensor categories, let
(F, et 65),(G,e%,69), (H,e" ,67):C - D

be tensor functors and let ¢ : (F,e?, 6F) — (G,e%,6%) and ¢ : (G,e%,0%) — (H, e, 6) be natural tensor
transformations. Then it is straightforward to check that the natural transformation ¥ o ¢ : F — H is in
fact a natural tensor transformation o : (F, e 6¥) — (H,e™ §%). This implies that the tensor functors
from C to D form a subcategory Fun®(C, D) of Fun(C, D), where the morphism between two tensor functors
are defined to be those morphisms in Fun(C, D) that are natural tensor transformations.

Definition 2.2.13 Let (C,®¢, I¢, ac, lc,rc) and (D, ®p, Ip, ap, lp,rp) be tensor categories and let (F, e, %) :
C — D be a tensor functor. Then (F,e’",§7) is called a tensor equivalence if there exists a tensor functor
(G,e%,8%) : D — C together with natural tensor isomorphisms idp — F o G and G o F — idc. If there
exists a tensor equivalence between C and D, we will say that C and D are equivalent tensor categories.

The full subcategory of End®(C) determined by the tensor functors from C to itself that are also a tensor
equivalence is denoted by Aut®(C).
To check that a given tensor functor is a tensor equivalence, the following lemma is often convenient.

Lemma 2.2.14 A tensor functor is a tensor equivalence if and only if it is fully faithful and essentially
surjective.

Remark 2.2.15 The fundamental result in the theory of tensor categories is that any tensor category is
tensor equivalent to a strict tensor category. This is one of the several equivalent ways to formulate Mac
Lane’s famous coherence theorem. For an explicit construction of the ‘strictification’ of a tensor category
we refer to [48].
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2.2.2 The tensor category of tensor automorphisms

Let (C,®,1,a,l,7) be a tensor category. Using equation (2.2.1) we can define an operation ® on the objects
of End®(C) by

(G,e%,69) @ (F,ef' | 6F) := (G o F,e% 0 et 5% 0 6T,
where we define
9ol :=G(el) 0 &Y,
(69 06 uv == G(0frv) © 8%y p(v)
for U,V € C. On the morphisms of End®(C) we define ® in the same manner as in End(C). Tt turns out
that if o, 1) € Hom(End®(C)), then ¢ ® ¢ € Hom(End®(C)), from which it follows that End®(C) becomes

a strict tensor category with ® as defined above and with unit object given by (idc, ", §°), where €° = id;
and 07,y = idygy. The category Aut®(C) is a full tensor subcategory of End®(C).

2.3 Duality in strict tensor categories

In this section we will introduce the notion of duality for tensor categories, the definition of which is based
on the observation that to each vector space we can assign a dual vector space.

2.3.1 Left and right duality; two-sided duality

Definition 2.3.1 Let (C,®,I) be a strict tensor category and let V € C. If W € C and there exist
morphisms b: I -V @W and d: W @ V — [ satisfying

(idv ® d) o (b (9 idv) =idy,

(d® ldw) o (ldW ® b) = idw,
then (W, b, d) is called a left dual of V. Similarly, if W’ € C and there exist morphisms &' : I - W/ ® V and
d :V®W' — I satisfying

(d @idy) o (idy @) = idy,

(idW/ X d/) o (b/ & ldW/) = idw,

then (W' ¥/,d') is called a right dual of V. If (W,b,d,b",d’) is such that (W,b,d) is a left dual of V and
(W, ¥, d’) is a right dual of V, then it is called a two-sided dual of V.

The following lemma shows that duals are unique up to isomorphism and that they behave nicely with
respect to tensor products. The proof is a straightforward computation.

Lemma 2.3.2 Let C be a tensor category.
(1) Let (Wy,b1,d1,b},d}) be a two-sided dual for V.e€ C. If Wy € C and f € Home(Wi,Ws) is an
isomorphism, then (Wa, by, da, by, d5) is also a two-sided dual of V', where

bgz[id\/@f]obl bé:[f@)idv]obz
dzzdlo[f@)idv} dé:dQO[ldV®f]

Conversely, if (Wa, by, da, by, dy) is a two-sided dual of V', then there exists an isomorphism [ €
Home (W1, Wa) such that (Wa, by, da, by, db) is of the form above.
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2) If (W1,b1,d1, by, dy) and (Wa, ba, do, by, dby) are two-sided duals for Vi,V € C, respectively, then (Wa ®
1,07 2, Uy
Wy,b,d, b, d') is a two-sided dual for Vi ® Vs, where
b = [idvl (4 bg X ldwl] o bl b/ = [ld{/{/2 ® bll (4 idVQ] o b/2
d=dyo [ldv[/2 Rdi® idvz] d = dll o [idvl ® d/2 X ldWI]
Thus the full subcategory of C determined by the objects that have a two-sided dual is a tensor subcat-
egory of C.

Now that we have introduced duals of objects, we can define the notion of duality. This basically means
that for each object in C we have chosen some particular dual.

Definition 2.3.3 Let (C,®,I) be a strict tensor category.
(1) A left duality ((.)V,b,d) for C is an assignment V +— (VY by,dy) on the objects of C such that
(VV,by,dy) is a left dual for V.
(2) A right duality (V(.),b',d") for C is an assignment V +— (YV,b{,,d{,) such that (VV,bi,,d},) is a right
dual for V.
(2) A two-sided duality for C is an assignment V + (V, by, dy, b}, d;,) such that for each V € C we have
that (V,by,dy) is a left dual for V and (V,b},,d},) is a right dual for V.

Remark 2.3.4 Let (C,®, 1) be a strict tensor category and let (IV,br,d;) and (VI,b},d}) be a left and
right dual for I, respectively. Then we have
idy = [id] ® d[] o [b[ X id]] =djobs
id; = [d} ®id;] o [id; ® b}] = d} o .
In case we choose IV = I = VI (which is always possible, for instance by choosing b; = dy = b}, = d}; = idy;
in particular, the unit object always has a two-sided dual), the other two equations become
idy =idyv = [d] (9 id]\/] o [id[v ® b[] = [d[ ®ld1} o [ld] ® b[] =djoby
id; =idv; = [idv; @ d}] o [V @ idv,] = [id; @ d}] o [b} ®id;] = d} o V],
which are precisely the first two equations. As a consequence, saying that (I,b;,dy) is a left dual for I (or

that (I,b,d}) is a right dual for I) is the same as saying that it is a retract® of the idempotent py := by od;
(respectively of the idempotent p; := b} o df).

Definition 2.3.5 Let (C,®,I) be a strict tensor category, let V. W € C and let f € Home(V, W).
(1) If C has a left duality ((.)¥,b,d), then we define the left transpose f¥ € Home (W, V) of f by
Y= ldw ®idyv] o [idwv @ f ®idyv] o [idwv @ by].
(1) If C has a right duality (¥(.),b,d’), then we define the right transpose ¥ f € Homc(W, V) of f by
V= lidvy @dy] o [idvy @ f ®@idvw] o b, @ idviy].

Let (C,®,1I) be a strict tensor category and let ((.),b,d,b’,d") be a two-sided duality for C. If V € C and
f € Ende(V), then we define the left trace Trr(f) € Ende(I) and right trace Trg(f) € Ende(I) of f by

Trp(f) = dy o [f @idy] o by
TI'R(f) = dv o [1dv® f} o b/V
If V € C, we define the left dimension of V by dp (V) := Trp(idy) and we define the right dimension of V'

by dr(V) := Trr(V). We emphasize that these left/right traces and dimensions depend on the particular
choice of the two-sided duality.

SLet C be a category and let V € C. If there exists a U € C together with morphisms i : U — V and r : V — U satisfying
roi = idy, then the triple (U, 4,r) is called a retract of V. We will come back to retracts at the beginning of Subsection 2.7.4.
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2.3.2 Pivotal and spherical categories

For some of our purposes it will not be enough that a tensor category simply has a two-sided duality and we
have to require some additional properties of the two-sided duality. The following definition can be found

in [74].

Definition 2.3.6 Let (C, ®, I ) be a strict tensor category. Then this category is called pivotal if there
exists an assignment V' +— V on the objects of C satisfying

V=V, Vew=weV, I=I
together with morphisms ey : I =V ®V and &y : V®V — [ for each V € C such that the following three
conditions are satisfied:

(1) For each V' € C the equations

[fv ® ldv] ] [ldv ® Ev} = idv and [ldv ® 5v} o [EV & ldv] = idV

hold.
(2) For all V,W € C we have

evew = [idy ® ew ®@idy]oey and Evew =&y o [idy ® Ew ® idy].
(3) f V,W € C, then for every f:V — W we have the equality
[Ew @ idy] o [idyr @ f @ idy] o [idyr @ ev] = [idy @ Ew] o [idy ® f ® idyy] o [ey ® idyy]
of morphisms W — V.

Remark 2.3.7 For future reference, we will mention the relation with two-sided duality explicitly.

(1) If we replace V by V in the two equations in part (1) of the definition, we get a total of four equations,
which (together with the fact that V = V) state that (V,by,dy, b, d;) is a two-sided dual for V,
where

by :=evy, dy = B b/V =&y d/V =Ey.
Note that b}, = ey = by and di, = €y = &= = dy,. Similarly, we also get by = b/V and dy = d’7 So
the right duality can be expressed in terms of the left duality, and vice versa.

(2) The equations in part (2) of the definition (together with the fact that V@ W = W ® V) state that
this two-sided duality is very well-behaved under tensor products: the morphisms ey gw and ey gw
are completely determined by the morphisms ey and ey, respectively, €y and Eyy.

(3) The equations in part (3) of the definition state that the left transpose f¥ and right transpose " f of
any morphism f coincide. In what follows, we will denote it by f.

Lemma 2.3.8 If C is a pivotal category, then ey = €y = id;.
Proof. For any V € C we have (using the b and d notation, rather than the € and & notation)
idy = [idy ® dv] o [by ®idy]| = [idy ® dy] o [bygr ® idy]
= [idverer ® dv] o [idy ® by ® idygy,] o [by @ idy]
= [idy ® by] o [idy @ dy] o [by ® idy]| = idy ® by.
Taking V' = I, we get id; = by = ;. Using Remark 2.3.4, this in turn gives us id; = djobr = d;f = &7 = &y.

O

Since every pivotal category has a two-sided duality, we always have left and right traces on a pivotal
category. An interesting class of tensor categories is obtained by demanding that these left and right traces

coincide.
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Definition 2.3.9 A pivotal category for which Tr;, = Trg is called a spherical category.

In a spherical category we can thus simply write Tr to denote the trace, and if V' € C we define the dimension
of V by d(V) := Tr(V). Note that d(V) = dp(V) = dr(V) in this case.

2.4 Braided tensor categories

If C and D are categories, we will write 7¢ p : CxD — D XC to denote the flip functor, i.e. the functor defined
by 7e¢.p((V,W)) := (W, V) and 7¢ p((f,g9)) := (g, f) for V€ C, W € D, f € Hom(C) and g € Hom(D).

Definition 2.4.1 Let C be a category with a tensor product ® : C x C — C.
(1) A commutativity constraint c is a natural isomorphism ¢ : @ — ®o7¢ ¢, i.e. a family {cyw : VW —
W @ V}ywec of isomorphisms in C such that the square

VoW Y wev
f®gl lg@f
V/®W/ v w! W’®V’

commutes for all f:V — V' and g: W — W'.
(1) If C has an associativity constraint a and if ¢ is a commutativity constraint, then c¢ is said to satisfy
the hexagon axiom if the two hexagonal diagrams

UeV)eW
ch@“d/ ww
VelU)eWw U (VW)
aVUWJ/ J/CU,V(XIW
Ve UeW) VeW)eU
ldv®m %U
@ (WeU)
and
VW)
1dy®y %W
U (WaV) UeV)eW
agw, vl JCU®V,W
UeW)e WeUaV)

CUWM /Ezluv
Wel)e

commute for all U, V, W € C.
Remark 2.4.2 Note that these hexagons can be reformulated as

—1 . . —1
covew = ayyp © lidv ® cuw]oavuw o leoy ®@idwloagy
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. . 1 .
CUV,W = QW,U,V © [CU,W X ldv] o aU’Wy o [ldU X Cv7w] oay,v,w-
These equations can be convenient in some situations.
Definition 2.4.3 Let (C,®,1I,a,l,r) be a tensor category.
(1) A braiding in C is a commutativity constraint satisfying the hexagon axiom.

(2) A braided tensor category (C,®,1I,a,l,r,c) is a tensor category with a choice of braiding.

Remark 2.4.4 If C is a strict tensor category, the hexagonal diagrams become the triangles

UVeW URVeW
Cmv@id% w/@,w and idu®6\y WV’W
idy ®@cu,w cu,w ®idy
VoUW VWU UWeV WUV

ie.

cuvew = [idy ® cuw] o [y @ idw],

cvgv,w = [cuw ®@idy] o [idy @ ey,w].
These equations will be used very often in what follows.
If ¢ is a braiding in C, then so is ¢, where we define

EV,W = C;VTV (2.4.1)

for V,\IW € C. If C is a braided tensor category with braiding ¢, then we will write C to denote the
tensor category C with braiding ¢. The notations ¢ and C will be used very often in later chapters without
explanation, so it is important to remember them.

If C is a braided tensor category with braiding ¢ and if V,W € C, then we write

c{\/{w = Cw,v O Cv.w (2.4.2)

and call this the monodromy of V and W. An object V € C is called degenerate if c]“//{w = idygw for all
W € C. A braided tensor category is called a symmetric tensor category if all its objects are degenerate and
in this case the braiding is also called a symmetry.

Definition 2.4.5 Let (C,®,1,a,l,7,¢c)and (C',®',I',a’,I',7’, ") be braided tensor categories and let (F, ", 6") :
C — C' be a tensor functor. Then (F,e’", 6 is called a braided tensor functor if the square

vy, F(W)
) ———

F(V)® F(W

] .

FVeoW)

commutes for all VW € C.
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2.4.1 Ribbon categories

Suppose that (C,®,1I,c) is a braided strict tensor category. If C has a left duality ((.)V,b,d), then we can
easily obtain a right duality (Y(.),¥,d’) on C by defining ¥V := V" and

b/V = Cy,yVv © bv (243)

vi=dvocyy . (2.4.4

Similarly, if C has a right duality (¥(.),’,d’), then we obtain a left duality ((.)V,b,d) by defining V¥ := vV
and

bv = Cvy,v © b%/ (245)

dy :=dy o cyy. (2.4.6)
Thus a braided tensor category with a one-sided duality can always be equipped with a two-sided duality.
However, it is not true that this two-sided duality automatically leads to a spherical structure. In order to
assure that we obtain a spherical structure, we need to introduce the notion of a twist in a braided tensor
category with a one-sided duality. We will choose this one-sided duality to be a left duality, since this is the
convention that is found most often in the literature.

Definition 2.4.6 Let (C,®,1,c) be a braided strict tensor category with left duality ((.)V,b,d). A twist is
a natural isomorphism 6 : id¢ — ide, i.e. a family {0y : V — V} of isomorphisms in C such that for any
V,W € C and f € Hom¢(V, W) we have Oy o f = f o 0y, satistying the additional properties that

9V®W = [9\/ X QW] o C%W
by = (0y)

for all V.W € C. A braided strict tensor category equipped with a left duality and a twist is called a ribbon
category.

If C is a ribbon category, then we can obtain a right duality (V(.),b’,d’) by defining YV := V'V, b, =
[idyv ® GL} ocy,yv oby and df, :=dy ocy,yv o [0y ®@idyv]. Because YV =V we thus obtain a two-sided

duality ((.),b,d,b’,d’) on C and it can be shown that C becomes spherical with respect to this two-sided
duality.” Furthermore, the twist can now be expressed in terms of the two-sided duality as

9\/ = [dv & ldv] o [ldv & CV,V] o [blv ® ldv] (247)

Later we will encounter a particular situation where we are given a two-sided duality on a braided tensor
category C and where equation (2.4.7) can be used to define a twist. This will then equip C with the
structure of a ribbon category (and using the left duality, braiding and twist to define a right duality as
above, we obtain the original right duality again).

2.4.2 The (relative) Drinfeld center

In this subsection we will introduce the (relative) Drinfeld center of a tensor category. This will be very
important to us, because we will later extend the construction of the Drinfeld center to tensor categories
with a group action and we will study this construction in great detail. The definition of the (relative)
Drinfeld center makes use of the notion of a half braiding (relative to a tensor subcategory).

"However, the underlying pivotal structure is not as strict as defined in Subsection 2.3.2, but this will be of no importance
to us. We only introduce the notion of ribbon categories as a motivation for the formula (2.4.7), which will be used later in
another setting.
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Definition 2.4.7 Let (C,®, I) be a strict tensor category, let D C C be a tensor subcategory with inclusion
functor & : D — C and let V € C. A half braiding for V relative to D is a natural isomorphism Py :
®o[V x ] = ®o[F x V] of functors D — C, i.e. a family {®y(X): V@ .F(X) = F(X)® V}xep such
that the square

vesx) 2, sxyev
idy ®ﬂ(f)l S (f)®idv
vesy) 2N syvyev

commutes for all X, Y € D and f € Homp(X,Y), satisfying the additional property that for any X,Y € D
we have

Py (X @Y) = [idyx) @ Py (Y)] o [@v(X) ®idgy]
In case D =C, Oy is called a half braiding for V.

Let C be a braided tensor category with braiding ¢, let D C C be a tensor subcategory and let V € C. If for
each X € D we define @y (X) := ¢y, x, then @y is a half braiding for V relative to D. Thus, half braidings
can be obtained by fixing the first argument of a braiding in a braided tensor category. Fixing the second
argument does not give a half braiding according to the definition above. This observation motivates the
following alternative definition of a half braiding, which will be needed in Section 4.4.

Definition 2.4.8 Let (C,®, I) be a strict tensor category, let D C C be a tensor subcategory with inclusion
functor £ : D — C and let V € C. A half braiding of the second kind for V relative to D is a natural
isomorphism Uy : ® o [ x V] = ® o [V x Z] of functors D — C, i.e. a family {¥y(X): £(X)@V —
V ® #(X)}xep such that the square

Uy (X)
=

I(X)®V Vo .s(X)

J(f)@idvl Jidv®f(f)

IV oV 2 ve g(y)

commutes for all X, Y € D and f € Homp(X,Y), satisfying the additional property that for any X, Y € D
we have

Uy(XY)=[¥y(X)® idy(y)] o [idy(x) ® Uy (Y)].
In case D = C, Uy is called a half braiding of the second kind for V.

With the terminology in this definition we already anticipate for the terminology that will be introduced
in a more general setting in Chapter 4. Note that fixing the second argument of the braiding in a braided
tensor category will indeed give rise to a half braiding of the second kind.

If C is a tensor category and D C C is a tensor subcategory, then we define a category Z(C; D) as follows.
Its objects are given by

Obj(Z(C; D)) :={(V,®y) : V € C and Py is a half braiding for V relative to D}
and for (V, @y ), (W, ®yw) € Obj(Z(C; D)) we define Homz ¢,y ((V, @y ), (W, @w)) to be

{f € Home(V, W) : [id.s(x) ® f] o Qv (X) = Pw (X) o [f ®ids(x)] VX € D}.
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The composition of morphisms in Z(C; D) is defined to be the same as in C. The category Z(C; D) can be
equipped with the structure of a strict tensor category by defining the tensor product on objects by

(V,@v) @ (W, ew) == (VoW oy @ ow),

where

(Py ®@ Pw)(X) := [Py (X) ®idw] o [idy @ Pw (X)]
and by letting the tensor product on morphisms be the one inherited from C. The unit object of Z(C; D)
is (I,99), where ®)(X) = id s (x) for all X € D. The tensor category Z(C; D) is called the Drinfeld center
of C relative to D. If we write® Z(D) to denote the full tensor subcategory of Z(C;D) determined by the
objects of the form (U, ®y) with U € D, then for any (V, ®y) € Z(C; D) and (W, Py ) € Z(D) we can define

Cv.oy) (Waw) = Pv(W). (2.4.8)

The restriction of this C' to Z(D) defines a braiding on Z (D). In particular, if we choose D to be equal to
C then we obtain a braided tensor category Z(C) := Z(C;C) which is called the Drinfeld center of C.

Although the restriction of C' in (2.4.8) to objects in Z(D) gives us a braiding on Z(D), it is clear that
C' does not give us a braiding on Z(C; D) because we cannot take the second argument of C' to be an object
in Z(C; D). To describe what C is on Z(C;D) we introduce the notion of a partial braiding relative to a
tensor subcategory.

Definition 2.4.9 Let (C,®, 1) be a strict tensor category, let D be a tensor subcategory of C and denote
the inclusion functor by . : D — C. A partial braiding on C relative to D is a natural isomorphism
¢:®olfide x J] - ®o[F xide] o1ep of functors C x D — C, i.e. a family {cyx : V& J(X) —
F(X) ® V}ivee,xep of isomorphisms in C such that for any f € Home(V,V’) and g € Homp (X, X') we
have

cyrxro[f@I(g)] = [ (g9) © flecvx,

satisfying the additional property that

cvxey = [i[dg(x) ® cvy]ofey,x ®@id g (v)]

cvew,x = [cv,x ®idw] o [idy ® cw, x]
for all VW € C and X,Y € D. If C has a partial braiding relative to D, then C will be called partially
braided relative to D.

Remark 2.4.10 Similarly, by using half braidings of the second kind relative to D in the construction of
the relative Drinfeld center above, we obtain an alternative relative Drinfeld center that we will denote by
Z2)(C; D). The tensor product on Z?)(C;D) is given by

(V. 0y) @ (W, ¥w) = (Ve WUy @ ¥y),
where
(Vy @ ¥y )(X) = [idy @ Uy (X)] o [Py (X) ®idw].

It has a partial braiding of the second kind relative to D, the definition of which should be obvious now. If
D = C, then we will write Z()(C).

2.5 Algebra in a strict tensor category

In this section we will give a categorical definition of algebras and coalgebras in the context of strict tensor
categories. When one generalizes these definitions to non-strict tensor categories and applies them to the
category of vector spaces, the usual definition of algebras and coalgebras is obtained. We will also consider
modules and comodules in this categorical setting.

8The reason for this choice of notation will become clear in a moment, when we define the Drinfeld center Z(C).
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2.5.1 Algebras and coalgebras
The categorical version of the definitions of an algebra and a coalgebra are as follows.

Definition 2.5.1 Let (C,®,I) be a strict tensor category.
(1) An algebra A in C is a triple A = (A, u, n) consisting of an object A € C and morphisms p: A A — A
and 7 : [ — A such that

polida ®pul = pop®ida] and poln®ida]l =ida = po[ida @ 7).

If A= (Apn) and A’ = (A, 1/, n') are algebras in C, then a morphism f : A — A’ is called a
morphism of algebras if (o [f ® f]=fopand fon=r1n'

(2) A coalgebra Cin C is a triple C = (C, A, €) consisting of an object C' € C and morphisms A : C — C®C
and € : C'— I such that

[idc@A]OAZ[A@idc]OA and [E@idc]oA:idC:[idc®E]OA.

If C=(C,Ae) and C' = (C',A’,¢’) are coalgebras in C, then a morphism f : C — C’ is called a
morphism of coalgebras if [f ® floA=A'o fand e o f=c¢.

Remark 2.5.2 More generally, one can define algebras and coalgebras in non-strict tensor categories by
inserting the associativity constraint and the unit constraints in the appropriate places in the equations of
the definition above.

As a trivial example, the unit object obtains the structure of an algebra (I, 1, n) if we define p = n =id;
and it obtains the structure of a coalgebra (I, A, ¢) if we define A = ¢ = id;.

If A= (A, u,n) is an algebra in a braided strict tensor category C, then its opposite algebra is the algebra
A°P = (A, u°P,n), where u°? = poca a. We say that A is commutative if A°®> = A. Similarly, one also
defines C°P for a coalgebra C in a braided tensor category by setting A°? = cc ¢ o A. Then C will be called
cocommutative if C°P = C. Note that a (co)algebra is (co)commutative with respect to the braiding c¢ if and
only if it is with respect to the braiding ¢, where ¢ is as in (2.4.1).

2.5.2 Modules over an algebra

Now that we have introduced a categorical version of the definition of (co)algebras, we will do the same
with the definition of a module over an algebra.

Definition 2.5.3 Let (C,®,I) be a strict tensor category, let A = (A, u,n) be an algebra in C and let
C=(C,A,¢) be a coalgebra in C. A left A-module in C is a pair (V,my), where V € Cand 7y : AQV —» V
is a morphism satisfying

7Tvo[,u®idv]:7TVO[idA®7rv] and 7TVO[77®idv]:idv.

If (V,my) and (V' my) are left A-modules, then a morphism f : V — V' is called a morphism of left
A-modules if it satisfies Ty o [idy ® f] = f o my.

The notion of a right module is obtained by making the obvious adjustments to the previous definition.

Example 2.5.4 An easy example of a module over an algebra is given by the algebra itself. Namely, if
A = (A, pu,n) is an algebra in a tensor category C, then (A, i) is a both a left and right A-module in C.

The following proposition states that the modules over an algebra in a strict tensor category form a category.
The proof is easy.

Proposition 2.5.5 Let (C,®,1) be a strict tensor category and let A = (A, u,n) be an algebra in C. Then
the left A-modules form a category Modc(A), where the objects are left A-modules and the morphisms are
morphisms of left A-modules in the sense of the definition above, with the composition in Mod¢(A) given by
the composition in C. Similarly, the right A-modules form a category Modg(A).
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2.6 Module categories

Analogously to monoids acting on sets, a tensor category can act on a category. Categories that are acted
upon by a tensor category are called module categories and will be important to us in Section 4.5.

2.6.1 Left and right module categories; bimodule categories

Let X be a set and let G be a group. Recall from elementary algebra that a (left) G-action on X is
a homomorphism ¢ : G — S(X), where S(X) denotes the group of bijections of X. In the following
definition, the action of a tensor category on a category is defined analogously.

Definition 2.6.1 Let (C,®,1) and (D, ®,I) be two strict tensor categories.
(1) A left C-module category is a pair (M, (F,ef",§F")), where M is a category and (F,ef",6F) : C —
End(M) is a tensor functor.
(2) A right D-module category is a pair (M, (G,&%,6%)), where M is a category and (G, e, %) : D'V —
End(M) is a tensor functor.
(3) A (C,D)-bimodule category is a pair (M, (H, el 6%)), where M is a category and (H,eH, ) :
C x D'V — End(M) is a tensor functor.

In part (3) the category C x D'V is equipped with the structure of a strict tensor category by defining the
tensor product componentwise and by choosing (I¢, Ip) as unit object.

Consider again the case of a group G acting (from the left) on a set X. Such an action can also be
defined as a map G x X — X, denoted by (q,x) — q¢.x, that satisfies e.x = x and (¢r).x = ¢.(r.z) for all
q,7 € G and x € X. The equivalence of the two definitions can be seen immediately by considering the
correspondence q.x = ¥(q)(z) for all ¢ € G and x € X. Analogously to this alternative definition of a group
acting on a set, there is also an alternative definition of module categories. The alternative definition below
can be found in [28], although some of our conditions concerning the unit object of the tensor category seem
to be missing there.

Definition 2.6.2 Let (C,®,1) and (D, ®, I) be two strict tensor categories.
(1) A left C-module category (M, >, a, \) consists of
e a category M;
e a functor > : C x M — M;
e a natural isomorphism « : > o (® X idyg) — > o (ide x ) of functors C x C x M — M, i.e. a family
{am(X,)Y): (XQY)> M — X > (Y > M)}x yec, mem of isomorphisms in M such that the square

(X@Y)> M — oY)

(f®g)l>ml pr(gpm) (2.6.1)

e (X',Y")

X (Y>> M)

X' oY) M X'>Y' > M)

commutes for all X, X" Y)Y’ € C, M,M' €¢ M, f € Home¢(X,X’), g € Home(Y,Y’) and m €
Hom (M, M), satisfying the additional property that the square

(XQY @ 2Z)> M XV

aM(X,Y(X)Z)J JQZDM(X,;/) (2.6.2)

idx DaM(Y,Z)
s

XeY)>(Z> M)

X (Y®Z)> M) X> Yo (Z> M)

commutes for all X,Y,Z € C and M € M;
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e a natural isomorphism A : > o (I x idyg) — idag of functors M — M, ie. a family {\ps : I > M —
M} prem of isomorphisms in M such that the square

I M —2M 6

i dlbml Jm (2.6.3)

I M —2M s M

commutes for all M, M’ € M and m € Hom (M, M’), satisfying the additional property that
OzM(X,I)_lzidxb)\M and OéM(I,X)_lz)\XDM

for all X € C and M € M.
(2) A right D-module category (M, <, 3, p) consists of
e a category M;
e a functor <: M x D — M;
e a natural isomorphism § : <o (idy X ®) = <o (<1 X idp) of functors M x D x D — M, i.e. a family
Bu(X,)Y): Ma(U®V)— (M<U)<V}yvep,mem of isomorphisms in M such that the square

MaUev) —2UY rauyav

m4(f®g)l J(mﬂfklg (2.6.4)

B (U, V')
—_

MaU V") (MUY <V’

commutes for all U,U,V,V' € D, M\M' € M, f € Homp(U,U’), g € Homp(V,V') and m €
Hom (M, M'), satisfying the additional property that the square

M < (U V& W) B (U, VRW)

ﬁM(U@‘AW)J( J{IBMGU(V}W) (265)

Bum (U, V)<idw
ST,

(MaU)<(VeWw)

MaUeV)aW (MaU)<V)aW

commutes for all U, V,W € D and M € M;
e a natural isomorphism p : <o (idyg x I) — idyg of functors M — M, ie. a family {pp : I <M —
M} prem of isomorphisms in M such that the square

Mal — 5 M
mqid]l J{m (266)
Ml =22
commutes for all M, M’ € M and m € Hom (M, M’), satisfying the additional property that
Bu(I,U)™" = pyr <idy and By (U, 1) = pyau

for al U € D and M € M.
(3) A (C,D)-bimodule category (M,r>, a, X, <, B, p,7y) consists of
e a left C-module category (M, >, a, \);
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e a right D-module category category (M, <, 3, p);
e a natural isomorphism v : <o (> X idp) — > o (id¢ x <) of functors C x M x D — M, i.e. a family
{ym(X,0) : (X>M)<U — X1> (M <U)} xee,uep,mem of isomorphisms in M such that the square

(XoM)aU — 22X x o (M aU)
(fDm)QQJ Jfb(ng) (2.6.7)
'YM’(XlrUI)

(X'>M)aU X'>(MalU)

commutes for all X, X’ € C, U,U’ € D, M\M' € M, f € Hom¢(X,X’), g € Homp(U,U’) and
m € Hom (M, M'), with the additional property that the diagrams

(XeY)>M)<aU
(X®Y)>

"/YDM(X’U)l J{OWMU(XY)

(X > (Y > M)) (M <U) (2.6.8)

X (Y >M)<aU) dxPyae(1,0)

XY > WMal))
and

Ma(VeW))

lde WW
(X >

X (MaV)aw) M) < (VeWw) (2.6.9)

’YA4<]V(X7W)T JBX»M(V,W)

YMm (X,V)<|1dW

(X>(M<aV)aW (X>M)y<xV)aW

commute for all X, Y € C, VW € D and M € M, as well as the triangles

(I>M)<Y (1Y) >(M<Y)
/\m %
and
(X > M) < (D) > (M <)
m %M
XM

forall X € C,Y € Dand M € M. If C = D, then we will call (M, >, a, A\, <, B, p,7) a C-bimodule
category, rather than a (C,C)-bimodule category.
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If M is a left C-module category for which >o[I xidy] = idag and Ay = id s for all M € M, then we will say
that M is a semi-strict left C-module category. If, in addition, we also have that t>0[® xidy] = >oide x >]
and ap(X,Y) = id(xgy)om = idxp(ysan for all X,Y € C and M € M, we will say that M is a strict
left C-module category. Similarly, ones defines (semi-)strict right D-module categories and (semi-)strict
(C, D)-bimodule categories.

Example 2.6.3 The following examples of module categories will be important to us.

(1) If C is a strict tensor category, then C obviously is a C-bimodule category if we define > = ® and
< = ®. In fact, a similar statement can be made for non-strict tensor categories, but then one first
has to define module categories over non-strict tensor categories.

(2) Let C be a strict tensor category and let A = (A, i, 1) be an algebra in C. Then the category Mod¢(A)
of left A-modules can be equipped with the structure of a strict right C-module category as follows.
The functor < : Mod¢(A) x C — Mod¢(A) is defined by (V,7y) < X = (V@ X, 7y ® idx) and
f<g=[f®g. Itis easy to check that (V,7y) < X € Modc(A) and that f <1 g € Homypoq.a)((V @
X,y ®@idx), W @ Y, mw @ idy)) if f € Hompoaea)(V,7v), (W, mw)) and g € Home(X,Y), and
that Modc(A) is indeed a strict right C-module category.

We will now show that if C is braided, then left C-module categories give rise to right C-module categories
and vice versa. This result will be needed in Subsection 2.8.4.

Lemma 2.6.4 Let (C,®,1,c) be a braided strict tensor category.

(1) If (M,>,a, \) is a left C-module category, then we can equip M with the structure (M, <, 3,p) of a
right C-module category by defining M <X ;=X > M, m<f:= frm, fu(X,Y) = ay(Y,X)o
[ex,y > idy] and pp := Ay for all X, Y € C, M € M, f € Hom(C) and m € Hom(M). In fact, if we
define yar (X, U) = ap(X,U) o [cy,x > idr] o ap (U, X) ™1, then M becomes a C-bimodule category.

(2) If (M, <, B,p) is a right C-module category, then we can equip M with the structure (M, >, a, \) of
a left C-module category by defining X > M = M 1 X, fom:=m<Jf, ay(X,Y) :=pu(Y,X)o
lida <ex,y] and Ay := pur for all X, Y € C, M € M, f € Hom(C) and m € Hom(M). In fact, if we
define ypr (X, U) = By (U, X) o [idpy < ex v] o Bu(X,U)™E, then M becomes a C-bimodule category.

Proof. We will only prove (2); the proof of (1) proceeds similarly. It is clear that > is a functor. To
check naturality of «, let X, X' VY’ € C, M,M' €¢ M, f € Hom¢(X,X'), g € Home(Y,Y’) and m €
Homp (M, M'), and consider the diagram

Ma(X®Y) MaYex) —200 L ray)yax

Jm«f@g) Jmﬂ(gééf) J(mdg)m‘

id v <dexr vr ’ '
M (X' @Y XYy iy e xty LD qyry a X

idy<ex,y

The left square commutes by naturality of ¢ and the right square commutes by naturality of 5. Hence the
big outer rectangle commutes as well. But this means that the square (2.6.1) commutes for our choice of
a. Now let XY, Z €C, let M € M and consider the diagram

Ma(X®Y®Z) —23xevz i q(zeXey) —22X) o gz)q(X oY)
J{idM<]cx,Y®z J{idMq(idZQ@CX‘Y) J{idM<12<chyy

Ma(Y®ZeX) —werz8do) g (zey o X) —24EYE0 a7y (Y ® X)
J{ﬁM(Y(@Z,X) J{BM(Z@Y’X) J{Bqu(Y’X)

(idpm ey, z)<idx Bm(Z,Y)<idx
—>.

(M<a(Y®Z)aX

(M<(ZeY) <X (M<Z)<Y)<X.
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The upper left square commutes by compatibility of the braiding with the tensor product, the upper right
and lower left squares commute by naturality of 8 and the lower right square commutes by the additional
property (2.6.5) of 8. Hence the big outer square commutes as well, which means that the square (2.6.2)
commutes for our choice of a.

Naturality of A follows immediately from naturality of p, since we have defined A\y; = pps for all M € M.
For any X € C and M € M we have the equations

an(X, )7 =By (I, X) o (idy < ex )] = Bu(, X) ™! = pyr <lidx = idx > A,
an (LX) = [Bu(X, 1) o (idy < erx)] ™' = Bu(X, 1) 7! = pyrax = Axeu,

showing that we have indeed a left C-module category.

We will now show that we actually get a C-bimodule category. Naturality of v follows from naturality
of 8 and ¢ (the proof proceeds in a similar manner as the proof of naturality of « above, i.e. by splitting
the diagram into smaller subdiagrams). To check commutativity of (2.6.8), we compute

lidx >y (Y, U)] o yyem (X, U) o [an (X, Y) <idy]
= [y (Y,U) <idx] o ypmay (X,U) o [ap(X,Y) <idy]
= [Bu(U,Y) <idx] o [(ida < eyp) <idx] o [Bar(Y,U) ™! <idx] o Baray (U, X)
o [idpray < ex.u] o Buay (X, U)o B (Y, X) <idy] o [(idy < exy) <idy]
= [Bu(U,Y) <idx] o [(idy < eyp) <idx] o By (Y @ U, X) o B (Y, U @ X) ™!
o [idpray <exu]oBu(Y, X @U) o By (Y ® X,U) ! o[(idy < exy) <idy]
= [Bu(U,Y) <idx] o B (U @Y, X) o [idy < (cy,p ®@idy)] o [idy < (idy ® ex.vr)]
o [idy < (cxy ®idy)] o By (X @ Y,U) "
= Buav (Y, X) o Bu(UY @ X) o [idy < (idy ® ex,y)] o [idu < exey,v] o Bu(X @ Y, U)™!
= Buav (Y, X) o [idyqu < exy] o Bu(U, X @ Y) o [idy < exeyr] o Bu(X @Y,U)~ !
=anqu(X,Y)oyu(X @Y, U),
and commutativity of (2.6.9) follows from
Ymav (X, W) o [ym(X,V) <idw] o Bxpam(V, W)
= Buav(W, X) o [idpav < exw] o Buav (X, W)™ o [Bu(V, X) <idw]
o [(idps < ex,v) <idw] o [Bar(X, V)™t <idw] o Barax (V, W)
= Brrav(W, X) o [idyav < ex.w] o Bar(V, X @ W) o Bar(V @ X, W) ™!
o[(idar < exy) Qidw] o By (X @V, W) o By (X, V @ W)~*
= Brav(W, X) o B (V, W @ X) o [idar < (idv ® ex,w)] o [idar < (ex,v ® idw)]
o Bu(X @V, W) Lo By (X @V, W) o Byu(X, VW) !
= [Bu(V, W) <idx] o By (V@ W, X) o [idy <exvew]oBu(X, Ve W)™
= [idx > Bu(V, W) oym (X, V@ W),
O

2.6.2 Functors of module categories; module natural transformations

In the previous subsection we defined (bi)module categories over a tensor category and we proved a lemma
concerning the case where the tensor category is braided. The present subsection only contains two defini-
tions, but these definitions are quite involved. We begin by defining the correct notion of functors between
module categories.
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Definition 2.6.5 Let C and D be strict tensor categories.

(1)

If (M,>,a,A) and (M, p,a’,\) are left C-module categories, then a functor of left C-module cat-
egories (H,s) from M to M’ consists of a functor H : M — M’ and a natural isomorphism
s: Hop —p ofide x H] of functors C x M — M’| i.e. a family

{SM(X) : H(XDM) - X » H(M)}Xec, MeM

of isomorphisms in M’ such that the square

H(X > M) Y% x p g(M)

H(fDm)J JJWH(W)

Hy s N) =y p H(N)

commutes for all XY € C, M,N € M, f € Home(X,Y) and m € Homa (M, N), satisfying the
additional property that the diagrams

(X®Y)> M)
HXv> (Y>> M) (X®Y)» HM)

SYDM(X)J JO‘/H(AM)(XA/)

X » H(Y > M) Axpoar(Y) X » (Y » H(M))
and
S]u(])
H(I> M) I'» H(M)
Im A
H(M)

commute for all X|Y € C and M € M.

If (M, <,8,p) and (M’, 4,5, p") are right D-module categories, then a functor of right D-module
categories (H,t) from M to M’ consists of a functor H : M — M’ and a natural isomorphism
t: Ho<—<4o[H xidc] of functors M x D — M’ i.e. a family

{tM(X) : H(MQX) — H(M) < X}XGD, MeM

of isomorphisms in M’ such that the square

HM < Xx) 20 g «x
H(m<f)l JH(MHJ‘
tN(Y)

H(N<Y) ——— H(N) 1Y

commutes for all XY € D, M,N € M, f € Homp(X,Y) and m € Homp (M, N), satisfying the
additional property that the diagrams
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HM<(X®Y))

H(M<X)< <«(X®Y)

tzqux(Y)J Jﬁ}{(M)(X,Y)
" .

HM<X)4Y far (X) idy (H(M) 4 X) €Y
and
t]v](])
H(M <) H(M) «I
fm} %
H(M)

commute for all X, Y € D and M € M.

3) U (M,>,a,\, <, 8, p,7) and (M, », 0/, N, 4,5, p',7") are (C, D)-bimodule categories, then a functor
of (C,D)-bimodule categories (H,s,t) from M to M’ consists of a functor (H,s) of left C-module
categories and a functor (H,t) of right D-module categories such that the diagram

H(X>M)<y) —2= L g(x > M) 4y
H(”/M(XA,Y))J JSM(X)<idy
HXr>(M<Y)) (X » HM)) 4Y

SATQY(X)J( J{’Y;—I(NI)(X’Y)

X» HMay) =) oy (1(M) 4 Y)
commutes for all X € C, Y € D and M € M.

Now that we have introduced functors between module categories, we will define natural transformations
between such functors.

Definition 2.6.6 Let (C,®,I) and (D, ®, I) be strict tensor categories.
(1) If (Hy, sb), (Ha,8%) : (M, >, 0, \) — (N, a’, X) are functors of left C-module categories, then a left
module natural transformation o : (Hy,s') — (Ha,s?) is a natural transformation ¢ : H; — Ho such
that the diagram

Hy(X > M) —2EY s Hy(X > M)

X » Hy (M) —5Z9 o % p H,(M)

commutes for all X € C and M € M.

(2) If (Hy,tY), (Ha,t?) : (M, <,B,p) — (N, 4,5, p) are functors of right D-module categories, then a
right module natural transformation o : (Hy,t') — (Ha,t?) is a natural transformation ¢ : H; — Hj
such that the diagram
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H(M<aX) —225 4 Hy(M <aX)

t}w(X)J Jt?w(x)

Hi(M) € X —2249 (M) « X

commutes for all X € D and M € M.

(3) If (Hy, s, tY), (Ha,s%,t2) : (M, >, 0\, <, B, p,7) — (N,»,a/, N, <, 3, p',7) are functors of (C,D)-
bimodule categories, then a bimodule natural transformation ¢ : (Hy, s, t') — (Ho,s?,t?) is a natural
transformation ¢ : H; — Hs that is both a left module natural transformation (Hy,s') — (Ha,s?)
and a right module natural transformation (Hy,t') — (Ha,t?).

If (Hy,s'),(Hs,s?),(Hsz,8%) : (M,>,a,\) = (N,»,a’,\) are functors of left C-module categories and if
¢ : (Hy,sY) — (Ha,s?) and ¢ : (Ha,s%) — (Hs,s?) are left module natural transformations, then the
natural transformation ¢ o ¢ : H; — Hj is a left module natural transformation. To see this, consider the
diagram

Hi(X > M) —222 5 1y (X & M)~ Hy(X > M)

S}\/I(X)J( JVS%J(X) J{Si{(x)

X o Hy(M) X220 5y fy (M) X2 X e [y (M)

for X € C and M € M. The left and right square commute because ¢ and v are left module natural
transformations, so the big outer rectangle commutes as well, showing that the natural transformation o
is indeed a left module natural transformation. Similarly, the composition of two right module natural
transformations is again a right module natural transformation, and consequently the composition of two
bimodule natural transformations is also again a bimodule natural transformation. This implies that if
we have two tensor categories C and D, as well as two (C,D)-bimodule categories M and A, then the
(C,D)-bimodule functors from M to N form a subcategory Func p)(M,N) of Fun(M,N).

2.6.3 Structures of a bimodule category on a tensor category

Our results of this subsection will be essential for our discussion in Section 4.5. Let C be a strict tensor
category. It is obvious that C can be considered as a strict C-bimodule category (C,®,®); we will simply
refer to it as C. Now suppose that we are also given another C-bimodule structure (C,>, o, A, <, 3, p,y) on
C. In this subsection we will refer to this C-bimodule category as C’, for simplicity. We will investigate the
C-bimodule functors from C to C’ in some detail.

In what follows, for any V' € C we will write Ly to denote the functor <o [V xidc], i.e. Ly (M) =V M
and Ly (m) =idy <m for M € C and m € Hom(C). Note that if < would be equal to ®, then this functor
Ly would correspond to tensoring from the left with V.

Lemma 2.6.7 Let (H,s,t): C — C' be a functor of C-bimodule categories. Then we obtain another functor
(Lu,8',t"):C— C' of C-bimodule categories by defining the functor Ly by Ly = Ly () and by defining
sy(X): Ly(X @ M) — X > Ly(M)
=H(<(X®M)  =Xp>(H(I)<IM)
ty(X): Lg(M®X) — Ly(M)< X

=H(I)<(M®X) =(H(I)<M)<X
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sh(X) =y (X, M) o [s7(X) <idp] o [t1(X) ™" <idar] o Barny (X, M)
t/]\/[(X) = ﬁH(I)(M’X)

Furthermore, if for each M € C we define an isomorphism

P HM) > L (M)
—— ——
=H(I®M) =H(I)AM
by gog\f’s’t) :=t7(M), then this defines a natural bimodule isomorphism

w(H’S’t) :(H,s,t) = (Ly,s,t).
Proof. Naturality of s’ follows from naturality of 3, ¢, s and 7. We now have to show that the square

s (X®Y)

HI)<(X®Y M) (XeY)> (H(I) < M)

S/y®M(X)J JQH(I)QM(X)Y)

idx>sh(Y)

X (HI)<(Y®M) X Yo (HI) M)

commutes for all X, Y, M € C. This follows from the computation

apnam(X,Y) osiy (X @Y)

= agnam(X,Y) ovan(X @Y, M)o[s(X ®Y) <id]
o [tr(X ®Y) ™! <idar] o B (X @Y, M)

= [idx > va@) (Y, M)] o yyeun) (X, M) o [apq)(X,Y) <idy] o [s1(X @ Y) <ida]
o[t/(X ®@Y) ™t <ida] o [Bu(X,Y) ™! <idy] o Buryax (Y. M) o By (X, Y @ M)

= [idx >y (Y, M)] o vy um) (X, M) o [(idx > s1(Y)) <idu] o [syer(X) <iday]
o [trex (V) h <ida] o [(¢1(X) ™! <idy) <ida] o Banax (Y, M) o Bun(X,Y @ M)

= [idx > va @) (Y, M)] o [idx > (s7(Y) < 1dM)] o vy (X, M) o [sy(X) <ida]
o [tx(Y) ™t <ida] o Brx) (Y, M) o [t(X) " Qidygm] o Bun(X,Y ® M)

= [idx > ym@) (Y, M)] o [idx > (s/(Y) < ldM)] o fidx >ty (M)] o syem (X) o txey (M)
o [tx(Y) ™! <idar] o Bux) (Y, M) o [tr(X) ! Qlidygar] o Buy(X, Y © M)

= [idy > van (Y, M)] o [idx > (s7(Y) <idar)] o fidy &> (£(Y) ™ <ida)] o [idx & Brn (Y, M)
o) (X, Y © M) o [s7(X) <idygu] o [tr(X) ™! Qidygn] o Bun) (X, Y © M)

= [idx > sh, (Y)] o S’Y®M(X).

The equality = can be understood by considering the diagram

33
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H(X)< (Y ® M)

BHV WJ‘@M

(HX)<Y)< M (X HI)> (YoM)

tx (V) '<idys Y1) (X,YQM)

tx(YoM)™!

HX®Y)aM X > (H(I) < (Y @ M))

txoy (M)} idx >B (1) (Y, M)
H(X®Y @ M) xetr (YoM X > ((HI)<Y)<M)
syem(X) idx > (tr (V)" <idar)
X H(Y © M) dx ety (M) X > (H(Y) < M).

The upper left and lower right subdiagrams commute because (H, t) is a functor of right C-module categories
and the middle subdiagram commutes by the compatibility condition between (H,s) and (H,t). Thus the
big outer diagram commutes as well, proving the equality =. We also have

sh(D) =y (I, M) o [si(I) <ida] o [tr(1) ™" <id] © B (ry (I, M)
=y (I, M)o [)\;II(I) <idy] o [pr () <ida] o B (I, M)
= yu (I, M) o Mgy <ida]
= AH(nam-

This proves that (Lg,s’) is a functor of left C-module categories. Naturality of ¢ follows directly from
naturality of 5. Also, we have

Braon)(X,Y) ot (X ®Y) = Buyam(X,Y) o By (M, X ®Y)
= [Buam (M, X) <idy] o Byn(M @ X,Y)
[thy(X) <idy] ot ex

for all X,Y, M € C, and
t/M(I) = BH(I)(M7 I) = p;[%])qM = pZ;(M),

showing that (Lg,t’) is a functor of right C-module categories. Finally, we have to show the diagram
HHa(XoMeY)
txem(Y) W‘
HH<(XeM)<Y X>(HI)x(M®Y))

S;VI(X)QidyJ Jidx >th (V)

’YH(I)<1M(X;Y)

(X>(HI)<M))<Y X (HI)<aM)<Y)
commutes for all X,Y, M € C. This follows from

lidx > th (V)] 0 shyey (X) = [idx & Buny (M, Y)] o vy (X, M @Y) o [s;(X) <idyey]
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o [t/(X) ™! <idmey] o Bumy(X, M ®Y)
= 7H(1)<M(X7 Y)o [“YH(I) (X, M) < idY] © 5X1>H(1) (M,Y)
o [s7(X) <idpey] o [t1(X) ™! <idmey] o Bun(X, M ®Y)
= van)am (X, Y) o [yam (X, M) <idy] o [(s7(X) <idar) <idy]
o [(t1(X)™" <ida) <idy] o Brnax(M,Y) o B (X, M ®@Y)
=Yan<am (X, Y) o [y (X, M) <idy] o [(s7(X) <idar) <idy]
o [(t1(X) ™" <idar) <idy] o [Ban (X, M) <idy] o By (X @ M,Y)
= vanam (X, Y) o [shy (X) <idy] o tygp (V).
We will now prove the second statement in the lemma. Naturality of o(:5) follows directly from naturality

of t7(—), and we also know that cpg\f’s’t) is an isomorphism for each M € C, so %) : H — Ly is a natural

isomorphism. To see that the diagram

o=t (XeM
H(X@M) PXeM 1( ) H(I)<](X®M)
o e o
; (Hoot)_
X > H(M) X ZPnD e () M)

commutes for all X, M € C, we compute

sh(X) 0 oy
= vr(n) (X, M) o [s7(X) <Qida] o [t7(X) ™" <ida] o By (X, M) ot/ (X @ M)
= 'YH(I)(X7 M) o [SI(X) < ldM] o tx(M) = [ldX > t[(M)] o SI®M(X)
= [idx & "] 0 501 (X).
We will now show that the diagram

H(M & X) eligx =t (M®X)

H(I)< (M@ X)
ta (X) Jt;w(X)_ﬁHm(M,x) (2.6.11)

H(M) < X S qid =t (M) <tid x

(HI)<M)< X

commutes for all X, M € C. This follows from

the(X) 0 S50 = By (M, X) 0 (M @ X) = [t (M) idx] o tren(X) = [p5* Qidx] o tar(X).

This finishes the proof of the lemma.
O

The essence of the lemma is that we can replace any bimodule functor (H,s,t) : C — C’ by the bimodule
functor (Lg,s’,t'), up to a natural bimodule isomorphism. The next lemma shows that the assignment
(H,s,t) — (Lyg,s',t') can be made into a functor from the category of bimodule functors C — C’ to itself.

Lemma 2.6.8 We obtain a functor T : Fune ¢)(C,C") — Fun ¢y (C,C") by defining

T[(H,s,t)] :== (Ly,s',t)
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on the objects and by defining for o : (Hy,s',t') — (Hg,s?,t?) the morphism T(o) : (Lu,, (sY), (1)) —
(L, (52", (7)) by
T(o)ar := (1) (M) oopo (t) (M)~

Proof. Let o : (Hy,s',t') — (Ha, s%,t?). We will first show that
T(0) € Hompun g o, c.cn(Lrm,s (1) (1)), (Lt (52)', (22))). (2.612)
To prove naturality of (o) : Ly, — Lg,, let M, N € C and f € Home (M, N) and consider the diagram

tr (M)~ t7(M)

Hy(I)<a M Hy(M) —22— Hy(M) Hy(I)<a M

dp, (n<f Hi(f) Ha(f) idg, ) <4f

tp(N)~! oN t7(N)
H()aN N7 gy —2 s w1y 1Y gy an.

The left and right squares commute by naturality of ¢, and the middle square commutes by naturality of o.
Hence the outer rectangle commutes as well, showing naturality of T'(c). Now consider the diagrams

tr(XoM)™! 2(X@M)
REALALN A AN

Hy(I) < (X ® M) Hy(X @ M) —222_, Hy(X @ M) Hy(I) < (X @ M)

J{(Sl);\d(X) J{S}V[(X) J{S?M(X) J(sz)'M(X)

i 1 -1 i P i 2
X (Hy(I) < M) EE1 0y g () S5P0 s xp gy () AP0 e (o (1) < M)

and

t}(MeX)™! t2(M®X)
_

Hi(I)< (M ® X) Hy(M @ X) —2X_, Hy(M @ X) Hy(I) < (M ® X)

J(tl)M(X) Jt}\/l(x) Jt?u(X) J(tQ)'M(X)

1 —1 i o i 2 i
(H(I) a M)« X T80 g gy o x —2Si g gy o x 1099 o) < ).

In both diagrams, the middle square commutes because o is a bimodule natural transformation and the
other small squares commute by (2.6.10) and (2.6.11). Thus in both diagrams the big outer rectangles
commute as well, showing that T'(o) is a bimodule natural transformation, i.e. that we have (2.6.12).

Now suppose that o : (Hy,s',t') — (Ha,s%,t2) and 7 : (Ha,s%,t%) — (Hs,s%,t3). Then T oo :
(Hy,s',t') — (Hs,s3,t3) and hence

T(roo)m (t3)1(M) o(too)yot) (M)t = (t3)1(M) OTpM OO O (751)1(M)71
(t*)1(M) o mag o () (M) ™" o (¢2) 1 (M) 0 aar o () (M)

I
T(T)moT (o) =[T(7) o T(0)]n,

so T is indeed a functor.
O

Now that we have seen that we have a functor 7' : Fun ¢y (C,C") — Func ¢y(C,C’), we will show that
this functor is naturally isomorphic to the identity functor on Fun ¢)(C,C’). Fortunately, the proof is easy
and short.
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Lemma 2.6.9 We have a natural isomorphism ¢ : idFun(C,c)(C,C’) — T of functors Fun ¢)(C,C") —
Fun ¢y (C,C"), where

QU - (H s t) — T[(H, s,t)] = (L, s, t)

is as defined in Lemma 2.6.7 above®.

Proof. Let (Hy,s',t!), (Ha,s%,t%) € Func ¢y (C,C’) and let o € HomFun(C,C)(C’C,)((Hl,sl,tl)7 (Ho, s%,12)).
We must show that the square

(Hq,st,t1)
(Hy,s' t') 2 T[(Hy, 8", tY)]

UJ( J{T(U)
2 ,2)

(Hg,s
(Hy, 2,12) —2—" " T((Ha, s%,12)]

commutes. But this follows from the fact that for each M € C we have
T(0)ar 0 ) = 2(M) 0 oag 0 th(M) ™ 0 t1(M) = £2(M) 0 oas = {251 6.5y
O

For future reference, we will now summarize our results in the following theorem, specialized to the case
where the C-bimodule structure is strict.

Theorem 2.6.10 Let (C,®,1I) be a strict tensor category, also considered as a strict C-bimodule category
(C,®,®) which will be denoted by ®C® for simplicity, and suppose that we have some structure (C,>,<1) of
a strict C-bimodule category on C; we will refer to this C-bimodule category as ®C<.

(1) We obtain a functor T : Funic ¢y (¥C®,”CY) — Func ¢)(¥C®,>CT) by defining

T((H,s,t)] = (Lp, s, 1)
for (H,s,t) € Func ) (®C%,>C7), where
shy(X) == [s7(X) <idp] o [tr(X) ™! <idyy]
thy(X):=1id
and by defining T(c) by
for o : (Hy,s',t') — (Ha, s%,t%).

(2) We have a natural isomorphism

2 idFun(c)c)(@)C@,DCQ) =T,

where U130 o (H,s,t) — T[(H, s,t)] = (L, s, ') is given by

o =t (M) : H(M) — H(I) < M.

9Usually our convention is to write lower indices for natural transformations. However, in our computations above it was

very convenient to use an upper index for ¢ rather than a lower index, because otherwise we would have to write expressions
like (‘P(H,s,t))M instead of Lpgél’s’t)
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2.7 Linear categories

A category C is called an Ab-category (or pre-additive category) if Home(V, W) is an abelian group for all
V,W € C and if the composition is bi-additive. We use the term ’bi-additive’ here because we will always
write the abelian groups Home (V, W) additively and we will denote the neutral elements in these groups
by 0.

Remark 2.7.1 Recall the definition of the disjoint union | |, 4 Co of categories {Co}aca as introduced in
(2.1.1). In case all C, are Ab-categories, we replace the empty set () in the definition of the disjoint union
with {0}. This assures that the disjoint union is also an Ab-category in this case. The reader should keep
this convention in mind, especially in Chapter 4 where we will define the category Z;(C) as a disjoint union.

If V, V1, V5 € C are objects in an Ab-category, then V is called a direct sum of Vi and Vs, written V = V; V5,
if there exist morphisms f; : V; — V and f;: V — Vj such that fo f; =idy, and fi o f] + f2 0 f3 = idv,
where j € {1,2}. Consequently, f]’ ofr =0if j # k. An Ab-category C is said to have direct sums if for
any Vi, Vs € C there exists a direct sum V =2V} @ V5.

The following lemma shows that direct sums in a tensor category behave nicely with respect to duals.
The proof is a straightforward computation.

Lemma 2.7.2 Let C be a tensor category that has direct sums. Suppose that V1, Ve € C have two-sided duals
(Va,b1,dy, b, dy) and (Va, b, da, by, db), respectively, and let V= Vy & Vo and V =2 Vi @ Va be direct sums
implemented by morphisms f; € Home(V;, V), fi € Home(V,Vj) and g; € Home (V;, V), g; € Home (V, V),
respectively. Then (V,b,d, V', d') is a two-sided dual for V with

b=[fi®gi]oby + [fo® g2 0b2
d=dyolg ® fi] +dz0[g2® fo
V' =1[g1® fi]o b} + [92 ® fo] o by
d' =dyolfi®gq]+dyo[fs® gal.

If F is a field, then a category C is called F-linear if Home(V, W) is an F-vector space for all V,W € C and
if the composition is F-bilinear. If V is an object in an F-linear category C then V is called irreducible if
Ende(V) = F -idy. Note that if I is irreducible and C is spherical, then the dimension d(V') € End¢(I) =
F -id; of any object can be considered as an element in F. An F-linear category is called rational if it has
finitely many isomorphism classes of irreducible objects.

Definition 2.7.3 An F-linear category C is called semisimple if
e it has direct sums;
e idempotents split'?;
e any object is a finite direct sum of irreducible objects.

Definition 2.7.4 An F-linear tensor category'! C is called a fusion category (over the field ) if
e it is semisimple;

it is rational;

every object has a two-sided dual;

Home (V, W) is finite-dimensional for every V., W € C;

[ ]
[ ]
[ ]
e its unit object is irreducible.

10A category is said to have split idempotents if for any idempotent p € Endc (V) in the category C there exists an object
U € C together with morphisms i : U — V and r : V — U with r o4 =idy and p = i or. In Subsection 2.7.4 we will consider
this concept in detail.

1 This means that C is a F-linear category that is also a tensor category, satisfying the additional property that the tensor
product is F-bilinear on the morphisms.
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If C is a fusion category over the field F and if X € C is irreducible, then we can define the square dimension
d*(X) of X by
dQ(X) = dL(X) dR(X) = (le o bx) . (dX o b/X)

It is easily checked that the square dimension of an irreducible object is independent of the choice of the
two-sided dual and is therefore well-defined. If two irreducible objects are isomorphic, then their square
dimensions are equal. Thus for each fusion category C we can define its dimension by

dim(C) == " d*(X,),

where {X; }; is a complete set of representatives of isomorphism classes of irreducible objects of C. In case C is
a spherical fusion category and X € C is irreducible, we have d?(X) = d(X)? and hence dim(C) = Y, d(X;)%.

A braided fusion category (over a field F) that is a ribbon category is called a pre-modular tensor category.
If C is a pre-modular category and if V, W € C, then we define

S(V,W) = [dy ® djy] o [idy ® cpyy @ idg] o [b, @ bw],

which is an element in End¢(I) = F-id; that only depends on the equivalence classes of V and W. If {V;}; is
a complete set of representatives of equivalence classes of irreducible objects in C, then we define the matrix
Si; = S(V;,V;). If this matrix is invertible, then C is called a modular tensor category. It can be shown
that a pre-modular tensor category is modular if and only if its only degenerate objects are isomorphic to
I®" for some n.

2.7.1 x-categories

Definition 2.7.5 Let C be a C-linear category. Then a positive x-operation on C is a family of conjugate-
linear maps {* : Hom¢(V, W) — Hom¢ (W, V) }y,wece, denoted by f — f*, satisfying

o [ :=(f*)" = ffor any f € Home(V,W) and V,W € C;

e (go f)* = f* o g* for any composable f,g € Hom(C);

e f*o f=0implies f =0if f € Hom(C).
A category equipped with a positive x-operation is called a *-category.

Let C be a *-category and let f € Home(V, W) with VW € C. Then f is called an isometry if f*o f =idy,
f is called a co-isometry if fo f* =idy and f is called unitary if it is both an isometry and a co-isometry.
In case V = W, then f is called self-adjoint if f = f* and f is called a projection if f = f* = f2. A
x-category C is said to have subobjects if for any V € C and any projection p € Ende(V) there exists a
U € C together with an isometry u € Home (U, V) such that w o u* = p. Direct sums in *-categories are
defined in the same way as in the more general F-linear categories, except that we now demand that the f;
are isometries u; and that f]’ is replaced by uj. We say that a -category has direct sums if for every two
objects V7 and V5 there exists a direct sum V = V; @ V5.

If V is an irreducible object in a x-category C, then for any W &€ C the vector space Home(V, W) is an
inner product space with inner product defined by (f,g) -idy = g* o f.

A tensor category C that is also a *-category is called a tensor x-category if (f ® g)* = f* ® g* for all
f,g € Hom(C). If V is an object in a tensor *-category and if (W, b, d) is a left dual of V', then (W, d*,b*) is
a right dual of V; similarly, if (W, ¥, d’) is a right dual of V, then (W,d’",b’") is a left dual of V. Thus, any
one-sided duality in a tensor x-category is automatically a two-sided duality. For this reason, the notion of
duality is defined somewhat more symmetrically in a tensor x-category:

Definition 2.7.6 Let C be a tensor x-category and let V € C. Then a conjugate of V' is a triple (V,r,7),
where VeCandr:I -V @V and7:1 — V ® V are morphisms satisfying

[idv ® ’l"*] o [F@ 1dv] = idv
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[ldv ® ?*} o [7” & ldv] = ldv
We say that C has conjugates if every object has a conjugate.

The following lemma demonstrates that conjugates are uniquely determined up to isomorphism. This result
will be important to us later.

Lemma 2.7.7 Let C be a tensor x-category and let (Wy,r1,T1) be a conjugate for V € C.
(1) If Wy € C and f : W1 — Wa is an isomorphism, then (Wa,r2,T2) is also a conjugate for V, where
ry = [f @idy]ory and 7o := [idy @ (f~1)*] o 7.
(2) If (Wa,re,Ta) is a conjugate for V', then there exists an isomorphism f : Wy — Wy such that ro :=
[f ®idy]ory and Ty = [idy @ (f~1)*] o7y.
In fact, Wa, f) — (Wa, [f @idy]ory, [idy @ (f71)*] oT1) is a bijection with inverse given by (Wa,re,To) +—
(Wa, [r} ®idy] o [idw, & 7).

Proof. The proof of part (1) is a straightforward computation. For part (2) we note that f : Wy — Wy
is defined by f := [r} ® idy] o [idw, ® To], which is indeed an isomorphism with inverse given by f~! =
[idw, @ 73] o [r1 ® idyw,]. Indeed,

= [idw, ® 7} ® idy] o [idw,gv ® r1] oo = [idw, ® 7 ® idy] o [re ® idw,gv] o 1
=[f®idy]omr

[idy ® r] ®idw,] o [F1 @ idvew,] o T2 = [idy ® r] ® idw, | o [idvew, ® T2] 0T
[idv ® (f71)]-

O

We now introduce a class of categories that is extremely important in algebraic quantum field theory,
because the category of the so-called DHR endomorphisms of a quantum field theory belongs automatically
to this class.

Definition 2.7.8 A tensor *x-category is called a T'C* if

e it has direct sums, subobjects and conjugates;

e Hom¢(V, W) is finite-dimensional for all VW € C;

e its unit object is irreducible.
A TC* will be called a BTC* if it has a unitary braiding and a BT'C* is called an STC* if the braiding is
a symmetry.

We mention that a TC* is automatically semisimple. Consequently, a rational (B)T'C* is a (braided) fusion
category.

2.7.2 Completion with respect to direct sums

We now wish to extend an Ab-category in such a way that it has direct sums. To motivate this exten-
sion, we first make the following observation. Suppose that C is an Ab-category and that we are given
a direct sum V = Vi @ Vo with corresponding morphisms f; and fj’ If U € C then we will write
Home (U, Vi) @ Home (U, V) to denote the direct product of the two groups Home(U,V;), i.e. the set
of elements in Home (U, V1) x Home (U, V) with componentwise addition. Similarly, if W € C then we also
define Home (Vi, W) @ Home (V, W). Now fix some U, W € C. Then it is easy to check that the assignment

Home (U, V) — Home (U, V1) @ Home (U, V2)
g (fiog, fr09)
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is an additive bijection with inverse given by (g1,92) — f1 0 g1 + f2 0 go. Similarly, the assignment

Home (V, W) — Home (Vy, W) @ Home (Vo, W)
h (ho fi,ho fa)

is also an additive bijection with inverse given by (hi, hg) — hy o f{ + ha o f5.

These two bijections show how the morphisms to and from a direct sum V = V3 & V, are related to the
morphisms to and from V; and V5. This will now be used to extend an Ab-category in such a way that it
has direct sums.

Let C be an Ab-category. We then define a new category C® as follows. The objects of C® are finite
sequences of objects in C, i.e. Obj(C®) = {(Uy,...,U,) € C*",n € Z>1}. The morphisms in C% are
matrices with entries that are morphisms in C. More precisely, if (Uy,...,U;), (V1,..., V) € C® then we
define

Homc@((Ul, ey Ul), (Vl, ey Vm)) = {F = (FU) : Fij S HOmc(Uj, VZ)},

where of course 1 <i<mand 1< j <[ soF isan mxl-matrix. If F € Homes ((U1,...,U1), V1,...,Vin))
and G € Homes (Vi,...,Vy), (Wh,...,W,,)), then we define the composition G o F' by

(GO F)z] = ZGtk e} ij
k=1

Because both o and matrix multiplication are associative, the composition in C® is associative. If (Uy,...,U;) €
C® then we define id(y,,...,v) to be the diagonal matrix

.....

id(U11-~~7Ul) = diag(idUl, e ,idUl),

which obviously serves as the identity morphism of (Ui, ..., U;). Thus C® is a category and we can identify
C with the full subcategory of C®¥ determined by the objects that are 1-tuples. It is clear that C® is again an
Ab-category with addition of morphisms defined by matrix addition. We will now show that C® has direct
sums. Let U = (Uy,...,U)),V = (Vi,...,Vyn) € C® and consider W := (Uy,...,U;, Vi,...,Vy) € CP. We
then define morphisms F' € Homee (U, W), F' € Homes (W,U), G € Homee (V, W) and G’ € Homees (W, V)
by

id . 075 .
F .= <1 <U17~--7Ul>>, F' = (idw,,..v) Oixm), G:= ( Ix ) G = (Omxi idg,. ) -

mxl

Then F'o F' =idw,, .. v,), G'o G =idy, .. v,,) and

id 0 0 0
FOFI+GOG/: (1 (U1 ..... Ul) l><m> + < Ixl . Ixm > :id ,
Omxl 0m><m O'm><l 1d(Vl,.‘.,Vm) W

showing that these morphisms make W into a direct sum of U and V. Thus C® indeed has direct sums.
Note that we can now interpret any object U = (Uy,...,U;) € C® as a direct sum U 2 U; & ... & U; of the
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U; € C. Tt is clear that if C is F-linear, then so is C®. In case C is a strict tensor category, C® can be made
into a strict tensor category as follows. On the objects we define

(Ul,...,Ul)®(‘/1,...,Vm):(Ul®‘/i,...,U1®Vm,UQ®Vl,...,Ul®Vm)7

i.e. we use the lexicographic ordering of the indices ¢ and j in order to determine the order of the U; ® V.
We can rewrite this equation as

((Ula"'uUl) & (Vhavm))(l,J) = U’i ®‘/J7

where the set of double indices (i, j) is ordered (so the left-hand side describes a well-defined object of C®,
i.e. it describes an ordered ! x m-tuple of objects in C). Now let F' € Homeo ((Uy,...,U;), (U, ..., U})) and
G € Homeeo (V4,..., Vi), (V{,...,V}.))). Then we define their tensor product by

(F®@G) @ j,6.5) = Firi @ Gyrj.

The unit object is simply the 1-tuple (I). If C also has a x-operation making it a tensor x-category, we can
define a x-operation on C® by (F*);; := F7,. In this way C?® also becomes a tensor *-category.

2.7.3 The enriched product of linear categories

Let C and D be F-linear categories. We then define an F-linear category C Xy D as follows. Its objects are
pairs (V,W) € C x D, denoted by V K W, and the morphisms are given by

Homeg,p(V R W, V' ®W’) := Home (V, V') K Homp (W, W), (2.7.1)

where X on the right-hand side is the tensor product of vector spaces.

Before we define the composition (and later also the tensor product in case C and D are tensor categories)
in CXy D, it is good to briefly recall the definition of a tensor product of vector spaces. If (Vi,...,V,) is an
ordered n-tuple of F-linear vector spaces, then a tensor product of (Vi,...,V,) is a pair (V, ¢) consisting of
an F-linear vector space V' together with a multilinear map ¢ : Vi x ... x V,, — V such that for any F-linear
vector space X and any multilinear map T : Vi x ... x V;, — X there exists a unique linear map 7" : V — X
such that T = T’ o ¢, i.e. any multilinear map from Vi x ... x V,, factors uniquely through V.

Vix...xV, T X

Nz

v

It can be shown that tensor products exist and are unique up to isomorphism. Once some tensor product
(V,¢) has been chosen, it is convenient to denote the vector space V by V; ® ... ® V,, and to write v; ®
... ®uUy 1= p(v1,...,v,) when v; € Vj. The vector space V1 ®...® YV, is spanned by the vectors of the form

U1 @ ...Q v, (these vectors are often called homogeneous). If all V; are finite-dimensional and if for each
j we choose a basis (e((f))il:l(vj) for V;, then the vectors e&ll) ®...® egﬁ? form a basis for V1 ® ... ®V,. In
particular, dim(V; ® ... ® V) = dim(V1) dim(V2) . . . dim(V},).

The composition in the category C Xy D is now defined by

(2l ge)o (fi®gr):=(fa0 f1) X (g2091)

on homogeneous elements and this definition is then extended by linearity to arbitrary elements. This
composition is associative and for any VXKW € C X D the morphism idy X idy is the identity morphism
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idygw, so CXgC is a category that is obviously F-linear. Note that an object in this category is irreducible
if and only if it is of the form V' X W with both V and W irreducible.
If C and D are F-linear strict tensor categories, then we can define a tensor product

(ViRWY) @ (Vo BWs) := (V; @ Vo) R (W, @ Wh)

on the objects of C Ky D and similarly on the morphisms. This makes C Xy D into a strict tensor category
with unit object I = I X Ip. Completing this category with respect to direct sums, we obtain a new

category
CXD:=(CKy D)@,

which will be called'? the enriched product of C and D from now on. Many authors call C XD the Deligne
product of C and D, but we will not use this terminology.

2.7.4 Splitting idempotents and the Karoubi envelope

Let C be a category and let V' € C. If there exists a U € C together with morphisms ¢ : U — V and
r:V — U satisfying r o i = idy, then the triple (U, 4,r) is called a retract of V. Note that i o r € Ende (V)
is automatically an idempotent, since (ior)o (ior) =io (roi)or =ior. Not every idempotent in a
category comes necessarily from a retract in this way, but when it does we will give it a special name:

Definition 2.7.9 If C is a category, if V € C and if f € End¢(V), then f is called a split idempotent if
there exists a retract (U, 4,r) of V with f = ior. A category in which each idempotent is a split idempotent
is said to have splitting idempotents or is called a Karoubian category.

Now suppose that C is a Karoubian tensor category, let p € Ende (V) be an idempotent and let (U, 4,7) be
a retract corresponding to p. The following lemma demonstrates that if V' has a left or right dual, then so
has U. The proof is a straighforward computation.

Lemma 2.7.10 Let C be a Karoubian tensor category, let (W,b,d,b',d’) be a two-sided dual for V € C and
let (U,i,r) be a retract of V' corresponding to some idempotent p € Ende (V). If (W1,i1,71) and (Wa, iz, 73)
are retracts of W corresponding to the idempotents

p1 = [d®idw] o [idw ® p® idw] o [idw ® b] € End¢ (W)

P2 = [ldW ® d/} o [ldW RpR ldw] o [b/ ® ldw] S EIldc(VV)7

respectively, then (W1,b,d) is a left dual for U and (Wa, V', d’) is a right dual for U with

b=[r®riy]ob
d=doli; ®1
bV =[ro@r]ol
d =d oli®is.

If py = py then we can choose (Wy,i1,1m1) = (Wa, iz, m2) = (W,i,7) and in that case (W,b,d,b',d’) is a
two-sided dual for U.

There is a canonical way to make a category Karoubian. If C is a category, then we define its Karoubi
envelope C to be the category with objects given by

Obj(C) ={(V,e): V €C,e € End¢(V),e0e = e},

12More precisely, one should call this the product of C and D enriched over the category of F-vector spaces. However, since
we will not be considering any other types of enriched products, there will be no confusion. See also [53] for more details.
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with morphisms given by

Homf((vlvel)ﬂ (‘/2762)) = {f € HomC(VhVZ) tepo f=f= foel}
={f € Hom¢(V1,V2) : f =exo0 foer}
= eg o Home (V3, V3) o ey.

and with composition given by the composition in C. To see that g o f € Homg((V1,e1), (Va,e3)) whenever
f € Homg((Vi,e1), (Va,e2)) and g € Homg((V2, e2), (V3,€3)), we notice that

e3o(gof)oe; =ezo(esogoeg)o(egofoer)oe; = (e3ogoez)o(egofoe;)=gof.

The identity morphism on (V, e) is id(y,e) = e. It is straightforward to check that C has splitting idempotents.
In fact, if (V,e) € C and if p € Endg((V,e)) is an idempotent, then ((V,p),p,p) is a retract of (V,e) that
splits the idempotent p. The functor Sk : C — C defined by Ik (V) = (V,idy) and Ik (f) = f is fully
faithful and is also injective on the objects.

In case C is a strict tensor category, the Karoubi envelope can also be equipped with the structure of a
strict tensor category. Namely, if (Vi,e1), (Va,ez) € C, then we define

(Vi,e1)®(Va, e2) := (V1 @ Va,e1 ® e2),

where we have used that (e; ®€2)2 = 612@622 = e1®eg by the interchange law. On the morphisms we simply
define f1®f2 := f1® fa for fi1, fo € Hom(C). To see that fi ® fo € Homgz((Vi®V2,e1®e2), (V] @ V3, e ®e)))

whenever f; € Homg((Vj,e;), (V] €})) for j € {1,2}, we note that

[f1® fa]oler®ea] = [fioel] @ [faoea] = f1 ® fo

[l ®@er)o[fi® fo] =[e1 o fi]l ®[eho fo] = f1 @ fa.
Finally, if we define I := (I,id;), then for any (V,e) € C we have I&(V,e) = (V,e) = (V,e)®1I, and for any
f € Hom(C) we obviously have id;®f = f = f®id;. Thus C is indeed a strict tensor category. Also, the
functor #x : C — C defined above is a strict tensor functor.

Now let (V,e) € C and suppose that (VV, by, dy ) is a left dual for V € C. We can then make (VV,ev) € C
into a left dual for (V,e) as follows. We define bey,.) € Home(I,V ® VVY) and d(y,ey € Home(VY ® V, I) by
b(V,e) = [6 ® idvv] o by
d(V7e) =dy o [idyv ® €].

These morphisms satisfy
[e@e']oby,) =[e®@e’]ole®idyv]oby =[e®e"]oby = [e* ®idyv]oby = by
d(v,e) © [V ®e] =dyofidyv @e]ofe’ @e] =dyoleY @e] =dy o fidyv ®e?] = d(v,e)
and of course by, o id; = bey,e) and id; o diy,e) = d(v,e), which means that b,y € Homg((Z,id;),(V ®
VY, e®eY)) and dy,) € Homg (VY @ V,e¥ ®@e), (I,idy)). Also,
v®@eY]olidyv ®e? ®@idyv]ole¥ @ by]
[dv (9 1dvv] [idvv ®XRKeQR idvv] o [idvv ® bv] oe’

[d(u@@id(vv’ev)] [ld(vv ev)®b Ve ] = [

ev o

(€")? =e" =idv ev
[e®

6

] [1dv®vv X e] o [6 (9 idvv®v] o [bv ® 6]
ofidy ® dy]o[by ®idy] o e =et=e= id(V,e),

[id(v,e)®d(v,e)]0[b(v,e)Pid(v,e)] =
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so we conclude that ((VV,eY),bwv,e),d(v,e)) is a left dual for (V,e). Thus, if C has left duals, then C also
has left duals. The same statement is also true for right duals. Namely, if (VV,b{,,d},) is a right dual

for V € C, then ((V‘/,Ve),b’(v’eyd’(v’e)) is a right dual for (V,e) € C, where b/(V,e) = [idvy ® e] o bl, and
dl(V,e) :=dj, o [e ®idvy]. The proof goes almost the same as for left duals.

Let C be an Ab-category that has direct sums and let (Vi,py), (Va, p2) € C. Because C has direct sums,
there exists an object V' € C together with morphisms f; € Home(V},V) and f; € Home(V,V;) such

that f;o f; = idy, and fi o f{ + fao f3 = idy for j € {1,2}. Define ?j = fj opj, f; := pj o f; and
p:= fiopio fi+ faopzo f5. Then p* = p, so (V,p) € C, and we also have po f;op; = f; and p; of; op = ?;,
ie. f; € Homg((V},p;), (V,p)) and f; € Homg((V,p), (V},p;)). It is a straightforward computation to show
that (V,p) is a direct sum (V,p) = (V1,p1) ® (Va,p2) implemented by the morphisms fj and f; Thus we
conclude that if C has direct sums, then so has C. B

Now suppose that C is a x-category. Then the objects of C are also defined to be pairs (V,p) as above,

but we also require that p* = p (i.e. that p is a projection rather than just an idempotent). Then C also
becomes a *x-category, where we define the x-operation to be the same as in C.

2.8 Group actions on tensor categories

If G is a group, let G be the category with Obj(G) = G, with Endg(q) = {id,} for ¢ € G and with
Homg(q,r) = 0 if ¢, € G with g # 7. It becomes a strict tensor category with tensor product ¢ ® r = gr
and idy ® id, = idg, and with unit object e.

Definition 2.8.1 If G is a group, then a G-action on a tensor category (C,®,1,a,l,r) is a tensor functor
(F, e, 6F) : G — Aut®(C). A tensor category that is equipped with a G-action is called a G-category.

Since the objects of Aut®(C) are again tensor functors, the functor F' assigns to each object ¢ € G a triple
(Fy,efa,6F), which we will simply denote by (F,,?,87). In the following two remarks we will unfold the
definition of a G-action in great detail, mainly in order to introduce the notation.

Remark 2.8.2 Let g € G be fixed. The fact that (Fj,e%,9) is a tensor functor means that
e I, :C — Cis a functor.
e §7:®o0 (Fy x Fy) = Fyo® is a natural isomorphism of functors C x C = C, i.e. a family

{(;lqj,v F(U)e Fy(V) = Fy(UeV)luvee
of isomorphisms in C such that the following square commutes

q
6UV

Fy(U)® Fy(V) : F,(UaV)
Fq(f)®Fq(g)J JFqu@g)
6q/ ’
F,(U") ® Fy(V") ciMe F,(U' V")

for any objects U, V,U’, V' € C and morphisms f € Hom¢(U,U’) and g € Home (V, V'), satisfying the
additional property that the diagram

AFq(U),Fq(V),Fqg(W)

(Fy(U) © Fy(V)) @ Fy(W)

Fy(U) @ (F(V) © Fo (W)

6['7],V®idpq(w)l liqu(U)@’&g/,W
F,U®V)® Fo(W) F,(U)® Fy(VeW) (2.8.1)
(SqU@V,WJ/ l&gr‘/@W

Fy(av,v,w)

F(UaV)®W) F(U® (VeWw))
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commutes any U, V,W € C. In case C is a strict tensor category, this diagram reduces to

idp, () @8,
=7

Fy(U) @ Fy(V) @ Fy (W) FU) @ Fy(VeoWw)

J{‘Sg,vggw

55,v®iqu<W)J

5‘1
F,(U®V)® F,(W) eny F,(UaVaW).
o ¢?: ] — F,(I) is an isomorphism such that the diagrams
l T
1 Fy(U) —— F,(U) Fy(U) ® 1 —=— Fy(U)
5q®iqu(U)J/ F'J(ZU)T and lidpq(U)@)aq TFq(TU)
s s
F,(I)® F,(U) —% F,(IU) F,(U)® Fy(I) -5 F,(Ua1)

commute for all U € C. In case C is a strict tensor category, these diagrams become the identities

Ofpe (e @idpw) = idrw
00,1 © (dp,@) ®e?) = idr,@)
which hold for all U € C.
Remark 2.8.3 The fact that (F,e,§7) is a tensor functor means that
e [': G — Aut®(C) is a functor. Note that the functor F is quite trivial on the morphisms since the
only morphisms in the category G are the identity morphisms.
o 67 : @pme(e) © (F x F) = Fo®g is a natural™® isomorphism of functors G x G — Aut®(C), i.e. a

family
{65:7" : (Fq o Fra €q < 5ra 690 5r) — (Fqu gqr’ 5qr)}q,T’€G

of isomorphisms in the category Aut®(C). Thus each 6F, is in fact a family

{(0g)v + (Fyo F)(V) = For(V)}vee

of isomorphisms in C such that the following square commutes

(6F v
(FqOFT)<V> qu(v)
(quFT)(f)J Jqu(f)
(CHI
(Fyo Fr)(V) : For (V)

for all V, V' € C and f € Hom¢(V, V'), and such that the diagrams

Fy(Fo(I))
Fy(e™)oe?
I (CHY
car
Fyr(I)

13The naturality gives no extra conditions here because G is discrete.
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and

Fa(00,v)00% vy, mr(v)

Fy(F.(U)) ® Fy(Fr(V)) F (F.(U®V))
(6FueL,)v (6F Yvev
gy
Fyr(U) @ Fyr (V) Fpr(UaV)

commute. The 55 ,~ are required to satisfy the additional property that the square

Fo((5E,
(Fy0F,o0F)(V) u((07)v)

(551)&(\/{
(Fgr o F5)(V)

(Fyo Fps)(V)

J{(&f,vs)v

(Fyrs)(V)

(8gr,s)v

commutes for all V € C and ¢,r, s € G.
e cf":ide — F, is an isomorphism in the category Aut®(C), i.e. a family

{et: V= F.(V)}vee

of isomorphisms such that the following square commutes

for all V,V’' € C and f € Hom¢(V, V') and because it is also a tensor natural isomorphism, it must
also satisfy the equalities

el =¢°

F F o _F
cvgy = Opv © ey @ ev].
Also, f' satisfies the additional property that

) (6£q)v °© ggq(v)

idp,vy = (dp)v =
F)v = (65 .)v o Fy(efy)

i
iqu(V) == (ld
for all V' € C, where idF, denotes the identity natural tensor isomorphism from Fy to itself.

Definition 2.8.4 A G-action F on a strict tensor category (C,®,I) is called strict if
o F(VeW)=F,(V)® F,(W) and F,(I) =1 for all ¢ € G and V,W € C;
o [y, =F,0F, forall ¢g,r € G and F, = idc;
o for all ¢,7 € G and V,W € C we have 65 = idy = idFe(V); (657")‘/ = iqu(Fr(V)) = iquT(V)a
el =idy = idp,() and 6y, = idp,()er,w) = 1dr,(vew)-
A strict tensor category with a strict G-action is called a strict G-category.
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If C is a strict tensor category with a strict G-action F, then we define the fixpoint subcategory C¢ of C as
follows. The objects of C¢ are the objects V' € C for which F,(V) =V for all ¢ € G and the morphisms
from V € CY to W € CY are the morphisms in f in Home(V, W) for which F,(f) = f for all ¢ € G. Thus

Obj(CE) :={V €C: F, (V) =V for all ¢ € G}
Homee (V,W) :={f € Hom¢(V,W) : F,(f) = f for all ¢ € G}

It follows from functoriality of F; for each ¢ € G that C% is a subcategory of C. Because each F, is a tensor
functor, it is also easy to see that C% is a tensor subcategory of C.

2.8.1 (G-functors and natural G-transformations

We will now consider the extra conditions that a tensor functor between G-categories has to satisfy in order
to respect the G-actions of both categories.

Definition 2.8.5 Let G be a group and let (C,®,1,a,l,r) and (C',®",I',a’,l’,7") be tensor categories with
G-actions I and F”’, respectively. Then a G-functor from C to C’ is a tensor functor (K,e¥,§%) from C to
C’ together with a natural isomorphism ¢%(q) : K o F, — F, o K for each g € G, i.e. a family

{65 (a)x + K(Fy(X)) = Fy(K(X))}xec

of isomorphism in C’ such that for any X,Y € C and f € Hom¢(X,Y) the diagram

K(Fy(X)) 9%, pr(k (X))

K(FQ(f))J JFQ(K(f))

K(F,(V)) —% Fr(K(v))

commutes, satisfying the following additional properties:
e for each X € C and ¢,r € G the diagram

" ()r, Fo(6%(r)x)
K(Fy(F(X))) TR (K (F(X))) Fy(FL(K(X)))
K((‘Sir)x)J J(fsf,:.)x(x)
¥ (qr)x /
K(Fgr (X)) Fo(K(X))
commutes;
e for each X € C the diagram
K(X)

K(E;Fc)J( w
fK(e)X /

K(Fe(X)) —— FI(K(X))

commutes;
e for any X,Y € C and ¢ € G the diagram
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3y S Fg (X), g (¥) ,
K(Fy(X®Y)) «+————— K(F(X) @ Fy(Y)) «———— K(Fy(X)) @ K(Fy(Y))
fk(Q)X®YJ JﬁK(Q)x@ﬁK(q)Y
F/
L% ) 83y, K ()
F;(K(X ®Y)) ? Fé(K(X) ® K(Y)) Fé(K(X)) ®' F;(K(Y))
comimutes.

Let (K,eX 6K ¢K):C — C" and (L,er, 6L, ¢L) : ¢’ — C” be two G-functors. We have already seen that
the functor L o K can be equipped with the structure of a tensor functor. In addition, it also becomes a
G-functor by using the composition

L5 (q)x) (@) r(x)

L(K(Fy(X))) L(Fy(K(X))) F(L(K(X)))
for ¢ € G and X € C. Thus we conclude that the composition of two G-functors can again be equipped
with the structure of a G-functor.

Definition 2.8.6 Let G be a group and let (C,®,1,a,l,r) and (C',®',I';a’,l’,7") be tensor categories
with G-actions F' and F’, respectively. If (K,e¥, 6% ¢8) and (L,el, 6%, &%) are G-functors from C to C’
then a natural G-transformation ¢ : (K, 6% ¢K) — (L, e 6%, ¢1) is a natural tensor transformation
o (K,ef,68) — (L, el 6%) such that for each X € C and ¢ € G the diagram

PFq(X)

K(Fy(X)) L(Fy(X))
5%){ Js%nx
FI(K(X)) 2, prnx))

commutes.

Now that we have introduced G-functors and natural G-transformations, we can use these notions to define
an equivalence between G-categories.

Definition 2.8.7 Let G be a group and let (C,®,I,a,l,r) and (C',®’,I',a’,l’,7") be tensor categories with
G-actions F' and F’, respectively. A G-equivalence (or equivalence of G-categories) from C to C' is a G-
functor (K, 6% ¢K) : C — C' such that there exists a G-functor (L,e%, 6% ¢F) : C' — C together with
natural G-isomorphisms ¢ :ide: — K o L and ¢ : L o K — id¢. If there exists such a G-equivalence then C
and C’ will be called equivalent G-categories.

2.8.2 Braiding and duality in G-categories; modular tensor G-categories

We have already defined braidings and duality for tensor categories, and these definitions remain unchanged
when a tensor category is also equipped with a group action. However, in the presence of a group action it
would be nice if these notions are compatible with the group action. We will now define the corresponding
compatibility conditions, beginning with the braiding.

Definition 2.8.8 If GG is a group and if C is a G-category, then a braiding c on C is called compatible with
the G-action (or G-compatible) if for any V,W € C and ¢ € G the square
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CFq(V),Fq(W)

Fy(V) @ Fy(W) FE,(W) @ Fy(V)

o] .

Fy(V & W) —0 s B(W o V)

commutes. If C is a strict G-category, then this diagram reduces to the equation Fy(cy.w) = CF,(V),Fy(W)-

When we compare the square diagram in this definition with the square diagram in Definition 2.4.5, we see
that ¢ is G-compatible if and only if (Fy, 9, d9) is a braided tensor functor for each ¢ € G.

Definition 2.8.9 Let C be a strict tensor category with strict G-action F.
(1) If C has a left duality ((.)V,b,d), then we call this a left G-duality if it has the property that for all
g€ Gand V € C we have Fy (V) = F(V)Y, Fy(bv) = bp, vy and Fy(dv) = dg,v).
(2) If C has a right duality (¥(.),b’,d’), then we call this a right G-duality if it has the property that for
all g € G and V € C we have Fy (V) = VF(V), Fy(by,) = by, 1y and Fy(dy) = dp, .

(3) If C has a two-sided duality ((.),b,d,V’,d’), then we will call this a two-sided G-duality if ((.),b,d) is
a left G-duality and ((.),b’,d’) is a right G-duality.
(4) If C admits a two-sided G-duality and is pivotal or spherical with respect to some given two-sided

G-duality, then C will be called G-pivotal or G-spherical, respectively.

Remark 2.8.10 Note that for the definition in part (4) it is actually enough to assume that C admits a left
G-duality, since this implies automatically that C admits a two-sided G-duality. Namely, because C is pivotal
we have Fy(0y) = Fy(by) = bg, ) = bpypy = U, vy and Fy(dy) = Fo(dy) = dp, vy = dp;y = A, v
The following definition will be very important for us when we discuss algebraic quantum field theory in
Chapter 3.

Definition 2.8.11 If C is a modular tensor category with a strict G-action F', then we will call C a modular
tensor G-category if its braiding is G-compatible and if its duality is a G-duality.

2.8.3 Braided G-crossed categories

In this subsection we will introduce the class of categories that will be most important to us, namely the
class of braided G-crossed categories. Besides having a G-action, these categories also have a G-grading.

Definition 2.8.12 If G is a group and (C,®, 1, a,l,r) is a tensor category, then a G-grading on C consists of
a full tensor subcategory Chom C C (the objects of which are called the homogeneous objects of C) together
with a map 0 : Chommn — G on the objects of Chom that is constant on isomorphism classes and satisfies
OV e@W)=090V)o(W) for all V.W € Chom- If V € Chom, we will call (V') the degree of V. A tensor
category with a G-grading is called a G-graded category. The set O(Chom) C G is called the G-spectrum of C
and for each ¢ € G we will write C; to denote the full subcategory of C determined by the objects of degree

q.

Note that Obj(Chom) = [sen(c) Obi(Cq). If V,W € C; for some g € G and if f € Home(V, W), then it will
sometimes be convenient to write that 9(f) = gq.

Remark 2.8.13 In later chapters we will mainly encounter situations where Cpom = C. The only two ex-
ceptions to this are the crossed product defined in Subsection 3.1.3 and Theorem 3.2.20. In these exceptional
cases we are always in the situation where any object in the G-crossed category is a finite direct sum of
homogeneous objects. See also [78] and [80].
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Now suppose that we have two groups G; and G2 together with a tensor category C which has a G;-action
F and a Go-grading 0 : Chom — G. If there is also a group action « (written ¢ — o) of G1 on Ga, then
we can use « to define a compatibility condition between F' and 0. Namely, we can say that F' and 0 are
compatible if

I(F(V)) = aq(d(V)) (2.8.2)
for all V' € Cpom- As a special case, we can consider the case when G; = Go = G and where « is the action of
G on itself given by conjugation, i.e. a,(r) = grq~!. Then equation (2.8.2) becomes 9(F,(V)) = qd(V)q~!.
As indicated in the following definition, such categories have a special name.

Definition 2.8.14 Let G be a group and let (C,®, I, a,l,r) be a tensor category with G-action F. Suppose
that C has a full tensor subcategory Chom, C C that has a G-grading 0 : Chomn — G. Then C is called a
G-crossed category if the G-grading is compatible with the G-action in the sense that 9(F,(V)) = ¢d(V)q™*
for all g € G and V € Chom-

The slightly more general setting sketched above the definition will be encountered by us in one place.
Namely, in Chapter 3 we will define a G-category that is G x G-graded. The action of G on G x G is then
given by a,((r,s)) = (grq~',¢sq') and the compatibility condition (2.8.2) is satisfied in this case.

Definition 2.8.15 A G-crossed category that is also a T'C* will be called a G-crossed T'C*.
The functors and natural transformations between G-crossed categories are defined as follows.

Definition 2.8.16 Let G be a group and let (C,®,I,a,l,r, F,0) and (C', &', I',d’,I',r', F',0") be G-crossed
categories. Then a G-crossed functor from C to C' is a G-functor (K,ef 65 ¢K) : C — C’ that satisfies
I(K(V)) =090(V) for all V € Chom. A natural G-crossed transformation from one G-crossed functor to
another is just a natural G-transformation of the underlying G-functors.

Definition 2.8.17 A braiding (of the first kind **) on a G-crossed category (C,®, I, a,l,r, F,0) is a family
of isomorphisms {cy,w : V@ W = Fyrv)(W) @V }vecyomwec satisfying naturality in the sense that

Veaw Y By (W) eV
f®!{ J{FB(V)(!])@JC
V'aW Y (W)@ V'

commutes for all f € Home(V, V') and g € Home (W, W’) with (V') = 9(V”'), as well as commutativity of
the diagrams

UaV)eWw
(Foan(V)@U) @ W U ((VeW)
AFy ) (V),UW cu,vew
Fyan(V)@ (U W) Fyany(VeW)eU
idrpy 1y (v)®cU,w Oy T ®idy

1
aFa(u)(V),Fa(U)(W)vU

Fon (V) ® (Fory (W) @ U) (Fa(V) @ Fpn)(W)) @ U

14We will only write ’of the first kind’ if we want to distinguish it explicitly from a braiding of the second kind. Braidings
of the second kind will be defined later.
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for all U € Chom and V, W € C;

U (VeW)
-1
W m}
U@ (Fypo(W)@V) UeV)eoW
a[;vlFa(v)(W)’V CURV,W
(U@ Fyoy(W)) @V Foanooy(W) @ (U V)
U, F vy (W) ®idv (85,00 w ®idugy

aFa(U)(Faw)(W)),U,v

(Foqny (Faovy(W)) @ U) @V Fayn (Foovy(W)) @ (U V)

for all U,V € Chom and W € C;

CFg (V). Fqg(W)

Fy(V) @ Fy(W) Foovyg—1 (Fy(W)) @ Fy (V)

5w (553(V)q71yq)w®iqu(v)
Fq(V ® W) an(v)(W) (9 Fq(V)
Fy(cv,w) (55,6(V));V1®iqu(V)

q —1
(6F8(V)(W),V)

Fy(Foryy(W) @ V) ——————— Fy(Fp)(W)) @ Fy(V)
for all V € Chom, W € C and q € G.
Remark 2.8.18 Note that the heptagonal diagrams are equivalent to the equations
cuvew = [(004) @idy] o Uy (V) Fogery (W),0 © 1 Ea i (V) ® O]

. 1
0 ARy (V),UW © lcuy ®idw]oagy

cvevw = (8w o)W @ duav] © ary, (Fon, (9)),0,V © [0, Py (w) @ idV]

—1 .
°© aU,Fa(v)(WLV °© [ldU ® CV7W] °au,v,w-

In case the G-crossed category is strict, these equations reduce to

CU VW = [idFB(U)(V) [024] CU,W] o [CU,V (%9 idw]

cuvev,w = [CU Ry, w) ®@1dv] o [idy ® cyvw].

The hexagonal diagram is equivalent to the equation

CFy(V),Fy(W)

= [(5{%(\/)(171,(1)17[/1 ®idp, vy o [(550(V))w ®idg, vy o (5%a<v>(W),V)_1 o Fylev,w) 0 0%

which in the strict case reduces to cg, (v),r,w) = Fy(cv,w)-
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Now suppose that C is a (non-strict) G-category. Recall that in Subsection 2.8.2 a braiding on C was defined
in the same way as for tensor categories without a group action, and in Definition 2.8.8 we introduced the
notion of G-compatibility for a braiding on a G-category. However, we can also consider C as a G-crossed
category with trivial G-spectrum 9(C) = {e} by defining 9(V) := e for all V € C. Thus we can also use
Definition 2.8.17 to define the notion of a braiding on C, which we will now temporarily call a G-crossed
braiding in order to distinguish it from ordinary braidings. These two definitions are not the same. Namely,
a (G-compatible) braiding on C is a family {cy.w : VW — WV }v wec, whereas a G-crossed braiding on
C is a family {cyw : V@ W — F.(W) ® V}v.wec. Fortunately, there is a nice correspondence between G-
compatible braidings and G-crossed braidings on a G-category, as we will now explain. If ¢ is a G-compatible
braiding, then for each V,W € C we define an isomorphism ¢y : V@ W — F (W) — V by

EV,W = [85[/ ® idv] ocCy,w-

A straightforward computation shows that this defines a G-crossed braiding ¢ on C. Conversely, if € is a
G-crossed braiding on C then for each V, W € C we define an isomorphism cy, : V@ W — W ® V by

cyw = [(Eﬁ;)il ® idv] o Ev7w.

This defines a G-compatible braiding ¢ on C. The two assignments ¢ — ¢ and ¢ — ¢ are clearly inverse
to each other and establish a one-to-one correspondence between G-compatible braidings and G-crossed
braidings on C. This correspondence allows one to be a bit sloppy about braidings on a G-category. For
instance, given a braided G-crossed category D with braiding c¢, one often says that its full G-subcategory
D, determined by the objects of degree e has a G-compatible braiding, although the restriction of ¢ to D,
is actually a G-crossed braiding on D.. Note that these subtleties do not arise at all in strict G-categories,
because in the strict case G-compatible braidings and G-crossed braidings are the same.

Definition 2.8.19 Let G be a group and let (C,®,I,a,l,r, F,0,¢) and (C', @', I',a',l',rv',F',0',¢') be
braided G-crossed categories. A braided G-crossed functor from C to C’ is a G-crossed functor (K, ¥, 6%, ¢K)
C — C' such that the diagram

K

v w K(cv,w)

K(V)® K(W)

Ck(m.x(wi

Fyn (E(W)) @ K(V)

K(V & W) K (o) (W) @ V)

J(‘sga(v)(w),v)l

Kw 'id
EP(O(V)w'idk (v K(Fa(v)(W)) @ K(V)

commutes for all V' € Cpomy, and W € C. A natural braided G-crossed transformation from one braided G-
crossed functor to another is just a natural G-crossed transformation of the underlying G-crossed functors.

Definition 2.8.20 Let G be a group and let (C,®,I,a,l,r, F,0,¢) and (C', @', I',a’,l',r",F',0',¢') be
braided G-crossed categories. A braided G-crossed equivalence (or equivalence of braided G-crossed cat-
egories) from C to C' is a braided G-crossed functor (K,eX 6% ¢K) : C — (' such that there exists a
braided G-crossed functor (L,e, 6% ¢F) : C' — C together with natural braided G-crossed isomorphisms
p:ides -+ KoL and ¢ : L o K — id¢. If there exists such a braided G-crossed equivalence, then C and C’
will be called equivalent braided G-crossed categories.

Note that the definition of a braiding for a crossed G-category is quite asymmetrical in the two objects.
It should come as no surprise that there is also another possible definition for a braiding in a G-crossed
category:

Definition 2.8.21 A braiding of the second kind on a G-crossed category (C,®,I,a,l,r, F,0) is a family
of isomorphisms {cy,w : V@W = W @ Fyuwy-1(V)}vee,wecyo. satisfying naturality in the sense that
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VoW 0 W Fyw-1(V)
f®9i lt‘]@Fa(w)*l(f)
V' eW XM W Fagyn 1 (V)

commutes for all V € C, W € Chom, f € Home(V,V’) and g € Home (W, W) with 0(W) = 9(W'), as well
as commutativity of the diagrams

UV)eWw
(V®F3(V)71(U))®W U (VeW)
llv,Fa(V),l(U),W CU,VRW
V ® (Fyan-1(U) @ W) (V@ W) ® Faw)-1a(v)-1(U)
idv®CF5(V),1(U),W idV®W®(6§(W)—1,a(V)—1)El
W, Fy -1 Py =1 (0

V@ (W& Fywy-1(Fyoy-1(U))) (Ve W) e Fyw)-1(Faouy-1(U))

forallU € C, V,W € Chom;

U (VeW)
. -1
V m

U (W& Fyw)-1(V)) UV)eW

ag,lw’Fa(W)*l(V) cUQV,W
U@ W)® Faw)-(V) W @ Foaw)— (U@ V)

co.w®idr, o) idw @5

aW,Fa(W>_1(U),F8(W)_1(V)

(W @ Fyewy-1(U)) @ Fywy-1(V) W @ (Fowy-—1(U) @ Fywy-1(V))

for all U,V € C and W € Crom;

CFq(V),Fq(W)

Fq(V)®Fq(W) Fq(W)®Fq6(W)*1q*1(Fq(V))

8% w iqu(w)®(5:a(W>—1q—1)q)V
F,(VeWw) Fy(W) @ Fopwy-1(V)
Fy(ev,w) iqu(W)®(65:3(W)—l);1

q -1
Wy )1 (1)

Fy(W @ Fywy-1(V)) Fy(W) @ Fy(Fawy-1(V))

forall Ve C, W € Chom and g € G.
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Remark 2.8.22 We have two remarks concerning braidings of the second kind, which will be important
to us later.
(1) In case the G-crossed category is strict, the two heptagonal diagrams reduce to the two equations

covew = [idv @ cr, @) wleleoy ®idw]

(v)—1

cwevw = [cow @idp, (] e lidu ® cvw].

(2) Suppose that C is a strict G-crossed category. If ¢ is a braiding of the first kind, then ¢yy =

el defines a braiding of the second kind. Conversely, if ¢ is a braiding of the second kind,
V1F3<v)f1 (U)

then cyy = c;;(u)(v)’U defines a braiding of the first kind. These two operations on braidings are

inverse to each other and define a bijective correspondence between braidings of the first and second
kind.

2.8.4 Braided G-crossed categories as a collection of module categories

This subsection is somewhat independent of the content of the rest of this thesis. We will only come back
to the content of this subsection in Section 5.2 of our final chapter.

Let (C,®,1,F,d,c) be a braided strict G-crossed category. Then for each ¢ € G the full subcategory
C, determined by the objects of degree ¢ is a strict C.-bimodule category, where both the left and right C,.
actions > and < on C, are defined to be the tensor product ®. Because C is braided, we expect that it
should be possible to somehow describe this C.-bimodule structure of C, in terms of either [> alone or <
alone. We will now make this more precise. For this we will for the moment consider C, as a strict right
Ce-module category (Cq, ®). Because C. is braided, we can apply Lemma 2.6.4 to equip C, with the structure
of a (non-strict) C.-bimodule category (Cq, ®°P, a, ®, ), where the isomorphisms

apy(X,Y): (X ®Y)®PM — X P (Y P M)

=MRXKQY =MRY®X
(X, U): (X @PM)@U - X @ (M aU)
=MRXQU =MU®X

are defined by ap(X,Y) :=idy ® cxy and vy (X,U) =idy @ ex,p for M € C, and X,Y,U € C..

Proposition 2.8.23 Let (C,®,I,F,0,c) be a braided G-crossed category and let (Cy, ®°P, a, ®,7y) be the
Ce-bimodule category defined above. Then we have an equivalence

(H,s,t): (Cq,®,®) = (Cq, @, ,®,7)

of Cc-bimodule categories, where H = idc,, sp(X) = cx,m and ty(X) = idygx for all X € C. and
M eC,.

Proof. It is obvious that H is an equivalence of categories, so we only need to show that (H,s,t) is a
functor of C.-bimodule categories. That (H,t) is a functor of right C.-module catories is trivial. To see that
(H, s) is a functor of left C.-module categories, we note that naturality of s follows from naturality of ¢ and
that

[idx ®°P SM(Y)] o SY®M(X) = [SM(Y) X idx] o SY®M'(X) = [C}@M ®idx] OCX,Y®M
= [ldM ®CX’y} O CXQY,M = OéH(M)(X7Y) o SM(X ®Y)

Finally, (H, s,t) is also a functor of C.-bimodule categories, since

S]u(g,y(X) =CX,MRY = [ldM ®CX7y] o [CX7M ®idy] = ’)/M(X, Y) o [SM(X) ®1dy}
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2.8.5 The mirror image of a braided (G-crossed category

Our next goal is to show that if we are given a braided G-crossed category C, then we can alter the tensor
product, G-grading and braiding in such a way that we again obtain a braided G-crossed category C® which
we will call the mirror image of C. The reason for this terminology is that when we will study the relationship
between left and right G-localized endomorphisms of a quantum field theory in Chapter 3, we will find that
the categories of these left and right G-localized endomorphisms are related to each other in exactly the
same way as C and C*® are related to each other.

Theorem 2.8.24 Let (D,®,1,G,F,0,C) be a braided'®> G-crossed category. Then we obtain a braided
G-crossed category (D,e,1,G, F,0.,C*), where the tensor product e is defined by
UeV :=U®F,1(V)
feg:=f®F.-i(g)
for U,V € D, q=0(U), f,g € Hom(D) and r = d(f), the degree map s is defined by de(U) := d(U)~* for
U € D and the braiding is defined by

Cyy =Crt
uv FS(U)*I(V)’FB(U)*la(V)*la(U)(U)

for any U,V € D.

Proof. To see that ¢ : D x D — D is a functor, let f € Homp(U,U’) and g € Homp(V, V') with
d(U)=0(U’) =: q. Then

f g — f & Fq71(g) S HOIIlD(U & qul (V), U/ ® qul (V/)) = HOI’HD(U L ‘/, Ul L] V/)

The interchange law for e is a consequence of the interchange law for ® and of the fact that Fi. is a functor
for each r € G as we will show now'®. If f1, f2, 91,92 € Hom(D) are such that fo o f; and gy o g; are
well-defined, then
(faofi)e(gzog1) =(fao f1) @ Fp-1(g2091) = (f20 f1) ® (Fy-1(g2) 0 Fy-1(g1))
= (f2@ Fy-1(g2)) o (f1 @ Fy-1(91)) = (f2 0 g2) o (f1 ® 1),

where ¢ = 9(f), proving the interchange law for . If U,V € D and ¢ = 9(U), then
idy eidy =idpy ® qul(idv) = idU®Fq,1(V) = idyev,
showing that e is indeed a functor. If U, V,W € D with ¢ = 9(U) and r = 9(V), then
(U . V) oIV = (U ® Fq—l(V)) oV = (U X Fq—l(V)) X F(qqfqu)*l (W)
=UQ®F;— V)® Fyvp (W)
=U® qul (V R F- (W)) =Ue (V R F—1 (W))
=Ue(VeW)
and if f, g, h € Hom(D) with ¢ = 9(f) and r = 9(g) then a similar computation gives us

(feg)eh=(f@F;-1(g))eh=(f©F-1(9) ® Flgg-1rq-1(h)

151n this proposition we will use a capital letter C' to denote the braiding, because this looks better than a small letter ¢
when large subindices are involved.

161n fact, the fact that e is a functor actually follows from the fact that @ can be written as a composition & = @ o (idp x F;.)
of functors, for a certain r depending on the particular objects or morphisms involved.




2.8. GROUP ACTIONS ON TENSOR CATEGORIES o7

=/® ZTq*1 (g) ® Fq*1T*1 (h)
= f®Fq*1(g®FT*1(h)) = f. (g®Fr*1(h))
=fe(geh),
showing that e is associative. For the unit object we find that for any U € D with ¢ = 9(U)

Uel=UQF, (I)=U&I=U
TeU=IRF,(U)=I0U=U

and for any f € Hom(D) with ¢ = 9(f) we have
f.id] = f®Fq71(id]) = f®ld1 = f
idy e f =1idy ®Fe*1(f) =id;® f=f,
showing that (D, e, I) is a strict tensor category. If U,V € D with ¢ = 9(U) and if t € G, then

F(UeV)=F(U®F;-(V)) =F(U)®Fyy-1 (V) = F((U) ® Flygr—1)-1 (F(V))
= F,(U) e F,(V).

If f,g € Hom(D) with ¢ = 9(f), then a similar computation gives

Fy(feg)=F(f®F;1(9) = Fi(f) ® Fig—1(9) = Fi(f) @ Fuge—1y-1(Fi(g))
= Fi(f) e Fi(9).

Together with the fact that F,; = F, o Fy, this shows that F' defines a G-action on (D, e, I). The map 0
satisfies

(U e V) =0(U @ Fyyy-1(V)) ! = [0(U)0(Fpy— (V)] = [o(U)dU)ra(V)a(U)]
=0(U)'o(V) ™ = 0, (U)0a(V),

so it is indeed a degree map. Also, for any U € D and t € G we have
D6 (Fy(U)) = O(F(U)) ™t = to(U)t 17t = to(U) 1t~ =0, (Ut 1,

which shows that (D, e, I, G, F,,) is G-crossed.
Finally, we will show that C*® is indeed a braiding. Let U,V € D and consider the braiding isomorphism

Cp 0r-1 (V) Pt —1a0v)—1Law (U)* This is a an isomorphism

o
Fywy—1 (V) @ Faan-1a0vy-10w)(U) = Fawy-ravyaw) [Faw)-ravy-1aw)(U)] @ Faan-1(V).

The object on the left equals Fyy-1(V) @ U = Fy,(y(V) @ U and the object on the right equals U ®
Fywy-(V) = U eV, so Cfy is indeed an isomorphism from U e V' to Fy, /) (V) e U, as it should. To
show naturality, let U, U’,V, V' € C with 9¢(U) = 04(U’) and 0e(V) = 9¢(V’), and let f : U — U’ and
g:V — V' In what follows, we will write ¢ := d(U) = 9o(U)~! and r := (V) = 94 (V) 1. Because C is a
braiding, we have

[f @ Fy-1(9)l o Cp, s (v),F, 1,1 ,) = CF s (v, o1, (07) © [Fy=1(9) @ Fym1,-14(f)]

. . . . . —1 . .
by naturality. Composing this equation from the left with CFq—l(V,),Fq—17.—1q(Ul) and from the right with
-1

Cqul (V),quwlq(U)’ we get

-1 -1
CFq_l(V,)qu_lr—lq(U/) off® F‘I’I(g)] = [an(g) ® Fq*lr*lq(f)] °Cp —1(V),Fy—1,-1,(U)

q
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which is precisely

Coryrolf ogl=I[Fo,w)(g) e floCpy,
showing naturality of C'*. Now let U, V,W € D. Then
1

. _
Clev,w

= CFa(UoV)—l (W)’F(UOV)—la(W)—l(')(U-V)(U.V)
- CFB(U)—la(V)—1 W) Fory—1a0vy-10w)—1avyow) (UFyry-1(V))
= CFa(U)—la(V)—l (W)’FB(U)_lB(V)_la(W)—lé)(V)B(U)(U)®F6(U)_16(V)_16(W)—18(V)(V)
= Z'tﬁé’(U)*lé’(V)’1 (CW’Fa(W)—la(V)B(U)(U)®F5(W>_13(V)(V)>
= Fow)-rav)— {[idFaw)a(U)(U) O CW.F, 1000, (VO [OWF, 1) 1000 o0y (0) @ idFa(W)fla(v)wﬂ}
= l1dv ® CF, ) 10,1 (W) Fog -1 -10w)-100vy (V)]
°© [CFa(U)—la(V)—l (W)’FB(U)—18(V)—18(W)—18(V)8(U)(U) ® idFa(U)—1<‘3(v)—1a(W)—1<9(V>(V)]
- [idU ® F‘?(UV1 (OFa(V)—l (W)7FB(V)—1B(W)_13(V)(V))]
© [CFB(U)*la(V)*l(W)!FG(U)*la(V)*lB(W)*la(V)B(U)(U) @ Fowy-1av)-row)—1a(v) (idy)]

= [idv e Oy 10 [CF . oy (wy @iV

and similarly

-1

C =C
U,VeWw Fowy-1 (VoW ), Fy yy-1a(vew)—1aw) (V)
= CFyy-1 (VOFa -1 (W) Foy =100y -1a0wy=1000) (U)

a1 (V)®Fy 1y —19(vy—1 (W), Fo iy —10(vy—1a(w)—1a(w) (V)
= Fa(UV1 (CV@Fo(vrl(W)’Fa(v)*la(W)*la(U)(U)>

®idp

= Fyw)— {[CV’Fawrla(U)(U) a(v)*l(W)] o fidy ® CFa(v)*l(W)vFa(v)*la(wrla(U)(U)]}

= [CFo)-1 (V) Fawy-100) 100y ®) @ 1E, ) 10,1 (W)
© [idFawrl(V) ® CF@(U)*@(V)*(W)’F6<U>*16<V>*16<W>*16<U>(U)}
=[O, )1 (V). Fow 100~ 1000 () @ Faw)—1a(vy-1 (idw )]
© [idr,, 1 (v) @ Faw)-rav)-1a) (CFM)ﬂ<w>,F6(U>fla(w>fla<U)<U>)}
= [Cp vyt eidw]ofidp,, ) ® Cow -
Taking the inverse on both sides in these two equations gives
Choviw = [CI'J,FB.W)(W) eidy]o [idy e C3 ]

C[.J,VoW = [idFa.w)(V) d OI.J,W] o [C(},v e idy].

O

In what follows, if D is a G-crossed category then we will simply write D® to denote the G-crossed category
that is obtained as in the previous proposition.
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2.9 Constructions from Frobenius algebras

We will now consider several important constructions that arise from Frobenius algebras in a tensor category.
Of course, we have to begin by providing the definition of a Frobenius algebra in tensor category.

Definition 2.9.1 Let (D, ®,I) be a strict tensor category. A Frobenius algebra in D is a quintuple Q =
(Q,p,m, A e), where Q € D and (Q, p,n) is an algebra in C and (Q, A, ¢) is a coalgebra in C, satisfying the
additional property that

(1 ®idg] o fidg ® Al = Ao = [idg ® 1] o [A ®idg). (2.9.1)

The property in (2.9.1) is also called the Frobenius property. In case D is F-linear for some field F, the
Frobenius algebra is called strongly separable (or special) if

Mo A= (ﬁQ)lidQ (2.9.2)
gon= (KJQ)Qid[

with (kg)1,(kg)2 € F*. A strongly separable Frobenius algebra is called normalized if (kqQ)1 = (kq)2,
in which case we simply write kq to denote both (kq); and (kq)2 and we will call kq the normalization
constant of Q.

Example 2.9.2 If (D, ®, 1) is a strict tensor category, then (I, % n° A° £°) is a Frobenius algebra if we
take pu® = 0% = AY = &% = id;. We will call this the trivial Frobenius algebra from now on and we will

denote it by Qq. If D is F-linear it is obvious that Qq is normalized!” with rq, = 1.

Remark 2.9.3 As a direct consequence of the axioms for a Frobenius algebra, any Frobenius algebra
Q= (Q,u,n,A,e) is a two-sided dual of itself, where we can take bg = by = Aon and dg = dg =€ o p.

Example 2.9.4 If D is a strict tensor category and (V,b,d,b',d") is a two-sided dual for V € D, then we
can make () :=V ® V into a Frobenius algebra by defining

pi=lidy @ d ®idy, n:=10, A:=idy ®b®idy, e:=d.
Similarly, we can also make @’ = V ® V into a Frobenius algebra by defining
p=idy ® d ® idy, n =b, A" :=1dy ® b @ idy, ei=d.
In Subsection 2.9.3 we will slightly generalize this.

If Q= (Q,u,n,A e) is a Frobenius algebra, then we will often write po and A, to denote the morphisms

p2 = po [p®idg] = po lidg ® yj
Ay = [A®idg]o A = [idg ® A] 0 A,

since this can save space significantly. The following easy lemma can be convenient sometimes.

Lemma 2.9.5 Let (D,®,1) be a strict tensor category and let Q = (Q, u,n, A, €) be a Frobenius algebra in
D. Then

[[doeq ® p2] 0 [Ar ®idgeq] = [ldgeq @ ¢ o [idg ® (Ao i) ®idg] o [A ®idgeq]-

17This can also be established by choosing the morphisms to be scalar multiples of id; satisfying some restriction, but we
will not be needing this.
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Proof. We have

lidoeq ® 2] o [A2 ®idge(]

= [idguq @ p o [idgeq ® p®@idg] o [idg ® A ®idgeq] © [A ® idgeq)]
= [idoaq ® p] o [ide ® ((idg ® 1) ° (A ®idg)) ®idg] o [A ® idgeq]
= [idoeq ® p] o [ide ® (Ao p) ®idg] o [A ®idgeq],

where in the second step we used the Frobenius property (2.9.1).
O

2.9.1 Example: Frobenius algebras in C X C°P

We will now consider an important example of a Frobenius algebra, which is a slight generalization of the
Frobenius algebra that appears in Proposition 4.1 of [75]. For us it is important because we will need it
to prove our statements in Section 4.9, but we would like to mention that it also has some implications for
subfactor theory as indicated in Subsection 8.3 of [75].

In this subsection F is a quadratically closed field and C will be a spherical fusion category over F. In
particular, to each irreducible object X € C we can assign its dimension d(X) € F and from now on we will
assume that for each irreducible X we have chosen a square root d(X)'/? of its dimension. We will always
assume that dim(C) # 0 and that we have chosen a square root x := dim(C)'/?, together with a square root
x!/2. Also, we will assume that we have chosen some fixed complete set {X; : i € I'} of representatives of
equivalence classes of irreducible objects, and we will also assume that for each triple (4, j, k) € T'*® we have
chosen a basis

kY .o k
{(tij)a s a=1,...,N;5}
for Home (X, X; ® X;) = Homeor (X;” @ X3P, X}P), together with a dual basis

{(t)aa=1,...,NE}

for Home (X; ® X, X,) = Home (X7, X;P®@ X3P). For I' we will take a finite subset of the form {0, 1,...,n},
where Xy = I. Furthermore, we will write D := C X C°P? and we will denote the tensor product in D by ®4
to distinguish it from the tensor product ® in C.

Proposition 2.9.6 Let F : C — C be a strict tensor equivalence. Then there exists a normalized strongly
separable Frobenius algebra Qp = (Qp,ut,nf", AT ef") in D = CXK CP such that

Qr =P F(X;) R XP
i€l
and with normalization constant kKq, = k.

We will only sketch how the Frobenius structure is defined. The verification of the axioms is done in the
same way as in [75]. Let Qp € D be a direct sum @, - F(X;) ¥ X;*, i.e. we choose morphisms

u; € Homp (F(X;) X X, QF)
v; € Homp (Qp, F(X;) K XP)

such that v; ou; = idF(Xi)mxg’P and ), pu; ov; = idg,. We then define

nF — L2

efl 1= K!/2

Uo

(B
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Next for each triple (i, j, k) € I'’*® we define
T(F)f =Y F((th)a) R (8 )a € Homp(F(Xy) B X}P, (F(X;) K X{P) @ (F(X;) K X7P))
(e}

T(F)? = F((t)a) B (t)a € Homp((F(X;) B X{P) @ (F(X;) B XP), F(X;) B X}P).

These are both independent of the choice of bases, as can be checked easily. The multiplication and
comultiplication are defined by

pf = Bluk o T(F)Y o [v; @2 )]
ik
AF = Z ﬂfj [u; @32 uj] o T(F)fj o v
ik
where ﬁfj, ,ij € F are given by
k i —1y2 [d(X)d(X5)

ij = P — K d(Xk)

Here w~1/% = (x1/2) ™" and /50058 o= (d(X0) /%) d(X) /(X)) 2

2.9.2 A category constructed from a pair of Frobenius algebras

In this subsection we will show how to construct a category D(Qq,Qz) from a pair (Qq,Qz) of Frobenius
algebras in a tensor category D. This construction is a small generalization of the construction in [74]
where one Frobenius algebra Q was given and three categories were constructed. In our setting, these three
categories would be called D(Qq, Q), D(Q, Qo) and D(Q, Q). The category D(Qq, Qz) will be used later for
two different purposes. The first is the same as in [74], i.e. to construct a 2-category. This construction
of a 2-category will take place immediately in the next subsection. Secondly, D(Q1,Qz) will be used to
construct a crossed product of D with a symmetric subcategory, which will be done in Subsection 3.1.3. For
this second application we have to assume that D is braided, as we will do in the second part of the present
subsection.

Theorem 2.9.7 Let (D,®,1) be a strict tensor category and let Q; = (Q,ut,n', Al el) and Q, =
(Qa, %, m?, A2, €2) be two Frobenius algebras in D. We will write!

Obj(D(Qy, @) :={J2VJ; : V € D}
Homp(q,,q,)(J2V J1, JoWJi) := Homp (V @ Q1,Q2 @ W).

Then D(Qq, Q2) becomes a category if we define the composition of f € Homp(q, q,)(J2UJ1,J2V J1) and
g € HOmD(Ql,QQ)(JQVJ17 JQWJl) by

ge fi=[1?®idw]o[idg, ® g]o[f ®idg,] o [idy ® A']
and if we define the identity morphisms idz,y ; € EndD(QhQ2)(j2VJ1) = Homp(V @ Q1,Q2V) by

iz, = N @idy @&t

18 At this stage J2 and J1 have no other purpose (yet) but to distinguish manifestly the objects of D(Q1, Q2) from those of
D. Later we will see that J2 and J; will obtain a particular meaning.
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Furthermore, we obtain a functor Sy : D — D(Q1, Qa) by defining
%](V) = jQVJl
So(f)=n"® foe

and this functor is bijective on the objects. If D is F-linear and if €' on' = aiid; and €2 o n? = anid; for
some ay, g € F*| then Sy is faithful.

Proof. For the proof that D(Qq, Q) is a category we refer to [74]. If f € Homp (U, V') then

S(f)=n*® f®e' eHomp(U ® Q1,Q2 ® V) = Homp(q, q,) (J2UJ1, T2V 1)
= Homp(q, @) (H(U), #(V))

and if we also have g € Homp(V, W) then

Holgof)=n’@(goflee =1’ @idw]o[ide, ®n* ®g®e'lol’ ® f @ ®idg,] o lidy ® A']
= [ @ idw] o [idg, ® F(g)] o [£(f) @idg,] o [idy ® A'] = F(g) @ F(f)-
Also, for any V € D we have % (idy) = 7? @ idy @ ¢! = idy,y ;- This finishes the proof that .% is a

functor. Bijectivity of .#, on the objects is trivial. Now assume the additional assumptions at the end of
the theorem and suppose that f,g € Homp(V, W) with #(f) = #(g). Then

f=ailey [ @idw]o [’ @ foe']ofidy @n') = ai ;' [e® @ idw] o H(f) o [idy @ n']
=ajtaytE? ®@idw] o Hlg) o lidy @ n'] = a7 tas e @idw] o [ @ g @' o [idy @ 0]
=g

showing that .#j is faithful.
O

In the next subsection we will use D(Qq,Q2) to construct a 2-category from a collection of Frobenius
algebras. As already mentioned at the beginning of this subsection, we will also need D(Qq, Q2) later to
construct a certain crossed product of a braided tensor category with a symmetric tensor subcategory. As
a preparation for this second purpose of D(Qq, Qs) we will prove that D(Qq, Q2) can be made into a tensor
category if D is braided.

Theorem 2.9.8 Let (D,®,1,c) be a braided strict tensor category and let Qy and Qo be two Frobenius
algebras in D, both of which are commutative and cocommutative.
(1) The category D(Q1, Q) can be equipped with the structure of a strict tensor category by defining the
tensor product on the objects by

jQVJl ® jQWJl = jg(v ® W)Jl
and on the morphisms by'®

fl ® f2 = [/1'2 ® idW1®W2] © [idQ2 ® CW1,Q2 ® 1dW2] © [fl & f2}
o [idV1 ® EV27Q1 ® idQl] © [idV1®V2 ® Al}?

where f; € Homp(q, q,)(J2V;J1, JoW;J1) = Homp(V; ® Q1,Q2 @ W;), and by defining the unit
object to be JoIJy. To emphasize the dependence on c, we will write D.(Qy, Qy) to denote this tensor
category.

9The braiding ¢ was defined in equation (2.4.1) in Section 2.4.
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(2) The functor Fy : D — D.(Qq, Q2) is a tensor functor.
(3) If D has left or right duals, then so has D.(Qq, Qz).

Proof. (1) If fj € HomD(Ql’Q2)(j2VjJ1,72WjJ1) = HomD(Vj R Q1,2 ® W]) for j € {1, 2}, then

f1® f2 eHomp(Vi @ Vo ® Q1, Q2 ® W1 ® Wa) = Homp(q, q,) (J2(Vi @ Va)J1, Jo(W1 @ Wa)Jy)
= HomD(Qth)(nglJl @jQVQJl,jQWlJl @jQWZJI)

and

idyy 5, ®idg 1y, = [1° @ idvew] o [idg, ® cv.q, ®idw]o [’ ®@idy ® &' @ n° @ idw @ ']
o fidy ® éw,q, ®idg,] o [idvew @ A']
=0’ ® idvew ® el = id72VJ1®72WJ1'

To prove the interchange law, we consider morphisms fi, f2, g1 and go with

fj S HOmD(Ql’Qz)(jQUjJ]_,jQ‘/;‘Jl)
g; € HOIIID(QDQ2)(72V}J1,jQWle)

with j € {1,2}. We first note that

(112 @ idw, o1, © [idg, ® g1 ®idy,] o [ev,.0, @ Cry.0,] © [idy, ® fo @ idg, ] o [idy, e, @ A']
= [1* @ idw,e1,] © [idg, ® g1 ®idy,] © [ev;,0, ®idg,ev,] © [idy, ® (cg,.q, © Cg,.0,) @ idy]
o [idv, 00, ® vy.0,] © [idy, ® fo ®idg,] o [idv, e, ® A']
= [1® @ idw,e15] © [€Qs.0: ® idw,av] © [idg, ® ew, g, ®idy,] o [g1 ® fo]
o [idy, ® ¢v,.0, ®idg,] © [idvyeu, ® Cg,.0,) © idn e, @ A']
= [(1*)°P @ idw,ew) © idg, ® cwy,@, @ idy,] 0 [g1 ® fo] o idy, © ¢u, @, ®idg,] o [idv,eu, © (A)P]
= [1? @ idw, o] © [[dg, ® ew, @, @ idy,] 0 [g1 @ fo] o [idv, @ ¢y, ., ®idg,] o [idv,eu, @ A'].

Here (A!)°P refers to ¢ in this case, but as we have mentioned before, cocommutativity with respect to c is
equivalent to cocommutativity with respect to ¢ Using this in the equality = below, we get that

(91 ®g2) o (f1® f2)
= 13 @ idw,ew,] 0 [i[dg,eq. ® cw, @, ®@idw,] o idg, ® g1 ® go] 0 [ @ idy, @ Ev, ., @ idg,]
olidg, ® cvy., ®idy, @ Ao [f1 @ fo ®@idg,] o [idy, ® Cu,.0, ® ido,00,] © [[du,ev, ® Al
= (13 @ idw, ew,) © [1[dQ,0q, @ cw,.@, ®idw,] o i[dg,eq.ew, © g2]
o [idg, ® 1 ®idw,eveq.] © [[de.eq. ®@ g1 ® idveq,] o [idg, ® cv; g, @t ®idg, ]
o [idg,ev, ® f2 ®idg,e0,] © [[do,evier, ® A ®idg,]
o [fi ®idv,e0,0q:] © idu, ® Cu,,q, ®idge,] © [idusv, ® A
= (13 ® idw, ews) © [i[dQaeq, ® cwy,@, ® idw,] o i[dg,eq.ew, © g2]
o[idg, ® p* @ idw,e1,00:] © [[de.eq. ® cw,,0, ®idveq,] © [idg, ® g1 ® fo ®idg,]
o [idg,ewv ® try.0, ®idg,0,] © [[do,evier, ® Al ®idg, ]
o [fi ®idu,e0,0q:] © idu, ® Cu,,q, ®idge,] © [id,su, ® A
= [t @ idw, ew,] © [idg, ® cw,.q, ® idw,] o [1? ® idw, ® p? @ idw,] o [idg, ® g1 ® idg, @ go]
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o[fi®idg, ® fo ®idg,] o [idy, ® A' ®@idy, ® A'] o [idy, ® ¢u,.0, ®idg,] o [idy, e, @ A']
= (910 f1) ® (g2 f2).
Associativity of ® on the objects is obvious. If f; € HomD(Qth)(ngle,ngj Ji) =Homp(V; ® Q1,Q2 @
W;) for j € {1,2,3} then
(f1® f2) ® f3
= 1 @ idw, ew,ews) © idg, ® cw,ew, @, @ idw,] o [(fi ® f2) @ f3]
o [idv, o1, ® Cvy.0, ®idg, ] o [idv, e1a0v; @ A']
= (13 @ idw, ewaews] © [[dg,e0, ® cwiows,0, ® idw,] o [idg, ® cw, g, ® idweg.ews) © [fi ® f2 ® f3]
o [idy, ® Cvy,0, ®idg,eve0:) © i[dviev, ® Cv,0100: ®idg,] © [idv,evev; ® A
= (13 @ idw, ewaews] © [[dg, ® cw,,0.00: @ idw,ews] © [i[do.ew,e0: ® cwa,g, @ idws] o [fi ® f2 ® f3]
o [idv, 00,01, ® ¢vs.0, @idg,] o [idy, ® Cvaevs.0r @ ido,e0.] © [[dvieveev, © Al
= [10* @ idw,ewaews) © [idg, ® cw, . @ idwaews] © [f1 ® (f2 ® f3)]
o [idy, ® Crevs.0, ®idg,] © idvieveev, @ A']
=hH®(f2®f3).
For any V € D we have JolJ, ® JoVJi = JoVJi = JoVJ, @ JolJp and for any f : JoVJ, — JoWJp we
have
idy,ry, ®f
= [1? @ idrgw] o [idg, ® cr.g, ®idw]o [ ® ' @ f] o [id; ® ¢y, ®idg,] o [idigy ® A'] = f

and

f®idy, g,
= [1* ®@idwegr] o lidg, ® cw,q, ®id] o [f @ n° ®e'] o [idy ® 1o, ®idg,] o idver ® A'] = f.

(2) We will now show that .#, is a strict tensor functor. On the objects we have
fo(V) ® fo(W) = jQVJl ® jQWJl = jQ(V X W)Jl = jo(V ® W)
If f; € Homp(V;, W;) for j € {1,2}, then

Ho(f1) ® A(f2)

= [11* @ idw,ew,] © [idg, ® cw, .0, @ idw,] o [F(f1) @ Fo(f2)] o [idy, @ Cvy.0, ®idg,]
o lidvyev, ® A']

= [ @ idw,ew,] 0 lidg, ® cw, @, ®idws]o[* ® five' @n*® fo@e]
o [idy, ® vy, @idg,] o [idv,ev, ® Al

=’ A e = S5H(fi® fr).

Also, #y(I) = JaIJy, which is the unit object in D.(Qq, Q).

(3) If (VV,by,dv) is a left dual for V in the category D, then (JoVVJi,b7 ;. dy ;) is a left dual for
JoV J; in the category D.(Qq,Qz), where b7,vy, = Ho(bv) and dz,y; = Ho(dy). This follows directly
from the fact that %, is a tensor functor. Because % is bijective on the objects, it follows that if D has
left duals, then so has D.(Q1, Q2). The same reasoning can also be applied to right duals.
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O

The last thing we will check about the tensor category D.(Q1,Q2) in this subsection is whether the image
of the braiding of D under the functor %, is natural in case either Q; or Qs is equal to Qqy. This result will
be essential later.

Lemma 2.9.9 Let D, Q and Qy be as in the theorem above and let f € HomDC(Qth)(ngJh72YJ1).
Then for any V € D we have the following four equations:

Holevv) o [f ®idy,y ;] = [idg, ® cyv] o [f ®idv]o [idx ® ¢v,q,] (2.9.4)
Folevy) e [1dJ2V]1 @ f] = [idg, @ cvy]o[ev.g, ®@idy] o [idy @ f] (2.9.5)
idy, 5, ® f]le A(cxv) = [evig, ®@idy] o [idy ® f]o [ex,v ®idg,] (2.9.6)
[f ®idy,y 5] e H(evx) = [f ®idy] o [idx ® év,g,] o [ev,x ®idg,]. (2.9.7)

As a consequence of these equations, we can make the following statements.
(1) In case Qy = Qy, we have that

Holev,v) o [f ®idg v 5] = [idg, v, ® fle Hlex,v)

for all f € Homp (q, ) (JoXJ1,JoY J1) and V € D. Furthermore, if cy,q, o cq,,v = idg,ev then
we also have
Holevy) o [idy vy, ® f]=[f ®idg, ;] e Ho(ev,x)

fOT’ all f € HOHlfDC(QhQO)(joXJl,jQYJl).
(2) In case Q; = Qu, we have that
jo(CVyy) L] [idjz‘/Jo ® f] - [f ® idngJD] [ ] jO(CV,X)

for all f € Homp (q, q,)(J2XJo, J2Y Jo) and V € D. Furthermore, if cy,q, © cg,,v = idg,ev then
we also have
Holeyy) o [f ®idy, ;] = [idg,y,, ® f]e Hlex,v)

fO?" all f € HOmDC(QO7Q2)(jQXJO,jQYJO).
Proof. Let X, Y and f be as given and fix some V € D. We first observe that

f®idg,,; =[f®idy]o[idx ® cv,q,]
idjval @ f == [CV7Q2 ® ldy] 0] [ldv ® f}

A simple computation shows that for any ¢ € Homp(X @ V® Q1,Q2 ®Y ® V) and h € Homp(V @ X ®
Q1,020 V ®Y) we have

Holey,v)eg=[idg, ®eyv]og
Folevy)eh=[idg, cyyloh
he #(cx,yv)="holcx,v ®idg,]
ge Solevx) = goevx ®idg,].

If we substitute g = f ® idz,y,; and h =1idy,y,; ® f, the four equations follow immediately.

(1) Now suppose that Qa = Qg and note that f € Homp (X ® @1,Y) in this case. Then the right-hand sides
of (2.9.4) and (2.9.6) are equal to cy,v o [f ®idy] o [idx ®¢v,g,] and [idy ® f] o [ex,v ®idg, ], respectively.
By naturality of ¢, these two coincide.
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The right-hand sides of (2.9.5) and (2.9.7) are equal to cyy o [idy ® f] = [f ® idy] o cv,xgq, and
[f ®idy]oidx ®¢v,g,] o [cv,x ®idg,], respectively. When we compose both expressions from the right with
the isomorphism [C(/IX ®1idg,], they become equal to [f @ idy] o [idx ® cv.q,] and [f ®idy] o [idx ® ¢y, ]-
Hence, if cy g, o cg,,v =idg,gv, the two are equal.

(2) Now suppose that Q; = Qg and note that f € Homp (X, Q2 ®Y) in this case. Then the right-hand sides
of (2.9.5) and (2.9.7) are equal to cy,g,oy © [idv ® f] and [f ®idy]ocy, x, respectively. Hence by naturality
of ¢ these two are equal to each other.

The right-hand sides of (2.9.4) and (2.9.6) are equal to [idg, @ cy,v]o[f ®idy] and [cy,q, ®idy]o [idy &
floexv = [(ev.g, 0 cg,,v) ®idy] o [idg, ® cy,v] o [f ® idy ], respectively. Hence, if cy,g, © cg,.v = idg,ev,
these are two are equal.

O

Thus in both cases (1) and (2) of the lemma, the image of the braiding is only natural in one of its
arguments. Naturality in the other argument holds if the monodromy of the Frobenius algebra with any
other object is trivial. We will come back to this in Subsection 3.1.3.

2.9.3 2-categories from a collection of Frobenius algebras

We will now introduce 2-categories. Very similar to the case of tensor categories, there are both strict and
non-strict versions of 2-categories. For our purposes, we will need some kind of intermediate version (similar
to the case of a tensor category where the associativity constraint is trivial, but the unit constraints are
not). For this reason we will use the intermediate version as our definition of a 2-category.

Definition 2.9.10 A 2-category & consists of the following data:
e a class of 0-cells;
e a category C(Aj, As) for any two O-cells A; and As, the objects of which are called 1-cells, the
morphisms of which are called 2-cells and the composition of which is called vertical composition;
e a functor ¢ : C(As, A3) x C(A1,As) — C(A1, A3) for any three 0O-cells Ay, Ay and Aj called the
horizontal composition;
e a distinguished 1-cell 74 € C(A, A) for each 0-cell A, together with natural isomorphisms [ : oo [I4 X
idC(.A’,A)] — idC(.A’,A) and 7 : 00 [idC(A,A’) X IA] — idC(.A,.A’) for any 0-cell A'.
These data are required to satisfy the following conditions:
(1) the horizontal composition is associative;
(2) if Ay, Ay and Ajz are O-cells, then for any two 1-cells V' € C(As, A3) and W € C(A;, Az) we have
idv OZW =Ty OldW

Remark 2.9.11 As mentioned before the definition, this is not the most general definition of a 2-category
since we have chosen the horizontal composition to be associative. It is straightforward to obtain the more
general version of a 2-category by introducing the analogue of an associativity constraint. When this is
done, the definition of a tensor category coincides with the definition of a 2-category that has precisely
one 0-cell. Consequently, for each 0-cell A in a 2-category we see that C(A,.A) is a tensor category. With
our somewhat restricted definition of a 2-category above, the tensor categories C(A, .A) have an associative
tensor product, but they might have non-trivial unit constraints.

Definition 2.9.12 Let & be a 2-category, let A; and Ay be O-cells and let V' € C(A;,.A2) be a 1-cell.
(1) A left dual of V' is a 1-cell W € C(Az, A1) together with 2-cells by € Home(a,,4,)(La,,V © W) and
dy € Home(a,, 4,)(W oV, 14,) satisfying

[idv < dv] o [bv < ldv] = idv

[dv O ldw] ¢} [ldW & bv] = idw,

where in the first equation the composition is in C(A;, Az) and in the second equation it is in C( Az, A1).
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(2) A right dual of V is a 1-cell W € C(Az, A1) together with 2-cells b, € Home(a, 4,)(La,, W o V) and
dy € Home(a,,4,)(V 0 W, 14,) satistying

[dlv < ldv] o [ldV < b/V] = idv

[ldW <>d/v] o [ Q/ Oldw] = idw,
where in the first equation the composition is in C(A;, A2) and in the second equation it is in C( Az, A1).

Let & be a 2-category and let V € C(A;, A2) and V € C(Asz, A1) be l-cells such that (V,b,d,b,d') is a
two-sided dual for V. We can then construct a Frobenius algebra Q = (Q, 1,7, A, €) in the tensor category
C(A1, A1) by defining

Q:VOV, M:idvod/‘/oidv, 77:b§/7 A:idvob\/Oidv, e=dy.

Similarly, we can also construct a Frobenius algebra Q" = (Q’, ¢/, 7, A’, €’) in the tensor category C(As, A>)
by defining

Q/ = VOV, /,6/ :idvodvoidv, 7’]/ :bv, A :idvob@Oidv, e’ :da/

Note that this is a generalization of the situation in Example 2.9.4.

We will now consider the situation where we are given several Frobenius algebras {Q,}, in a tensor
category D. For any such pair (Q,, Q,) we define D(Q,, Q,) as in the previous subsection. However, we will
now simply write Df rather than D(Qg, Q,). In order to construct a 2 category with 0-cells {Q,}, we will
first introduce a horizontal composition in the following lemma.

Lemma 2.9.13 Let (D, ®,1) be a strict tensor category, let Q,, Q, and Qs be three Frobenius algebras in
D.
(1) We obtain a functor o : DI x DI — DI by

J Vo I W, :=Js(VeQ,oW)J,
f2o f1:=[idg,ew, ® p" ®idw,] o [f2 ®idg, ® fi] o idy, ® A" ®idv,zq,];
where fi € Hompa (J,Vidy, JoWidy,) and fa € Hompr (JVady, JsWald,.).
(2) If Q; is a fourth Frobenius algebra in D, then the functors
oo (o xidps) : Df x D} x DI — DY
oo (idps x 0) : Df x Dy x D} — D}

are equal.

Proof. The only part of the proof that is not a very short computation is the interchange law, so this is the
only part we will prove. If f; € Hompa(J,U;Jy, J,VjJ,) and g; € Hompa(J,V;Jg, J,W;J,) for j € {1,2}
then we have

(g2 @ f2) o (g1 0 f1)
= [[dg,ew, ® p" @ idw,] o [1* ®idwsge, @ 1" ®@idw,] o [idg, ® g2 ® idg,xq, ® g1]
o[fe ®idg,eq, ® fi ®idg,] o [idy, ® A" ®idg, ey, ® Ao [idy, ® A" ®idy, gq,]
= [* ®@idw,0,ew ] © [idg, ® g2 ®idg,ew,] © [f2 ®idg,sq,ew:]
o [idv,eq.0q, ® 15 @idw, ] o idy, ® A; ®idg,qQ,ew]
o [i[dr,0Q,0q, ® g1] © i[du,eq, ® fi ®idg,] o [idv,eq,eu, ® A7)
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= [1* ®@1dwye.ew,] © [idg, ® g2 ®idg,ew,] o [f2 ®idg,0q,ew: ]
o [idu,eq.q, ® 1" ®@idw,] o [idy,eq, ® (A" o p") ®idg,ew,] o [idy, ® A" ®idg,8q,ew]
o idv,0Q,.0q, ® g1] © [[du,eq, ® fi ®idg,] o [idu,eq,eu, ® A7)
= 1 ®ldw,z0,ew:] © i[do.eq.ew, ® 1" ®idw,] o [idg, ® g2 ®idg, ® g1
olidg,ev, ® A" ®idy,gq,] © [idg,ew, ® 1" ®idv,eq,] 0 [f2 ®idg, ® f1 ®idg,]
o [idy, ® A" ® idv, 00,8, °© [dueq,eu, ® A’
=(g2091) 8 (f20 f1)

where in the third equality we used Lemma 2.9.5.
O

Recall that if D is a category, then we write D to denote its Karoubian envelope. If D is a strict tensor
category and if Q,, Q, and Q, are Frobenius algebras in D, then we can extend the functor ¢ : D} x D — DY

to a functor o: DI x D — DI by defining
(JsV' T ') 0 (L Vg p) i= (JsV' T 0 TV Iy, p' o p) (2.9.8)
and B
frofi=fof. (2.9.9)
To see that ¢ is indeed a functor, let
f € Homr (7, V Iy, p1), (7, W p2)
" € Hompr((JsV' T, p1), (Js W', p3)).

Then f' o f=f'of€ Homps (JsV' o J Vg, JW' o J,W.J,), since ¢ is a functor. Also,

Py opo] e [f' o flepyop] =[phopa]e[f o flelpiop]=(pyef epi)o(p2efepi)
=flof=fof,
so indeed we have that
flofe Homzz (JsV'Jr o IV Jg, 0y o pr), (JW'Jp o J,W g, ply 0 p2))
= Homgg (TV' Iy ) & (T:V Jspr), (W' Ty, ) & (T, W g, )

Furthermore,

(g20 f2) o (g1 f1) = (920 f2) o (g1 0 f1) = (g2091) @ (f20 f1) = (92 © 1) ® (f2 0 f1),
so ¢ is indeed a functor.

Lemma 2.9.14 Let (D, ®,1) be an F-linear strict tensor category and let Q,, Q, and Qq be three Frobenius
algebras in D of which Q, is normalized with k, = kg, . Then there exists an object I, € DI such that

(1) there is a natural isomorphism [ :o o[I, x idpg] = idgg, ie. a family

ﬁ’
{l(ijJmp) 1o (J,VJy,p) = (jTVJq’p)}(jrv(]q,p)eDiﬂ
of isomorphisms satisfying
lgvrgge ® e o f1=felg v,
Jor all f € Homzg((J,VJg,p), (J:V'Jg,0'));
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(2) there is a natural isomorphism r :o o[ideg x I] — ideg, i.e, a family

{T(EWJT,u) (S W) o I, — (7SWJT,U)}(7SWJWU)E§Q
satisfying
TTW ) ® [goidr]=ge TTW )
forall g € Homﬁ((jsWJr,u), (J W' T, u'));
(3) for all (J,.VJy,p) € D and (JsW J,,u) € D we have

7 wiw 0 lGgvi,m = "Towiew © 9T v, )

Proof. For the details of the proof we refer to [74]. Here we will only mention how the I,., [ and r are
defined. We first define p, € Endp,(J,IJ,) = Endp(Q,) by p, := ki, tidg,, which can easily be seen to be
an idempotent. The object I,. is then defined by

IT = (7T’IJT7PT)~
We then define I 5 ;I o (J,VJy,p) = (J,V.J,p) by
LFwvi,p = 1" ®@idv]ofidg, ®p],

which is an isomorphism with inverse [
(JsW J,.,p) is defined by

(_leVqup) = [A” ® idy] o p and TG Wap) (JWJ.,p) o I, —

TGT.W,p) =PO [idw @ "]

which is an isomorphism with inverse T(jlsW,]T7p) = [p®idg,] o [idw @ A"].
O

We will now combine all our results in the following theorem, which states that a collection of normal-
ized Frobenius algebras gives rise to a 2-category.

Theorem 2.9.15 Let (D,®,1) be an F-linear strict tensor category and let {Q, : ¢ € S} be a collection of
normalized Frobenius algebras in D. Then we obtain a 2-category £ as follows:
o the O-cells are the Frobenius algebras Qg;

o the category C(Qy, Q) is defined to be DY, i.e the Karoubi envelope of the category D(Qy, Q) as defined
in Theorem 2.9.7;

e the horizontal composition is given by o as defined in Lemma 2.9.13 and equations (2.9.8) and (2.9.9);

e for each q € S the unit object is defined by I, = (J,1Jy,py), where p, = K;liqu and | and v are
defined as in Lemma 2.9.14. o o

Furthermore, for any q € S we can give JoIJ, € D§ the structure of a two-sided dual for J,I.Jo € DY such

that the Frobenius algebra Q, can be reconstructed from this structure by the procedure that is described after

Definition 2.9.12.

For the final statement in this theorem we refer to parts 4 and 5 of Theorem 3.11 in [74]. In fact, if we take
the index set S to be {0,1} in our theorem above (so that {Q, : ¢ € S} consists of the trivial Frobenius
algebra Qq together with one other Frobenius algebra Q; =: Q), we are precisely in the setting of Theorem
3.11 of [74]. Note that our notation here is slightly more efficient than the one in [74]. Namely, in [74] the
three categories D(Qo, Q), D(Q, Qo) and D(Q, Q) were constructed independently of each other??, whereas
in our notation these three categories are just examples of one single category D(Qg, Q).

201n [74] they were denoted by HOMg (A, B), HOMg (B,2) and HOM¢ (B, B), respectively.
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Chapter 3

Algebraic quantum field theory

In this chapter we will provide the reader with a short introduction to certain concepts in algebraic quantum
field theory (AQFT). Our exposition here should not be considered as a general introduction to AQFT,
but rather as an efficient way to quickly understand those aspects of AQFT that will be relevant to us.
The relevance of AQFT to our research is twofold. Firstly, our original research problem concerned a
categorical construction in the representation theory of AQFTs and our new research problem arose from
generalizing the original problem to a more abstract categorical setting, see also Subsection 3.2.5 below.
In this sense, AQFT formed the main motivation for our research. Secondly (and more importantly),
certain observations about the braided G-crossed categories that arise in AQFT inspired us to introduce
new categorical definitions and to formulate certain statements about the braided G-crossed category Z¢g(C)
that we will define in Chapter 4. As we will explain in Subsection 3.2.5, certain properties of the categories
that arise in AQFT gave us the idea to construct a group-crossed generalization of the Drinfeld center. Also,
our results concerning left and right G-localized endomorphisms in Subsection 3.2.2 of the present chapter
inspired us to define the mirror image of a braided G-crossed category, as we did in Subsection 2.8.5, and
it also inspired us to carry out the constructions in Subsection 4.10.1 and to formulate Theorem 4.10.7.

The selection of topics in AQFT that occur in this chapter is very similar to that in Miiger’s paper [78],
but the particular manner in which we display the material here is quite different from [78]. Namely, we
have chosen to rewrite the content of [78] in the language of [65], i.e. in the language of subfactor theory. As
a consequence, some of the proofs of statements in [78] had to be adjusted considerably. For example, our
proof of part (1) of Theorem 3.2.20 in Subsection 3.2.3 is different from the proof in [78]. Also, in [78] there is
no analogue of our Lemma 3.2.14, which forms an important part of our proof of Theorem 3.2.20, but which
can also by itself be considered as an interesting result in AQFT. Also, our more symmetrical approach to
left /right G-localized endomorphisms in Subsection 3.2.1 is also quite different from the literature. Besides
Lemma 3.2.14 and the alternative proof of Theorem 3.2.20, the complete content of Subsection 3.2.2 is also
new.

3.1 Operator algebras

Since AQFT is formulated in the language of operator algebras, we will begin this chapter with a section
on operator algebras. In the first subsection we will start our discussion of operator algebras from the very
beginning by giving the definitions of C*-algebras and von Neumann algebras. In the subsequent subsections
we will discuss some more advanced topics such as C*-tensor categories, crossed products of a BT'C* with
a symmetric subcategory, C*-2-categories and type III subfactors.

71
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3.1.1 (*-algebras, W*-algebras and von Neumann algebras

We now give a brief overview of the basic facts from the theory of operator algebras that will be relevant to
us when we will discuss AQFT, without going into any details or proofs here. We assume that the reader is
familiar with the basic notions from functional analysis, although we will recall some of these notions again
here because of their importance for AQFT. For a detailed discussion on operator algebras we refer to the
standard textbooks [46]-[47], [83], [93] and [101]-[103].

An associative algebra A over C is a complex vector space together with a bilinear map (a, b) — ab from
A x A to A (called the multiplication in A) that satisfies (ab)c = a(be) for all a,b,c € A. In this chapter,
whenever we speak of an algebra we will always mean an associative algebra over C. An algebra A will be
called unital if there is an element 1 € A (called the unit element of A) such that la = a = al for all a € A.
If A; and Aj are algebras, then an algebra homomorphism ¢ from A; to As is a linear map ¢ : A — As
such that ¢(ab) = p(a)p(d) for all a,b € A;. If both algebras are unital, then ¢ is called a unital algebra
homomorphism if ¢(1) = 1.

If A is an algebra, then an involution on A is a conjugate-linear map * : A — A, denoted by a — a*,
that satisfies (ab)* = b*a* and a** := (a*)* = a for all a,b € A. An algebra with an involution will be called
a x-algebra. A x-algebra is called unital if it has a unit element. In that case we automatically have 1* = 1.
If A; and As are (unital) x-algebras, then a (unital) x-homomorphism is a (unital) algebra homomorphism
v+ Ay = Ajg such that p(a*) = p(a)* for all a € A;.

If A is an algebra and has a norm || - || with respect to which A is complete, i.e. if (A4,] - ||) becomes a
Banach space, then A is called a Banach algebra if the norm is submultiplicative: |jab|| < ||lal| - ||b]| for all
a,be A. If A also has a unit, then it is called a unital Banach algebra if 1] = 1.

A triple (A, *,| -||) consisting of an (unital) algebra A, an involution % on A and a norm || - || on A such
that (A, *) is a (unital) x-algebra and such that (A, | -||) is a (unital) Banach algebra is called a (unital)
Banach x-algebra if ||a*|| = ||la|| for all a € A. A (unital) Banach x-algebra A is called a C*-algebra if it
satisfies the extra condition that! ||a*al| = ||a||? for all @ € A. In a C*-algebra A an element n € A is called
normal if n*n = nn*, an element a € A is called self-adjoint if a* = a and an element e € A is called a
projection if e* = e = €2 (i.e. a projection is a self-adjoint idempotent). If A is unital, an element u € A is
called an isometry if u*u = 1 (in which case we automatically have that uu* is a projection) and it is called
unitary if u*u =1 = wu* (i.e. a unitary element is a normal isometry). In any unital C*-algebra we define
the spectrum o(a) C C of an element a € A by

o(a) :={A € C:a— Al is not invertible},

which is automatically a compact subset of C. For a self-adjoint element a € A we have o(a) C R and we
say that a is positive if o(a) C R>o. Equivalently, positive elements can be characterized by the property
that they can be written in the form z*z for some x € A. The set of positive elements of 4 is denoted
by A and is closed under sums and scalar multiplication with non-negative real numbers. If a € A4,
then we will also write a > 0. If we write A;, to denote the set of self-adjoint elements of A, then for any
a,b € Ag, we will write a < bif b—a > 0. A linear map ¢ : A1 — Ay between C*-algebras is called positive
it o((A1)+) C (Az)+, and in that case ¢ will be called faithful if ¢(a) # 0 for all non-zero a € (A1)+. A
stronger condition than positivity is complete positivity. If A; and Ay are C*-algebras and n € Z>;, then
a linear map ¢ : A; — As is called n-positive if Z?:szl yro(xixj)y; > 0 for all q,...,2, € A; and
Y, Yn € Ao. If 0 1 A1 — Ap is n-positive for every n € Z>; then it is called completely positive. We
will now define two important kinds of positive linear maps in the theory of C*-algebras.

Definition 3.1.1 Let A be a unital C*-algebra. Then a state on A is a positive linear map w : A — C
with w(1) = 1. If B C A is a unital C*-subalgebra, then a positive linear map ¢ : A — B with (1) = 1 is
called a conditional expectation from A onto B if it satisfies the property that

e(b*ab) = b*e(a)b (3.1.1)

IThis extra condition automatically ensures that the earlier conditions ||a*|| = ||a|| and ||1|| = 1 are satisfied.
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for all @ € A and b € B. The condition in (3.1.1) is called the bimodule property.

Note that the bimodule property automatically ensures that a conditional expectation is completely positive.

Because every positive element in a C*-algebra is of the form x*z, a x-homomorphism p : A; — Az of
C*-algebras is automatically positive, since p(z*z) = p(z*)p(z) = p(x)*p(z) € (Az)4 and it can also be
shown that it is automatically continuous with respect to the topologies induced by the norms on A; and
As. If p: A — A is a x-endomorphism of a C*-algebra A, then a left inverse for p is a positive linear map
v : A — Asuch that ¢(1) = 1 and ¢(ap(b)) = ¢(a)b for all a,b € A. The composition € := p o ¢ is then a
conditional expectation from A onto p(A).

Example 3.1.2 Let H be a complex Hilbert space. Then a linear map T : H — H is called bounded if
there exists a C' > 0 such that? ||Th|| < C||h|| for all h € H. The infimum of all C' for which this inequality
holds (for all h € H) is called the operator norm of T and is denoted by ||T||. The set of all bounded
operators on H is denoted by B(H). If T € B(H), then there exists a unique operator T* € B(H), called
the adjoint of T, such that (Thy, he) = (hy,T*hs) for all hy, hy. It is straightforward to check that ||.|| is
indeed a norm on B(H), that T — T* defines an involution on B(H) and that B(H) becomes a unital
C*-algebra in this way; the topology on B(H) induced by the operator norm is called the norm topology
on B(H). Any x-subalgebra A C B(H) that is closed with respect to the norm topology on B(H) is a
C*-algebra. If A C B(H) is such a C*-algebra acting on the Hilbert space H, then a vector 2 € H is called
cyclic for A if AQ is dense in H and it is called separating for A if AQ # 0 for all non-zero A € A.

The example above shows that closed #-subalgebras of B(H) for some Hilbert space H provide us with
concrete examples of C*-algebras. In analogy with group theory, this observation leads us to the definition
of a representation of a C*-algebra.

Definition 3.1.3 Let A be a C*-algebra. A representation (H,w) of A consists of a Hilbert space H
together with a *-homomorphism 7 : A — B(H). If 7 is injective, then (H,7) is called a faithful represen-
tation of A. A vector Q € H is called cyclic for (H, ) if 7(A)Q is dense in H. If such a cyclic vector exists,
then (H, ) is called a cyclic representation.

If (H,7) is a cyclic representation of A and if @ € H is a unit vector that is cyclic for (H, ), then the map
a— (m(a)f2, Q) is a state on A.

An important example of a representation of a C*-algebra is the so-called GNS representation corre-
sponding to a state. We will now briefly mention how the construction of this representation is carried out,
without proving any details.

Example 3.1.4 Let A be a C*-algebra and let w : A — C be a state. Then N, := {a € A: w(a*a) =0} is
a closed left ideal in A and we can define an inner product on the vector space A/N,, by (a+ N, b+ N,) :=
w(b*a). Thus A/N, becomes an inner product space and we will denote its Hilbert space completion by H,,.
Next we define a *-homomorphism =, : A — B(H,,) by first defining m,(a) on A/N,, by 7, (a)(b+ N,) :=
ab + N, and then extending this bounded operator on A/N,, uniquely to a bounded operator on H,,. We
thus obtain a representation (H,, 7, ), which is known as the Gelfand-Naimark-Segal representation (or GNS
representation for short) corresponding to the state w. It has the property that faithfulness of w (in the sense
of positive linear maps) implies faithfulness of 7, (in the sense of representations). Note that if 4 is unital,
then Q, := 1+ N, € H, is a cyclic vector for (H,,n,) that has the property that (m,(a)Q,,Qw) = w(a)
for all @ € A. In the non-unital case there also exists a vector ), with these properties, but this is not
directly relevant to our discussion of AQFT, where we will always be given a unital C*-algebra. The details
of the GNS construction can be found in any textbook on operator algebras, such as the ones mentioned at
the beginning of this subsection.

2Tt is very convenient to write Th rather than T'(h).
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Let H be a Hilbert space. An operator T € B(H) is called trace-class if for every orthonormal basis £
of H the series ) . [(Te,e)| converges. The set of trace-class operators on H is denoted by Bi(H). If
T € By(H), then its trace is defined by

Tr(T) := Y (Te,e)

eef
and is independent of the choice of the orthonormal basis £. On By (H) we define a norm ||.||; by®
1Tl = Te(|T1),

which is called the trace norm. It can be shown that (By(H), ||.||1) is a Banach space. Furthermore, By (H)
is a two-sided ideal of B(H), so for any T € B;(H) and A € B(H) we can define Tr(T'A) € C. Thus for
each T' € By(H) we can define a seminorm pr : B(H) — R>g by pr(A) := |Tr(T'A)|. The locally convex
topology on B(H) generated by the collection* {p : T € By (H)} of seminorms is called the o-weak topology
or ultraweak topology on B(H). This topology is weaker than the norm topology on B(H). As a consequence,
any *-subalgebra of B(H) that is ultraweakly closed, is automatically closed in the norm topology and is
therefore a C*-subalgebra of B(H). If M C B(H) is such an ultraweakly closed *-subalgebra of B(H), then
we define M+ := {T € By(H) : Tr(TA) = 0 for all A € M}, which is a closed linear subspace of the Banach
space (By(H),|.|l1). Hence the quotient space M, := B;(H)/M* becomes a Banach space when equipped
with the quotient norm. For any A € M we now define a bounded linear functional ¥4 : M, — C on the
Banach space M, by ¢4 (T) := Tr(T'A). In this way we obtain a map

v M — (M)
T — 4Yr

which turns out to be an isometric linear isomorphism of Banach spaces. We thus conclude that each
ultraweakly closed x-subalgebra M of B(H) is isomorphic as a Banach space to the dual of a Banach space
M,. The weak*-topology o(M,M,) on M is precisely the ultraweak topology inherited from B(H) by
the inclusion M C B(H). This last fact indicates that the ultraweak topology on an ultraweakly closed
x-subalgebra of B(H) is particularly important.

Motivated by the observations above, there is also the notion of a W*-algebra, which is defined to be a
C*-algebra M that is isomorphic as a Banach space to the dual of a Banach space M,, called the predual of
M, which can be shown to be unique up to isometric isomorphism. It follows directly from our discussion
above that if H is a Hilbert space, then any ultraweakly closed *-subalgebra of B(H) is a W*-algebra.
Conversely, any W*-algebra is *-isomorphic to an ultraweakly closed #-subalgebra of B(H) for some Hilbert
space H. See Section 1.16 of [93] for details on this representation theorem for W*-algebras.

If H is a Hilbert space and if S C B(H) is a subset, then we define its commutant S’ to be the set
S ={T € B(H): TA= AT for all A€ S}. A x-subalgebra M of B(H) is called a von Neumann algebra
on H if M" := (M') = M. Any von Neumann algebra on H is in particular a C*-subalgebra of B(H)
containing the unit operator 1. A deep theorem in the theory of operator algebras states that the von
Neumann algebras on H are precisely the W*-subalgebras of B(H) that contain the unit operator 15. We
have already mentioned that *-homomorphisms between C*-algebras are automatically continuous. Because
the ultraweak topology is an important part of the structure of a von Neumann algebra, we also introduce
the notion of a normal *-homomorphism between von Neumann algebras, which is a x-homomorphism that
is continuous with respect to the ultraweak topologies of the von Neumann algebras.

If {M,}q is a family of von Neumann algebras on H, then we will write \/_, M, to denote the smallest
von Neumann algebra on H that contains all M,,, and it will be called the von Neumann algebra generated
by {Ma}a-

3Here |T| := v/T*T, where the square root of the positive operator T*T is defined using the so-called functional calculus.
4We refer to chapter IV of [15] for the definition of the locally convex topology generated by a collection of seminorms.
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If M is a von Neumann algebra on H, then its center Z(M) consists of those elements in M that
commute with every element of M, so we can write Z(M) = M’ N M. A von Neumann algebra M is called
a factor if Z(M) = C1. A factor M on a separable Hilbert space H is said to be of type III if for every
P = P* = P2 ¢ M there exists a U € M with U*U = 1y and UU* = P. Endomorphisms of such type III
factors are automatically injective. There is a more general definition of type III factors that also holds on
non-separable Hilbert spaces, but we will only be concerned with separable Hilbert spaces when we come
to discuss AQFT.

We will end this subsection with the definition of a group action on an operator algebra. If A is a
C*-algebra then we will write Aut(.A) to denote the group of *-automorphisms of A.

Definition 3.1.5 Let A be a C*-algebra and let G be a group. Then a G-action on A is a homomorphism
B: G — Aut(A)
q = By
We write A to denote the algebra of G-invariant elements in A, i.e.
AS ={A e A:B,(A) = A for all ¢ € G}.

In case A is a von Neumann algebra on a Hilbert space H, we will say that the G-action S is unitarily
implemented if there exists a unitary representation® V : G — B(H) of G such that for any ¢ € G we have
Bq(A) =V (q)AV(g)* for all A € A.

Let G be a group and let 3 be a G-action on the unital® C*-algebra A. Suppose that w : A — C is a state
that is invariant under the G-action § on A, i.e. that wo f; = w for all ¢ € G. Then for each ¢ € G we
define a bounded operator V(q) : 7,(A)Q — H, by

V(q)mw(a)Qy, = m,(Bq(a))y,

where we write Q, = 14+ N,, € H, as in Example 3.1.4. Then the unique bounded extension of V(q) to
H, is a unitary operator, which we also denote by V(q), and this gives rise to a unitary representation
V : G — B(H,) of G that satisfies

V() =R and  V(g)m,(a)V ()" = mu(Fe(a))

for all ¢ € G and a € A. For the proof of these statements we refer to Theorem 2.33 of [1].

3.1.2 (*-tensor categories

The categories that we will encounter in AQFT all have the property that the set of morphisms between
any two objects is a Banach space. The set of endomorphisms of one particular object is even a C*-algebra
in these categories. For this reason the following definition will be of great importance to us.

Definition 3.1.6 A x-category C is called a C*-category if:
e for all V,W € C the C-vector space Home(V, W) is a Banach space with norm ||.||v,w;
e llgo flluw < llgllv,w - Ifllo,v for all f € Home(U, V) and g € Home (V, W);
e for any V € C and f € Endc(V) we have || f* o fllv.y = | fII}v

5In the situation of a unitarily implemented group action we will also refer to the representation V as being the G-action,
because (8 is completely determined by V.
6This also works for a non-unital A, but for our purposes it is enough to consider the unital case.
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If C is a C*-category and if V' € C is irreducible, then Hom¢(V, W) is a Hilbert space with respect to the
inner product defined in Subsection 2.7.1. This follows from the fact that the norm ||.|| induced by the
inner product coincides with the norm ||.||v,w, namely || f[|> = (f, f) = (f, /)llidv|lgndcv) = [If* o fllv,v =
[£lI3w- An orthonormal basis for Home(V, W) is precisely a maximal collection of isometries {uq }a
satisfying u}, o ug = dq gidy.

A C*-tensor category is a C*-category that is also a tensor category and satisfies

Hfl ® f2||V1®V2,W1®W2 < ||f1||V17W1||f2HV2,W2

for f; € Home(V;, W;). In the rest of this subsection, C will always denote a C*-tensor-category with
irreducible unit object (i.e. End¢ () = Cidy) that has subobjects and direct sums.

Lemma 3.1.7 If VW € C have conjugates, then Home(V, W) is finite-dimensional. As a consequence,
any object that has a conjugate is a finite direct sum of irreducible objects.

Proof. It is shown in Lemma 3.2 of [66] that End¢ (V) and End¢ (W) are finite-dimensional. We will now
use the argument in Proposition A.47 of [79]. Let X 2 V & W be a direct sum implemented by isometries
u € Home(V, X) and v € Home(W, X). Then X has a conjugate, so End¢(X) is finite-dimensional. But
the linear map Home(V, W) — End¢(X) given by f — v o f ou is injective, so Home(V, W) must be
finite-dimensional.

(]
If (V,r,7) is a conjugate of V € C, then (V,r,7) is called normalized if ||r|| = ||F||. Note that this con-
dition is equivalent to the condition 7* o r = 7* o 7, because 7*r = ||r* o r|lid; = ||r||?id; and 7* o F =

|7 o7||id; = ||7||?id;. If (V,r,7) is any conjugate of V, then (V, a-r,@ %) is also a conjugate of V for any
non-zero value of o € C (note that o and @~ ! have the same phase but inverse modulus). In particular, we
can make any conjugate into a normalized conjugate by rescaling it with the appropriate value of a.. In case
V is irreducible, Home(I,V @ V) and Home (I, V ® V) are one-dimensional, so up to a phase factor there
are unique r and 7 such that (V,r,7) is normalized. In the following two lemmas we will show that direct
sums and tensor products of normalized conjugates are normalized conjugates again.

Lemma 3.1.8 Let (V},r;,T;) be normalized conjugates of V; € C for j € {1,...,n} and let V = @;L:l Vi
and V =2 @?:1 V; be direct sums implemented by isometries u; € Home(V;,V) and u; € Home(V;,V).

Then (V,r,7) is a normalized conjugate of V, where r = Z?Zl[ﬂj Qujlor; andT = Z;;l[uj ®Tj] o F;.

Proof. First of all we notice that r* or is equal to

O m@u]or}” O{Z[ﬂj Ruor;} = rfo[(W oly) @ (uj ouy)]or; = er or;

i .3

s =k = =k : : = : * _ * _ ok k=
and similarly 7" o7 = ), 7/ oF;. So normalization of the (V},r;,7;) gives r*or = r¥or; = ) T;or; = FoF,

showing that (V,r,7) is normalized.
U

The proof of the following lemma is an easy computation that we omit here.

Lemma 3.1.9 Let (Vi,71,71) and (Va,r9,T2) be normalized conjugates of Vi and Vs, respectively. Then
(Va®@Vy,7,7) is a normalized conjugate of Vi®@Va, where r = [idy; @71 ®idy,|ore and T = [idy, ®T2®@idy-]ory .

In Subsection 3.1.1 we gave the definition of a left inverse for an endomorphism of a C*-algebra. We will
now define the notion of a left inverse for an object in a C*-tensor category, which will be used very often
in what follows. At the end of Subsection 3.1.5 we will see that the operator algebraic definition of a left
inverse is related to the categorical definition of a left inverse.
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Definition 3.1.10 If V' € C, then a left inverse for V is a family {Lxy : Home(V @ X,V ®Y) —
Home(X,Y)}x yec of linear maps such that
e for any f € Home (X, X’) and g € Home(Y,Y”) we have

LX’,Y’{[idV ®g] oho [ldV X f*}} =go LX7y(h) o f*

whenever h € Home(V @ X,V ®Y);
o for any h € Home(V® X,V ®Y) we have Lxgzyez(h ®idz) = Lx y(h) ® idz whenever Z € C.
If L is a left inverse for V' € C, then it is called normalized if L ;(idy) = idy, it is called positive if Ly x is
positive for all X € C and it is called faithful if Lx x is faithful for all X € C.

In a similar way, one also defines the notion of a right inverse of an object in a C*-tensor category.
If V € C and if (V,r,7) is a conjugate for V, then we obtain a left inverse L(V>"™) for V by defining

LY ™ () == [r* @ idy] o [idy @ b] o [r @ idx]

for h € Home(V® X,V ®Y). We will call this the left inverse determined by (V,r,7). The following lemma
can be found as Lemma 2.7 in [66].

Lemma 3.1.11 Let (V,r,7) be a conjugate for V € C and let L be the left inverse determined by (V,r,7).
Then for any X,Y € C and f € Home(V @ X,V ®Y) we have

f* (e} f S [(F* O?) ® idV®X] ) [ldv ® LX7X(f* o f)] (312)

and equality holds for f* o f = T oT*. Hence T* o T is the smallest element g € Endc(I) such that the
inequality f*o f <[g®idygx]o[idy @ Lx x(f* o f)] holds.

If (V,71,71) and (V,rqe,To) are two conjugates for V, then they determine the same left inverse if and only
if there exists a unitary u € End¢(V) such that 7o = [u ® idy] o r; and 7y = [idy ® u] o 7y, see Lemma
3.3 of [65]. As mentioned above, for irreducible V' and a given conjugate object V, there are r and 7 that
are unique up to a phase such that (V,7,7) is a normalized conjugate (i.e. (V,r,7) is unique up to unitary
equivalence). Hence there is a unique normalized left inverse for irreducible objects.

Now let L be a left inverse for V' € C and suppose that V has a conjugate. If h € Home(V @ X,V ®Y)
and if we choose a conjugate (V,r,7) for V, then we can rewrite h as

h=lidy @ r* ®@idy] o [T oT") ® idygy] o [idy gy ® h] o [idy @ r ® idx].
Using this, the action of Lx y on h is given by

L)Qy(h) = L)Qy{[idv Qr*® ldy] o [(FO?*) (24 idv®y] o [idV®V ® h} o [ldv XRKr R idx}}
=[r" ®@idy] o {lygv ey vevey T oT’) ®idvey]} o idy @ hl o [r ® idx]
= [r" ®@idy] o Ly (T o 7") @ idvgy] o [idy ® h] o [r @ idx]
=[r"®idy]o [Lv)v(FO?*) ® h]o [r ®idx],
which shows that (in case V has a conjugate) L is completely determined by LVV(F o7*), where (V,r,7) is
an arbitrary conjugate for V. In particular, considering different conjugate objects of V' would not add any
new left inverses for V, so we can just as well choose one particular conjugate object V and express all left

inverses for V in terms of this conjugate, where different left inverses are obtained by taking different values
of Ly (7 o 7). The left inverse L is positive if and only if Ly (7 o 7*) is positive, which is equivalent to
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the statement that Ly (T o7*) = z*z for some € End¢ (V). Thus if L is a positive left inverse of V, then
we can express it as

Lxy(h) ={[r"o(z* ®idy)] ®idy} o [idy @ h] o {[(z ®idy) o r] ® idx }

for any h € Hom¢(V®X,V®Y). Furthermore, the left inverse L is faithful if and only if « is an isomorphism.

Once we have chosen some particular conjugate object V of V, the faithful left inverses for V are in
bijective correspondence with unitary equivalent classes of conjugates for V. Because for any two conjugates
within such a unitary equivalence class we have that the quantity ||7|| - ||7|| is the same, the following notion
of a dimension of a left inverse is well-defined.

Definition 3.1.12 Let L be a faithful left inverse for V' and suppose that V' has a conjugate. Then we
define the dimension of L by d(L) := ||r|| - |||, where (V,r,T) is any conjugate implementing L.

The dimension of a left inverse is always > 1, since
L= [lidv] = [|(7" @idv) o (idv @ )| < |7 - [[7]| = d(L).

In case L comes from a normalized conjugate (V,r,7), the dimension can be written as d(L) = ||r|? =
lr* or| = ||7* o7| and d(L) =1 if and only if r is unitary, see Lemma 3.5 of [66].

It follows directly from the computation in the proof of Lemma 3.1.8 that if V, V;, V; and V are as in
the lemma and if we write L; to denote the left inverse determined by (Vj, rj,T;), we have that

dlL)y=r*or= Zr; or; = Zd(Lj),
j=1 j=1

where in the first equality we used that (V,r,7) is normalized. Also, in the situation of Lemma 3.1.9 we
have that
d(L) = d(L1)d(Ly).

As we have already seen, for irreducible objects that have a conjugate there exists a unique normalized
left inverse. We now wish to define a special class of left inverses for objects that have conjugates but are
not irreducible. If V' € C is an arbitrary object that has a conjugate, then it is a direct sum of finitely many
irreducible objects Vi,...,V,. For each of these objects we can take a normalized conjugate (Vj,rjjj)
(uniquely determined up to unitary equivalence) and we can form a direct sum V =2 @?:1 V; implemented

by isometries u; € Home(V;, V). As in Lemma 3.1.8 above we can then take the direct sum (V,7r,7) of
the (Vj,7;,7;) to obtain a normalized conjugate for V. The unitary equivalence class of (V,r,7) does not
depend on the choice of isometries, nor on the choice of the (Vj, rj,7;) within their unitary equivalence
classes. Hence in this way we obtain a well-defined priviledged unitary equivalence class of conjugates for
V', called standard conjugates.

Definition 3.1.13 If V € C has a conjugate then we define its standard left inverse to be the left inverse
that is determined by a standard conjugate for V. The dimension d(V') of V is defined to be the dimension
of its standard left inverse.

In other words, if (V, r,7) is a standard conjugate for V, then d(V) = 7*or = 7*o7. Note that for irreducible
objects, standard conjugates coincide with normalized conjugates. If V' € C has a conjugate, we will denote
its standard left inverse by L(V). The following theorem is now immediate.

Theorem 3.1.14 Let C be a C*-tensor category with direct sums and conjugates. Then its full subcategory
Cy determined by the objects that have conjugates is a TC* and each object in Cy has a well-defined dimension
that is additive with respect to direct sums and multiplicative with respect to tensor products.
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In particular, it is possible to define a notion of dimension in any T'C* (just take C to be a TC* in the
theorem, so that Cy = C) in the abscence of a spherical structure. As shown in [112] any 7’C* can be
equipped with a spherical structure.

As explained in [72] (proposition 2.1), any T'C* can be equipped with a unique norm on the sets of
morphisms that makes it into a C*-tensor category. In particular, we can define standard conjugates for
the objects in a T'C*. Now if C is a BT'C*, then for any V € C we define 0y € End¢ (V) by

9\/ = I—S’/\)/(CV,V) = [7’; & 1dv] o [ldv ® CV,V] o [TV ® idv]7

where (V,r,7) is a standard conjugate for V and we call 6y the twist of V because it can be shown to
be a twist in the sense of Definition 2.4.6. Thus if C is a rational BT'C* then it can be considered as a
pre-modular category.

The next theorem, which is also known as Doplicher-Roberts duality, characterizes so-called even STC*s
and will be very important to us in the next subsection. An STC* C is called even if 6y = idy for all
V € C. If G is a compact group, then the category Rep;(G) of finite-dimensional unitary representations
gives us an example of an even ST C*. Doplicher-Roberts duality states that all ST'C*s arise in this way.

Theorem 3.1.15 (Doplicher-Roberts duality) If C is an even STC*, then there exists a compact group
G, unique up to isomorphism, such that there exists an equivalence C ~ Rep;(G) of STC"s.

For a proof of this theorem we refer to the paper [25] by Doplicher and Roberts. An alternative proof was
given by Miiger in [79].

3.1.3 The crossed product of a BT'C* with a symmetric subcategory

When we come to discuss group actions on a quantum field theory in Subsection 3.2.3, we would like to
consider a theorem by Miiger which states that the braided G-crossed category of left or right G-localized
endomorphisms of the quantum field theory is equivalent to a crossed product of the category of localized
endomorphisms of the corresponding orbifold quantum field theory with a certain symmetric subcategory
thereof. As a preparation for this, we will now discuss in some detail the general construction of such
crossed products. This construction uses as a starting point our construction of the category D.(Q1, Q)
in Subsection 2.9.2 where D was a braided tensor category with braiding ¢ and Q; and Q, were Frobenius
algebras in D. However, this time we will further restrict ourselves to a much smaller class of situations
than in Subsection 2.9.2 because we will not need the full generality for our discussion of group actions on
a quantum field theory. The first restriction that we will make is the assumption that our categories have
a x-operation.

If D is a tensor *-category, then any algebra (Q, u,n) gives rise to a coalgebra (@, u*,n*) and similarly
every coalgebra gives rise to an algebra. Because Frobenius algebras are both algebras and coalgebras, we
can thus consider the special class of Frobenius algebras in a tensor x-category for which the algebra and
coalgebra structures are related by the x-operation in this way. Because we also want to consider dimensions
of Frobenius algebras, we restrict ourselves to C*-tensor categories.

Definition 3.1.16 Let D be a C*-tensor category. Then a *-Frobenius algebra is an algebra Q = (Q, u,n)
that satisfies

@ idg] o fidg ® u*] = * o = [idg @ i o [ @ idg). (3.1.3)
It is called strongly separable (or special) if po p* = k1 -idg and n* on = ko - id; for some k1,2 € C. In

this case, if k1 = ko then it is called normalized. If in addition D has an irreducible unit and if () has a
conjugate, then Q will be called standard if k1 = ko = /d(Q) .
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Equivalently, a *-Frobenius algebra is a coalgebra Q = (Q, A, €) satisfying
[A*®idg]oidg ® Al = Ao A" =[idg ® A*] o [A ®idg).

When we are working with x-Frobenius algebras, we will often use both of the symbols p and A (and also
both 7 and €), although we could of course choose to replace every A by a u*, etcetera.

Example 3.1.17 If D is a C*-tensor category and (V,7,7) is a conjugate for V € D, then Q :=V @V
becomes a *-Frobenius algebra Q = (Q, pt,7n) if we define p := idyy ® 7 ® idy and 7 := r. Now suppose
that D has an irreducible unit and that (V,r,7) is normalized, i.e. r* or = 7 o7 = & -id;. Then
pop* =idy ® (7" o) @idy = k- idygy = £ -1dg and n* on = r* or = £ -idy, so Q is normalized. If

(V,r,7) is also standard, then x = d(V) = d(V') and hence x? = d(V)d(V) = d(Q), so Q is standard.

If Q = (Q,p,n) is a xFrobenius algebra in a tensor x-category D, then we will write Aut™(Q, p,n) (re-
spectively Aut™(Q, A, ¢)) to denote the set of all unitary algebra (respectively coalgebra) automorphisms
of Q. Both Aut™(Q,u,n) and Aut™(Q,A,e) are obviously groups with respect to the composition in
Endp(Q). Because the algebra structure and coalgebra structure on @ are related by the x-operation,
the sets Aut™(Q, u,n) and Aut™(Q, A, ¢) coincide. Namely, if u € Aut™(Q, p,n) then it is easy to see that
u* € Aut™(Q, A, ) (and the other way around), so unitarity u* = u~! implies that the two groups are
indeed the same as sets, and hence also as groups because the multiplication is the same. We will therefore
simply write Aut*(Q) to denote both.

Before we will start our discussion of the crossed product, we will make one important observation.
Suppose that we are given two *-Frobenius algebras Q; and Qs in a braided tensor *-category D with
braiding ¢. Then we can equip the tensor category D.(Qi,Qz) with a s-operation as follows. If f €
HomDC(Q17Q2) (72UJ1,j2VJ1) = Homp(U®Q1, Q20V), then we define f* € HOmDC(QhQQ)(jQVJl,jQUJl) =
Homp (V @ Q1,Q2 ® U) by

fX = [idQ2®U ® (771* © :u’l)] o [idQQ ® f* ® idQl} o [(:u2* © 772) ® idV®Q1]‘

It is an easy computation to check that this defines a *-operation on D.(Q1, Q2).

We are now ready to consider the crossed product of a BTC* with an even symmetric subcategory.
Recall that, by Doplicher-Roberts duality, every even ST'C* is equivalent to Rep;(G) for some compact
group G (which is uniquely determined up to isomorphism). In case it is also rational, more can be said.
The following proposition can be found in [77].

Proposition 3.1.18 If S is an even STC* that is rational, then there exists a commutative *-Frobenius
algebra Qs = (Q, 1, ) in S with the following properties:

(1) there is an equivalence S ~ Rep;(Gs) of STC*s, where Gs is the finite group Gs = Aut™(Qs);

(2) the image of Qs under the equivalence S ~ Rep;(Gs) is isomorphic to the left regular representation

Of GS;'

(3) Qs is strongly separable and k1 - k2 = |Gs|;

(4) Qs is absorbing, i.e. for any X € S we have Q ® X = Q¥4X);

(5) dim(Homs(1,Q)) = 1.

The setting for the rest of this subsection will be as follows. We will always assume that we are given a
category D which is a BTC* (with braiding denoted by ¢). Whenever we are working with conjugates in
D, we will always implicitly assume that they are standard. In particular, these conjugates give rise to
standard left inverses L and standard right inverses R and to a well-defined dimension of the objects in
D. We also assume there is a full subcategory & C D which is a rational even STC* and we will write
Qs = (Q, 1, m) to denote the corresponding *-Frobenius algebra in S given by Proposition 3.1.18 above and
we will write Gg to denote the corresponding group Aut*(Qg). We scale the morphisms p and 7 such that
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k1 = |G| and ko = 1. In the rest of this subsection we will use the notation” (D x¢ S,¢); := D.(Qs, Qo)
and (D %9 S, ¢)2 := Dc(Qp, Qs) and

(D x S,¢)1 :==D.(Qs, Qo)

(D % 8,¢)2 :=De(Qo, Qs).-

The next lemma, the content of which can be found in Proposition 3.3 of [77], shows that these tensor
categories can be equipped with a Gg-action.

Lemma 3.1.19 Both (D xS,c)1 and (D xS, ¢)2 can be equipped with the structure of a strict Ggs-category
as follows. B B
(1) For any f € Hom(py,s,c),(JoV s, JoW Js) = Homp(V @ Q, W) and q € G we first define

F,(f):=folidy ®¢""] € Homp(V @ Q,W) = Hom(py,s,c), (JoV s, JoW Js). (3.1.4)
If (JoX Js,e) € (D x S,c)1, then we define the action of ¢ € Gs on (JoXJs,e) by
F,[(JoXJs,e)] := (JoX Js, F, (e)).

If f € Hompys,e), ((JoV Js, €), (JoW Js,p)), then we define F,(f) by the same formula as in (3.1.4).
(2) For any f € Hom(pxog)c)z(75VJ0,75WJ0) = Homp(V,Q @ W) and q € Gs we first define

FqQ(f) = [q X idW] of € HOIIID(V, QR W) = Hom(ons,c)z(jSVJO,jSWJO)~ (3.1.5)
If (JsX Jy,e) € (D x 8,c)a, then we define the action of ¢ € Gs on (JsXJy,e) by
F(JsX Jo, €)] i= (Js X Jo, F (€)).

If f € Hom(pys,e), (JsVJo,€), (JsWJo,p)), then we define F}(f) by the same formula as in (3.1.5).
Furthermore, we have (D % S,C)?S ~D and (D xS, c)gs ~ D as tensor categories.

Now that we know that both categories are Gs-categories, we will focus on defining a G s-grading on them.
This is a difficult procedure, the details of which can be found in Section 3.2 of [77]. However, because we
have chosen some different conventions than the ones in [77] which will cause our formulas for the Gs-degree
of objects to be different, we will give a sketch of the proof of the next lemma. In this way the reader can
check that our formulas are correct.

Lemma 3.1.20 Let X = (JoX Js,e) € (D x S,c); andY = (JsY Jo,p) € (D x S, ¢)y be irreducible.
(1) There ezists a unique morphism 01(X) € Endp(Q) such that

Cox 0lx.gole®idglofidxy ® Al = [e® & (X)] o [idx @ Al. (3.1.6)

Explicitly, this morphism Oy ()?) s given by
- X -1
n(X) = (Lo (e)en)

and we have 01(X) € Gs.

{Lo800 fax odxqole®idg)]} o A

"Perhaps we have to say some words about this choice of notation. The notation D xgS and D xS is chosen simply because
it also occurs in [77], although a slightly different convention was chosen there (concerning the place of the Frobenius algebra
in the definition of the sets of morphisms). The explicit appearance of the braiding ¢ in our notation was already explained
when we introduced the notation D.(Q1, Q2). Finally, the subindices 1 and 2 refer to the fact that, when these categories will
be equipped with the structure of a Gg-crossed category, the one with the subindex 1 (respectively 2) will have a braiding of
the first (respectively second) kind extending c.
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(2) There exists a unique morphism 85(Y) € Endp(Q) such that
[p@idy]olidg®p|locy,gocgy = [p®idy]o [0:(Y) @ p). (3.1.7)

Ezxplicitly, this morphism 82()7) is given by

~ —1
(V) = (=0RPIM) - no (R baq(do @p) o evqocoy]}
and we have 8(Y) € Gs.

Proof. The proofs of (1) and (2) are very similar; we will only give the proof of (2) here. We will proceed
in the same way as in the discussion after Lemma 3.10 of [77]. Let v € Hom(pys,c), (Y, -#(Y)) be such that
v* ev =idy and vev* = p. We define 35V € End(pus ), (#(Q) ®Y) by

95(Y) = [idy(q) ® v] ® I (cy, ocoy) ® lids (o) ® v™].

This morphism is invertible, with inverse given by the same expression but with ¢ replaced by ¢. Thus
05 (Y) € Aut(pys,e), (£ (Q) ®Y). Because Y is irreducible and . (Q) = Z(I)®IC1 (which follows from the

absorbing property), there exists 95 (Y) € Aut(pys,e), (F(Q)) such that
(V) = d4(Y) ®ids. (3.1.8)
In the category (D xS, ¢)2 this equation corresponds to®
lid s ) ® p] ® Fo(ev.gocoy) = 4(Y) ®p,
which corresponds in the category D to
[cg.o ®idy]o[idg @plocy,gocoy = [1®idosy] o [idg ® cg,q ® idy] o [95(Y) @ p].
If we compose both sides from the left with y ® idy and use commutativity of Qg, we obtain

[4®idy]efidg ® plocy,g o coy = [ @ idy] 0 [05(Y) @ p] =: [p@idy] o [,(Y) ® ],

where we have defined 95(Y) := o 84(Y) € Endp(Q). Applying the standard right inverse of ¥ on both
sides of (3.1.8) gives

(V) =d(¥V)™ R 0@ (),
which in D corresponds to
e N RO
H(¥) = (0RII®) RO beqllido @p)ocvgocqy]
and hence we have
- -1
(Y) = (6 ° R%(P)) o {Rg}g@c) [(idg ®p)oeyqo CQ,Y]}

Now that we have an explicit expression for d>(Y) € Endp(Q) we can prove that it is in Gs. Because
dim(Homp (7, Q)) = 1, we must have that 92(Y) on is a multiple of 7. Using naturality of the braiding in

8Here we use Lemma 2.9.9.



3.1. OPERATOR ALGEBRAS 83

D and the fact that cr g = cg,r = idg, we easily see that this multiple is 1, i.e. 82(37) on =n. Analogous
to the computation in [77], one can now show that

[u@idy] o [idg ®p] o [0:(Y) @idy] o [n@idy] = 12 @ idy] o [idee @ p] © [02(Y) ® 05(Y) @ idy].

Letting the right inverse REQYSQ o act on both sides and noting that R(IYQ) (p) € Homp (I, Q) must be a scalar
multiple of 7, we find that

0a(Y)op=pol0(Y)®0(Y)],

s0 05(Y) is indeed an algebra morphism.
O

Thus to each irreducible object in these two categories we have assigned an element in the group Gs.
We can now use this to define a Gg-grading on these categories. If ¢ € G then an object X in either
of these categories will be called homogeneous of degree q if it is a finite direct sum of irreducible objects
X with 0y/2(X;) = ¢ for all j. It is easy to see that if some (not necessarily irreducible) object in these
categories is homogeneous of degree g, then the formulas for 9, /5 in the lemma also correctly give q. So for
any homogeneous object in these categories its degree is given by these formulas. Also, if two homogeneous
objects are isomorphic to each other, then their degrees must be the same. These facts can be found in
Lemma 3.13 of [77]. Furthermore, if X and Y are two homogeneous objects in either (but the same) of these
two categories, then (“)1/2()? ®Y) = 81/2()?)31/2(37). For the proof we refer to Proposition 3.17 of [77].

In the same way as in the proof of Proposition 3.14 of [77], one can show that both categories are
Gs-crossed. In fact, they are both braided Ggs-crossed T'C*s. We will now define a braiding on both
categories.

Lemma 3.1.21 We will write %y to denote both inclusion functors D — (D xS, ¢); and D — (D xS, ¢)a.
(1) If X = (JoXJs,e) € (D xS,¢) is homogeneous and if f € Hom(py,s,e), (JoY Js,JoZJs), then

Ho(Cz,x)e[f®e] = [idj[]XJs @ Fa()“()—l (f)] e A(cy,x)e [idjoyjs ®el.
As a consequence, zf§7 = (JoY Js,p) is homogeneous, then
Ho(cv.x)elp®e] =[e® Fy )-1(p)] @ Ho(cy,x)

and this morphism is in Hom(DN37c)1(}~/ ® )?,)Z ® Fal()?)*l(f/))‘
(2) IfX = (JsXJo,e) € (D xS, c)z is homogeneous and if f € Hompyw,s ey, (JsY Jo, JsZ o), then

[e ® FaQ()?),l(f)} ® J(cy,x) =le®idg, 5 ;] e Alczx) e [f ®idy x|
As a consequence, fof = (JsY Jo,p) is homogeneous, then
Holeyx)elp®e] =[e® Fy, 5)-1(p)] @ Ho(cy.x)

and this morphism is in Hom(DNS’C)Z(FQQ()?)(}N/) ®X, X ®((Y)).

The proof of this lemma makes use of Lemma 2.9.9 and proceeds in the same way as in [77], so we will not
provide it here. An immediate consequence of the lemma is the following corollary.

Corollary 3.1.22 The Gs-crossed categories can be equipped with a braiding as follows.
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(1) If X = (JoXJs,e),Y = (JoY Js,p) € (D x S, ¢), are homogeneous, then
E%,? = fo(EX’y) ) [6 @p]

defines a braiding of the second kind on (D xS, ¢); which extends the braiding ¢ on D.
(2) If X = (JsXJy,e),Y = (JsY Jo,p) € (D xS, c)y are homogeneous, then

C})}; = jo(Cny) [ [6 ®p]

defines a braiding of the second kind on (D X S, c)s which extends the braiding ¢ on D.

If we define ¢}, o = (¢}, & <)~ ', we obtain a braiding of the first kind on (D x S, ¢); that extends the
’ 81 (X) ’

braiding c¢. Thus we have constructed two braided Gs-crossed TC*s (D x S,¢); and (D x S, ¢)a, the first

of which has a braiding of the first kind extending ¢ and the second of which has a braiding of the second

kind extending c.

3.1.4 (C*-2-categories from pairs of operator algebras

Let A; and A be two unital C*-algebras. We will write Hom(A;,.43) to denote the set of all unital
s-homomorphisms from A; to As. If p,o € Hom(A;,.As), then we define the set

(p,0) :={R € Ay : Rp(A) =c(A)R for all A € A;}.
If Re (p,o)and S € (o,7) for p,o,7 € Hom(Ajy, As), then for any A € A; we have
SRp(A) = So(A)R = 7(A)SR,

so SR € (p, 7). For any p € Hom(Aj;, . As) we obviously have that 1 € (p, p); whenever we want to emphasize
that we are considering 1 € Ay as an element in (p, p), we will write it as 1,. If p,c € Hom(A;, As) and
if R € (p,0), then we obviously have R1, = R = 1,R. This shows that we obtain a category, where the
objects are defined to be elements in Hom(.A;, Az), the set of morphisms from p to o is defined to be (p, o),
the composition of morphisms is given by the multiplication in A and the identity morphism 1, in (p, p)
is the unit element 1 € Ay. We will denote this category by Hom(A1,.42). In case A1 = Ay = A, we will
write End(A) rather than Hom(A, A). It is straightforward to check that for any p,o € Hom(A;,.A3) the
set (p, o) is a Banach subspace of Ay, and if R € (p, o) then for any A € A; we have

R'o(4) = R'o(A")" = (o(A")R)" = (Rp(A"))" = p(A")"R" = p(A)R",

so R* € (o, p). One easily shows that Hom(A;,.A2) is in fact a C*-category.

If o € Hom(A;, A;) and p € Hom(A;, Ay) for i, j, k € {1,2}, then of course p®o := poo € Hom(A;, Ag).
Now suppose that o,0” € Hom(A;, A;), p,p’ € Hom(A;, Ay) for i,j,k € {1,2} and that R € (p,p’) and
S € (0,0"). Define

R x S := Rp(S) = p'(S)R. (3.1.9)

Then for any A € A; we have

(R x 8)[(p@0)(A)] = Rp(S)p
=p'(o'(A

o(4))
S)R
= [(p" ® ) (A)(

R
showing that R x S € (p® o, p' ® ¢’). Now let ¢; € End(A;) denote the identity endomorphism of A; and
let p € Hom(A;, Aj) and 0 € Hom(A;, Ay) for ¢, 7,k € {1,2}. Then ¢;®p = p and 0 ®¢; = 0. Furthermore,

— Rp(So(A)) = p/(So(A)R
p (o' (A)p ()R
x ),

(
)
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if R € Hom(Hom(A;, A;)) and S € Hom(Hom(Aj, Ay)), then 1,, x R = R and S x 1,, = S. Hence we
conclude that we obtain a 2-category with two O-cells A; and Ay, where (in the notation of Definition
2.9.10) C(A;, A;) = Hom(A;, A;) is a C*-category, the horizontal composition ¢ is given by ® on the 1-cells
and by x on the 2-cells, and the unit objects are given by ¢; € End(A4;) and ¢t € End(.A3) with trivial unit
constraints. As a consequence, End(A) is a C*-tensor category for any C*-algebra A.

Now suppose that A is a type III factor on a separable Hilbert space H. If p € End(.A) and if E € (p, p)
is a projection, then there exists an isometry U € A such that UU* = E. If we define the linear map
og: A— Aby

pis(A) i= U p(A)U

for each A € A, then pg(1) =U*p(1)U = U*U =1 and for any A, B € A we have
pe(AB) = U p(AB)U = U*p(A)p(B)U = U"Ep(A)p(B)U = U*p(A)Ep(B)U = pp(A)pr(B)

and pp(A*) = U*p(A)*U = (U p(A)U)* = pp(A)*. We thus have pp € End(A). Also, Upp(4) =
Ep(A)U = p(A)EU = p(A)U, so U € (pg,p). This shows that End(.A) has subobjects. Now let p1,ps €
End(A). Because von Neumann algebras are the norm-closures of the linear spans of their projections and
because type III factors cannot be finite-dimensional as vector spaces, there exists a non-zero projection
E € Awith E # 1. Then 1 — E € A is also a non-zero projection with 1 — E # 1 and hence there exist
isometries V1, V2 € A such that ViV* = E and VoV5* = 1 — E. For each A € A we then define the linear
map p: A — A by
p(A) = Vip1 (A)V]" + Vapa(A)V5

It is easy to see that p(A*) = p(A)* for all A € A and that p(1) = 1. For j # k the computation
Vj*V;C = V]*(V]VJ* + ViVE)Vi, = 2Vj*Vk shows that V*Vo = 0 = V5'V;. Using this it is easy to check that
p(AB) = p(A)p(B) for all A, B € A. Thus End(A) has direct sums. We thus conclude that if A is a type
III factor, then End(A) has subobjects and direct sums.

If G is a group and 8 : G — Aut(A) is a G-action on a C*-algebra A and ¢ € G, then for any p € End(.A)
we define 8,(p) € End(A) by B4(p) := BgopoBy-1. It is straightforward to check that in this way we obtain
a G-action f on the category End(A).

3.1.5 Subfactors of type III

In this subsection we will briefly mention the main facts about type III subfactors, as can be found in
Section 2 of [65]. We will not provide any proofs here.

Definition 3.1.23 Two von Neumann algebras M and N on some common Hilbert space H with N C M
are called an inclusion of von Neumann algebras. We will write i : N — M to denote the inclusion map. If
both M and N are factors, then the inclusion N C M is called a subfactor. A subfactor is called irreducible
it NNnM = Cl1.

Note that if N C M is an inclusion of von Neumann algebras, then so is M’ C N'.

In the rest of this subsection, we will always assume that we are given a subfactor N C M, where both
N and M are factors of type III acting on a separable Hilbert space H. In this situation there exists a
vector & € H that is cyclic and separating for both N and M. We will write ¢ to denote the state on
N determined by @, i.e. ¢(n) = (n®,®) for all n € N, which is a faithful normal state on N. Let Jy
and Jy; be the modular conjugation operators® with respect to ® for N and M, respectively, and write
Jjn = Ad(Jy) and jas := Ad(Jps). Tt is a standard result that jy(N) = N’ and jy(N’') = N and the same
equations also hold when we replace N with M, of course. Then the canonical endomorphism ~ € End(M)
(with respect to @) is defined by

Y:=JNOJuM.

9For the definition of these modular conjugation operators we refer to theorem 9.2.9 of [47] (Tomita’s theorem).
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A different choice of ® only changes v by conjugation with a unitary in N. If we write

Ny :=y(M) = jn(ju(M))
My = ju(in(N))

then Ny = jn(jar(M)) = jw(M’) C j(N') = N and My = jar(in(N)) = jar(N') > jar(M’) = M, 50
we obtain two new subfactors N7y C N and M C M;. The subfactor Ny C N has canonical endomorphism
A = jn, © jn, which is also called the dual canonical endomorphism. Because JyJy = Jn,Jn, the dual
canonical endomorphism is the restriction of the canonical endomorphism to N, i.e. A = 7|y. Because
v(M) C N, we can also interpret v € End(M) as a map M — N, which we will denote by 7. Thus v =ioi
and we can write A € End(N) as A = |y =i 0. The canonical endomorphism for the subfactor M C M;
will be denoted by 71, 80 71 = jar © jar, - Because Iy Iy = JpJar,, we have y1|pr = 7.

Definition 3.1.24 The set of all faithful normal conditional expectations from M onto N is denoted by
C(M,N). If e € C(M, N), then its indez Ind(e) € [1, 00| is defined by

Ind(e) ™! := sup{A > 0: e(m) > Mm for all m € M}, (3.1.10)
where we set Ind(g) = oo if the right-hand side is 0.

Suppose from now on that there exists an ¢ € C(M,N) and that we have chosen such a fixed e. Then
w = @ oc¢ is a faithful normal state on M, so we can choose a unit vector 2 € H that represents it in the
sense that w(m) = (MmN, Q) for all m € M. The projection ey onto the closure of N lies in N’ and is
called the Jones projection with respect to w = ¢ o ¢ and we have Q2 € ey H. The von Neumann algebra
generated by M and the projection ey coincides with M; defined above. Because for any two ni,ns € N
we have
(n192,n282) = w(ngna) = p(e(ngni)) = p(nym) = (M1 P, n2®)

and because ® is separating for NV, the assignment n® — n{) defines an isometry v’ € N’ with v'H = ey H.

This isometry satisfies Jysv' = v’ Jy and v'v"* = en. Using v/, we introduce a second isometry vy := jas(v')
which lies in M7 (by definition of M;) and satisfies

* * .
’Uﬂ);K = JM’UIJMJM’UI JM = JM’U/U/ JM :]M(eN) — €N
* * *
U/ v = v' JM’U/JM = ’U/ UIJNJM = JNJM
*
”U1JM1 = JMQ)IJMJMl = JM’U/JNJM = JM”UI”U/ v = JlevTvl = JM”Ul.

As a consequence of the second equation we get v = Ad(v'*v;) and as a consequence of the third equality
we have for all m; € M; and n € N that

v1m; =N (m1)’01

wn = \(n)w,

where we have defined w := 7;(v1). Note that these equations mean that v; € (tpr,,71) in the category
End(M;) and that w € (tn, ) in the category End(N). A useful fact is that the isometry w € N induces
the conditional expectation according to e(m) = w*y(m)w for any m € M. The content of the following
lemma can be found in Subsection 2.7 of [65].

Lemma 3.1.25 The following two statements are equivalent:
(1) the index Ind(e) is finite;
(2) there exists v € R together with an isometry v € M with vm = y(m)v for all m € M that satisfies
w*v = v 121 = wiy(v).
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In case one (and hence both) of these statements holds, we have v = Ind(e).
The isometry v € M in part (2) has the property that for any m € M we have
m = Ind(e) - e(mv™)v = Ind(e) - v*e(vm). (3.1.11)

This equality means that we can write each element m € M of the form m = nv and in fact this n is unique.
This can in turn be used to obtain the formula

~v(m) = Ind(e) - e(vmov™) (3.1.12)

for any m € M. These facts can be restated in more categorical terms as follows. If ¢ € C(M, N), then
there always exists a w € (ty,701) in the category End(N). The index of ¢ is finite if and only if there also
exists a v € (tp7,4 0 1) in the category End(M) such that

L @w*ovel] =v"121
[w* @15 o [1; @ 0] = v~ /21

in which case we have v = Ind(g). These two equations imply that the 1-cell ¢ can be given the structure
of a conjugate (i,7,7) for the 1-cell 4 in the C*-2-category determined by N and M if we choose r = |/Kaw
and 7 = /k1v with k1, k2 € Ry satisfying k152 = v. By using the procedure described after Definition
2.9.12; the canonical endomorphism ~ becomes a special *-Frobenius algebra in End(M) with unit and
comultiplication

Ny = VK1V iy — Y
Ay =kKw:y=>7®y

and the dual canonical endomorphism \ is a special *-Frobenius algebra in End(/N) with unit and comulti-
plication

Ny = /Kow 1 Ly — A
Ay = Ey(0): A=A\

The subfactor N C M can be obtained from the Frobenius algebra 7 by using that N = (M) = w*y(M)w.
Tt is also possible to reconstruct the subfactor N C M from this Frobenius algebra A as shown in [65] (after
Corollary 4.8) and [8] (Theorem 3.11).

We now turn to the important notion of the index of a subfactor.

Definition 3.1.26 If there exists an ¢ € C'(M, N) with Ind(e) < oo, then the index [M : N] of N in M is
defined as
[M : N]=inf{Ind(¢) : e € C(M,N)}.
If such e does not exist, we set [M : N| = oo.
If [M : N] < oo then there exists a unique g € C(M,N) with Ind(eg) = [M : NJ, called the minimal
conditional expectation.
We end this subsection with an important application. Let M be a type III factor and let (p,r,7T)

be a conjugate for p € End(M). If L denotes the corresponding categorical left inverse, then for any
a€(p®o,p®7) we have L, -(a) = r*p(a)r. If for each m € M we now define

p(m) = (r*r)~r*p(m)r,

it is easy to see that ¢ defines a(n operator algebraic) left inverse for p and hence € := p o is a conditional
expectation from M onto p(M). The corresponding categorical left inverse L’ that is obtained by letting Lﬁ,yT
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be the restriction of ¢ to (p®a, p®T) is related to L by L), = (r*r) 'L, . Note that d(L") = d(L) = ||r[|-||7]|
because the dimension is invariant under scaling of categorical left inverses. Now if 7,0 € End(M) and
a € (p®o,p®T), then according to Lemma 3.1.11 we have the inequality

a*a <TTp(Log(a*a)) = T7r'r p(L, (a*a)) = d(L)*p(L, ,(a*a)) = d(L)*¢(a*a)

=722

or
e(a*a) > d(L) 2a*a

and this is the best bound possible. In fact this inequality holds if we replace a*a by any m € My,
so Ind(¢) = d(L)2. By Theorem 3.11 of [65] the value of d(L) is minimal if L is determined by a standard
conjugate of p, i.e. Ind(g) > d(p)? for any € that comes from a left inverse for p as above!?, and equality holds
when ¢ comes from the standard left inverse. We now want to conclude that [M : p(M)] = d(p)?, but for
this we need to show that the minimal conditional expectation comes from a left inverse. If &’ € C(M, p(M))
is arbitrary, then ¢ := p~! o’ is a left inverse for p, where p~! denotes the inverse of the *-homomorphism
p: M — p(M) (note that p is injective). But then ¢’ = po ¢, so &’ comes from a left inverse. In particular
this is true for the minimal conditional expectation £, so we conclude that

[M : p(M)] = Ind(eo) = d(p)*.

As a corollary, we find that if (p, r9,79) is a standard conjugate for p, then the minimal conditional expec-
tation g is given by eg(m) = (r§ro)~*

—

p(rgp(m)ro).

3.2 Nets of von Neumann algebras

Now that we have discussed all relevant results from category theory and operator algebras, we can consider
AQFT. We begin by stating some elementary definitions, which can be found in [78].

We will write K to denote the set of all bounded open intervals in R, so K is the set of all subsets I C R
of the form I = (a,b) with a,b € R. If I = (a,b),J = (¢,d) € K then the notation I < J (also written
J > I) will mean that b < ¢, i.e. that I and J are disjoint and that I lies to the left of J. We will say that
two intervals I,J € K are adjacent, if I N'J = {p} for some p € R. Finally, for any open subset O C R
we will use the notation O+ to denote the interior of the complement of O, so O+ = R\O. Note that if
1,J € K are adjacent with I < J, then we can write I = (a,b) and J = (b,c) for certain a,b,c € R and we
have (I U J)tt = (a,¢) = TU{b} U J. Unbounded intervals of the form (—oco,a) or (b, 00) with a,b € R
are called left half-lines and right half-lines, respectively. If I is a left/right half-line, then I+ is clearly a
right /left half line.

Definition 3.2.1 A net of von Neumann algebras on R is a pair (H,.A) consisting of a separable Hilbert
space H and an assignment
K>I— A(I)C B(H)

where each A(I) is a von Neumann algebra, satisfying the property that A(I) C A(J) whenever I C J; this
property of A is called isotony.

If (H,.A) is a net of von Neumann algebras, then for each open subset O C R we define

A(0):= \/ AU

1€k, ICO

10Note that it is not necessary to demand that this left inverse is determined by a conjugate, since this is always the case.
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If O happens to be in K, then A(O) was already defined by the assignment I — A([) itself, but by isotony
the two different definitions of \A(O) will then coincide. This shows that the notation is consistent.
We will also introduce the #-algebra A := ;¢ A(I). With some abuse of notation, we will denote

the norm closure of A, by A, so
__ ——ll
A= AOOH-H _ U A

IeK

The C*-algebra A is called the quasi-local algebra corresponding to the net (H, A).

Definition 3.2.2 A net (H,.A) of von Neumann algebras on R is said to satisfy:
o irreducibility if \/ ;. A(I) = B(H);

locality if A(I) C A(J)" whenever I,J € K and I C J+;

half-line duality if A(I*)" = A(I) for all half-lines I C R;

Haag duality if A(I1) = A(I) for all I € K;

additivity if for any open set O C R and for any collection {I,}, with I, € K for all « and O =J,, I

we have that A(O) =V, A(1.);

e strong additivity if it satisfies additivity and if for any two adjacent I,J € K we have A((IUJ)*++) =
A(I) v A(J);

e the split property if for any I, J € K with INJ = () the map A(I) @z A(J) = AI)VA(]), 2@y — zy
extends to an isomorphism of von Neumann algebras.

Definition 3.2.3 Let (H,.A) be a net of von Neumann algebras and let G be a group. Then a G-action on
(H, A) is a G-action : G — Aut(A) on the quasi-local algebra A satisfying the following two properties:
o 5,(A(I)) =A(I) for all g € G and I € K;
o if for some I € K the restriction of 5, to A(J) is the identity map on A(I), then g = e.
A G-net of von Neumann algebras is a triple (H, A, §), where (H,.A) is a net of von Neumann algebras and
B is a G-action on it.

As mentioned before, a G-action 8 on a C*-algebra induces a G-action on its tensor category of endomor-
phisms. This means that we have a G-action on the tensor category End(A) of endomorphisms of the
quasi-local algebra of a G-net of von Neumann algebras.

3.2.1 (G-localized endomorphisms

In [78] an endomorphism p € End(A) of the quasi-local algebra of a G-net (H, A, ) of von Neumann
algebras was called g-localized (where ¢ € G) in some interval I € K if p(A) = A for all A € A(J) with
J < I and if p(A) = B4(A) for all A € A(J) with J > I. Here we will introduce a more symmetrical
definition, because this will be needed later.

Definition 3.2.4 Let (H, A, $) be a G-net of von Neumann algebras on R.
(1) If ¢,r € G and I € K, then p € End(A) is called (q,r)-localized in I if
e for any J < I and A € A(J) we have p(A) = B4(A);
e for any J > I and A € A(J) we have p(A) = G,.(A).
An endomorphism p € End(.A) is called (g, r)-localized if it is (g,r)-localized in some I € K.
(2) If p is (g, r)-localized, then p is called transportable if for any J € K there exists an endomorphism
p’ that is (g,7)-localized in J together with a unitary W € (p,p’). We will denote the set of all
transportable (g, r)-localized endomorphisms by G — Loc(A)g .

The unitary operator W in the definition of transportability of p is often called a charge transporter for p
in the literature on AQFT; we will also use this term occasionally. If p € G — Loc(A),r is (g, r)-localized
in I € K, then we will write this simply as p € G — Loc(A) g, (I).
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For any ¢, € G, the full subcategory of End(A) determined by the endomorphisms in p € G—Loc(A)g.»
will be denoted by G — Loc(A),,. We then define the category'!

G —Loc(A) = |_| G — Loc(A)g r-

q,reG

If p € G—Loc(A)y, and p’ € G — Loc(A)g s, then their tensor product p ® p’ in End(A) is easily
seen to be in G — Loc(A)qq rr, which implies that G — Loc(A) is a G x G-graded tensor subcategory
of End(A). Furthermore, the G-action on End(A) restricts to a G-action on G — Loc(A) and it satisfies
B4(G —Loc(A)y,s) C G —Loc(A)grg-1,4sq-1- As already announced after Definition 2.8.14, this G — Loc(.A)
gives a slightly more general notion of a G-crossed category, where there is a G-action, a G x G-grading and
an action of G on G x G given by ay(r,s) = (qrqg=',qsq™!). The following lemma is a slight generalization
of (a part of) Lemmas 2.12 and 2.13 in [78].

Lemma 3.2.5 Let (H, A, 3) be a G-net of von Neumann algebras satisfying Haag duality.
(1) If p is (q,r)-localized in I € I, then p(A(I)) C A(I).
(2) If p and o are both (q,r)-localized in I € IC, then (p,o) C A(I).

Proof. (1) If J € K with J C I+, then the restriction of p to A(J) is either 8, or B,, so we have
p(A(J)) = A(J). This implies that p(A(I1+)) = A(I*). Thus we have

p(A(I)) C A(IH) = A(D),

where the inclusion follows from the fact that p(A(I)) commutes with p(A(I*)) = A(I+) by locality.
(2) Suppose that R € (p,0). Let J € K with J < I. If A € A(J), then

Rpy(A) = Rp(A) = o(A)R = 5,(A)R,

so R € A(J)". With the same reasoning, the same holds when J > I. Hence we conclude that R € A(I+)" =
A(I).
(I

Later we will consider two subcategories of G — Loc(A) that are G-crossed, see also Definition 3.2.8 below,
and in order to define a braiding on these two G-crossed categories we will need the following lemma, which
is a generalization of Lemma 2.14 in [78].

Lemma 3.2.6 Assume that (H, A, ) is a G-net of von Neumann algebras satisfying Haag duality and
strong additivity. Let I,J € K with I < J, let p be (q,r)-localized in I and let p' be (¢',r")-localized in J. If
rq' = q'r, then

p@p =Br(p) @ By—1(p) (
P ®p=PBy(p)® B (p) (
Proof. Write I = (a,b) and J = (¢,d). Choose m < a and M > d and write K := (m,c) and L := (b, M).

It is enough to show that the equations hold on both A(K) and A(L), which is what we will do now.
(1) If A e A(K), then

(p @ p")(A) = p(p'(A)) = p(By (A)) = (By © By—1 0 po Bp)(A)
= By [By-1(p)(A)] = (Br © By 0 Br—1)[By—1(p)(A)]

' Note that this is different from the category G — Loc(.A) as defined in [78]. The G — Loc(A) in [78] is equal to Ugec G-
Loc(A)e,q)®.
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= (Brop' 0 Br-1)(By-1(p)(A)) = (Br(p") @ By-1(p))(A)
and if A € A(L), then

= B:(0)[Br(A)] = ﬁ (p)[(ﬁq/ 10,0 ﬁq (A )]
= B (P)(By—1 0 poBy)(A)] = Br(p)[By-1(p)(A)]
= (Br(p") @ By-1(p))(A)

(2) If A e A(K), then

(ﬂq/ opoﬂq, 10 By )(A)
[ P)(Br-1 0 By 0 B;)(A)]
[(Br-10p' ﬁr)(A)] = By (p)[Br-1(p") (A)]
)

and if A € A(L), then

(v @ p)(A) = p'(p(A)) = p'(Br(A)) = (Br 0 Br-1 0 p" 0 B:)(A)
= Br[Br-1(p')(A)] = (By © Br 0 Byr—1)[Br-1(p)(A)]
= (By ©p o By-1)1B-1(p")(A)] = (By (p) @ Br—1(p"))(A).

O

Definition 3.2.7 Let (H, A, 3) be a G-net of von Neumann algebras satisfying Haag duality and strong
additivity. Suppose that p; € G — Loc(A)g, r,, p2 € G — Loc(A)g,,r, and let I,J € K with I < J.
(1) Let p1 € G — Loc(A)g, ., (I) and ps € G — Loc(A)g, », (J), together with unitaries U; € (p;, p;) for
Jj €{1,2}. If r1g2 = gor1, then we define the isomorphism Cp1 o P P1® P2 = Bry (p2) ® 5q2_1(p1) to be
the composition

Uy xUs Bry (U2)" %8, 71(U1)
P1® pg ————————— p1 ® p2 = Br, (p2) ® B, _1(p1) - Br, (p2) ® B, —1(p1)

ie. Cp1 P2 [57'1 (U2)* X ,Bq;l(Ul)*] o] [Ul X UQ]
(2) Let p1 € G — Loc(A)g,,r, (J) and pa € G — Loc(A)g, r, (I), together with unitaries V; € (p;, p;) for
j €{1,2}. If ¢1r2 = r2q1, then we define the isomorphism C7, , 1 p1 ® pa = By, (p2) @ ﬁr; (p1) to be

the composition

Vix Vs Bay (V2)" B, —1(V1)
p1® py —————— P1 @ P2 = Bq, (P2) ® B, —1(p1) - B (p2) @ B, 71(p1)

Le. Cp, 5, = (B, (V2)" x B,1(V1)"] o [Vi x V2.

P1,P2

Actually, we should have written these isomorphisms as Cfn oo (L, 1,5, Uj) and C (1, J, p;, V), showing
that there were some choices involved. However, by using some standard arguments it can be shown that

these isomorphisms do not depend on these particular choices. This justifies our notation.

Definition 3.2.8 If (H, A, ) is a G-net of von Neumann algebras, then for each ¢ € G we define the
categories G — Loc”(A), := G — Loc(A), . and G — Loc®(A), := G — Loc(A).,, and

G — Lock(A) := |_| G — Lock(A),
qeG
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G — Locf(A) = |_| G — Locf(A),.

qeG

We also write Loc(A) to denote G — Loc(A)e.. = G — Loc”(A), = G — Loc®(A).. The objects in Loc(A)

are also called DHR endomorphisms'?.

The categories G — Loc”(A) and G — Loc™(A) are obviously G-crossed. We will now use the expressions
C' and C" to define braidings on these two G-crossed categories.

Theorem 3.2.9 Let (H, A) be a G-net of von Neumann algebras satisfying Haag duality and strong addi-
tivity. Then G — Loc™(A) and G — Loc™(A) are G-crossed categories. Furthermore, both categories can be
equipped with a braiding in the following way.

(1) On G — LOCL(.A) we can define a braiding ™" and a braiding of the second kind ¢! by

Lior . ~r
Coo = Cp,d
Ll .
Cpo = Cp,o

(2) On G — Loc™(A) we can define a braiding ™' and a braiding of the second kind ¢™" by

Rl _
Cpo = Cp,o

Ror T
Cpfﬂ - Cp,a'

We will write G —Loc“") (A) to denote the category G —Loc” (A) equipped with the braiding ¢". Likewise
we also introduce the notation G — Loc“Y(A), G — LoD (A) and G — Loc®™(A). Note that G —
LocE) (A), and G — Loc™™(A), are both equal to Loc(A) equipped with the same braiding, which we
will denote by ¢". Similarly, G — Loc®Y(A), and G — Lo (A), are both equal to Loc(A) equipped
with the same braiding, which will be denoted by ¢!. These two braidings on Loc(A) are related by
o = (ch )7 We will often write Loc!/"(A) if we want to emphasize which of these two braidings on
Loc(A) we are considering. It thus follows that G — LocX™) (4) and G — Loc®™) (A) are braided G-crossed
extelnsions of Loc"(A) and that G — Loc®Y(A) and G — Loc®Y (A) are braided G-crossed extensions of
Loc'(A).

3.2.2 The categorical relation between G — Loc""(A) and G — Loc®V(A)

In this subsection we will show that the braided G-crossed structures of the categories G — LocEm) (A)
and G — LocD(A) can be transported to one another. When comparing the two structures on the same
category, we find that they are the mirror image of one another. In fact, the results in this subsection
motivated us to define the notion of a mirror image of a braided G-crossed category, as we did in Subsection
2.8.5.

Let (H, A, B) be a G-net of von Neumann algebras satisfying Haag duality and strong additivity. If
g € G and p € G — Loc”(A),, then it is clear that .7 (p) := po ;-1 € G — Loc(A),-1, and the same
is true if we interchange L and R. Similarly, if p,o € G — Loc”(A), and S € (p, o), then .7,(S) := S €
(F4(p), F4(0)), and again the same is true if we interchange L and R. This obviously defines functors .7
between G — Loc” (A), and G — Loc®(A),-: for each ¢ € G, and together all {.7,},ec constitute a functor
7 between G — Loc”(A) and G — Loc®(A). We can use these functors . to transport the G-crossed
structure from one of these two categories to the other. We will only show how to transport the G-crossed
structure of G — Loc’(A) to G — Loc™(A); the opposite direction goes similarly.

2Here DHR stands for Doplicher-Haag-Roberts. These endomorphisms were first studied in the series of papers [18], [19],
[20] and [21].
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We start with the G-grading. It is clear that if p € GfLocR(.A)q, then the degree of .7, (p) is ¢~'. Hence
if we transport the degree  of G — Loc”(A) to G — Loc™(A) we obtain a new degree d, on G — Loc(A)
by defining

Ds(p) :=0(p)~ ", (3.2.3)

We will now consider the tensor product. Note that both the tensor product and group action on the
categories G — Loc(A) and G — Loc®(A) are restrictions of the tensor product and group action on
End(A), so there is no need to label them by ®p,, g or B/E. If p € G — Loc™(A), and o € G — Loc"(A),,
then their images in G — Loc” (A) under the functor . are po f8,-1 and oo 1. We then take their tensor
product in G — Loc”(A) to obtain

po Bq_l ©0o° 57‘_1 =po Bq_l o0 o 57-—1 o B'f‘q o B(Tq)_1 =po Bq—l 00 o Bq—l o ﬁ(rq)—1
= rq(p ® By(0))

and then we transport this result back to G — Loc™ (A) to obtain a new tensor product
peo:=p® By(0) (3.2.4)

on the objects of G — Loc®(A). If S € (p1,p2) and T € (o1,02) with p; € G — Loc®(A), and o; €
G — Loc(A), then

L(8) x A(T) = S(pro Bg-2)(T) = Sp1(Bg-—1(T)) = F(S x Bg-+(T)),
so when we transport back to G — Loc’*(LA) we obtain the new tensor product
SeT:=8xp,-1(T) (3.2.5)

on the morphisms of G — Loc(A). This is the tensor product of G —Loc”(A) transported to G — Loc®(A).
If g € G and p € G — Loc™(A),, then for the group action on the objects we find

Bq(yr(p)) = ﬂq °opo ﬂr*l © Bq*l = 5(] opo 5(1*1 o ﬂ(q'f‘q*l)*1 = yqrqfl(ﬁq(p))v
and if ¢ € G and S is a morphism in G — Loc®(A),., then
Ba(F+(S5)) = B4(S) = Fgrq-1(B4(95)),

so the group action of G — Loc”(A) transported to G — Loc™(A) is just the original group action on
G — Loc®(A). Finally, we will consider the braiding. Let p € G — Loc®Y(A), and ¢ € G — Loc'®V(A),.
Then the braiding of .#(p) and .#(c) in G — Loc'®")(A) is given by
L,r _ _ _ _ Rr
€S ). #(0) = Cp).7(0) = Cpop,r.008,1 = Cp.p,_1(0) = o5, 1 (o)

_ (Rl —1

- (Cﬂq—l(U)vﬂq—lr—lq(ﬂ))
We will explain the third step in some detail, because it is non-trivial. Choose p € G — Loc™ (A)q localized
in J and & € G — Loc™(A), localized in I with I < .J, together with unitaries Vi € (p,p) and V; € (0,5).
Then poB,-1 € G—Loc*(A),-1 and GoB,-1 € G —Loc”(A),-1 are localized in J and I, respectively. Also,
for any A € A we then have p(8,-1(A)) = Vip(B,-1(A)) Vi, so Vi € (po fBg-1,p 0 By-1). Similarly, we also

have V5 € (0 0 B,-1,0 0 B,-1). Thus we can use V; and V5 to compute Cz;oﬂqflﬂfoﬂ,,fl' Namely,

;qu_l,aOBT—l = [Bq*l(VQ) X ﬁe*l(vl)]* © [Vl X ‘/2]
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= {Bg-1(V2)[Bg-1(0 0 Br-1)](V1)}*Vi(p 0 Bg-1)(V2)
= [(Bg-r 000 Br-1 0 Bg)(V1)I" By (V2) " Vip(Bg—1 (V2))-

On the other hand, since 8,-1(V2) € (B,-1(0), B4-1(7)), we can use Vi and Ws := 3,-1(V2) to compute

C;’Brl(”) = [Be(W2) x ﬁ(qw‘l)—l(vl)]* o [Vi x Wy

= [Bg=1(V2) X Bgr=14-1(V1)]" © [V1 X Bg-1(V2)]
= {8y (V2)Bg=1(0) (Bgr-14-+ (V1)) } Vip(Bg-1 (V2))
= [(Bg-1 000 Br-1 0 B)(V1)]" Bg-1 (V2) " Vip(Bg-1 (V2))-

So the two expressions are indeed equal. Thus we conclude that the braiding of G — LOCL(A) transported
to G — Loc®(A) is
R,\e __ ¢ R -1

(vaf’> - (Cﬂq—l(U)ﬁq—lT—lq(P)) ’ (3:2.6)
We have thus defined a new braided G-crossed structure on G — Loc™(A) by transporting the braided
G-crossed category from G — Loc”(A) to G — Loc®(A). The tensor product is given by (3.2.4) and (3.2.5),
the G-grading is given by (3.2.3), the braiding is given by (3.2.6) and the G-action remains unchanged.
Comparing this with our discussion in Subsection 2.8.5 we see that this new braided G-crossed structure on
G — Loc®(A) gives us precisely the mirror image of G — Loc(A).

3.2.3 Group actions on quantum field theories

Originally, the purpose of this subsection was to only state Theorem 3.2.20 below (together with the needed
definitions), which was proven in Miiger’s paper [78]. One of the statements in this theorem is that the
braided G-crossed category of G-localized endomorphisms of an AQFT with a G-action is equivalent to the
crossed product of the category of DHR endomorphisms of the orbifold theory with a certain symmetric
subcategory thereof. This equivalence could be useful in relating the categories in AQFT to our abstract
categorical results in Chapter 4. Unfortunately, we were not able to accomplish such a relation based on
this equivalence (although we did find some other relations that were not related to this equivalence), so
in this sense the current subsection is somewhat independent of the rest of the thesis. However, we have
decided to include this subsection because an important part of the content can be considered as being new.
Namely, while studying [78] we decided to reformulate it in the language of [65], which led us to new proofs
of some of the results in [78]. In fact, our proof of Theorem 3.2.20 strongly relies on our Lemma 3.2.14,
which is not found in [78] (or elsewhere, as far as we know).

So far we have only constructed the categories G — Loc”(A) and G — Loc(A) as braided G-crossed
categories. For this we did not need much more than the assumption that (H, .4, 8) is a G-net of von Neu-
mann algebras satisfying Haag duality and strong additivity. To obtain further results on these categories,
we need to make some additional assumptions.

Definition 3.2.10 A quantum field theory (QFT for short) on R is a triple (H, A, ), where H is a separable
Hilbert space, (H,.A) is a net of von Neumann algebras and 2 € H is a unit vector, satisfying the following
additional properties:

e for each I € K the von Neumann algebra A(I) is a type III factor;

e for each I € K the vector Q € H is both cyclic and separating for A(I);

e the net (H,.A) satisfies locality, irreducibility, strong additivity and Haag duality.
If G is a topological group, then a G-action on a QFT (H,A,Q) on R is a strongly continuous unitary
representation V : G — B(H) that induces a G-action § on the net (H,.A) as in Definition 3.1.5, satisfying
V(g =Qforall g € G.
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If (H,A,Q,V)is a QFT with G-action and if p € G — Loc(A)g.» is (g,7)-localized in I € K, then we have
already seen that p(A(I)) C A(I). Because we now also have that A(I) is a type III factor on a separable
Hilbert space and because unital *-endomorphisms thereof are automatically normal, the restriction of p
to A(I) is a normal *-endomorphism of A(I), see Lemma 2.12 of [78]. Hence we can consider the index
[A(I) : p(A(I))] € [1, 0] of the subfactor p(A(I)) C A(I). This index is independent of the choice of T € K
as long as I is chosen such that p is (g, r)-localized in A(I). Hence we can define

Ind(p) := [A(I) : p(A(]))]

where I € K is chosen so that p is localized in I. The following useful lemma can be found as Lemma 2.4
in [9].

Lemma 3.2.11 Let (H, A, Q) be a QFT on R and let p,o € Loc(A)(I). Then!?
Hom 4(p, o) = Hom4(1)(pl.ar)> olacr))-

As can be seen in [9], the proof of this lemma is based on strong additivity and on the fact that the
restrictions of p and o to A(I) are normal. The content of the lemma is often formulated informally as the
statement that local intertwiners coincide with global intertwiners.

The full subcategory of G—Loc(.A) determined by the objects with finite index is denoted by G—Loc¢(A).
Similarly, we also define G — Loc]Lc(A) and G — Loclf?‘ (A). The following important result can be found as
Proposition 2.19 in [78], which also includes a detailed proof.

Proposition 3.2.12 Let (H,A,Q,V) be a QFT with G-action. Then G — LOC;L’Z)/(L’T)(A) and G —
LocgcR’l)/(R’T) (A) are braided G-crossed TC*s. Furthermore, for any p € G — Loc®/ ®(A) we have d(p) =
Ind(p)2.

In order to assure that this rather large subsection is actually readable, we have subdivided it into smaller
subsubsections. In this way the reader will have a better overview of the content.

Application of subfactor theory to QFT

We will now begin our discussion on how the results on type III subfactors can be applied to group actions
on a QFT. If (H,A,Q,V) is a QFT with G-action, then we define

HE :={Vc H:V(q)¥ =V for all ¢ € G}
and for each I € K we define
A :={Aec A(I): B,(A) = A for all ¢ € G}.

We then introduce two new nets (H,.A%) and (H, B) of von Neumann algebras by defining

for all I € K. Observe that the operators in B(I) indeed map HY into itself and that Q € HY. It is not
necessarily true that (HY, B, () is automatically again a QFT on R. Therefore, in the sequel we will simply
assume that this is the case. Furthermore, we will always assume that G is compact. Thus:

13To prevent any possible confusion in this subsection, we will often replace our earlier simplistic notation (p, o) with notation
such as Hom 4(p, o) to indicate that we are considering the set of intertwiners from p to o in the category End(A). An even
more precise notation would be HomEnd(A)(p, o), but we think that this is a bit exaggerative.
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From now on we assume that we are given a QFT (H,.4,Q, V) on R with action V' of a compact group
G such that (HY, B,Q) is again a QFT on R.

Although our assumption concerns the net B, we will be mainly interested in the net A® because we want
to apply the results of Subsection 3.1.5 on type III subfactors to the present setting (and only A% gives rise
to a type I1I subfactor). We thus want to translate our assumption on B to certain properties of A%, which
will be done by introducing the *-homomorphism

70 A = B
Ai—>A|HG,

Considered as a representation of A% on HY, 7 is unitarily equivalent to the GNS representation of A%
corresponding to the state w determined by the unit vector 2. Because € is separating for A, it follows
that 7y is faithful and can therefore be interpreted as a *-isomorphism from A% to B. In particular, we have
B(I) = mo(A%(I)) and A%(I) = my *(B(I)) for all T € K and each A%(I) is a type III factor. The strong
additivity of B implies that the net A also satisfies strong additivity and Haag duality of B implies that
AC(I) = A%(I*+)'NAC for all I € K. To each endomorphism p € End(A%) we can assign the endomorphism
moopomy € End(B). In fact, the assignments A + mo(A) and p +— 79 o pom, = establish a strict tensor

equivalence
Iy : End(A%) — End(B)

that is bijective on the objects (and thus invertible). Now suppose that p € Loc(.A%)(I) for some I € K.
Then it is clear that IIy(p) € End(B) is also localized in I, i.e. that it acts trivially on B(I1). If J € K,
then by transportability of p we can find a unitary u € A% such that p := Ad(u) o p is localized in J and
if we define U :=IIy(u) € B then Ad(U) o ITy(p) is localized in J. This shows that I, restricts to a (strict
tensor) functor Loc(A%) — Loc(B). We can thus use the inverse of the functor IIy to transport the braiding
of Loc(B) to Loc(A%) and it can be shown (see the discussion in [9], after corollary 2.7) that this braiding
on Loc(A%) can be obtained in the same way from unitary charge transporters as the braiding in End(B),
despite the fact that A“ does not satisfy Haag duality. These facts will be used implicitly in Proposition
3.2.16 below.

Now that the precise setting has been made clear, we will apply the theory of type III subfactors as
discussed in Subsection 3.1.5. For each I € K we have an irreducible type III subfactor A% (1) C A(I) and
the vector Q € H® is cyclic and separating for both A(I) and A% (I), where in the first case cyclicity refers
to H and in the second case it refers to H®. In particular, the Jones projection is the same for every I € I,
namely the projection Eg onto HY. If ¢ : I + ¢; is a mapping that assigns to each I € K an element
er € C(A(I), A%(I)), then € is called consistent if £ ;| 4;y = € whenever I C J, in which case we will write
e € C(A,A%). TIf e € O(A, A%), then it is called standard if woe; = w for every I € K, where w denotes
the state determined by Q. An example of a standard e € C(A, A%) is given by

wm;mew@

for A € A(I), where p denotes the normalized Haar measure on G. Note that this e; must be the unique
conditional expectation in C(A(I), A% (I)) by irreducibility of A%(I) C A(I) and is therefore minimal. In
case (G is finite, this formula for ¢ simplifies to

er(A) = ﬁ > Ba(A) (3.2.7)
qeG

for A € A(I). For any I € K we also have Ind(e;) = |G|, which in particular implies that the index
[A(I) : A%(I)] equals |G| for all I € K and is thus independent of the choice of 1.
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From now on we will always assume that the group G is finite.

Thus, e will always refer to (3.2.7). The next theorem, which can be found in [65], shows that we can extend
canonical endomorphisms. The intertwiners w and v in this theorem (and in the rest of this subsection)
refer to the ones in Lemma 3.1.25.

Theorem 3.2.13 Fiz some interval I € K.
(1) If v is a canonical endomorphism for A%(I) C A(I), then for any J € K with J D I there exists an
extension ¥ of v to A(J) that is a canonical endomorphism for A%(J) C A(J) and it satisfies

Yaynac gy = id.

We will write X = Yacry and X =] ey = X|Ac(1),

(2) The isometry w : tac(y — A in A%(I) which induces e is also an isometry w : v4c(y) — X that
induces €.

(8) The isometry v : vacy — 7 in A(I) is also an intertwiner v : vacyy — 7.*

Consequently, for each I € K there exists an endomorphism (/) € End(.A) of the quasi-local algebra such
that () |4(1y/nac = id and such that for any J € K with J D I the restriction of v to A(J) is a canonical
endomorphism for the subfactor A%(J) C A(J). In particular we have that

’Y(I)LAG([L) =id.

If I;, I, € K, then 1) and (/2 are related by conjugation by a unitary that can be chosen in A% (K) for
any K € K with K D I} U I,. If for I € K we define A\) € End(A%) by

AD 1= 4D e,

then A() € Loc(A%) is localized in I and there is an isometry w : LAG(T) = MDD in A%(I) which induces &
according to e(A4) = w*y)(A)w for any J D I. We also have an isometry v : ¢ 4y = ¥ in A(I) which
satisfies w*v = |G|7Y21 = w*yD(v). Hence e(vv*) = w*~+D(vo*)w = |G|~'1. According to equation
(3.1.11), if J € K with J D I, then any A € A(J) can be written uniquely as a product of an element in
A%(J) and v, namely
A =|Gle(Av*)v.

In other words, if J € K with J D I then the local algebra A(.J) is generated by A%(J) and the element
v € A(I), where I € K was chosen to define v/) € End(A) and v : ¢4y — ’Y(I)|A(1) is the intertwiner in
A(I) that comes with the finiteness of Ind(e) as discussed before.

Charged intertwiners and the categories S and H
Given any p € Loc(AY) we say that ¢ € A is a charged intertwiner for p if

YA = p(A) (3.2.8)

for all A € AY. In case p is localized in I, we have 1) € A(I). The set of all charged intertwiners for p is
denoted by J#,, which is obviously a C-vector space. By irreducibility of A% (I) C A(I), for any 91,12 € J,
we have 131, € C1 and we can therefore define a sesquilinear map on J¢, by (¢',1)1 = *¢’, which is an
inner product that makes 7, into a Hilbert space. We mention that not every p € Loc(A%) has non-zero
charged intertwiners, but those p € Loc;(A%) for which 7, is non-trivial will be very important to us.

1In the more general setting of [65], where ¢ is any standard element in C'(M, N) for a 'quantum field theoretical net of
subfactors’ N C M, this part of the theorem implies that Ind(e7) = Ind(es) by Lemma 3.1.25 (in case Ind(er) < o0), showing
that [A(I) : AC(I)] = [A(J) : AG(J)].



98 CHAPTER 3. ALGEBRAIC QUANTUM FIELD THEORY

From now on we will write S to denote the full subcategory of Locy (A%) determined by all objects
o € Locy(AY) for which 7%, is non-trivial.

It can be shown that S is a symmetric tensor *-subcategory of the BT C* Locf(AG), so S is an STC™.
We now define a category H as follows. The set of objects of H is defined to be {, : 0 € S} and if
I, 7 € H, then we define

Homy(#, #yr) = {T € A : Tty C iy}

and the composition of morphisms is simply defined as multiplication in A%. The Hilbert spaces %, are
all finite-dimensional with dimension dim(.%,) = d(o). Thus, if o € S and if {¢¢ }; is an orthonormal basis
for 7, then 3, ¢l =1 and it follows from (3.2.8) that ¢ can be written as

a(A) =Y o(Awivs Zw’AW

for A € AY. We now claim that Homy, (%, ;) = Hom 4c(0,0’). Namely, if T € Homy (5, 7#,), then
for any B € A% and ¢ € J#, we have o/(B)TY = T¢B = To(B), where in the first step we used that
Ty € #,:. So if we take an orthonormal basis {¢¢ }; of 5, we get

Za YTi " ZTU i =To(B).

Conversely, if S € Hom 4¢ (0, "), then for for any B € A% and 1) € 5, we have St)B = So(B)y = o' (B)S1.
This proves our claim and implies that there exists a fully faithful functor!®

S—H

given on the objects by o — 57, and on the morphisms by the identity map T — 7. The category
‘H becomes a strict tensor category with unit object 5, = C1 and with tensor product on the objects
given by 54, ® ., ‘= H, 90, and on the morphisms given by the tensor product of morphisms in
End(A%). Tt is trivial to see that the functor S — # is a tensor functor. An easy computation shows that
Ay, Hyy C Hyi 0, and that if {¢F }; and {¢?_}; are orthonormal bases then the elements {1’ 47 1, ; are
mutually orthonormal and hence form an orthonormal basis for ., 5., because d(o1 ® o2) = d(01)d(02).
Thus 4%, g0, can really be interpreted as the tensor product of 7, and 47, in the sense of Hilbert spaces.
The crucial fact about these Hilbert spaces 7, is that they carry a representations of G. If ¢ € G and
Y € H, with o € S, then for any A € A% we have B,(¢)A = B,(vA) = By(0(A)) = a(A)B,(¥), so
B4(¥) € J£,. By linearity of 3,, we thus have a representation V,, of G on 4%, given by

Vo (@) := Bq(¥).

For any g € G and 91,1y € 5 we have (V,(q)¢n1, Vo (q)12) = By(¥3101) = (¢1,12), so V,(g) is an invertible
isometry on the Hilbert space %, for any g € G, and hence (%, V,) is a unitary representation of G. Also,

if T € Homg (S, #,), then for any q € G and ) € J%, we have

TV, (q)y = Tﬁq(¢) ﬁq(T¢) Vor(q) T,

which implies that TV, (q) = Vi (q)T. Thus if we interpret T as a map %, — 7, given by ¢ — T, then
T e HomRepf(G)((%’f,, Vo), (H#51, Vo). In this way we obtain a fully faithful tensor functor S — Rep;(G),
which can be shown to be essentially surjective and even an equivalence of STC*s.

15We would like to emphasize that H is not a full subcategory of the category of finite-dimensional Hilbert spaces, because
it has less morphisms. This will become clear later on.
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The Frobenius algebra A

According to equation (3.1.12) the canonical endomorphism (/) € End(.A) obtained from an interval I € K

can be expressed as
YD(A) =D By(0Av®) = vyBy(A)v

qeG qeG

where we have introduced the notation v, := f4(v) € A(I). The equation holds for all A € A(J) with J € K
and J D I, and hence for all A € A. Because v;v, = 1g, € End 4(53,) and because 1 = 4 I(1) = > qea Valy

this formula for 4) shows that
0= s,

qeG

in the category End(A). Restricting to A¢ we obtain the formula

AD(B) =" v,Buv;

qeG

for the dual canonical endomorphism, which immediately implies that {v,}4ec forms an orthonormal basis
for 4. To simplify the expressions, we will now write A rather than A/). The representation Vy of G on
JE, is given by Vi(q)v, = B4(vr) = vgr, which is precisely the regular representation of G. We can give
the regular representation (J43, Vy) the structure of a commutative #-Frobenius algebra by defining its unit
n: (A, V,) = (H4, V) by

e VS,
|G qeC
and its multiplication u : (4, V) ® (J4, Vi) — (J4, V) by

VgV > /K10q,rVq

for some k1, k2 € Rsg with k162 = |G|. The group Aut*((J4, Vi), 1, 1) of unitary Frobenius automorphisms
can be identified with G. Namely, these unitaries are of the form ¢, : v, — wvg. Under the functor
S — Repy(G) the Frobenius structure on A, with unit /kw and multiplication \/k17(v)*, corresponds
precisely to the Frobenius structure of (%43, V)) because we have

wl = n 1/2 1/2
Viwl = \ialnd(e)'?e(v) = v/l G| |G|Zﬂq qu

qeG qeqG

and
VELY(0) vgr = VK1 B (7(07)0)vr = VE1Bg (00" )vr = VE1vgugvr = /1004 r-

This implies in particular that we can identify Aut™(A,/k1y(v)*,/Fow) with G, but we will be a bit
more explicit about this. Of course we can identify any unitary Frobenius automorphism of the regular
representation of G (as characterized above) with a unitary Frobenius automorphism of A, but as we will
see in the following lemma there is also a more direct way to obtain them, which will be necessary later.
In what follows we will always choose the normalization x; = |G| and k2 = 1, so the *-Frobenius structure
(A, pix, my) will always be given by uy = +/|G|y(v)* and ny = w.

Lemma 3.2.14 Let I € K and let YD and A be as before. There exists a group isomorphism
G — Au‘c*()\u))op
g Dy

such that the G-action on A € A(J) with J D I can be expressed as 84(A) = BDyv, where B = |Gle(Av*)v €
AC(J) is the unique element such that A = Buv.
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Proof. Recall that each A € A(I) can be written as Bv for some uniquely determined B € A%(I). In
particular this means that for each ¢ € G there exists a unique D, € A%(I) such that

B4(v) = Dyv.
Obviously, we have D, = 1. For q,r € G we have Dy, v = B4 (v) = B4(D,v) = D,By(v) = D, Dgv, so
Dgy = DyDy. Thus q — Dy is a homomorphism G — A%(I)°P. In particular we have D, = D_*. Before

we can prove that D, € Aut* (A1) for all ¢ € G, we first have to calculate some expressions involving the
D, and v. The intertwining property of v gives vDy = v(Dg)v = A(Dgy)v and thus

Dy = Br(vDq) = A(Dg)vy.

To see how the D, act on v* we note that D,v*v = v*vD, = v*y(Dy)v = v*A(D,)v, which implies that
D,v* =v*\(D,) and hence

Dyvy = viA(Dy).
Also, B4(v*)Dgv = B4(v*v) = 1 = v*v, which implies that §,(v*)D, = v*. Letting 8,-1 act on both sides,
we get v* Dy = f,-1(v*) and hence

v Dy = Brg-1(v").
Using this, we find that D}v = (v*Dy)* = B,-1(v*)* = Dy-1v = D 'v, showing that D; = D!, i.e. that
the D, are unitary.

We are now ready to show that these unitaries D, are automorphisms of the Frobenius algebra A. For
any B € A%(I) we have

AB)Dg =Y v, BviDy =Y 1, BBq-1(v") = Y Br(v) BBrg—1 (v7)

reG reG reG
_Zﬁm VBB, (v Zﬁw )Bv? —ZD’UTB’U = D \(B),
reG reG reG

so the D, are indeed self-intertwiners of A. Next, we have
v Dyw = By-1 (v)w = By-1 (v*w) = Ind(e) /21 = Ind(e) " 2w e (v) = v*w,
which shows that D,w = w, i.e. the D, preserve the unit. Finally, we have
DgA(Dg)y(v)v = DgA(Dg)vv = DgvDgv = B4(vv) = By (v(v)v) = 7(v)B4(v) = 7(v) Dgv,

so we also have DyA(Dy)v(v) = 7(v)Dy, which means precisely that the D, are comultiplicative. We
have thus proved that the D, are unitary Frobenius automorphisms of A. In fact, these are all of them,
because they are all different and we have seen before that the group of unitary Frobenius automorphisms
is isomorphic to G. The relation between these D, € Aut*(A(!)) and the G-action on A(I) is now evident.
Namely, the G-action on an element A = Bv € A(I) can be expressed in terms of these D, as

Bq(A) = BBy(v) = BDgv.
O
Observe that we have just shown that unitary Frobenius automorphisms of A completely characterize the

G-action on A, which will be used later. Of course, any A € A(J) can also be written uniquely as v*B for
some B € A%(J). The G-action can thus also be expressed as

Bq(A) = By(v)*B=v"D;B = U*D;IB,

but we will not need this. The lemma above will be used later to define a G-crossed structure on the
category (Locy(A%) x S, /™)y, rather than a Gs-crossed structure with Gis = Aut*(\).



3.2. NETS OF VON NEUMANN ALGEBRAS 101

a~-induction

We now want to extend objects in Loc(A%) to endomorphisms of A by a procedure that is known by the
name of a-induction. Before we do this, we first state the following useful lemma:

Lemma 3.2.15 Let I € K and write v =) and A = \). We have the identities

l/r 2 l/r -1 2

Cx AV =) v =02, (3.2.9)
5a) = &5 W) = (). (3.2.10)
Also, if p € Loc(A%) then
—1
[Ad(c3) 0 por](®) = A5 (). (3.2.11)

For the easy proof of (3.2.9) and (3.2.10) we refer to either [65] (Corollary 4.4) or [9] (Lemma 3.4). The
equation (3.2.11) is proven in Lemma 3.1 of [9], but can also be obtained by noticing that it can be restated

-1
categorically as [c;/:\ x idy] o [id, x y(v)] o cl/A = [id) x c;/; | o [y(v) x id,] and by using the fact that
’Y(v) € HomEnd(AG)()‘7 A® )‘)

Proposition 3.2.16 (a-induction) Let p € Loc(AY) be localized in J = (a,b) € K.
(1) The endomorphisms E'(p), E"(p) € End(A) given by'S

EY(p) =AD" 0 Ad(/] ) 0 pory™)

are extensions of p and we have E'"(p) € End(A)¢

(2) E'(p) acts trivially on A((b,o0)) and E"(p) acts trivially on A((—oco,a)).

(3) If p1,p2 € Loc(A%) and S € Homyoeac)(p1, p2) then also S € Hompnaa)(EY"(p1), EY"(p2)) and
hence S € Hompna(aya (BY"(p1), BV (p2)).

Proof. (1) Let J; € K and A € A(Jy). We will show that E'"(p)(A) is well-defined. Choose Jo € K
such that Jo D J U Jy; in particular, A € A(J2). By transportability of p we can choose K;, K, € K
with K; < Jo < K, together with p; € End(A%)(K;), p, € End(A%)(K,) and unitaries U; € (p, p;) and

U, € (p, pr) in A. With these unitaries we can write the braiding as ci)/:\u) = )\(J)(Ul/r)*Ul/r. But then
(Ad(/50) 007 (4)
— (A @ )T2) 0 p 07D (4) = (AAND(U}),)) 0 prye 07T ) (A)
= XD o1 (VD (ANA (U) = XD (U, )V D (AN (U,
JMUUTAUW) (v 0 Ad(Uy,) ) (4)
D (A),

which shows that El/T(p)(A) is well-defined'” and that E'/"(p)(A) = U}y, AUy, Because A € A(J1) and Jy

were arbitrary, we conclude that E/"(p) is well-defined on | J ke A(K) and it is clearly a *-homomorphism.
By continuity, E'/"(p) € End(A). Because 7| 4o = A7), we get

B (p) ae =7 0 Ad(e/55) 0 po A =4 0 aD o p =,

16Because (/) is injective, we can consider it as a bijection onto its image. The inverse of this bijection is denoted by
(n-1,

17This can also be derived from equation (3.2.11) by using the fact that any A € A can be written as the product Bv of an
element B € AS with v.
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so EY7(p) is indeed an extension of p. Note that the formula EV/"(p)(A) = U}, AUy, implies that for each
q € G we have

By 0 BV () 0 By-1(A) = Bo(U5)0 By (A)Uyyr) = Uy AU, = BV (p)(A),

where we have used that U/, € A%. Thus EY"(p) € End(A)“.

(2) Now suppose that J; € K with J < J; and let A € A(J;). We thus have J = (a,b) and J; = (¢, d)
for some ¢,d € R with b < ¢ < d, and we define Jo = (a, d); in particular, Jo D JU Jy. This is a special case
of the situation in part (1) of this proof, so we still have the formula E!(p)(A) = U; AU, where U, € (p, p1)
is a unitary in A%(K), where K € K can now be chosen such that K D K; U J and K < J;. But then
U; and A commute with each other by locality, so E'(p)(A) = U AU; = A. This shows that E'(p) acts
trivially on A((b, 00)). Similarly, one can show that E"(p) acts trivially on A((—o0, a)).

(3) Now suppose that p1,ps € Loc(A%) and S € Homy,oeac)(p1, p2). We then choose J € K such that
p1 and py are both localized in J, so that we can use one and the same (/) in the expressions for El/T(pj)
for j € {1,2}, which we will simply denote by v in the rest of this proof (and we denote its restriction by
A). We thus have v(S) € Homg,g(ac)(A ® p1, A ® p2) and hence

r -1 r -1 . T .
[ (S) xida] o fidn x ¢y T =clg,, 5 o lidy x ()] o [} xid,, ],
which can be rewritten as
i/ —1 1r —L 11 l/r
YA\ ) = Ay s A (3.2.12)

We now get

Y(S)A(E",) 0 p1oA)(®) = Y(SIACT () = M7, AG(S) v (w)
— AT T A w) = AT A (S)
= AT ) (S) = [AA(ELT) 0 pa 07 (0)7(S),

where in the first and last step we used (3.2.11), in the second step we used (3.2.12), in the third and fifth
step we used (3.2.10) and in the fourth step we used that A(y(5))y(v) = v*(S)y(v) = v(v(S)v) = y(vS) =
v(v)y(S). If we now apply 7~ ! to both sides, we get

S[E" (p1)](v) = [E (p2))(v)5.

Together with the fact that any A € A can be written as Bv for some B € A® and the fact that S €
Homg,a(46)(p1, p2), we obtain S € Homgaaaye (B (p1), BV (p2)).
O

Remark 3.2.17 In Theorem 3.8 of [78], for each p € Loc(AY) an endomorphism E(p) was defined on
(elements like) v as E(p)(v) = ¢ v, where c refers to the left braiding ¢!. To understand this expression,
we observe that it follows from (3.2.11) that

r 1/r—1 r/l
EY"(p)(v) = cp/)\ v = c/\{pv, (3.2.13)

so we conclude that we must read the equation in [78] as E"(p)(v) = cl)\, ,v (where we have substituted v

for the z in the equation in [78]). Indeed, the extension of p that is considered in [78] is supposed to act
trivially on left half-lines, which is a second indication that the extension E(p) in [78] is our E"(p) and not
E'(p), despite the fact that ¢! is used in [78].
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It follows from the proposition that we obtain functors
&Y Loc(A%) — End(A)“, (3.2.14)

given on the objects by FY/" and on the morphisms by the inclusion A — A. It is shown in [9] that this
is in fact a strict tensor functor. It is also clear that it is faithful and that it is injective on the objects,
since E'/"(p) coincides with p on AY. Furthermore, if 5 € Loc(A%) is a conjugate for p € Loc(A%), then
EY7(5) € End(A)€ is a conjugate for E/"(p) € End(A)%.

The next lemma and the remark following it will be essential when we want to construct the functor
V7 in the proof of Theorem 3.2.20. The content of the lemma was inspired by the proof of Theorem 3.9
of [9].

Lemma 3.2.18 If py, p2 € Loc(A%)(I), then we have linear maps

K : Hom 41y (E"" (p1), E'" (p2)) — Hom 46 1) (A @ p1, p2)
S = w*y(9)
and
L : Hom 461y (A ® p1, p2) — Hom 41y (E'" (p1), E/" (p2))
R— Rv
that satisfy K(L(R)) = |G|~Y2R and L(K(S)) = |G|~'/2S.

Proof. Let S € HomA(I)(El/’”(pl), EY"(py)). Then w*v(S) € A%(I) and by assumption we have S[EY"(p;)](A) =
[EY7(p2)](A)S for all A € A(I). Restricting to A% (I) gives us Spy(B) = pa(B)S for all B € A%(I). When

we apply v to both sides of this equation, we get that v(S)v(p1(B)) = v(p2(B))Y(S) for all B € A%(I),
which can be rewritten as

Y(S)A(p1(B)) = Ap2(B))(S)

for all B € A%(I). This means that v(S) € Hom 46 (1) (A ® p1, A ® p2). Using this, we now find that for each
B € A%(I) we have

w*y(S)A(p1(B)) = w*Np2(B))V(S) = tac 1) (p2(B))w*y(S) = p2(B)w*y(S5),

i.e. w*y(S) € Homge (1) (A ® p1, p2), showing that the first map is well-defined; its linearity is obvious. We
will now consider the map L. If R € Hom 4c(1)(A ® p1, p2) then Rv € A(I) and for all B € A%(I) we have

Ropi(B) = Rutaqn)(p1(B)) = Ry(p1(B))v = RA(pr(B))v = pa(B) Ro,

so Rv € Hom 4c(y(p1, p2) and hence Rv € Hom 4(1)(EY" (p1), EY/"(p2)) by Proposition 3.2.16; linearity is
again obvious. Finally, if S € Hom 4y (EY"(p1), E'/"(p2)) and R € Hom 4c (1) (A ® p1, p2) then

L(K(S)) = L(w*y(S)) = w*y(S)v = w*vS = |G|~ Y28
K(L(R)) = K(Rv) = w'(Ro) = w*2(R)r(v) = w'N(R)3(v) = Ru'r(v) = |G| R
O

Remark 3.2.19 (1) If we scale L with a factor of |G|'/? then it becomes the inverse of K. Under this
bijective correspondence, the elements of Hom 4(1)(EY"(p1), EY/"(p2)) N A% (I) correspond to the elements
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in Hom 4(7)(E"/"(p1), EY/"(p2)) of the form w*A(S) = Sw* = w* x S.
(2) Analogous to K and L, we can also define linear maps
K’ : Hom 41y (E""(p1), B (p2)) = Hom e (1)(p1, A © p2)
S =y (S)w
and
L' : Homyo 1) (p1, A @ p2) = Homu(ry (B (p1), B (p2))
R— v*R.

that satisfy K'(L'(S)) = |G|7'/2S and L'(K’'(R)) = |G|~'/2R. The details are almost the same as in the
proof of the lemma above.

Miiger’s theorem

We will now consider the category
(Loc/"(A%) % 8)a := (Locy(A) x 8, /™),

as constructed in Subsection 3.1.3. This category was shown to be a Gg-crossed category with a braiding
of the second kind, where Gs = Aut™(\) 2 G in the present case. However, this G s-crossed structure with
Gs = G will not be good enough for our present purposes. Namely, we want to show that this category

is equivalent as a group-crossed category to G — LOCSCL’W (R’T)(A) and for this we really need a concrete

correspondence between Gs and G, so that we can make (Loclf/ "(A%) x 8), into a G-crossed category and
we can construct a functor between these two categories that is G-crossed. This can be done by using
Lemma 3.2.14, which provided us with a group isomorphism ¢ : G — G, where ¢ was given by ¢(q) = D,.
We can use this ¢ to define a group isomorphism I' : G — Gg by

I(q) = ¢(q)' = D"

The Gs-action F? and the Gs-grading d; on (Loclf/T(AG) % 8)2 as defined in Subsection 3.1.3 can now be
turned into a G-action F' and a G-grading 0 by defining

2
I, = FF(q)
0:= F_l o} 82.
Because (Loclf/T(AG) x 8)q is Gs-crossed, we have for any (p,p) € (Loclf/T(AG) x 8)2 and ¢ € G that
A(Ey(p,p)) = T7H02(Fi () (p,0))) = T7H(T(@)02(p, )T (q) 1) = 4d(p,p)a ™,

showing that (Locif/r(AG) X 8)2 is G-crossed. Note also that for any (p,p) € (Loclf/r(.AG) X S)2 we

have Foop) = Fir-1(0,0m)) = Foniom

(Loclf/ "(A%) x 8), remains a braiding on the corresponding G-crossed category. In what follows, we will

which implies that the braiding on the Gg-crossed category

always consider (Loclf/ "(A%) x 8)2 as a G-crossed category.

The following theorem summarizes the main results of [78]. Since our approach to a-induction has been
different from [78], we have included a proof of this theorem which agrees more with our perspective than
the one in [78]. However, some parts of the proof can still be copied from [78] and are therefore not included
here. In contrast to our conventions before, in this theorem we assume that the categories G — LocJLc/ R(A)
also contain all finite direct sums of homogeneous objects, because this was also the case for the crossed
product category. Finally, it should be obvious that similar statements as in this theorem can also be made
when the categories are equipped with a braiding of the first kind.



3.2. NETS OF VON NEUMANN ALGEBRAS 105

Theorem 3.2.20 Let (H, A,Q,V) be a QFT on R with G-action, where G is a finite group, and suppose
that (H®,B,Q) is a QFT on R.
(1) There exist equivalences

AU (Locl™(A%) % 8)2 — G — Loc{FD/ (R0 ()

of braided G-crossed categories.
(2) There exist strict braided tensor functors

&Y Locic/r(.AG) — (G — LOC;L’Z)/(R’T) (A)C
A" (G = Loc{P T (4))€ — Locl{"(A%)

that are inverse to each other.
(3) If 7 - Loclf/T(AG) — LOC;L’Z)/(R’T) (A%) xS denotes the inclusion functor, then &'/" = #V" o .7, i.e.
the diagram

Loc/"(A%9) —Z— (Loc/{"(A%) % 8)2

U/r
N J:%/

G — LOCSCL’I)/(R’T) (A)
commutes. In other words, &/ factors through (Locic/T (A9) % S),.

Proof. By restriction of the functors in (3.2.14) to Loclf/r(.AG)7 we obtain functors &/" : Loclf/T(AG) —
End(A)¢. We will now define a functor %l/r : (Loclf/r(AG) X0 S)2 — End(A) that will later be extended

to the functor #'/" that appears in part (1) of the theorem. It follows from the diagram in part (3) that
we have to define .%;/" on the objects of (Loclf "(A%) % S)2 as

Ay (Tspdo) = &7 (p).
Concerning the morphisms of (Loclf/r(.AG) Xo 8)2, part (2) of Remark 3.2.19 indicates that we have to

choose
A3 (R) = /|GIv" R,

where the normalization constant G| ensures that £V (id-
0

Jsp.]o) = /|G|v*w = 1(%/0l/7' This indeed

(p)’
defines a functor, since

o' (Re8) = 45" (VIGH(©)*A(R)S) = |Glo*(0)* A(R)S = |Glv"v*A(R)S
* * l/r l/r
= VIGIVIGI Ru*s = " (R) #4577 (S),
where we have used that vv = v(v)v by the intertwining property of v. It is easy to see that %l/ " is C-linear.
Note that Ji/ol/r is fully faithful by part (2) of Remark 3.2.19. Tt is clear that we have &/ = ji/ol/r o.# on
the objects. On the morphisms we have Jﬁ/ol/r(ﬂ(R)) = (%/Ol/r(wR)iz VIGlv'wR =R = &Y (R).
Because &'/ is a strict tensor functor, we have for any objects Jsp1Jy and JspaJo
A" (TsprJo ® Tspzdo) = #y"" (Ts(pr ® p2)Jo) = 617 (p1 @ p2) = V7 (p1) @ 67 ()
= 5" (TsprJo) @ Hy"" (TspaJo).
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To see that Jf/ol/ " respects the tensor product on the morphisms, we calculate for morphisms R and S with
R € Hom 4o (p1, A ® p2)

H""(R® ) = V/IGIVIGIvy(0) Mey ) Ror(S) = |Gl A(el, ) Rpa (S)

= |Glo* v SN ) Rp1 (S) = [Glo v M(R)C o1 (9)
r * r -1 r

= |Gv* Ro* /", py(S) = |Gl R(ci)/w\ v) EY7(p1)(S)

= VIGIVIGlv* RE'" (p1)(v*S) = A5 "™ (R) x 3" (),

where we used (3.2.9) in the third step, naturality of the braiding in the fourth step and (3.2.13) in the
seventh step. The functor is also a *-functor, since

AT (S7) = VIGIVIGIAS )y (w)w = |Gloy(S*v)w = |G|S* v w = /|G]S v = AL (S)*.

We thus conclude that we have a fully faithful strict tensor *-functor %/Ol : (Loc "(A%) x08)2 — End(A)
that satisfies &V/" = L%/Ol/r o J.

This functor %l/ " will now be extended to a functor # /" : (Locl/ "(A%)x8S)y — End(A) as follows. Let
(Jspdo,p) € (Loc;/T(AG) X S)2. Then functoriality of J /" implies that Ji/l/r \/Wv p is a projection
in A(I). We can thus choose an isometry®® w(, ) € A(I) such that u,, W) = %/Ol "(p) = /IGv*p. Tn

case p is the identity morphism of Jsp.Jy, i.e. p = w (in which case Jﬁ/l/r( ) =1), we w111 always choose
U(ppy = 1. In this way, we have an isometry u, ) for each object (JspJo,p). We then define the functor
Y7 on the objects by

T * r * Ur 7
AN (TspJo, p)(A) = U(M)El/ (P)(A)up,p) = U(p,p)%/ (JspJo)(A)u(p,p)
and we notice that u(, ) € Homa (" (JspJo,p), Jifol/r(jngo)), since

oy 1 (TspJo,0)(A) = " () 25" (TspJo) (A = A3 (TspJo) (A)He"" (0 )
= 25" (TspJo) (A)u(pp)-

On the morphisms it is defined as
r * l/r
HYN(R) =l o Ko (R)U(py )

if R: (JspiJo,p1) — (JspaJo,p2). To see that #/"(R) is indeed a morphism from #/"(Jsp1Jo, p1) to
K7 (Jspady,p2) in the category End(A), we note that for A € A we have

A (Tspado,p2)(A) A" (R)

* l/r * l/r 5 l/r

= u(p27p2),)£// (Jsp2Jo)(A)u U(p2,p2) u(pzmz)%/ (R)u(p,pr) = u(pzmz)%/ (‘]SpQJO)(A)’%/O/ (p2 @ R)u(p, py)
* * l/r lr <

Zu(pz,pg)% "(Tsp2Jo) (A) Ay (R e p1)ugp, ) :U(pz,pz)%/ (R e p1) " (Tsp1Jo) (A)upy pr)

« U/r *
= U(p,, ’%/0/ (R)u(ﬂhpl)u(mml)% (JspIJO)(A)U(pl)pl)
:%Z/T(R)j{l/r(jsmjmpl)(A)

18We will simply write U(p,p), rather than the more cumbersome U T spdop)”
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where we have used that p, ¢ R = R e py, as well as functoriality of %l/ ". That /" is a functor follows
from

L%/l/r(s b R) = u( %I/T(S b R)u(ﬂl,m) = u>(kp3,p3)'%/ol/r(s o R 'pl)u(m,m)

(p3,p3)

* l/r r r
= u(ﬁsvl)a)%/ (S ep2e R)U(Ph:ﬂl) = ‘%/l/ (S)Ji/l/ (R)
if S: (Jsp2Jo,p2) = (Jsp3do,p3). It is useful to observe that
* l/r l/r l/r l/r
Wy X VTRV, ) = Ao ()4 " (R)A3 " (p) = Ay (e Rep),

which implies that #/" is fully faithful because %l/ " is fully faithful. Our choice u(ppy = 1 for the case

where p is the identity morphism of JspJy guarantees that /" is indeed an extension of %l/ ". We thus
conclude that /" is a fully faithful *-functor.

To see that it can be made into a tensor functor, we first observe that J#*/" (JstacJo,1) = 14 and that
for any A € A we have on the one hand

[V (Tsprdo, pr) @ «%/l/r(jsszo,m)](A)
= ity (Tsprdo) (uz)* 57" (Ts(p1 @ p2)Jo) g™ (TsprJo) (uz)un

and on the other

VT (TsprJospr) ® (Tspado, p2)l(A) = uln " (Ts(p1 @ pa)Jo)(A)uia,

where we write u; := w(,, ) and U12 1= U(p, @p, p@ps)- Because we have both uigui, = (%/Ol/r(m ®p2) =
AT (pr) x AT (p2) and

2" (Tspr o) (uzywrui g™ (Tsprdo)(ua)* = A" (Tspr o) (uz) Ay (p1) K" (T sp1 o) (uz)*
= %l/r(pl) X %l/r(pz)

(where we used the interchange law in the tensor category End(A)), we see that the isometries w2 and
Jifol/r(pl)(uQ)ul have the same range projections. Hence we obtain a unitary

UTQ%UT(Uz)M € Hom 4 (%l/r[(jSPIJmpl) ® (Jspado,p2)), K" (Tsp1Jo, p1) @ %l/r(jspzjovm)) .

A straightforward computation shows that this gives /" the structure of a tensor functor.

Next we will show that #/"(JspJy, p) € G—Loc(fL’l)/(R’r) (A) for any object (JspJo, p). It is enough to
prove this for irreducible objects, so suppose that (JspJy,p) € (Locic/r(AG) X0S8)2 is irreducible with degree
02(JspJo,p). Assume that p is localized in I € K; we may also assume that p € A%(I) and hence also that
U(pp) € A(I). Consequently, KAV (TspJy,p) acts trivially on intervals that are to the right/left of I. Now
suppose that I;, I, € K with I; < I < I, and let 4*/" € End(A) be constructed from an interval in I/, with
corresponding restriction A7 and isometries w!/" and v"/". Our task is to calculate #V/"(JspJo,p)(v"/")
because any A € A(I}/,) can be written as Bv!/" for some B € A%(I;;,). We proceed in the same way as in
[78]. To keep the expressions readable, we will suppress the indices I/ and we will simply write u := U(p,p)
all the time. We have

H (JspJo, p)(v) = u* o (JspJo)(v)u = u*c;kvu = u*c;}pcgivu = E()\)(u*)c;}pcgiE(x\)(u)v

= [H6(TsA o) ()5 by Ho(TsAdo)(w)] v,
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where we have used that u and v commute by locality of the net A, that ¢y, = 1 and that E(\) acts

trivially on A(I) and hence on u. Since c; 'c) ) € End (A ® p), it follows from the tensor functoriality of

0P
& that we also have
rney €EndA(H(Ts(A @ p)Jo)) = Enda(H(TsAo) © Ho(TspJo))-

Thus the expression in the square brackets above can be written as a morphism in the category End(.A),
namely

(L otoFerio) X U*]C;,lpcp_,}\[l%(js,\h) x u] € Enda(Ao(JsAJo) @ H (TspJo,p))

and noticing that #5(JsAJo)(A) = E(\)(A) = A(A) = >_qec VgAvy and hence that vy is in Hom a(e.4, Ho(TsAJo)),
we find that v3. % (JspJo,p)(v) € Enda(H (JspJo,p)) = Cl 4 (74,7, ) Py irreducibility of (JspJo,p). Thus
it can be calculated as'®
Vi (Tspdosp)(v) = d(H (TspJor2) Ty 3oy (03 (TsTor 2 (0)]

= d(jspjo,p)flTrZ/(JspJO ) [v;‘u*c;;cgiuv}
7 — * % —1 —1
(JspJo,p) 1Tr%(7spJo,p) [u UqCA,pCp,AUU}
(75,0J07P)71T1"9g(75pJ0,p) [u” (vg % 1%(;),1,,))0;1,6,;}\(9 X 1 (p,1,)) Ul

=:Z4

= d(jsp‘]()?p)_lTr,Z/(jspJO,p) (U*un) = d(jspjo’p)_lTr<%/(7sPJ0,17spJo) (u*qu)
d<7$p‘]07p)_lTr%(jspJo)(%(p)Zq)’

where at the end we used the cyclic property of the trace. This expression is useful because it allows us to
calculate

H (TspJo,p)(v) = Y vgugH (JspJo,p)(v) = d(TspJo,p) ™" D> 04 Tr 4 76 o) (H0(P) Zg)-
qeG q€G

Note that this already shows that ¢ (JspJo,p)(v) € span{v, : ¢ € G} = span{B,(v) : ¢ € G}, but we want
to be more precise by calculating the trace. We have

Tty 7 (H00)Z2) = REET0D A6 (0)Z,) = v {RETD (14500  Holles b)) o
=Y = v Ao (V) = vt AT (Y ),

where we have used that .#; is fully faithful. Substitution of this into the expression for ¢ (JspJy,p)(v)
above, we obtain

H (TspJo,p)(v) = d(TspJo,p)™" Y wgvjv* o~ (V)
qeG

=d(JspJo,p) V|G| qu vy (v o (Y

qeG

= d(JspJo.p)”'VIG(v)* A~ (Y ).

19 Actually we should multiply all expressions on the right with 1
to save space.

H (TspJop) to be precise, but we will not do this in order
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A straightforward calculation shows that the morphism %71(}/) corresponds to the element

CA {RE&@,\ ([IA X P]CK;C;,}\)}

of Hom 4c (A, A ® A). When we compose this expression from the left with /|G|vy(v)* and use the fact that
A is a commutative *-Frobenius algebra, we obtain precisely d(JspJo, p) - 92(JspJo,p)~*. Thus we conclude
that

H (JspJo,p)(v) = 8a(JspJo,p) " v =T((JspJ0,0)) " 0 = D7 piom)? = BoFepiom (@)

which proves that ¢ (JspJo,p) is indeed 9(JspJo, p)-localized. So we have shown that .#/" is a fully
faithful tensor *-functor (Loc; "(A%) % 8)y — G — Loc(L’l)/(R’T) (A). Consequently, it now follows from part

(3) that &7 is a functor Loc /T(AG) — (G — LOC(L l)/(R r)(A))
We next show that it is a G functor. If ¢ € G then for any A € A we have

AT (Fy(Tspdo, p))(A) = A (TspJo, Fy(p))(A) = Ufp,Fq(p))El/r(P)(A)U(p,Fq(p))

and

[Ba (A" (TspTo, P)(A)] = By (tg.0) B (p)(A)By(ugp,p),
where we have used that E'/"(p) is G-invariant. In view of Bq(u(,p))Bq(U(pp)* = Ba(uwppyul, ) =
Bo( A5 (p)) and

U2y ) Ul 1y (o) = Ko (Fa(P)) = 23" (Dp) = V/IGlv* Diyp = /|G (v)"p
= VIG1B,(v"p) = By (A5 (1)),

the isometries 3, (u(,, ) and u((,,r,(p))) have the same range projection. Hence we obtain a unitary

Ba(t) o,y ) € Homa (" (Fy(TspJo, ), By (TspJo,p) )

and a straightforward calculation shows that this gives .#/" the structure of a G-functor. We also need
to prove that J#/" is essentially surjective, but this is precisely Proposition 3.14 of [78], which includes a
very clear proof. Checking that J#*/" is braided is just a computation and does not involve any subtleties;
we leave this to the reader. The functor /" is defined on the objects by %Z'/"(p) = p|ac and on the
morphisms simply as 2!/"(R) = R. Tt is clear that %Z'/"(p) is localized in I € K if p was G-localized in
I, but transportability requires a little work, see Proposition 3.5 of [78]. The statement in part (2) can be
found as Theorem 3.12 in [78].

O

Thus the category G — Loc?(A) can be constructed up to equivalence from Loc(A%) and its subcate-

gory S by taking the crossed product, and conversely Loc f(AG) can be constructed from G — Loc? (A) by
considering the fixed-point subcategory.

3.2.4 The relation with conformal field theory

In this subsection we will briefly introduce the notion of a chiral conformal field theory. We will explain
that such theories automatically give rise to the QFTs on R that we discussed in the preceding subsection.
We will use this fact to make our discussion in Subsection 3.2.5 somewhat more natural.

If S' denotes the unit circle, we will write Z to denote the collection of all non-empty and non-dense
connected open subsets of S'. A set I € Z can thus be interpreted as an open interval in S and can be
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written as I = (a,b) for a,b € S! with a # b, where we use the convention that moving from a to b along I
is in the counterclockwise direction on S!. If I C S, then we write I’ to denote the interior of S*\I. Note
that if I € Z then I’ € Z and that if I = (a,b), then I’ = (b,a). A subset E C S* is called an n-interval if it
can be written as E = I; U...UI, for some I; € Z with I; N I;; = 0 for all j # k. The set of all n-intervals
is denoted by Z"; in particular 7' = Z.

Analogous to Definition 3.2.1 we can also define nets of von Neumann algebras on S', where the role of
K is now taken by Z. The notions of locality, Haag duality, irreducibility, strong additivity and the split
property are also defined in an anologous way for these nets, simply by replacing K by Z and by replacing
I+ by I'. If A is a net of von Neumann algebras on S', then A is called n-regular if for any n points
Ciyevny Cn € ST we have A(SY\{C1,...,¢n}) = B(H). If G is a group, then a G-action on net (H,.A) of von
Neumann algebras is defined in a similar way as for nets of von Neumann algebras on R.

Definition 3.2.21 A chiral conformal field theory (or chiral CFT for short) is a quadruple (H,.A,U, Q)
consisting of a net (H,.A) of von Neumann algebras on S!, a strongly continuous unitary representation
U:PSU(1,1)=5U(1,1)/{1,—1} — B(H) of the M&bius group on H and a unit vector 2 € H satisfying
the following conditions:

e the net (H,.A) satisfies locality and irreducibility;

e for any a € PSU(1,1) and I € Z we have U(a)A(I)U(a)* = A(al);

e if Ly denotes the generator of the rotation subgroup of PSU(1,1), then Ly > 0;

e the subspace of PSU(1,1)-invariant vectors in H equals CSQ.
If G is a topological group, then a G-action on a chiral CET (H, A,U,Q) is a strongly continuous unitary
representation V : G — B(H) that induces a G-action 8 on the net (H, A) satisfying VQ = Q.

We briefly mention some consequences of these axioms. Let (H, A, U, Q) be a chiral CFT. Then it automat-
ically satisfies additivity and Haag duality and for each I € Z the von Neumann algebra A(I) is a type III
factor for which the vector € is both cyclic and separating. If I € 7, then Haag duality gives

A VAT = (AU N AT = (A(D) VA(D))' = Z(A(I))" = B(H),

so A is 2-regular. In fact, this calculation shows that 2-regularity is equivalent to the statement that A(I) is
a factor for all I € Z. If A satisfies strong additivity, then it is n-regular for every n € Z>,. It then follows
from proposition 1 in [52] that the inclusion A(E) C A(E’) is irreducible for any n-interval £ € ™.

A representation (Hy, {m}rez) of a chiral CFT (H, A, U, ) consists of a Hilbert space H, together with
a collection of unital representations 7y : A(I) — B(H) satisfying the condition that 7|4y = 77 for all
I,J €T with I C J. It is easy to see that the category Rep(A) of representations of A (with morphisms
given by the intertwiners between representations) is a C*-category. As stated in [78], if A satisfies strong
additivity then the index [r7(A(I")) : m;(A(I))] is independent of I € T and we can therefore define the
dimension

d(m) = [mr(A(I) = 7 (AD)]Y? € [1, ).

The full subcategory of Rep(A) determined by the representations with finite dimension is denoted by
Rep(A).

If (H, A,U,Q) is a chiral CFT satisfying strong additivity and the split property, then for any E € Z2 the
index [A(E")" : A(E)] is independent of the choice of E, as shown in proposition 5 of [52]. So if (H,.4,U, Q)
is a chiral CFT satisfying strong additivity and the split property, then we can define the quantity

p(A) == [AE)" - A(E)] € [1,00],

where E € T? is an arbitrarily chosen 2-interval. This quantity is called the p-index of A. A chiral
CFT satisfying strong additivity and the split property is called completely rational if its p-index is finite.
If G is a finite group acting on a completely rational chiral CFT (H, A, U, (), then the orbifold theory
(HC,B,U|yc,Q) is again a completely rational chiral CFT, as shown in proposition 4.2 of [109].
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We will now discuss the relation between chiral CFTs on S! and QFTs on R. Let (H,A,U,) be a
chiral CFT. If ¢ € S1, then we can identify S'\{¢} with R by the use of a stereographic projection. Recall
that on R we denoted the collection of bounded open intervals by K; the corresponding collection of subsets
of S™\{¢} will be denoted by K. Note that K¢ C Z, so we obtain a net (H, .A¢) of von Neumann algebras
on R (or rather S™\{¢}) by defining A (1) := A(I) for all I € K. It follows directly that for each I € K¢
the von Neumann algebra A¢(I) is a type III factor for which the vector € is cyclic and separating and it is
also clear that the net A satisfies half-line duality. Now suppose that A is also strongly additive. Then A
is in particular 1-regular, so it follows from irreducibility of A that A¢ is also irreducible. It is also obvious
that A, satisfies strong additivity. Now suppose that I € ¢. Then

A1) = A(IH) = A(IH U{C)) = AU") = A(I) = Ac(D),

where in the second step we used strong additivity of the net A and in the fourth step we used Haag duality
of the net A. This shows that the net A¢ satisfies Haag duality as well, and hence that (H, A¢, Q) is a QFT
on R. As shown in theorem 2.31 of [78], we have equivalences

Rep(A) ~ Loc(A¢)
Repy (A) ~ Locs(A¢)

of *-categories, which allow us to transport the braided tensor structure from Loc(s)(A¢) to Reps(A).

If (H,A,U,Q,V) is completely rational with action V of a finite group G, then (H%,B,U|yc,) is
again completely rational, as mentioned above. So in this case it follows that (H, A, Q,V) is a QFT on
R with G-action V and that (H®, B, Q) is automatically a QFT on R, where B¢ (1) := A?([)|HG. This
is precisely the setting that we assumed in the previous subsection, showing that it was not an artificial
situation. Furthermore, the categories Locs(A¢) and Locs(B.) are modular and p(A) = dim(Locy(Ac)). If
for any g € G we choose a complete set of representatives py 1, ..., pg,n, of equivalence classes of irreducible

objects in G — LOCJLC/R(.A()q7 then we have

Nq
pA) =D dlpga)*, (3.2.15)

see also theorem 4.2 of [78]. Since d(p) > 1, a special case occurs when p(A) = 1. Namely, if u(A) = 1, then
for every g € G there is precisely one equivalence class of irreducible objects of degree ¢ and any irreducible
object is invertible. These special kind of completely rational chiral CFTs A are called holomorphic.

3.2.5 Our main problem and the idea of a GG-crossed Drinfeld center

Let G be a finite group and let (H,A,U,Q, V) be a completely rational chiral CFT with a G-action. If
¢ € S, then (H, A, Q,V) is a QFT on R with a G-action and Loclf/r(Ag) is a modular tensor category. This

modular tensor category has G-crossed extensions G — LOCJ%/ R(AC) of left /right G-localized endomorphisms
and these have full G-spectrum. More precisely, Loclf (A¢) has braided G-crossed extensions G —LOCEcL’l) (A¢)

and G — LOCECRJ)(AC), the first of which has a braiding of the second kind and the second of which has a
braiding of the first kind,
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G — LOC}LJ)(AC) (left G-localization; braiding of the second kind)
Loclf(Ac)
G- LOC(fRJ)(AC) (right G-localization; braiding of the first kind)

and Loc’(A¢) has braided G-crossed extensions G' — LOCECL’T) (A¢) and G — LOC§R7T)(A<), the first of which
has a braiding of the first kind and the second of which has a braiding of the second kind,

G — Loc{"" (A¢) (left G-localization; braiding of the first kind)
Loc(A¢)

G- LocgcR’T) (A¢) (right G-localization; braiding of the second kind).

The orbifold net (HY, B, ) is automatically a QFT on R and Loclf "(Be) ~ Loclf/T(A?) is also a modular
tensor category, where B¢(I) = A¢(I)%|go. In particular, we are in the situation of Subsection 3.2.3. In

Theorem 3.2.20 we have seen that G — Loc'”/® /™) (4,) can be constructed up to equivalence as the crossed
f ¢
product of Loc;/ T(A?) with a certain symmetric tensor subcategory S which satisfied S ~ Rep(G).
As already mentioned in Section 1.2 of the introduction, at the beginning of this project we wondered

whether it was possible to construct G — Loc(fL/ Bl T)(.AC) already from Loclf/ "(A¢) in the special case of

the permutation action of Sy on A®Y. We explained in Section 1.2 that more recent results imply that
such a construction does not exist, or at least not without any further assumptions on A. Since we were
not aware of this at the time, in the rest of this subsection we will briefly display our reasoning at the time
of our ignorance, mainly because it will motivate our more abstract construction in the following chapter.
As this construction goes beyond permutation groups, we will continue our discussion of AQFT here in a
more general setting than the setting of permutation actions on the N-fold tensor product of an AQFT,
although this more general setting was never motivated by our expectations concerning AQFT.

Suppose that the chiral CFT that we started with has the property that it is possible to construct
G — LocScL/ R, 1/ T)(AC) categorically from LOC;T(AC) together with its G-action?®. For simplicity, we will
write C = Loclf(.AC) and C = Loc(A¢). Then C has braided G-crossed extensions D; := G — LocgcRJ)(Ag)
(with a braiding of the first kind) and Dy = G — LOC;LJ)(AO (with a braiding of the second kind).
Similarly, C has braided G-crossed extensions Dy := G — LOC;L’T) (A¢) (with a braiding of the first kind) and
Dy =G — LOC(fR’T) (A¢) (with a braiding of the second kind). Note that the notation C is consistent with

the one introduced after equation (2.4.1) in Section 2.4. Furthermore, D; and D, can be obtained from
D5 and Dy, respectively, by using the procedure in part (2) of Remark 2.8.22. We thus see that there is
some redundancy here and we can continue by considering only C, D; and D,. Note that the equivalence
Locy(A¢) ~ Rep;(A) mentioned in the preceding subsection means that we are looking for a G-crossed

20Note that this G-action on Loclf/T(Ag) is completely determined by NN in the case of the Sy action on the N-fold product
of an AQFT. In the general setting the information analogous to the number N seems to be the G-action on Loclf/r(.AC).
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extension of a category of representations in AQFT. Hence also the title of this thesis. Forgetting about
AQFT for the moment, we are thus in the situation where we are given a modular tensor category C with
a G-action and we want to find two categorical constructions that give us the categories D; and Dy out of
C, where Dy and D> are G-crossed extensions of C with braidings of the first and second kind, respectively,
that both extend the braiding of C.?! Finding such constructions has become our main problem.

The first question one might ask is how these two constructions differ from one another. In AQFT the
main the difference between D; and D, is that D consists of right G-localized endomorphisms and that Ds
consists of left G-localized endomorphisms. However, categorically we do not have a notion of left and right
G-localization and the only structural difference between D; and D is the type of braiding. This leads
us to believe that the braiding might play a leading role in both constructions of G-extensions. Namely,
the definition of the extra objects that are added to C in the construction of D; should be such that it
is somehow obvious from the beginning that we will end up with a braiding of the first kind.?? A typical
example of a known construction of a braided tensor category where the definition of the objects is such
that the existence of the braiding is almost obvious, is the construction of the Drinfeld center. Indeed, the
objects of the Drinfeld center of a tensor category are pairs (V,®y ), where V is an object in the given
tensor category and @y is a half braiding for V, see also Subsection 2.4.2. In case a tensor category is
already braided, it is contained in its Drinfeld center as a braided tensor subcategory. Now recall that a
half braiding behaves in the same way as a braiding for which one of the arguments is kept fixed. This gave
us the idea to consider the construction of the Drinfeld center for a G-category, but with half braidings of
the type that arise when one of the arguments is held fixed in the braiding of a braided G-crossed category.
This construction of a more general Drinfeld center will be the subject of the next chapter.

21'We cannot expect that such extensions will always have full G-spectra, because it is known that not every G-modular
tensor category has a braided G-crossed extension with full G-spectrum.

22Note that in AQFT the categories D1 and D2 have different objects. In fact, in AQFT it is impossible to define a braiding
of the second kind on D; that extends ¢! (rather than c”).
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Chapter 4

A (G-crossed generalization of the
Drinfeld center

As we explained at the very end of the preceding chapter, the situation of a completely rational chiral CF'T
with a group action motivated us to look for a G-crossed version of the Drinfeld center. The starting point
in this chapter will be the construction of such a G-crossed Drinfeld center Z¢(C) of a strict G-category
C. We will then repeat this construction also for the non-strict case and we will show that if C and C’ are
(non-strict) G-categories with C ~ C’, then Zg(C) ~ Z5(C'). The detailed proofs in the non-strict case are
extremely involved and are therefore not included here; the interested reader is referred to Appendices A
and B. Next, we will prove an equivalence between Z(C) and a certain relative Drinfeld center and we
will show that Zg(C) is equivalent to a category of functors of bimodule categories. After that we will
show that some properties of C carry over to Zg(C), such as having direct sums and subobjects, being
spherical and being semisimple. To make things a little less abstract we will also consider a concrete
example of the construction of Zg(C) for some particular class of G-categories. This example turns out to
have some relevance for completely rational chiral CFTs that are holomorphic. Finally, we will consider
some remarkable properties of Z(C) in case C has a braiding.

Nearly everything in this chapter is new!, but some results are not that impressive. For instance, the
statements in Sections 4.1, 4.6, 4.7 and 4.9 are just straightforward generalizations of the ones in [75]. Our
deeper results in this chapter are Theorem 4.3.4, Theorem 4.4.7, Theorem 4.5.4, Theorem 4.5.5, Theorem
4.8.2, Proposition 4.10.3, Theorem 4.10.4, Proposition 4.10.6, Theorem 4.10.7 and Theorem 4.10.12.

4.1 Half braidings in G-categories

We have seen that for a strict tensor category C the Drinfeld center Z(C) is constructed by considering pairs
(V,®y ), where V € C and @y is a half braiding for V. In case C has a strict G-action, it is easy to see that
if @y, is a half-braiding for V' € C, then so is F,;®y, where we define

Fq®v (X) = Fy(Pv (Fg-1 (X))
for X € C. This implies that we can define a G-action F on Z(C) by
Fol(Vo@v)] i= (F(V), Fq®v)

LAt the final stage of this research project we learned that our construction of Zg(C) was already carried out by Barvels
in [6]. However, the only overlap between [6] and the present chapter is the construction of Zg(C) (in the strict case). What
surprised the author was that the exact same notation Zg(C) was used in [6]. Apparently, this notation is very natural to
choose, although one could of course argue that the notation Zg #(C) would be more precise, where F' denotes the group
action F : G — Aut®(C).
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and

Fa(f) = Fo(f)

for any (V,®y) € Z(C) and f € Hom(Z(C)). Hence Z(C) becomes a G-category in case C was a G-category.
Now recall that in a braided G-crossed category D the degree ¢ = (V') of an object V' € D occurs in the
target object of the braiding cy x : V®X — F,(X)®V for any X € D. This suggests that we can perhaps
define a G-grading on a more rich version of Z(C) by allowing more exotic kinds of half braidings in the
G-category C, namely the half braidings of the type that arise when one of the arguments of a braiding
in a braided G-crossed category is held fixed. Indeed, such exotic half braidings can indeed be defined in
G-categories, as we will see in the next definition. The fact that there are two possible kinds of braidings
in G-crossed categories, as we have seen in Subsection 2.8.3, is reflected by the fact that we can also define
two kinds of half braidings?, which for obvious reasons will be called half braidings of the first and second
kind.

Definition 4.1.1 Let (C,®,I) be a strict tensor category with strict G-action F'.
(1) If V € C and q € G, then a half g-braiding (of the first kind 3) for V is a natural isomorphism

(I)V:®O(V><idc) — ®O(Fq><V)

of functors C — C, i.e. a family {®y(X) : V® X — F (X) ® V}xec of isomorphisms in C such that
for all X,Y € C and f € Home(X,Y) the square

Dy (X)

VeXx F(X)oV

Lidv@’f Fo(f)®idv

()

vey I, Ry)eVv

commutes, satisfying the additional property that for all X, Y € C we have
QY (X ®Y) = [dp,(x) @ Py (V)] o [y (X) @idy]. (4.1.1)
(2) If V € C and q € G, then a half g-braiding* of the second kind for V is a natural isomorphism
Uy :®@o(ide xV) — ®o(V xFy-1)

of functors C — C, i.e. a family {¥y(X): X®V = V®F;-1(X)}xec of isomorphisms in C such that
for all X,Y € C and f € Home(X,Y) the square

Xov Y ve R (X)

Mf@ldv Jidv@Fql(f)

vyou Y, ve R ()

20f course, in the construction of the Drinfeld center Z(C) from a tensor category C we could also define two kinds of half
braidings on C, depending on whether we fix the left or right argument in the definition of a braiding. However, although there
were already two possible definitions of a half braiding here, there is only one definition of a braiding, so both kinds of half
braidings lead to the same kind of braiding for Z(C). In the case where there is a G-action, choosing half braidings of the first
(or second) kind, will lead to a G-crossed category Z¢(C) with a braiding of the first (respectively second) kind.

3As for braidings in a G-crossed category, we will only write “of the first kind” when we want to distinguish it explicitly
from a half ¢g-braiding of the second kind; otherwise we will just call it a half ¢g-braiding for V.

4Despite the fact that g~ occurs here (rather than q), we will not call this a half g~ !-braiding of the second kind for V.

This is because in a G-crossed category that has a braiding of the second kind, the object V would have degree g and not g~1.



4.1. HALF BRAIDINGS IN G-CATEGORIES 117

commutes, satisfying the additional property that for all X, Y € C we have
\va(X ® Y) = [\Ilv(X) ® iqu—l(Y)] o [idX ® ‘va(Y)] (4.1.2)

Remark 4.1.2 (1) Note that if @y is a half g-braiding for V, then @y (I) = vy (I®1) = [idg, () @ Py (1)] o
[®v (1) ® idf] = @y (I) o Py (I), which implies that

®y (1) = idy. (4.1.3)

We will often use this simple result in our calculations. For half g-braidings of the second kind a similar
reasoning leads to Uy (I) = idy.

(2) The unit object always has half e-braidings ®9 and W9 of the first and second kind, respectively, where
PY(X) = ¥ (X) =idx for all X € C. The notation ®9 and ¥9 will be used in the sequel.

As the following proposition shows, there is an operation that assigns half braidings of the second kind to
half braidings of the first kind, and vice versa. The proof is a simple calculation that we omit here.

Proposition 4.1.3 Let (C,®,1) be a strict tensor category with strict G-action F and let V € C and q € G.
(1) If v is a half g-braiding for V, then Uy (=) := @y (F,-1(—))"" is a half g-braiding of the second kind
for V.
(2) If Uy is a half g-braiding of the second kind for V, then ®y (=) := Uy (F,(—))~! is a half g-braiding
for V.
The two operations above are inverse to each other and thus establish a one-to-one correspondence between
the two kinds of half braidings.

One might wonder what happens when C already is a braided G-crossed category and thus all its objects
have a degree. Is it possible for an object of degree ¢ to have a half r-braiding with g # r? The following
proposition shows that this is certainly impossible if the center of the group G is trivial and if the G-spectrum

d(C) C G is all of G.

Proposition 4.1.4 Let (C,®,1,G, F,0) be a G-crossed category and let V- € C with (V) = q. If vy is
a half r-braiding for V., then r~'q commutes with d(C). In particular, if 3(C) = G and Z(G) = {e}, then
g=r.

Proof. For all X € C we have an isomorphism @y (X) : V@ X — F.(X) ® V. Since 9 is constant on
isomorphism classes, we must have (V @ X) = 9(F.(X) ®@ V), or ¢0(X) = ro(X)r~1q, or r71¢d(X) =
I(X)rq.

O

4.1.1 Tensor products and group actions

The following lemma will be crucial in Section 4.2 when we want to define a tensor product and a G-action
on our category Zg(C). In this lemma we will write down all statements for both kinds of half braidings.
However, we will only prove these statements for half braidings of the first kind, since the proofs for half
braidings of the second kind are completely analogous.

Lemma 4.1.5 Let (C,®,1) be a strict tensor category with strict action F of the group G. Let V € C and
let vy and Py be a half g-braiding and a half q-braiding of the second kind for V', respectively.
(1) Let W € C and r € G. If Dy is a half r-braiding for W and if Uy is a half r-braiding of the second
kind for W, then we obtain a half qr-braiding @y @ @y, for VRW and a half qr-braiding of the second
kind Uy @ Uy for V@ W by defining

(Py @ Pw)(X) = [Py (F(X))@idw]o [idy ® Pw (X)]
Ty @ Uy )(X) = [idv ® \Ifw(Fq—l(X))] o [\I/V(X) ® idw}.
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(2) If r € G, we obtain a half rqr—-braiding F,.®v for F.(V) and a half rqr—1-braiding of the second
kind F. Wy for F.(V) by defining

(Frov)(X) = Fr(Pv(F-1(X)))
(Fr¥y)(X) = F(Py(F-1(X)))

Proof. (1) For each X € C the morphism (®y ® @ )(X) € Home(V W @ X, F,(X) @V @ W) is
an isomorphism, because @y (—) and Py (—) are isomorphisms. To check naturality of ®y ® @y, let
f € Home(X,Y) and consider the diagram

Vewe X idy @ (X) Ve F(X)e By (F(X))Ridw Fo(X)oVeWw
[idveaW@f idv ®@F-(f)®idw Jqu(f)®idV®W
VeWey — dvetwl) Vo FR(Y)® IS g (VYo Ve W.

The left square commutes by naturality of @y, and the right square commutes by naturality of ®y,, hence
the big outer rectangle commutes as well, showing that &y ® @y is natural. We will now show that @y Q@ dyy
satisfies equation (4.1.1):

@Pveew)(XeY) = [Pv(F(X®Y))®idy]oe [idy ® Pw (X ®Y)]
= [idg,(r.(x) @ Qv (F(Y)) ®idw] o [Py (F(X)) ® idF, (v) ® idw]
ofidy ®idp, (x) ® Pw(Y)] o [idy ® ®w(X) ®@idy]
= [idg,.(x) @ v (Fr(Y)) @ idw] o [idp,,x) ®idy @ ®w (V)]
o[y (F.(X)) ®idw ®idy] o [idy @ Pw(X) ® idy]
= [idp,.(x) ® (Pv @ w)(Y)] o [(Pv ® Ow)(X) ® idy]
where the third equality follows from the interchange law. We thus conclude that &y ® Py is indeed a half
gr-braiding for V @ W.

(2) By assumption, @y (F,-1(X)) : V® F,-1(X) = F,-1(X)®V is an isomorphism, so F,.(®y (F,.-1(X))) :
F.(V)® X = F,4-1(X) ® F.(V) is also an isomorphism. To check naturality, let f € Hom¢(X,Y'). Then

[Frgr—1(f) @idp, ()] 0 Fr@v(X) = [Frgr-1(f) @1dg, (v)] 0 Fr(@v (F-1(X)))
= FA[F,(F-(f)) ®@idy] o @y (F-1 (X))}
= FAQv(F-(Y))oidv ® F-1(f)]}
= F(Qv(F-1(Y))) o idp,(v) ® f]
= Fov(Y)olidr,v) @ fl,

so F.®y is indeed natural. Furthermore, if X,Y € C, then
]:r(I)V<X®Y) = Fr(¢V(Fr*1(X®Y))) FT<(I)V ( >®Fr*1(y)))
= FA{lidp, _, )@ v (F-1(Y))] o [ v(F-1 (X)) ®idp ()]}
= [idp, 0 @ Fr(@v(EF-1(Y)))] o [F(Py (F-1(X))) @ idy]
= [idp, ) @ FPv(Y)] o [FPv(X) ®idy],

so F,.®y is indeed a half rqr~!-braiding for F,.(V).
O
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4.1.2 Retracts and direct sums

The following lemma will not be of importance in defining Zs(C) as a braided G-crossed category, but it
will be used in Section 4.6 to show that if C has retracts or direct sums, then so has Zg(C). The proof is a
straightforward generalization of the corresponding one in [75].

Lemma 4.1.6 Let (C,®,1) be a strict tensor category with strict action F of the group G. Let V € C and
let @y be a half g-braiding.
(1) If U € C is a subobject of V' with corresponding morphisms i : U — V and r : V. — U satisfying
roi=1idy, then for each X € C we define y(X): U® X — Fy(X)®U by

(I)U(X) = [iqu(X) ® ’l“] o @V(X) o [7, ® ldX]
If the idempotent p :=ior € Ende (V) satisfies the equation
[idr,(x) @p] o @y (X) = @y (X) o [p®idx]

then @y is a half g-braiding for U.

(2) Suppose that C is an Ab-category and let Py be a half g-braiding for W € C. If Z is a direct sum of V
and W with corresponding morphisms f:V = Z, f': Z =V, g: W — Z and g' : Z — W satisfying
flfof=idy, gog=idw and fo f' + gog' =idz, then we obtain a half q-braidings 5 for Z by

B(X) = [idg, ) © flo By (X) o [f' @ idx] + fidg, (x) © g] 0 P (X) o [¢f @ idy]
Proof. (1) It is easy to check that each ®y(X) is invertible with inverse
Oy (X) ™ = [r®@idx] o @y (X) "o [idp,(x) ®i] € Home(Fy(X) @ U,U @ X).
Naturality of @y follows directly from the naturality of ®y. It also satisfies

Py (XQY)

= r] o [idp,(x) @ @y (Y)] o [@y(X) ®idy] o [(i o7 0i) ® idxsy]

= [dr,(xey) @ 1] o [idp,(x) @ Pv(Y)] o [idp,(x) ® (ior) ®idy] o [Py (X) ®idy]o [i ® idxgy]
= [idp,(x) ® Pu (V)] o [0u(X) @ idy],

dr, (xey) ®

where in the first step we used that i = ior o7 and in the second step we used the given assumption on the
idempotent p =i or. So we conclude that ®; is a half ¢g-braiding.
(2) For each X € C, ®z(X) is invertible with inverse ®z(X)™! € Home(F,(X) ® Z, Z ® X) given by

Dz(X) "= [f®idx] o @y (X) o [idp,x) @[]+ [g ®idx] 0 P (X) " o [idp, (x) ® 4],

as the reader can easily check. Naturality of @z follows directly from the naturality of ®y and ®y,. Checking
that @z (X ®@Y) = [idp, (x) ® Pz(Y)] o [P2z(X) ®idy] is a straightforward computation.
O

4.1.3 Duality

Since in Section 4.6 we will also be interested in the question whether Z;(C) inherits a left or right duality
from C, in this subsection we will focus on transporting the half braiding of a certain object to its dual. The
proof of the following lemma is an easy exercise for the reader.
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Lemma 4.1.7 Let (C,®,1) be a strict tensor category with strict action F of the group G and let V € C.
Suppose that Dy satisfies all axioms of a half g-braiding for V', except invertiblity, and suppose that &y (I) =
idy. If X € C has a right dual (¥ X,y ,d), then ®v(X) is invertible with inverse

Py (X)™! = [Fy(dy) ®idvex] o [idr,x) ® ®v(¥YX) ®idx] o [idp,(x)ev @ b].

The main application of Lemma 4.1.7 is the proof of the following important lemma, which shows that
under certain circumstances we can transport a half braiding for an object V to its left dual.

Lemma 4.1.8 Let (C,®,1) be a strict tensor category with strict action F of the group G, let V € C, let
@y be a half q-braiding for V. Suppose that each object in C has a right dual. If (VV,by,dy) is a left dual
of V, then we obtain a half ¢~ '-braiding (®v)V for VV by defining

(@v)"(X) = [dv ®idp,_, (x)pvv] o [idyy © Py (Fy-1 (X)) @idyv] o fidvvex @ by]
for all X € C.

Proof. Since X — @y (F,-1(X))~! is a half ¢-braiding of the second kind for V, it follows that (®v/)" is
natural and that for any X,Y € C we have

(@v)"(X @Y) = [idp,_,x) @ (2v) (V)] o [(Bv)*(X) @idy].

In view of ®y (F,-:1(1)) = @y (1) = idy, we have (v )Y (1) = [dy ®@idyv]o [idyv ®@ by] = idyv, so it follows
from the preceding lemma that (®y)Y(X) is invertible for all X € C, the inverse being given by

(@)Y (X) 7! = [Fym (d) @idyvax] o [idr, ., (x) ® (®v)" (Y X) ®idx] e fidr,_, (x)evv @ b]-
t

Lemma 4.1.9 Suppose that C is a G-pivotal category. Let V € C, let ®v be a half g-braiding for V.. We
obtain a half ¢~ *-braiding ®v for V by defining

Dy (X) = [dy ® idp (x)e7] © idy ® @y (Fy-1 (X)) ! @idy] o [idyg x @ by]

and it satisfies By (X) = ®y(X) for all X € C. If @y is a half r-braiding for W € C, then By @ by =
Py @ Py . Furthermore, we have <I>(I) = <I>(}.

Proof. That ®y is a half g~ !-braiding for V was proven in the preceding lemma. By using the fact that the
left and right transpose of a morphism in a pivotal category coincide, as well as the other special properties
that b, b/, d and d’ have in a pivotal category, one can verify that
E(Fq(X>)_1 = [ldV®Fq(X) & dv] o [idV®Fq(X)®V & dX ® ldv] o [1dV®Fq(X) & (I)V(Y)—l ® 1dX®V]
o [idy @ br, (x) ®@idy g xev] © [by @ idxgy]-

Using this expression, we get

Dy (X) = [dy @ idp, (x)ev] o [idy @ Oy (Fy(X)) ™' @idy] o [idygx @ by
= [iqu(X)®V ®dx]o [iqu(X) (24 q)v(Y)il ®idx]o [qu(X) ®idygx].

To see that this equals @y (X), we compute

Dy (X) o Oy (X) 7!
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= [idg, (x)ov ® dx] o [idp,(x) ® Pv(X) "' ®@idx] o [be,x) @ idvgx] o Py (X) ™"

= [idpq(X)®V ®dx]o [idpq(x) ® @V(Y(@ X)il] © [Fq(bX) & iqu(X)®V]
= [idg,(x) ® Pv (1) "] o [idp,(x) ® Fy(dx) ®idy] o [Fy(bx) ® idF, (x)ev]

=1idF,(x)ev

and similarly, one finds @y (X)™! o &y (X) = idygx. Thus, we have indeed that Oy (X) = Oy (X).
Furthermore,
By 5 B (X)
= [dw @idp_,
o lidpgvgy ® Pw (Fr-1g-1(X) ™! @ idpgy] o iy @ v (Fy-1 (X)) ™ @ idy gmev]
° idwgrexev @ bw @idy] o [idygyex @ bv]
= ldw ® idFr,lq,l(X)@@W@V] o fidyy ® Pw (Fr-1g-1(X)) ™! @ idpprgy] © [idW®Fq,1(x) ® by ® idy]
o[idyy @ dv @idp | (x)ev] © idwey @ v (Fy- (X))~ @idy] o lidpgrex © bv]
= [Pw (Fy-1(X)) @ idy] o [idy @ Py (X)]
= (Pw ® By )(X).

x)ewev) © lidy @ dv © dwer (X)oWaV)

Finally, for any X € C we have
QX)) = [dr ® idy 7] o [id; ® B (F.-1 (X)) ! @idy] o [id7g y ® br] = idx = (X)),

where we have used that by = dy = id; in a pivotal category, see Lemma 2.3.8.

O

4.2 Construction of Z;(C) in the strict case

After all our preparations concerning half braidings in G-categories, we are now ready to construct the
G-crossed Drinfeld center Zg(C).

Theorem 4.2.1 Let (C,®,1) be a strict tensor category with strict G-action F'. We then define a braided
G-crossed category Za(C) as follows:
e For each q € G we first define a category Zg(C), as follows. The class of objects is given by

Obj(Za(C)q) :={(V,®y) : V € C and Py is a half ¢-braiding for V'}
and we define Homz, ), ((V, @y ), (W, @w)) to be
{f S HOI’IIC(‘/, W) : [iqu(X) ® f] o q)v(X) = (I)W(X) o [f X ldx] VX € C}

This defines a category Zg(C),y, where the composition of morphisms is the same as in C and the
identity morphisms are given by idv,e,) = idyv. We then define the category Zg(C) as the disjoint
union®

Za(C) = | | Za(C)q-

qeG
Thus, an object in Zg(C) is a triple (V,q,®v) with ¢ € G and (V,Py) € Za(C),.

5As already announced in Remark 2.7.1, our definition of the disjoint union depends on whether we are dealing with
Ab-categories or not.
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e The category Z(C) can be equipped with the structure of a strict tensor category by defining the tensor
product on the objects by

(V7 q, (I)V) ® (VV’ T, cI)W) = (Ve Wqr,oy @ dw),
where
(Py ® Pw)(X) = [Py (Fr(X)) @ idw] o [idy @ $w (X)]

and by letting the tensor product on the morphisms be the same as in C; the unit object is (I,e, ®Y),
where ®Y(X) = idx for all X € C.

o [t becomes a G-graded tensor category if we define O[(V,q, Pv)] = q.

e We can define an action of the group G on the objects of Z(C) by

Fol(Vir, @v)] = (Fy(V), qrq™ !, Fy®v),
where
(Fg@v)(X) = Fo(@v (Fy-1(X)))

and on the morphisms we define Fo(f) := Fy(f). This gives Zg(C) the structure of a G-crossed
category.
o Furthermore, Z¢(C) becomes a braided G-crossed category if we define a braiding

Cwvgav),wray) t (V,q,Pv) @ (W,r, @w) = Fg[(W,r, @w)] @ (V,q, Pv),
by Cvgov), (Wirdw) == @v(W).
Proof. Let f € Homz,c)((U,q,®v),(V,q, ®v)) and g € Homy, oy ((V,q, ®v), (W, q, Pw)). Then for all
X € C the morphism g o f € Hom¢ (U, W) satisfies
idr,(x) ® (g0 f)lo Pu(X) = [idp,(x) ® gl o Pv(X) o [f ®idx] = Pw(X)o[(go f) ®idx].

So indeed g o f € Homg,c)((U,q, ®v), (W, q,Pw)). If (V,q,®y) € Zg(C), then it is easy to see that
idy € Endz,c)((V,q,®v)). Since the composition in Zg(C) is the same as in C, it is also clear that idy
acts as an identity morphism in Zg(C). Thus Zg(C) is a category.
We have already seen that @y ® ®yy is a half gr-braiding for V@ W, so the tensor product is well-defined
on the objects. Now suppose that we have two morphisms
f € Homy, o) ((V,q, Pv), (W, q, Pw)),
fl € HomZG(C)((Vlv qla (I)V’), (le qla (I)W’))

Then for each X € C the morphism f ® f' € Home(V @ V/, W ® W') satisfies

[iquq/(X) @ f @ flo[(Py ® @y )(X)]
= lidp, ,(x) @idw @ f] o [idp,,(x) ® f @idy] o [Py (Fp (X)) ®idy] o idy ® By (X))
= [idr, , (x) @idw ® f'] o [Pw (Fy (X)) @ idv/] o [f @ idF, (x) @ idy] o [idy @ @y (X)]
= [Pw ( ( ) ®@idw] o [idw ®idp,, (x) ® f] o [idw ® @y (X)] o [f ®idys @ idx]
= [@w (Fy (X)) @ idw] o [idw ® @w (X)] o [idw @ f' @ idx] o [f ® idys ® idx]
= [(ew ® Py )(X)] o [f ® ' @ idx].
This shows that f® f' € Homg, ) (V@ V', q¢', Py @ ®yr), (W @ W', qq¢', Py ® Pyyv)) and hence that the

tensor product on morphisms is well-defined. That the tensor product acts properly on identity morphisms
and satisfies the interchange law follows directly from the fact that the tensor product on morphisms in
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Z(C) is defined to be the same as in C. The proof that (I,e, ®?%) € Zg(C) acts as a unit object is trivial.
We thus conclude that Zg(C) is a strict tensor category.
The map 0 has the property that

l(V.g,2v)® (W,r,@w)] = O[(V@W,qr,®y @ @w)] = qr = 0[(V,q, 2v)]0[(W,r, 2w )],

and it is clear that if (V,q, @y ), (W, r, ®yw) € Zg(C) are isomorphic, then ¢ = r. Hence it follows that Zg(C)
is a G-graded tensor category.

We will now show that each F, is a functor Zg(C) — Zg(C) for each ¢ € G. If f is a morphism in
Homz, ) ((V,r, @v), (W, r, @w)), then F,(f) = Fy(f) € Home (F,(V), Fy(W)) and for X € C we have

lidp, 1 x) ® Fo()] o [F4@v (X)]
= Fol(idp, _,(x) ® f) 0 @y (Fy-1(X))] = Fy[@w (Fy-1 (X)) o (f @idp, _, (x))]
= [F4@w(X)] o [Fo(f) ® idx],
showing that F,(f) € Homg, ) (Fo[(V,7, ®v)], Fo[(W,r, @y )]). Tt is also clear that we have Fy(go f) =
Fqlg) o Fq(f) and Fo(idv,ray)) = idz, (v, ) for any morphisms f and g and any object (V,r, @y ) in the
category Z(;(C) because the G-action on morphisms is the same in Z(C) as in C. Thus F; is a functor. It
also strictly preserves the tensor product on objects, since
]:‘Z[(‘/ara ¢V)® (W S, (I)W)] [(V®WTS (I)V ®®W)]
= (Fy (V@ W),qrsq !, Fy(Py @ Ow))
(Fq(V) ( ), qrq_lqsq_lyqu)v ®]:qq>W)
= (Fy(V),qrq™", Fy®v) @ (Fy(W), qsq~ ", Fy®w)
]:q[(v T, (pV)} ® F [(VV) S, (I)W)]a

where we have used that F,(®y ® ®w) = F, Py ® F, Py, which follows from the computation

[Fa(@v @ Qw)](X) = Fy[(Pv @ Pw ) (Fy-1(X))]
= Fy {[®v (Fyq (X)) @ idw] o [idy ® @w (F,-1 (X))}
= [Fy(Pv (F (X) idr, (w)] o [idr, (v) @ Fo(Pw (Fy-1(X)))]
= [(]-‘q@‘/)( gsq—1 (X)) ®idF, )] o lidp, (v) ® (Fq@w ) (X))
= (Fy®v @ F,@w)(X).

) ®
) ®

Since F is defined on morphisms in the same way as in C, it is clear that F strictly preserves the tensor
structure on the morphisms as well. We also have

Fq[(L €, (I)(I))] = (Fq(l)7 qeq_17 FQ(iqu—l(—))) = (‘[7 €, id*) = (17 ¢, (I)?)v
so we conclude that F is a strict tensor functor. The map ¢ — Fj is a homomorphism, since

Forl(Vys,@v)] = (FqT(V)7qu(qr)_1,fqr<I)v) = (Fq(Fr(V)),qrsr_lq_l,fq(qu)v))
= Fl(Fr(V),rsr™ !, Fo®y)] = Fo[F[(V, s, @v)]],

where we have used that F,, @y = F,(F, Py ), which follows from the computation

(Far®v)(X) = Fyr(Pv (Figr)-1 (X)) = Fo(F(@y (Fr1 (Fy-1 (X))
= Fy[Fr@v (Fy (X))] = [Fo(Frv)](X).
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On the morphisms we can simply use that 7y, = Fy, = Fy0 F, = F;0F,. Thus ¢ — F, defines a strict
G-action on Zg(C). Also,

H{Fg[(V,r, @v)]} = O[(Fy(V),arq™", Fy®v)] = arq™",
so Za(C) is a G-crossed category.

Let (V,q,®v), (W,r,®w) € Zg(C). Invertibility of Cv,g o, ),(wiraw) = Pv (W) is clear. For any s € G
we have (in the category C)

ECwgou)wirdw) = Fs(@v(W)) = F[@y(Fs1(Fs(W)))] = (Fs®v)(Fs(W))
= Cr (v, o) F[(Wir2w)]-

Observe that Hom g, o) (V@W, gr, oy @Pw ), (Fy(W)®V, gr, F;@w @ Py )) consists of those f € Home (V@
W, F,(W) ® V) that satisfy

lidr,,x) ® flo (v ®@ Qw)(X)] = [(FoPw © v )(X)] o [f ®idx],
so we must check this equality for f = & (W). We have

lidr,, (x) ® v (W)l o [(Py @ w)(X)]

= [idp,, (x) ® v (W)] o [@y (F(X)) @ idw] o [idy @ Py (X)]

= Oy (F(X) @ W)olidy @ Qw(X)] = [Fy(@w (X)) ®@idy] o @y (W & X)
= [F@w (F4(X)) ®@idv] o [idr,(w) ® Qv (X)] o [Pv (W) ®idx]

= [(F®w @ @v)(X)] o [@v (W) ® idx],

where in the third step we used naturality of ®y . It follows directly from the definition of a half g-braiding
that C' is natural in its second argument. But it is also natural in its first argument due to the definition
of the set of morphisms between any two objects in Z¢(C). By definition of a half ¢g-braiding, the braiding
in Z(C) behaves properly with respect to tensor products in its second argument, and by definition of
the tensor product on objects in Zg(C) (in particular the tensor product of half braidings) it also behaves
properly with respect to tensor products in its first argument. This completes the proof that Zg(C) is a
braided G-crossed category.

O

The following corollary follows directly from the construction of Z&(C) and from the fact that the defi-
nition of a half e-braiding coincides with the definition of a half braiding in the absence of a group action.

Corollary 4.2.2 Let (C,®, 1) be a strict tensor category with strict action F' of the group G. Then Zg(C). =
Z(C), where the expression on the right denotes the ordinary Drinfeld center (which is a braided G-category).
Consequently, we have a full inclusion Z(C) C Zg(C).

In particular, it follows that Z5(C) is a braided G-crossed extension of Z(C). If C is a strict tensor category
(without any given group action), we can consider it as a G-category with G = {e} and we get Z5(C) = Z(C).
This shows that Zg(C) is a generalization of Z(C), as was already suggested in the title of this chapter.

Finally, we would like to mention that there is of course also a construction of Zg(C) that uses half
braidings of the second kind instead. We will not consider this construction here, because it is completely
analogous to the construction above.

4.3 The case when C is a non-strict GG-category

In this section we will consider the construction of Zg(C) in case C is non-strict and we will show that if C
and C’ are two equivalent (non-strict) G-categories, then Z¢(C) ~ Z5(C’) as braided G-crossed categories.
The detailed proofs of the statements in this section can be found in the appendices.
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4.3.1 Construction of Z;(C) for a non-strict G-category C

In order to carry out the construction of Zg(C) in the non-strict case, we first have to redefine half g-braidings
in the non-strict setting. We limit ourselves to half ¢-braidings of the first kind.

Definition 4.3.1 Let (C,®,1,a,l,7) be a tensor category with a G-action (F,ef", 6%").
If V € C and q € G, then a half q-braiding for V is a natural isomorphism

Dy :@o0(V xide) — ®o(F,xV)
of functors C — C, i.e. a family {Py(X): V® X — F,(X) ® V}xec of isomorphisms in € such that for all
X,Y € C and f € Hom¢(X,Y) the square

vox Y px)ev

l{id\/@f JFq(f)@)idv

vey =Y eV

commutes, satisfying the additional property that for all XY € C we have

q)v(X ® Y) = [53(’)/ & 1dv] o a;‘ql(X),Fq(Y),V o) [iqu(X) X @V(Y)]
o an(X),V7Y (e] [(I)V(X) ® ldy} (¢] a‘_,leyy. (431)
Now that we have a definition of half ¢-braidings in the non-strict setting, we have to generalize the lemmas

of the strict case that enabled us to define the tensor product and G-action on Zg(C). The proof of the
following lemma can be found in Section A.1 of Appendix A.

Lemma 4.3.2 Let (C,®,1,a,l,r) be a tensor category with G-action (F,e,0).
(1) If for each X € C we define ®Y(X) : I® X — F.(X)®1 by ®Y(X) := r;ﬁl(x) oelolx, then ®9 defines
a half e-braiding for I.
(2) Let Oy be a half g-braiding for V' and let @y be a half r-braiding for W. Then we obtain a half
qr-braiding Oy @ Oy for V. W defined by
(®v © Dw)(X) : = [(0],)x @idvew] o ar,(r,x).v.w © [Py (Fr(X)) @ idw]

o a\;,lFT(X),W o [ldV ® (I)W(X)} o ay,w,x -
(3) If r € G, we obtain a half rqr—1-braiding F,®v for F.(V) by defining
(Fr®y)(X) : = [(8], ,—1)x ®idp, )] 0 [(65,)F _, (x) ®idp,(v)] 0 (5?(,(11_1()()),\/)71
o Fr(@y (Fr-1(X)) 00y, (x) © lide, vy @ (67,-1)%'] o [idp, (v) ® eX]-

Using this lemma, we can now construct Zg(C) in the non-strict case. The proof of the following theorem
can be found in Sections A.2 through A.5 of Appendix A.

Theorem 4.3.3 Let (C,®,1,a,l,7) be a tensor category with G-action (F,et',§F"). We then define a braided
G-crossed category Za(C) as follows.
e For each q € G we first define a category Zg(C)q as follows. The class of objects is given by

Obj(Za(C)q) :=A{(V,®y) : V € C and Py is a half ¢-braiding for V'}
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and we define Homy ), ((V, v ), (W, @w)) to be
{f S HOIIlc(V7 W) : [lqu(X) ® f] o q)v(X) = (I)W(X) o [f ®ldx] VX € C}

This defines a category Zg(C)y, where the composition of morphisms is the same as in C and the

identity morphisms are given by idy,¢,) = idv. We then define the category Za(C) as the disjoint

union®

Za(C) = | | Za(C),

qeG

Thus, an object in Zg(C) is a triple (V,q, ®v) with ¢ € G and (V,®v) € Zg(C),.
The category Za(C) can be equipped with the structure of a tensor category by defining the tensor
product on the objects by

(V" q, CDV) ® (VV, T (I)W) = (V ® W, qr, (DV X (I)W),
where
(Dy @ Pw)(X) : = [(55T)X ®idygw] o ar,(F. (X)), V.V © [@y(F, (X)) ® idw]
© a‘_/,lFT(X),W o [idy ® w (X)] o av,w,x

and by letting the tensor product on the morphisms be the same as in C. The unit object is (I, e, ®Y),
where ®Y(X) = T;l(X) oeliolx for all X € C and the associativity constraint and the unit constraints

are the ones of C.

o [t becomes a G-graded tensor category if we define O[(V,q, ®v)] = q.
o We can define an action (F,e,d) of the group G on the objects of Zg(C) by

‘FQ[(Va r, (IDV)] = (Fq(V)aqrq_17Fq¢)V)a

where

(Fr@v)(X) : = [(675,,-1)x ®@idr,n)] 0 [(87,)F,_y x) @ idr, )] © (05, (5, (x)).v)
o Fy(®y (Foer (X)) 060 5, (x) © lidp,(v) ® (67,-1) %] o lidp, (v) ® eX],

and on the morphisms we define Fo(f) := Fq(f). The € and é are the same as for the G-action on C.
This gives Zg(C) the structure of a G-crossed category.
Furthermore, Zg(C) becomes a braided G-crossed category if we define a braiding

C(V,q,<I>V),(W,r,<I>V) : (V7 q, (I)V) ® (VV, r, q)W) — ]:q[(m T, (I)W)] ® (V7 q, CI)V)

by Cv,gav),(Wirew) = Pv(W).

Apparently the construction of Zg(C) is much more involved in the non-strict case than in the strict case.
It would therefore be nice if we could somehow get rid of the non-strict case. In the next subsection we will
show that this is indeed possible in a certain sense.

4.3.2 If C ~(C' then Zg(C) ~ Zg(C')

The following theorem shows that if C ~ C’ as G-categories, then Zg(C) ~ Zs(C') as braided G-crossed
categories. We will only give a sketch of the proof here. The detailed proof can be found in Appendix
B. Together with a coherence result of Galindo this theorem will then be used to argue that we can often
restrict ourselves to the strict case.

6See also footnote 5.
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Theorem 4.3.4 If C and C' are equivalent G-categories, then Zg(C) and Zg(C') are equivalent as braided
G-crossed categories.

Sketch of the proof. Suppose that we are given a group G and two tensor categories (C,®,1,a,l,r) and
(€', &', I' a',l',r") with G-actions” F and F’, respectively, such that C and C’ are equivalent as G-categories.
We may thus assume that we are given G-functors
(K, e, 68, e8).c =
(L, 0%, ¢5): ¢ = ¢

together with natural G-isomorphisms

@Sidc/*)KOL
¥: Lo K —ide.

If (V,q,Pv) € Zg(C) then we define for each X’ € C’ the isomorphism # ®y(X’) € Home/ (K (V) &
X/, F(;(X') ®' K(V)) by

H Py (X'): = [Fylox) ™ @ idgn) o [€5 () pixn @ idr )] © (08, (nixry,v)
o K(Py(L(X"))) 0 6¢ 1. (xn © lidi vy @ ¢x]-
Then J# ®y can be shown to be a half ¢-braiding for K (V) and we obtain a functor % : Zg(C) — Z(C')

by defining 2 [(V, q, ®v)] := (K(V),q, # Py ) on the objects and £ (f) := K(f) on the morphisms. The
next step is to make J# into a G-crossed functor. This is done by defining

e = e wraw) =W, € @ wgen = @y

for any (V,q, ®v), (W, r,®w) € Zg(C) and ¢ € G. Of course it should first be proven that these morphisms
are indeed morphisms in the category Zg(C’) and then it has to be shown that (¢, e 57 ¢%) is a
G-crossed functor. It can then be shown that this G-crossed functor is in fact braided, i.e. that

(%’€X’5%’§%) : ZG(C) — ZG(CI)

is a functor of braided G-crossed categories.

By interchanging the roles of K and L and interchanging the roles of ¢ and ™!, it is trivial to see
that we can also construct a braided G-crossed functor .Z : Zg(C') — Z(C) by defining the functor .£ on
the objects of Zg(C') by Z[(V', q, ®v/)] := (L(V'),q, LPy), where the half g-braiding £ Py for L(V') is
given by

LX) = [Fy(vx) @idrvn] o [€5(0) k(x) @ idpvn] (554(;(()()) v) 7t

o L(®v:(K(X))) 0 6 ge(x) © vy @ ¢x ']
for X € C. On the morphisms . is defined as .Z(f") = L(f’) and the £Z, 6% and £ are given directly by
the el, 6% and ¢F, in the same manner as we did for 7.

The next step is to show that the functors J# and .Z together constitute an equivalence of braided
G-crossed categories. For each (V/,q,®y/) € Z(C') we define the isomorphism

@(V’,q,‘b‘,/) S HOHlZG (C’)((V/7 q, (I)V')7 %3[(‘//’ q, q)V')])

"In other places we were free to write e and 69 instead of ef's and 6%, but here we cannot do this because there are two

’
group actions. These will be distinguished most easily by writing efz or efa , etc.
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by &g, = pvs. It is then shown that this defines a natural braided G-crossed isomorphism from
idz,(cr) to 0.2 In exactly the same manner one can construct a natural braided G-crossed isomorphism

Y : L oA —idg, ). Thus Zg(C) ~ Zg(C') as braided G-crossed categories.
U

The following coherence theorem for G-categories can be found in Galindo’s paper [36].
Theorem 4.3.5 If G is a discrete group, then every G-category is equivalent to a strict G-category.

Together with our result above, this theorem has an interesting consequence. If G is a discrete group and C
is a G-category, then the coherence theorem states that there is a strict G-category C’ such that C ~ C’ as G-
categories. Our result above then implies that Zg(C) ~ Zg(C’) as braided G-crossed categories. But Zg(C')
is a strict braided G-crossed category. Thus, if one is only interested in finding Z(C) up to equivalence (of
braided G-crossed categories) for some G-category C with G discrete, it may be assumed that C is a strict
G-category.

4.4 Zg(C) as a relative Drinfeld center

In this section we will investigate the relationship between the G-crossed Drinfeld center Z¢(C) and a certain
instance of a relative Drinfeld center as defined in Subsection 2.4.2.

If C is G-crossed, then Z(?(C;C.) is G-crossed

Let G be a group and let (C,®, I, F,d) be a G-crossed category. It follows from our discussion in Subsection
2.4.2 that the relative Drinfeld center Z(C;C.) is a tensor category. The same is true for Z(®(C;C,), as
defined in Remark 2.4.10. We can define a G-grading on Z?)(C;C,) by letting 9[(V, Uy )] := 9(V), since

AUV ) ® (W, W) = Ol(V & W, by @ Wy)] = OV & W) = (V)O(W)
= [(V, Uy)]O[(W, Ty )].

If Uy is a half braiding of the second kind for V' € C relative to C. and if ¢ € G then we obtain a half
braiding of the second kind F, ¥y for F, (V) relative to C by defining

FqUv(X) i= Fy (W (Fg-1 (X))
for all X € C,. This defines a group action F on Z(*)(C;C,) by letting

]:q[(V, \I’V)] = (Fq(v)’]:qq/‘/)a
Fq(f) = Fy(f)

for any (V, ¥y ) € Z3)(C;C.) and f € Hom(ZP(C;C.)). In fact this equips Z?(C;C.) with the structure
of a G-crossed category. Furthermore, Z(?)(C;C.) has a partial braiding of the second kind with respect to
Z3)(C,) given by

Covuy),wow) == Yw(V),
where (V, ¥y) € Z3)(C,) and (W, ¥y) € Z?)(C;C,). Now that we have seen that Z()(C;C.) is a G-crossed
category with a partial braiding of the second kind with respect to Z (2)(Ce) whenever C is a G-crossed

category, we want to apply this to a particular example. But first we need to introduce the following
construction of a G-crossed category C x G from a G-category C.

The G-crossed category C x G
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Let G be a group and let (C,®,I) be a strict tensor category with a strict G-action F. Then we define a
category C x G as follows. The objects are pairs® (V, q) where V € C and ¢ € G. We define

Homes((Voa), (W) = {4V 027

where the composition in C x G is the same as in C and for any (V,q) € C x G we set id(y,q) = idy. We
will now define a tensor product ®* on the objects of C x G by

(Vig) @™ (W,r) := (V& Fy(W),qr).

It is easy to check that ®™ is associative on the objects and that for any (V,q) € C x G we have
(I,e) @ (V,q) = (V,q) = (V,q) @ (L,e). If (V,q),(V',q),(W,r),(W',r) € Cx G and if we have
f € Homewa((V, q),(V’',q)) and g € Homeya((W,r), (W' r)), then we define

f@%g:=f®F/g).

This equips C x G with the structure of a strict tensor category. In fact, it is G-graded, with grading given
by 07 ((V,q)) = q. The group action F' of C can be used to define a group action F* on C x G by

Fy((Vir) o= (Fy(V),qrq™")

and on the morphisms we define F,*(f) := F,(f). In this way C x G becomes a G-crossed category with
G-spectrum 9% (C x G) = G. The G-category C can be identified with the G-subcategory (C X G). of C x G
in the obvious way. Thus C x G can be considered as a G-crossed extension of C.

The G-crossed category C*V x G

Let G be a group and let (C,®,I) be a strict tensor category with strict G-action F. The reversed tensor
category C*V, which is just C as a category but with ® replaced by ®'¥ = ® o7 (where 7 is the flip functor
as defined at the beginning of Section 2.4), is again a G-category® with the same G-action as in C. Hence
we can construct its G-crossed extension C*V x G. On the objects its tensor product is given by

(V,q)@(W,r) =V @ Fy(W),qr) = (F,(W) @ V, qr)
and for the tensor product on the morphisms one finds a similar expression, namely
f@g:Fq(g)@)f,
where ¢ is the degree of both the domain object and target object of f. The group action is given by
Ey(Vor)) = (Fy(V).arg ™)
Ey(f) = Fy()
and the G-grading is given by 5((‘/, q) =q.

Remark 4.4.1 Note that C*V x G is not the same as (C X G)™". The latter is not even a G-crossed category
unless G is abelian, since the compatibility between the tensor product and the grading of C x G is lost
after reversing the tensor product (one has to invert the degrees of the objects at the same time in order to
retain this compatibility).

8We use the brackets ( , ) rather than (, ) because this will make the more complicated expressions at the end of this
section more readable.
9This follows from Fy(V @™V W) = Fy(W @ V) = F4(W) ® Fg(V) = Fy(V) @™ Fg(W).
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From now on we will write D := C™¥ x G for simplicity. In what follows, we will be interested in Z(2) (D, D.),
which was introduced in Remark 2.4.10 in Subsection 2.4.2. Note that the objects of Z()(D,D,) are
pairs ((V7 q), \IJ<V7q>), where Wy .y is a half braiding of the second kind for (V,q) € D relative to D,. If

((V, q), \I/<V’q>) and ((VV, q), \I/<W,q>) are objects in Z(®)(D; D), then Hom ) (p,p,) {((V, q), \I/<V,q>) , ((VV7 q), \I'<W,q>)}
is equal to the set of all f € Homp((V,q), (W, q)) that satisfy

[f&id(x.e)] 0 Uiy (X, €)) = Uiy (X, €)) 0 [idx.)@ /]

for all (X, e) € D, which can be slightly simplified by writing

Hom e (pp,) {((V:0), T v.p) » (Ws0), Wiawgp) }

= {f € Homc(V, W) : [f&id(x o] 0 Uy (X, e) = Ty ((X,e) o [id(x.0@f] VX eC}.
On the objects the tensor product is given by

((Vo0), O vg)) @ (Wor), O iwy) = (V@) @W,7), W 1y, @V (1))
= ((Fy(W) @V, qr), Wiy @0 )
where \I/<V7q>(/83\I/<W7T> is the half braiding of the second kind for (F,(W) ® V, gr) given by
(¥ v ®¥ ) (X, €)) = [idy.g @¥ ) (X, )] 0 [¥(vg) (X, €))id

for (X,e) € D,, and on the morphisms the tensor product is the same as in D. On the objects the group
action is given by

Fo (V) i) = (FVir), By ) = ((Fu(V)ara ™), FWivin )
where quj(Vﬂ") is the half braiding of the second kind for (F,(V'),grq=!) given by

Fo¥wn (X)) = Fy (W (B (0X,60)) ) = Fy (B ((Fy1(X),€))

for (X, e) € D,, and on the morphisms the group action is the same as in D. The G-grading is simply given
by
I((V,0), ¥ vgy)] =0 ((V, ) = g

In this way, Z()(D; D.) becomes a G-crossed category. It also has a partial braiding C of the second kind
relative to Z(?)(D,) given by

Clviey ¥ o) (Wir) T apry) = Yy (Vi €)).-

As we will see in Proposition 4.4.6 below, this partial braiding of the second kind relative to Z®)(D,) can
be extended to an ordinary braiding. But first we need to prove some lemmas that will also be useful in
proving Theorem 4.4.7, which will be the main result of this section.

Some useful lemmas

Now let (V,q) € D and let Wy, be a half braiding of the second kind for (V, q) relative to D,. Then for
any (X, e) € D, we have that Wy ((X,e)) is an isomorphism
g ((X,e) : (X, 0)8(V,q) = (V,)®(X,e).
=(V®X,q) =(Fq(X)®V,q)

In particular, we can write Wy, ((X,e)) = @y (X) for some @y (X) € Home(V @ X, Fy(X) ® V). As the
following lemma shows, this gives rise to a half ¢-braiding for V.
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Lemma 4.4.2 Let C be a G-category and let D = C™V x G.
(1) If W v,y is a half braiding of the second kind for (V,q) € D relative to D., then

Oy (X) ==V y,g((X,e))

defines a half q-braiding for V € C.
(2) If v is a half g-braiding for V € C, then

U iv,g (X, €)) = Py (X)
defines a half braiding of the second kind for (V,q) € D relative to De.

Proof. We can simply prove both statements at once, because in both statements ®y and ¥y ;) are related
in the same way. Naturality of ¥y ,y means that for any f € Home(X,Y') we have

Vv (Vi) o [fRidgy,g] = [i[divg@f] 0 Uye (X, e)),

which can be rewritten as
Py (Y)ofidy @ f] = [Fy(f) ®@idv] o Py (X),

which is equivalent to naturality of ®y. Now note that the condition

\II(V,q)(<Ya €>(/X\)<X, 6>) = [\IJ(V,q>(<K 6>)®id(X,e>] © [id(Y,e)®@(V,q)(<Xa €>)]
can be rewritten as
(I)V(X X Y) = [iqu(X) (24 @V(Y)] o [(I)V(X) & ldy]

Note that the different order of X and Y on the left-hand sides of the last two equations is not relevant,
because these equations have to be satisfied for all X,Y € C. This completes the proof.
O

As the following lemma shows, the morphisms in Z( (D;D.) coincide in a certain sense with the mor-
phisms in Zg(C).

Lemma 4.4.3 Let C be a G-category and let D = C™¥ X G and q € G. If V(v and Yy, are half
braidings of the second kind for (V,q) and (W, q) relative to D, with corresponding half q-braidings @y and
Sy for V oand W, then for any f € Home(V, W) the following two statements are equivalent:

(1) In the category Z®(D;D.) we have f € Hom{((V,q), ¥ (v.e)), (W, 0), Ciw.gy) }-

(2) In the category Za(C) we have f € Hom{(V,q, ®v),(W,q,Pw)}.

Proof. Statement (1) is equivalent to the condition that
Uiw,q (X €)) o [id(x ) ©f] = [[Bid(x,)] © Uy ((X,e))
for all (X, e) € D, which can be restated as the condition that
Dy (X) o [f @idx] = [idF,x) @ flo v (X)

for all X € C, which is equivalent to statement (2).
g

As shown in Lemma 4.4.2; there is a one-to-one correspondence between half braidings of the second kind
Wy, relative to D, for (V,q) on the one hand, and half g-braidings ®y for V' on the other. In the following
lemma we will show that the group action behaves very nicely with respect to this correspondence.
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Lemma 4.4.4 Let C be a G-category and let D = C* x G and q € G. If Vv, is a half braiding of the
second kind for (V,r) relative to D, and if @y is the corresponding half r-braiding for V', then for all X € C
we have the equality

]:q‘I’(V,r)(<X7 8>) = ]:q(bv(X).
In other words, if Wy, corresponds to ®v, then .f’-\'q\IlWﬂ corresponds to F, Py .

Proof. This follows from the computation

~

FoWwin (X)) = By [Wovy (s (X)) | = By [0y ((Fy-1(X), €))]
= Fy (D (F-1(X))) = Fy®y (X).
(]

Finally, we also have to investigate how the tensor product behaves with respect to the correspondence.
This will be done in the following lemma.

Lemma 4.4.5 Let C be a G-category and let D =C™ x G and q € G.
(1) If W y.q) and Y,y are half braidings of the second kind for (V,q) and (W, r) relative to D, and if @y
and @y are the corresponding half q-braiding for V' and half r-braiding for W, then for any X € C
we have

(‘I'<V>q>®‘I’<W,r>) ((X,e) = (]:q(I)W ® Oy )(X).

In other words, Fq®w @ @y is the half qr-braiding for Fo(W) @V corresponding to the half braiding
of the second kind W<V,q><§>\ll<w,r> relative to D, for (F,(W)® V,qr).

(2) If @y and ®w are a half g-braiding for V' and a half r-braiding for W and if W y,oy and ¥y, are
the corresponding half braidings of the second kind for (V,q) and (W,r) relative to D, then for any
X € C we have

(Py @ Pw)(X) = (‘I’<W,r>®ﬁr—1‘lf<v,q>> (X, e)).

In other words Wy, -y @ﬁrl W v,q) is the half braiding of the second kind relative to D, for (V@ W, qr)
corresponding to the half qr-braiding v @ Py for V.o W.

Proof. (1) We have

(¥ (g BT wiry) (X, €)) = [id v,y @ iy (X, €))] 0 [Wv0) (X, €))Bid v ]
= [Fy(Pw (X)) ®@idv] o [idp, (w) ® Pv(X)]
= [Fy@w (Fy(X)) ®@idy] o [idp, (w) @ Py (X)]
= (FyPw ® v )(X).

(2) A similar calculation as in part (1), but in reverse order, gives us
(Py @ Pw)(X) = [Py (F(X)) @idw] o [idy @ Py (X)]
= [ BF - Wiy (X )] o [Bw (X, )Bidp | ()]
= (‘I]<W,r)®fr*1\1](v,q)) ((X,€)).

Note that we could also have used part (1) to conclude that

(P BF 1 W) ) (X,0) = (FF1®@y @ 0 )(X) = (@y @ Oy)(X),
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The G-crossed category Z(?(D;D,) has a braiding

From our discussion at the beginning of this section we know that Z(?)(D;D,) is a G-crossed category that
has a partial braiding C of the second kind. This statement is true for any G-crossed category D and is
not based on the fact that D = C x G. As we will now show, in the case where D = C x G we can equip
VA (2)(’D; D.) with a braiding that extends C, so that it becomes a braided G-crossed category.

Proposition 4.4.6 If C is a G-category and D = C™" x G, then the G-crossed category Z®)(D;D.) has a
braiding (of the first kind).

Proof. For any two objects ((V,q), U(v,y) and ((W,r), ¥ yy,) in Z3) (D; D,) we define

~

CUVaay o) (W), Wy y) 7= Fa@w (V),

where @y is the half r-braiding for W € C corresponding to W yy,. For C to be a braiding (of the first
kind), the domain object of C*(W,q),q,(w)),(<W7T>,q,<w,r>) has to be
(Vo) Wivg) @ (W), Wiy) = ((Fy(W) @ V,qr), (v, @ w1y )

and its target object has to be

Fol(wor), Ui )] 8 (Via), Uivg)) = (<Fq<W)a qrq™"), fq‘l’<w,r>) ® (Vo) Yvg))
= ((Fyrg 1 (V) & Fyf (W), 0), Fy ¥ w8 1,0, )

To check whether this is the case, we first note that F,®y is a half grg~!-braiding for F, (W), so F,®w (V)
is an isomorphism from F,(W) ® V to F,,,-1(V) ® Fy(W). Furthermore, for any (X, e) € D, we have

~

|C vt ) (W) Bl x| © (2 BF wy) (X, €))

= (v vy ) (W0 ) B0 | © 1) B ey (K, D)) 0 [ vy (X, ) Bid ]
= [idr,,(x) ® F@w (V)] o [Fy(Pw (X)) @ idv] o [idr,w) ® Pv (X))

= F, {lidr,cx) © Bw (s (V)] o [Bw (X) ©dp, ] © fidw © Fys (20 (X))}

— F {®w (X @ F,-1 (V) o [idw © Fyr (@y(X))]}

— Fy {[Fog 1 (®v(X)) @ idw] 0 By (F, (V®X))}

= [Fyrg=1 (Pv (X)) @ idp, (w)] 0 Fy@w (V © X)

= [Fyrg1 (@v(X)) @ idp, vy 0 lidp, (1) ® Fy@w(X)] 0 [Fy@uw (V) @ idy]

= [id¢r, (w).arg ) B v (X €D)] © [Fo @y (X, 0)Bid vy © (106,00 BC 1000 0.0 (W) )

= (fq‘l’<w,r>®‘1’<v,q>) ((X.e))o {id<x,e>®0(<v,q>,m<v,q>),(<w,r>,qu<w,m)} :

This proves that é(W’qmjwq ) (W) ¥ 1y ) has indeed the correct domain and target objects. It is also

clear that it is an isomorphism, since F,®y (V) is an isomorphism in the category C. To prove naturality,
consider two morphisms

f S HomZ(Q)(D;De) {((‘/7 q>5 W(V,q)) ; (<V/a Q>7 qj(V’,q))}
g € Homye) (p.p,) { (W.r), Ciwry) - (W 7), Wowr ) }-
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For these morphisms we have

Cltvraa) i ) (W) By ) © LFEIL = Fo@ue (V! 0 [Fy(g) © J]
= [Fyrg-+ () @ idp, qwn] 0 Fy@w(V) 0 [Fy(g) @ idy]
= [Fyrg-1 (1) © Fyl9)] 0 Fy@w (V)
= [F. ()®f]°0( Vi) ¥ vy ) (Wor) oy )

where in the second step we used naturality of 7,®w~ and in the third step we used that

f € Homg, oy{(V,q,®v), (W,r, ®w)}
by Lemma 4.4.3. Also,

C(<Uxf1>v‘1’<u,q>)x(<VvT>7‘1’<v,r>)®(<W75>"1’<w,s>) - C(<Uvq>"1’<u,q>)7(<Fr(W)®VvTS>x‘I’<v,r>®‘1’<w,s>)
= [F(Frw @ @v)]|(U) = (Forow @ Fy@v)(U)

= [For®w (Forg-1(U)) @ idp, ()] © [idpg,, (w) @ Fg@v (U)]

= [Fyr(@w (Fg-1(U))) @ idg,(vy] 0 [idE,, (w) @ Fy@v (U)]

= [Fyrg—1 (F4@w (U)) @ idp,(v)] o [idr,, (w) @ Fq@v (U)]

Q)

= [idz Fa[((Vir), @ v, >)]®C(<U’Q>7‘I’<U‘q>)’(<W’S>"I’<w,s>)} ° { (<U"1>7‘I’<U‘q>)’(<Vﬂ”>"1’<v,r>)®id(<W’S>"1’<W,s>)]

and
C(<U7Q>7\II(U,<1>)®(<V7T>7\P<V,r))7(<W13>1\I/(W,5)) = C(<Fq(V)®UJI7">7‘1’<U,<,>@‘1’<v,r>)7(<W7S>7‘1’<w,5>)
= For®w (Fy(V) @ U)

=[lidr, i 1 (F(v)) @ Far®w (U)] o [ForPw (Fy(V)) @ idy]

qrsr

= lidr, ., (v) @ Fgr@w (U)] o [Fy(Frw (V) @ idy]

ST

= {C(w,qu,@),fr[(<w,s>,\v<w,s>)]®id(<v,r>,xv<v,r>)} ° {id((UaQ>v‘1’<U,Q>)®C(<Vﬂ“>=‘1’(v,r>)v((W,S%‘I’(W,s)) :
Finally, we also have

~

Fq |:6((V,r>,\ll<v,r)),((W,s>,w<w’s>)] = Fy(Fr 2w (V) = Forw (Fy (V) = Fyrg-1 Fg@w (Fy(V))

I
SN

((Fg(V),ara=1), Fg® v,y ), ((Fg (W) a5q= 1), Fo ¥ w4y )

)

Fal((Ver) ¥ v )| Fa[((Ws), ¥ wsy )]

This proves that C is a braiding (of the first kind) for Z2)(D; D).
t

The equivalence Z;(C) ~ Z?(D; D,)

We are now ready to formulate the main result of this section. It states that Zg(C) is equivalent to
Z2)(D;D,) as a braided G-crossed category.

Theorem 4.4.7 If C is a G-category, then there exists an equivalence
Kz (Cre" X G; (C*Y % G).) = Za(C)

of braided G-crossed categories.
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Proof. In what follows we will write D = C* x G for simplicity. We define a functor K : Z®*)(D;D,) —
Za(C) by
K[((V,0),%wg)] = (V.q, ®v)
K(f)=1,

where @y is the half g-braiding for V' defined by ®v(X) = Wy, ((X,e)). Lemmas 4.4.2 and 4.4.3 show
that K is well-defined. That K is a functor follows from the simple computation

K(gof)=gof=K(g)oK(f).

We will now equip K with the structure (K,e%,6%) of a tensor functor. To find 6%, let ((V,q), U(v,q))
and ((VV, r),\I!<W7r>) be objects in Z®*)(D;D,) and let ®y and ®y be the half g-braiding for V' and half
r-braiding for W corresponding to Wy 4 and ¥ yy,y. Then on the one hand we have

K [((‘/a q>7 W(V,q))} ® K [((VV, ’I">, W{W,r})] = (V? q, cI)V) ® (VVa T, (I)W)
and on the other hand we have

K [((V,a), %)) @ (W,r), Uiwy)] = K [(VEW, Uy 0089 )]
= (FQ(W) 02y Va qr, ]:q(bW &® cI)V)
= ‘FQ[(Wv r, (PW)] ® (‘/7 q, (I)V)v

K

where in the second step we used Lemma 4.4.5. From this it follows that 5(<V,q),\1/<v,q>),({W,r),\IqW,T)

) has to
be an isomorphism
K .
6((V7q>7‘1’<v.q))7(<W7T),‘1/(w,r>) : (Vv q, (I)V) ® (Wu Ty (I)W) - ]:q[(m T, q)W)] ® (V7 q, (I)V)v
which suggests that we should choose

(Vi) ¥ v,a)) (W) T y) - (Vi@ @v) (Wi @w )

where C' is the braiding in Zg(C). Naturality of 6% follows from naturality of C. Namely, if we have
morphisms f: ((V,q), W(v.q)) = (V. @), Yy gy) and g : (W, 7), Ui,y) = ((W,7), Uy 1) then

K —
6(<V/7q>’\11<vlyq>)$(<WI’T>7\P(W/J‘>) o [K(f) ® K(g)] - C(V’,q,CPV/),(W’,T,CPW/) o [f ® g]

= [Fy(9) ® flo Cv,q,8v),(Wir,aw)

_ pa K
= K(f®g)o 5(<V1Q>7\II(V>Q>)’(<W7T>5\P(W,T)).

We also have

K K .
5(<U7Q>a‘1/<U,Q>)®(<V3T>7\I’<V,r))a(<W’5>’\II<W,s)) ° [6(<U,Q>7‘I’<U,q>)a(<VaT>"1’<v,r>) ® 1dK[(<W75>v‘1’<W,s>)]}
= Cr,((vir e )@ U,q,20),(W,s,2w) © [Ct,0,80),(V,rey) @ 1dw,sau))

= C.q.00),F (Wos.dw)|e(Virdy) © [1U.q.00) @ C(virdy) (Ws.dw)]

K ; K
5(<U7q>7\II(U,q})7(<V7T>’\D<V,r))@((Wa‘S)v‘I’(W,s)) ° [ldK[«Uﬂ%‘I’(U,q})] ® 5(<V7T>7\II(V,T))7(<W78>7\1/(W,5)):| ’

To find e, we first observe that for any X € C we have \I/?I,e>(<X7 e)) = id(x, = idx = ®9(X). This
implies K[({, e>,\If?I’e>)] = (I,e,®Y), which suggests to choose eX = id(;,e,99)- For this choice of K we
find

K K . _ . .
o) (V) ® 7 k(a0 ))] = Cucapvasn o [dueop @ idugn,)]
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= id(v,q,av)
and

K . K . .
w0 (09100) © [l 2] 2] = Cvmnr ety © [1dvaan) © 1o

= id(VﬂﬁI’v)’

which proves that (K, e, 6%) is indeed a tensor functor. We will now show that K can be equipped with
the structure of a G-functor. It follows from Lemma 4.4.4 that

(Ko Fy) [((Vir), @ vimy)] = (Fy(V),qrq ™!, Fy®v) = Fol(V,r, y)]
= (]:q OK) [(<‘/a T>7\II(V,T'))] .

Also, on the morphisms,
(K o F)(f) = K(Fy() = Fo(f) = (Fy 0 K)(f),

so we have the equality of functors K o fq = Fqo0 K for any ¢ € G. This suggests that we might take
the natural isomorphisms {¢¥(q) : K o .7?q — F4 0 K}yeq in the definition of a G-functor to be trivial.
For this choice of ¢X all diagrams in the definition of a G-functor trivialize, except the last one. But the
commutativity of that diagram follows from the simple computation

K _ sK _ -
5ﬁq[(<v,r>,w<v,r>)],fq[(<w,s>,w<w,s>)] T ((F(V),ara ), Fa W vy ) ((Fg (W) ,g5q— 1), Fy® w sy )

= C(Fq(V)mq*l,fq<1>v)7(Fq(W)7qsq*17Fq<I>w)
= CF, [(Vir, )|, Fy[(W,s,0w)]

= Fi (Cray ), (Wos.ow))

_ K
=74 (§(<V7T>7‘I’<v,v->)v((Wﬁ%‘I’(w,s))) ’

This proves that (K, 65 ¢5) is a G-functor. It is also a G-crossed functor, since it preserves the G-
grading. Finally, this functor is also braided, because

~

-1
K K
5]?11[(<W=T>7\I’<W,r))}7(<Vvq>w\P(V,q)):| oK [C«V*q)’q’(%q))>(<W7T>"I’<W,r>)} ° 5(<V7Q>,‘I’<V,q>)»((WW)"INW,T))

—1
= [Cr,w)ara—1 Forow), (vVig2v)] O K[Fe@w (V)] o Cvgav),(wiraw)

= Za@w (V)™ 0 Fa@w (V) © Coef((v 3.0 ). KW 9 )]

= Ok ¥ LKW 2 )]
This proves that K is a braided G-crossed functor. To prove that it is an equivalence, we define a functor
L:Zg(C) = ZA(D;D.) by
L[(Vv q, (I)V)] = (<‘/7 Q>a \I/(V,q))
L(f) =1,
where Wy oy is the half braiding of the second kind for (V/ ¢) relative to D, that is defined by Wy, ((X,e)) =
@y (X). The same reasoning as for K can be used to show that L is a well-defined functor. It is easy to see

that K and L are inverse to each other. We can equip L with the structure (L,e”, 6%) of a tensor functor
by setting

—1
L K -1
gy wraw) = L (0Kwasiwvronn) =L (Cvaenovraw)
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(@y (W)t =@y(W) ™' = (FFm®y(W)) ™!

L
C

1
(W), vy ) F o [((Vi0), vy )]

and el = id(([,e),\lﬂg[ )" It becomes a G-functor if we choose the isomorphisms {¢L(q) : Lo F, — .7?q oL}sea
to be trivial and this will in fact result in a braided G-crossed functor. The proof of these statements
proceeds analogously to the case of K. The functors K and L are also inverse to each other in the sense
of G-crossed functors, i.e. their compositions in the sense of G-crossed functors will result in the trivial
G-crossed structure on the identity functors. The existence of such a functor L proves that the braided

G-crossed functor K is an equivalence of braided G-crossed categories.
O

Remark 4.4.8 In the paper [38] by Gelaki, Naidu and Nikshych the construction of Z(D; D.) is considered
for the case where D is a G-graded fusion category with full G-spectrum. They show that Z(D;D.) can be
equipped with both a G-action and a braiding in a canonical way, so that it becomes a braided G-crossed
category. In Section 3D of [38] this is applied to the case D = C x G where C is a fusion category with
G-action, which results in a similar'? braided G-crossed structure on Z(D;D,) as ours.

4.5 Z;(C) as a category of bimodule functors

The goal of this section is to show that Z&(C) is equivalent, as a braided G-crossed category, to a certain
category of bimodule functors. In the first subsection we will demonstrate how a group action on a tensor
category C gives rise to structures of a C-bimodule category on C. In the second subsection we will introduce
a braided G-crossed structure on a certain category D of bimodule functors and in the third subsection we
will prove that D and Zg(C) are equivalent as braided G-crossed categories. The proofs of the statements
in the second and third subsection involve many computations. In Section 4.3 we omitted all the proofs
because they involved computations that were all very long, see [96]. In contrast, the computations that we
will encounter now are all quite short and are therefore included.

4.5.1 Bimodule categories from group actions

If we are given a G-action on a tensor category C, then we can equip C with different structures of a
C-bimodule category, indexed by pairs of group elements in G.

Proposition 4.5.1 Let C be a strict tensor category with strict action F' of the group G. For each q € G
we define bifunctors B:CxC—=Cand 9:CxC—C by

AVAS)

= Qo (Fq X idc)
di=®o(ide x Fy).
If q € G, then é equips C with the structure of a strict left C-module category (C, lg) and g} equips C with

the structure of a strict right C-module category (C, gl) In fact, for each pair (q,r) € G x G, we obtain a
C-bimodule category (C, é7 ;1)

10Note that we constructed a braided G-crossed structure on Z(D; D) for D = C™V x G and not for D = C x G, because
the reversal of the tensor product was needed in order to obtain the equivalence in Theorem 4.4.7 .
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r

Proof. It is clear that é and % are bifunctors for each ¢ € G. We will prove that (C, é, <) is a C-bimodule
category for q,r € G. We have
(XQY)EM=F,(X®Y)®M=F,(X)® Fy(X)® M = X & (F,(Y) ® M)
=X 5 (Y& M),
MAaXeY)=MeF.(X®Y)=M®F(X)® F,(Y)=(M®F, (X)) QY
=(MaXx)Qy
and
IEM=F(®M=IM=M,
MAaI=M@F.(I)=M&I =M,
so (C, Ig) is a strict left C-module category and (C, 21) is a strict right C-module category. Furthermore,
(XEM) QY = (F(X)®M)AY = Fy(X) 9 M@ F,(Y) = X & (M ® F.(Y))
=X (M4ay),

r

showing that (C, é, <) is indeed a strict C-bimodule category.

O

Definition 4.5.2 Let C be a strict tensor category with strict action F' of the group G and let lg and <
be as above. Then we will write 9C™ to denote the C-bimodule category (C, é, %) We will also use the
shorthand notations 9C := 9C¢ and C" := ¢C".

Note that ¢C¢ = ¢C = C¢ = C, where C on the right denotes the category C = (C, ;, 21) = (C,®,®) with the
C-bimodule category structure that is simply given by the tensor product.

4.5.2 || .oFunee)(C,9C) as a braided G-crossed category

qeG

Suppose that we are given a strict tensor category C with a strict action F' of the group G. For simplicity
we will write D, := Fun(c ¢y (C, 9C) in the sequel, where we use the notation that was introduced at the end
of Subsection 2.6.2. We then define the category

D:=| | D,
qeG

For each ¢ € G we will write Dg to denote the full subcategory of D, determined by the objects of the form
(Ly,s,id), where Ly (M) =V @ M and Ly (f) =idy ® f. We also define

D= | | D).
qeG

We will explicitly state the conditions on s for objects in D, because this will be needed later. If (Ly, s,id) €
DY, then s is a family {sy/(X): VO X ® M — Fy(X)®V ® M} xec of isomorphisms such that for any
X,)Y,M,N €C, f € Hom¢(X,Y) and m € Hom¢(M, N) the diagrams

Ve Xxeom M

Jidv(@f@m JFq(f)@)idV@m (451)

vevenN XY, ry)evVeN

F(X)®VeM
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and

VoaXeYeM

i Y)

d ®s
F(X)VeY oM rucoSon( F(X)@F,(Y)oVeM

commute and

SM(I) = idV®M (453)
smey (X) =sp(X) @idy. (4.5.4)

Using (4.5.4) we can restate the commutativity of the diagram (4.5.2) in two different ways:
SM(X ® Y) = [iqu(X) X SM(Y)] o [Sy(X) X ldM] (455)
SM(X X Y) = [lqu(X) (24 SM(Y)] o [SI(X) X® idY®M]. (456)

In particular, sy is a half ¢-braiding for V. A morphism o € Hompg((ﬁv1 ,s1.1d), (Ly,, s2,id)) is a natural
transformation o : Ly, — Ly, such that for any X, M € C the square

OXQM

VioXM ———— s Vo XM
FM()@ Jsifm (4.5.7)

idp, (x)®0Mm

F (X)W M Fy(X)@Va® M

commutes and
oMex =0y Qidx. (4.5.8)
Using (4.5.8) we can write restate the commutativity of the diagram (4.5.7) as
[idp, (x) @ oar] 0 s3,(X) = 53,(X) 0 [o7 @ idxgou]- (4.5.9)
The next lemma shows that this category D° can be made into a braided (strict) G-crossed category.

Lemma 4.5.3 Let C be a strict tensor category with strict action F of the group G. Then the category D°
can be given the structure of a braided G-crossed category as follows.
e The tensor product (Lv,,s',id) x (Ly,,s%id) = (Ly, * Ly, s' * s%,id) of (Lv,,s',id) € D) and
(Lys,, s%,id) € DY is defined by Ly, * Ly, = Lv,ov, and

(s' % 8?)m(X) = s, (F(X)) o [idy, ® s7,(X)). (4.5.10)
Ifoc e Hong((EVI, st,id), (Ly,, s%,id)) and T € Hompo ((Lys, s3,id), (Ly,, s*,1d)), then ox7 is defined

by
(cxT)y =01 @71 Qidyy.
The unit object is (L, s°,id) € D, where s9,(X) :=idxgm.
e The group action fg[(ﬁv,s,id)] = (fgﬁv,fgs,id) € Dgrq—l on an object (Ly,s,id) € DY is defined
by ]-'g/iv =Lr,wv) and!
Fosm(X) = Fy(sp,_, o) (Fy-1(X))).

The group action on a morphism o € Hom(D) is defined by FY (o) = Fq(oqul(M)).

H'We simply write ]‘—gSM(X) rather than (]—'gs)M(X).
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o If (Ly,s id) DO then its gmdz’ng is defined to be q.
o If (Lv,,s,id) € DO and (Ly,, s%,id) € DY, then their braiding is defined by

[C&Jvl,sl,id),(ﬁvz,sz,id)]M = 53 (Va).

Proof. Let (Ly,,s',id) € D) and (Ly,,s% id) € D). We will show that (,/JVI@,V2 s« s%,id) € DY, If
f € Home(X,Y) and m € Homc(M N), then it follows from the fact that s' and s? satisfy (4.5.1) that

(s'* )N (Y) o idvigw, @ f @ m] = s,6n5 (Fr(Y)) o [idy, @ s3(Y)] o [idy, ®@idy, ® f © m]

= si,en (Fr(Y)) o [idy, ® F,.(f) ®idy, @ m] o fidy, ® s3,(X)]
f) ®@idy, ®@idy, @ m] o sy, (Fr(X)) o lidy;, @ s3;(X)]
f) ®@idy, gy, @ m] o (s x s) 3 (X),

= [For(
= [For(
which shows that s x s? satisfies (4.5.1). And if X,Y, M € C, then it follows from (4.5.2) that

(s' x )X ®Y) = s1,0u(F(X®Y)) o fidy, ® s3,(X @Y

= [idr,,(x) ® sv,em (Fr (V)] © 5k, (v)gvaem (Fr(X)) 0 fidyy @ idp, x) @ s3,(Y)] 0 [idy; @ 535, (X)]
= [idr,,(x) ® siem (Fr (V)] © [idr,,(x) ®idv; @ s3,(Y)] 0 51,0y @ (Fr(X)) 0 fidyy ® 556 (X)]
}

= [idp,,(x) ® (s * s*)u (V)] o (s" * %) yenr (X)),
which shows that s! * s? satisfies (4.5.2). It follows from the fact that s' and s? satisfy (4.5.3) and (4.5.4)
that for any M € C we have

(s" % s*)m(I) = sy,eu (Fr(D) o [idy, ® s3,(I)] = idv,eveem © [idy, @ idyem] = idvgv,em

and for any M, X,Y € C we have

(5" 5*) aroy (X)

= syemey (Fr(X)) o [idy, @ sisey] = [s1,0m (Fr(X)) ® idy] o [idy, ® s3,(X) ® idy]

= (81 * SQ)M(X) ® idy.
This shows that s' * s? also satisfies (4.5.3) and (4.5.4) and hence that (Lv,gv,,s' * s%,id) € D). Now let
o€ Hompg((ljv1 ,s1,id), (Ly,,s%,id)) and 7 € Hompg((LVB,SB, id), (Ly,,s*,id)). We will show that o T is

a module natural transformation from (Ly, * Ly, s' *s%,id) to (Ly, * Lv,, s? *s*,id). For m € Home(M, N)
we have

(0’* T)N o (idv1®V3 ®m) = (O’[ KR Tr ®idN) o (idv1®\/3 ®m) = (idV2®V4 ®m) o (0’1 R Tr ®1dM)
= (idvev, @ m) o (0 7)u,

showing naturality of o % 7. It follows from the fact that o and 7 satisfy (4.5.7) that for all X, M € C we
have

(2% sH (X)) o (0% T)xenm = 5V4®M(FT(X)) o [idy, ® s3,(X)] o [o7 ® 71 ® idxem]
= st (Fr(X)) o [idy, ® sj;(X)] 0 [0 ® Txewm]
= sV, ou(Fr(X)) oo ®idp, (x) ® Tar] 0 [idy, @ s3,(X)]
= [sT(Fr (X)) @ idv,em] © [0r,(x)or © 71 @ idy] o [idy, ® s3; (X)]
= [idp,, (x) ® or @ 77 ®idp] 0 [sHF-(X)) @ idvyenr] o [idy, @ s5,(X)]
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= [idF,,(x) ® (0 )] © sy (Fr(X) 0 [idy, @ s (X)]
= [iqur(X) ® (o xT)pm]o0 (51 * 33)M(X),
s0 o x T also satisfies (4.5.7). Since o and 7 also satisfy (4.5.8), we have for all X, M € C that
(c*T)mex =01 QT Qidyegx = (0% 7))y ®idx,
so o 7 satisfies (4.5.8) as well. Thus o * 7 is a module natural transformation from (Ly, * Ly, s' * s3,id)

to (Ly, * Ly,, s> x s*,id) in Dgr. If o and ¢’ are composable morphisms in Dg and 7 and 7' are composable
morphisms in DY for some ¢, € G, then for any M € C we have

[(0/00)*(7'07')]1\4 = (gloa)1®(7-’o7-)I®idM = (O-/IOUI)®(T}OTI)®idM
=(or @1 @idpy) o (o @71 @idp) = (0" % 7)o (0% T)

=[(o"*7") o (0% 7)|m,

so * satisfies the interchange law. Furthermore, for any (Ly,,s',id), (Ly,, s,id) € D° we have

[id(cvl *£V2,51*52,id)} v idv,gvaem = [id(cy, st ® [idcy, s2,ia0)lr @ ida
= [idwvl,sl,id) * id(ﬂvwsz,id)} u

for any M € C. So x is indeed a functor.
We will now show that « is associative. If (Ly;,s',id) € DY, (Ly,, s id) € DY and (L, s*,id) € DY,
then clearly (Ly, * Lv,) * Ly, = Ly, * (Ly, * Ly;,). Also,

(s # 8%) % 8P (X) = (57 % 5%)vm (Fs (X)) © fidvi v, ® s3(X)]
= steviem (Fr(Fs(X))) o idv, ® st,q (Fs(X))] © idviev, © s3,(X)]
= st,even (Frs(X)) o fidy, ® (s* * %) p (X))
= (s' % (5% % 8)) s (X).

If p, 0 and 7 are morphisms in DY, then

(pxo)*«T)m = (px0)1 @1 ®idy = pr ® o7 ®id; @ 77 @ idpy
:,0[®0'I®7'I®id]®idjy[:p1®(U*T)[®idM
=(p*x(o*xT))m.

It is clear that (L7, s%,id) € DY. To see that it acts as a unit object, we first note that L;* Ly = Ligy = Ly
and Ly x L1 = Lygr = Ly. Also, if (ﬁv, S,Id) S Dg, then

(8% 8) (X)) = Vg pr (Fy(X)) o [ids @ sa(X)] = sm(X)
(5% s°)ar(X) = st (Fe(X)) o [idy @ s, (X)] = sar(X),
so (Lr,s°,id) * (Lv, s,id) = (Ly, s,id) = (Ly, s,id) * (L1, 5%,id). If ¢ € G and o € Hom(DY), then

(id(ﬁl’so’id) Oy = [id(ﬁj,so,id)]l ®o;rRidy =id; ® oy ®idy = oy

(0’ * id(ﬁ;,so,id))M =07 Q® [id(ﬁf,so,id)]l ®idy =07 ®id;y ®idy = oy

This finishes the proof that D is a tensor category.
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It is clear that D° becomes a G-graded category with the given grading. We will now turn to the G-
action. Let ¢ € G and (Ly,s,id) € DY. Since s satisfies (4.5.1), we have for any f € Home(X,Y) and
m € Home (M, N)

Fosn(Y)o (idp,(v)® f ®@m) = F, {SFQ,I(N)(Fq—l(Y)) olidy ® Fy1(f) ® Fq_l(m)]}
= Fy {[F(Fya (1) @ idv @ Fymr (m)] 0 55, oy (Fye (X)) }
= [Fyrg—1(f) ®@idp, vy ® m] o Flsnr(X),
so Fy's satisfies (4.5.1) as well. And because s satisfies (4.5.2), we have for any X,Y, M € C
Fism(X @Y) = Fy(sr,_, () (Fg1(X) © Fya(Y)))
=1 {[idFr(Fq_l(X)) ®sp,_y () (Fg-1(Y))] o qu_l(Y)®Fq_1(M)(Fq—1(X))}

= [iqu,,,q—l(X)®Fq(SF L) (Fg=1(Y)))] o (SFq—l(Y(X)M)(Fq*l(X)))
= lidr, ., o0) ® Fgsm(Y)] o Fysyeoum(X),

so Fy's satisfies (4.5.2). Since s satisfies (4.5.3) and (4.5.4), so does F, because
Flsm(I) = Fq(qu,1(]VI)(Fq*1(I))) = Fq(idV@)Fq—l(M)) =idr,(vyem
and

Fosmey (X) = Fy (Squl(M)®F(1(Y)(Fq*1(X))) = Iy <qu71(M)(Fq71(X)) ® iqufl(Y))
= FJsu(X) ®idy.

This shows that (FQ Ly, Fs,id) € ’Dgrq,l. Now let ¢,r € G and 0 € Hompo((Lv;, s*,1d), (Lvy, s%,id)). If
m € Home (M, N), then it follows from naturality of o that

Fo)w ofidr,ny @m) = Fy {or, v o lidv, ® Fyor ()]} = By {[idv, @ Fyr(m)] o o, }
[ldF (V2)®m]of ( ) M,
so Fy (o) is natural. Since o satisfies (4.5.7), so does F{(c). Namely, for any X, M € C we have
Fosa(X) o F(o)xem = F, { o (Fy1 (X)) OUFq,l(X)@)Fq,l(M)}

=Fy {[idFr(qul x) ® 0, (a0 © Sk, (ary(Fyr (X))}
= [iqurq—l(X) ® ]'—S(O')M] o .7:38}\/[()()

Also, for any X, M € C we have
Fo(o)mex = Fy <0Fq71<M)®Fq71(X)> =k (Uqul(M) ® iqufl(X)> = F(o)m ®idx.

Thus F(0) is a morphism from (Fy Ly, Fys',id) to (FYLy,, Fgs*,id). Hence F; is well-defined. If ¢ € G
and 0,7 € Hom(DO) are composable then

FO(r) o Foo)ar = For)ar 0 Fo(o)ar = Fylre, vy 0 or, won) = Fo ((700)r, 1)
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:]:S(TOU)Ma

showing that F{ (T o0) = F2(7) o Fj(0). Hence F} is a functor. If (Ly,, s',id) € DY and (Ly,, s%,id) € DY,
then fg(f’vl * EVQ) = ‘Fg‘CV1®V2 = EFQ(V1)®FQ(V2) = fg[,vl * ‘FSEVQ and

Fost s+ ) (X) = F {(s" 5 82)m, L, an(Fyr (X)) }
= Fy {shaor, o (Fs(Fym (X)) 0 fidv; @ 5%, () (Fy (X)]}

= Fy (s, (e (Faet (Faag1 (0)) © [idp, ) @ Fy(s3,, (an) (Fyr (X))
= Fist, (vyen (Fasg—1 (X)) 0 [idp, (1) © Fs3,(X))]
= (.7:(951 * .F[?SZ)M(X),

e

showing that .7-'0(5 x5?) = Fos'«Fys®. So we conclude that FQ[(Ly,, s',id)*(Ly,, s*,1d)] = F (Ly,, s*,id)*
FILy,, s*,id). Also,

7359\4()() = Fyl(sk, o (Fg— (X)) = Fy(idp,_, x)er, 1 () = ldxen = sj(X),

so FO(Lr,s%,id) = (Lp, 1), Fys®,id) = (Lr,s%,id). This shows that F| is a strict tensor functor for each
q € G. Now let q,TGGand (ﬁv,s id) €DO Then f"o Ly =Lp (V) = EF (Fr(V)) —.7: Lp, vy = .FO.FO[:V
and

Forsm (X) = Far(sp,,, -0 (Figr-1 (X)) = Fo(Fr(sp, _, (F, - (a)) (Fr1 (Fg-1 (X))
= F,(F? sp, () (Fg-1(X))) = FoF s (X).

Thus we have Fy.(Ly, s,id) = (Fp, ﬁv,}"grs,id) = (FJF Ly, FQF)s,id) = F)FY(Ly,s,id). Together with
the fact that ]-"g(ﬁv, s,id) = (LFe V),]-" s,id) = (Ly, s,id), this proves that F° defines a group action on
DY. The fact that .7-'2 maps objects in DY to objects in Dgyrq-1 shows that DY is a G-crossed category.

We will now turn to the braiding If we have morphisms o € Hompg((ﬁvl,sl,id), (Ly,,s%,id)) and

7 € Hompo ((Ly,, s°,id), (Ly,, s*,id)), then

C?cV2 52,id), (L shid) | M © [0 % T]ar

2 (Vi) olor @7 @idp] = s3,(Va) o [o7 @ idy,eur] © [idy, ® 77 ® iday]

v (Va) oovenm o [idy, @ 71 ®idpy] = [idp, (v,) ® our] o sty (V) o [idy, ® 77 ® id ]
Fy(va) @ our] 0 [Fy(rr) @ idviem] 0 53, (V) = [Fy(Tr,_, (1) @ o1 @ idu] 0 53, (V3)

S
[id
= [, 2( ) *olm o [C(ﬁvl751,id),(£V3,s3,id)]Mv

which proves naturality of C°. Now let (Ly,,s',id) € DY, (Ly,, s*,id) € DY and (Ly,, s,id) € DI. Then

{C(OLVI,sl,id)*(ﬁvz,sQ,id),(LVB,SS,id)}M = [C?Lv1®v2,sl*s2,id),(LV3,33,id)] v (s' % s*)ar(Va)
= sipeu (Fr(V3)) o [idy, ® s3,(V3)] = [s1(F(V3)) @ idv,eum] o [idy; @ s7(V3) ® ida]
= { {CPLVI,sl,id),fT(£V3,53,id)} . ® [id(ﬁvz,s%id)} . ® idM}

° { [id(z:vl,sl,id)} S ® [C?Lv2,s2,id),(£v3,s3,id)] S ® idM}

_ [0 . : 0
= |:C([lv1,sl,id),]-'r([lvs,s3,id) * 1d(£v27527id)} IV [1d(£v1,s1,id) * C(£V2,52,id),(£V3,s3,id)}M
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and

0 _ 0 .1
[C(ﬁVl’Sl’id)v(cVQ!SQ’id)*(LV;; vSS’id)i| M - |:C(£V1 7517id)1(£VQ®V3,82*53,id)j| M - 81\4(‘/2 ® V3)
~ iy @ 53 (Vi)] 0 shyns (V2) = [y vy ® s}(V%) @ idar] o [s1(15) @ dvgon]
= { [idfq(cvz,SZ,id)L ® [C?zvl ,sl,id),(cv3,ss,id)L ® idM}

0 . .
o { |:C([lv1 ’Sl’id)ﬁ(ﬁv2’52$id):| . ® |:1d(£v3783,id)} " & ldM}

— |3 0 0 :
= [, cvmusiar * Cley, a0y vy 00 . (Ol ot 002ty * vy ia | .

Finally, if ¢ € G and (Ly,, s!,id), (Lv,, s2,id) € D, then

T
-Fg(LV1 731,1d)7]:2(£vz75271d) M (ﬁFq(vl)J'—gSl71d)7(£Fq(v2)»-7:35271(1) M
= R, 08) = Fush, V) = By ([Clory s, o)
_ 0 0
= [F0(Cler st v ria)] u’

: . 0 _ 0 0
which means that Czo (. 1 ia) 7o(cy,,52,10) = T (C(ﬁvl,Sl7id),(ﬁv2752,id))'
0

Recall that in Theorem 2.6.10 in Subsection 2.6.3 we considered the situation where we had a strict tensor
category C together with a structure (C, >, <) of a strict C-bimodule category on C and we used the nota-
tion ®C< to denote C equipped with this structure. We showed that there is a functor from the category
Func ¢y (C,7CT) to itself that assigns to each object (H,s,t) an object (Lp,s’,t'), where t' was trivial. In
the following theorem we will apply Theorem 2.6.10 to the setting above to obtain functors D, — Dg and
we will use these functors to transport the braided G-crossed structure of D to D.

Theorem 4.5.4 Let C be a strict tensor category with strict action F' of the group G.
(1) For each q € G we obtain a functor Py : Dg — DY by defining Py[(H, s,t)] := (PgH, Pys,id) for
(H,s,t) € D,, where'?

PqH = £H = ‘CH(I)a

Posn (X) := [s1(X) @idp] o [t7(X) " @ida,

and by defining Pq(o) by
Py(0)n = tH(M) 0 opg ot (M)~}

for o : (Hy,s',t') — (Ha, s%,t%).

(2) For each q € G we have a natural isomorphism ? : idp, — Py, where ng,s,t) : (H,s,t) —
(PyH, Pys,id) is given by W?H,s,t)]M =ty (M): HM) — H(I)@M. We obtain a functor P : D — D°
by defining its restriction to any Dy to be Py, and we have a natural isomorphism 1 : idp — P that
is defined by [ s.0)lnr = tr(M).

(3) The restriction of the functor P : D — D to D is the identity functor. As a consequence, PoP = P.

(4) The category D can be given the structure of a braided G-crossed category as follows.

12 Analogous to the remark in the preceding footnote, we simply write Pgsys(X) rather than (Pgs)ps(X). Similarly, when
we define the group action we will also write Fgsps(X) instead of (Fygs)ar(X).
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e The tensor product (Hy,s',t') x (Hy,s?,t?) = (Hy x Ha, s* x 52,id) € D is defined by
(Hy,s',tY)  (Hy, s%,t%) := P(Hy, s', t1) « P(Hy, 52, 1%),

so Hyx Hy = PHy * PHy = Ly, (1yoH,(1) and s x 52 = Psl x Ps?.
Ifo € Homp((Hy, st 1Y), (Ha,s%,t%)) and 7 € Homp ((Hz, s3,13), (Hy, s*,t1)), then ox7 is defined
by

o*x1="P(0)*P(1).
This tensor product is associative. The unit object is (L, s°,id) € D, where s,;(X) = idxgum,
and the left and right unit contraints l(g s 1) : (PH,Ps,id) — (H,s,t) and (g s4) : (PH,Ps,id) —
(H,s,t) are given by [l s nlm = tr (M)t = [7(H,s,4)) M -
Furthermore, P : D — DY is a strict tensor functor and v : idp — P is a natural tensor

isomorphism, where P is considered as a functor D — D.
o The group action Fy[(H,s,t)] = (FqH, Fys,id) € Dypq-1 on an object (H, s,t) € D, is defined by

Fil(H,s,t)] := fg?[(H, s, 1)),

so FqH = .Fg’PH = Lp, ) and Fygsp(X) = ngsM(X). The group action on a morphism
o € Hom(D) is defined by Fy(o) = Fo(P(0)) and Fq is a strict tensor functor for each q € G.
We also have that Fo. = FyF, for all ¢,v € G and that F. =P, and as part of the group action
we define €7 :idp — F. by ¥ = .

o If (H,s,t) € Dy, then its degree is defined to be q.

o If (Hy,s',id) € D and (Ha,s%,id) € D, then their braiding is defined by

CH, 51 i), (Ha,s2,id) = C’IOJ[(Hl,sl,id)],P[(Hg,s2,id)]'

(5) The strict tensor functor P : D — D° is a braided G-crossed functor and the natural tensor isomor-
phism 1 : idp — P is a natural isomorphism of braided G-crossed functors.

Proof. Parts (1) and (2) of the theorem are just a restatement of Theorem 2.6.10. For part (3), let
(Ly,s,id) € Dg and note that PLy = LLV(I) = Ly and

If o € Hompo((Ly,, st,id), (Ly,, s2,id)), then P(c)yr = idy,gar 0 or © id‘_,11®M = o, s0 Plo) =o0.

We will now prove part (4) of the theorem. It follows directly from the preceding lemma that % is a
well-defined functor D x D — D that is compatible with the degrees of objects. To prove associativity of x,
let (Hy,st,tl), (Ha,s?,t2), (Hs,s%,t%) € D. We then have

(Hl *Hg) * Hs = P(PHl * PH2) * PH3 = (PHl * PHQ) x* PHs
= PHl * (PHQ * PH:J,) = PHl * P(PHQ * PH3)
= H1 * (H2 * H3)

and
(s' % %) x 83 = P(Ps! x Ps?) x Ps® = (Ps! x Ps?) x Ps®
= Ps! x (Ps? x Ps3) = Ps’ « P(Ps? x Ps?)
=s' % (s? x 5%),

where in both computations we have used part (3) of the theorem. A similar computation also shows that
* is associative on the morphisms.
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For any (H,s,t) € D we have (L, s%id) x (H,s,t) = (PH,Ps,id) = (H,s,t) x (L1,s%,id). To prove
naturality of [ and r, let o € Homp((Hy, s*,t!), (Ha, s, t?)) and M € C. Then
[l(Hy,52 42)] v © [Id(£, 50 1a) * O] nr
= t1(M) ™" o [P(id (2,50 ,ia)) * P(0)lar = t1(M) ™" o {[id(z,,s0,ia)]1 © P(0)1 @ idar}
=t7(M)~" o [P(0); @idn] = t7 (M)~ o P(o)ar = t](M) ™" o t](M) 0 o o t3 (M)~
— OpM © [Z(Hhsl’tl)}M

and

[ (#1252, 2 © [0 % id 2 50,0y I

= t7(M) ™" o [P(0) * P(id(z, 0 a))]mr = tH(M) ™" o {P(0)1 @ [id(z, 0 )] 1 @ idar}

=t7(M) ™" o [P(0); ®@idn] = tF (M)~ o P(o)as = t](M) ™" o t](M) 0 opy oty (M)~

=0M© [T(Hl,sl,tl)]M-
To check the triangle axiom, let (Hy, s',t'), (Ha, s*,t*) € D. Since for any (H, s,t) € D we have Pl 5.4))m =
tr(M) o [l(g,s,)]ar © id;;u)@M = idg(ngm and similarly P(r(g,s+)) = idm(r)em, we have on the one hand

[T(Hl,sl,tl)*id(Hg,s2,t2)]M
= [P(T(Hl,sl,tl)) * P(id(H2,82,t2))]M = P(T(H1,517t1))1 [ [id(H27s2,t2)]I ®id s

= P(ra,,s1 1)1 @ida,nem = P, 00) Ha (oM = 1, (1o Hs (oM

and on the other hand we have

[id(H17517t1) * l(Hg,SZ,t’A’)]M
= [P(id(m,,51,41)) * Pl(rs,s2,02)) 0 = [id sy 51,601 @ P(l(a,,52,42) )1 @ idp
=idg, (1) @ P(l(,,5242))1 @idy = idg, (1) @ P(l(a,,s242)) M = ida, (D H,(De M
so the two expressions are equal, i.e. 7(p, 511y * (g, 62,2y = i, 51 41) * [(f,,52,02). Thus D is a tensor

category.
To see that P is a strict tensor functor, we first note that for any (Hi,s',t!), (Ha,s?,t?) € D we have

P[(Hy,s', t') x (Hs, 52,t2)} = P[P(Hy,s' t') x P(Hy, 52,152)] = P(H,, sl,tl) *x P(Ho, 32,t2).

Also P(Lr,s%,id) = (L1,5°,id) and for any (H, s,t) € D we have Plla,s,))m = dunem = P(r,s) M-
It is clear that ¢ : idp — P is a natural isomorphism. To see that it is a natural tensor isomorphism,
we note that ¢z, 0 iq) = id(z, s ;q) and that for any (Hi, st t1), (Ha,s2,t?) € D we have

W(H, 81 41 )% (Ha,5%,82) = V(H1wHa s %s2,id) = 1, xHo,s1xs2,id) = IAP(H, 1 ¢1)«P(Hz,s2,¢2)
= idp(m, 51,01y *1dp(H,,52,42) = PUa, s1,61) * PY(m,,s2,12)
= Uy, ,81) X V(Hs,s2,12)-

If ¢ € G, then F; = }"g o P is a functor D — D, and its restriction to D, is a functor D, — D° _, C

qrq
Dgrq-1- To see that it is a tensor functor, let (Hy,s',t!), (Hs,s*,t*) € D. Then

‘FQ[(Hlaslatl)*(H27527t2)]
= ]‘—S'P['P(Hhsl,tl) * P(HQ’Szvtz)] = ]:g[,P(Hla Slﬁtl) * P(H27527t2)]
= FOP(Hy,s' t') « FYP(Ha, 8%, t%) = PFYP(Hy, s', t') « PFYP(Ha, 5°, 1)
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= F,(Hy, s' tY) « Fy(Hy, s%, 7).
Similarly, if o, 7 € Hom(D), then

Foloxr) = Fy(P(P
= FyPlo)

(0) # P(1))) = Fg(P(o) = P(7))
Fa(0) * Fo(T

)
FoaP(r) = PF)P(o) * PFP(T)
)

q

Also, F,(Ly,s%id) = fg(ﬁ;,so,id) = (L7,8%id), so we conclude that F, is a strict tensor functor. If
q,r € G, then for any s € G the functor Fy; : Dy — Dygrgp-14-1 is given by Fy = ]:0 P = ]-'0.77073 =
fSPfSP = F,Fr. The functor F, on D is given by F. = F2P = P. We know from our results above that

7 :idp — F, is a natural tensor isomorphism, since e/ = 1 by definition. Also, ¢¥ has the property that
for any g € G and (H, s,t) € D we have

e% =1 =id
Fo(H,s,t) Fo(H,s,t) 1dF, (H,s,t)
Falelu o) = Falimsy) = FgPWa,sn)) = Fo (idp(a,s,p) = (idzop(r,s,t) = idF, (H,s,t)-

Thus we conclude that F defines a group action on D and that D is a G-crossed category.
If o € Homp, ((Hy, s, t), (Hs,s%,t%)) and 7 € Homp((Hs, s3,t3), (Hyg, s*,t*)), then

C(H2,52,t2),(H4,s4,t4) o [0’ * 7'}
= OBty 52,2) (5004 © [P(0) # P(T)] = [F{P(7) % P(0)] 0 Cpaa, 1) s 59.,9)
= [PFP(7) * P(0)] © O, 1.1y p(rs,68.08) = [Fa(T) % 010 Clary 61,41), (o565,

showing naturality of C. Now let (Hy,s!,t!) € D,, (Ha,s%,t?) € D, and (Haz, s, t3) € Ds. Then

C(Hhsl7t1)*(H27327t2),(H37$3,t3) = C%(H1-,81,tl)*P(Hz,527t2)17’(H37837t3)
= (OB (hry 51 1), FOP(Hs 52,08) ¥ 1Pt 52 02)] © [1dp(at, a1y % Cpar, 2 42) Py 58,69
= [P(C’]O?(Hl,sl,tl),fSP(Hg,SS,t3)) * 7>(id(Hz,sZ,ﬁ))] o [P(id(Hl,sl,tl)) * ’P(C’%(HQ,SQ,t2),'P(H3,s3,t3))}

= [Clay s1,00),Fp (Hs,5%,13) ¥ (11,52 02)] © i (1, 51,00) * Oy 52,62), (H,5%,09)]

and

C 1 41 2 12 3 43 = CO :
(Hy,s1,t1),(Ha,s2,t2)x(Hs,s3,t3) P(Hy,st,t1),P(Hz,s2,t2)+P(Hs,s3,t3)
= [i[drop(t,.52,12) ¥ Cp(ary o1 1) P(Hs,52,09)) © [CP(ry 511y P (02 2) * 1P (11558 3]
= [P(drop(m,.52.12) * P(Cppy o111y (#s,58,02))) © [PCP(ay 51,000 Pz 52.2)) * Pd(ty,63,15))]

= [idr, (m,52,12) * Clay st 1), (H5,58,09)) © [Cry s1,0) (b 52 02) %1 (115,59,19)]-

Finally, for any q € G, (Hy,s!,t!) € D, and (Ha, s?,t?) € D, we have

C 1 2 42) = CO
Fq(Hy,s1,t1),Fq(Ha,s2,t%) PFy(Hi,s1,t1),PFq(Hz,s2,t2)
0 _ 0
PFOP(Hi,51,81), PFO(P(Ha,52,62)) = CFOP(Hy 51,61), FOP(Ha 52, 12)
_ 700 _ 70
= T (Cp(, 51,41 P(Ha52.12)) = Fq (Ol s1,41),(Ha 52 ,12))
= F, (C Hy,s1,t1),(Ha,s? tz))

Thus D is a braided G-crossed category.
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That P is a strict G-functor follows from P o F;, = P o ]-'3 oP = ]-'(? o P and from the fact that
P(E{-—H,s,t)) =PW(H,s,t)) = idp(a,s,p) for any (H,s,t) € D. Also,

P(Clay sy, (H2.2.2)) = PO, 51,00 Pz 2.62)) = CPry o1 1) P(Ha262)
= Cp(H,,51 1), P(Hs,12,12)

F

so P is braided. By our earlier results on €, we also have

Fom,sn) = Folelisn) = 145, (Hst) = €7 (Hst) = VFo(H5.0)

for any (H,s,t) € D. Thus ¢ is a natural G-isomorphism and hence a natural isomorphism of braided
G-functors.
O

We now have a braided G-crossed structure on D and this structure will be used in the following sub-
section. Because the restriction of all structures of D to D° are the same ones as defined in Lemma 4.5.3,
there is no need to distinguish these structures in our notation anymore. Therefore, henceforth we will no
longer use *, ]-"g and CY in our notation, but only x, Fq and C.

4.5.3 Zg(C) ~|]

We are in the position to state our main theorem of this section:

Fun(c,c) (C, qC)

qeG

Theorem 4.5.5 Let G be a group and let C be a strict tensor category with strict G-action F. Then there
exists an equivalence

A | | Funee)(€,9C) — Za(C)
qeCG

of braided G-crossed categories.

Proof. We will first define a functor #° : D° — Z5(C). We have already seen from diagram (4.5.1) and
equation (4.5.4) that if (Ly, s,id) € Dg, then s; is a half g-braiding for V', so we can define .#° on an object
(Ly,s,id) € Dy as

%0[(‘6\/3 S, ld)] = (V; q, (I)L\q/)7

where @3, (X) = s;(X). If 0 € Homp, ((Lv,,s',id), (Lv,, s%,id)), then o; € Home(V4, Vz), which suggests
that we define #%(0) = 0. It follows directly from (4.5.8) that

[idp,(x) ®o1] 0 s1(X) =83 (X)oox = s2(X) o [0y ®idx],
so #0(0) =0y € Homzgc)(Vi,q.9,), (Va,q, @3,)). If 7 € Hompo ((Lys, 52,id), (L, 5°,id)), then
HOtoo)=(roa)=1100; = H°(1) 0 #°(0).

For any (Ly,s,id) € Dy we have #°(id(z,, sia)) = [id(zy i1 = idy = idv,g,e:) = idro(cy i), showing
that 0 is indeed a functor. If (Ly,, s',id) € D) and (Ly,, s*,id) € DY, then (4.5.10) gives us

D (X) = (5" % 82)1(X) = st (Fr(X) 0 [idy, ® s3(X)] = [s}(F(X)) @idus] o [idy, ® s3(X))]
= [®%, (Fr(X)) ®idy,] o [idy, © B, (X)] = (85, ® &%, )(X),
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which implies that <I>€,11 2532 = <I>§,11 ® @%Z and hence

ALy, 5,1d)  (Lvy, 5%,1d)] = H 0 (Lyisvs, s' x 52,1d) = (Vi @ Vo, gr, @355 )
— (Vi ® Vo, qr, B3 @ B5.) = (Vi,q, 5 ) @ (Va,, B )
= XLy, s",id) @ #°(Ly,,s?,id).
Also, if 0,7 € Hom(DY), then
HOoxT)=(0xT)r =01 @7 ®id; = 01 @71 = #(0) @ HO(7)

and #9(Ly,s%,id) = (I,e,@?o) = (I,e,®Y), since for any X € C we have <I>‘}O(X) = s%(X) =idx = ®%(X).
Thus # 7 is a strict tensor functor. Now let ¢ € G and (Ly, s,id) € DY. Then
Fq
7%, (X) = (Fys)1(X) = Fylsp (1 (Fy 1 (X)) = Fyls(Fy1(X))
= Fy(®% (Fy-1 (X)) = F @3 (X),

from which it follows that ‘I)I};:fv) = F,P},. Using this, we get

HOF Ly, 5,1d)] = H (L, (v), Fys,id) = (Fy(V), qrq ™", @710,

= (Fy(V),qrq™ ", Fy®y) = Fo(V,r, ) = Fo Ly, 5,id).
If ¢ € G and ¢ € Hom(DY), then
HO(Fy(0)) = [Fo(o)l1 = Fylor, (1) = Fylo1) = Fylor) = Fy(H°(0)).

Hence 2 is a strict G-functor as well. It is also clear that £ respects the G-grading. If (Ly,, s',id) € DY
and (Ly,, s%,id) € DY, then

81
Coo(Ly, ,51,id), H0(Luy,s52,id) = C(Vl,q,é:}z),(vz,r,@:é) =0} (Vo) = s1(Va)
= [Cley, st id),(Lvy.s2id) 1 = H 2 (Clry, 1 id), Ly, 52.id));
showing that .7 is also braided.

We now define a functor . : Z5(C) — DV as follows. If (V,q, @) € Z5(C), then we set L (V,q, Py) =
(Lyv,s®,id), where s7Y (X) = ®y(X) @ idps. To check naturality of sV, let f € Home(X,Y) and
m € Home (M, N). Then

[Fy(f) @ Hm)]osy/ (X) = [Fy(f) ®@idv @ m] o [@v(X) @ id]
= [@v(Y)®idy]o[idy ® f ®m]
= sy (Y) o H(f @m),

where in the second step we used naturality of ®y . For any X,Y, M € C we also have

swW(X®Y)=0y(X®Y)®idy = [idr,(x) ® Py (Y) @ idp] o [ (X) @ idy g ]
= [idF,(x) ® sm(Y)] 0 535, (X),

and
5§4V®Y(X) =0y (X) @iduey = sy (X) ®@idy,
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so (Ly,s?v,id) € Dg and hence & is well-defined on the objects. If f € Homy ) ((V1,q, ®v,), (V2, ¢, Pvy)),
then we set Z(f) = o/ with crjfw = f®idys. For any X, M € C we then have

lidr, (x) ® 0] 0 sy, (X) = lidp, (x) @ f ®idar] 0 [@1, (X) @ idpr] = [Py, (X) @ idag] o [f @ idxeu]
Dy,

= 5372 (X) o o] ®idxenm]

and szv1§x = feidygx = 01{4 ® idx, which are precisely equations (4.5.8) and (4.5.9). We now claim
that " o £ =idy, ) and £ o Hy = idpo, i.e. that the functors 0 and & are inverse to each other. If
(V,q,®v) € Zg(C) then

By (X) = 57V (X) = @y (X) @id; = By (X),
SO @f;v = ®y, and hence
(00 L)(V,q.®y) = Ly, s id) = (V,q,85") = (V.q, Dv).
If f € Hom(Zg(C)), then (#° 0 2)(f) = #°(c’) = 0} = f®@id; = f. So indeed #° 0 L =idy, (). If
(Lv,s,id) € DY, then

shy (X) = ®5(X) @ idas = s7(X) @ idas = sar(X).

so s®v = s and hence
(L o) (Ly,s,id) = L(V,q,®) = (Ly, sV ,id) = (Ly, s,id).

If o € Hom (DY), then [(L o #°)(0)|m = [Z(01)lm = 01 ®idy = o, which means that (£ o #70)(0) = 0.
Thus we also conclude that . o #° = idpo. Because .Z is inverse to #, it is easy to see that . is also
a braided G-crossed functor. In particular, DY and Zg(C) are equivalent as braided G-crossed categories.
Now define the functor % : D — Zg(C) by # := #° o P. Because #° and P are braided G-crossed
functors, so is . Furthermore, we have

Hol =H"0Pol =00 =idg,(
Lot =LoxoP="7P.

Because of the natural isomorphism 1 : idp — P of braided G-crossed functors, we conclude that D and
Z(C) are equivalent braided G-crossed categories in the sense of Definition 2.8.20.
O

4.6 Retracts, direct sums and duals

We will now show that many nice properties of the category C can be carried over to Zg(C). Parts of the
proofs of these statements are generalizations of the ones in [75], so we have not included all the details
here.

Lemma 4.6.1 Let (C,®,I,G,F) be a strict tensor category with strict action of the group G.
(1) If C has retracts, then so has Zg(C).
(2) If C has a left and right duality, then Zg(C) has a left duality. If in addition C admits a left G-duality,
then so does Z(C).
(3) If C is an Ab-category and has direct sums, then all full subcategories Zg(C)q have direct sums.
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(4) If C is F-linear, then all full subcategories Zg(C), are F-linear. If I is irreducible, then (I, e, ®Y) is
irreducible.

Proof. (1) Let (V,q,®v) € Zg(C) and let p € Endz,)((V,q, ®v)) be an idempotent. By construction
of Z¢(C), p is also an idempotent in Ende(V), and hence there exists an object U € C together with
morphisms i € Home (U, V) and r € Home(V, U) such that r o4 = idy and i or = p. For each X € C we
define &y(X) € Home (U ® X, Fy(X) @ U) by

Py (X) = [idp,(x) @r] o @y (X) o i ®idx],

which defines a half ¢-braiding ®y for U by part (1) of Lemma 4.1.6, so (U,q,Py) € Zg(C). An easy
computation shows that i € Homy,, ) ((U, ¢, ®v), (V,q, ®y)) and r € Homz, ) ((V,q, ®v), (U, q, Pv)), from
which it follows that (U, ¢, ®y) is a retract of (V, q, Py ).

(2) Let (V,q,®v) € Zg(C) and let (VV,by,dy) be the left dual of V given by the left duality in the
category C. For each X € C we define (®y)" € Home(V ® X, F,-1(X) ® V) by

(‘I)V)V(X) = [dv X iqu_l(X)@)VV] o [idvv (24 q)v(qul(X))il ® idvv} o [idvv®X (24 b\/]

We have already seen in Lemma 4.1.8 that (®yv)V is indeed a half ¢~ !-braiding (the fact that each X € C
has a right dual was used to prove that @y (X) is invertible). To see that the morphisms by and dy are in
Z(C), we compute!3

(Py @ (Py)")(X) o [by @ idx]
= [y (Fy-2 (X)) ®@idyv] o fidy @ dy ®idF _, (x)ov]
o lidygyy ® Oy (F,-1 (X)) @idyv] o [idvervex @ by] o by @idx]
= [y (Fy1 (X)) ®@idyv] o fidy @ dv ®idr_, (x)evv] o [bv @ idver , (x)evY]
o [y (F,-1(X)) ' @idyv] o [idx ® by]
= [®v (Fy1 (X)) @ idyv] o [y (Fyp-1 (X)) ! @idyv] o [idx ® by
=idy ® by = [idx ® by] o Y(X)

and

idx @ dy]o ((Pv)" @ Pv)(X)
= [idx ® dy] o [dy @ idxgvvev] o [idyv ® &y (X) ! @ idyvey]
o [idyver,(x) ® by @idy]o [idyv @ @y (X)]
= [dv ®idx] o [idyv ® @y (X) o idvver,(x)ev @ dv]
o [idyver,(x) ® by ®idy]o [idyv ® @y (X)]
= [dy ®idx] o [idyv @ @y (X) ] o [idyv @ @y (X)]
=dy ®idx = ®Y(X) o [dy ®idx].
It is now easy to see that if we define by 4 5,) = by and d(y,g.e,) = dy, then (VV,q7*,(®y)") is a left
dual for (V,q,®y). In this way we obtain a left duality on Zg(C).

Now suppose, in addition, that the left duality on C is a left G-duality. Then for ¢ € G and (V,r, ®y) €
Z(C) we have

(F4@v)"(X)

13 A similar calculation for right duals will not work. See also the remark after this lemma.
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= [dr,v) ®idE, ,  (x)er,v)v] 0 lidr, )y ® @y (Fy1g-1(X)) ™! @idp,v)v]
o [idr,(vyvex ® br,v)]
= F{ldv ®idp_, (r,_,(xpevv]o lidvy @ Py (Fr1(Fp-1 (X))t ®@idyv] o idyver, , (x) @ bv]}
= Fy((v)" (Fy-1(X))) = Fo(@v) Y (X),
so that

Fol(Vor, @v)¥] = Fo[(VY,r™h (9v)Y)] = (F(VY), ar™ g™, Fo(@v)Y)
= (FQ(V)vvqr_lq_17 (]:q(I)V)V) = (Fq(V)7q7’q_1,]:q(Pv)v
= .Fq[(V, T',(Pv)}v.

Furthermore, we also have

Folbvmay)) = Fy(bv) = b, vy = br,(v).qra—1 . F,v) = OF,[(Virdy)]

Foldw,ray)) = Foldv) = dr,(v) = dr,(v),qra=, Foov) = A7, (Vi)

(3) Let (V,q,®v), (W,q,Pw) € Zg(C)q. Since C has direct sums, there exists an object Z € C with
Z =2V & W, ie. there exists an object Z € C together with morphisms f € Home(V, Z), f' € Home(Z, V),
g € Hom¢ (W, Z) and g’ € Home(Z, W) such that f o f =idy, g og =idy and fo f '+ gog =idy. For
each X € C we define @ (X) € Home(Z @ X, F(X) ® Z) by

Dy(X):= [iqu(X) ® floPy(X)o [f/ ®idx] + [iqu(X) ®gloPw(X)o [g' ®idx].

We have already seen that @ defines a half ¢-braiding for Z, so (Z,q,Pz) € Za(C). It is easy to check
that f, f’, g and ¢’ are in fact morphisms in Z5(C) and that they give (Z, ¢, ®z) the structure of a direct
sum of (V, ¢, ®y) and (W, q, Pw ).

(4) Suppose that C is F-linear and let (V, ¢, @y ), (W, ¢, w) € Zz(C). Then a morphism f € Home(V, W)
is a morphism in Homy, ) ((V, ¢, ®v), (W,q, ®w)) if and only if it satisfies

[ide,(x) @ flo @y (X) = @ (X) o [f ®idx]

for all X € C. Since this equation is linear in f, it is clear that Homyzc)((V;q, ®v), (W, q, Pw)) is an F-
linear subspace of Home (V, W). If Ende (1) = F-id;, then it is clear that Endz,c)((I, ¢, ®Y)) = Frid(s ¢,99)-
O

Remark 4.6.2 That Z;(C) does not have a right duality in part (2) is due to the fact that we have
chosen to define Zg(C) in terms of half g-braidings (of the first kind). If we had defined Z¢(C) in terms
of half ¢-braidings of the second kind, the conclusion in (2) would have been that Zs(C) only had a right
duality. However, in both cases Z5(C)e = Z(C) has a two-sided duality. This follows from the fact that
Zc(C)e = Z(C) is a braided tensor category and that any braided tensor category with either a left or
right duality automatically has a two-sided duality, as we have seen at the beginning of Subsection 2.4.1. A
similar statement does not hold for braided G-crossed categories, without any further assumptions'4.

Although Z;(C) only has a left duality if C has both a left and right duality, in the case that C is G-pivotal
we will see in the following lemma that Zg(C) is G-pivotal as well (and thus has both a left and right
duality). This is because the right duality morphisms ' and d’ in a pivotal category can be expressed
in terms of the left duality morphisms b and d, and for the latter it was possible to show that they are
morphisms in Zg(C).

141f in addition the braided G-crossed category has a so-called G-twisting, i.e. if it is a ribbon G-category, then the statement
is true. We will not need this.
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Lemma 4.6.3 Let (C,®, 1) be a strict tensor category with strict action F of the group G. If C is G-pivotal
or G-spherical, then so is Zg(C).

Proof. If C is G-pivotal, then for any (V,q, ®y) € Zg(C) we define the object (V,q, ®y) = (V,q~ 1, ®y)
with @y as in Lemma 4.1.9. This defines a left duality on Zg(C) by the previous lemma. Since for all
V' € C we have that b, = by and dy, = dy, it follows that b, and dj, are morphisms in the category
Z¢(C) and hence that we obtain a two-sided duality on Zg(C) in this way. By Lemma 4.1.9 we have for
any (V,q,By) € Z6(C)

(‘/7 q, (DV) - (V7q717@) = (Vv q, q)V) = (‘/7 q, q)V)v
and for any (V,q, ®v), (W,r,®w) € Zg(C) we have

V,q,®v) @ (W,r,0w) = (Ve W,q, oy @w)=VaoW,r ¢, oy @ dw)
=WeV,r gL oy @dy)=W,r oy @ (V,qg !, o)
= (Wv r, (I)W) & (‘/? q, ©V)

Also, (I,e,®Y) = (T,e,®Y) = (I,e,®9) by Lemma 4.1.9 again. The properties of being G-pivotal or G-
spherical carry over directly to Zg(C) since the composition in Zg(C) is the one from C.
O

4.7 Semisimplicity of Z;(C)

In this section we will show that if C is a G-spherical fusion category, then Zg(C) is semisimple. We will
not yet be able to prove that Z¢(C) has finitely many isomorphism classes of irreducible objects. This will
be done in Section 4.9. The following lemma is a generalization of Lemmas 3.10 and 3.12 in [75].

Lemma 4.7.1 Let C be a G-spherical fusion category over a field F and assume that dim(C) # 0. We
fix a complete set of representatives {X;}ier of irreducible objects in C, and for each pair of objects
V,q,®v), (W, q,Pw) € Zg(C) we define an F-linear map Ewv,q.a,),(w,q,0yw) : Home(V, W) — Home (V, W)
by

Ew. o), waow)(f) = dim(€) ™y d(X;

el
where g;(f) € Home(V, W) is given by

gi(f) - = [Fy(dy,) ®idw] o [i[dr,(x,) ® Py (X;)] o idr, (x,) ® f ®@id%]
e} [q)v(Xz) ® ldX71] [ldv X in].
(1) For each f € Home(V, W) we have
Ewv,q,ov),W.qaw)(f) € Homzg ) (V. q, Pv), (W, q, Pw)),

50 Ev,q.0y),(W,q,0w) - Home(V, W) — Homy, ) ((V, q, ®v), (W, q, Pw)).
(2) For any three morphisms

f € HomZG(C)((U7 q, q)U)a (V7 q, q)V))
g € Home(V, W)
h e HomZG(C)((VVa q, (pW)a (27 q, (I)Z))

we have that E(y,q.a,),(2,q.8,)(hogo f) =hoEwga,),waqaw)(g)o f.
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(3) For every (V,q,®v) € Za(C) we have the equality Try o E(v,q ay),(v,q,ay) = 1ty of maps Ende (V) —
Endc(T).

Proof. (1) To prove that Ey g a,),w.q.ow)(f) € Homz, ) ((V,q, Pv), (W, g, Py )), we must show that

[iqu(Z) ® E(V,qﬁbv)’(W,qﬁPw)(f)] 0@y (Z) =Pw(Z)o [E(V,q,q>v),(w,q,<1>w)(f) ® idg]

for all Z € C. Thus let Z € C. For every i, j € I' we choose a basis {v{;}a=1,...n,;; for Home(X;, Z ® X;)
together with a basis {wf';}a=1 for Home (Z ® X;, X;) such that

[RRRE} L,J

a B _ 5. ;
Wi 5 OV g = 0j,k0a,p1dx;

o o -
g vijowg; = idzgx,-

J,o
Note that N; ; = N;fki, the multiplicity of X; in Z ® X;. Using these bases, we define

Py, = [idX—j® 5 ®dy o [idX—j ® vj; ®idx] o [b’Xj ® idx],
’I"a] = [de ® ldX71] o [1d7]® wffj X ldX71] e} [ldX7]®Z ® bXL]
These form a basis for Home (X;, X; ® Z) and Home (X; ® Z, X;), respectively, and satisfy
Z d(Xi)d(Xj)_lpgj o T;?fj = id)T]@Z'
Using these bases we have for any (V, ¢, @y ), (W, q, Pw) € Zg(C) and f € Home(V, W) that

Zd )idr,(z) ®ei(f)] o Pv(Z)

—Zd )idp,(z) ® Fy(d,) @ idw] o [Fy(vf;) © Pw (X;)] o [Fy(wf;) ® f @ idx]

,J,a

o [idp,(z) ® Pv(X;) ®@idx ] o [Py (Z) @ bx,]
_Zd )idr, (2) ® Fy(d,) @ idw] o [F, a(vf )®<I>W( )l o idp,(x;) ® f ®idx]

2 et
o [@V(X]) & ldX7,] o [ldv ® ’LUZ-Oj]- & ldX7,] o [idv®z X® le]
=Y d(X;)[Fy(dy,) ®@idp,zyew] © [idr,x,) © Fy(pf;) @ idw] o [idp, x,) ® Pw (X7)]
1,7,
o [iqu(Xj) ® f & ldxfl} o [q)v(X]) ® ldxf7
= > dAXy)[Fy(dy,) @ Pw(2)] o [idp,(x,) ® Dw(

1,7,

o [idV®Xj Y ng} oidy ® ij ® idz]

j) ®@idz] o [idp, (x)yew ® (P7; o ri;)]

o [iqu(Xj) ®f® idXij@)Z} o[Py(X,)® idX7j®Z] oidy ® ij ® idz]
=D d(X;)[Fy(dy,) ® Pw(2)] o lidr,(x,) © Pw (X)) ® idg]

o |idp,(x,)ew ® (Z d(X)d(X;) " pg; oriy) | o lidr,(x,) © f @idxg ]

o [@V(X]) [029] id7j®Z] o [ldv [ ij X 1dz]
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= d(X;)Pw(Z) o [e5(f) @idz].
i

Multiplying both sides by dim(C)~! gives the desired result.

(2) This follows directly from the fact that f and h are morphisms in Zg(C).

(3) For every i, j € T' we choose a basis {vf;}a=1,....n, , for Home(X;,V ® Fy(X;)) together with a basis
{wi;ta=1,... N, ; for Home (V ® F,(X;), X;) such that

qu o vﬁk = (5j k(;a,ﬁidX»,

Z”u dyep,(x.)-

Note that N; ; = Nv Fy(X2)? the multiplicity of X; in V ® F,(X;). Using these bases, we define

p?ﬁj =[dv ® idxi®V] ° [idV ® Fq(dlxi) ® idv®xi®7] © [’Uzq,j ® ‘I)V(Yi) & idxi®V]
o lidx,gv ® b, ® idy] o [idx, ® by]

Ta] = [idxj ® d/V] o [ide®V X dXi ® ldv] ¢} [ng ® (I)V(Yi)il & idXi®V}
o [idy @ Fy(bx,) ® idy g x, o7 © by ® idy, o7

These form a basis for Home (X;, X; ® V) and Home(X; ® V, X;) and satisfy
ZPZ,J X ®V

Using these bases, we now compute for (V,q,®y) € Zg(C) and f € End¢(V)

Zd )Try (54(f))

_ Zd dV [e] ldv X F (dX ) ®ldv] o [ldV(X)Fq(X,) & (DV(K)] [¢] [idV®Fq(Xi) [029] f X ldz]
o [1d7® q)V(Xz) ® ldeJ o [blv ® bXI]

= Z d(X;) - dv o [idy @ Fy(dy,) @ idv] o [idygp v,y @ Pv(Xi)] 0 [idpgp, (x,) © f @ idx]
o [idygp, (x,) @ ®v(Xi) o [idy ® Fy(bx,) ®idy] o by,

=Y d(Xi) - dy o fidy @ Fy(dy,) @idy] o [vf; @ Dy (

2,7,

)] owy; ® f ®ids]

o [idygp, (x,) ® Pv(Xi) ™' o fidy @ Fy(bx,) @idv] o by
=Y d(X;)-dy, ofidx, @ dy @idg] o [pf; @idygx] o lidx, ® f @idg]

1,70
_Zd dX o [idx;, ®dv®1d ] lidy. o7 ® f ®id] o [idx, ® b, @ idg] o by,

:Zdi Try (f) = dim(C)Try (f).

Multiplying both sides by dim(C)~! gives the desired result.
O
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Theorem 4.7.2 Let C be a G-spherical fusion category over an algebraically closed field F. Then Zg(C) is
G-spherical and semisimple.

Proof. The proof goes analogously to the proof of Theorem 3.16 of [75]. We have already shown that if C
is G-spherical, then so is Zg(C). Since C is semisimple, it has direct sums, subobjects and an irreducible
unit object. As seen before, these properties carry over to Zg(C).

Let (V,q,®y) € Zg(C). By semisimplicity of C, End¢(V) is a finite dimensional multi matrix alge-
bra. The trace Try : Ende(V) — Ende(V) is non-degenerate and we have a conditional expectation
Ew,q.0v),(v,q,0v) : Ende(V) = Endg, ) ((V,q, ®v)) that preserves the trace. By Lemma 3.14 in [75] this
implies that Endz, ) ((V,q, ®y)) is semisimple, and hence a multi matrix algebra, because F is algebraically
closed. In turn, this implies that (V, g, @y ) is a finite direct sum of irreducible objects.

O

4.8 An example

In this section we will consider the construction of Zg(C) for the case where C has some special properties,
and we will see that in this case the G-spectrum 9(Z(C)) equals G, i.e. Zg(C), is non-empty for each
q € G. We begin by restating the definition of a half ¢-braiding for an object V in case V = I.

Let G be a group and let (C,®,I) be a strict tensor category with strict G-action F. Note that a half
g-braiding for I is a family {®;(X) : X — F,(X)}xec of isomorphisms in C such that for all X,Y € C and
f € Home(X,Y) the square

x 2, g (x)

~

JFq(f)
y 2, B (y)
commutes, satisfying the additional property that for all X,Y € C we have
(X ®Y) = [idp,(x) ® 21(Y)] 0 [01(X) ®idy] = 1(X) @ Dr(Y)

by the interchange law. Hence a half ¢-braiding ®; for I is a natural tensor isomorphism ®; : id¢ — F,. In
particular, a necessary condition for the existence of a half ¢-braiding for I is that Fi,(V) = V for all V € C.

In the next lemma we will demonstrate that in a certain situation we can construct half g-braidings for
the unit object I. This lemma can be considered as a warm-up for the theorem that follows it.

Lemma 4.8.1 Let C be a strict tensor category with strict G-action F and suppose that C has only one
isomorphism class of objects, i.e. each object is isomorphic to I. If ¢ € G and if each morphism in Endc (1)
is invariant under Fy, then there exists a half q-braiding for I.

Proof. For each V € C we can choose an isomorphism ¢y : I — V, so that we obtain a collection
{y : I = V}yec of isomorphisms. Note that we have Fy(iy) : I — Fy(V). For each X € C we now define
O;(X): X — Fy(X) by

vx! Fo(¥x)

1

/(X)X F(X),

ie. ©;(X) = Fy(¢¥x) 01/1;(1. To prove naturality, let f € Hom¢(X,Y'). Then by Fj-invariance of morphisms
in End¢ (1) we have

Fy(y) ™t o Fy(f) o Fy(vox) = Fy(y' o fopx) =ty o fobx,
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which can be rewritten as Fy(f) o Fy(¥x) o 1/1)_(1 =F,(¢y)o 1/){,1 of,ie.
Fo(f)o®@r(X) =®1(Y)o f,
showing that ®; is natural. Now let X,Y € C. Then, again by Fj-invariance of the morphisms in End¢ (1),

F,(Yx @y) o Fy(Yxey) = Fyl(Wx @ ¥y) tobxey] = (Ux @ y) ' oxey,

which can be used to conclude that
P(XRY)=Fy(xey)o¥xey = Fe(thx @ thy) o (bx @ by) ™" = &1(X) @ ®/(Y).

Thus @; is indeed a half g-braiding for I.
O

The property that Endc(I) is Fj-invariant is automatically satisfied for all ¢ € G if C is F-linear and
I is irreducible. This observation was the main motivation for the following theorem, which has some
relevance for holomorphic chiral CFTs.

Theorem 4.8.2 Let C be an F-linear fusion category with strict action F of the group G and suppose that
every irreducible object in C is isomorphic to I.
(1) For each q € G and V € C there exists precisely one half g-braiding ®}, for V and we have

Hoch(C)((Vv q, (I)(\J/)v (I/Va q, (I)‘XI/V)) = HomC(V, W) (481)

Consequently, for each q € G there exists precisely one equivalence class of irreducible objects in
Zc(C)q. Furthermore, Zg(C) is a braided G-crossed extension of C.

(2) The full subcategory Zg(C)ir of Za(C) determined by all irreducible objects is a braided G-crossed
subcategory of Za(C).

(3) Zc(C)irr has a skeletal braided G-crossed subcategory'® D with D = Zg(C)irr as a braided G-crossed

categories.
Proof. (1) If X € C, then X = [¥™x for some my € Z~¢ and we can choose ul,...,ut* € Home (I, X)
and v, ..., v%* € Home (X, I) such that v% 0wy = d;;id; and Y /"% uly o v’y = idyx. We will assume from

now on that for each X € C we have chosen such u’ and v%.
We will first demonstrate that if V € C and ¢ € G, then any half ¢g-braiding ®y for V' is uniquely
determined. If X € C and if ®y is a half g-braiding for V', then naturality of ®y implies that

Oy (X) =Y Dy(X)oidy @ (uy o vi)] = Y [Fy(u’) ®idy] o By (I) o [idy ® vi]
i=1 i=1
=Y [Fy(uy) @ idy] o fidy @ v, (4.8.2)
i=1

which shows that @y (X) is uniquely determined for any X € C, and hence that ®y is uniquely determined,
provided it exists.

15 Any skeletal subcategory of a braided strict G-crossed category having precisely one equivalence class for each degree (like
Zc(C)ipr in the present case) can be equipped with the structure of a (not necessarily strict) braided G-crossed category. The
notable fact in the present situation is that the structure on D is obtained by simply restricting all the structures of Zg(C)irr,
implying in particular that D is strict.
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Using the expression (4.8.2) with V' = I we will now show that for each ¢ € G there exists a half
g-braiding for I. Let ¢ € G. For each X € C we thus define ®4(X) € Home (X, F,(X)) by

mx
= Fy(uk) o v, (4.83)
which is invertible with inverse ®%(X) = = >"7"% u o F,(vY;), as can easily be checked. To prove naturality

of @4, let f € Home(X,Y). Fori e {1,...,my} and j € {1,...,mx} we have
Fq(vgf)qu(f)qu(ui{) ZFq(U§/OfOU§<) :Ué/ofoujplp

where we have used that vi. o f o v’ € Ende(I) = F -id; and that F,(id;) = id;. From this expression it
follows that

ZFq(Ug/)OFq(Ugf)OFq(f)OF ZF uy) oUYofouX,

i=1 i=1
which can be simplified as F,(f) o F,(u’) = ®4(Y) o f o u), which in turn implies that

mx

ZF ) o Fy( uX)on—Zéq o fouk ovh,

=1

ie. Fy(f)o®4(X) = ®4(Y) o f. This proves naturality of ®¢. Now let X,Y € C. Then for any i €
{1....,mx},je{l,...,my} and k € {1,...,mxgy} we have

Fq(”é{ ® U{/) o Fq(uI;(@Y) =F [(vx ® Uy) o “])C(@Y} (UX ® vY) o “I)C(®Yv

where again we have used that End¢ () = F - id;. Using this expression we find that

mx my ) mx my .
DD Fluy @ud) o Fy(vk ©@v}) o Fy(ukgy) = D ) Fyluy @ ud) o (vl ®0f,) o ugy,
=1 j=1 1=1 j=1

which we can simplify as
Fy(ukgy) = [21(X) ® (V)] o ukgy-

Finally, we can use this to get

MxQY mxey
Z Fq(“l%@Y) ° UI;(@Y = Z [7(X) ® ©7(Y)] o UI§(®Y ° v§(®Y7
k=1 k=1

ie. N X ®Y) = ®9(X)® ®4(Y). This finishes the proof that ® is a half ¢-braiding for I. Now let V € C.
Then it follows from Lemma 4.1.6 that
mv . .
(X)) =) [idp,x) @ ul] o @r(X) o [v}, ®idx]

i=1

defines a half g-braiding for V' that clearly coincides with (4.8.3) in case V = I. In fact, it follows from
uniqueness that it must coincide with (4.8.2).

Let ¢ € G. It follows from End¢ (I) = F-id; that if f € Ende(I), then we also have f € Endy,, ) (1, ¢, ®7)).
So (4.8.1) is satisfied for each ¢ € G in case V =W = I. Now let f € Hom¢(V,W). Then

lidp, (x) ® f]o @L(X) = [idp,x) @ (f o uf)] 0 ®1(X) o [v}, ®@idx]

i
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= Z[iqu(X) ® (u{v ov%v o foul)] o®r(X)ovi @idx]
i —_————

eEndc(I)

= Z[iqu(X) ® u{,v] o®r(X)o [(U{W o foul ovl) ®idy]

2]

= Z[iqu<X) ® uy] 0 @1(X) o [(viy o f) @ idx]

=&}, (X) o [f ®idx],

showing that f € Homy, )((V,q, ®},), (W, ¢, ®{,)), and hence that (4.8.1) holds. This immediately implies
that an object (V, ¢, ®{,) of Z¢(C) is irreducible if and only if V' € C is irreducible, i.e. if and only if V' = 1.

(2) It is clear that the unit object of Z¢(C) is in Zg(C)ur. Let (V. ¢, ®7,) and (W, r, @) be irreducible.
We have (V,q, ®{,) @ (W, 7, ®%,) = (V@ W, qr, @], @ &) = (V@ W, qr, @,y ), where the last step follows
from uniqueness. By irreducibility we have that V=2 I =2 W and hence VW 2 1@ =1. Thus VW is
irreducible in C, so (V ® W, gr, ®{/ ) is irreducible in Zg(C). Since F is an equivalence for each ¢ € G,
it follows that each Fj; maps irreducible objects to irreducible objects.

(3) Now let D be the full subcategory of Zg(C)irr determined by the set of objects {(I,q,®s) : ¢ € G},
which clearly contains the unit object of Zg(C). It follows directly from I ® I = I that D is a full tensor
subcategory (that is strict) and it follows from F,(I) = I for all ¢ € G that D is a G-category (of course we
are using the uniqueness of the half braidings here to conclude that the tensor product of the half braidings
is again what we want it to be). Our results above also show that for ¢ € G the G-category contains
precisely one object and that D is skeletal in Zg(C)ir. It is clear that the inclusion functor D — Zg(C)irr
is a fully faithful functor of braided G-crossed categories that is essentially surjective.

O

Remark 4.8.3 Note that the existence of such a D characterizes Z(C)ir up to equivalence in the following
way. If C; and Cy are categories satisfying the same assumptions as in the theorem, then there is an obvious
functor D1 — Dy between the corresponding skeletal subcategories of the Zg(C;)ir (namely, the unique
object in D; with degree g is mapped to the unique object in Do with degree ¢; on the morphisms the
functor is uniquely determined by noticing that the D; are discrete). This functor is an equivalence of
braided G-crossed categories and hence Z¢(C1 )i = D1 = Dy = Z(Co)iyr as braided G-crossed categories.

The statement in the theorem is in particular true if C is a TC™ with strict action F of the group G satisfying
the requirement that every irreducible object of C be unitarily equivalent to I. The proof is almost the same
as the proof of the theorem above, except that now the u’; are isometries and the v’ are replaced with (u’)*.
Recall that we have seen examples of such categories before: if A is a holomorphic chiral CFT, then the
category Locy(A¢) is precisely such a category (where ¢ € S ! is chosen to obtain a QFT A¢ on R). Hence,
if A is a holomorphic chiral CFT then Zg(Locs(A¢)) is a braided G-crossed extension of Locs(A¢) and for
each ¢ € G there exists precisely one equivalence class of irreducible objects in Zg(Locy(A¢))q. Also, there
exists a skeletal subcategory of Zg(Locy(A¢)) that is a braided strict G-crossed category. We have seen that

G — Locje/ R(.A¢) also is a braided G-crossed extension of Locs(A¢) that has precisely one equivalence class
of irreducible objects for each degree. It thus follows from Remark 4.8.3 above that if G — Loc?/ R(Ag)irr
contains a skeletal braided (strict) G-crossed subcategory, then G — Loc?/R(Ag)irr ~ Zg(Locy(A¢))irr and
hence G — Locﬁ/R(AC) ~ Za(Locs(Ae)).

4.9 The case when C is G-spherical fusion

In the preceding sections we have constructed the G-crossed Drinfeld center Z(C) of a G-category C and
we have shown several of its nice properties. In Section 4.8 we also considered a class of a G-categories for
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which the G-crossed Drinfeld center has full G-spectrum. However, this concerned a very restricted class of
G-categories and we wonder whether it is possible to draw similar conclusions for a more general class of
G-categories, preferably a class of G-categories that also includes the categories Locs(A¢) for a completely
rational chiral CFT A. Indeed, in this section we will show that if C is a G-spherical fusion category, then
Z¢(C) has full G-spectrum. This will be done by generalizing the results in Section 4 of [75]. Since many
of our statements here can be proven in the same way as in [75], we will not include all the proofs here.

In this section we will always assume that we are given a quadratically closed field F and a G-spherical
fusion category C over F, where GG is a group and the G-action is denoted by F.

We will make similar assumptions as in Subsection 2.9.1. Thus we will assume that for each irreducible
X € C we have chosen a square root d(X)'/? of its dimension. We will always assume that dim(C) # 0
and that we have chosen a square root x := dim(C’)l/27 together with a square root x'/2. Also, we will
assume that we have chosen some fixed complete set {X; : i € '} of representatives of equivalence classes
of irreducible objects, and we will also assume that for each triple (4, j, k) € T'*® we have chosen a basis

{(tfj)a o= 1,...,Nikj}

for Home (X, X; ® X;) = Homeor (X7 @ X537, X}P), together with a dual basis

{t)aa=1,...,N5}

for Home (X; ® X, Xj) = Home (X3P, X7¥ @ X7P). For T' we will take a finite subset of Z>¢ of the form
{0,1,...,n}, where Xy = I. Furthermore, we will write D := CKC°P and we will denote the tensor product
in D by ®2 to distinguish it from the tensor product ® in C. Recall that in Subsection 2.9.1 we constructed a
normalized Frobenius algebra Qp in D with normalization constant kq, = & for any strict tensor equivalence
F :C — C. For each ¢ € G, we will write Q, = (Qq, 17, 1%, A%, €7) to denote the Frobenius algebra that
corresponds to Fy, where the object @, is a direct sum

Qq = @Fq(Xi) X X;)p'
el

In this way we obtain a collection {Q, : ¢ € G} of normalized Frobenius algebras in D, each with normal-

ization constant x, and in particular we can construct the categories D and DI of Subsection 2.9.3 for each
q,7 € G. Finally, we will always assume that for all ¢ € G we have already chosen morphisms

uf € Homp (Fy(X;) K XP,Qq),
v! € Homp(Q, Fy(X;) K XP)
such that v o uf =idp, (x,)mxor and 3, puf o v =idg,. The following lemma generalizes Lemma 4.3 in

[75]. Since it is important to understand how to define the f[i] that occur in this lemma, we have decided
to include a part of the proof.

Lemma 4.9.1 Let q,7 € G and let X,Y,Z € C.
(1) There is a one-to-one correspondence between morphims

f € Homps (T, (X K IP)J,, T, (Y KIP)J,)

and families { f[i| € Home(X ® Fy(X;), Fr(X;) ®Y) i €T}
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(2) If we have two morphisms

f € Hompg (7T(X X IP)J,, J. (Y R IP)J,),
g € Hompg (jT(Y X IOp)Jq,j,«(Z X I°P)J,),
then we have
NF,
(go K] =d(Xe) w7 DY d(Xi)d(X;)[Fr((5))a) @idg] o [idp, (x,) ® gl]]
i,j€l a=1

o [} ®idr,x,)] o lidx ® Fy((t)a)],
where g ® f denotes the composition in DI, as usual.

Proof. (1) Let f € Homps(J, (X K I°P)J,, J,(Y ® I°P).J,). Then, considering f as a morphism in
Homp ((X X I°P) ®2 Qg, Qr ®2 (Y K I°P)), the morphism
(v;®2idygjop) o f o (idxglop ®2 U;])
& Homp (X B I°°) @5 (Fy(X;) B X2), (F(X,) B X27) @5 (¥ K1)
= Homc(X X Fq(Xl), FT(XJ) X Y) & HOIIlcop (X;)p, X;-)p)

vanishes if i # j because X;P and X;¥ are inequivalent irreducible objects in C°P. Thus, if for each i € I’
we define f[i] € Home (X @ F,(X;), F+(Xi) ® Y) by

fli] Ridyer = (v ®2 idywyer) 0 f o (idxmrer ®2 uf),

then
f= Z(“: ®2 idygwrer) o (f[i] Bidxor) o (idxmrer ®2 v7). (4.9.1)
‘el
We thus obtain a one-to-one correspondence f <+ {f[i] : ¢ € I'}. The proof of part (2) is a computation that

proceeds in the same way as in [75].
O

The following lemma is a straightforward generalization of Lemma 4.4 in [75]. Tt will be needed for the
construction of the functors H, in Proposition 4.9.3 below.

Lemma 4.9.2 Let q,7 € G, let X € C and let

f € Endpa (J,(X K I°P)J,) = Homp (X K I°P) ®2 Qq, @, @2 (X K IP)).

Then the following two statements are equivalent:
(1) The family {f[i] : i € T'} satisfies the braiding fusion relation

[idr, (x,) ® fl7]] o [f[i] @ idp, (x ;)] o [idx ® Fy(g)] = [F}-(9) ® idx] o f[k] (4.9.2)

foralli,j,k €T and all g € Home (X, X; ® X;).
(2) The morphism f satisfies

[ier 9 f} o [f X2 iqu] o [idxg[op &9 Aq} = [Ar X9 idxg[op] o f.

Our following proposition generalizes Propositions 4.5 and 4.6 in [75]. Because we want to show how the
functors H in this proposition are constructed, we have decided to include a sketch of the proof here.
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Proposition 4.9.3 For each q € G there is a fully faithful functor Hy : Zg(C)q — D7§,

Sketch of the proof. Let (X,q,®x) € Zg(C)y,. The half g-braiding ®x provides us with a family
{®x(X;) € Home(X ® X;, Fy(X;) ® X) : ¢ € T}, which in turn gives rise to a morphism p(()qu)X) €

Homp ((X B IP) ®2 Qe, Qq ®2 (X WIP)) = Endp (J4(X W I°P)J.) by
p?qu’(I,X) = Z[uf &9 idxglop] o [CI)X(Xi) X idx?p] o [idX|X|Iop X9 Uf].
i€l
Because the family {®x(X;) : ¢ € T'} satisfies the braiding fusion relation (4.9.2), p?X)q)i,X) satisfies the
equation in statement (2) of Lemma 4.9.2:

[idQ, ®2 P{x g.0x)) © [Plx.q.0x) ®21d@.] © [[dxmrer ©2 A% = [AT ®g idxwrer] © Plx 4.6 x)-
Composing both sides of this equation from the left with p? ®q idxxor, we get p(()X,q@X) ° p?X7q7<DX) =
mp(()X’q@X). Thus, if we define

D(X,q,0x) ‘= Hilp?x,q,@x)v

we have p(x ¢,8x) ® P(X,0.8x) = P(X,q,8x): 1-€- P(X,q,8x) 1S an idempotent in Endp. (J4(X ®I°P)J.). The
functor H, is now defined by

HQ((X7 q, (I)X)) = (‘](I(X X IOP)J€7p(X,q,¢’X))7
HQ(f) = [iqu 2 (f X idIOp)] op(X,q,q)x)
if f € Homg,)((X,q,®x),(Y,q, ®y)). For the proof that this is indeed a functor, we refer to [75]. To see
that H, is faithful, we first note that each ®x(X;) is invertible in C, so that also
Pxqex) =K Y [uf @ idxwen] o [@x(X;) Bidyor] o [idxmyer @2 vf]
i€l

is invertible in D with inverse

p(_)éq,(bx) = ﬁZ[idxg[op Xa uj] o [‘I)X(Xi)71 X idxfp} o [’U;I X2 idxgjop].
el

Now suppose that H,(f1) = Hy(f2) for fi1, fo € Homz,c)((X,q, ®x), (Y, q, Py)). Then the invertibility of
P(X,q,8) in D implies that idg, ®2 (f1 Widser) = idg, ®2 (f2 Mider). Using duality in D, this implies that
f1®idjer = fo Kidjer and hence that f; = fo. To see that H, is full, let (X,q,Px),(Y,q,Py) € Za(C),
and let

g €Homepe (Hy((X, g, Px)), Hy((Y, g, Py)))

= Homes((Jq(X |Z Iop)Je,p(X’qA)X)), (Jq(Y |Z Iop)Je,p(Y,q’q>Y)))
= {gl (S HOm’D; (jq(X D IOp)Je,jq(Y X IOp)Je) : gl :p(y’q’q;.y) .g/ .p(X,q,CI>X)}'

Then g € Hompe (Jg(X ®I°P)J,., J,(Y K I°P)J.) is of the form

9= P(v0v) 9 ®P(X,q8x)

for some g" € Hompe (J4(X B 1°P)J, J4(Y B I°P).J,). Tt can then be shown that

glm] = k™ [idp, (x,) ® E(x.q.0x).(v.q.0v)(h)] 0 @x (Xmm),
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where E(x ¢.ox),(v,q,&y) 15 as in Lemma 4.7.1 and
h = [ (d/ ) ® ldy] [ldF ® (by(X )} o [g/[l} X 1dX71] @) [ldX X sz]

We note that h does not depend on m. For m = 0, this gives g[0] = n*4E(X7q7q,X)7(y,q,¢,y)(h), showing that
g[0] € Homz, ) ((X,q, ®x), (Y,q, ®y)). Plugging this into the equation above, we find

glm] = [idF,(x,,) @ g[0]] o x (X)
and thus

g = Z [U‘?qn X9 idygjop] o [g[m] X ide’,{’] o [ingIop X9 ’Ufn]

mel
= Z [uf, ®2 idymrer] o [idp, (x,, )mx5r ®2 (9[0] Widfer)] o [Px (Xp) Kidxor] o [idxmrer ®2 vy,
mel
e Z ldQ ®2 & ld]op)] o [ugn X2 idngop] o [(DX(Xm) X lngnp] o [idxgjop X2 ’Ufn]
mel

= rlidg, ®2 (9[0] Midrer)] 0 p(x,q,0x) = KHy(g[0]) = H,(xg[0]),
and as mentioned before we have g[0] € Homyz ) ((X,q, ®x), (Y, q, Py)). So H, is full.
O

The following proposition, which is a generalization of Propositions 4.12 and 4.13 in [75], forms the ba-
sic ingredient for the proof that the functors H, are essentially surjective.

Proposition 4.9.4 Let 7,5 € G. Every object (J,(X K Y°P)J,.p) € D’ is isomorphic to one of the form
(Js(Z K I°P)J,.,p') where p' satisfies

[As ®2 idzx[op] Op/ = K- [ldQS ®2 p/] 9 [pl ®2 ler] o [idzg]op ® AT] (493)
and p'[0] = k~tidy.

Now let ¢ € G and cousider this proposition for the case that the pair (r, s) is equal to (e, q). We claim that
the object (J4(Z & I°P)J.,p’) is the image of an object in Z¢(C), under the functor H,. To see this, we
define for each i € T' the morphism ®z(X;) € Home(Z ® X;, Fy(X;) ® Z) by ®z(X;) := sp'[i]; in particular,
O, (I) =idz. Because p’ satisfies

[A? @4 idgmyor] 0 p' = K - [idg, @2 p'] 0 [p ®21dg,] o [idzmrer @ A€,
it follows from Lemma 4.9.2 that for any 4, j,k € I' and any g € Home (X, X; ® X;) we have
lidr, (x,) @ kp'ld]] o [rp'li] @ idx, ] o [idz @ g] = [Fy(g) @idz] o kp'[K],
which can be written in terms of the ®(X;) as
[idr, (x,) ® Pz(X;)] o [P2(X:) ®idx;] o [idz @ g] = [Fy(9) ®idz] o Pz (Xy). (4.9.4)

Now let Y € C. We define ®4(Y) as follows. Write N; € Z>¢ for the multiplicity of X; in ¥V, so ¥ =
Dicr X®Ni Thus for each i € T' we can choose fi,..., [k, € Home(X;,Y) and gf, ..., gk, € Home(Y, X;)

such that g¢, o fé = 0;,j0a,51dx, and Y, Zg;l fiogl =idy, where the a-summation is of course empty
if N; = 0. We then define

Z Z (f) ®@idz] o ®2(X;) o [idz @ gl,].

iel’ a=1
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It can now be shown that this defines a half ¢-braiding ®; for Z € C by using equation (4.9.4) above. For
instance, naturality of ® follows by considering the case where j = 0 and k = i in (4.9.4); we leave the
details to the reader. Thus (Z,q,®z) € Zs(C). Now

P(zaws) =K Y _[ud @ idzmer] 0 [B2(X;) Bidyer] o [v @2 id ziyor]
ier
= Z[uf ®2 idzmper] o [p'[i] Ridxor] o [vf @2 idzmres],
iel

which equals p’ by equation (4.9.1). This shows that H,(Z, ¢, ®z) = (J,(ZKI°P)J.,p') and therefore proves
our claim.

Finally, we can state the main theorem of this section, the proof of which now follows directly from our
discussion in the preceding paragraph together with the first part of the proof of Theorem 4.14 in [75].

Theorem 4.9.5 The fully faithful functors Hy : Zg(C)q — Dig are essentially surjective and thus equiva-
lences.

Because the category Dig contains D as a subcategory, this theorem implies that for any ¢ € G we have
that Zg(C), cannot be empty (i.e. it must have some objects). We thus conclude that the theorem has the
following important corollary.

Corollary 4.9.6 If C is a G-spherical fusion category over a quadratically closed field F with dim(C) # 0,
then Zg(C) has full G-spectrum.

Now suppose, in addition to the assumptions in the corollary, that F is algebraically closed. Then it follows
from Theorem 1.2 in [75] that the Drinfeld center Z(C) = Z5(C). is a modular tensor category. Hence the
corollary states that the modular tensor G-category Z¢(C). has a braided G-crossed extension with full G-
spectrum. It is known that not every modular tensor G-category has such a braided G-crossed extension, so
Z(C) is rather special in this sense. Now let ¢ € G and let {V; : i € I';} be a complete set of representatives
of irreducible objects in Z¢(C), and let d(V;) be their dimensions. It then follows from Proposition 3.23 of
[77] that!®
S d(V)? = dim(Z6(C).) = dim(Z(C)),

=

the latter of which is equal to dim(C)? by Theorem 4.14 of [75]. This implies that I'; must be a finite set,
since d(V;) > 1 for all 4 € T';. So under the additional assumption that G is a finite group, we can thus
conclude that Z¢(C) has finitely many isomorphism classes of irreducible objects.

4.10 The case when C is braided

In the preceding sections we have constructed the G-crossed Drinfeld center Z¢(C) and we have demonstrated
several of its nice properties. Our original motivation for the construction of Z(C) was our search for braided
G-crossed extensions of C in case C is a braided G-category, or perhaps even a modular tensor G-category.
In case C = Locg(A¢) with A a chiral CFT with a G-action (and ¢ € S'), we have seen that C is a modular
tensor G-category and that it has braided G-crossed extensions G — LOCJLC/ R/ "(A) with full G-spectrum.
However, it is known that not every modular tensor G-category has a braided G-crossed extension with full
G-spectrum, so there is no hope that we can find braided G-crossed extensions of C with full G-spectrum
inside of Zg(C) for a general modular tensor G-category C.

16This same proposition also underlies the equation (3.2.15).
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But suppose now that C happens to be a braided G-category such that Zg(C) does contain a braided
G-crossed extension of C. It follows from Proposition 4.10.1 below that both C and C are contained in
Zc(C)e = Z(C), so the assumption that Zo(C) contains a braided G-crossed extension of C immediately
raises the question whether this automatically implies that Z(C) also contains such an extension of C. This
question will be considered in the first subsection of this section. In the second subsection we will show how
to construct a certain braided G-crossed category inside of Zg(C).

In this section we will always assume that we are given a strict tensor category (C,®,I) with a strict
action F' of the group G and that C has a braiding ¢ that is compatible with the G-action.

Proposition 4.10.1 We have two fully faithful braided tensor functors

H,:C — Z(C)cCZs(C),

Hy:C — Z(C)C Zg(C)
defined by H1(V) = (V,e,cy.—), Ho(V) = (V,e,¢v,—) and H1(f) = Ha(f) = f. Furthermore, the compati-
bility of ¢ with the G-action implies that the functors Hy and Ho are functors of G-categories.

Proof. The proof of the first statement is analogous to that in [75]. Note that the compatibility of ¢ with
the G-action F, i.e. Fy(cy,w) = cp,(v),r,w) for all VW € C, implies that ¢ is also compatible with the
G-action. We have

Fo(Hi(V)) = Fo[(Viesev )] = (Fy(V), e, Foev, ) = (Fg(V), e, Fylevir, 1 ()
= (Fy(V), e cp,v),-) = Hi(Fy(V)),

and similarly for Hy. On the morphisms things are even simpler.
O

4.10.1 The internal structure of Z;(C)

The goal of this subsection is to prove an important theorem about braided G-crossed extensions of C inside
of Z¢(C). As shown in Proposition 4.10.1, Z¢(C), contains both C and C. At the end of this subsection we
will prove a theorem which states that if Z¢(C) contains a braided G-crossed extension of C, then it also
contains such an extension of C. The road towards this theorem is rather long, so we have decided to split
it up into smaller steps.

Step 1: Construction of the category ZZ(C)

Our first step will be to use of the braiding ¢ on C in order to define a new product x of half braidings.
If &y is a half g-braiding for U € C and if ®y is a half r-braiding for V' € C, then the main difference
between @y ® &y and Py x Py is that the former is a half ¢r-braiding for U ® V', whereas the latter is a
half rg-braiding for U @ V.

Lemma 4.10.2 Lett € G and let (U, q, Py), (V,r, Py ), (W, s, Pw) € Zg(C).
(1) For each X € C we define (Py*xPy)(X):UQVR®X - Fo(X)U®V by

(Pux ®v)(X) = [idp,x)@cpy]o[(®v @ ®y)(X)] o [co,y ®idx]
= [idFrq(X) Y Cl_/,lv] o [‘P\/(Fq(X)) ®idy] o [idy @ &y (X)] o [CU,V ® idx].
This defines a half rq-braiding for U@V, so (U ® V,rq, Py x®y) € Za(C).
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(2) We have the equality
(CDU * va) * (I)W = (I)U * ((I)V * (I)W)

of half srq-braidings for U @V @ W. Also,
Py« 0 = Dy = BY & Oy
(8) The group action F on Zg(C) satisfies Fi(Py * Py) = Fe Py x F1 Oy .
Proof. (1) Naturality of @y x @y is clear. If X, Y € C, then
[idp,,(x) @ (P *x v )(Y)] o [(Py x v )(X) @ idy]

= [idp,,(xev) @ cpv] © [idr,,(x) © (Bv © @u)(Y)] 0 [(Bv ® &u)(X) ®idy] o [cv,y ® idxey]
= [idp,,(xay) @ cpy] o [(Bv @ ) (X @ Y)] o [erv @ idxey]
= ((I)U * q)v)(X ® Y),

where in the first step we already left out the combination cy,y o C(;,lV'
(2) If X €C, then

[(Py + Dy ) * Py ](X)
= [idp,,,(x) ® cogyw] © lidr,,,(x)ew @ cgy] o [Bw (Frg(X)) ® idveu]
o idw ®@ @y (Fy(X)) ®idy] o [idwev @ @y (X)] e [idw ® cy,v ®idx] o [cugv,w @ idx]
= [idp,,,(x) @ covew] © idr,,,(x) @ ey @ idu] o [Pw (Frq(X)) @ idveu]
o [idw ® @y (Fy(X)) @ idy] o [idwey ® @u(X)] o [cv.w ®idugx] o [cuvew ® idx]
= [Py * (Pv * Pw)](X),

where the first and last step follow from the interchange law and the middle step follows from the properties
of the braiding. The equalities concerning ®9 follow directly from ®% @ &y = & = &y @ 9 and from the
fact that Cr,u = idU =Cu,I-

(3) This follows from the fact that for any X € C we have

[Fi(Pu * @v)|(X) = Fi((Pr * @v)(Fi-1 (X))
—lidr, 00 ® Rt ] © BBy (Fyes (X)) © o)
o [idp,(v) ® Fi(Pu(F-1(X)))] o [er, w),r vy ® idx]
= [idptmt_l(x) ® C;tl(U),Ft(V)] o [Fi®v (Fyg—1 (X)) ®@idp, )]
o [idp, vy ® Fr@u(X)] o [ep ), r,(v) ® idx]
= [(F:Pv) * (F:2v)](X).

O
Now that we have defined the new product x of half braidings, we will use it to define a new braided
G-crossed structure on Zg(C).

Proposition 4.10.3 We can define a braided G-crossed category Z(C) as follows:
o As a category Z(C) is simply Zg(C).
e The tensor product x : Z5(C) x ZE(C) — ZE(C) is defined by

(U7Q7®U) * (V‘; 7naé\/) = (U & Vvarq,(pU *(Pv)
frxg:=[f®g
for (U,q,®yu), (V,r,®v) € ZL(C) and f,g € Hom(ZE(C)).
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o The G-grading Oy is defined by

for any (U, q,Qy) € ZE(C).
o The G-action on Z(C) coincides with the G-action on Zg(C).
o For (U,q,Qp), (V,r,®v) € ZE(C) the braiding is defined by

1 —
Clta00),(Virtv) = ()0 © Cllia,u) Fol(Vird) © UV

Equivalently, Cly \ o0y (viray) = cFl L) ° Py (Fy-r (V) tocyy.

Proof. Let f € Homgz, ) ((U,q,®v), (U',q,®y)) and g € Homg, oy ((V,r, @), (V',r,®y/)). To see that
fxg € Homy, ) (U V,rq, oy x @), (U @ V', rq, Py x Py-)), we compute

[idr,,(x) ® (f xg)] o (Pu *x Py)(X)
= [idp,,x) ® f @ gl o [idp,,x) @ cpy] o [Py (Fy(X)) @ idy] o [idy © $y(X)] o [c,v @ idx]
= [idp,,x) ® cgt i o fidp,,(x) ® g @ idy] o [Py (Fy(X)) @ idy/] o idygr, (x) @ f]
o [ldV X CI)U(X)} [CU,V X idx]
= [idp,,(x) ® ¢yt o] o [Py (Fy(X)) ®@idy] 0 [ @ idp, (x)eu] © [idy @ Py (X))
ofidy ® f ®idx]o [cy,v ® idx]
= [idp,,(x) @ cgry] © [@v/ (Fy(X)) @ idpr] o [idyr ® @ (X)] 0 [evr,vr @ idx] o [f © g @ idx]
= ((I)U’ * <I>V/)( ) [(f * g) ® ldX]
The interchange law in ZZ(C) follows directly from the interchange law in Zg(C) because * coincides with
® on the morphisms. For the same reason we also have id(y 4,¢,) * id(v,r.e,) = idU,q,00)x(V,r,@y), as well
as associativity of x on the morphisms and f *id(I,e,<1>(;) =f= id(1787¢9) * f for any morphism f in Z(C).
It follows from part (2) of the lemma that x is associative on the objects and that (I, e, ®?) acts as a unit

object. This proves that (Zg(C),*, (I, e, ®Y)) is a strict tensor category. From part (3) of the lemma we get
that

Fe((U,q,@0) % (V,r,@v)) = (F(U V), trgt™ ", F(Py * D))

= (F(U),tqt™", ®p) * (F(V), trt =, dy)

= F((U.q, ®v)) * Fe((Vir, @v)).

Z ), this shows that F defines
If ), then

Together with the fact that the group action on
a G-action on the strict tensor category Z%(C).

&(C) is the same as on Zg(
(U,q,Pv), (Vir,®v) € Zg(

C
C
0u[(U,q,20) x (V,r, dv)] = (rq) ™" = ¢~ 'r™ " = 0.[(U, ¢, ®0)]0,[(V, 7, @v )],
so 0, defines a G-grading on Z%(C). To see that Z%(C) is G-crossed, we note that
O{F[(U,q,@0)]} = (tgt™") " = tq~ "t =10, [(U, q, Pv)]t ™"

Let (U,q,®v), (V,r,®y) € Z5(C). We will first show that Clv.4.80),(V,r,@y) 18 & morphism in the category
Z%(C). In the category Zg(C) we have that

C,q,00),7, 1 (Viray) € Homz, ) (U @ Fy-1(V),rq, oy @ Fyr@v), (V@ U,rq, Oy @ v)),
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which means that

[(Qv @ Qu)(X)] o [Py (Fy-1(V)) ®idx] = [idp,,(x) ® Pu(Fy-2(V))] o [(Pr @ Fy-1®v ) (X)].

This equation can be rewritten as

lidp,,(x) ® Pu(Fy-1 (V) o [(By ® D)(X)] = [(Pr @ Fym1®v)(X)] 0 [@y(Fy-2 (V) @idx].

Using this equality, we now find that

lidF,,x) ® Clu,g.00),(vrne)) © [(Pu* Py )(X)]

= [idFrq(X) X C;‘qlfl(V),U] o [idFTq(X) X @U(qul(V))il] o [(‘pv X q)U)(X)] o [CU,V & ldx]
= [idp,,(x) ® CEq1,1<v>,U] o [(Py ® Fym1 @y )(X)] 0 [0y (Fy-1 (V) ' @idy] o [cp,v ®idx]
= [(Fg1®v + @u)(X)] 0 [Clyg.00).(viray) @ 1dx]:

Naturality of C* follows directly from the naturality of C' and ¢. Now let (U, ¢, v ), (V,r, @y ) and (W, s, Pyy)
be objects in Z5(C). Then

C = CF,
(U,q,20),(V,r,@v )x«(W,s,2w) — ~(U,q,2v),(VRW,sm,Pv*xPw)

= C;ql,l(ve;vv),u 0@y (Fy-1 (Vo W)™ ocuyew
= Cqu_l(V@;W),U o lidy @ C;‘ql_l(V),Fq_l(W)] 0 by (Fyr (Wa V) olevw @idu] o cuvew
= [idpq,l(v) ® C;ql_l(W),U] o C;ql_l(v),U®Fq_1(W) o[@y(F- (W) '® iqu,l(V)]
o fidw ® @y (Fy1 (V)™ o cveuw o [cuy @ idw]
= lidr, ) @ ¢ w0l © lide, ) © PUE (W) o i ) wew
o cugr, vy © [Qu(F-1 (V)T @idw] o [eyy @ idw]
= lidp,_,(v) ® C;“ql,l(W),U] ofidr,_,(v) ® Cu(Fy-1(W)) o fidr, _, (v) @ cu,w]
o [c;ql_l o @idw] o [@u(F- (V) ! @idw] o [epv @ idw]
- [idfa*[(u,myn[(Vﬂ‘v‘i’v)l *C(*U,q@u),(W,s,cbw)] ° [C(*U,q,@U),(V,r,@V) *id(w,s,0 )]

where the step from the second to the third line follows from naturality of ®;;. We also have

C?U,q@g)*(v,r,{)v),(W,s,<I>W) = C(U@V,rq,':by*@v),(w,s,@w)
=il ey © (BB (Fly (W) ™o cravay
=g L anwev °leuy ®idr, )] o (Bv @ u)(Fug-+ (W)™ o lidw @ cuv] o cugvw
Sy © idv @ Qo (Fagy (W) 7]

o [y (F—1(W)) ™' @idy] o cuwev © [idy @ cvw]
= [CE(l,,.@,l(W),U ®idv] o [y (Firg-1 (W)™ ®@idv] o i | yyeuy

ocyver, ,w)o© [idu ® ®v(F.-1 (W)™ o fidy ® cvw]

-1

=ler,, L owyw ®idv]e (@0 (Frgy— (W)t @idv] o [cop _, w) @idy]
o [idy ® CEf_l(m,v] o [idy ® @y (F,—1(W)) Yo idy ® cvw]

. —1
= [CF(Tq)fl(W),U ®idy]o CUsF,
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= C0,0,90),F, (v ray n[(Wis,0w)) * i an)] 0 1[dw,geu) * Clray ), (ws o)l

This completes the proof that C* is a braiding. Finally suppose that s € G and let (U, q, @y ), (V,r®y) €
Zt(C). Then

CF (00,80 Fol(Virv)]) = C<*F (U),545~1 Fu) (Fa (V)75 1 Fuloy)

= (R )E) @ CRIUa®0).F, 1 Ful(Vir®y)] © CE () F(V)

= Cpsq,l ), () © CF (00,00, F Fy(Vir,@y)] © CFL(U),FL(V)
-1

= I {CFq_l(v),U © C,4,00),F,[(Vir,@v)] © CUJ/}

= Fs(Clvg.00),(virav)):

showing that C* is compatible with the G-action and hence that Z£(C) is a braided G-crossed category.
O

Step 2: Equivalence of Z%(C) and Zg(C)*

Recall from Subsection 2.8.5 that for any braided G-crossed category D we defined its mirror image D®. Our
next step is to show that the braided G-crossed category Zx(C) defined above is equivalent to the mirror
image Zg(C)*® of Zg(C).

Theorem 4.10.4 The identity functor on Zg(C) can be given the structure of an equivalence
(idzs(c),€,0) : Z5(C) — Za(C)*
of braided G-crossed categories.

Proof. In this proof we will write H := idzc) for short. We can simply choose ¢ = id([_e.d)(;). For any
two objects (U, q, ®y), (V,r, ®y) in Zg(C) we define 0(,q,0,),(v,r,a,) € Home(U @ Fy-1(V),U ® V) by

S(v.q.0).(virey) = gy © Pu(Fy=1 (V).
Fix (U,q, ®v), (V,r®v) € Zg(C) and write 6u,v = 6(v,q,00),(v,r,ay)- We will first show that

S(U.q,00),(Virdy) €EHomyz, o) (H[(U, q, ®y)] @ H[(V,r, v)], H[(U, q, ®v) x (V, 7, ®v)])
= HOI’IlZG(c)((U (39 qul (V), rq, Py ® ]:q—l (Pv), (U ®V,rq, Py * (I)V))

i.e. that 0y q.ay),(v,ray) satisfies

[ldF o (X) @ 5(U»Q7‘I>U) (Vyr, ‘I’v)] (v ® -qul(bV)(X) = (PyxPy)(X)o [6(U7q7@u)7(vﬂ-’¢>v) ® idx]

for all X € C. This follows from the computation

[i[dp,,(x) @ 0(U,q,00),(Virav)) © (PU @ Fg-1 Py ) (X)
[idr,,(x) ® eyl o fidp,,(x) @ ®u(Fy-1 (V)] 0 [@u (Fy-1,4(X)) @ idp,_, (v)] © [idu ® (Fp-1@v)(X))]
= [idp,,(x) @ gy 0 Pu(Fyi,g(X) @ Fyma (V) o [idy © Fyr (Rv (Fy(X)))]
lidr,,(x) ® ey © [@v(Fy(X)) ®idy] o @y (Fp (V) @ X)
lidp,,(x) © ey o [@v (Fy(X)) @ idy] o [idy ® ®y(X))
oy ®idx] o [Py (Fy-1 (V) @ idx]

o [CU,V X ldx]
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= ((I)U * (I)V)(X) o [5(U,q,¢U)7(V,7"»‘I’V) ® ldx]
Now let f € Homzc)((U,q,®v), (U',q,®y)) and g € Homy, o) ((V,7, ®v), (V',r, ®y-)). Then

5000,V © [ 9] = ity 0 Bur(Fyn (V) o [f © Fyer(9)] = [ @ ] 0 ey 0 Ru(Fyr (V)
= [fxglodwqeu),vrev)

showing naturality. If (U, q, @), (V,r, @y ), (W, s, Pw) € Zg(C), then

8(U,4,00)%(Vir, @y ),(W,s,@w) © [0(U,q,80),(Viroy) ® idw]
= cpgvw © (®u* Oy) (Fy-1p1 (W) o ey, © dp_, sl [@u(F— (V) ®idp )]
= [idy ® ¢,y ] o [epy ®@idv] o [idw @ ] o [Py (F—1 (W) ®@idy] o [idy @ ®y(Fy-1,-1(W))]
olevy @idp,_, _,wnlolegy @idp,_, )l o [@u(F-1 (V) @idE_, _, w)]
= [idy ® ¢y ] o [ephy ®@idv] o fidw ® ey ] o [y (Frm (W) @ idy] 0 @y (Fy=1 (V) @ Fym1,—1 (W)
= [egy ®idw] o fidy ® ¢y ] o [epy ®idy]
o [y (F,—1 (W) ® idy] 0 B (Fyes (V @ Fres (W)))
= [epy ®@idw] o [idy @ ] o [eyly ®idy]
o [0y (Fyr (W@ V)] e fidy @ Fy-1 (P (Fr-1 (W)))]
[cpy ®@idw] o fidy @ ¢y ] 0 Py (Fy-1 (V @ W))
o [idy ® C;ql,l(v),Fq,l(Wﬂ o [idy ® Fy-1(®v (Fr-1(W)))]
= 5w 0 Bu(Fy s (V@ W) o fidy @ Fyi (e55)] 0 fidy @ Fyr (By (s (W))]
= 0(U,q,00),(Vir, @y )« (W,s,0w) © [Idu ® dv,w].
We also note that for any (U, q, ®r) € Z¢(C) we have
(U000, (Ie,80) = €y © Pu(Fy-1 (1)) = @y (1) = idy
O(1,6,89),(U,q, @) = iy o ®Y(F- (V) = ®YU) = idy,

showing that H can be equipped with the structure of a tensor functor. That H is an equivalence of G-
crossed categories is obvious, because H is the identity functor and the G-actions and G-gradingss are the
same for Z%(C) and Zg(C)®. To see that H is braided, we compute

H(Cly,4,00),v,r,00)) © 0U.0.80),(Vir2v)
= Cluga0).(Virdy) © O 00).(Virav) = vy © Pu(Fyr (V) ooy o ey 0 Du(Fypa (V)
= CE;,I(V).,U = Cqu,l(V),U 0 Fy1®y (Fyrp-1q(U)) 0 Fyor @y (Fyorp1g(U)) 7

=07, 1 (Vo). U,20) © Clu.g.00).(Virdy):

Step 3: The functor {: Z%(C) — Za(C)

In the next lemma we will use the braiding c to assign to each half ¢-braiding ®y for V € C a half ¢~ -
braiding <I>TV. This will be used later to define a functor Z%(C) = Z¢/(C).

Lemma 4.10.5 If (V,q,®v) € Zg(C), then for each X € C we define (IDJ{,(X) VoX > Fa(X)oV by

ol (X) = €ry x0w © v (F (X)) oevy. (4.10.1)
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(1) If (V,q,®v) € Zg(C), then <I>I/ is a half ¢~ '-braiding for V. As a special case, we have the equations
c;_ =Cy_ and 51,7_ = cy.— of half e-braidings for V.
(2) If (‘/7 q, (I)V)7 (VI/’ T, (I)W) € ZG(C)7 then

Homgy,, ©) (v, q_1> (I)Tv)v (W, 7‘_1, (I)I/V)] = HomZG(C) [(Vigq, @v), (W,r, ow)].
(3) For the unit object (I,e,®Y) € Z5(C) we have
(@) = 27.
Also, if (V,q,®v),(W,r,®w) € Zg(C), then we have the relation
ol @@l = (dy » byl
(4) If (V,q,®v) € Zg(C) and if s € G, then
Fodl, = (Foov)h.

Proof. (1) The naturality of <I>J{, follows directly from the naturality of ¢ and ®y. To see that CDJ{/ is indeed
a half ¢~ '-braiding, we first compute

[c;ql_l(x)y ®@idr,_, ()]0 @v(F-1(X ®Y)) o fidx @ cv,y]

=ler_, v @1dr,_ (] e fidv ® Fymr(cxy)] o @y (F (X @ Y)) " o fexy ®@idv] e fidx @ cvy]
= C;*;,l(x),vo@qul(Y) o [Py (Fy1 (V) ®@idr,_, (x)] o [idy © Py (Fy-1(X)) o exavy

= lidr, ) @ Qv (Fy (V) o ep, () vay © cver, 1 (x).y © [Py (F- (X)) @idy]

= [idr, 00 ® By (Fy (V) o fidr, ) ® vyl o 5} (x)y ®idy] o [By (Fy1 (X)) ®idy ]

Using this equation, we get
L (XeY)= c;q{l xevyv © Pv(Fe (X @Y)  ocy xay
= [iqu_l(X) ® C;ql,l(y),v] o [C;?ql,l(X),V ® iqu_l(Y)] o (I)v(Fq—l(X ® Y))fl
o [idX X Cv)y] o [CV,X X idy]
= [iqu71(X) X c;'q171(Y)7v] o [iqu,l(X) X (bv(Fq—l(Y))_l] ¢} [iqu,l(X) & CV)Y]
o [c;q{l o @idy] o [@v(F-1(X)) " @idy] o [ev,x @ idy]
— lidr,_, 00 ® 2} (V)] o [0} (X) @ idy ],
showing that @I, is indeed a half ¢~ '-braiding for V.
(2) Let f € Home(V,W). Then f € Homy,c)[(V,q, ®v), (W,r, ®w)] if and only if

[iqu(X)®f}O(I)V(X):@W(X)O[f(@idx] VX eC
if and only if

[f ®idp,_, (x)] 0 @y (Fy-1 (X)) = @w (Fy1 (X)) olidx ® f] VX eC

if and only if

o © [f ®idr_ ] o v (F= (X)) T o evx
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= C;‘ql,l(X),W o CI)W(qul(X))il o [ldx ® f] ocy,x vX eC.
But, by using naturality of ¢, this last equation can be rewritten as
lidr,_,x)® flo®l(X) =&l (X)o[f@idx] VX eC.
(3) The invariance of <I>9 under 1 is trivial. The other equality follows from the computation
(@], ® @f)(X) = [0}, (F.-1(X)) @ idw] o [idy ® By (X)]
- [C;“ql,lr,l(x),v ®idw] o [Py (Fy-1,—1 (X)) @idw] o [ev,p _, (x) ® idw]
o [idy ® c;jfl o] © lidv ® @w (F—1 (X)) o [idy @ ew,x]
= C;ql_lr_l(x)@@v,w o fidw ® C;ql_lr_l (o), v]) © lidw ® @y (Fy-1,-1(X)) 7'
°cywer, i (x) o idv @ Pw(F—1 (X)) o [idv @ ew,x]
= Cqu_lr_l wvew © [Crw ®idr_, x] e lidw ® Py (Fy-1,-1(X)) ™)
o [@W(Fr—l (X))71 X ldv] o [ldx X vaw] o Cyew,X
- C;ql—lrfl(x),veaw o (By * O ) (Fy-1,-1(X)) " o cvew,x
= (®y x Oy T(X).
(4) We have
Fu,(X) = Bl (P (X)) = Blei?, oo @ ®v (B (X)) 0 iy )
=p 0w (O (Fymr (X)) 7o e v) x

=p @R 0 TV (Flagan) -1 (X)) T o er,v) x

= (Fe@y)'(X).
([
Using the assignment ®y — <I>I/, we will now define a braided G-crossed equivalence from Z%(C) to Zg(C).
Proposition 4.10.6 We obtain a functor 1 : Zg(C) = Za(C) by defining
(U.q,20)" = (U,g ™", &),
fl=g

for (U,q,®y) € Zg(C) and f € Hom(Zg(C)). It is a strict equivalence t : Z5(C) — Zg(C) of braided
G-crossed categories.

Proof. It follows from part (2) of the previous lemma that for (U, q, ®v), (V,r, ®v) € Zg(C) we have
Homz,,c)(U,q,®v), (V,q,®v)) = Homz, ) (U, q, Pv), (V,q, @v)1),

which directly implies that 1 is a functor. For the unit object we have (I,e, ®9)T = (I, e, (®9)1) = (I,¢,®9).
If (U,q,2u), (V,r,®v) € Z5(C), then

[(U7q7 (I)U) * (V7 T, (I)V)]T = (U ®V,rq, Py « (I)V)T = (U @V, (TQ)_17 ((I)U * (I)V)T)
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= (U X V, qilril, (I)J{] ® @Tv) == (anil, (I)J[r]) & (Va 7‘713 (I);r/)
= (U7Q7 (I)U)T ® (‘/7 T, (I)V)T

On the morphisms we have (f xg)f = fxg = f®g = fT ® ¢!, so t is a strict tensor functor. If
(U,q,Py) € Za(C) and r € G then it follows from part (4) of the previous lemma that

{(FlU ¢, 20} = (B (U),rqr™ " Frou)t = (F(U), rq” 7, (Fr0u)T)
= (F(U),rq v Fol(®])) = Fol(U, g7, @)
= ]:?”[(U’(L (I)U)T]a

showing that  is a functor of G-categories. If (U, ¢, Py) € Zg(C), then
a[(Uv q, (I)U)W = a[(Ua qila (I)J[r])] = qil = 8[(U7 q, (I)U)]71 = a*[(Uv q, @U)]a

so t respects the grading. Finally, if (U, q, ®y), (V,r,®y) € Z;(C) then

t
—-1 —
(C(*U,qﬁl’u);(v)h@v)) = C(*Uﬂ@t]);(vmq’v) = ch_1(V),U © (I)U(FQ*I(V)) 'o Cuv = (I)J(r](v)
= C(U,qfl,ég),(v,rl,@f,) = Cu,q,00)t,(V,r,0v)t

so T is also braided. We now claim that applying the functor { twice will result in the identity functor.
Considering formula (4.10.1) for (Iﬂ/, it is clear that (<I>}L/)Jr will contain monodromies and is therefore not
equal to ®y. However, one should realize that there are actually two possible definitions of CIJI/: one in
terms of ¢ (as in formula (4.10.1)) and one in terms of ¢. One could choose to write (},¢) and (},¢) for
these two functors. Since there is no preference for either ¢ or ¢ in the construction of Zg(C) (in fact, both
are irrelevant), these two definitions of @1/ should actually be treated on equal footing. It is not difficult
to see that (f,c¢) and (f,¢) are inverse to one another. This proves that { is an equivalence (and that 1 is

involutive, in a certain sense).
O

Step 4: The main result on G-extensions of C inside of Z(C)

We are now ready to prove the main theorem of this subsection. This theorem states that if Z4(C) contains
a replete full subcategory D that is a braided G-crossed extension of C, then Zg(C) also contains a braided
G-crossed extension D of C. Furthermore, the braided G-crossed categories D and D are the mirror images
of one another.

Theorem 4.10.7 Suppose that Zg(C) contains a replete full subcategory D that is a braided G-crossed
extension of C.
(1) D is also a braided G-crossed category when it is equipped with the structures inherited from Z%(C).
We will denote D, equipped with these structures, by D*. B
(2) The image (D*)' of D* under the functor t : Z&(C) — Zg(C) is a G-crossed extension of C with
G-spectrum O((D*)') = O(D)~1, where all structures on (D*)! are the ones inherited from Zg(C).
(3) We have an equivalence (D*)' ~ D* ~ D* of braided G-crossed categories.

Proof. (1) Let (U, q, ®y), (V,r,®y) € D. Since D is a tensor subcategory of Zg(C) we have that (V,r, &y )®
(U,q,2y) = (VoU,rq, Py ® ®y) € D. The isomorphism cy,y € Home (U, V) is also an isomorphism in
Homz, ) (U, q, @v) * (V, 7, ®v ), (V,r, ®y) ® (U, q, Py)), since for each X € C we have

[idFm(X) X CU,V] e} [((I)U * (I)V)(X)]
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= [idFm(X) ® CU,V] o [idFrq(X) ® CE}V] o[(Py ® Py)(X)] o [CU,V ® idx]
= [((I)V X (I)U)(X)] o [CU,V ® ldx}

In particular, the objects (U, q,®y) + (V,r,®y) and (V,r,®y) @ (U, ¢, Py) are isomorphic in Zg(C), so
combined with the fact that the latter object is in D and the fact that D is replete, we conclude that
(U,q,Pu)*(V,r, ®y) € D, which implies that D is a tensor subcategory of Z%(C). That D is a G-subcategory
of Z%(C) is now immediate, since the group action of Z(C) coincides with the one of Zg(C) and D is a
G-subcategory of Z(C) by assumption. Together with the restriction of d, to D, D obviously becomes a
G-crossed subcategory of Z%(C). Since D is full, it follows that D is a braided G-crossed subcategory of
ZE(C).

(2) It is clear that (D*)' is a tensor subcategory of Zg(C), because it is the image of the tensor subcategory
D* of ZE(C) under the strict tensor functor t : Z5(C) — Zg(C). Since t is also a strict functor of G-
categories, it follows that the group action of Zg(C) restricts to (D*)T. This completes the proof that (D*)*
is a braided G-crossed subcategory of Z5(C). By assumption we have D, = C, i.e. D, consists of all objects of
the form (V, e, cy,—). This implies that ((D*)T),. consists of all objects of the form (V, e~ !, c;r,v_) = (V,e,cy—).
Hence ((D*)'), = C and (D*)' is a braided G-crossed extension of C.

(3) The first equivalence is just given by the restriction t : D* — (D*)T of t : Z5(C) — Zg(C). The
identity functor idz,c) : Z5(C) — Zg(C)* is a functor of braided G-crossed categories. Hence, so is its
restriction to D*. The image of D* is precisely D°.

O

By writing D= (D*)T in the theorem above, we thus obtain the following corollary, which is precisely
the result we were looking for.

Corollary 4.10.8 If Z5(C) contains a braided G-crossed extension D of C that is replete, then Zg(C) also
contains a braided G-crossed extension D of C that is equivalent to the mirror image of D.

4.10.2 Construction of the category of c-related objects inside of Z;(C)

In this subsection we will demonstrate how to explicitly construct a certain braided G-crossed category inside
of Z¢(C). For this we will need to assume the existence of a G-spherical structure on C. The idea behind this
construction is as follows. Let C be G-spherical (in addition to the properties assumed at the beginning of
this section), so that Zg(C) is also automatically G-spherical by Lemma 4.6.3. Now suppose that we already
have a braided G-crossed extension D of C inside of Z¢(C) that has the property that it is closed under the
two-sided duality on Zg(C) that is induced by the G-spherical structure on C, i.e. if (V,q, ®y) € D then also
(V,q,®v) = (V,q~1,®y) € D. Then the tensor product (V,q,®y) ® (V,q L, ®y) = (VR V, e, &y @ Oy)
is an object in D, because D is a tensor category. Since D is a G-extension of C, this means that we must
have
(V ® Va ¢, Py @ E) = (V ® V? €, CV@V,—)'
This observation leads us to the following definition.

Definition 4.10.9 Let C be an F-linear G-spherical category with braiding ¢, let (V,q,®y) € Zg(C) and
let (V,q~ !, ®y) be its dual as given by the G-spherical structure. Then we say that (V,q, ®v) is c-related
if for each X € C we have

(Pv @ Dv)(X) = cyey .x-
Similarly, we can also define objects that are c-related.

The condition of being c-related can be rewritten as [®y (F,-1 (X)) ® id¢] o [idy @ @y (X)] = [ev,x @ idy] o
[idy ® cv’x], or

[y ®@idy] o [@y (Fy-1 (X)) @ idy] = [idy ® ¢y ] o idy ®@ @y (X)71). (4.10.2)
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Using the fact that (see the proof of Lemma 4.1.8 for the second equation)

oy x = [dv ®idygy] o lidy ® ey ®idy] o [idpgy © bv],
Oy (X) 7! = [idpgy @ dy] o [idy @ Oy (Fy-1 (X)) @ idy] o [by @ idp _, (x)e7)
we can rewrite (4.10.2) as
vy ®idy] o [@y (Fy-1 (X)) ® idy]
. 1% — . . .
—idy ® L;qil U {[CV}X @idp] o [idx ® (by o d}y)] o [y (Fy1 (X)) ® ldv]}
=idy ® N(V,q,‘bv) (X), (4.10.3)

where we have introduced the shorthand notation N(y,q.4,)(X) for the morphism Fyy )1 (X)®@V — X @V
on the right-hand side. Applying the left inverse of V to (4.10.3), we obtain

d(V) - Nyvgay)(X) = ngl x|y 0 Py (Fm (X)) ®idy = Mivg.0,)(X) @idy (4.10.4)

where we have introduced the shorthand notation My, 4 4, (X) for the morphism Fy(yy-1(X) — X occuring
here. Applying the right inverse of V to (4.10.3) we obtain

_ . \% .
d(V) - ey 0 @y (Fy-1(X)) = idy ® R;qil o x N wagan) (X)) = idv @ Myg0,)(X). (4.10.5)

Using these equations, we will demonstrate in the following two lemmas that the set of c-related objects is
closed under tensor products and that the G-action of Zg(C) restricts to a G-action on the set of c-related
objects.

Lemma 4.10.10 If (V,q,®v), (W, r,®w) € Z5(C) are both c-related, then so is their tensor product (V ®
VV? qr, (I)V & (I)W)

Proof. We first note that

Nwew,gr.eyveow)(X)

Vew — . .
— L0 ( )71)(X)®V®W,X®V®W {[CV}WX ® idyg] © [idx © (bvew o dygu )]

o [(Py @ Pw)(Flgr)—1 (X)) @ idygw] }

(w) -1 . . .
LF,,lq,l(X)®W®V,X®W®V {[CW,X ® ldW@;V] olidx ® by ® ldv] ° N(V,q,cbv)(X)

© [iqu’l(X) ® leV ® ldV] © [‘I)W(Frfqul(X)) X 1dW®V]}

_ —1, (W) —1 . . . .
=d(V) ILF,,,lq,l(X)@)W@V,X@W@V {[wa ®idygyl o lidx ® bw @idy] o [M(y,ge,) ® idy]

o lidr, , () @ diy © idg] o [@w (Fr1g1 (X)) @ idgpgp]
=d(V) ' [My,ge.) ® idiper] © [N o) (Fy-1 (X)) @ idg].
We will now check that equation (4.10.3) is satisfied for (V ® W, gr, Py ® Oy ).

idvew @ Nvew,grayeow)(X)
= d(V)fidvew @ Mygay) @ idiggp] o lidvew ® Navew) (Fy-1 (X)) ® idy]
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d(v)il[idV@aW ® Mv,g,a,) @ idW@V] olidy ® (C;V%qul(x) ° (I)W(Frfqul (X)) ® idW@V]

d(V) " Hidy @ ey x ® idipgy] © [idy © Nevge) (X) @ idygipei] o lidv @ @w (Fr1y-1(X)) © idipgy]
= [(idv ® eyt x) 0 (e x @idw) o (Py (Fy-1(X)) @ idw) o (ildy ® Pw (Fr-14-1(X)))] ® idgpgy

= [evgw,x © (v @ @w)(F-14-1(X))] © idygp

O

Lemma 4.10.11 If g € G and if (V,r,®v) € Zc(C) is c-related, then so is Fy[(V,r, &y)].
Proof. Because (V,r,®y) € Z5(C) is c-related, we have the equality

[evx ®idp] o [Py (F-1(X)) ®idy] = [idv @ ey y] o [idy @ By (X) 7]
for all X € C. Since C is G-spherical, we have also F,®y = F,®y. Using these facts, we find that

[C;rql(v) X ®1dF W) } [Fa <I)V( gr—1¢-1(X)) ®idm]
= [cn Cr, (V) ¥ ®1dF ) ] [Fq(‘I)V(FT—lq—l(X))) ®iqu(V)]
= Fy {[CVF 1(X) ® idv] ° [¢V(Fr*1(Fq*1(X))) ® idV]}

= Fy {lidv @ e o, )] o lidv @ By (- (X)) 1]}

= lidp,(v) ® ¢ 7 x] © lidr, (v) @ Fy(Pv (Fy-1(X))) 7]
= [idp,(v) @ ey ] © lidr, () @ Fq Dy (X))

= [idp,(v) @ cg iy x]) © lidr, () @ Fq Fo®v (X)),

which is precisely (4.10.2) for F,[(V,r, ®v)].
(I

Theorem 4.10.12 The full subcategory D determined by the c-related objects in Zg(C) is a G-spherical
braided G-crossed subcategory of Zg(C) and satisfies D, D C. Similarly, the full subcategory D determined
by the c-related objects in Zg(C) is a G-spherical braided G-crossed subcategory of Za(C) and satisfies

D. O C.

Proof. The preceding two lemmas, together with the fact that (I, e, @9) = (I,e,cr,_) is c-related, show that
the full subcategory of c-related objects forms a G-subcategory of Z5(C). The G-grading restricts to this
G-subcategory and gives it the structure of a G-crossed category, and of course the braiding also restricts
to a braiding on this G-crossed subcategory. For any X € C we have

v—(X) =ldv ®idg_, (x)ev]© lidy @ cv,— (Fer (X))~ @idy] o [idpg x @ bv]
= [dy ®idygp] o [idy ® ¢y ®@idy] o [idyg  © by]
=& x
and hence also
(ev,— @evo)(X) = [ev,—(X) ®@idy] o idy ® ev=(X)] = [ev,x ® idy] o [idv ® ey ]

= CV®V,X'
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This shows that (V,e,cy,—) is c-related and thus that D, D C.
O

Now suppose, as a special case of our previous assumptions, that C is a modular tensor G-category. It
then follows from the results in [75] that in this case we have Zg(C). = Z(C) ~ C K C as braided tensor
categories. Here an object V € C is identified with V' X I and an object W € C is identified with I X V.
In this situation an object in Zg(C). is c-related if and only if it is of the form V X I, i.e. if it is in C.
Similarly, an object in Zg(C). is c-related if and only if it is in C. Hence the categories D and D in the
theorem above are braided G-crossed extensions of C and C~, respectively. This proves the first part of the
following corollary.

Corollary 4.10.13 IfC is a modular tensor G-category, then D and D of Theorem 4.10.12 are G-spherical
braided G-crossed extensions of C and C, respectively. Furthermore, any G-spherical braided G-crossed
extension of C (respectively C) inside of Zg(C) is contained in D (respectively D).

Proof. To prove the second statement, let D" be a G-spherical braided G-crossed subcategory of Zg(C)
that is a G-extension of C, i.e. D, = C. If (V,q,®y) € D', then also (V,q,®y) = (V,q~ 1, ®y) € D, because
D’ is a G-spherical subcategory of Z5(C). But then

(V,q.v)® (V,g ", ®v)=(VaV,e,®y @ dy)eD, =C,

so we must have &y ® Oy = cygy,_- Thus (V,q,®y) € D, which implies that D’ C D. The statement

about D is proven in the same way.
O
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Chapter 5

Conclusions and some suggestions for
further research

After having presented our results in the preceding chapters, it is time to see where these results have
brought us. The main input for our results was the construction of Z&(C) and we have proved several nice
properties of Zg(C). However, our motivation for constructing Zg(C) came from the generalization of a
specific problem in algebraic quantum field theory, so it seems appropriate to reconsider this problem here
and to see what we have learned about it. This is precisely what we will do in the first section of this
chapter. In the second section we will briefly mention some alternative approaches to our problem.

5.1 Back to the main problem

Suppose that we are given a completely rational chiral CFT (H,.A,U,Q,V) with an action V of a finite
group G. For ¢ € S! we considered in Subsection 3.2.5 the full embedding

Loclf/r(Ag) cG- LocJLc/R’l/T(AC)

of a braided G-category in a braided G-crossed category, where the first is given as the degree e part of the
second, and we were initially interested in whether it is possible (at least in certain specific models, such as
the one described in Section 1.2) to construct the second from the first by some extension procedure.

In purely categorical terms, forgetting about AQFT altogether, we generalized this problem to the
question whether there is some kind of canonical construction to extend a braided G-category C to braided
G-crossed categories D; and Dy with braidings of the first and second kind, respectively, such that (D;), =
(Ds)e =C,

Dy (braiding of the first kind; (D1). = C)

e

c

AN

Dy (braiding of the second kind; (Ds). = C).

As a possible candidate we constructed Zg(C), which is a generalization of the ordinary Drinfeld center
Z(C) that satisfies Z¢(C)e = Z(C). However, the implication of this last equality is not quite what we
wanted. Namely, in the case where C is a modular tensor category it was shown in [75] that Z(C) ~CKXC
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as braided tensor categories, so the requirement that the degree e part Zg(C). equals C is certainly not
satisfied. From now on we will restrict ourselves to the situation where C is a modular tensor G-category,
since this is the situation that is obtained from completely rational chiral CFTs with a G-action. Thus we
are in the situation where _
ZG (C)e ~CKC.

Loosely speaking, we have some kind of ‘doubling’ going on in the degree e part of Zg(C): it is generated
(as braided tensor category) by both C and C and is therefore ‘twice as big’ as we want.

However, we believe that this doubling in the degree e part might not be so bad at all, in view of the
fact that we were actually looking for two braided G-crossed extensions

D1 DC,
Dy D C.
-1
If ¢ denotes the braiding (of the second kind) on Dy, then E{Vl)w = (Cga)w)(vv),v) defines a braiding of
the first kind on this same G-crossed category and this braiding &) of the first kind extends the braided
G-category C. In fact, what we obtain in this way is precisely what we called D; in Subsection 3.2.5. Thus,

rather than looking for the braided G-crossed extensions D; and Dy, we can, equivalently, search for braided
G-crossed extensions

Dy D C,

51 D) 5
In this sense, the ‘doubling’ in the degree e part of Z¢(C) might actually agree with the doubling that was
inherent to our problem. Namely, perhaps we should look for both D; and 251 inside of Z(C), rather than
looking for two independent constructions of Dy and 51. This also makes more sense in view of the fact
that not every modular tensor G-category has a braided G-crossed extension with full G-spectrum, whereas
Z(C) always has such an extension by Corollary 4.9.6. So although C might not have any braided G-crossed
extensions with full G-spectrum, Z(C) ~ C X C does have such an extension, and perhaps we can manage to
find braided G-crossed extensions of C and C inside of Z¢ (C) in certain special cases where braided G-crossed
extensions of C and C do exist. In Subsection 4.10.2 we demonstrated how this can be done. In Theorem
4.10.7 we have seen that if Z¢(C) contains braided G-crossed extensions of C, then it also contains braided
G-crossed extensions of C and these extensions of C and C are equivalent to the mirror image of one another.
Coming back to our initial problem in AQFT, this last fact is very remarkable, especially when consid-

ering the chronological order in which we actually obtained these results during the course of this project.
This chronological order was as follows. First we investigated the categorical relation between the categories
G- LOCSCL7T)(A) and G — LOC;R’D(A) of left and right G-localized endomorphisms in AQFT and we found
out that these two categories are equivalent to the mirror image of one another; in fact, this was actually
our motivation for defining the notion of a mirror image of a braided G-crossed category. Afterwards we
discovered that if Z¢(C) contains a braided G-crossed extension D of C, then it also contains a braided
G-crossed extension (D*)T of C. It was only after obtaining this result that we wondered whether D and
(D*)T happened to be related to each other in the same way as G — Locch’T) (A) and G — LocgcR’l)(.A) are.
This indeed turned out to be the case and is almost too coincidental if one believes that Z&(C) has no
relevance at all to AQFT. Furthermore, we should not forget that we have already seen that in the case A is
holomorphic! and has a skeletal braided G-crossed subcategory?, we have Zg(Locy(A¢)) ~ G —Loc]Lc/ R(AC)
as braided G-crossed categories. Hopefully, more results will be obtained concerning any relations between
the G-crossed Drinfeld center and AQFT in the future.

Mn this case we have Loclf(.Ac) = Loc%(A¢) (which agrees with the statement C = C in the general case) and
Zg(Locy(A¢))e = Locy(A¢) (which agrees with Zg(C)e = C in the general case).
This can be viewed as a cohomological condition, see also [78].
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5.2 Another possible approach

Besides our own approach to the main problem of constructing braided G-crossed extensions of modular
tensor G-categories, which involved the construction of the G-crossed Drinfeld center Zg(C), we mention
another possible approach that could lead to some results in the future.

The first of these uses a theorem proven in [86] which implies that if M is an indecomposable (left or
right) D-module category with D a fusion category, then M ~ Modp(A) for some algebra A = (A, u,n) € D.
Now suppose that C is a braided G-crossed category. Then for each ¢ € G the full subcategory C, is a Ce-
bimodule category, as mentioned in Subsection 2.8.4, where we also proved that the braiding of C. allows us
to forget about either the left or the right C.-module category structure of C,. In case C, is a fusion category,
the theorem in [86] implies that for each ¢ € G the full subcategory C, is equivalent to Mode, (A4) for some
algebra A, = (Aq, ttq;7g) € Ce. This means that the full subcategories {C,}4ec are determined up to
equivalence by a collection of algebras {Aq}4ec in Ce. This seems to provide us with a way of reconstructing
the braided G-crossed category C up to equivalence in terms of C. alone:

(Ce: {Aq}qec) ~ |_| Mode, (Aq).
qeG

However, there are quite some difficulties in this approach. In the first place, one needs to know what
algebras A, to choose for each ¢ € G. Secondly, in order to obtain C as a braided G-crossed category we
must also somehow define a tensor product, a G-action and a braiding on | |, Mod(A,). We will now show
that this second problem can be overcome by imposing some extra conditions on the collection of algebras
{Aq}qec which will ensure that | |, .5 Modc, (Ag) can be equipped with the structure of a braided G-crossed
category®. First observe that if ¢,7 € G then we can equip the object 4, ® A, € C. with the structure of
an algebra by defining its multiplication to be pg * 1, = [pg ® pr] o [ida, ® ca, 4, ® ida,] and its unit to
be 1y ® 1, and we will write
Ay @A, = (Aq @ Ap, fig * fry Mg & Nr).

We can also equip the object Fi,(A,) with the structure of an algebra by defining its multiplication to be
F,(ur) and its unit to be F,(n,), and we will write

Fy(Ar) == (Fy(Ar), Fy(pr), Fo(nr))-
Now suppose that for any two group elements ¢q,r € G we are given an algebra morphism
Agr i Agr = A ® A,

that satisfies the condition that
Agr 0 Mgr =g @ 1y (5.2.1)

for all ¢, € G. For (V,7y) € Modc, (A,) and (W, ) € Modc, (A,) we then define
Ty OTTw + = [ﬂ'V (%9 7rw] o [iqu Kca,ve& ldw] o [AQW ®idv®w].

It is easy to check that (V ® W,my o mwr) € Mode, (Agr) and that we obtain a tensor product ¢ on
Lyec Mode, (Ag) by defining

(Vimy)o Wymw) = (V@ W,y omtw)

3We do not know whether or not every braided G-crossed category for which C. is a fusion category arises from such extra
conditions, i.e. if C is a braided G-crossed category with C. a fusion category and if {A;}4eq is a collection of algebras such
that Cq >~ Modc, (Aq) for all ¢ € G, we do not know whether or not there is always a way to implement this specific set of
extra conditions on the collection {A;}4e@ and, if so, whether or not C can be reconstructed as a braided G-crossed category
(up to equivalence) in this way.
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feg:=feg
If the A, also satisfy the condition
[Agr ®@ida,) o Agrs = [ida, ® Ay 5] 0 Agrs, (5.2.2)
then ¢ is associative. If there also exists a morphism ¢ € Home, (4., I) that satisfies
[e®@ida,] oAy =ida, = [ida, ®e]oAge (5.2.3)

for all ¢ € G, then | | e Mode, (A,) becomes a strict tensor category with tensor product ¢ and unit object
(I,e) € Mode, (Ac). Note that (Ae, Ace,€) is a coalgebra. To also obtain a G-action, we assume that for
any two ¢,r € G there exists an isomorphism

Pr Agrg—r = Fy(Ar)
of algebras. If ¢,r € G and (V,7y) € Modc, (A,), we define
Fymy = Fy(mv) o [pf @ id g, (v))-

It is straightforward to check that (Fy(V),Fymy) € Mode, (Aymq-1). In fact, we obtain a functor Fy :
Mode, (A;) = Mode, (Agpq-1) by defining

]:q[(V> 7TV)] = (Fq V)a]:qWV)7
Fo(f) = Fy(f)-

In case we also impose the conditions
@I = Fy(ps) 0wl (5.2.4)

for all ¢,r,s € G, then these functors will automatically satisfy Fg, = F, o F,. Finally, if the {A,,} and
{1} are also compatible with each other in the sense that

FQ(AT,S) ° §D7q"s = [Sﬁg & (Pg] ° Aqrq_l,qsq—l (525)

for all ¢,r,s € G, then each F, becomes a tensor functor and we thus obtain a group action F on
L, eq Modc, (Ag), which makes it into a G-crossed category.

Remark 5.2.1 There is a remarkable similarity between our discussion here and the one in [105]. In
section VIIL.1 of [105] the notion of a G-coalgebra is defined (in a non-categorical setting) as a collection
of vector spaces {A,}qec together with linear maps Ay, : Agr — Ay ® A, and € : Ac — I that satisfy our
conditions (5.2.2) and (5.2.3) above. Next a Hopf G-coalgebra is defined as a G-coalgebra for which all the
A, are algebras and for which e and the {A, ,} are algebra homomorphisms and for which (5.2.1) above is
satisfied, but the definition also implies the existence of an antipode (which we did not need). A crossed
Hopf G-coalgebra is then defined by introducing isomorphisms ¢, : A, — Ag.q-1, which is not quite the
same as our .

By making some additional assumptions on the underlying category C. it is also possible to obtain a braiding
for | ],cqModc, (Ag) by introducing morphisms Ry, : [ — Ag ® Ayp—1 analogous to R-matrices for Hopf
algebras, but we will not go into the details here.



Appendix A

Construction of Z-(C) in the
non-strict case

In this appendix we will provide a detailed proof of Theorem 4.3.3, which describes the construction of
Zc(C) in case C is a non-strict G-category. We will first prove some necessary results about half braidings
in Section A.1. Then we will prove the different parts of Theorem 4.3.3 in Sections A.2 through A.5.

A.1 Half braidings in non-strict G-categories

We will first recall the definition of a half g-braiding in a non-strict G-category. In contrast to Definition
4.3.1, we will also include the definition of half ¢g-braidings of the second kind here.

Definition A.1.1 Let (C,®,1,a,l,7) be a tensor category with a G-action (F,ef", §7).
(1) ¥V €C and ¢ € G, then a half g-braiding (of the first kind) for V is a natural isomorphism

@VI(X)O(VXidc)*)@O(FqXV)

of functors C — C, i.e. a family {®v(X) : V@ X — F (X) ® V}xec of isomorphisms in C such that
for all X,Y € C and f € Hom¢(X,Y) the square

X)

veox Y. p(x)ev

Lidv@f F,(f)®idv
vey 2 Ry)ev
commutes, satisfying the additional property that for all XY € C we have
Py (X ®Y) = [0% y ®idy]o a;ql(x),pq(y),v o [idp,(x) ® @v(Y)]
o ap,x)vy ° [®v(X) ®@idy]oayy y. (A.1.1)
(2) If V € C and g € G, then a half g-braiding of the second kind for V is a natural isomorphism
Uy :®@o (ide x V) = @0 (V x Fy-1)

of functors C — C, i.e. a family {Vy(X): X ®V = V® F,-1(X)} xec of isomorphisms in C such that
for all X,Y € C and f € Home(X,Y) the square
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Xov 2% ve R (x)

[f@idv Jidv®Fq—1(f)

vov 2P, yvg F,(Y)
commutes, satisfying the additional property that for all XY € C we have

—1
Uy (X @Y) =[idy @ % yloavp,_,(x).F, . (v) o [Yv(X) @idp,_, (v)]
e} a)_(,leq_l(Y) e} [ldx X \Pv(Y)] cax\y,v- (A12)

If C is a strict G-category, then ®%(X) = idx defines a half e-braiding for I. The following lemma shows
that we can generalize this to the case where C is a non-strict G-category.

Lemma A.1.2 Let (C,®,1,a,l,7) be a tensor category with G-action (F,ef’,6F). If for each X € C we
define Y : I @ X — F.(X)® I by
VX)) = TEJ(X) oel olyx,

then ®% defines a half e-braiding for I. Furthermore, we have
O (X) =15 (x) © lr.(x) © lidr @ eX]
= ek ®idj]oryt olx.
Proof. Naturality follows from commutativity of the diagram

—1
" Fe(X)

F
ToX —X 5 X — =X LX) /Y R(X)®T

Jid@f Lf JFe(f) JFe(f)@)idz
F -1

"Fe(Y)

Ioy —Y 5y 2 L Ry) = Ry) eI

for any XY € Cand f: X — Y. Now let X,Y € C. Then we can use the compatibility of ¢ with the
right unit constraint to rewrite rp, (xgy) as
T (xey) = Fe(rxey) o 0Xev,I° lidr, (xev) ® €]
= Fe(idx ®@ry) o Fe(ax,v,1) 0 8k gy, © [ldF, (xov) ®€°]
= 0%y o [Fe(idx) ® Fe(ry)] o (53(,3/@1)_1 o Fe(ax,y,1) 0% gy,r © ldr, (xoy) ® €°]
= 0%y o idp, (x) ® Fe(ry)] o idp, (x) ® 0y 1] © ap,(x),F.(v),F. ()
o [(0%.y) ' @idp, ()] o [idp, (xey) ®€°,
where in the second step we used Lemma XI.2.2 of [48], in the third step we used naturality of 6¢ and in
the fourth step we used the hexagonal diagram (2.8.1) for . We also have the two equations
5§(®Y =d%yo© ek ®ef]
Ixpy = [Ix ®idy]oas x v

Using these expressions, together with the fact that

idFe(X)(X)Y = [ldFe(X) X ly] (¢] a,Fe(X))I)Y [©] [T‘I:el(X) & ldY]
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by the triangle axiom, we find that
PNX®Y)
=T (xey) ° EXay © lxey
= lidp.(xey) ® (69) o 0%y @idr.(n] © ap x) k. v).m ) © [1dEx) @ (05,7) 7]
o [idp, (x) ® F.(ry)™']o (55(,3/)71 od%y o ek ®ey]olx ®idy] o aj_é(,y

= 0%,y ®idi] o ap! ) g (vyr © idrx) @ (idp, vy @ (£9) 7)) 0 fidp, (x) ® (65,1) 7]

=[idr, (x)®rp ) lolidr, (x)@Fe(ry)]

o fidp, (x) ® Fe(ry) ™' o lidp, (x) ® ey] 0 idp, (x)ey © [k ®idy]o [Ix ®idy]o af;(,y
= 0%,y ®id1] 0 ap ) p.(vy.r © 1dr.(x) @ T vl 0 [idr, (x) © ey] 0 [idp, (x) @ ly]

oap,(x),ny © [Fpx) ®@idy] o [ek @idy]o [Ix ®idy] o ar

= [6%y ®idf] o a;,j(X%Fe(Y)J o fidp, (x) @ PY(Y)] 0 ap,(x),r,y © [®YX) ®idy]oa; kv

This proves that ® is a half e-braiding for I. Finally, the equalities follow from the fact that the diagram

I® F.(X)
iW W
1 e r.
I®X X X X F.(X) —"L F(X)®1
X Aﬁ

commutes by naturality of [ and r.
O

In what follows, the following lemma will be useful.

Lemma A.1.3 Let (C,®,1,a,l,7) be a tensor category with G-action (F,ef", 6F).
(1) For X € C and q,r,s € G we define a morphism oy, s(X) : (Fy 0 F. 0 Fg)(X) — Fyrs(X) by

s (X) = (0gr.5)x 0 (3) o (x) = (5,05) x © Fo((87.5)x)-
This defines a natural tensor isomorphism'
agrs: (FgoF.o0Fs el0e" 0% 8700" 06%) — (Fyps,e?,097%).
As a consequence, for any X,Y € C we have
Qs (X ®Y) = 655 0 [agrs(X) © agrs (V)] 0 (6% 5 (x5 (ma(v))
OFq(dgs(X),Fs(Y))71 o Fy(F(6%.y)) " (A.1.3)
(2) For X € C and q € G we define a morphism Ay(X) : (Fyo Fy-1)(X) = X by

Ag(X) = (k) "o (55,(1—1))(-

1See Subsection 2.2.2 for the definition of the ¢ operation.
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This defines a natural tensor isomorphism
Ag:(FyoFy1,e90e" 59069 ) = (ide,°,8%),

where €° = id; and 6% y = idxgy. As a consequence, for any X,Y € C we have

—1

AyX®Y)=[A,(X)®A,Y)]o (5;(1_1(){)%_1(”)—1 o Fy(8% )7 (A.1.4)
(8) For all g € G and X € C we have the equality
Ay(Fy(X)) = agq-1,4(X) = Fy(Ay-1(X)). (A.1.5)

Proof. (1) The naturality of s follows from the naturality of 6*. Now let X,Y € C and consider the
two diagrams

Fy(Fr(e®))

Fq(FT(I)) — Fq(Fr<FS(I))>

Fy(e")
Fy(I) (8501 (60 Fe(n)
/
I Fo(l) —50 5 7, (R, (D)
GE 1
Fos(D).

and

Fy(Fo(Fu(X)) @ Fy(Fo(E (V) 200208 g () & By (F(Y))

(Ogr ) x @05, )y
T

Fyrs(X) ® Fyrs (Y)

Sy (Fs (X)), Fr(Fs (¥))
Fy(F(Fs(X)) @ Fr(Fs(Y))) Sy (), Fo (¥)
(84.1) Fe (X)@Fs (¥)
Fy(Fr(Fs(X) @ Fy(Y))) - For(Fs(X) @ Fs(Y))
Fo(Fr(0% ,y)) For (0% v)
(08 ) Fs(x@Y) (8F. Jxoy
Fy(F(Fs(X ®Y))) Fy(Fs(X ®Y)) Fprs(X®@Y).

For both diagrams it is easy to see that all their subdiagrams commute, so in both cases the big outer
diagram commutes as well. Using the equations

cloe"oe® =Fy(F,(e°)) o Fy(e™) o el
(6900" 06" x,y = Fo(Fr (0% y)) o Fq(éz‘s(x),Fs(Y)) © 5%7-(F5(X))7F,-(FS(Y))7

these outer diagrams can be rewritten as
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Fy(
I

ag,r,s(X)®ag,r,s(Y)
—>.

F(Fy(1)))
ag,rs(1)
F,

grs (1)

and

Fy(F(Fo(X))) ® Fy(F(Fs(Y))) Fors(X) @ Fors(Y)

J{(éqoé"oés)xyy J{é‘j{”‘,

Fy(F.(Fy(X @Y))) s (XOT) Fys(X @),

respectively. These show that g, s is a natural tensor isomorphism. The latter diagram also gives us

s (X ®Y) = 0% 0 [ag,rs(X) @ agrs(Y)] 0 (67007 0 8°)xy

= 0%y 0 [agrs(X) @ agrs (Y] © (0% (5, (x).p, (5. (v))
° Fq(5TFs(X),FS(Y))71 ° Fq(Fr(6§(7Y))*1.

(2) The naturality of A, follows from the naturality of e/’ and 6. Now let X,Y € C and consider the two
diagrams

Fy(Fy= (1))
F(/ 67 s
Fy(I) Fo(I)
/ J( imen
I i I
and

O O 1Y) Fa(6% y)

Fy(Fy 1 (X)) 8 Fy( By (V)] 2 B (Fy 1 (X) © By () 2 (o (X @ 7))
J@fqﬂxwiqﬂy J(éj,ql)xm
.
F.(X) & Fu(Y) o F(X®Y)
J(e@—l@(ei)—l J@i@y)l
X®Y Mdxey XaY.

For both diagrams it is easy to see that all their subdiagrams commute, so in both cases the big outer
diagram commutes as well. Using that e¢ = ¥, these outer diagrams can be written as
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o
g70¢€

I Ag(T)
\
I
and

59059
Fy(Fyer (X)) @ Fy(Fyr (V) 22 5 (FL (X 0 Y))
P;(X)@Aqm JAq(X®Y)

50
XQY =X X®Y.

The latter diagram also gives

Af(X®Y) =[Ag(X) @ Ag(Y)] 0 (870487 )5y

—1

=[Aq(X) ® Ag(Y)] 0 (5;17q_1(X),Fq_1(Y))71 0 Fy(0% y) ™"

)

(3) If X € C, then

Ag(Fy(X)) = (e, x) 1 0 (0 g-1) myx) = (829)x © (85 1) 1y (x)
= agq-1,4(X)
= (6.¢)x 0 Fy((65-1 )x) = Fy((eX) ™) 0 Fy((85-1 o) x)
= Fy(Ag-1 (X))
([l

In what follows, we will sometimes encounter expressions of the form ®yv (F,.(X ® Y)) that have to be
written out. For that reason, the following lemma will be convenient.

Lemma A.1.4 Let (C,®,1,a,l,7) be a tensor category with G-action (F,ef", 6F). If ®y is a half q¢-braiding
for Ve C and if r € G, then for any X,Y € C we have

Py (F(X®Y))
= [Fy(d%.y) @idy] o Py (F(X) ® F.(Y)) o [idy © (3% y) ']
= [Fq(‘s;(,y) ®idy] o [6%T(X)’FT(Y) ®idy] o a;ﬂj(pr(x)),pq(pr(y)),v ° [iqu(FT(X)) ® v (F(Y))]
0 ar,(F.(x))V,F(v) © [PV (Fr(X)) ®idp, (v)] o a\_/'}FT(X),FT(y) olidy ® (53(,1/)71] (A.1.6)

Proof. By naturality of ®y the square

Fr(X) @ F(Y)) — O g (g (X) @ F(Y) @V
idv @6k y JFq(Q},y)@idv
Vo F.(X2Y) v (XEY)) F(F(X®Y) oV
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commutes. But this is equivalent to the first equality that we have to prove. The second follows directly
from the fact that ®y satisfies (A.1.1).
O

The following proposition demonstrates that there is a one-to-one correspondence between half braidings of
the first kind and half braidings of the second kind.

Proposition A.1.5 Let (C,®,1,a,l,7) be a tensor category with G-action (F,e¥,6F) and let V € C.
(1) If @y is a half g-braiding for V, then

Ty (X) =By (F,-1(X)) Lo [A(X)F @idy]

defines a half q-braiding of the second kind for V.
(2) If Oy is a half g-braiding of the second kind for V, then

Dy (X) = Uy (Fy(X)) " o fidy ® Ag(X) 7]

defines a half g-braiding for V.
(8) The assignment ®y — Uy in part (1) and the assignment ¥y — @y in part (2) are inverse to one
another.

Proof. (1) The naturality of ¥y follows directly from the naturality of A, and ®y, as can be seen by
taking X, Y € C, f € Hom¢(X,Y) and by considering the diagram

Ay (X)) @idy Dy (F,—1 (X)) 7!
L 5 —r 7

XeV F(F, (X)) ®V

q

Ve F,-1(X)
Lf@dv Fq(F,—1(f))®idv lidV®Fq1(f)

—1g; Dy (F _1(Y))~?!
Ay (Y) ™ ®idy Fq(F—l(Y))®V v(F,-1(Y))

q

YoV V®F,1(Y).

To prove that Wy satisfies (A.1.2), let X,Y € C. Equation (A.1.6) allows us to rewrite ®y (F,-1(X ®Y)) as

Oy (Fypr (X @) = [F((0% 1)) @idv] 0 8%, ) 1, vy @idv] 0 a5k, ()i ooy
o [idp,(r,_, (x)) @ Pv(Fy-1(Y))] 0 ap,(p,_1 (x),V,F,-1 (V)
o [y (Fy 1 (X)) @idr, ] oavl ) p v © lidv ® (8% )71,
Together with equation (A.1.4), this gives

Ty (XoY)™!
=[A¢(X ®Y)®idy] o @y (F-1 (X ®Y))

= [(8(X0) 8 A, (V) @ idy] o [0, (x5, ()™ @idv] 0 [Fy(0% ) @idy]
O [F (0 3) @idv] 0 [0 | e, () @ idV]
° aqu(Fq,l(X)),Fq(Fq,l(Y)),v o [idp, (1 (x)) @ Pv(Fy-1(Y))] 0 ap,(p,_, (x)),V,F,-1 (v)
o [Py (Fy-+ (X)) ®idr,_, ] oayp , x).p,_, vy © ldv @ (6% )]
= [(Ag(X) @ Ag(Y)) @ idv] 0 a;'ql(Fq_l(X)),Fq(Fq_l(Y)),V ° [iqu(Fq,l(x)) ® Oy (Fy-1(Y))]

. p— . -1 —
0 AR, (F 1 (X).ViF, 1 (v) © [V (F (X)) @1dp ] o ays  (x) k) © lidv ® (6% ) 7]
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= a;&av o [ldX & (Aq(Y) X ldv)] o [ldX X @V(Fq—l (Y))]
© aX7V7Fq71 (v)© [(AQ(X) ® ldv) by iqu71 (Y)] o [(DV(Fq*l (X)) (%9 iqu,l(Y)]
. -1
Ay, (x).F, (v © 1AV ® (0% y) 7]
= axyyolidx @ Uy (V) oaxvr, )0 [Pv(X) " @idp,_, (v)]

— -1 —
°© aV,qu_l(X),Fq_l(Y) o[idy ® (5X,Y) .

Taking the inverse on both sides, we see that Uy satisfies (A.1.2).
(3) This follows directly from equation (A.1.5).
(]

We will now generalize our results of Subsection 4.1.1 to the case of non-strict G-categories.

Lemma A.1.6 Let (C,®,1,a,l,7) be a tensor category with G-action (F,e¥',6F). Let V,W € C and let
q, 7 €G.
(1) If v is a half q-braiding for V and ®w is a half r-braiding for W, then we obtain a half qr-braiding
Py @ Oy for V@ W defined by
(®y @ w)(X) : = [(6;,)x ®idvew] 0 ap, (. (x)).v.w © [Pv (F(X)) ® idw]

o a’;}F,.(X),W o [ldv (9 (Pw(X)] oay,w,x-
(2) If ®v is a half g-braiding for V, then we obtain a half rqr='-braiding F,®v for F.(V) by defining

(Fr@v)(X) 1 = [ gr1(X) @idp, 1) © O, 5y (xy)v) L 0 Fr(@v(F1(X)))
o0y _,(x)° [idr.)® A(X)T.

Proof. (1) The naturality of ®y ® @y is obvious. To prove that &y @ $yy satisfies (A.1.1), let X, Y € C.
Then

(Py @ Py )(X®Y)
=[(6) ) xey ®@idvew] o ar, (k. (xav)v.w © [Pv(Fr(X ®Y)) ® idw]

° a;,lp,,(x(gy),w ofidy ® Pw (X ®@Y)] o av,w,xey

= [0} ) xey ®@idvew] o {ap,r,(xev),v,w © [(Fy(0k y) ®idy) @ idw]
o [(9F, (x5 (v) @ 1dv) @idw]} o [aF (Fr (X)), Fy (B (V) V © idw] o [(idr, (7, (x)) © Pv (Fr(Y))) @ idw]
o [ar,(r,(x)), V.5 (v) @ idw] o (v (F(X)) @ idp,(v)) @ idw] o {lag’ ) g vy @ idw]
o[(idv ® (0% y) ") @idw] o aV7]FT(X®Y),W o idy ® (0% y ® idw)]
o [idy ® aF x).E.(v)wlt o ildv @ (idp, (x) @ Pw (Y))] o [idy ® ap, (x)w,v]
o [idy ® (®w (X) ®@idy)] o [idv ® ay'y y] o avwxey
= {[(67) xey @idvew] o [Fy(0k y) ® idvew] o (6% (x) 5 (v) @ idvew]}
C ARy (Fr(X)@F,(Fr(Y)),V.W © [a;ql(Fr(X)),Fq(FT(Y)),V @ idw] o [(idr,(r, (x)) ® Qv (F(Y))) ® idw]
o [ag,(r(x)), V.5 (v) @ idw] o (v (F(X)) @ idp,(v)) @ idw] 0 ayy p (x) 5y
© a;,lFT(X),Fr(Y)Q@W o fidy ® (idF, (x) @ Pw (Y))] o {[idv ® ap, (x),wy]
o [idy ® (P (X) ®idy)] o [idy @ a;V%X’Y] oay.w.xey )
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= [0% y ®idvew] o [((6],)x @ (0),)y) @ idvew] © ar, 5, (x)eF,(F ),V,W
o g, (x)). 5, (pr(vyyy ® 1wl o [(idE, (. (x) © Qv (Fe(Y))) ® idw] © [ar,(k,(x)), v,k @ idw]
o [(v (Fr(X)) ®idp,(v)) ®@idw] o a;é@FT(X),FT(Y),W ° {a\_/,lFT(X),FT(Y)tX)W
o[idy @ (idr,(x) ® ®w(Y))] 0 av,r,(x),wey} © aver, (x)wy
o [ay, (xyw @idy] o [(idy ® Pw (X)) @ idy] o [av,w,x ® idy]
° aV®W,x,Y
= [0%y ®@idvew] o [((6),)x ® (0),)y) @ idvew] © ap, (5, (x)@F,(F,(¥),V,W
o [ag)(p, (x5, (ko vy @ 1dw] 0 [(dr, (r,(x)) ® Qv (F(Y))) @ idw] o {[ar, (k. (x)),v.F.(v) ® idw]
o [(@v (F.(X)) ®idr,v) ®idw] 0 ayg (x) 5, vy w © [ldver, (x) © Pw (V)]
0 aver,(x) Wy} © oy, () w ®idv] e [(idv @ Pw (X)) @ idy]
o [av,w,x ®idy]o a\?égmx,Y

(0% y @ idvew] o [((6,)x ® (0),)v) ®@idvew] o {ar,r (x)eF,F )v,Ww

o A, x)). 5y (o vy @ 1w 0 [(dp, (r, () @ v (E(Y))) @ idw] 0 a1 () vear, o)W
o [(05)% @idwer onewl} o [idr, (x) ® C‘17/,11F“7«(Y)’W] o lidr,, o) ® (idv & 2w (V)]
o [idr,,(x) @ aviwy]o ar, oo vewy ° {[((9,)x @idvew) ®idy]
o [ag,(r,(x)vw @idy] o [(Pv (F(X)) @ idw) ®idy] o [ay s ) w @ idy]
o [(idy ® Dw (X)) @ idy] o [avw.x ®idy]} o aphy vy
= 0%y @idvew] o {[(6,)x ® (67,)v) @ idvew] o [((07,)x" © idr,r, o)) @ idvew])
. {anr X)0F(E ()W © lagt o) (F oy ®@idw] o [(dp,,x) ®@ Qv (F(Y))) @ idw]
o CLF O ver.a)wt °idr, (x) ® aVF ol @ lidr,, o) @ (idy ® Qw (Y)]
°[idr,.(x) @ avwy] o ar, () vewy ° [(2v @ 2w)(X) @idy]
° aygw,x,y
= 0%y @idvew] o {[(idg,,(x) ® (57,)y) ® idvew] o a;qlr(x)vF Evewt
o [idg,, (x) ® ap,(F.(x).vw] © idr, (x) ® (v (F(Y)) @idw)] o [idp,, x) © ay} () w]
o [idp,,.(x) @ (idv @ ew(Y))] o idp,,(x) ® avw,y] o ar,. (x)vewy
o [(Py ® ®w)(X) ®idy] 0 ay g x.yv
= [0%y ®idvew] o a;:,,(x),Fq,,.(Y),V@)W o{[idg,, x) ® ((6;,)y ®@idyew)]
o [idp,,(x) ® ar, (k. (x),vw] 0 idp,, (x) ® (Bv(F(Y)) ®idw)] © fidr,,(x) ® a5 (v)w)
o lidp,, x) @ (idv ® @w(Y))] o lidr,, (x) ©® avwyl} 0 ar,, x) vewy
o [(®y ® Pw)(X) @ idy] 0 ayly x.y
= [0%y ®idygw] o a;ij(X),qu(Y))V@W o[idg,, (x) ® (Pv ® Pw)(Y)]
© ag,,(x),vewy © [(2v ® @w)(X) ®idy] 0 ay gy, vy

showing that &y ® Py is indeed a half gr-braiding for V& W.
(2) Naturality of F,®y is obvious. We also have

(Frov)(X @Y)

191
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= [0 (X @) @idp, )] © (O, (5, (xayyv) 0 Fr(@y (F-1 (X @ 7))
08 p .y (xay) © ldr) @ A(X ®Y) 7]
= [0 ®idp, (1)) 0 {{(Cngr1 (X) ® gt (V) ® idp, 1]}
ALk, (ks (m o)) @R 0 [F(0F | (xy 5 vy) T ®idp(v)]
o [F(Fy (573(7,;))‘1 ®idr, ()] © 6%,k _, (xayy,v) O F,.(Fq(égg;) ®idy)
© Fr (0%, _y 01,5, (v) @1V)} 0 Frlar, i,y 00y (8 )
o Fr(lqu(F,.—l (x)) © @y (F,-1(Y))) o Frlap,(r_, (x)v.F, . (v)) © Fr(®v(F1(X)) ©@idp _, (v))
o Fr(av.p_,(x).5,—(v) " 0 Frlidy ® (0% y) ™) 0% 1 (xer)
o lidp (1) ® Fr(% y)] o [idi, vy @ 5, (3. (v) @ Lk 1) @ (A (X)L @ A, (¥) )]}

rqr—t .
=[0¥y @idr.w)loar’ i r (yLF,.(v)O{[anqu(X)@’(ar,qu(n@ldFr(V))]}

g
o{ar, (F,(F._1 (X)), F(Fy(F,_1 (Y))),F, (V) © [(J;Tq(Fr_l(X)),Fq(FT_l(Y)))il ®idp, ()]

0 (%, (-1 (XN@ s (Fpr V) 0 Fr(@ry(F, L (), Py (P ) V) )

o Fr(idp,(r _, (x)) ® ®v(F-1(Y))) 0 Frap,(r _, (x)),V.F._1 (V)

o Fr(@y(Fr-1(X))®@idr _,(v)) o Frlavr _,(x).F 1 (v) )"t o {F(idy ® (53;31/)71)
° 81, (xev) ° lidr 1) ® Fr(@k y )1} o lide,(v) ® 85, cx).m, ()]

)"'}o aErl(v),x,Y

(
0 (ar,q,r*1 (Y) & ldF7(V))]
®

T -1 . — .
= [(SXq?;/ ®ldF,. V)] o a,Fl _1(X) P _1(Y),FT(V) o [ldFrqrfl(X

rqr rqr

O AR, (V),F(F, 1 (X)), Fo(F,_1 (v)) © {{(idF,(v) ® Ap(X)™ ) @AY
)

o {[ay,qr-1(X) @ idr, (r,(F,_y () @F.(v)] © 1dE, (5, (5,1 (x)) © (0, (r vy ) " 1}
A0, (7, (30 Fy(F, -1 rev) O Frlidr, (r i (x)) © @ (Fra (Y)))} 0 Frlag, 7,y (x)),viF, -1 ()
o{F (v (Fr-1 (X)) ®@idp _,(v))}o F”'(aV,FT,—l(X)’Frfl(Y))_l © 0V, F, 1 (X)BF, 1 (V)

o fidr, (v) ® 0, _, (x),5, ()] © {0F. (V)P (F, -1 (00, F (Fma () © i F, (V)2 (P, () @ Ar(Y) 7]}
° [(1dp V) ® A F(X) T @idyoag iy xy

= [5;11/ ®idp, ()] o aF L (X),F. 1 (Y),Fr(V) ° [idFrqrfl(X) ® (g1 (Y) @ idp,(1))]

g
ofidr, . x)® Op,r _ (vy,) 10 g1 (X) @ dr, (5, (5,1 (v))ov)]

o [idr, (r,(F, 1 (x))) @ Fr(Pv (Fr-1(Y)))]} o {( qu(Fr_l(X)),V@FT_l(Y)r1 o Fr(ar,(F._1 (X)) V.F._1(Y))
005, (F _ (x)@V.F, 1 (v)) ° [Fr(@v(F-1(X))) ®@idp.p,_ v)] o {0V er _, x)p 1 (v))
OFT(GV,F,A(X),FM(Y)) 00y (x)eF, . (v) ° dr0) ® 0% ) r o0}

o fidp, vy ® (idF, (7, (x)) © Ar(Y) D] 0 ap, ()5 F, . (x)),y © [(idr, vy @ An(X)7!) @idy]

-1
o (V)XY

LCOF. v,y © 1R, () @ (g e-1 (V) @ 1dE, (1v))]

ofidr,  ,x)® O, r_, (vy) Holidr, i x) @ F(@v(F-1(Y)))]
o {lov, g1 (X) ®1dp, (var, vy © [dr. (7,71 (X)) ®OVF _, )]}

r—

= [0}y @idp, ] ar.
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O AR (Fy(F, 1 (X)), Fe (V) Fr(F,o1 (V) © [0,y (x0),1) ™! @ idp (5,1 (v))]
o [Fo(®y (F,-1 (X)) ® idF,,.(Fr,l(Y))} o {[6;)FT_1(X) & idF,,.(Fr,l(y))} °© a;‘:(V),FT(FT_l(X))yFr(FT—l(Y))
o fidr, (v) ® (idp,(r, 1 (x)) ® Ar(Y) )] 0 ar, (1), F,(F, -2 (xy } 0 [(dp, ) @ An(X)7H) @ idy]
© az_vl(V) XY
= [0y Ty ®idp, vyl o aF1 O E (V) @ BE 100 @ (g1 (V) @dE, 1) )]
ofidr _(x)® Fhyp_vp) Tolidr, o) @ Fo(@v(Fa (V) ofidr, _x) @80 v
o {[ar g.r-1(X) @ 1dp, (V)@ F(F, 1 (V)] © OFL (R (B2 (X)), F (V) o (B o1 (V)
o [0k, (r_y x)v) " @ider_ (v)] o [Fr(@v(Fr-1(X))) @ idE,(r,_, (v))]
o[idp, (ver, ,(x) @A)} o [0,k x) @idy] o [(idp,v) @ A(X) ) @idy]oag!y) .y
= 655 ®@idp )] Cap L x)r, o) @ e, ) ® (@ (V) @idp, (1))
olidr,, ) ® (05, _,ornv) " 1o lidr,, _ x) ® F(Pv(Fa (V)] o [idr,, _(x) ® 0 p _, v)]
olidp,, _,x) @ (idr) ® AY) D} oar, . x0,mm)y © {1 (X) ®idp,v)) @idy]
o [0k, (r_ (xy,v) " @idy] o [Fr (v (Fr1 (X)) @idy] 0 07, (x) @ idy]
o [(idp,(v) ® Ar(X) ") ®@idy]} o a;r(V)vX,Y

[‘5;?1/ ®idp, )]0 ap (X0 F (0 Ev) © R, ) @ Fr@v (V)]

rqr

0GR (X),F (V)Y © []'—r‘I’V(X) ®@idy]o a;‘j(v),X,Y’

rqr

which shows that F,.®y satisfies the condition (A.1.1).
O

Remark A.1.7 The analogous statements for half braidings of the second kind are as follows. If Uy is a
half g-braiding of the second kind for V' and Wy is a half r-braiding of the second kind for W, then

(Ty @ Uw)(X) : = [idvew ® (6, - )x]oagyp (7,1 (x) © lidy @ Wy (Fyoa (X))
0 av,F,_, (X)W ° [Py (X) @idw] o a)?}v,w

defines a half gr-braiding ¥y ® Wy, of the second kind for V@ W. If Uy is a half ¢g-braiding of the second
kind for V and if r € G, then

(F0)(X) : = fidp (v) © angso1 (] 0 0 x0)) 0 BTy (Bt (X))
o8 Ly © 1A @ idg, 1)

defines a half rqr~!-braiding F, ¥y of the second kind for F,.(V).

A.2 Z;(C) as a category

Lemma A.2.1 Let (C,®,1,a,l,7) be a tensor category with G-action (F,ef", 6T"). For each q € G we define
a category Zg(C)q as follows. The class of objects is given by

Obj(Za(C)q) :=A{(V,®y) : V € C and Py is a half ¢-braiding for V'}
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and we define Homg ), ((V, @v), (W, ®w)) to be
{f S HOIIlc(V7 W) : [iqu(X) ® f] o (I)V(X) = (I)W(X) o [f ®1dx] VX € C}

This defines a category Zg(C)q, where the composition of morphisms is the same as in C and the identity
morphisms are given by idy.¢,) = idy. We then define the category Zg(C) as the disjoint union

Zg(C) = | | Za(C),.

qeG
Thus, an object in Zg(C) is a triple (V,q, ®y) with g € G and (V,®v) € Zg(C),.

Proof. In order to show that Z¢(C) is a category, it is enough to prove that Zg(C)4 is a category for each
q € G. We thus fix ¢ € G. Let f € Homg, e, (U, @v), (V,®v)) and g € Homg, ), ((V, @v), (W, Pw)).
Then for all X € C the morphism g o f € Hom¢ (U, W) satisfies

lidr, (x) @ (g o f)] o Pu(X)

= [idpq(X) ®g] o [idpq(x) ® f] o (I)U(X) = [iqu(X) (9 g] o q)v(X) o [f ®1dx]

=Py (X)o[g®idx]o[f ®idx] = Pw(X)o[(go f) ®idx].
This shows that go f € Homg, ), (U, ®v), (W, @y )), so the composition map in Zg(C), is well-defined. If
(V,®@y) € Zg(C)y, then the morphism idy € Ende (V) satisfies [idp, (x)®idy]o®y (X) = @y (X)o[idy ®@idx]
for all X € C, so idy € Endg, ), ((V,®v)). Because the composition in Zg(C), is defined to be the same
as in C, it is clear that the composition in Zg(C), is associative and that idy acts as an identity morphism

in Z¢(C),. This completes the proof that Zg(C), is a category for each ¢ € G, and hence that Z¢(C) is a

category.
(]

The following simple lemma will turn out to be very useful.

Lemma A.2.2 Let (C,®,1,a,l,r) be a tensor category with G-action (F,et',§F), let g € G, let (V, ®v), (W, @y ) €
Za(C)q and let f € Home(V, W) be an isomorphism with inverse f~1 € Home(W, V). If f € Homg, ¢, (V, ®v), (W, @y )
then f~' € Homg, ), (W, @w), (V, Pv)).

Proof. For any X € C we have

By(X) o [/} @idx] = [idpyx) @ (F o /)] 0 B (X) o [/} @ idy]
= [idp,(x) @ f o @w(X) o [(fo f7) ®idx]
= [idp,(x) ® [ 7] 0 Pw (X),
so indeed f~' € Homy, (c), (W, @w), (V,®v)).
([
As a consequence, any morphism in Zg(C) that was invertible in C is also invertible in Zg(C) because

the composition of morphisms in Zg(C) is the same as in C. In what follows, this fact will be used very
often.

A.3 The tensor structure on Z;(C)

Lemma A.3.1 Let (C,®,1,a,l,7) be a tensor category with G-action (F,e™ 6¥). The category Zg(C) can
be equipped with the structure of a tensor category by defining the tensor product on the objects by

Vg, ®v) @ (W, r,0w) := (Ve W,qr, oy @ Pw),
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where

(Pv ® Pw)(X) = [(65,)x @ idvew] o ar,r,(x)vw © [Pv(F(X)) @ idw]
© a\_/,lFT(X),W o idy ® ®w (X)] o ay,w,x

and by letting the tensor product on the morphisms be the same as in C; the unit object is (I, e, ®Y), where
PYUX) = r;:(X) oel oly for all X € C and the associativity constraint and the unit constraints are the ones

of C.

Proof. We have already proved in part (1) of Lemma A.1.6 that if (V,q, @y ), (W,r,®y) € Zs(C), then
Oy ® Dy is a half gr-braiding for V@ W. So the tensor product of Zg(C) is well-defined on the objects. To
show that the tensor product on morphisms is also well-defined, let f € Homgy,c)((V,q, ®v), (W,q, Pw))
and f' € Homg, ) ((V', ¢, ®v+), (W', q',®w)). Then for each X € C the morphism f ® f' € Home(V ®
V', W @ W') satisfies
lidr,, x) ® (f @ )] o [(2v ® v )(X)]
= lidr,,x) @ (idw ® )] o [idr, , cx) ® (f @ idv)] 0 [(854)x @ idvey] © ar,(r, x). vy
o [@V(Fq/(X)) ®idy/] o a\_/,qu/(X),V’ oidy ® ®y/(X)] o av,v:,x
= [idp, ,(x) @ (idw @ )] o [(61 ) x @idwev] o ap,r, (x).wv o [(idr,F, (x) @ f) @idy/]
o [q)v(Fq/(X)) X idvl} o a\j,lF'q/(X),V’ o [ldv ® Py (X)] oav,vx
= [(55,(1/))( ®idwew'| ° ar,(r, (x)),ww © ldr, (7, (x)ew @ o [@w(Fy (X)) ®idy/]
o [(f ®idr, (x) ®idvi] o ayi ()4 © lidv ® Byr(X)] o avyr x
= [(65.4)x ®idwew] 0 ap, &, (x)w.w o [Pw(Fy (X)) @ idw] o “;VI,FQ,(X),W/
o [f (24 (iqu/(X) X f)] e} [ldv & (I)V/ (X)] o aV,V’7X
= [(55q/)x ®@idwew] o ar,(r, (x),ww © [Pw (Fy (X)) ® idw/] o “;VI,FQ,(X),W/
o [idw @ ®w(X)] o aww x o [(f ® f') ® idx]
= [(ew ® Py )(X)] o [(f ® f') ®idx].
This shows that f® f' € Homy, o) (V@ V', q¢', Py @ ®yr), (W @ W', qq¢', Py ® Pyv)) and hence that the
tensor product on morphisms is indeed well-defined.
The interchange law in Zg(C) follows directly from the fact that both the composition and the tensor
product on morphisms in Z(C) are defined to be the same as in C. The fact that the identity morphism
of an object (V,q,Py) € Zg(C) is given by the identity morphism idy in C immediately implies that

id(V,q,@y)@(W,r,fbw) = id(V,qﬁbv) ® id(WJ«,‘pW) for any (‘/, q, va), (W, T, wa) S Zg(C)
We now claim that if (U7 q, (PU)7 (‘/7 T (I)V)v (VV, S, (I)W) € ZG(C)7 then

AU,q,2v),(V,r,®v),(W,s,ow) -=— AU,V,W
defines an associativity constraint for the tensor product in Zg(C). We have
[Py @ (Pv @ Ow)](X) o [av,v,w @ idx]
= [(0grs)x ® ldugvem)] 0 ar, (k.0 vvew © [2u(Frs(X)) @ idvew] o agy (x) vew
o [idy ® (Pv ® ®w)(X)] 0 av,vew,x © [av,v,w ® idx]

= [(0gr5)x @ idugvew)] © ar, (k.. vvew © [Pu(Frs(X)) @idvew] o {ag s (x)vew
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o fidy @ ((67)x ®idvew)]} o {[idv @ ag, (r,(x)),v,w] © idy @ (Pv (Fs(X)) © idw)]

oidy ® a‘_,lF (X),W} ofidy ® (idy @ ®w (X))] o [idy ® av)W7X] °ay,vew,x © l[av,v,w ®idx]}

[ redx ®idugvew)) o ap,p,,(x),0.vew © {[Pu(Frs(X)) ® idygw]

(4,
[(ldU ® <5F )x) ®idvew]}o {aU,FT(FS(X)),V®W 0 Ay, F, (Fu(X)).VOW } © AUGF, (F.(X)),V,W
olag iy, (p.(xy)v @idw] o [(ldy ® @v(F(X))) @ idw] o [avv,r,(x) @ idw] 0 aggy g oxyw
o [idugv ® Pw (X)] 0 avgv,w,x
= [(0gr5)x @ idugvew)] © {ar, . x).vvew o [(Fa((6),)x) @ idy) ® idvew]}
o {[®y (F(Fs(X))) ®idvew] o avgr, (F.(x),v,w} © [a’[;}p‘r(ps(x))"/ ® idw]
o [(idy ® v (Fy(X))) @ idw] o lav,v,r,(x) @ idw] o ag gy o x)w
o [idygy ® Pw(X)] 0 avev,w,x
={[(0) ) x ®@idygwew)] ° [F((6])x) ®dugven)]} o {ar,r.(r )0 vew
o ag,(r,(m(x)euv.w ) O [(Pu(FH(Fy(X))) @idv) @ idw] o [ags . xy.v @ idw]
o[(idy ® @y (Fs(X))) ®@idw] o [av,v,r,(x) ® idw] o aa(lgv’ps(x),w
o [idygy ® Pw(X)] 0 avev,w,x
={[(0h.s)x ®idugwew)] © [(6s,)r.x) @ idugew)] © idp,F (7 x) © avv.w]
O AF, (F,(F.(X))),URV,W } © [an(FT(FS(X))),U,V ®idw] o [(Py (Fr(Fs(X))) @ idy) ® idw]
° [aa,lm(Fs(X)),v ® idw] o [(idy ® @v (Fs(X))) ® idw] o [av,v,F, (x) @ idw]
© 4y p.xyw © 1dusy ® Pw (X)) 0 avgv,wx
= [idp,,.x) ® avv.w] o[04, o) x @ idweview] © ar,, (r.(x)vev,W
o {[((65,) o (x) ®idugy) ® idw] o [ag, (r, (. (x)).0,v @ idw] o [(Bu(Fr(Fy(X))) ®@idy) ® idw]
° [C‘E,IR(FS(X)),V ®idw] o [(idy ® ®v (Fs(X))) ® idw] o [av,v,r, (x) ® idw]}
© 4y pxyw © 1dusy ® Pw (X)) 0 avev,wx
= [idp,.x) ® avywl o (6. ) x ®idweview] © arp, (r.(x)vev.w
o [(Pr ® Py)(Fy(X)) @ idw] 0 aggy o xy.w © idvey © @w(X)] 0 avev,w,x
= [idp,,.x) ® av,y,w] o [(Pv ® Pv) ® Pw](X),

where the equality © follows from the commutativity of the diagram
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U (VeW)eX)
J{idu®av,w,x

U (Ve (WeX))

U VeoW)eoX
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(UeV)eW)® X

laU(X)V,W,X

lidU®(idV®‘I>W(X))

U (Ve (Fy(X)oW))

ay,v,weXx

UeV)e(WeX)
lidu@v@‘i‘w(X)

UeV)® (Fs(X)2W)

. —1
du®ay, p (x),w

U (Ve F(X)oW)

AUV, Fs (X)W

laaéav,ps(x),w
(UV) F(X)) W

laU‘V,FS(X)®idW

lidu®(<l>v(Fs(X))®idw)

AU VRFs(X),W

U (F(F(X)@V)eW)
J{idu®aFr<Fs<X>>,vyW

U (F(Fs(X)) @ (VeW))

AU, Fr(Fs(X))®V,W

U (VeF(X)W
lﬁdU@q’V(Fs(X)))@idw
U (F(Fs(X)@V) oW
laa,lmmx»v@idw
(U F(Fs(X))@V)@ W

(%xmv,w

(U® F.(Fy(X)))®(VeW).

AU, Fr(Fs(X)),VOW

We thus conclude that indeed a(y,q,a,),(v,r,dy),(W,s,0y) 18 an isomorphism in Zg(C) from [(U, ¢, ®y) ®
(Vor, @)@ (W, s,Pw) to (U, ¢, 2y) @ [(V, 7, v) @ (W, s, Py )]. Naturality of the associativity constraint in
Z(C) and the pentagon axiom for the associativity constraint in Zg(C) both follow from the corresponding
properties in C, since both the composition and tensor product of morphisms in Zg(C) is the same as in C.

We now claim that (I,e,®%) € Zg(C) acts as a unit object in Zg(C) with the left and right unit
constraint in Zg(C) given by l(v,4.¢,) = ly and 7(y,q.a,) := rv for all (V,q,®y) € Zg(C), respectively. Let
(V,q,®v) € Zg(C). We will first show that /v, ¢,) and 7y, ¢,) are morphisms in Zg(C). Because for

each X € C we have
(0F @ Bv)(X) = [(67,)x ®id1gv] © ap,(r,x)).1.v © [PF(Fy(X)) @ idy]
© az p xyv © lidr ® Py (X)] o ary.x
=[(62)x ®idrgv] o ap, (r,(x)).1,v © [T;el(Fq(X)) ®idy]o [qu(x) ®idy]
©[lp,(x) ®@idy] o a;,}q(X),v olid; ® ey (X)]oaryv,x,
we find that
[idp, (x) ® ] o [(BF ® v)(X)]
= [idg,(x) @ lv] o [(65,)x ®idigv] o ar,(r,(x)),1,v © [r;j(Fq(X)) ®idy] o ek (x) ©idv]
©[lp,(x) @idv]o a;}?q(x),v ofid; ® v (X)]earv,x

= [((55(1))( & ldv] o [idFe(Fq(X)) ® lv] © AF,(F,(X)),I,V © [r;el(Fq(X)) ® 1dv} o[glfs'q(X) ® ldV]

=idp, (rq(x) 0V
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o [qu(X) ® idv} o al_,;‘q(X),V o [id[ ® @V(X)} oarv,x

= [(((55q)x OEEQ(X)) ® ldv] o} [qu(X) ® ldv] [¢] a;}q(x)y O[id[ ® @V(X)} (¢] aI,V,X

:iqu(X)®V :qu(X)®V
=lp,(x)ev ° [idr ® Py (X)]oarvx = Py(X)olygx carv,x
— Dy (X) o [ly ®idx]

for all X € C. This shows that Iy € Homg, ¢y ((/, e, N @ (V,q,®v),(V,q,®v)). Similarly, because for each
X € C we have

(v ® ®N)(X) = [(65,)x ®idvar] o ar,r.(x)v.r © [Pv(Fe(X)) ®id]
© a\_/,lFe(X),I o [idy ® ®(X)] o av,1x
= [(0g0)x @ idver] o ar,(r.x).vir @ [Py (Fe(X)) @ id]

o a;}e(xﬂ o [idy ® r;:(X)] olidy ® k] ofidv ®ix]oavr x
we find that

lidp,(x) @ rv] o [(Py ® BF)(X)]
= lidp,(x) @ rv] 0 [(0g)x @idver] o ap,r.(x),v.r o [Pv(F(X)) ®id/]
o a;’lpg(x)J o [ldV ® /rl;el(X)] o [ldV ® 55{] o [1dV & ZX] oav,,x

=[(60.)x ®@idy] o [idp, (k. (x)) ® Tv] © ar,(r,(x)).v,1 0[Py (Fe(X)) ® id/]

=TFy(Fe(X)@V
° a;’IFE(X)’I o [idy ® r};:(x)] ofidy ® ] ofidv @ Ix]oavrx
= [(0g0)x @ idv] o rp, (£, (x)ov © [Py (Fe(X)) ® id/]
o a;,lFe(X)J ofidy ® TE:(X)] o idy ® k] o idy ® Ix] o av,rx

= [(07¢)x @idv] 0 @y (Fu(X)) 0 v (x) © @y (x)1

=idv ®Tr, (x)
ofidy ® 15 )] o [idy ®@eX] o [idy ® Ix] 0 av,r,x

= [(556))( ® ldv} o ‘I)V(Fe(X)) o [ldV & Ei} o [ldv ® lx] oav,r,x

=ry®idx

=[(67.)x ®idy] o [Fy(ek) ®idy] 0@y (X) o [ry @ idx]

=idr, (x)@Vv

= &y (X)o[ry ®idx]

for all X € C. This shows that 7y € Homg, ) ((V,q,®v) @ (I, e, ®9), (V,q,®y)). Naturality of [ and r in
Z(C) and the triangle axiom in Zg(C) follow from the corresponding properties in C, since the composition
and tensor product of morphisms in Zg(C) is the same as in C. We thus conclude that Zg(C) is a tensor
category.

O
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A.4 The G-grading and G-action

Lemma A.4.1 Let (C,®,1,a,l,r) be a tensor category with G-action (F,ef 6F"). Then Zg(C) becomes a
G-graded tensor category if we define

8[(Va q, (I)V)] =4q.
We can define an action (F,e,d) of the group G on the objects of Zg(C) by
Fol(Vir,@y)] = (Fq(V),qTq_l,quI)V),
where
(Fr®v)(X) = [ g1 (X) @idp, ()] © (O, (p_, (x)v) " © Fr(@v(Fr1(X))
° 6{-/,F7,71(X) olidp,.(v) ® AT(X)_l]
= (07— x ®idp, 1] 0 [(670)F,_, (x) ® g, ()] © (6, (p _, (x)),v)
o Fr(Py(Fr-1(X)) 08y, (x) © lidr,(v) © (0,-1) %] © [idr, vy ® k]

and on the morphisms we define F4(f) := Fy(f); the € and § are the same as for the G-action on C. This
gives Zi(C) the structure of a G-crossed category.

Proof. Let (V,q, Py ), (W,r,®w) € Zc(C). The map 9 has the property that
NV,q,®v) @ (W,r,0w)] = IV @W,qr, Py @ dw)] = gr = I[(V, q, Py )|0[(W, 7, Pw)].

It is also clear that if (V,q,®v),(W,r,®w) € Zg(C) are isomorphic, then ¢ = r, i.e. 9[(V,q, Py)] =
O[(W, r, Py )]. Hence it follows that Z¢(C) is a G-graded tensor category.

We will now show that F is a functor Z¢(C) — Zg(C) foreach ¢ € G. If f € Homgy o) ((V, 7, @v), (W, r, Pw)),
then Fy(f) = Fy(f) € Home(Fy(V), Fy(W)) because Fy is a functor from C to C, and for all X € C we have

lidr,, 1 x) ® Fq(f)] o [Fe@v (X)]
= {lidr, ) @ Fo()] 0 lagrg (X) @idp,0)]} o (0, (5, (x0)07)
o Fy(®y(F,-1(X))) o 53’%71 () © lidr, (1) ® Ag(X) 7]
= lagrg—1(X) @ idp, )] o {[idr, (r.(F,_, (X)) ®Fq(f)] 0 (6%‘T(Fq_1(X)),V)_1}

—_—
=Fq(idFr(Fq,1(x)))

Foy(@v (Fy-1(X))) 004 1o (xy © [idr, (v) @ Ag(X) 7]
= lag,rg—1(X) ®idp, ] 0 (5FT(Fq,1(X)),W)71 o {Fy(idp,(r,_, (x)) ® [)
o Ey @y (XY 08 o ) © 8y
= [agrq—1 (X) ®idp, )] 0 (5FT(Fq,1(X)),W)71 o Fo(@w (Fy-1(X)))
o{F(f®idr_,(x))° 53/7F471(X)} o [idp, (v) ® Ag(X)™1]
= lag g1 (X) @idp, )] 0 (5}1?T(Fq_1(X)),W)_1 o Fy(Pw (Fy-1(X)))
° 63V,Fq,1(x) o {[Fy(f) ® Fy(idr,_, (x))] o lidr,(v) ® Ag(X) 7'}

~———

=idrg(r, 1 (x))

= [ag g1 (X) @ 1dp, )] 0 (65, (5, coyw) o Fy(@w (Fy-1(X)))
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L © lide, ) © Ag(X) T o [Fy(f) @ idx]
= [Fy@w (X)] o [Fo(f) ® idx].

q
o 5W,Fq

This shows that F,(f) € Homg, ) (Fo[(V, 7, ®v)], Fo[(W,r, @w)]). If f and g are composable morphisms

in Zg(C), then Fy(go f) = Fy(go f) = Fy(g) o F4(f) = Fq(g) o Fq(f). Also, if (V,q,Pv) € Zc(C), then

Fo(ildw,rayy) = Fy(idv) = idp,(v) = (g, (v),qr¢-1,F,0v) = IdF, [(V.r,@y))- Thus Fy is indeed a functor.
The next thing we will prove is that (fq,e'FQ,(S]:q) is a tensor functor for each g € G, where ef¢ = ¢4

and 5(VT<I>V) (Wos Br) = - I (Vor, @y), (W, s,®w) € Zg(C) and X € C, then

[idp,

qrsq

L) @ (00 ) T o [Fy(@y @ @w)(X)] 0 [67y @ idx]
= [iququl(X) ® (o, w) o [ rsg-1(X)® idg,(vew)] © (5%”(Fq,1(x»,\/®w)
o Fy((Pv ® ®w)(Fy=1(X)) © 0y, (x) © [idr, (vow) ® Ag(X) '] 0 [07, ypy @ idx]
= {lidr,,.,-10 ® (hw) "] o [agrag(X) ®idr,vem]} o {(0F, (rn _, (x)vew)
o Fy((674)r, 1 (x) ® idV®W)} o Fylar, (r,(r,_1 (x)),v,w) © Fog(Pv (Fs(Fi-1(X))) @ idw)
o Fylav,r,(r, . (x)),w) " 0 Fylidy ® @w (Fy-1(X))) o Fylav,wr, 1 (x))
o 5qv®w,pq_1(x) o {[idr, (vew) ® Ag(X) ! o [0}, @idx]}

= [0g,rs.-1 (X) @ 1dp, ()@ r, )] © {idF, (5. (F,—1 x))) ® (03) ']

-1

o [Fy((67.5)F, ., (x)) @ idr,(vew)]} © (5%T(F5(Fq71(x))),\/®w)il o Fylap, (p.(F,—1 (x))),v.W)

0 Fy(@v (Fs(Fy-1(X))) @ idw) © Fy(av,r,(r, -, (x)),w) " 0 Fylidy @ w (Fy-1(X)))

o {Fy(avwr, (x)° W gwr_,(x) ° 0w ®idr,r, )]} o idr,0)er,mr) @ Ag(X) 7]
= [@grs.q-1(X) @ idr, vy r, )] 0 [Fo((07,) F, 1 (x)) @ idp,(v)er, ()]

o {lidr, (7 (r.(7, 1 ) @ (Ow) 10 O, (pym_y comvew)  © Falar @, conviw)}

o Fy(Pv (Fs(Fy-1(X))) @idw) © Fy(av,r,(r,_, (xy,w) o {Fy(idy @ @w (Fy-1(X)))

0 wer, 1 (x)} °1drw) @y k| x)]o {ar,m),mmw),p L 00)

o [idp,(v)@r,w) © Ag(X) 7}

= [@g,rs,-1 (X) @ idr, ()0 r,w)] © [Fo((05 ) F, () @ idE,(v)er, )]

0 Qpy (P (Fu(Fy 1 (X)) Fa (V). Fa W) © [0 () @ 1, w)]

° {(5;17‘T(F5(Fq,1(X)))®VW)71 o Fo(@v (Fs(Fy-1(X))) @idw)}

o Fy(av.r, 5, . xn.w) ™ 0 p_, (xpew © lidr,w) ® Fy(@w (Fy-+ (X))

o [idp,(vy ® (5ng Lol e lidr,y @ (idp,w) ® Ag(X)™H] 0 ap, vy ryw),x
= [ag.rs,g-1 (X) @ idp, )0 r,w)] © [Fo((05)F,, (x)) ©idr,(0)er,m)]

© (F, (Fy(Fua(F,—1 (X)), (V),Fy (W) © KaFT(FS(Fq,l(X))),V) ®idg, ()]

o [Fy(@y (Fs(Fy-1(X)))) @ idp, w)] o {(53/®F5(Fq,1(x)),w)_1 o Fy(av,r,(r, 1 (x),w)

© 8%y (xpew ) © i, (1) ® Fy(@w (Fyr (X)) o lidr, ) © 3y o, )]

o [idp, vy ® (idg,w) ® Ag(X)™H] 0 ap,(v), 0, x
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= [agrs,q-1(X) @ idr,(yor, o] 0 [Fy(07) F, 1 (x)) ® idr,(v)er, (1)
© AF, (Fy (Fy (Fy 1 ) Fa V). EsW) © (O, ()™ @ 1m0
o [Fy(®v (Fo(Fy=1 (X)) @idp, )] o {10V, 5, 1 _, (x) @1y}
° “F (V) Fo(Fu(F o1 (X)), Fy (W) o idp,(v) ® (5%S(Fq,1(X)),W>_1] o [idr, (v) ® Fy(@w (Fy-1(X)))]
o [idr, ) ® 0y _, ()] © lidr, (1) @ (idp,(w) ® Ag(X) ™) © ar, (v ryw) x
= [Qgrs,q-1(X) @ idr,(yor, o] 0 [Fo(07) F, 1 (x)) @ idr,(v)er, ()]
0 {ar, (5, (7. (7, X)) Fy ()., W) © [OF, (5, () 0) " @ 1dE, w)
o(@v(Fs(Fy (X)) @ iy o] © [Fylidy @ ((052)x" © (0401 ,402)x)) @ idr, o0}
V.E, A (F,,, 1 (x) @R, )l o [(dE,(v) ® Ag(Fusg— (X)) ™) @ id g, (w)]

o[F,
o [o7
o [(idr,(v) @ g 5,01 (X)) @ idr, )] © Ap vy (4 (X)), Fy(W)
o lidr, ) @ (0%, (5, xppw) 1o lidr, ) & Fy(@w (Fyr (X))
of

idp,(v) ® Oy 5, (x)) © lidr,v) ® (idr, ) @ Ag(X) ™) 0 ar,wv),F,(w).x
= {lagrs,-1 (X) @ idp, (yor,mn)] © [Fe((07) F, -, (x)) ® idE, 01 r, 1))
O [Fy(Fr((85 -1) %" © (851 gsq-1)x)) @ 1, (v)@r, (W)} © QR (5o (5, 1 (B, 1 (X)), Fa(V),Fy (W)
[(5FT(F L(F 1 (X)), vT® 1dF )] o [Fg(Pv (Fy-1(Fysq-1(X)))) @ id g, w)]

o [oy L xy @idE, )] 0 [(idE, (v) ® Ag(Fysq-1 (X)) ™) @ idg, )]

V,F,_1(F,,,
o [(idp,(v) ® ag,s,4-1(X)) ®idp, ] 0 a;“q(V),Fq(Fs(Fq_l(X))),FQ(W)

o [idp,(v) © (5qFS(Fq,1(X)),W)_1} o [idp, (vy ® Fy(@w (Fyg-1(X)))]

o lidr, ) @y, (x)) @ lidr,(v) ® (idr, (w) @ Ag(X) )] 0 ar,(v) p, () x

(G gsq-1)Xx ®1dr (er, w0 {agrg—1 (Fysq-1 (X)) ®@idr, (vygr,w)]

qrq
O QF (Fy (Fy -1 (Fypuy s V). F )} 0 (O (m_y(r o)™ @i, on)]
o [Fy(Pv (Fg-1 (Fgsq—1(X)))) @ idp, (w)] © [5V’Fq_1( F.
[(ldF W) @ Ag(Fysq-1 (X)) ™Y @ idp, ) 0 {[(idr, (v) © agsq-1 (X)) @ idp, )]
° “F (V) Fy (Fy (Fy—1 (X)), Fy )} o lidr, vy ® (5%5(Fq,1(x)),w)_l] o [idr, (v) ® Fy(@w (Fy-1(X)))]

o [idp,(v) ® 0y 5 _1(X)] [idr,(v) @ (idp, ) @ Ag(X) ] 0 ap, vy, Fyw).x

L)) @ 1dE, )]

= [Ogrg1,g5q-1)x D dp, (v)or, )] 0 OF,, 1 (F,, 1 (X).F (V) Fy (W)

o {[(ag,rg-1 (Fysq—1 (X)) @ id g, (vy) @ id g, (w)] © [(6F, T )@ ids, )
o [Fq(@v (Fym1 (Fysg-1(X)))) @ idp, )] 0 [5VF (B, 1 (X)) ® idp, (w))

o [(idr,(v) @ Ag(Fuag— (X)) @idr,ml} e apvy p
o {lidp,(v) ® (@g,s,4-1(X) ®@idp,w))] o fidp,(v) @ (5FS(Fq_1(X))7W)‘1]
o [idp,(v) ® Fy(®w (Fy-1(X)))] o [idp,(v) ® §3V,Fq,1(x)]

© fidp,(v) ® (idp,(w) ® Aq(X)_l)]} O GF (V),Fy(W),X

1(X), Fq (W)
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= [(0grg-1 4sq-1)x @ idp,()@r, )] 0 ar, (1 1 (X)),Fy(V),Ey (W)

asq

0 [Fo®v (Fysq-1(X)) @ idp,(w)] 0 ap) vy m (x).m,w)

qsq
o [idp, vy @ Fo@w (X)] 0 ag, vy, r,w).x
= (Fy®v @ Fy@w)(X),

which can be rewritten as

[Fo(@v @ w)(X)] 0 [0 ®idx] = [idr, ., (x) @ (07, )] © (Fe®v @ F@w)(X),

sq

which proves that &y, ;; € Homg,, ) (Fo[(V,7, @v)] @ Fo[(W, 5, @w )], F4[(V @ W, gr, @y @ ®w)]). Also, for
each X € C we have

[(F4@7)(X)] o [¢7 ®idx]

= [ag.e.q-1 (X) ®idp, (1)) 0 {(5%4@,1 con) o Fa(ree,y (x)) "'} o Fq(ggrl(X))
o Fyllr, 1)) 201 g, (x) o {lidr,) ® Ag(X) o [e? @idx]}

= {logeq— (X) @1dp, (] o ildp,(p.(p,_. (x)) ® €]} 0 TE;(FC(FFI(X))) ° Fq(Equ,l(x))
o {Fy(lr,_,(x))© 5‘;,Fq_1(X) o[e? ®@idp,(r, , (xy]} o idr ® Ag(X) 7]

= [idF, (x) ® €] o {[arg e q-2 (X) ®id] 0 T;ql(pe(pq,l x))?
o Fq(gﬁq_1 x)) o {lp,p, i (x)) 0 [idr @ Ay (X)7'}

= [idp, (x)® e 0 r}:el(X) o{ageq1(X)o FQ(ggq_l(X)) oA (X) Y oly
—_————
:(556)?:,1 )
= [idp, (x)® e o r;el(x) o (5(5;&71))( o (556)1?(1,1()() o (556);(11_1()() o (55’(171))_(1 o Efc olx
= [ldFe(X) & Eq] O’I‘;el(x) [e] €§ @] lX = [ldFe(X) & Eq] o (I)?(X)
This proves that e? € Homy, ) ((1, e, DY), Fyl(1,e,®9)]). Because (F,,e?,48%) is a tensor functor from C to
itself and because the composition and tensor product of morphisms in Zg(C) are the same as in C, it is

clear that 07+ and e’ satisfy all conditions to make (F,,&”,d7) a tensor functor.
We will now prove that (F,e”, 67) defines a G-action on Zg(C), where Eg/’q’q)v) =e and (67,)(v.s,00) =

(5£T)V- To show that the 67 are morphisms in Zg(C), let (V,s,®y) € Zg(C) and ¢,7 € G. Using the
equality

(Frq)V)(Fq‘l(X))
= [yt (g1 (X)) @dp, ()] © (05,5, (, (xp)v) T @ Fr(@v (Frm1 (Fy=1 (X))
° 5TV,FT_1(F{1_1(X)) o [idp, (vy © An(Fy-1 (X)),
we obtain

(Fq(Fr®v))(X)
= [aq,rsrfl,qfl(X) X iqu(F,.(V))] o (5;{-\ _1(Fq_1(X)),FT(V))71 o Fq(fr(bv(qul(X)))

rsr

0 0% (v).r, 1 (x) © [ldr, (1.(v)) ® Bg(X) 7]
= g rsr—1,4-1(X) @ idp, (p.(v))] © {(0% —1(Fq_1(X)),FT(V))_1 o Fylay g1 (Fy-1(X)) ®idp, 1))}

rSsT



AA4.

= [idF,

= [idp L

THE G-GRADING AND G-ACTION 203

o F, ((5F (F—1(F,1(X))), V)~ )OF (Fr(Py (Fr-1(Fy-1(X))))) o Iy (5VF 1 (F 1(X)))
o {Fy(idp, (v) © Ar(Fg-1 (X))~ fo 5%’ (V),F ,1(X)} o [idp, (7, (v)) © Aq(X)~ ]

= {log,rsr—1,4-1(X) @ idp, (r.(v))] © [Fyl, s p-1 (Fy-1 (X)) @ idp, (5, (v)) ]}

° (0%, (r, (Fr_l(Fq_l(X))))F(V)) o Fy((85, (-1 (X)), V V)7 o Fy(Fr(®y (Fr—1 (Fy-1 (X))
o Fy(0vr  (r, 1 (x)) © 05 (v). (P L, oo © Uide, vy @ Fo(Ar (Fe (X))
o fidp, (7, (v)) @ Aq(X) ]}

b [Qgrsr1q-1(X) ®@idp, (5, (v))] © [For(Fs((65-1 4-1)x)) @ id g, (5, (v))]
0 [(0g0) Py (F o1 (2 (0) @ 1, (o (vy)] © {(5%T(FS(F,,,1(Fq,l(x)))) Fov))
oL ((5F (F,—1(F,~1(X))), v)© )} o Fy(Fr(®y (Fr-1(Fy-1(X))))) o {Fy(dy V.F, 1 (F, 1(X)))
°5F (V),Fr(F,—1(F,- 1(X)))} lidr,(F,(v) ® (5F )1_«“1 1 (F, 1(X))]

o [idp, (7, (vy) © For (61 q—l)X)fl] o [idp, (5, (v)) ® Dgr(X) ]

= {[ogrs.r-14-1 (X) ®1dE, (7, (v))] © [Far (Fs((51 —1g-1)x)) ®@1dp, (£ (v))]

0 [(0g.0) 7o (7,1 (1 (0 @ 1, (mvi)] 0 [(6g0) 7l . L0 @ g )v' ]}

-1

© (5 (.1 (F, -+ (X)), V) o000 ) r, (o xev 0 Fy(Fr(@v(Fei (Fy-1(X)))))
° (g )ver, B, X OVE (kL (x)) o {[(5,:)v ® (6.) k.1 (7, 1 (x)]
o [idr, (r.(v)) ® (Ogr)p_, (r,_, (x) © iR, (7, (v) @ Far((0771 4-1)x) ™)
o [idp, (r,(v)) ® Agr(X) ']}
mer—lg=1 ® (60 )y ] 0 [agrsr—1q-1(X) @idp,, ()] o {[Fgr(Fo((611 ;1) x)) @idp,, (v)]
o (0% (F, 1 (F, 1 (X)) V) o Fun(@y (Froi (Fy-1 (X)) o {6€/TF S (F,1 (X))
o lidp,, (v) ® qr<<afil,q71>x> 1} o lidr,, (v) ® Agr(X) ™ 0 [(805,)v ®idx]
a1 () @ (g )y 0 [Qgrspm1q=1 (X) @ idp, (] © (OF (5, xy)0) 7
o {Fyr (Fs((61 1) x) @idy) 0 Fyp( Dy (Frr (Fy-1(X)))) 0 Fyr(idy @ (671 ,-1)%")}
o0y p () © [idp,, (v) ® Agr(X) ™ 0 [(0;,)v @ idx]

= fidr, ., 1200 ® G550 [agrar i+ (X) @1, 0] 0 B2 (e )™

© FQT((I)V(Frfqul (X))) © 5?/7;1271{171()() © [iqur,.(V) 0y Aqr(X)il]
o [(6F)v ®idx]
[ldF

grsr—lq—1

® (6507 0 Fur®v (X) o [(8),)v ®@idx],

which can be rewritten as

implying that (67,)v € Homg c)(FolFr[(V, s, ®v)], Forl(V, s, @v)]). We will now explain the equality =

ide, o x) ® (0, )v] 0 (Fo(Fr@v))(X) = Fir @y (X) 0 (07, )v @ idx],

qrsr

()

above in some detail. We have

Qgrar—t -1 (X) 0 Fy(oe s (Fyr (X))
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= Ogrsr—1,g-1)x 0 (Of o1,y (x) © Fo((07 ,-1)r, 1 (%)) 0 Fg (61 ks (7,1 (x))

z(éfrs,r*l )Fq—l (X)O((S;TS)FT71 (qul (X))

<5qrsr 1 *1>X 0 (65;*3,7"*1)174171()() © (6£TS>FT,—1(Fq—1(X)) ° Fq((éﬁs)F,.fl(qul(X)))

=8 1 1)xFar (01 1)x) =04 )F, 1 (7,1 (x)°F ) Fe(F, 1 (F,_1 ()

qrs,r

= Ogrsr1q-1)x © Frs (0721 4-1)x) © (0gr.0) 1 (7,1 (X)) ©0g.0) Bu(F, o (F, - (X))

:(65,5)[‘}71{171 (X)Oqu(Fs(‘sf_lwq—JX)

= (65T5,r—1q_1)x o (55«,3)&_%_1()() o qu(Fs(cSTF_lﬁq_l)x) o (§£T)FS(FT_1(FQ_1(X)))

Agr,s,r—1g—1 (X) © FqT(F‘S(affl,qfl)X) o (55:7")F5(FT_1(FQ_1(X)))

and

Fy(Ar(Fpi (X)) T o Ag(X) 7 = Fq(((sfr,l);q{l(x) 0k )0 (0, )5 0k
= Fy((0, ), 0) T 0 Falek,, (x)) 0(0541)H o€k

\—,_/
_(5q e)F 1 (X)

(%) _

= (6F )Frlfl(Fq,l(X)) Oqu((d -1 q—l)X) (55; r—1lq —1)X O€§

= 00 )r (7, (x)) © Far((671 1) x) 71 0 B (X) 7,

where (=) follows from commutativity of the diagram

(55{1—1)}1 (g, e)F _1(X)
FL(X) Fy(Fy1(X)) Fya
(5qFT,T71q71)X (s 5, - 1) _1(X) F ((5, 771)F o)t
For(671 )% (040 )r, a0
FqT(Fr—lq—l(X)) — FqT(Fr—l(Fq‘l(X))) Fy(F- 1(Fq 1 (

Let (V,q,®v) € Zg(C). Then

(Fe®v)(X)
= [te,q,e(X) ®1dp, 1)) 0 (5%Q(FE(X)),V)_1 0 Fo(®y (Fe(X))) 0 0%, (x) © [idp, (v) ® Ac(X) ]
= [(65.9)x @ idE, ()] © [Fe((65.)x) @ idr, ()] © (0F, (£ (xy)v) " © Fe(Pv (Fe(X)))
0 8% k. (x) © lidr, (v) @ (65) 7] o idp, (v) @ €]
= (e, (x) ' ®idp, )] 0 [Fe(Fy(eX)) ™ @idp, )] 0 (0%, (m (x))v) " © Fe(®v (Fu(X)))
0 8%, . (x) © lidp, (v) ® Fe(ek)] o [idp, (v) ® k]
= [k, (x)) " ®@idp, )] 0 (07, (x)1) " 0 Fe(Fy(eX) ™! @idy) o Fo(@y (Fu(X)))
o Fo(idy ® k) 0 6} x o [idp, (v) ® €]
= [k, (x)) ' ®@idp, )] 0 (8%, (x)1) ' 0 Fe(Pv (X)) 0 07, x o [idp, (v) ® eX]
= [idp,(x) ®ev] 0 [(5§q(x))_l ® (ef) "o (5%q(x),v)_1 o Fe(®v (X))
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0y x oley ®ek]o(ev) ™! ®idx]
= lidp,x0) © 5] 0 (eF (xyov) ™) 0 Ful(@v (X)) 0 by o [(5) ™ @ idx]
= lidp, ) @ <f] 0 By (X) o [(F) " ® idx],
which can be rewritten as

(Fe®v)(X) o [ef ®idx] = [idp,(x) ® ep] 0 Py (X),

which shows that i, € Homz,)((V,q, ®v), Fe[(V,q,®v)]). Because (F,e¥,6") is a G-action on C and
because the composition and tensor product of morphisms in Zg(C) is the same as in C, it follows directly
that (F,e”,07) satisfies all conditions for a G-action on Zg(C). It is also clear that

OF(V,r, @v)]] = Ol(Fy(V), qrq™ !, Fy@v)] = qra™" = qd[(V,r, @v)lg ™

for all ¢ € G and (V,r,®y) € Z5(C), so Zg(C) is indeed a G-crossed category.
O

A.5 The braiding

Lemma A.5.1 Let (C,®,1,a,l,r) be a tensor category with G-action (F,ef 6. Then Zg(C) becomes a
braided G-crossed category if we define a braiding

C(V,q@v),(Wm@v) : (‘/7 q, @V) 0 (W T, q)W) — ‘Fq[(m T, (I)W)} & (Vva q, QV)a

by Cvg.av),(Wiraw) = Pv(W).
Proof. Let (V,q, ®v), (W,r,®w) € Zg(C). Then Cv,g.ay),(w,r,aw) = v (W) € Home(VW, Fy(W)®V)
and
(Fow © 8)(0)] 0 [Crigan) (W) @ idx] = [(Fyw & By )(X)] 0 [0y (W) @ idx]
= [(‘qu*%q)X ®idF,w)ev] o AF,, 1 (Fy(X)),Fy(W),V © [Fe@w (Fy(X)) ®@idy]
o ag) iy px).v © 1dr, ) @ v (X)] 0 ar,w),v.x © [v(W) ®idx]
= [(5$q_17q)x ®idp,wyev] 0 ar, . (5,(x),F,w),v © (g1 (F(X)) @ idg, ) @ idv]
° [(6qFT(Fq,1(Fq(X))),W)71 ®idv] o [Fy(Pw (Fy-1 (Fy(X)))) @idv] o {[6 p , (p,(x)) @ 1dv]
o [(idp, (w) ® Ag(Fy(X))™Y) @idv]} o ag iy g (x)v © idr,w) © @v(X)] 0 ar, wy,v,x
o [0y (W) ®idx]

(%)
= [ qrq~ ara
q

© (6Fr(Fq—1(Fq(X))),W)_1 ®@idv] o {[Fo(Pw (Fy-1 (Fy(X)))) @ idy]
o [Fy(idw ® (5,21 ,)%") ®@idv] o [Fy(idw @ ek) @ idv]} o {[0fy, x @ idv] o agl i k. (x)v

o [idpq(w) [ (bv(Xﬂ 0 ap,(w),v,X © [‘bv(W) 4 idx] o a;,}W7X} o ay,w,x

(00 g1.)x @idp,wyev] o ar _ (5,c0).F, W)V © [(Qgre—1 (Fy(X)) ®@idp, ) @ idy]
[

= [(0grg-1,0)x @idr,mw)ev] © [ag g1 (Fy(X)) @ idp,m)ev] © {ar, (5,7, (7, (X)), Fy W),V
° [(5%T(Fq,1(pq(x))),w)71 ®idy] o [Fq(Fr(@f—l,q)X)fl ® idw) ®@ idy]
o [Fy(Fr(e) ®@idw) @ idy]} o {[Fy(®w (X)) @idv] o Py (W ® X)} 0 av,w.x
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= {l(5, qrq— )X ® idp,w)ev] © [agrg-1 (F4(X)) ® idr,w)ev]
o [Fy( ’“((‘Sffl,q)x)r1 ® idp, (wyev] o [Fy(Fr(ek)) @ idr,w)ev]} © ar, s, x),Fm)v
o [(6F, xyw) ' @idv] o Py (F(X) @ W) o [idy ® ®w (X)] 0 av,w,x

D 1@E,)x @ idp,aw)ev] © ar, o (x)), 5w © (8%, (xy.w) " ®idy]
0 by (F.(X)®@ W) o [idy ® Py (X)) oayw.x

= [(657)x ® i, w)ev] © ap, (5, ()., (W) © (6% (xy) ™ @1dv] 0 (6% ) ) @ idv]
o g (x)). 5w © 1R, (7.0 © @v(W)] 0 ar,(m,(x)),vw © [Py (Fr(X)) @ idw]
oay,r,(x),w ° [idy @ ®w (X)] o av,wx

=A{l( q Fox ® idp, (wyev] o [i[dp,(F,.(x) @ v (W)} o ap,(p.(x)),v,w © [Py (Fr(X)) ® idw]
°© aV,FT(X),W [idy ®@ ®w (X)] o av,w,x

= [idp,, (x) @ @y (W)] o [(6),) x ®idvew] © ag,(r,(x)vw © [v(F(X)) @ idw]
° a;/,lFr(x),W o [idy ® @w (X)] o av,w,x

= [idp,, (x) ® v (W)] o [(Pv ® @w)(X)] = [idF,, (x) ® Cv,gav),(Wrew)l © [(Pv @ O )(X)],
where in (2 we used that

Ag(Fy(X)) = (e, (x)) " 0(0f 1) Fy(x) = (gg-1,9)x © (84 4=1) F, (30)
—_——
=(68q)x

= (0g-1g)x © Fq<<6571,q>x> = Fy(e) ™ o Fy((67-1 1)),
so that Ay (Fy(X)) ™ = Fy((621 )x) ™" o Fy(eX), and & follows from

(Ogrq—1.q)X © Qg rg=1 (Fg(X)) 0 Fy(Fr (631 ) x)) ™" 0 Fy(Fr (X))
= Ogrq-1.0)X © (85 g1 By (x) © Fg (87 4-1) Fyx)) © Fg(Br((65-1 4)x)) ™ 0 Fy((07.)x) ™
= (83.0)x © Fo((674-1 )x) © Fy((67,4-1) r, (x)) © Fa(Fr (851 4)x)) " h o ((5F) )~
= (0g)x 0 Fy((87.0)x) 0 Fy(Fr (851 4)x)) © Fy(Fr (65 ) ) o Fy((07e)x) ™"
= (04.0)x
Thus we have proved that Cyg o, ),(w,r,ey) € Homz, ) (V, g, @v)R(W, 7, Pw ), Fo[(W, 7, Pw)]@(V, q, Pv)).
The naturality of half braidings implies that C is natural in its second argument. But it is also nat-
ural in its first argument due to the definition of the morphisms in Zs(C), so C is natural. Now let
(U.q,@0), (V,r,®v), (W,s,®w) € Zg(C). Then
Clw,a.20),(Vrev)@Wsbw) = C,0.80),(veWw.rsevaey) = Pu(V @ W)
= [0y, ®@idy]o a’;‘ql(V),Fq(W),U o idp, vy ® Pu(W)] e ap,v)uw o [Pu(V) ®idw]o afr,lv,w
= [0y, ), (W) @ 1AW0.00)] © OF (V10 1,7, (W (V0,00
© [idz, ((vr.2)] @ Cw,0,80),(W,s,0w)] © A7, [(Vir v )], (U,0.20),(W,s,2w)
° [Clu,g,00),(virov) @ idw,s ey © “(Ul,q,éu),(v,r,év),(W,s,<1>w)

and

CU,0,00)0(Vir,dv),(W,s,0w) = CUaV,qrdu oy ),(W,s,dw) = (Pr @ @y ) (W)
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= [0 )w ®iduev] o ap,(m,wy)vv © [Pu(F(W)) @idv] o ag )y © lido @ v (W)] o avvw
= [(87,) (Wos. o) @ 1d(U,q.00)0(Vir@v)] © QF,(F (W5, 0w ). (U, 00).(Vir oy )
. -1
° [Cv,q,00).7 [(Ws.0w)] @ 1d(vire)] © Q17 50, 7, (W5, 0], (Vi v)

o [ldw,g,00) @ Cvray),(W,s,8w)] © UULQ,80),(Vir, @y ),(W,sdw)

Finally, if (V,q,®v), (W, r,®w) € Z(C) and s € G then

Cr (Va0 ) Fo [ (Wir@w)] = C(F (V) 5051, Foy ), (F. (W) 5751, Fody) = (Fs@v) (Fs(W))
= [ag,,5-1 (Fs(W)) @ idp,(v)] © 0%, (p_y (mo oy v) 0 Fs(@v (Fom1 (Fs(W))))
00y, (r.(w) °ldr,(v) ® A (F. (W)™
= (05 gs-1) m.owy @ idp, ()] 0 {[Fs((0 5-1) poowy) @ 1dr, ()] © O, (7, (ruqwyy 1) ™)
o Fy(Pv (Fy-1 (Fs(W)) 0 8% 1o, (i wy) © Llidr, vy @ (65 1) 5l wny) © ldr vy © ety 1}
——
=68 )W

() . . _ .
= [(55(15—1)&(%®1dFs(v>}0(5Fq5_1(FS(W)),v) 0 Fo((6) 1) p.(w) ®idy)

o Fy(@v (Fo-1 (Es(W)))) o {d%, ., (p.(wry) © lidr.(v) @ Fu((65-1 Jw) '} o idr, vy @ (6700

——
:FS(S‘I;V)
= [(5§qs—1)Fs(W)®idFs(V)]°(5% Fawyv) 0 Fu((8) 1) oy ©1dy)
o {Fy(Pv (Fo-1(Fs(W)))) o F (ldv ® (621 Jw)} o {8% . wy © [, vy © Fi(eip)]}
= (05 ge- ) r.w) @idp, ()] © (0 (mqwyyv) " 0 {Fu((6y- 1) F (W) ®ldV)

o Fy(Fy((65 Jw)t @idy)} o {F (Pv(F(W))) o Fy(idy ®eiy)} 0 67y
= [(6£ 1) P ow) ) ®idr, )] o {(0F, _, (mwyv) o Fal( She1 O ®idy)}
Fo((85)w @idv) o Fs(Fy(efy) @idy) o Fy(®v (W) 0 67,y
{[( 5,5~ 1)F w) @ idp, )] o [Fs((85,-1 Jw) ™t @idp, 1]} o (6%, wryv) " o Fs(@v (W) 0 6y
= [(65y5-1.)  @idp, ] 0 (65w ®@idr, ()] 0 (6%, wy.v) ! 0 Fs(Crvigav).(wiraw)) © 6w

where in @ we used that
(655*1);‘51(W) © (655)17[/1 = FS(((Sf*l,s)W)_l © (555);[/1'

This completes the proof that Zo(C) is a braided G-crossed category.
O
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Appendix B

Proof of Z(C) ~ Z:(C') when C ~ ('

In this Appendix we will give a detailed proof of Theorem 4.3.4, which states that if C and C’ are equivalent
G-categories, then Zg(C) and Zg(C') are equivalent as braided G-crossed categories.

B.1 The given data

Throughout this appendix we assume that we are given a group G and two tensor categories (C,®, I, a,l, )
and (C',®',I',a’,l',r") with G-actions® (F,ef",6") and (F’,ef",6"), respectively, such that C and C’ are
equivalent as G-categories. This means that there are G-functors

(K, e5, 68 8y c—=
(L,el ol eby . ¢ = ¢
together with natural G-isomorphisms

p:ides - KoL
¥ : Lo K —ide.

For ¢ this means that ¢ : ides — K o L is a natural isomorphism that satisfies the equation

@ :EKQEL :K(EL)OEK (Bll)
as well as the equations
Y /:(5K<>5L) ’ /O[ /®/ /]:K(éL )O(SK O[ /®/ /] (B12)
PX'®Y XY’ o |¥Px Py X1y’ L(X'),L(y") ° lPX Py L.
and
Fy(pxr) = (% o M) (@)xr 0 pryxn = E5 (9 nixry 0 K(E5(9)x7) 0 prr(x) (B.1.3)
for all X' Y’ € C’. Similarly, v is a natural isomorphism that satisfies
Yr = (el o)™ = (eF)"to L(eX) 7! (B.1.4)
as well as
Pxoy =[x @y]o (67 06%) K =[x @ Yyl o (0f(x) k) "0 L(6%y) ™" (B.1.5)

n other places we were free to write €7 and §7 instead of ef¢ and 6%, but in this appendix we cannot do this because

’
there are two G-categories C and C’. Their G-actions will be distinguished most easily by writing either e or EFq, etc.

209
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and
Fy(x) = v, x) 0 (€5 0 €5) @)% = ¥r,x) 0 LET (@) x) 7! 0 €5(@) k() (B.1.6)

In the following sections we will give an explicit construction of the equivalence Zg(C) ~ Zg(C'), ie. we
will construct braided G-crossed functors % : Zg(C) — Zg(C') and & : Zg(C') — Zg(C) together with
natural braided G-crossed isomorphisms ¢ :id¢s — Ko L and ¢ : Lo K — idc.

B.2 Construction of the functor % : Z;(C) — Zs(C')

In this section we will construct a functor % : Z(C) — Zg(C'). On the objects we will denote its action by
H(V,q,Pv)] = (K(V),q, # Py), where £ Oy is a half g-braiding for K (V). The construction of J& ®y
will be given in Proposition B.2.2 below, but first we need the following lemma.

Lemma B.2.1 Let (V,q,®v) € Z¢(C) and define for each X € C the isomorphism ®7,(X) € Home: (K(V)®'
K(X), Fy(K(X)) & K(V)) by

Y (X) = [¢"(q)x @ idg] o (5?(1()(),‘/)71 o K(®y (X))o x.

Then @Y, has the following properties:
(1) If X, Y € C and f € Hom¢(X,Y), then

Y (Y) o [idg(vy ® K(f)] = [Fy(K(f)) @ idg] o Y (X).
(2) If X,Y €C, then
(X ©Y) = [F(65 ) ® idr] 0[5 & id ] ©
v d\OX )Yy K(V) K(X),K(Y) K(V) Fj(K (X)), Fy(K(Y)),K(V)
o [idrr(x(x)) ® @y (Y)]o a;“é(K(X)),K(V),K(Y) o [@y(X) @ idg(y)]
o aievy ke (x). k(v © 1A (v) ® (65 y) 7]

Proof. (1) Using naturality several times, we get

= [Fy(K(f)) @ idxn] o [€%(9)x @ idx] 0 (67 (x)v) " o K(®v (X)) 0 67 x
= [Fy(K(f)) ®"idk(v)] o 24 (X).

Dy (V) o [idg(v) ® K(f)]
[fK((I) ®' 1dK(V)] © (5F (Y),V ) To K(®y(Y))o 5\[/<,Y © [idK(v) Q' K(f)]
= ["(@)y @ idx)] o (0F, v),1) "' o K(@v(Y)) o K(idy ® f) 0 6y x
= [£"(@)y ®"idg ] o (OF, (v v) " 0 K(Fy(f) @idy) o K (Rv (X)) 067 x
[fK(Q)Y ®"idg V)] © [K Fq(f)) ®’ ldK(v)] © ( Fq(X) v) © K(‘I’V(X)) © 5\1/(,){
[ ]
[

= [5K(Q)X®Y ®@"idg(v)] o (5£(X®Y),V)_1 o K(Pv(X @Y)) 0 6¢ xay
(€% (@) xey @ idg(v)] 0 (5£(X®Y),V)71 ° K(‘S;q_y ®idy) o K(ar,(x).r,v).v) "
iqu(X) X @V(Y)) o K(an(X),V,Y) o K(@V(X) X 1dy) o K((JJV7X7y)71 o 5\1/(,X®Y

. Fy . _ _
¢)xey ® idg] o [K(dx"y) ®" idg(v)] o (5£(X)®FQ(Y),\/) o K(ap,(x).F,(v).v) !

o
=
—~ o~
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o K(idp,(x) ® ®v(Y)) o K(ap,(x),vy) o K(®v(X) ®idy) 0 g x v
°© [5{/{,)( ®' idg vyl o a/I;(IV),K(X),K(Y) o [idg(v) ®' (5§,Y)71]
= [Fy(0%y) @ idx)] o [55(‘;(;(),;((3/) ®"idg ] o [(€%(9)x © % (q)y) @ idk (]
o [(5£(X),FQ(Y))_1 ®"idg vy o (‘51{f (X)@F,(Y),V v) o K(ap,x) myv)v) !
o K(idp,(x) ® ®v(Y)) 0 K(ap,(x),v,y) © 05, (x)ev,y © [K(Pv(X)) @ idy]
o [0f x @ idk(v)] o a}((l ) K(X) K(v) © lidr(v) ® (0% y) ™"
= [F/((Sgc(y) ®"idg vy o [ K(X) K(Y) ®"idg vy o o [(€"%(q)x @ X (q)y) & idg(vy]

-1 —
°© a’K(F (X)),K(Fy(Y)),K(V) © lidk(r,(x)) ® (5 F,(Y), V)~ 1] °© (5£(X),FQ(Y)®V) !

o K(idp,(x) ® ®v(Y)) o K(ar,(x)v,y) © 67 (x)ev.y © K (v (X)) @ idy]
o [0f x ® idg ] o GII;(IV),K(X),K(Y) o fidg(vy ® (6% y) "]
= [F; (0% v) " ik o [5£4(X),K(Y) ®"idg e a;‘:;(K(X)),F;(K(Y)LK(V)
o [€"(a)x @ (€ ()y @ idxcv))] o lidie(r,(x)) & (O, vy,0) '] @ lidic(r, (x)) ' K (@ (Y))]
o (5£(X),V®Y)_1 o K(ap,(x),vy)© 51{{1(;()@‘/,3/ o [K(®y (X)) ® idy]
o [0f x ®idg(yy] o a/I;(IV),K(X),K(Y) o idgvy ® (0% y) ']
= [Fj(0Xy) & idk()] o [624(X),K(Y) ®"idg ()] o a/I;/l(K(X)) FI(K(Y)),K(V)
o [idFé(K(X)) ®' (fK(Q)Y ®’ idK(V))] © [idFé(K(X) (51}{1 (Y), v) 1] © [ich;(K(X)) ®' K(2y(Y))]
o [¢" (a)x & idg ey o lidk(r,x) @ 5\1/(,3/] °© aK(Fq(X)),K(V),K(Y) °© [(51{i(x),v)_l ®" idk (v
o [K(®v (X)) ® idy] 0[5 x ' idxqry] 0 aleqry, sy s © lidiev) @ (05y) 7]
= [F; (0% y) @ ik o [5IF<‘;<X>,K(Y> ® idx(v)] © Ay (re(x)). Py (R (V) (V)
o [idpy(re(x) ® (€5 (0)y @ idx(v))] © [idrmyr(x)) @ (08, (v)1) '] © lidiy e x)) @ K (Rv(Y))]
o [idmy(x(x)) @ 00y © alpr (0. (V)1 (v) © [EF (@)x @ idge(v)) @ idge(v)]
o [(08 () v) ™' @ idg ()] o [K (P (X)) @ idy] o [0 x @ idiyv] © vy s (x).k0v)
o lidgv) ® (0%y)™"]
— [Fé(&ﬁg’y) ®" idg vy o [5[};;(X),K(Y) ®" idg vy o a;«:(;l(K(X)),F(;(K(Y)),K(v)
o [idry(re(x)) © Qv (V)] 0 @y (s (x0), 1 (v), i () © [PV (X) @i ge(v)]
© (v, © iy © (0K ) 7'
O

We are now ready to construct half braidings in Zg(C’) from half braidings in Z¢(C). This will be used to
define a functor £ : Zg(C) — Zg(C').

Proposition B.2.2 Let (V,q,®v) € Zg(C) and define for each X' € C' the isomorphism & @y (X') €
Home: (K(V) @' X', F1(X') @' K(V)) by

H Py (X') = [Fi(ox) " & idgan] 0 @4 (L(X')) o [idg (1) ® @x]
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= [Fy(px) ' @ idg )] o [€%(9) Lixn @ 1dr ] 0 (68 (pxyv)
o K(®y(L(X"))) 0 63 (xr) © [idk(v) ® ¢x].

Then A Oy is a half q-braiding for K(V) and we obtain a functor X : Zg(C) — Zg(C') by defining
H(V,q,Pv)] := (K(V),q, % Py) on the objects and J (f) := K(f) on the morphisms.

Proof. If X', Y’ € ' and f' € Home/(X',Y”’), then

H Py (Y') o fidg vy @ f']

= [Fy(py)~ '@ idg ] 0 @ (L(Y")) o [idg vy @ pyr] o [idr(v) @ f]
= [Fylpy) ™! @ idg )] 0 @y (L(Y")) 0 fidx(vy @ K(L(f"))] o [idg(v) ® ¢x7]
= [Fy(py) 1 @ idg ] o [Fy(K(L(f"))) @ idk ()] 0 @3 (L(X")) o [idx vy @ px7]
= [F)(f") @ idg )] o [Fylpx) ™" @ idk )] 0 B4 (L(X")) o fidk(v) ® ox/]
[Fo(f") @ idg ] o # @y (X').

!
For X', Y" € C’ we also have

H Oy (X' @'Y
= [Fylpxray) ! @ idgy] o @ (L(X' @' Y")) o idk(v) @ ¢xrary]
= [Fyloxray) ™ @ idr)] o [Fy(K (8% y1)) ® idke(v)] 0 @3 (L(X') @ L(Y"))
o [idg(vy @ K (6% y) "] o idk(v) @ oxrey]
= [Fylpxrey) ! @ idg)] o [Fy(K (0% 1)) @ idg) o [F, (5L(X/) L) ® idr)]
[5II:'/(L(X/)) K(L(Y")) ®'idg (o aF’( K(L(X"))),Fi(K(L(Y")),K(V) ° [idF’(K(L (X)) @' @Y (L(Y"))]

-1

° aFé(K(L(X’))),K(V),K(L(Y’)) o [®y(L(X")) & idK(L(Y’))} o aK(V) K(L(X"),K(L(Y"))
(¢] [ldK(V) ®/ (6[{(()(/) L(y/))il] o [ldK(V) ®/ K((Sf{/ Y/)il] ¢} [ldK(V) ® QDX/ /Y/]
= [Fy(pxr @ oy) ™ @ idgn) o [Fy (07 xny povn) " @ idg )] o [Fy(K (6% y)) " @ idgv)]

o [Fy(K (6% ) @ idg] o [Fy(67xn povry) @ idiv)]

’

L(x
F -1
° [OkiLixn) ke nvy @ idrw)l o @ x

K(L(X)),Fy (K (L)), K (V) © [dr (ke (rx) @' @Y (L(Y"))]
0 a’Fé(K(L(X’))),K(V),K(L(Y’)) o [(I)V(L(X/)) ®' idK(L(Y'))} ° a/I;(V),K(L(X/)),K(L(Y’))

o [idK(V) ®’ (5[IiX’),L(Y'))_1] o [idK(V) ®’ K((S)L(/7Y/)_1] o [idK(V) ®' K((S)L(/7Y/)}

o fidg(v) ® 0L xny.Lvn] © ldx vy & (pxr ® y)]

1. F .
= [F(ox @ @yr) '@ idgy] o [5K(L(Xf)),K(L(Y')) ®idg(v)]
—1

© Aryre(nx), Fye e (v © Bdry o) © Qv (L] © gy aeie) v, ko)
o [®y(L(X")) @ idg Lyl o a’/I;(IV),K(L(X/)),K(L(Y’)) o [idg(v) ® (px ® py)]
= [55(%,1/' ®"idg )]0 ag;(X’),Fé(Y’),K(V) o [idpy(xr) ® (Fylpy) ™' @' idgwv))]
o [idpyxn & @y (L(Y"))] o fidpy(x) @ (dx(v) ® @y1)] © ary(xy x vy .y
o [(Fylpx) ™! @ idr(v)) @ idy] o [®} (L(X")) @ idy/] o [(idk(v) @ ¢x/) @ idy]

!
OO0 vy x' Y’
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-1

[5X/ Y ®' ldK(V)] o aF’(X’) Fi(Y"),K(V)° [lqu'(X') @ H Py (Y')]
-1

o apy(x1),K(v),y ° [ Pv(X') @ idy ] o d vy x v,
so @y is indeed a half g-braiding for K (V). As a consequence, (K(V),q, # ®y) is an object in Zg(C')
and hence .#" is well-defined on the objects of Zg(C).

Now let (V,q, v ), (W,q,®w) € Zc(C) and f € Homy, c)((V,q, ®v), (W, q,®w)). Then for any X’ € C’
we have
H Py (X') o [ (f) @ idy]

[F (ox: -1

)7t @ idg ] o [€5 (@) pxr) @ idr ] o (OF, (px)w)

o K(®w (L(X"))) o 5WL(X') o [idgw) ® px] o [K(f) ® idx/]
= [Fy(px) " @ idgw)) o [€5 (@) iy @ i) © (OF, (nxnymw)

o K(Pw(L(X")) o K(f ®idp(x+)) © 0 1xn © ldx(v) ® ¢x/]

= [F)(px) " @ idrew)] o [€5(q) nixn /idK(W)] o (O (nxyyw)

o K(idp, (L(x)) ® f) o K(®v

= [Fy(e

© (0%, (n(x).v
= [idpy(xn ® K

(L(X"))) o VL(X’ [idK(V) @ px]
x) @ i) 0 €5 (@) Lxn @ idr )] o ik (r, (Lxy) @ K(f)]
o K (v (L(X))) 0 0% 1 (x © lidk(v) © ox/]
HleFylex) @ idgan] o [€9(q) Lixn @ idk )

o K(Py(L(X))) 0 6% 1 (x © lidr(v) © ox/]
D)ooy (X'),

so A (f) € Homg,en((K(V),q, 2 ®v),(K(W),q, 2 ®w)). If f and g are composable morphisms in
Za(C), then JA'(go f) = K(go f) = K(g) o K(f) = A (g) o H(f). Also H#(idv,qe,)) = K(idy) =
idg vy = idg(v,q,@,)- Thus we conclude that " is a functor.

° (05 (L(x).v

,\\_/AV

B.3 The functor /¥ can be made into a tensor functor

We will now give the functor # : Zg(C) — Zg(C') the structure (#,e*,5%) of a tensor functor. For
this we first define 5(Vq By ) (W dw) = 5(/{7W for any (V,q,®v), W,r,®w) € Zg(C). To see that these are
indeed morphisms in the category Zg(C’'), let (V,q, ®v), (W,r,®w) € Z5(C). Then for any X’ € C we have
lidgy, (x) @ (60w) " o [ (Pv @ Pw)(X")] o [y @ idx/]
= [idpy, (xn @ (Ovw) o [Fo(px) ™! @ idrvew)] o (€5 (ar) Lix) @ idkvew)]
o (67, (Lixyvew) o K((6g,)ix) ®@idvew) OK(an(FT(L(X’))),V,W)
o K(@y (F.(L(X"))) @ idw) o K(ay,p.(L(xn)w) ' o K(idy ® @w(L(X)))
o K(av,w,rx1) © Sew,rx) © idxvew) & ¢x/]o [0y @ idx]
= [F! (px) 71 & (88 w) ™ o (6 ) re(nxry @ idrvem)] o [Fa(€5 () pixn) @ idrwvemw)]
o 5 (@) Fo((xy) ® i vew)] o K6, ) Lxn) ™! @ idr e o [K((0F,)ix)) @ idrwvew))
o (O (r i vew) o K(ar,mwxn).vw) o K(@v(F.(L(X"))) ©idw)
o K(aV,FT(L(X’)),W)_1 o K(idy ® ‘I’W(L(XI))) o K(GV,W,L(X/))
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0 0P ew.rix © [0hw © idk ] o l[dxye km) @ exi]
= (6 ) x @ idgvyer )] © [EA(FLex) ™ @ (08w ) o [FA(ER (1) pixny) @ idrvew)]
o[£ (@)r (z(xn) & idK(V@W)] o [idk (r, (B (L(x)) © OV w] © Ak (p (ko (LX) K (V) (W)
@' idwe (] © (OF, (. exevar) " 0 K (@ (Fr (LX) @ idw)

o (%, (p, () v)
o K(idy ® ®w(L(X"))) 0 0% wer(x1)

°© K(aV,FT(L(X')),W)
lidg(v) @ 5II/[(/,L(X/)] o vy kW), K (L(x1)) © Mdr e kmw) ® ¢xi]
[Fy(Fl(ex) " @ idkvye xw)]
° [Fé(fK(T)L(X/)) ® idrvye k)] © (€5 (@) . nxy) @ 1k e k)]
O (7, (P (L(x ) K (V) K (W) © LRy (xyy ) T @ idi ] o (K (@y (B (LX) @ idg w)]
o K(av.p (ixw) 008 m (xew © dikvy ® K(@w(L(X")))]
@' (idrw) @ 9x7)] 0 Qg vy, wew), x!
@ idg(v)) @ idr )]

= [(55;)2(' ®" idg(vye K (wW)] ©

°© (5{/(®FT(L(X’)),W)

o fidr(v) @ Oy, (xnl o lidg vy
= [(0g, T)X’ ®"idg vy xw)] © aF’(F’(X’)) K(V),K(W) ° [(Fé(@F;(X/))
[(K(Fy(¢"(r)x) " @ dg(vy) @ idgw))
®idg )] o [K(Dv (Fr(L(X"))) @ idkw)] 0 [67 1, (1.(xy) @ idrcw)]

(6

o [(¢%(q )L(F' (x1)) ® ldK(V ) ®"id g w)) ©
of

' (51{"{(L(X’)),W)71] o [idg(vy ® K(®w(L(X")))]

Ok (m(Lexv)
o [idK(V) &
® (idgw) ® ox)] 0 vy kW) x7
@ idg () @ idgw)]

© aK(VLK(FT(L(X'))),K(W)

o [idg(v) @ 5114(/7L(X’)] o [idr(v)

= (05 x @ ik vyarkw)] © A rr(x0)), k(v w) © [(Fg(0rrxn)
o (€ (a) L(ry(xy) @ idK(v)) @ idg (] 0 [(5II§J(L(F;(X/))),V)71 @ idg ]
[K(®y (L(F(X")))) @ idgw)] o [5\I/(L(F/(X’)) @ id g w)] o [(idg vy @ K (mx) ™ e id g ()]
o aK(lV) K(Fx).kw) © 1dxw) @ (05 pxyw) e lidx ) © K(@w (L(X")))]
o fidg(v) ® 5W Lxn) o ldr ) @' ([dgw) ® ¢xr)] o aK(V),K(W),X/
)X’ & idg(vye K w)] © a’F’(F/(X’)) k) ey © [(Fy(prxn) ™ @ idg ) @ idgw]

D
—1 ®/ ldK(W)]

(64
o [(€5(q) Lipr(xy) @ idk(v)) @ idg )] © [(6FQ(L(F;(X’))),V)
[K(®v(L(F/(X))) @ idrw)] © (68 1 xry) @ idrwy] o (ke vy ® ¢rxy) @ idgw)
° a',I;(IV),FT’,(X’),K(W o fidg(vy @ (Filox) ™t @ idgw))] o idx(v) @ (€5 (r)Lx) @ idrw)]

o fidg(v) ® (0% (n(xyy.w) ] e lidx vy @ K(®w (L(X"))] o [idxv) @ 6y xn]

o lidx vy ® (idrw) ® vx)] 0 die(v) xw),xr

[(657”))(’ @ idg(vye K (w)) © a/F(;(F;(X’)),K(V),K(W) o [0y (F(X") @ idgw)]
-1 .

o aK( V),FL(X'),K(W) © [1dK(V) ®' %q’W(XI)] o a‘/K(V),K(W),X’

= (H Py @ A Oy)(X'),

where (*) follows from

Fl(pxr) = &5H(r)xr o opixn = €5 (r)Lxy o K(E5(r)x7) © 0ry(x1)-
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To obtain “ we take the inverse of the preceding equation and get
Fl(px) " o €8 (r)nixn = pix © K(E(r)x) ™,
from which we get that

Fy(Fl(px)) " o FJ(E5 (r) Lixn) 0 €5(@) Fynixry)
= Fli(¢p(x1) o Fy(K (€ (r)x)) ™ o €5(a) py(nixry)
=F}(pr(xn) " o (@) irxry © K(Fg(€5(r)x)) 7"

This means that
50w € Homy(on (K (V) @ K(W),qr, # @y @ A Ow), (K(V @ W), qr, 2 (®y @ Pw)))
and hence that
S0y ) (W) € Homzgen (H[(V,q, @v)] @ H (W, r, @w)], H[(V,q®v) @ (W, 7, Pw))).-

If (Vlv q, (I)Vl)a (V27 q, q)Vz)a (Wlu T, q)Wl)a (W27 T, q)Wg) S ZG(C) and if f S HomZG(C)((Vla q, CI)Vl)u (‘/27 q, (I)Vz))
and g € Homg ) (W1, 7, @w, ), (W2, 7, ®w,)), then naturality of 5% follows from

5%27q7¢V2)7(W21T7¢W2) o [%(f) ®/ <%(g)] = 5‘[/{2,W2 o [K(f) ®I K(g)]
=K(f®g) 05{/(1,14/1
— K
=X (f®g)o 5(V1,q,<I>V1),(W1,7‘,<I>W1)7
where in the second step we used naturality of §%. To check that 6% satisfies the hexagonal diagram in
the definition of a tensor functor, let (U, ¢, ®v), (V,r, ®v), (W, s, ®w) € Zg(C). Then
A A .
H(AU,q,00),(Vir @), (Ws,2w)) © OU,q.00)0(Vir@v)(Wis.0w) © [0(U.q.0).(Vir#y) ®" id g (W, )]
= K(av,v.w) © 0 gvw © [0y @ idx(v)]
=60 vew © idxw) ® 0V wl © axw)xw).xw)

A : A
= 5(U,q,‘I>U),(V,r,‘1>V)®(W,s,<I>W) o [1d9£’[(U,q,<I>U)} ®' 5(v,r,<1>v),(w,s,q>w)] O Ay [(U,q,@u)],H [(V,r,@v)],H [(W,s,@w )]

where in the second step we used that 6 satisfies the hexagonal diagram in the definition of a tensor
functor.

We now define %

:= ek, For any X’ € C we then have

HDY(X')

= [Fl(px) ™' @ idgn] o [€5(e)(xn @ idk(n)] o (O, (rixy)1)~
° K(‘I)?(L(X/))) o 6fL(X’) o [idK(I) ® px1]

= [Fl(px) "' @ idgn) o (€7 (e)Lixn @ 1dk(n)] © (OF, (nxy).1)
o K(rp,pxy) " o K(eL(xn) o K(lL(x1) 0 0f fxn © [ () @ ox/]

= [Fl(px) "' @ idgn] o [€% (e) Lixny © idk ()] o ldk(r, (L(x7)) ® "]

-1 [ . .
0 T/K(FE(L(X’))) 0 K(EE(X')) © ZIK(L(X')) ° [(51{) ' ldK(L(X'))} o [1dK(I) ® ox1]

1

. _— . . -1
= [idpy(x) ® ] o [Fl(px) ™" @ idr] o €5 () p(xy @ 1dr] o i (. (1(x7))
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° K(EE(X/)) ol (r(xn) © ldr ® px]o ()™ @ idx]
= [idpy xr) ® 5] 01 xy 0 Flpxr) ™ 0 €5(e)ixry © K (e x)) 0 o 0 Uy 0 [(€9) ! @ id /]
= fidpy(x) ® €570 Py xy © FLlpx) ™ 0 el nxy 0 0 0 s 0 [(£5) 7 & id ]
lidpe(xn @ €% 01 xy 0 ks 0 s 0 [(€9) ! @ idix ]
[ich{(X’) ®/ 8K} o} (I)O/ (X/) e} [(5K)71 ®/ idX/],
i Z 4 ,7 ) 1) ) &
which shows that e% € Homy,cn ((I',e,®,), (K(I),e, £ ®})) and hence that
e € Homy, cn((I'se,®Y,), #[(I,e, ®9)]).
For each (V,q,®y) € Zg(C) we have
Uptvigany = ey = K(v) o 0y o [ @ idg ]
= K (lv,g,00)) © 01 .o (vg.ov) © €7 @ idg (g
and
M vaa) = Ty = K(rv) o 60 p o [idg vy @ ]
= K (1) © 60 0y) (1.e00) © [dr(vga,) @ 7]

We thus conclude that (7, % %) is indeed a tensor functor.

B.4 The tensor functor % can be made into a (G-crossed functor

In this section we will prove that the tensor functor (%, ,5%) can be equipped with the structure of a
G-crossed functor. For this we need the following lemma.

Lemma B.4.1 Let (V,r,®y) € Zg(C). Then for any q € G we have
¢%(q)v € Homyg en (K(Fy(V)),qra ™", H Fy®v), (Fy(K (V) qrq™ !, Fo o @v)).
Proof. For any X’ € C' we have
de . x) ® % (q)v] o [ Fy®y (X))
= [idm  xn &' 8 (q)v] o [F)q1 (ox) " @ idk(r, vyl o [€% (gra ") Lixn) @ idk(r, (v))
° (5.{7‘2,,@,1(L(X’)),Fq(V))_l o K(Fy®v (L(X"))) 0 08 vy nix © idx(rm,v) @ ¢x]

=lidp _ (x0) ® €5 (@] 0 [Fggr (ox) 7 @ idge(m,(vy)] © (€% (arg ™) pexry @ idk(r, (v)]

_ . F,
© (OF, 1 (wxmn) " 0 K (@grg— (LX) ®idr, ) 0 K(Op! (5, (10x).v)

o K(Fy(@v(Fy+ (LX) 0 K@yl _, (1) © K (idp, ) ® Ag(L(X)) ™)

° 8%, (v),Lx © 1K () @ x7]

=l xn @ X (Qv] o [Flgr (ox) ' & idk(r,(vy) 0 (€5 (ara D Lixn @ idk(r, (v)]

. — F, _
© [K(aq,r,q*I (L(X/))) ®' ldK(Fq(V))] © (5£(F,,(Fq,1 (L(X’)))),Fq(V)) o K((SFT(Fq_l(L(X’))),V) '
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o K(Fy(®y (Fy- (LX) 0 KOy, (1)) ©
o [idg(r,(vy) © K (Ag (LX) 0 lidge(r,vy) @ 0]
_ [idF/ ) ® 5 (q)y] o [Férqfl(wX/)’l ®" idg (g, (vy)] © [(55;,(171)K(L(X/)) ® idk(r,(v))]

Sy (V) Fy(F, 1 (L(X")))

of q(( ke @ idg sl o [Fy(FLER (" Lixr)) © idg s, ()
o [Fy(¢X ( )F, (wx) @ g (r,ovy)] © [Fg(K (0] -1 nxn)) ™t @ idk(r,(v)]
o [£5(a)r,, - £y @ idrm, () © (K (0 g1 )ixn) ™ ®idk(m,(v)]
o [K((8) 1) L(x) @ idx (m,(vy) o K (Fy((8] 1) nixn)) @ ik (m, vy

o (08 (7, b m ) O KGR  ey) T 0 K (Fy(By (Fpma (LX)
° K(5V,Fq,1(L(X/))) ° 5Fq(V),Fq(Fq_1(L(X’))) o [idg(ry(vy) ® K (0] ;-1 )rxn)) "]
o [idk (r,(vy) @ K(efxn)] o lldi(r,(v) © ¢x']
= (08 g-1)x ® idpy vyl o [Fy(0F 1) x) @ idpy e (v
o [Fy(Fl(Fy-i(px))) ' @ idpyxvyl o [FI(FL(E5 (a7 D pxn)) & idps (re(v))
o [Fy(& (T)F L(L(x))) ® idpy vyl o [fK(Q)FT(F nxny) ® E5(q)v]
o (8% (7, bR ) O KGR (o)™ 0 K (Fy( @y (Fps (LX)

o K(5y's ., (wixy) © 08y, my(r, (e © iy v)) © K (841 )pcx) ]

o [idg (7, (vy) @ €5 () (xn) © lidi(r,(v)) @ ex(nix] o idr () ®@ ox/]

(%) . .
= [ogr g1 (X)) & idpy (vl e [F, (F/(L'OF’(X’ ) ® idpy (v

o [Fy(FL(K (€ (g ) x))) ™ @ idmyovy] o [Fg(€% (r)p,  nxny) @ gk (v)]
F/ _
o (0k'(r, (F, -1 (L(X")))), K(V)) o F) (05 (F,—1 (L(X") v) o (Q)r, (F,—1 (L(X)&'V

o K(Fy(®y (Fyg-1(L(X"))))) 0 K(5VF L(L(x))) © 6Fq(V) Fy(F,—1 (L(X")))
o [idse(r,(vy) & K((0y 1) pxn) ™o lidk(r,vy) @ €5 () (x0]
o fidx (r,(v)) ® Fllpxr)] o idi(r,(vy) & %]
= [0 pq-1 (X') @ 1dFy (e (vy)] © (5%(}74()«)) Ky O F'(F/(SOF/ Lxn) @ idk )
o Fy(€5 (r) pimyxy @ idk(vy) 0 Fy(K(Fr(€5(¢™ ) x) 7t @ idk(v))
OF(5F,(F Lnxyy) o Fy(K(Py (Fpi (L(X'))))) o ()V®FQ,I(L(XI))

o K((SVF 1(L(X’))) o 6 F,(V),F, (F L(L(X)) o [ldK(Fq(V)) ®/ K((agq*I)L(X’))_l]

o [ide(r,v)) ® €¥ () {xn)] @ lidi(r, vy @ Fllox)] o lidie(r,v)) © €X0]

. F, _ 1 -
= [ag g1 (X)) & idpy k(v o (5F'(F'(X’)) K(V)) ‘o Fé(FT'-(SDFq/_l(X')) '@ idg(v))
o Fy(€%(r) n(m(xy) @ idk(v)) o Fy (08 Fo(L(F Lxv) o Fy(K (P (L(F- (X))

. C1N— F!
o F)(K(idy ® (¢ ")xr)) o Fé(5v,Fq_1(L(X/))) o 5Kq(V),K(Fq,1(L(X/)))

217
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o[€%(a)v & 5 (@)r, , (wixy] © idr(r, vy & K(0; 4-1)pxn) ]
o [idie(r, (vy) ® €5 (€)p {xn] @ lidie(r, (1)) ® FLlox)] o fidicr, (vy) © X
= logr g1 (X)) @ idpy (v 0 (5?;@()«)) k) o Fé(F;((PFéfl(X’))il @ idg (v))
o Fy("(r) pimxry ' ik (v)) © Fy (05, (L(F! Cxyv) o Fy(K (v (L(F,- (X))

F’ . _ _
© Fy(0vnir_, (xp) © 0wy e, cxryy © lidmyc vy @ Fy(K(€4 (™) x) 7]
o fidpyk(v)) ® €5 (O)F, s wexn] © lidry vy @ K((54-1)pxn) ']

Fo-
o [ldFé(K(V)) ® 5 (6) (1X’)] o [ldFé(K(V)) ®/ Fé((pxz)] o [ldFé(K(V)) ®/ €§l/] o [§K(Q)V ®/ idX/]

F _ _ .
= [0 1 (X)) @ idpy e (vy)) © (Opl (yx1)) (1) ! o Fy(Fy(pr ,(x1) '@ idg(vy)

o Fy(65(r) Limxry @ idxk(v)) © Fy (O, (LR Lxy) o Fy(K(@v (L(F-1 (X))

F . _ _
© Fy(00 1, cxn) © kv rai_, ooy © ey @ Fy(K (€4 (@) x)) 7]
o lidpyre vy @ Fy(€" (a7 rexn) ™ o lidry vy © (070 ) x(noy) © idrucy) @ Folex)]

o lidp (r(vy) ® ekl o [€5(g)v @ idx/]
(=)

’

. F! _ 1
g g1 (X)) & gk (vylo (5F'(F'(X/)) K(v)) o F/(F/(QOF;_l(X/)) '@ idgy)
o FJ(&5(r)y L(F!_ (X")) ®'idk(v)) o F, (0%, (L(F!_ (X)), v) o Fy(K(®v(L(F,-1(X")))))
o F, (5VL(F' (X’))) ° F«;(idK(V) ®' L x1))© 6K(V) Fl (X
o idpr(re(vy) ® (5 —)xe] o lider (e vy © 5§/] o % (q)v @' idx/]

. F’ _
=[0G g 1 (X) @ idry(rcvy] © OF! (g x0y) k(1) | © Fy(H v (Fpa (X))
F’ . _ .
K(V)F!_ (x7) © [idp (e (vy) @ ALX) o [€5(g)v @ idx]

= [Fet v (X)] o [€% (q)v @ idx/).

004,

We will now explain the equalities © and () ; in somewhat more detail. It follows from

Fli(ex) =& (g ixn o K(€5 (g7 )xr) o YEL(x)

that we have
" (@ Mxny) e Fralex) = K(E (g Hxr) o PE L (X)-

Taking the inverse on both sides results in
Foalpx) ™ o €(a ooy = #p_, (xn o K(E (a7 H)x) ™,
which was used in the equality ® above. For the other equality we first observe that
K& (g )x) o (§K(q71)L(X'))71 oF, i(px) = PP (X")-
Letting Fé act on both sides, we get

F(E(E (g ") x) o Fy(¢% (g7 ) nixn) o Fy(F - (ox1)) = Fé(@p{;_l(){/))
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Using that / )
Fé(F;fIWX’)) = (55(;*1)1}1@(}0)) o Fi(pxr)o (55q—1)X’a

this gives us
Fy(K (€5 (a M) x)) o Fy(€%(a™ Dnixn) ™ o (0g g1 k(nixy © Feloxr) = Fylor (xn)e 0 )

which was used in the equality (x2) above.
O

Using this lemma, for each (V,q, ®y) € Z5(C) and ¢ € G we can define an isomorphism
EX(Q)(V,quv) € HomZG(C’)(‘%/‘Fq[(‘/v q, (I)V)]a f;%[(‘/v q, q)V)])

by £ (q)(v.q,8v) = £¥(q)v. We will now show that (¢, e, 6%, ¢7) is a G-functor from Z¢(C) to Zg(C').
To check naturality of £ (q) for ¢ € G, let (V,q, ®v), (W, q, ®w) € Zg(C) and f € Homy,,c)((V,q, ®v), (W, q, Pw)).
Then

7 (@) wgew) © K (Fo(1) = E5(@w o K(Fy(f)) = Fy(K(f)) o £ (a)v
= ]:;(f(f)) o 5%(Q)(V,q,<bv)v
where in the second step we used naturality of ¢X(q). If ¢,r € G and (V, s, ®y) € Zg(C), then
E7(qr) (v s.ov) © (0] ) (v,s,00)) = EX (ar)v 0 K((87,)v)
= (6 )k o Fy(€%(rv) o € (@)m.v)
= (67 (K (V)5 0y) © Fy(6% (N vs,00)) © €7 (@) (B (V) rsr—1. 7, 00
_ (57

T (visav)) © Fal€ (N visev)) 0 €7 (@) 5, ((vis,00)»

where in the second step we used that £ is part of the data of a G-functor. For each (V,q, ®yv) € Zg(C)
we also have

’

i iaan) = Sy = EX(e)v 0 K(e])
= () wgey) K (Elvga0)-
Finally, if ¢ € G and (V,r, ®v), (W, s, ®w) € Zg(C), then
5%(Q)(v,r,¢v)®(w,g,<1>w) = (@ wewrsoysow) =< (@vew
= F(5w) 0 03, ey © 1€ (@v @ € (@)w] 0 G vy wy) 0 K (557) ™"
= Fo(6% 00y (Wis,aw) © 5%{ Wardo o ((Wew) © €7 @ wrev) & €7 (@) w,s o))
o (OF (iranlmWsow) 0K O ) (won)

We thus conclude that (7, e”, 6%, %) is a G-functor. Furthermore, since for each (V, ¢, ®v) € Zg(C) we
have O'[(K(V),q, ¢ ®y)] = ¢, it is in fact a G-crossed functor.

B.5 The G-crossed functor .# is braided

We will now demonstrate that the G-crossed functor (¢ ,e”, 6% ¢%) is braided.



220 APPENDIX B. PROOF OF Zg(C) ~ Za(C') WHEN C ~ C'

Lemma B.5.1 Let (V,q,®v), (W,r,®w) € Zg(C). Then
H Oy (K(W)) = (€5 (@)w @ idr(v)] o (07, (wy,v) ™ 0 K(Rv(W)) 0 63y
and the G-crossed functor (A ,e” ,6% €% is braided.

Proof. Using the natural isomorphism ¢ : L o K — id¢ we get

H Oy (K(W))

= [Fy(prw)) ™t @ idr)] o (€5 (@) i owy) ® 1k )] 0 (OF, (L(xwy).v)
o K(Qy (L(K(W)))) 0 6% 1k (wy) © lidk(v) ® @rw)]

= [Fé(saK(W))’l ®@"idg ()] o [fK(Q)L(K(W)) ®"idg vy o (5£(L(K(W))),V)71
o K(®y (L(K(W)))) o K(idv ® ¢y!) o K(idy @ ¢w) 0 8¢ 1wy © i (v) @ or(w)]

-1

= [Fé(@K(W))_l ®' idK(V)] © [fK(Q)L(K(W)) ®' idK(V)] 0 (51{{1(L(K(W))),v)
o K(Fy(vw) ' ®idy) o K(®y(W))o 511/(,1/1/ olidg vy ® K(¥Yw)] o lidxvy @ @rw)]
= [F)(exw)) " @ idgan] o [F(K(pw)) ™" @ idgan] o [€5(w & idg ]
o (6£(W),V)_l o K(®y(W)) o6l o lidrx) @ K(w)] o idry @ @rmnl,

which is equivalent to

(€5 (q)w @ idg ] o (6115‘2(W),V)_1 o K(®y(W))o 611/(,1/1/
— K (w) &' idgeqn] o [Fierarn) @ idican] o 4 y (K(W)
o [idg vy ® w}l(w)] o lidg vy @ K(Yw) ']
where the second equality follows from naturality of # ®y,. But this can be rewritten in terms of morphisms
in Zg(C') as
Clr(v),ax 0 ) (K W)t o) = €7 (@ ow) © 1k (V)00 © 670 W) .qra—1 F,5w), (Viaar))
° %(C(Va,‘i’v),(Wm@w)) ° 5(Jt/wq,q>v),(w,r,<1>w)v

which is precisely the condition for (¢, e, 6%, %) to be braided, so that it is in fact a braided G-crossed

functor.
O

B.6 Z;(C)~ Zg(C') as braided G-crossed categories

In the preceding sections we have shown how to construct a braided G-crossed functor
(‘%/75%7(5%,5%) : ZG(C) - ZG(C/)

from the G-functors (K,e¥, 6% ¢K) :C — C" and (L,el, 6L, ¢L) : C' — C and the natural G-isomorphisms
@ :ider - KoL and ¢ : Lo K — id¢. By interchanging the roles of K and L and interchanging the roles of
@ and ¢! it is trivial to see that we can also construct a braided G-crossed functor . : Zg(C') — Za(C)
from the same collection of data. For future reference it will be convenient to have an explicit expression for
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the functor .Z. Analogues to %, we define the functor . on the objects of Zg(C') by H[(V',q,Pv/)] :=
(L(V"),q, Z®Py), where the half ¢-braiding £y for L(V’) is given by
Ly (X) = [Fy(x) @idpn] o (€5 (@) k(x) @ idpvn] o (51€4(K(X)),V’)_1
o L(®y/ (K(X))) o 51L/’,K(X) o idrvry ® ¥y']
for X € C. On the morphisms .Z is defined as .Z(f") = L(f’) and the ¢Z, 6 and £ are given directly by
the el, 6% and ¢F, in the same manner as we did for 7.

We will now show that the functors J# and .Z together set up an equivalence of braided G-crossed
categories.

Lemma B.6.1 If (V' q,®y/) € Zg(C'), then
@y € Homy, (V' q,Pv/), (K(L(V")), q, X L Dy)).
Proof. For any X’ € C’ we have
H LDy (X'
= [Fy(px) ™" @ idgnvpl o €5 (@) nx @ idk ) o O, (nixny.nor) "

o K(Ly/(L(X"))) 0 67y 1(xn © ldrwovy) ® ¢x]

- [F'

x) T @ idg vyl 0 €5 () Ly @ idknvy) © OR (ixry,novy) !

(
(¢
K(Fy(¢rx)) ®idpry) o K(E5(q) knixry) @ idpvry) o K(OF, FI(K(L(X"))), vt
K(L(®y/(K(L(X"))))) o K(‘S\Lﬂ X’))) o K(idpvr) ® ¢L(X' )

° §L(V’),L(X’) o fidg(r(vry) ® ¢x']
= [F)(px) "' @ idg vyl o [Fy(K(¥rxn)) @ idg L)

o [EM(Qrixwixn) @ ikl o [KEM (@ rwxy) @ idk L)

° (5ZI,((F{;(K(L(X’)))),L(V’))_ ° K((;F’(K(L(X/))),V’)_l o K(L(®y/(K(L(X")))))

o K (80 se(rixy) © O1vn . ixnxy © M) @ K(Wrxy) e lidg vy @ ¢x]

*) . .
[F/(QOX’) ' ldK(L(v'))] © [Fé(K(i//L(X' ) ®' ldK(L(V’))]

[(f Of )( ) K(L(X")) Q' idK(L(V/))] © ((5 ot )F/ K(L(X/))),V/)_1 o K(L(FQ(SDX’) ®' idV’))
o pm(xn@ v © Py (X') 0 pylg ks 0 K(L(idy: @ ¢x1))
o (6% 06"y k(rxry © i (v ® K(Wrxn) o lidrrv) © ¢x]
= [F)(px) ' & 1dK(L(V’))] [Fy (K (Yrixry)) @ idg vyl o [Fy(K(L(gx))) @ idgLvy)
o [(fK < fL)(Q)X ®' idK(L(V/))] 0o ((5K < 5L)F4(X/),V’)71 O PFH(XNR'V! O Dy (X/) o @\7/1@/)(/ o (5K < 5L)V’,X’
o fidre(p(vny) ® K(Lpx)) ™' o lidx ) & KWrxen) ™' o lidrrer) @ ¢x]
= [Fy(ex) ' @ idg vyl o [Fy(K ($rxn)) @ idk vy o [F(K(L(px))) @ idg )]
o[(€% 0 €M) (g)x ® idk(Lvry] o lpr (x) @ vi] o Py (X') o [pyr @ @xi]
o lidgnvry) @ K(L(gx) o lidgrvy @ K(Wrixn) e lidg o) @ oxi]
= [idps (x) ® pvi] o [Fylpx) ™t @ idv] o [Fy(K ($p(x1))) @ idy]
o [FI(K(L(px1))) @ idys] o [F)(px) @ idys] 0 Py (X') o idy @ 1]
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o fidy: @ K(L(px)) "o [idy: @ K(ppxn) e idys @ ox/]
o [py @ idy/]
= [idpy (x) ® pvr] o Py (X') o [pyr @ idx],
where in the last step we used naturality of ®y,. We have thus shown that

H Ly (X') o [py: @ idx] = [idpyx) @ vi]o Py (X'),

which is what we had to prove. We will now explain the step ® in some more detail. By naturality of ¢
we have

K(L(®v/(X))) = O (x)e v © Py (X")o <P\_/}®/Xf
and by naturality of ®y we have
Dy (K (L(X")) = [Fy(pxr) © idy] 0 By (X') o fidyr @ o37]-
Combining these two expressions, we obtain
K(L(®v/ (K(L(X")))))
= K(L(Fy(px:) @' idy+)) o K(L(®v/ (X)) o K (L(idv: &' 7))
= K(L(Fé(@x/) ®/ ldvl)) o @Fé(X’)@’V’ 0] (bV’(X/) o] (p;,l(g),x, o K(L(ldv/ ®/ (p)_(}))

O

Using this lemma, we can define for each (V',q, ®y/) € Zg(C') the isomorphism
@(V’,q,@vl) € HomZG(C’) ((V/a q, q)V’)7 %g[(v/7 q, q)V’)])

by ¢(vr.q.@,,) = pv/. We will now show that this defines a natural braided G-crossed isomorphism from
idz () to # o Z. To prove naturality, let f’ € Homgcn((V',q, ®yr), (W', q, Pw)). Then

S gy © f' = pwr o f'=K(L(f") ooy = H(L(f)) 0 Pv,q.8,):
where in the second step we used naturality of . We also have

H L K L ~
ETOT =& 0T =P =PI ,0Y,);

where in the second step we used that ¢ is a natural tensor isomorphism. Also, if (V’,q,®y/) and
(W' r, Oy ) are objects in Zg(C'), then
PV W ard 0y = Pview: = (6% 06 )y wi o [py @ ou]
= (6" o 63)(V’,q,<I>V/),(W’,r,<I>W/) o [P gy ® Pwrrdyils

where in the second step we used that ¢ is a natural tensor isomorphism. This shows that ¢ is a natural
tensor isomorphism. If ¢ € G and (V' r, ®y/) € Z5(C'), then

Fo@wrrayn) = Fylov) = €8 0 €5 (@)vr o @rrv)
=" o) D rmy 0 AN IO

showing that ¢ is a natural G-isomorphism, and hence a natural braided G-crossed isomorphism. In exactly
the same manner one can construct a natural braided G-crossed isomorphism ¢ : £ o % — idz(c). Thus
Zc(C) and Zg(C') are equivalent as braided G-crossed categories.
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Summary

In modern physics, space and time are described together as four-dimensional spacetime by the theory of
relativity. The laws of nature for microscopic particles are described by quantum theory. When combining
the theory of relativity with quantum theory, it becomes very natural to describe everything in terms of
fields, thus giving rise to what is called quantum field theory (QFT). Although QFT is very accurate in
describing physical phenomena, it is a theory that has not been made completely mathematically rigorous.
Several attempts have been made to make QFT mathematically rigorous, one of which is called algebraic
quantum field theory (AQFT), which has played a major role in our research. In AQFT one assigns to each
region O of spacetime an operator algebra A(0), i.e.

0 — A(O),

where the operator algebra A(O) is called an algebra of local observables. The elements in the algebra A(O)
are interpreted as the mathematical objects that describe the physical quantities that can be observed in
the region O of spacetime. We are especially interested in the case where spacetime is only one-dimensional,
because in this case some interesting features occur that are not present in the case of a four-dimensional
spacetime, as we will explain below. We also assume that there is a group G acting on the AQFT, which
is often called a gauge group by physicists. We will simpy refer to this entire setting as an AQFT with a
G-action.

As for many abstract algebraic concepts in mathematics, it is common to study certain of their concrete
realizations in order to understand them better. These concrete realizations are also called representations.
The starting point for our research was the study of the class of so-called localized representations of an
AQFT A with a G-action. The nice feature of these localized representations is that together they form a
mathematical structure Locs(A) that is called a braided G-category. The braiding is a typical property of
the low-dimensional spacetime, since in higher-dimensional spacetime the braiding is always a symmetry, so
that we obtain only a symmetric G-category. Besides the localized representations, one can also consider the
more general class of G-localized representations of the AQFT A. These form a braided G-crossed category
G — Locy(A) that is a braided G-crossed extension of Locy(A).

In the beginning we were especially interested whether it was possible for a certain special class of
AQFTs A with a G-action to construct G — Locy(A) from Locs(.A) by using purely categorical methods.
This question about representations in AQFT led us to the more general question of whether it is possible
to find a method to extend a braided G-category C to a braided G-crossed category D, which contains C as
its part with trivial degree. This more general question led us to the construction of a braided G-crossed
category Zg(C) from any (not necessarily braided) G-category C. This construction is a generalization of
the construction of the Drinfeld center Z(C) of a tensor category C. We prove several non-trivial properties
of Z¢(C) and although Zg(C) is not a braided G-crossed extension of C (in the sense that the part of Zg(C)
with trivial degree does not coincide with C in general), we show that Zg(C) does have some nice internal
structure in case some braided G-crossed extensions of C exist inside of Zg(C).
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Samenvatting (Dutch summary)

In de moderne natuurkunde worden ruimte en tijd samen beschreven als vier-dimensionale ruimtetijd in
de relativiteitstheorie. De natuurwetten voor microscopisch kleine deeltjes worden beschreven in de kwan-
tumtheorie. Wanneer de relativiteitstheorie gecombineerd wordt met kwantumtheorie, wordt het al gauw
heel natuurlijk om alles in termen van velden te beschrijven en op die manier verkrijgt men dus de zoge-
naamde kwantumuveldentheorie. Hoewel deze theorie erg nauwkeurig is in het beschrijven van natuurkundige
fenomenen, is het een theorie die niet volledig wiskundig onderbouwd is. Er zijn diverse pogingen gedaan
om kwantumveldentheorie wiskundig te formuleren, één daarvan is de algebraische kwantumuveldentheorie,
welke een prominente rol heeft gespeeld in ons onderzoek. In algebraische kwantumveldentheorie kent men
aan elk gebied O in de ruimtetijd een operator algebra A(O) toe, i.e.

0 — A(0),

waarbij de operator algebra A(O) ook wel een algebra van lokale observabelen genoemd wordt. De elementen
van de algebra A(O) worden geinterpreteerd als de wiskundige objecten die de natuurkundige grootheden
beschrijven die waargenomen kunnen worden in het gebied O in de ruimtetijd. Wij zijn vooral geinter-
esseerd in het geval waarbij de ruimtetijd één-dimensionaal is, omdat in dit geval bijzondere eigenschappen
plaatsvinden die niet aanwezig zijn in vier-dimensionale ruimtetijd, zoals we hieronder zullen toelichten.
We nemen ook aan dat er een groep G is, ook wel een ijkgroep genoemd door natuurkundigen, die werkt
op de kwantumveldentheorie. Wij zullen simpelweg refereren aan deze hele setting als een algebraische
kwantumueldentheorie met een G-werking.

Zoals vaker voor abstract algebraische concepten in de wiskunde, is het gebruikelijk om zekere concrete
realisaties ervan te bestuderen om ze zo beter te begrijpen. Deze concrete realisaties heten ook wel rep-
resentaties. Het beginpunt voor ons onderzoek was de studie van de klasse van zogenaamde gelokaliseerde
representaties van een algebraische kwantumveldentheorie A met een G-werking. De mooie eigenschap
van deze gelokaliseerde representaties is dat ze samen een wiskundige structuur Locy(A) vormen die ook
wel een gevlochten G-categorie heet. De vlechting is een typische eigenschap van de laag-dimensionale
ruimtetijd, omdat in hoger dimensionale ruimtetijd deze vlechting altijd een symmetrie is, zodat men
slechts een symmetrische G-categorie verkrijgt. Behalve de gelokaliseerde representaties kan men ook de
meer algemene G-gelokaliseerde representaties van A beschouwen. Deze vormen een gevlochten G-gekruiste
categorie G — Locs(A) die een G-gekruiste extensie is van Locy(A).

In het begin waren we vooral geinteresseerd in de vraag of het mogelijk is om voor een zekere speciale
klasse van algebraische kwantumveldentheorieén met een G-werking de categorie G—Locy(A) te construeren
uit Locy(A) door puur categorische methoden te gebruiken. Deze vraag over representaties in algebraische
kwantumveldentheorie leidde ons tot de meer algemene vraag of het mogelijk is om een methode te vinden
om een gevlochten G-categorie C uit te breiden tot een gevlochten G-gekruiste categorie D, die C bevat als
het deel met triviale graad. Deze meer algemene vraag leidde ons tot de constructie van een gevlochten
G-gekruiste categorie Zg(C) uit een (niet noodzakelijk gevlochten) G-categorie C. Deze constructie is een
generalisatie van de constructie van het Drinfeld centrum Z(C) van een tensor categorie C. We bewijzen
diverse niet-triviale eigenschappen van Zg(C) en hoewel Z;(C) niet een gevlochten G-gekruiste extensie is

231



232 SAMENVATTING (DUTCH SUMMARY)

van C (in de zin dat het deel van Zg(C) met triviale graad in het algemeen niet samenvalt met C), laten we
zien dat Zg(C) wel een mooie interne structuur heeft indien er bepaalde gevlochten G-gekruiste extensies
van C bestaan binnen Zg(C).
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