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Introduction

The fruitful interplay between topology and algebra has a long tradi-
tion. On one hand, invariants of topological spaces, such as the homotopy
groups, homology groups, etc. carry algebraic structures and the goal of a
systematic understanding of homotopy and homology led to definitions of
categories, functors and natural transformations.

On the other hand, topological methods and principles inspire algebraic
structures; the cobordism hypothesis for example has motivated higher
categorical structures like (0o, n)-categories. Further, topology provides
methods to prove algebraic theorems and explains the appearance of cer-
tain other phenomena; a particular nice example is that the quadruple
dual functor (_)****: C — C of a finite tensor category C is monoidally
isomorphic to the functor D ® _ ® D~! for a distinguished invertible ob-
ject D in C which was proven first by algebraical means in [ENOO04] and
reexamined with topological methods in [DSPS13].

The transition from the realm of categories to higher categories poses
the problem of an algebraic description leading to something one might call
"higher algebraic structures’. For example tensor categories are a categori-
cal generalization of algebras and module categories over tensor categories
generalize modules over an algebra.

In this thesis we are concerned with the algebraic understanding of such
higher algebraic structures coming from topological field theories, which
were inspired by mathematical physics.

Topological field theories and generalizations

The topological invariants we are interested in are topological (quantum)
field theories (TFTs). The basic idea of a d-dimensional TFT is that we
assign to a d-dimensional manifold M a number which we can compute by
subdividing M along (d — 1)-dimensional submanifolds into smaller pieces.
An abstraction from the Atiyah-Segal axioms for an d-dimensional TFT is
expressed by saying that a TFT is a symmetric monoidal functor Z from
a symmetric monoidal category B of d-dimensional cobordisms, which is
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iv Introduction

of topological or geometrical nature, to another symmetric monoidal cate-
gory C, which is of algebraic nature. Informally speaking, a d-dimensional
cobordism category has as objects manifolds of a fixed dimension d—1 and
morphisms between those are given by equivalence classes of d-dimensional
cobordisms. The monoidal structure of these cobordism categories is given
by the disjoint union of manifolds and the unit object is the empty set
considered as a (d — 1)-dimensional manifold. Manifolds without bound-
ary, seen as cobordisms from the empty set to the empty set, are sent by
the TFT to endomorphisms of the unit object of the target category C.

If C = vecty is the category of vector spaces over a field k and B is
one of the following cobordism categories, TFTs are characterized by well-
understood algebraic structures, see [Koc04, LP08]

e Let B be the category with finite, ordered sets of points signed by
+ or — as objects and diffeomorphism classes of one dimensional,
oriented, compact, smooth manifolds as morphisms. Then a TFT
Z: B — vecty is already determined by the vector space Z(4), which
has to be finite dimensional.

e Let BB be the category with objects: one dimensional, compact, ori-
ented, smooth manifolds without boundary and morphisms diffeo-
morphism classes of two dimensional, compact, oriented, smooth
manifolds with boundary. In this case a TFT Z: B — vecty is deter-
mined by a finite dimensional, commutative Frobenius algebra with
underlying vector space A = Z(S'). The Frobenius algebra structure
comes from the images of certain cobordisms under Z.

e Let BB be the category with objects: one dimensional, compact, ori-
ented, smooth manifolds (possibly with boundary) and morphisms
given by diffeomorphism classes of two dimensional, compact, ori-
ented, smooth manifolds with corners. In this case a TFT Z: B —
vecty is determined by a knowledgeable Frobenius algebra, i.e. a
pair of Frobenius algebras A = Z(S') and B = Z([0, 1]) with certain
compatibility conditions, cf. [LP08].

The algebraic structures investigated in this thesis appear naturally in
the context of two possible generalizations of TFTs; these are extended
TFTs on the one hand and homotopy (quantum) field theories on the
other.

Extended topological field theories A d-dimensional TFT Z: B — vecty
assigns to every d-dimensional manifold without boundary an element of
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the endomorphism ring of k, which is isomorphic to k itself. Since Z is a
functor, one can compute the invariants assigned to a d-manifold by cut-
ting along (d — 1)-dimensional submanifolds. Extended TFTs are designed
to give the possibility to compute invariants assigned to d-manifolds by
subdividing with submanifolds of higher codimensions than 1. This gives
a hierarchy of notions for locality of an extended TFT: the higher the al-
lowed codimension of allowed submanifolds is, the higher is the knowledge
of the extended TFT about local properties of closed manifolds.

For precise statements about extended TFTs one needs a notion of sym-
metric monoidal n-category. We do not define what an n-category should
be, since already for n = 3 the axioms for a non-strict 3-category are rather
involved [GPS95] and a strictification to a strict 3-category does not exist
in general. Nevertheless, we want to give the reader an intuition of what
features m-categories should provide.

Categories consist of objects, morphisms between objects and an asso-
ciative composition of morphisms. An n-category should consist of ob-
jects, 1-morphisms between objects, 2-morphisms between 1-morphisms,
3-morphisms between 2-morphisms, ..., n-morphisms between (n — 1)-
morphisms and k& ways of composing k-morphisms for each 1 < k < n in
an associative manner. The vague term associative manner means that dif-
ferently composed triples of k-morphism may differ up to a weakly invert-
ible (k + 1)-morphism fulfilling coherence conditions; the attribute weakly
invertible means invertible up to a weakly invertible (k + 2)-morphism.
One of the easiest examples for non-strictly associative compositions is
the bicategory Alg, with objects given by k-algebras A, B,C, etc. 1-
morphisms given by bimodules M = sMp, N = gNg, P = ¢Pp, etc.
and 2-morphisms given by bimodule homomorphisms f: aMp — aMp,
etc.

Composition of 1-morphisms is then given by the tensor product over the
middle algebra: M o N := M ®p N. This composition of 1-morphisms
is not associative, but there is always an invertible 2-morphism between
(M oN)oP and M o (N o P) fulfilling a pentagon identity for the 4-fold
compositions. Bimodule homomorphisms can be composed either by com-
position of morphisms or by tensor product.

We resume our description of extended TFTs: allowing decompositions
of d-dimensional cobordisms by submanifolds up to codimension n leads to
a symmetric monoidal n-category B,, of cobordisms. Objects are (d — n)-
dimensional manifolds and k-morphisms (1 < k < n) are given by (d +
k — n)-dimensional cobordisms with corners; only the n-morphisms, i.e.
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the d-cobordisms are considered up to diffeomorphism.

An n-extended d-dimensional TFT is then a symmetric monoidal n-functor
from such a symmetric monoidal n-category B,, of topological nature into
a symmetrical monoidal n-category of algebraic nature.

Baez and Dolan [BD95] conjectured a statement about fully extended
TFTs, i.e. allowing submanifolds of codimension d. This statement is known
under the name cobordisms hypothesis and was proven by Lurie [Lur09].

We observed above that ordinary TFTs are related to algebraic struc-
tures; for example a commutative Frobenius algebra is the image of a
generating set of a cobordism category. If we have a set of generators and
relations for our cobordism category, extended TFTs yield higher ’alge-
braic structures’. It is commonly believed that a 2-extended 3d-TFT Z
with values in the bicategory of 2-vector spaces gives a modular category
C = Z(S'), see for example the discussion [BK01, Chapter 5]. Modular
categories are a certain class of braided categories and the first construc-
tion of this thesis is related to the existence of a minimal extension of
braided categories to modular ones. Below we will discuss this extension
problem in more detail. A precise definition of modular category is given
in Appendix A.4, for the following discussion it suffices to know that the
attribute modular is a non-degeneracy condition on the braiding.

This non-degeneracy of the braiding is needed in the construction of the
famous Reshetikhin-Turaev invariants of 3-manifolds [RT91] which provide
a (non-extended) 3d-TFT [BKO1].

Homotopy field theories Homotopy field theories (HFTs) were intro-
duced in [Tur00], a recent survey on the topic is provided by [Turl0].
While TFTs give invariants of manifolds, HFT's produce invariants of maps
f: M — X, where M is a manifold and X a CW-complex. A particularly
interesting class of CW-complexes are the Eilenberg-MacLane spaces of
type K(T',1) for a discrete group I'. These are CW-complexes X whose
fundamental group 71 (X, z) is isomorphic to the group I' and all higher
homotopy groups m;(X,z) with & > 2 are trivial. Such an Eilenberg-
MacLane space is unique up to homotopy. If X is a K(T',1), an HFT is
even an invariant of the homotopy class of the map f: M — X.

In analogy to TFTs, an HFT is defined as a symmetric monoidal func-
tor; one fixes a CW-complex X and an object in the source category is a
cobordism together with a map to X. It is not too surprising that for the
investigation of HFTs one is led to algebraic structures again. Describing
HFTs for an Eilenberg-MacLane space of type K(I',1) yielded Turaev’s
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definition of I'-Frobenius algebras (characterizing HF T's in dimension two)
and I'-braided modular categories (used to construct three dimensional
HFTs of Reshetikhin-Turaev type) [Turl0Q].

In this thesis we are mainly concerned with I'-braided categories. The
word 'modular’ above is again a non-degeneracy condition on the I'-brai-
ding and the I'-grading of such a category. Miiger showed [Miig04] that
Galois extensions of braided categories obtained from a construction called
de-equivariantization [DGNO10] are I'-braided categories.

We deal with a natural extension problem related to I'-braided cate-
gories. This is the problem of extending a braided category with a group
action of the group I' to a I-braided category. The extension problem of
braided categories with a group action is equivalent to the minimal exten-
sion problem of braided categories to modular ones posed in [Miig03b].

Next we will, based on the discussion in [Turl0, Appendix 5], describe
both of these extension problems in more detail and explain which con-
structions relate them.

Extending braided categories

Equivariant extensions A T'-braided category is a monoidal, k-linear,
abelian category C = @, Co graded by a discrete group I' together
with an action & = {®*: C — C},er by monoidal autoequivalences and a
I-braiding, i.e. natural isomorphisms cxy: X @ Y — @ . 2*(Y) ® X
fulfilling several coherence conditions, see Definition 3.3.1 for details.

The axioms of a I'-braided category imply that the neutral component
C; C C is an ordinary braided tensor category together with an action
of I' by braided autoequivalences. This naturally leads to the following
extension problem: given a braided tensor category D together with an
action ¥ of a group I' by braided autoequivalences. Does there exist a I'-
braided category C = @, Ca such that C, # 0 for all @ € I, the neutral
component C; is equivalent to D and the action ® on C restricts to the
action ¥ on D? We call C a I'-braided extension of D and say that C solves
the I'-braided extension problem.

In this thesis we answer the existence question of such an extension,
in the special case that D = Z(€) is the Drinfel’d center of a monoidal
category & together with an action of I' on D that is a distinguished lift
of an action on €.
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Minimal modular extensions It was shown by Miiger [Turl0, Appendix
5, Thm. 5.4] that the I'-braided extension problem for modular categories
is equivalent to the minimal extension problem of premodular categories
which we explain now: premodular categories are k-linear, abelian, braided
categories with finitely many simple objects and a spherical structure.
This allows to speak of the dimension of an object and the dimension
of the category. Let C be a braided category with braiding isomorphisms
cx,y: X®Y =Y ®X. Denote by Zsm(C) the full subcategory of trans-
parent objects in C, i.e. objects X in C fulfilling cy,x o cxy = idxgy
for all Y in C. If C is a premodular category, one associates an element
dim C of the field k, called the dimension of C. Let I' be a finite group, C a
premodular category over C and M a modular category over C containing
C as a full tensor subcategory. If now Zsm(C) C C is equivalent to the
symmetric category C[[']-mod of finite dimensional representations of T,
one can show that the inequality

dim M > |T'| - dimC (0.1)

holds, cf. Proposition 5.1 in [Miig03b]. Call M a minimal modular exten-
sion of C, if (0.1) is an equality.

It is not clear whether this minimal extension problem has a solution.
Even if there is a minimal extension of C, in general there might exist
inequivalent categories providing a solution to the problem: it is demon-
strated in [Miig03b, Remark 5.3] that in the case C = C[I'J-mod the repre-
sentations of the twisted Drinfel’d doubles D“(I") provide solutions of the
minimal extension problem. Here w is any 3-cocycle w: G*3 — C* and
the representation categories of D*(I') and D*'(I') might be inequivalent
braided categories. Theorem 9.4 in [MNO1] gives a precise statement, when
the braided categories D*(I')-mod and D (I')-mod are equivalent.

Equivalence of the extension problems As mentioned above, the mini-
mal extension problem is equivalent to the problem of extending modular
categories to I'-braided categories. More concretely, the equivalence of the
problems is provided via the de-equivariantization procedure and taking
the orbifold category. The latter is inverse to the procedure of forming
the de-equivariantization. We sketch this correspondence proven by Miiger
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with the help of the diagram:

minimal extension

pre-modular M modular
mod. orb. de-equi. orb.
modular 6 I'-braided extension I-braided
T r

Here the left-most arrow stands for de-equivariantization, but in the par-
ticular situation it is better known as modularization.

Chapter 4 of this thesis deals with a construction for the arrow from D
to NV, for the case that D is a Drinfel’d center and the action of I' is of a
certain form.

We will now explain the diagram: let C be a finite premodular category
with Zsym(C) ~ C[I'-mod for some finite group I'. The category C is mod-
ular, iff I" is the trivial group. De-equivariantization in the case Zgym (C) ~
C[I'l-mod was described under the name modularization [Bru00] and yields
a modular category D with |T'| - dim D = dim C and an action of the group
I'. If we solve the I'-braided extension problem for D, we get a I'-braided
category A of dimension dim A = |T'| - dim D whose orbifold category M
is modular and has dimension dim M = |T'| - dim . So M is a modular
category with dimM = |T'| - dimC; that C embeds into M is shown in
[Turl0, Appendix 5].

Conversely, let D be a modular category with an action of a finite group
. Tts orbifold category C, also known as equivariantization [DGNO10],
fulfills Z5y1,(C) ~ C[I']-mod. If we find a minimal extension M of C,
we can see C[['-mod as a full subcategory of M and apply the de-
equivariantization procedure. The results in [Turl0, Appendix 5] or [KJ04]
ensure that the category N obtained in this manner, is a I'-braided cate-
gory with components N, # 0 for all o € I'. Further, the neutral sector
N1 C N is equivalent to the initial category D as braided category with
I'-action.

Algebraic structures and monoidal categories

In the search for extensions of monoidal categories one is led to the inves-
tigation of algebraic structures in monoidal categories. More concretely,
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the homogeneous component C, of a I'-graded category C is a bimodule
category over the monoidal subcategory C; C C. The notion of bimodule
category over a monoidal category categorifies the notion of a bimodule
over an algebra. Any bimodule category over C; can be realized as the cat-
egory of modules over an algebra in a certain monoidal category, namely
C1 K CP°P. We will not follow this line of thoughts, but use the notion of
module category to explain an equivalence relation of monoidal categories.

Recall that two algebras over a field k are called Morita equivalent, if
their categories of modules are equivalent. Seeing monoidal categories as a
categorified version of an algebra one might call two monoidal categories
2-Morita equivalent, if their bicategories of module categories are equiva-
lent. Let C and D be semi-simple tensor categories. It was shown that C
and D have equivalent bicategories of module categories, iff their Drinfel’d
centers Z(C) and Z(D) are equivalent as braided categories [ENO11, Thm
3.1],[Miig03a, Rem. 3.18]. This is analogous to the fact that two semi-
simple algebras A and B have equivalent categories of modules, iff their
centers Z(A) and Z(B) are isomorphic algebras.

It is desirable to get a better understanding of this equivalence relation
for monoidal categories. Let A and B be not necessarily semi-simple Hopf
algebras over the same field. In this thesis we provide a construction that
relates the monoidal categories A-Mod and B-Mod in the sense that their
Drinfel’d centers are equivalent as braided categories.

Outline

The results of this thesis split into two main parts.

Group-braided categories from non-braided monoidal categories with
group action

Chapter 4, based on [Barl3], describes a construction of I'-braided cate-
gories from the following input data: a monoidal category C together with
an action of a discrete group I' by monoidal autoequivalences ®*: C — C
for every a € T'. The I'-braided category Z''(C) constructed from these
data has the neutral component Z(C), the Drinfel’d center of C. The I'-
action on Z(C) is a distinguished lift of the action ® on C. In Remark 4.2.6
and Section 4.3 we compare our category Z'(C) to other constructions of
I-braided categories by Zunino [Zun04] and Virelizier [Vir05].

In Zunino’s work the initial datum is a I'-graded category with an action
by monoidal autoequivalences by the same group I' compatible with the
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grading. We discuss in Remark 4.2.6 why our construction is not a special
case of Zunino’s construction.

Another I'-braided category is obtained from a Hopf-algebraic construc-

tion of Virelizier. In [Vir05] the author starts with a group I' acting by
Hopf algebra automorphisms on a Hopf algebra H. He defines a I'-Hopf
coalgebra, whose representation category is a I'-braided category with neu-
tral component equivalent to the representations of the Drinfel’d double
D(H) of H.
Since the representations of D(H) form a category which is equivalent
to the Drinfel’d center Z(H-mod) of the representation category of H,
it is natural to ask, whether our category Z''(C) generalizes Virelizier’s
Hopf-algebraic construction. We give a positive answer to this question in
Proposition 4.3.10. In the investigation of this question we encounter an
algebraic structure, which we call twisted Yetter-Drinfel’d modules. 1t is
similar to generalized Yetter-Drinfel’d modules, introduced in [PS07].

Partial dualization of Hopf algebras

Chapter 5 is based on [BLS14]. We present a construction called partial
dualization, inspired by the work of Heckenberger and Schneider [HS13] on
reflections of Nichols algebras.

Heckenberger and Schneider start with two Hopf algebras R and RV in
the braided category YD of Yetter-Drinfel’d modules over an ordinary
Hopf algebra E. The (monoidal) category of modules over R in £YD is
equivalent to the category of modules over an ordinary Hopf algebra Rx E,
the bosonization of R. Assume that R and RY from above are connected by
a non-degenerate Hopf pairing. Heckenberger and Schneider prove under
the use of the Hopf algebra structures of R x E and RY x E that the
categories gjgypmt and gi :gmet of rational Yetter-Drinfel’d modules
are equivalent as braided categories, cf. Sections 5-7 in [HS13].

We put this equivalence to the following abstract setting: let A and B
be Hopf algebras in a braided category C together with a non-degenerate
Hopf pairing. We show (directly in the category C) that the braided cate-
gories 4VD(C) and EYD(C) of Yetter-Drinfel’d modules in C over A resp.
B are equivalent as braided categories via an equivalence Q: 4YD(C) —
BYD(C). Assuming that H is a finite dimensional Hopf algebra and setting
C = ZYD we get back the result of Heckenberger and Schneider for finite
dimensional Yetter-Drinfel’d modules, see Remark 2.2.9 for more details.

Now we start to explain the partial dualization of a Hopf algebra: let H
be a Hopf algebra in a braided category C and let A be a Hopf subalgebra
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of H together with a Hopf algebra projection w: H — A. These data allow
to decompose H into a biproduct K x A, where K is a Hopf algebra in the
category ﬁyD(C). Let Q: ﬁyD(C) — gyD(C) be the braided equivalence
mentioned above. Then Q(K) is a Hopf algebra in C and the partial dual
of H with respect to A is defined as the biproduct H' := Q(K) x B, which
is a Hopf algebra in C.

Our partial dualization abstracts the following setting of Hopf alge-
bras considered in Section 8 of [HS13]: let C be the category YD of
Yetter-Drinfel’d modules over a Hopf algebra F and let M and N be
objects in C. To each Yetter-Drinfel’d module X over E one associates
a Hopf algebra in C, the Nichols algebra B(X). The projection and in-
jection of the direct sum M @ N induce Hopf algebra homomorphisms
H:=B(M&N)— B(N)=: Aand B(N) = B(M & N) and the evaluation
N ® N* — k induces a non-degenerate Hopf pairing between A := B(N)
and B := B(N™).

The benefits of our abstract approach are

e A simplification of the construction considered by Heckenberger and
Schneider in the case of a finite dimensional Nichols algebra.

e Generalizing the construction of Heckenberger and Schneider to brai-
ded categories that are not given by Yetter-Drinfel’d modules over
some Hopf algebra.

Moreover, our considerations allow to deduce the following connections
between H and its partial dual H’

e The partial dual of H’ with respect to the Hopf subalgebra B, is
canonically isomorphic to H.

e The categories YD(C) and E,YD(C) are equivalent as braided cat-
egories.

This thesis is based on the following publications:

[Bar13] A. Barvels. Equivariant categories from categorical group actions on
monoidal categories. arXiv preprint arXiv:1305.0679, 2013.

[BLS14] A. Barvels, S. Lentner, and C. Schweigert. Partially dualized Hopf
algebras have equivalent Yetter-Drinfel’d modules. arXiv preprint
arXiv:1402.2214, 2014.



Acknowledgments

I am grateful to my advisor Christoph Schweigert for his support and the
helpful discussions during the last years which helped me to get a better
understanding of Hopf algebras and tensor categories.

I also want to thank Simon Lentner and Jennifer Maier for the count-
less hours spent on talking about mathematical aspects appearing in this
thesis.

Further thanks goes to David Biicher, Jeffrey Morton, Daniel Nett,
Thomas Nikolaus, Sebastian Novak, Ana Ros Camacho, Ingo Runkel, Yorck
Sommerh&user and Alexis Virelizier for useful and enlightening discussions.



xiv Introduction




1. Algebraic structures in
monoidal categories

In this preliminary chapter we give the definitions of common algebraic
structures, such as algebras and modules in a monoidal category. This
allows to express many concepts in a unified language. We will give these
definitions explicitly only for strict monoidal categories. Suitable insertion
of associativity and unit isomorphism is not difficult and can be done by
the skeptical reader.

1.1. Conventions and notations

Before starting, we list our conventions for monoidal categories and func-
tors between them without definitions. For precise definitions we refer to
the appendix or standard literature like [Kas95] and [Mac98].

Monoidal categories and braiding Unless stated otherwise we will as-
sume, without loss of generality, that our monoidal categories are strict,
cf. Remark A.3.6. If C is a (strict) monoidal category, the symbol ® shall
always denote the tensor product functor ®: C x C — C and the symbol 1
always denotes the unit object of C.

The functor ®°P: C x C — C is given on objects by (X,Y) — Y ® X.
Recursively we define the functors ®? := ® and ®@"*! := ® o (®" x Id) for
n > 2.

Let C be a braided category. We will denote the braiding isomorphism
always by c: ® — ®°P. By C we mean the mirror category, i.e. the monoidal
category C with inverse braiding ¢x y := c{,}X.

Monoidal functors Given two monoidal categories C and D and functors
F,G:C — D, we write FF ® G instead of @ o (F' x G).

Let F': C — D be a lax monoidal functor (Definition A.3.2); we denote its
monoidal structure by F5(X,Y): FX®FY — F(X®Y)and Fy: 1 — F1.
Let F': C — D be an oplax monoidal functor (Definition A.3.2); we denote
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its monoidal structure by F?(X,Y): F(X®Y) - FX®FY and F: F1 —
1. If FY and all F?(X,Y) are isomorphisms, we consider F as a strong

monoidal functor with monoidal structure F»(X,Y) := (F%(X,Y)) ~!and

Fy:= (F) ™"
Given a lax or oplax monoidal functor F': C — D, an integer n > 3 and
objects X1, Xo,..., X, in C, we define recursively the natural transforma-

tion Fi, . FRF®...0 F — Fo®" by

Fn(Xl,...,Xn) = FQ(Xl X ... ®Xn,1,Xn)

1.1
O(Fn—l(Xl,-”aXn—l)®idFXn) ( )

and the transformation F"": Fo®" - FQF ®...® F by

FY(X1,...,X,) = (F"Y(Xy,..., X 1) ®@idrx, )

) (1.2)
oF (X1 ®...0 Xp1,Xn) -

Let F: C — D be a strong monoidal functor and ¢: X; ® ... ® X,, —
Y1 ® ... ®Y,, a morphism in C (n,m > 1). We define the morphism
Fo:FX1®...FX, 2 FY1®...Q FY,, as

Fop:=F.*(Y1,...,Ym) o F(¢) o F(X1,..., Xn) , (1.3)

for n = 1 interpret F7(X7) as the identity morphism idpx, .
Given morphisms ¢: 1 - Y1 ®...®@ Y, and ¢': X3 ®...® X,, — 1in C,
define

Fap:=F, ' (Y1,...,Y,) o F(¢) o Fy and (1.4)
Fop:=Fy o F(y) o Fp(X1,..., Xp) . (1.5)

Rigid categories Let C be a rigid monoidal category and X an object in
C. We write VX for the left dual of X, evx: VX ® X — 1 denotes the
evaluation and coevy: 1 — X ® VX the coevaluation. The right dual of
X is denoted by XV, it comes with evaluation évy: X ® XV — 1 and
coevaluation coevy: 1 — XV ® X.

Graphical calculus Let C be a monoidal category. In Figure 1.1 we present
our use of a graphical calculus; diagrams are read from bottom to top. We
represent a morphism f: X — Y as a rectangular coupon labeled by f
with a string attached to the bottom, labeled by X, and a string attached
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to the top, labeled by Y. If X or Y is the unit object, we either omit the
string or draw a dashed line labeled by 1.

We depict the identity morphism of an object X by a straight line labeled
by X. The composition of f: X — Y and ¢g: Y — Z is given by putting
g on top of f. A morphism h: X; ®...0 X,, > Y1 ®...Y,, is depicted
by a coupon with label h and n lines on the bottom and m on the top
labeled by the objects X1,..., X, resp. Y1,...,Y,,. The tensor product of
f: X =Y and f': X’ =Y’ is drawn by juxtaposition.

Let f: X — Y be morphism in C and let F': C — D be a functor.
We depict the morphism F(f): F(X) — F(Y) in D as the morphism
f in a tube labeled by F. If F' is lax or oplax monoidal, we depict the
components of the monoidal structure as in Figure 1.2. For another functor
G: C — D and a natural transformation a: F' — G we sometimes depict
the component ax as a coupon labeled by a only rather than ax.

For rigid and braided categories we denote the evaluations and coeval-
uations resp. the braiding isomorphisms and their inverses as shown in
Figure 1.3.

1.2. Categories of modules

1.2.1. Algebras and coalgebras

Definition 1.2.1 Let C be monoidal category. An associative algebra in
C is an object A together with a morphism y = p4: A® A — A, such that

po(p®id) =po (id® u). (1.6)

The algebra (A, u) is called wunital, if there is a morphism n =n4:1 — A
obeying

po(n®id) =id = po (id ® n). (1.7)

The morphism p is called multiplication and 7 is called unit of A.

Remark 1.2.2 Although the multiplication p: A® A — A is an essential
and usually non-unique part of the structure of an algebra, we will omit it
often and only speak about the algebra A. The multiplication will always
be denoted by s or 4. Further we define recursively the morphisms p? :=
wand p" = po (Ut ®@ida) for n > 3.

As one knows from the theory of ordinary algebras, the unit is unique, if
it exists: let n and 7’ be units of an algebra A in a monoidal category C.
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Y Z i - Y, Yy Y
g
f:|:f 90f= |y ,h:| h ,f®f,:| f ||f’
&
X X X1 o Xy X X

Figure 1.1.: Graphical notation of morphisms

k<
D
h-<
-

=
I

X 1
X GY 1
I
ax — = FO — -
X FX X Y 1

Figure 1.2.: Graphical notation involving functors and transformations
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Then by using first that n’ is a unit and second that 7 is one, we see

/

n=po(nen)=r1.

We hid in the above computation that the tensor product is functorial,
which is of course essential for the proof.

The uniqueness of the unit makes it unnecessary to speak of an algebra as
a triple (A4, u,7n).

To illustrate the strength of Definition 1.2.1 we present here a list of
important examples:

The unit object For any monoidal category C the unit object 1 is always
an algebra with multiplication given by the unit constraints Iy =r;: 1 ®
1—1.

Monoids The category Sets consisting of sets and maps is a monoidal
category together with the cartesian product x of sets. Every one-element
set {*} is a unit object in Sets. A unital, associative algebra in Sets is
the same thing as a monoid M. The usual axioms for a monoid express
the unit e of M as an element in the set M. The formulation in terms of
morphisms gives back the element formulation by defining e := n(x).

Algebras over a ring If R is a commutative ring, the category R-Mod
of R-modules is a monoidal category with tensor product ® g and unit
object R. The axioms of an algebra A in R-Mod in the sense of Definition
1.2.1 are easily translated into the common textbook definition of an R-
algebra as a ring A together with a unit preserving ring homomorphism
R — Z(A). In particular for R = Z we get back the definition of a ring.

Monads Let C be a small category and £nd(C) the category of endofunc-
tors as objects and natural transformations as morphisms. The composi-
tion of morphisms is given by vertical composition of natural transforma-
tions. End(C) is a monoidal category with tensor product given on objects
by the composition of functors and on morphisms by horizontal composi-
tion of natural transformations.

Let now (T, u,n) be a unital, associative algebra in End(C). This means
that T: C — C is a functor and pu: T? — T and 7: Id — T are natural
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transformations such that the equalities

px oT(pux) = px o prx
px onrx =idrx = px o T(nx)

hold for all objects X in C. These are the usual axioms of a monad on C,
cf. Section A.2.

Coalgebras Let C be a monoidal category, the opposite category C°P is a
monoidal category as well. The algebras in C°P are known under the name
coalgebras:

Definition 1.2.3 An object C in C together with morphisms A: C —
C ® C (comultiplication) and e: C' — 1 (counit) is called coalgebra, if

(A®id)o A= (id®A)oA (1.8)
(e®id)oA=id=(id®e)o A . (1.9)

We introduce in Figure 1.4 standard notations for (co)multiplication and
(co)unit of a (co)algebra in a monoidal category C.
We continue or list of examples for (co)algebras:

Tensor products of algebras and coalgebras Let C be a braided category,
let A and B be algebras in C and let C' and D be coalgebras in C. We can
define an algebra structure on the object A ® B and a coalgebra structure
on C® D by

A B C 120 D
PAgB = hﬂ and Acgp = L/\J
N
A BA B C D

The unit of A® B is n4 ® g, the counit of C ® D is e¢c ® €p.

Coalgebras in cartesian categories Let C be a category which has all
two-fold products and a terminal object, e.g. Sets.

The cartesian category associated to C is the monoidal category which has
the product functor M: C x C — C as tensor product, every terminal object
* is a unit object. In a cartesian category C every object has a unique struc-
ture as a counital coalgebra given by the unique morphism A: X — XX
fulfilling p; o A = idx = p2 o A. In the case of C = Sets the map A is the
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Y X X VX
e o e L

X Y VX X

X Y XV X
e o< o ) e U

Y X X XV

Figure 1.3.: Braidings, evaluations and coevaluations

A A
3
p= n= =
A T R
A A A AAA
C C C CccCcC
A = \\/ €:<L ASZ kJ
C C

Figure 1.4.: Multiplication and comultiplication
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diagonal map z — (z,x).

We end this subsection with the following definition.

Definition 1.2.4 Let A and B be associative algebras in C. A morphism
p: A — B is called algebra homomorphism, if

popua=ppo(p®p).

Let A and B be unital algebras. We call ¢ unital or unit preserving, if
pomna=1ns-

1.2.2. Modules and comodules

Definition 1.2.5 Let A be an associative algebra in a monoidal category
C. A (left) A-module or module over A is an object X in C together with
a morphism p = px: A® X — X such that

po(p®id)=po (id® p) . (1.10)
If A is unital, we also require
po(n®id) =id. (1.11)

Let X and Y be modules over an algebra A. A morphism f: X — Y is
called A-module homomorphism or A-linear morphism, if

fopx =pyo(id® f). (1.12)

Modules over A and A-linear morphisms in C form a category A-Mod(C).

One defines right A-modules as pairs (X,p": X @ A — X) fulfilling
conditions analogous to (1.10) and (1.11). We denote the category of right
modules over A by Mod(C)-A.

Dual to the notion of a module over an algebra is the notion of a comod-
ule over a coalgebra C. These are pairs (X,d: X — C®X) (left comodule)
or (X,6": X - X ® C) (right comodule) fulfilling the axioms analogous
to (1.10) and (1.11).

A morphism f: X — Y between C-comodules is called C-comodule
homomorphism or C-colinear morphism, if the suitably changed condition
(1.12) holds.

The category of left C-comodules is denoted by C-Cmd(C) and the
category of right C-comodules by Cmd(C)-C.
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X X X C X C
px = f_l Px = h ox = |—/ Oy = |—J
A X X A X X

Figure 1.5.: Graphical notation of actions and coactions

In the graphical notation for morphisms we denote the action resp. coac-
tion of a module resp. comodule as in Figure 1.5. To improve readability
of the diagrams we will use different colors or thicker lines to distinguish
modules and algebras.

We will now list examples for modules and comodules.

Modules over the unit object In a monoidal category C the unit object
1 is always an algebra and a coalgebra. Every object X is a left module
over 1 via the unit isomorphism Ix: 1 ® X — X and a comodule over 1
via its inverse I)_(l: X — 1 ® X. The category of modules over 1 and the
category C are obviously isomorphic as ordinary categories.

Sets and maps We have seen before that an algebra in the category Sets
of sets and maps is the same thing as a monoid. A module over a monoid
M is the same thing as a set X with an associative action M x X — X of
M. A module homomorphism is an equivariant map.

We also observed that every set X is a coalgebra in Sets by the diagonal
map. Now let (Y,d: Y — X xY') be a comodule over X. Counitality implies
that 6(y) = (f(y),y) for some f(y) € X, hence 6 definesamap f: Y — X.
Conversely, every map f: Y — X defines a comodule structure on Y by
6(y) = (f(y),y)-

Now let Y be an X-comodule via f: Y — X and let Z be an X-comodule
via g: Z — X. An X-morphisms from Y to Z is a map ¢: Y — Z with

goyp=f.

Regular modules and comodules Every algebra A in a monoidal cate-
gory C is a left, as-well as a right A-module via its multiplication. This
module is called the regular (left/right) module. Similar, every coalgebra
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C is a left and right comodule over C' via the comultiplication. It is called
the regular (left/right) comodule.

Modules over a monad Let T be a monad on C. A module over T" in
the sense of Definition 1.2.5 is an endofunctor of C together with a natural
transformation plus the suitable axioms. Despite this notion of a module
over T, in this thesis we mean by a T-module an object of the Eilenberg-
Moore category T'. These are pairs (X,r) where X is an object in C and
r: TX — X is a morphism compatible with the multiplication p and the
unit n of T, see Appendix A.2 for a precise definition.

Note that in the literature T-modules are also called T-algebras, which we
will not to since our interest is in the following type of monads:

Given an algebra A in a monoidal category C we get a monad T'= A ® _
with multiplication py := g4 ®idx and unit nx := 4 @idx. A T-module
is the same thing as a left A-module. Similarly, an algebra A defines a
monad 7”7 := _ ® A whose modules are right A-modules.

Tensor products Let C be a braided category, let A and B be algebras
in C and let C and D be coalgebras in C. Given an A-module resp. C-
comodule X and a B-module resp. D-comodule Y in C. The object X @ Y’
is an A ® B-module resp. a C ® D-comodule with

X Y C l?X Y
pi= (‘L/‘I resp. 0 := L(q (1.13)
\
ABXY X Y

1.2.3. Functors related to (co)modules

Lemma 1.2.6 Let A and B be algebras and C' and D be coalgebras in a
monoidal category C.

1. If ¢p: A — B is an algebra homomorphism, we get a pull-back or
restriction functor ¢*: B-Mod(C) — A-Mod(C) by

o (va) I—>(X,p0((p®id))
Tl Ly s x Ly,
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2. If ¢p: C — D is a coalgebra homomorphism, we get a push-forward
or corestriction functor ¢,: C-Cmd(C) — D-Cmd(C) with

o (XD s X @eies)
T lx Ly wx Ly,

Proof. Follows directly from the (co)algebra homomorphism axioms. [

Let (X, p’) be a right A-module and let (Y, py) be a left A-module in a
monoidal category C. Define the object X ®4 Y as the coequalizer of the
two morphisms p’y ® idy and id ® py; if it exists, the object X ®4 Y is
called tensor product of X and'Y over A.

Let (X, 0%) be a right C-comodule and let (Y, dy') be a left C-comodule in
C. Define the object XOcY as the equalizer of §% ® idy and idx ® dy; if
it exists, the object XO¢Y is called cotensor product of X and'Y over C.

Definition 1.2.7 Let A and B be algebras in a monoidal category C.
An A-B-bimodule is an object X in C that is a left A-module and right
B-module, such that the left and right actions commute:

po(ida®p")=p"o(p@idp).

A morphism of A-B-bimodules is a morphism that is A-linear and B-linear.
The category of A-B-bimodules and bimodule morphisms is denoted by the
symbol A-B-Bimod(C). Analogously one defines the category of C-D-bi-
comodules and bicomodule morphisms which we denote by C-D-Bicom(C).

Lemma 1.2.8 Let C be a monoidal category with all coequalizers and let
A, B and C be algebras in C. Every A-B-bimodule X defines functors

X ®p _: B-C-Bimod(C) — A-C-Bimod(C)
_®4 X: C-A-Bimod(C) — C-B-Bimod(C) .

If the monoidal product ® of C preserves coequalizers in both variables
and Y is a B-C-bimodule, the composed functor (X ®p _)o (Y ®¢ _) is
isomorphic to (X ®pY) ®¢ _.

Proof. Follows by standard diagram chases. O

Corollary 1.2.9 Let C be a monoidal category with all coequalizers and
assume that the product ® preserves coequalizers in both variables. The
category A-Bimod(C) of A-A-bimodules is a monoidal category with ten-
sor product ® 4 and unit object A.
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Of course, there is also a bicomodule version of Lemma 1.2.8 and Corol-
lary 1.2.9, which we do not spell out.

Lemma 1.2.10 Let C and D be monoidal categories, let F,G: C — D be
functors and «: F' — G be a transformation.

1. Let A be an algebra in C and let F' be a lax monoidal functor with
monoidal structure (Fy, Fy). The object F'A is an algebra in D with
multiplication F'(u) o F»(A,A): FA® FA — FA and unit F(n) o
Fy:1— FA.

2. If X is an A-module with action p: A ® X — X, the object FX is
an F'A-module with action F(p) o F5(A4,X): FAQ FX — FX.

3. Let F' and G be lax monoidal functors C — D and let a: F — G
be a monoidal transformation. The morphism a4: FA — GA is an
algebra homomorphism.

4. Analogous statements to those above hold for coalgebras, comod-
ules, oplax monoidal functors and monoidal transformations between
oplax functors.

1.3. Bialgebras and Hopf algebras
1.3.1. Definitions

Let C be a monoidal category, C' a coassociative coalgebra and A an as-
sociative algebra in C. The morphisms C(C, A) form a monoid called the
convolution algebra. If C is a k-linear category, the convolution algebra is
even a k-algebra. The product is the convolution product: Let f,g: C — A
be morphisms in C and define

A
f*g:.
C

The associativity of * follows from coassociativity of A and associativity
of p. If C is counital and A is unital, the algebra C(C, A) is unital with
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unit noe: C — A.

Note that the object A ® C is a left A-module via ua4 ® ide and a right
C-comodule via idg ® A. We can look at the set resp. k-vector space
AEnd(4 ® C) of A-linear and C-colinear morphisms A ® C — A ® C.
The set 4 End“(A ® C) is also a monoid with multiplication given by
composition of morphisms. For f: C — A define

A C
Arpy .
F&(f) =

A C

One immediately verifies

Lemma 1.3.1 The assignment Fé‘ defines an isomorphism of sets/vector
spaces

C(C,A) = 4End“(A®0).
The inverse of FZ is given on ¢: A® C — A® C by
p = (ida®@e)opo(n@ide) .
Further, FCA is an anti-monoid homomorphism, i.e.

F&(f*g) = F&(9) o FE(f)
for all f,g: C' — A.

Definition 1.3.2 Let C be a braided category. A bialgebra in C is an
object A which is a unital, associative algebra and a counital, coassociative
coalgebra in C, such that one of the following equivalent conditions holds:

e The comultiplication A: A - A ® A and the counit e: A — 1 are
unital algebra homomorphisms.

e The multiplication p: A ® A — A and the unit morphism n: 1 — A
are counital coalgebra homomorphisms.

Let A and B be bialgebras in C. A morphism ¢: A — B is called bialgebra
homomorphism, if ¢ is a unital algebra and counital coalgebra homomor-
phism.
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We spell out the above definition: a bialgebra is an algebra and a coalge-
bra in C with the following compatibilities of algebra and coalgebra struc-
ture

A A A A A4 A4 11
D000 AT TN
A A A A AA AA 11

(1.14)

A special class of bialgebras is related to the convolution algebra C(A, A)
obtained from the underlying coalgebra resp. algebra of A.

Definition 1.3.3 A bialgebra A is called Hopf algebra, if one of the fol-
lowing equivalent conditions holds:

e There is a morphism S = S4: A — A which is convolution inverse
to id4.

e The morphism H=H4 := (1 ®id4) o (ida ®A): A®A - AR Ais
composition invertible.

From Lemma 1.3.1 one sees that S and H are related by F§(S) = H™L.
From the definition it is clear, that the antipode of a Hopf algebra is unique.
We will depict S by a circle as in (1.15). The first condition of Definition
1.3.3 characterizes S: A — A as the unique morphism fulfilling

A A A
:JJZ . (1.15)

Many properties of the antipode of a Hopf algebra in a braided category
are analogous to the properties of the antipode of a Hopf algebra over a
field. Proofs can be given in terms of convolution algebras. We list some
examples of such properties:

Lemma 1.3.4 Let A be a Hopf algebra in a braided category C. The
following holds:

1. Sop=nandeo S =¢.
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2. Sop=pocyga0(S®S)and AoS=(S®S5)ocy 40A.
3. If p: A — B is a bialgebra homomorphism, then fo Sy = Sgo f.
Proof. That S preserves the unit follows by
Son=po((Son)®@n)=po(S®id)oAonp=nocon=nrn.
Analogously, we conclude € 0.5 = ¢. The proof of Sopu = pocs a0(S®5S)
follows by showing that both sides are convolution inverse to u € C(A ®
A, A) and thus have to be equal. Similarly one shows that A oS and

(S®S)oca a0A are convolution inverse to A € C(A, A® A) and foSy =
Sp o f follows, since both are convolution inverse to f € C(A, B). O

If A is a bialgebra in C, we can equip the categories of left modules
or comodules over A with a monoidal structure: let X and Y be left A-
modules. Recall that X ® Y is an A ® A-module with the action defined
in (1.13). Using that A: A — A® A is an algebra homomorphism gives,
that

XY

PXRY ‘= (116)

I

AXY

is a left A-action on X ® Y7; it is called the diagonal action. Due to the
counit €: A — 1, every object X in C becomes an A-module via the trivial
action pY 1= e ®idx.

Analogously, for A-comodules X and Y the morphism

5X7y = w\\l (117)
X Y

is an A-comodule structure on X ® Y, called the diagonal coaction and
the unit n7: 1 — A defines on every object X a comodule structure 6%V :=
N ®idx.

Proposition 1.3.5 The categories A-Mod(C) and A-Cmd(C) become
monoidal categories with the tensor product of (co)modules defined by the
diagonal (co)action and the unit object given by the unit object 1 of C
seen as the trivial (co)module.
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Proof. Due to coassociativity resp. counitality of A the associator and unit
isomorphisms of C are A-linear. Thus the category A-Mod(C) inherits the
associator resp. the unitators of C. Hence A-Mod(C) is strict, if C is.

The category A-Cmd(C) is monoidal due to associativity and unitality of
of the multiplication . O

Note that the categories A-mod(C) and A-cmd(C) are in general not
braided although C is braided. Further, A-mod(C) and A-cmd(C) are
rather different categories.

Remark 1.3.6 Of course one can define a diagonal (co)action on two
right modules, as well as a trivial right (co)action on each object of C.
As in the case of left (co)modules, we can see the categories Mod(C)-A
and Cmd(C)-A as monoidal categories, which we will always do, if 4 is a
bialgebra.

Note that in the definition of pxgy in (1.16) the choice of the braiding is
not arbitrary: if we use the inverse braiding to define px gy, the pair (X ®
Y, pxgy) will not be an A-module in general. This comes from defining
the multiplication on A ® A with the help of c4 4.

However, there is always a second A-module structure on X ® Y given by

the family
XY
o = QH (s

AXY

Why we prefer p and not p’ is merely a question of convention; in Remark
1.3.8 we will see that p’ is the diagonal action of another bialgebra in
another braided category.

The first subtle difficulty, in comparison to the theory of bialgebras
over a field, turns out to be the definition of the opposed and coopposed
bialgebra. Naively, one can try to define the opposed algebra of (A, u, A)
as the triple (A, ut := poca a,A). All axioms of a bialgebra in C hold,
except for the first equality in (1.14). We can repair this flaw by assuming
that A is a bialgebra not in C, but rather in the mirror category C, i.e. C
with the inverse braiding ¢xy := c;lx. Note that C and C are equal as
braided categories. We arrive at 7

Definition 1.3.7 Let A be a bialgebra in a braided category C. The op-
posed bialgebra A°P of A is the triple (A, pu~ := po CZ}A,A)7 which is a
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bialgebra in C. The coopposed bialgebra AP of A is the triple (A, u, A™ =
c;"lA o A), which is a bialgebra in C.

Remark 1.3.8 We said in Remark 1.3.6 that the morphisms (1.16) and
(1.18) both define a left module structure on X ® Y. From the picture of
p' one immediately verifies that this is the diagonal action of A°P in C on
X ®Y. So we loose nothing, when we prefer one of the actions on X ® Y,
since we can see X ® Y either as an A-module in C or as an A°°P-module
in C.

Remark 1.3.9 Let A be a bialgebra in a braided category C. The opposed
bialgebra of the opposed bialgebra of A, i.e. (A°P)°P in C = C, is equal to
A itself. Also (A®P)°P is equal to A as a bialgebra in C. In contrast to
that, the bialgebras (A°P)P = (A, u~, A") and (AP)°P = (A, ut, A7)
are usually different as bialgebras in C. Nevertheless, if A is a Hopf algebra,
the antipode provides bialgebra homomorphisms

S: (A%P)P 5 A and §: A — (A%P)°P

what we see from Lemma 1.3.4.

Already in classical Hopf algebra theory, the (co)opposite bialgebra of a
Hopf algebra is not necessarily a Hopf algebra; this is precisely the case
when the antipode is not invertible, cf. Lemma 1.3.10. From (1.15) one sees
that the problem, whether A°P is a Hopf algebra depends on the existence
of a morphism T: A — A, which we depict by a gray circle, obeying

A

= g = . (1.19)
I
A

Such a morphism is also called a skew-antipode for the bialgebra A; note
that c;}A, and not ca_ 4, appears in (1.19).

Parallel to classic Hopf algebra theory one has the following result:

Lemma 1.3.10 Let A be a bialgebra in a braided category C, let S: A —
A be an antipode for A and let T: A — A be a skew-antipode for A. Then
SoT =idg=ToS.

In particular, A is a Hopf algebra with invertible antipode, iff A°P and
AP are Hopf algebras with invertible antipode.
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If A is a Hopf algebra in C with invertible antipode, and C is rigid then
the modules and comodules over A are also rigid categories: let X be an
object in C with left-dual object VX and right-dual object XV.

1. Given a left module (X,p: A® X — X), define (X, p) as the pair
(VX,"p: AQVX — VX) and define (X, p)V as the pair (X, p": A®
XV = XV) with

\/X XV
Np = and p" = Kll
A VX A XV

2. Given a left comodule (X,§: X — A ® X), define V(X,0) as the
pair (VX,"0: VX - A®"X) and further define (X, d)V as the pair
(XV,0M: XV > A® XV) with

A XV

A VX
N = Q@ and " = Q
VX

Lemma 1.3.11 Let C be a rigid, braided category and A a Hopf algebra
in C with invertible antipode S: A — A. Then also the categories of left
A-modules resp. left A-comodules over A are rigid.

X\/

Proof. Let (X, p) be a left A-modules. One checks that V(X p) is a left
A-module and that evy and coevy are A-linear morphisms fulfilling the
rigidity axioms. Thus Y (X, p) is a left dual object for (X, p). Similar argu-
ments show that (X, p)Y is a right dual object for (X, p) and that ¥ (X, 9)
and (X,0)V are left resp. right dual to an A-comodule (X 4). O

1.3.2. Smash products

In this subsection we give a short application of the viewpoint of algebras
in monoidal categories.
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Definition 1.3.12 Let H be a bialgebra in a braided category C. A mod-
ule algebra over H is an algebra in the monoidal category H-Mod(C)
and a comodule algebra over H is an algebra in the monoidal category
H-Cmd(C).

The term module coalgebra over H stands for a coalgebra in the category
H-Mod(C) and the term comodule coalgebra over H for a coalgebra in the
category H-Cmd(C).

If A is a module algebra over a bialgebra H in C, we can define a mul-
tiplication morphism on A ® H

[i= m (1.20)
N

A HAH

The pair (A ® H, p) is called the smash product of A over H and we will
denote it by A x H.

Lemma 1.3.13 Let H be a bialgebra in a braided category C and let A
be a module algebra over H. The smash product A x H is an associative
algebra in C and the categories (A x H)-Mod(C) and A-Mod(H-Mod(C))
are isomorphic categories.

Sketch of proof. An A-module X in H-Mod(C) with A-action p# and H-
action pf becomes an A x H-module with action p? o (idy ® pf).
Conversely, an A x H-module X becomes an H-module by composing
the A x H-action with n4 ® id and X becomes an A-module in H-Mod(C)
by composing the A x H-action with id ® ng O

Remark 1.3.14 Given a comodule coalgebra C' over a bialgebra H in C,
one defines the cosmash product C x H as the pair (C' ® H,A) with

C HCH

A= w | (1a)

¢ H

Analogous to Lemma 1.3.13, we have that C' x H is a coalgebra in C whose
category of comodules is isomorphic to the category of C-comodules in

H-Cmd(C).
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1.3.3. Functors between modules and comodules

From elementary algebra one knows that for a ring R the categories of
left R-modules and right R°P-modules are isomorphic. For an algebra A
in a braided category we have a similar equivalence, which turns out to be
strict monoidal, if A is even a bialgebra.

Lemma 1.3.15 Let A be a bialgebra in a braided category C and (X, p)
a left A-module. The assignment

is a strict monoidal functor 4T: A-Mod(C) — Mod(C)-A°P.

Remark 1.3.16 We call the functor 5T side switch functor. Similarly, we
have side switch functors for right modules and left and right comodules,
which are also strict monoidal:

AT: A-Cmd(C) — Cmd(C)-A°P,

Ta: Mod(C)-A — A°*-Mod(C)
and  T%: Cmd(C)-A — A°P-Cmd(C) .

They are given on objects by composing the (co)action of a (co)module
with suitable instances of the inverse braiding.

Note that T 40 : Mod(C)-A% — (A°P)°P-Mod(C) = A-Mod(C) is inverse
to the functor 4T, thus we have an isomorphism of monoidal categories.

A Hopf pairing between two bialgebras allows us to define functors be-
tween the categories of modules and comodules.

Definition 1.3.17 Let A and B be bialgebras in a braided category C. A
morphism w: A ® B — 1 is called Hopf pairing between A and B, if the
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following equations hold

L[ )y e

A A B A A B B B

= w l: (1.23)
R R
A B B A BB A A

A Hopf pairing is called non-degenerate, if there is an inverse copairing,
i.e. is a morphism w’: 1 — B ® A, such that

(w X idA) o (idA ®w/) =idy and (idB ®UJ) o (w’ X idB) =idp.
Lemma 1.3.18 Let A and B be bialgebras in a braided category C and
w: A® B — 1 a Hopf pairing. The following holds

1. The morphism w is a Hopf pairing between A°P? and B“°P resp. be-
tween AP and B°P.

2. If w is non-degenerate, the inverse copairing w’: 1 — B® A is unique
and a Hopf copairing, i.e. w' obeys axioms analogous to (1.22) and
(1.23).

3. If A and B are Hopf algebras, the Hopf pairing w is compatible with
the antipodes:

wo (Sy®idg) =wo (ida ® Sp) . (1.24)

Proof. The proof consists mostly on checking the claims directly. The last
claim can be shown by proving that w o (S4 ® idg) and w o (idy ® Sp)
are both convolution inverse to w in the convolution algebra C(A’ ® B, 1),
where A’ is the coalgebra with comultiplication c4 4 o A. O

Lemma 1.3.19 Let A and B be bialgebras in a braided category C, let
w: A® B — 1 be a Hopf pairing and let (X, ) be a left B-comodule. The
assignment

oy, [(X0) — (X, (w®idx) o (ids ® 8))
T lxLy) mx Ly

<~
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is a strict monoidal functor “D: B-Cmd(C) — A°°»-Mod(C). If w is non-
degenerate the functor “D is invertible.

Proof. Remember that A and A°P have the same underlying algebra. That
“D(X) is an A-module (and thus an A°P-module) follows directly from
the equations (1.22).

Next one checks with the help of the first equality in (1.23) that for every
pair of left B-comodules X and Y the A-module “D(X ® Y) is equal to
the A-module “D(X) ® “D(Y’) equipped with the diagonal action of A®°P.
Finally the second equation in (1.23) ensures the equality “D(1)®@“D(X) =
“D(X) = “D(X) ® “D(1) of A-modules. Hence “D is a strict monoidal
functor.

The last thing to check is the invertibility in the case of a non-degenerate
Hopf pairing: let w’ be the inverse copairing of w and define the assignment
wD: A®°P-Mod(C) — B-Cmd(C) by

D (X, p) = (X, (idp ® p) o (W' ®idx))
Tl Ly wix Ly,

That /D is indeed a functor follows from the Hopf copairing properties.
Since w’ is the inverse copairing of w, we see that D is inverse to “D. [

Example 1.3.20 Let A and B be Hopf algebras in a braided category C.

1. Let AV be a right dual object of A. The triple (AY, AV, ") is a Hopf
algebra in C and the evaluation ev: A® AV — 1 is a non-degenerate
Hopf pairing with inverse copairing coev: 1 — AY ® A.

Let C be the category of vector spaces. A Hopf algebra A has a dual,
iff it is a finite dimensional.

2. fw: A® B — 1 is a Hopf pairing, then w* :=wo (5S4 ® Sg)ocp.a
and w™ :=wo (Sgl ® Sgl) o c;l)lB are Hopf pairings B® A — 1.
If w is non-degenerate with inverse copairing w’, then w® and w™ are
non-degenerate as well. For instance, the inverse copairing of w¥ is
given by cZ}B o(Sz' @S )ouw.

Remark 1.3.21 Let A and B be bialgebras over a field k. The definition
of a Hopf pairing above reads in Sweedler notation as

w(ab, Jf) = w<a7$(2))W(b,$(1)) and w(a,xy) = w(a(l),y)w(a(g),x)
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for all a,b € A and z,y € B. The usual textbook definition of a Hopf
pairing 0: A® B =k is

O'(O,b,l') = J(an(Z))g(b75E(1)) and U(awTy) = 0(&(1),1‘)0(a(2),y) .
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2. Yetter-Drinfel’d modules

Let C be a braided category and A a Hopf algebra in C. We noticed be-
fore that neither the category of modules nor the category of comodules
is a braided category. Nevertheless, there are always braided categories
associated to A, namely the categories of Yetter-Drinfel’d modules over A.
In this section we summarize facts about Yetter-Drinfel’d modules over a
Hopf algebra A in a braided category C as defined by Bespalov [Bes97].
Bespalov’s notion of Yetter-Drinfel’d module generalizes the classical no-
tion of a Yetter-Drinfel’d module over a Hopf algebra over a field as given
in [Mon93] also called crossed module [Kas95, Chapter IX.5].

2.1. Definitions

2.1.1. The category of Yetter-Drinfel’d modules

A Yetter-Drinfel’d module is a module and a comodule, subject to a com-
patibility condition. Actions and coactions can be on the left or right; thus
there are four different types of Yetter-Drinfel’d modules.

Definition 2.1.1 Let A be a Hopf algebra in a braided category C; sup-
pose that X is a module and comodule over A. We call X a Yetter-Drinfel’d
module over A, if the suitable condition depicted in Figure 2.1 is fulfilled.

Example 2.1.2 Let A be a Hopf algebra in a braided category C.
1. The (left) adjoint action ads: A® A — A of A on A is given by the

morphism
A
A\
A A

One can check that the triple (A,ad4, A) is a left Yetter-Drinfel’d
module in C.

25
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A X A X X A X A
N\
A X A X X A X A

left YD-condition right YD-condition

X A X A A X AX

A X AX X A X A
left-right YD-condition right-left YD-condition

Figure 2.1.: Yetter-Drinfel’d conditions

2. Let X be an arbitrary object in C. It becomes a module and comodule
with the trivial action by the counit and the trivial coaction by the
unit of A. One sees that X is a Yetter-Drinfel’d module over A, iff

cx,A0cax = id.

2.1.2. Monoidal structure of one-sided Yetter-Drinfel’d
modules

The left Yetter-Drinfel’d modules over A are objects of a category 4YD(C);
morphisms in 4 YD(C) are morphisms in C that are A-linear and A-colinear.
Moreover, the category 4YD(C) inherits a monoidal structure from C and
there is a braiding on 4YD(C): the tensor product of a Yetter-Drinfel’d
module X and a Yetter-Drinfel’d module Y is given by the object X ® Y
with the diagonal action and coaction of A. The unit object is the monoidal
unit 1 of C, together with trivial action given by the counit and trivial
coaction given by the unit of A.

The braiding isomorphism

xy: XoY 2 YeX
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and its inverse are given by

Y X XY
J
c%,DY = and (c%?,)_l = . (2.1)
1
XY Y X

We summarize this structure in the following proposition whose proof
can be found in [Bes97].

Proposition 2.1.3 Let A be a Hopf algebra with invertible antipode in
C. The left Yetter-Drinfel’d modules over A in C have a natural structure
of a braided monoidal category 4VD(C).

Remark 2.1.4 The definition of Yetter-Drinfel’d module does not require
the existence of an antipode, so Yetter-Drinfel’d modules can be defined
over a bialgebra as well. The braiding ¢¥? as defined above then fails to be
an isomorphism, but still fulfills the hexagon axioms. So 4YD(C) is only
a prebraided category.

If A is a Hopf algebra, the antipode allows us to reformulate the Yetter-
Drinfel’d condition: a graphical calculation shows that a module and co-
module X is a left Yetter-Drinfel’d module, iff

A X

AX

This reformulation is useful to prove the following lemma which is proven
by straightforward calculations:

Lemma 2.1.5 Let A be a Hopf algebra with invertible antipode in C. For
a left Yetter-Drinfel’d module X consider the morphism

Ox = px o (S®id)odx € Ende(X).
The following holds

1. Ox 0Opx = pPxX OCX,A0CAX O(S2®id).
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2. 6xo00x = (S?®id)ocx a0cax0dx.
3. The inverse of fx is given by
px © c;‘,lx o(id® S ?)o c;(}A 00x .
4. If Y is another Yetter-Drinfel’d module, we have
c%@ ofygx o cgj(?, =cyxo(fy ®0x)ocxy .

Remark 2.1.6 Let A be a Hopf algebra with invertible antipode in C.
The right Yetter-Drinfel’d modules also form a braided monoidal category,
which is denoted by y’Dﬁ (C). The braiding is given by
yD . . . . .,
cxy = (idy ® px) o (ex,y ®1ida) o (idx ® dy).
If C is the category of vector spaces over a field k, we also write 4Dy or
4YD for the category of Yetter-Drinfel’d modules.

Proposition 2.1.7 Let C be a rigid braided monoidal category and let A
be a Hopf algebra with invertible antipode in C. Then the category ﬁyD(C)
is also rigid.

Proof. Let (X, p,d) be a Yetter-Drinfel’d module over A. Recall that a
braided category is rigid, if it is left or right rigid. So we only have to show
the existence of a left dual Yetter-Drinfel’d module ¥ (X, p,d). Choose as
underlying object the left dual VX in C, as left action "p and as a left
coaction "§ from Lemma 1.3.11. The object ¥ X is obviously a module and
comodule in such a way that the evaluation and coevaluation are A-linear
and A-colinear morphisms fulfilling the rigidity axioms. The remaining
check that VX is a Yetter-Drinfel’d module is a feasible calculation. O

2.1.3. Monoidal structure of two-sided Yetter-Drinfel'd
modules

We have seen in the preceding subsection that we always have a braided
monoidal structure on the category of left Yetter-Drinfel’d modules. Be-
fore we discuss, whether left-right Yetter-Drinfel’d modules form a braided
category as well, we pause here and focus our attention on the braiding
isomorphism

exy = (py ®idx) o (ida ® cx,y) o (0x @ idy) .
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The main idea of the braiding isomorphism C%DY can be seen as repairing
the flaw of cx y being neither A-linear nor A-colinear by involving the Hopf
algebra A via connecting the objects X and Y by an action and coaction
of A. Note that the morphism c%DY is reasonably simple in the sense that
we use a minimal amount of bra{ding isomorphisms from the underlying

category C to form c%g. Further, the hexagon-identity c%gy’ 7= (c%?)z ®

idy) o (idx ® cggz) is due to associativity of the A-action of Z and the
hexagon-identity c%?,(g)z = (dx ® c%§,®z) o (c%?,(gz ® idy) is due to
the coassociativity of the A-coaction of X. The last two observations also

manifest in the following fact: denote 4M := A-Mod(C) and M :=
A-Cmd(C). The forgetful functors

AM —— 4YD(C) —— M
are strict monoidal.

We now turn to left-right Yetter-Drinfel’d modules. For any two Yetter-
Drinfel’d modules over A the endomorphism vx y := (idx ®py )o(dx ®idy)
of the object X ® Y in C is defined. To turn this family of morphisms
into a candidate for a braiding on the category Ay’DA(C) of left-right
Yetter-Drinfel’d modules, we have to pre-compose or post-compose it with
instances of the braiding ¢ of C. For reasons, that will become clear in a
moment, we post-compose yx,y with C)_/,lx rather than with cx y

D _
c%’y = CY}X oYXy - (2.2)

As for left Yetter-Drinfel’d modules, the hexagon-identity for c%gy,  holds,
since the A-action of Z is associative. Despite the fact, that we do not have
a monoidal structure on the category 4YD?(C) yet, we can observe the
following: the forgetful functor ,YD*(C) - M# := Cmd(C)-A would be
strict monoidal, if the tensor product X ® Y was equipped with the diag-
onal coaction of A.

Now look at the hexagon-identity for c%DY@) »- If it holds, we have to

equip Y ® Z with the diagonal action of AP in C. Denote geopM :=
A°P-Mod(C). Again ignoring the fact that, so far, we have no monoidal
structure on 4 YD?(C) we formulate: the forgetful functor 4YD?(C) —
Acop M would be strict monoidal, if the tensor product X ®Y was equipped

with the diagonal action of A°P.
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Post-composing vyx,y with c;lx seems arbitrary in the sense that also

63}(2, = "y,x © c{,}X (2.3)
seems to be good candidate for a braiding on AyDA(C). Following the dis-
cussions above now for 6%2/ would allow strict monoidal forgetful functors

AM —— 4 VD) —— MA” ;= Cmd(C)-A°P .

We end our observations with the next proposition, which in particu-
lar states that the above suspected monoidal products of Yetter-Drinfel’d
modules are really Yetter-Drinfel’d modules.

Proposition 2.1.8 Let A be a Hopf algebra in a braided category C. The
category 4VD?(C) admits two different structures of a braided monoidal
category: let X and Y be Yetter-Drinfel’d modules over A.

1. The object X ® Y becomes a Yetter-Drinfel’d module with diag-
onal action of A°P and diagonal coaction of A. With this prod-
uct of Yetter-Drinfel’d modules we get a braided monoidal category
Acop YDA(C) with braiding isomorphisms (2.2).

2. The object X ® Y becomes a Yetter-Drinfel’d module with diag-
onal action of A and diagonal coaction of A°P. With this prod-
uct of Yetter-Drinfel’d modules we get a braided monoidal category
AYDA™ (C) with braiding isomorphisms (2.3).

Remark 2.1.9 1. The monoidal category o YDA (C) is not equal to
the monoidal category AYDA” (C), nevertheless they are isomorphic.

2. For right-left Yetter-Drinfel’d modules one gets also two monoidal
categories, which we will denote by 4 YD 4(C) and AYD gcon(C).
These two categories come with strict monoidal forgetful functors

My ——2"YyDy0) —A"M
MACOP <—AyDAcop (C) —>AM

The category AYD pcor(C) is braided with braiding isomorphisms
given by
YD . -1 . .
CX,Y = CY,X o (pX X ldy) o (ldX ® (Sy) . (24)
The category 4°" YD 4 (C) is braided with braiding isomorphisms given
by

C?ﬁ = cylx o (px ®idy) o (idx ® dy) . (2.5)
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2.2. Equivalences of Yetter-Drinfel’d categories

2.2.1. Left and right modules

In this subsection we discuss the side switch functor T: YD4(C) — 4VD(C)
for Yetter-Drinfel’d modules. It turns out that, for our purposes, a non-
trivial monoidal structure To: T® T — T o ® has to be chosen for the
switch functor, even in those cases (for C symmetric) where the identities
provide a monoidal structure on T.

Lemma 2.2.1 The isomorphism 4T: Cmd(C)-A — Cmd(C)-A°P of cat-
egories from Remark 1.3.16 extends to an isomorphism of categories

AT 4YD(C) = 4 YDA (C).

The functor 4T is braided and strict monoidal, considered as a functor
between the following monoidal categories:

AT : ﬁy'D(C) — (Acop)cop yDACOp (6).
Remark 2.2.2 The equality (A°P)°°P = A of Hopf algebras from Remark
1.3.9 might suggest the notation

AVDA(C) i= (acoryeor YDA (C)

which is not in conflict with other notation used in this thesis. To avoid

. . . . °op .
confusion with the different monoidal category 4YD*” (C), we refrain from
using this notation.

Proof. Let X = (X, p,8) be in 4YD(C). It follows from Remark 1.3.16
that 4T(X) = (X, p, c}}A 09) is an A°P-comodule and A°°P-module in
C. It remains to be shown that “LT(X ) obeys the condition of a left-right
AP-Yetter-Drinfel’d module in C:

RS

A X A X

One finally verifies that the braiding isomorphisms in the Yetter-Drinfel’d
cop ,—.

categories 4YD(C) and Acop)copyDA (C) coincide as morphisms in the

underlying category C. O
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Remark 2.2.3 One can show by similar arguments that the isomorphisms
AT, TA and T4 extend to braided and strict monoidal functors

AT: 4VD(C) = A" YD 4o (C),
TA: yDﬁ(C) _> AhopyD(Acop)cop (E)7
Ta: YD4(C) = 4w YDA (C).

Theorem 2.2.4 Let A be a Hopf algebra in a braided category C and
(X, p",0") aright Yetter-Drinfel’d module over A. Consider

T(X,p",6") = (X,p o (S '®idx),(S®idx)odh),
with p~ :=p" o c}}A and 67 := cx 4 0 0". The functor
T = (Ta)*: YD4(C) = 4YD(C)

has a monoidal structure To(X,Y): T(X) @ T(Y) = T(X ® Y) given by

XY
T2(X,)Y) = |/|> = 033,}’1;( o c;}X . (2.6)
XY

The monoidal functor (T, Ty) is braided.

Proof. The functor T: YD4(C) — 4VD(C) is defined as the composition
of the functors in the diagram

i) - - - - - - - 4YD(C)

TA\L T(AT)_l
S

A40» YDA (€) Acor YDA (C)

Here S denotes the functor of restriction along S~': AP — A°P and
corestriction along S: A°P — AP thus T is a functor.

Since cgﬁg is A-linear and A-colinear, we see from the right-hand side of
(2.6), that the morphism T5(X,Y) is A-(co)linear, iff c;}X is A-(co)linear
as a morphism TX @ TY — T(Y ® X); this is easily checked. Invertibility
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of To(X,Y) is clear from (2.6), so it remains to check that Ty is a monoidal
structure, i.e. for all Yetter-Drinfel’d modules X,Y and Z we have

T2o(X®Y,Z) o (T2(X,Y) ®idr(z))
:T2(X,Y ® Z) o (idT(X) X TQ(K Z)) .

This is a direct consequence of the Yetter-Drinfel’d condition. We conclude
that (T, T2) is a monoidal functor.
Finally we show that (T, T3) is a braided monoidal functor, i.e. the equality

T(exX) o To(X.Y) = To(Y. X) 0 7 1y
holds. This is evident from drawing the morphisms. O

Remark 2.2.5 The functor T = (T4)# in Theorem 2.2.4 is obtained by
first turning the right action into a left action and then the right coaction
into a left coaction, which shall be suggested by the notation (T 4)4.
There is another braided equivalence between the same braided categories
of Yetter-Drinfel’d modules:

T = (T4 4: YD4(C) = 4YD(C).
The functor T’ is given on objects by
T(X,p",6") = (X,pT o (S®idx), (St ®idx)0d™).

The monoidal structure T5(X,Y): T(X) @ T'(Y) > T(X ®Y) on T' is
given by
X Y

| -1
TL(X,Y) = m = (C%DY) ocxy -

XY

The two monoidal functors T,T': YD4(C) — 4YD(C) are isomorphic as
monoidal functors. An isomorphism T — T’ is given by the family

Orx == prx o (S@idx)O(STX = pg( o (idX ®S> 05;( .

A right Yetter-Drinfel’d module version of Lemma 2.1.5 implies that 6 is
indeed a monoidal isomorphism.
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2.2.2. Dually paired Hopf algebras

In this subsection, we prove that for Hopf algebras A and B that are related
by a non-degenerate Hopf pairing, there is a braided monoidal equivalence
between the categories 4YD(C) and YD (C). This equivalence is a strict
monoidal functor.

Lemma 2.2.6 Let w: A® B — 1 be a non-degenerate Hopf pairing with
inverse copairing w’: 1 — B ® A. Then
DY 4cor YDA(C) = BYDpeor (C)
(X, p,0) = (X, (id®w)o (6§ ®id), (id ® p) o (v’ ®id)) ,
is a strict monoidal braided functor. In particular, the two categories

Acos YDA(C) and BYDpeon (C) are equivalent as braided monoidal cate-
gories.

Proof. Let (X, p,d) be an A-Yetter-Drinfel’d module. From Lemma 1.3.19
it is clear that D(X, p,d) is a B-module and B-comodule. We have to check
the Yetter-Drinfel’d condition. Since X is an A-Yetter-Drinfel’d module,
we have the equality

B X B X

X B X B

Using that w is a Hopf pairing, w’ is a Hopf copairing and (idg @w) o (w’' ®
idg) = idp we get the equality
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which is the Yetter-Drinfel’d condition for the B-module and B-comodule

structure on D(X). The functor D is strict monoidal, since the functors
wD: A®°P-Mod(C) — B-Cmd(C) and D*: Cmd(C)-A — Mod(C)-BP
are strict monoidal. Finally, the braiding is preserved

VD yD YD
o(x)p(y) = ‘xv = :Dlexy) -

This follows from (w ®id4) o (idg @ w') = id4. O
Corollary 2.2.7 Let w: A® B — 1 be a non-degenerate Hopf pairing
with inverse copairing w’: 1 — B ® A. Then
©D: 4YD(C) = YDF(C)
(X, px,0x) = (X, po(x), Op(v))

with
pox) = (i[d®@w) o (cx'y ® S o (d@id)
dox) =cBx o (S®p)o (W ®id)

defines a strict monoidal braided functor.
In particular, the categories 4VD(C) and YDE(C) are equivalent as
braided categories.

Proof. Note that w: A® B — 1 is a Hopf pairing of the two Hopf algebras
A°P and B°P in C. So we have the following composite of braided, strict
monoidal functors

op\cop S
4YDEC) - - - - - - - - = VD{ pog)een (C) ——= YDF(C)
X &

AcoP w! D¥

(Acop)copyp ( )—> (B°P) CopyDBop( )

Here S denotes the functor of restriction along S™1: B — (B°P)°P and
corestriction along S: (B°P)°°P — B. The top line of the above diagram is
the functor ¢,D. O

Combining Theorem 2.2.4, Remark 2.2.5 and Corollary 2.2.7, we are
now in a position to exhibit explicitly two braided equivalences

' 4YD(C) — BYD(C).
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The first functor is the composition €2 := T o D with monoidal structure

02(X,Y) = T(D2(X,Y)) 0 To(DX, DY) = idxay o (chy px © Cyx)
_ YD _ 1
=Cyx ©Cy x-

The second to last equal sign uses that D is a strict braided functor.
The other functor is €' := T’ o D with monoidal structure

QL (X,Y) = T'(Da(X,Y)) 0 TH(DX,DY) = ( y”)fl
2 ) — 2 ) © 2( ) )_ CX,Y 0OCX)y-

Graphically the functors and the monoidal structures are

X B X X Y
w X
Q(X, px,0x) = | X, gq/\o L O(X,Y) = ,
4 w’ﬂ |

B X X X Y
X B X X Y

W

(X, px,6x) = | X, Q) , L /I QX Y) =
\ w"

B X X X Y

We summarize our findings:

Theorem 2.2.8 Let w: A® B — 1 be a non-degenerate Hopf pairing. The
categories 4VD(C) and BYD(C) are braided equivalent via the monoidal
functors Q and 2’ above.

Remark 2.2.9 We end this subsection by relating the equivalence 2 to
the equivalence Q1S of rational modules over k-Hopf algebras discussed in
[HS13].

1. Let k be a field and Ly the category of linearly topologized vector
spaces over k. Fix a Hopf algebra E in L; and two Hopf algebras
(R,RY) in EYD(Ly) that are related by a non-degenerate Hopf pair-
ing. It is then shown in [HS13] that the categories gjg)ﬂ)rat and
gi jgybmt are equivalent as braided categories. Here, the subscript
rat denotes the subcategory of rational modules.
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The non-degenerate pairing {,): R¥ ® R — k and the structural
morphisms of the bosonized Hopf algebra R x E are used in [HS13,
Theorem 7.1] to construct a functor

HS HS\. RxE RYXE
(Q 792 ) RNEyDrat — RVNEyDrat .

In detail, the functor QM8 is constructed as follows: let M be a ratio-
nal (R x E)-Yetter-Drinfel’d module and denote the left R-coaction
by d(m) = m_1y ® my.

The (RY x E)-Yetter-Drinfel’d module Q5 (M) is equal to M as an
E-Yetter-Drinfel’d module and has the following R"-Yetter-Drinfel’d

structure
action: Em = (£, m_1y)m0)
coaction: dous () = (C?\}va o c%?’M) (m[—1] ® myq)),

where m[_1} ® mg) is the unique element of RY ® M such that for
all r € R and m € M we have

rm = (m_1},0r(r)) my.
The monoidal structure of Q1S is given by the family of morphisms

QS (M, N): QS (M) @ QFS(N) — QFS(M @ N)

m @ n > SgypSr(n-1))m @ ny).

2. In this thesis, we started with a non-degenerate Hopf pairing w: A®
B — 1 and constructed an equivalence

Qv: 4YD(C) = ByD(C).

Let C be the category of finite dimensional Yetter-Drinfel’d mod-
ules over the finite dimensional Hopf algebra E. Set A = R and
B =RY and w: A® B — k, such that w™ (b ® a) = (b,a), cf. Ex-
ample 1.3.20. One can show by straight-forward computations, that
our functor Q¥ coincides with the functor Q%S on the full subcat-
egory g:g)ﬂ)ﬁn C g:g)ﬂ)rat of finite dimensional (R x E)-Yetter-
Drinfel’d modules.
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2.2.3. The square of ()

From a non-degenerate Hopf pairing w: A® B — 1, we obtained an equiv-
alence Q¥: 4YD(C) — BYD(C). As noted in Example 1.3.20, we also have
a non-degenerate Hopf pairing w™: B ® A — 1 from which we obtain an
equivalence Q¥ : BYD(C) — 1VD(C).

Proposition 2.2.10 The braided monoidal functor
Q¥ 0Q¥: 4YD(C) — 4YD(C)
is isomorphic to the identity functor.

Proof. A direct computation shows that the monoidal functors
(2%, 98) 0 ()7, (@)5) and (@) ,(@)5 ) o (2~,9%)

are both equal to the identity functor with identity monoidal structure.
Remark 2.2.5 implies that (£2)*  is monoidally isomorphic to Q¥ .

Alternatively, a concrete calculation shows that Q0 0Q is equal to the
monoidal functor that sends the Yetter-Drinfel’d module (X, p, ) to the
Yetter-Drinfel’d module

(X,po(S?®idy)o CX}X ) c;(’lA,cX’A 0cCAx O (S% ®idx) 0 d).

The monoidal structure of Q¥ 0¥ is given by the family of isomorphisms

YD YD -1 -1
Cy x ©Cxy CCxy OCyx-

From this and Lemma 2.1.5 it is clear that x := px o (S ® idx) o dx
defines a monoidal isomorphism

0: Q¥ oQ¥ —1d.



3. Graded categories and group
actions

3.1. Graded categories and (co)graded
bialgebras

An easy example of a monoidal category we would like to consider as
graded over a group I' is given by the category I'-Vecty of I'-graded k-
vector spaces. An object of I'-Vect is a vector space X together with a
family {X, C X} of vector subspaces fulfilling X = @, X

Let X and Y be two I'-graded vector spaces. A morphisms of graded vector
spaces is a k-linear map f: X — Y preserving the degree, i.e. f(X,) C Y,.
The vector space X ® Y becomes graded vector space by defining

(X®Y). =P Xs0Y,
By=a

for all @ € T'. Abstracting this example leads us to

Definition 3.1.1 Let I' be group, let C be a monoidal category and let

{C, CC} be a family of full subcategories with C = ]|

acl’ aEF

1. The family of subcategories is called a I'-grading, if for any X €
0b(C,) and Y € Ob(Cg) we have X @ Y € Ob(Cap).

2. The subcategory C, is called the a-component resp. the neutral com-
ponent for & = 1. An object X in C, is called homogeneous of degree
a. We also denote a =: | X]|.

3. The support of C is the set suppC = {a € T' | C,, # 0}. The grading
is called trivial, if suppC = 1; it is called full, if suppC =T.

4. If C is k-linear we require C = @, . Co instead of C =[]

a€ aEF

One easily sees that the unit object 1 of a I'-graded monoidal category C
is homogeneous of degree 1 € I'. If C is rigid and X a homogeneous object

39
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of degree o € T', then VX and XV are homogeneous of degree a~!. This
and compatibility of ® and group multiplication shows that supp(C) C T
is a subgroup, if C is left or right rigid.

Algebraic examples of graded categories arise as the categories of mod-
ules over a Hopf I'-coalgebra or comodules over a Hopf I'-algebra. These
algebraic structures were introduced by Turaev in [Tur00]; an understand-
ing in terms of bialgebras in certain monoidal categories is presented in
[CDLO0G].

Definition 3.1.2 Let k be a field and I" a group. A semi-Hopf I'-coalgebra
consists of a family A = {A,},cp of unital, associative k-algebras, a family
A = {Ayp: Aup = Ay ® Ag} of unital algebra homomorphisms and a
unital algebra homomorphism € = ¢1: A7 — k fulfilling

(Aa,p ®id) 0 Mgy = (Id ® Ag,y) 0 Aq gy (3.1)
(e®id) oAy 4 =1ids, = (i[d®e) o Ay1 (3.2)
for all a, B, € I'. We call A the comultiplication and € the counit of A. A

semi-Hopf I'-coalgebra is called a Hopf I'-coalgebra, if it has an antipode,
i.e. a family S = {Sy: Aq = Aq-1},¢p of k-linear maps obeying

fa-10 (So ® ld) o Aa7a—1 =1q-106 = fig—10(Id® SQ) o Aorl,a . (33)
Remark 3.1.3

1. To every semi-Hopf I'-coalgebra, we can associate the algebra

A= @ A,
acl
which is unital, iff supp(A) = {a € T' | A, # 0} is finite. The algebra
A becomes a bialgebra with comultiplication

A::ZAQ

acl

where A, = Zﬂ,y:a Ag ~, the counit of Aise;. If Ais even a Hopf

T'-coalgebra the linear map S = > S, is an antipode.

N acl
Note that the bialgebra A comes with unital algebra homomorphisms
To: A — A, and that the inclusion ¢, : A, — A is a unital algebra
homomorphism, iff « = 1 and supp(A) = 1. Further the underlying

coalgebra, of Ais I'-graded, i.e.

A(A) C P Az A, . (3.4)
By=a
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2. Conversely, given a bialgebra A that is I'-cograded, i.e. there are
unital algebras A, such that A = @D cr Aa as unital algebra (this
implies || < oo) and the comultiplication A: A — A ® A fulfills
condition (3.4).

One can show that the restriction of the counit e: A — k to A, is zero
for a # 1 and thus the the family of A = {A,}, is a semi-Hopf I'-
coalgebra with comultiplication given by the maps (7, ®mg) 0 A‘ Aas
and counit given by € = ¢4,
If A is even a Hopf algebra the associated semi-Hopf T'-coalgebra is
of course a Hopf I'-coalgebra.

Now let I be a finite group and consider the (commutative) Hopf alge-
bra kI of k-valued functions on I'. If A is I'-cograded Hopf algebra with
supp(A) = T, we can see k!' as a Hopf subalgebra of A: the unit of A
is of the form 1 = }"_ 1,, denote by {eq},p the standard basis of k"
and identify 1, with e, to obtain an injective bialgebra homomorphism
v kD — A,

In the following we will always assume that I' is a finite group, so we can
identify a semi-Hopf I'-coalgebra A with its associated I'-cograded bialge-
bra A.

This identification helps to see that the category A-Mod of (say left) A-
modules of a I'-cograded bialgebra is a I'-graded category: since A is the
direct sum of of the A, we have

A-Mod = (P (A.-Mod)
ael

as abelian categories. The tensor product X ® Y of an A,-module X and
an Ag-module Y becomes a A,g-module by pulling back the A, ® Ag-
module structure along the unital algebra homomorphism A, g.

If A is even a Hopf algebra, the category A-mod of finite dimensional A-
modules becomes a rigid category: given a left A,-module, the dual space
X* = Hom(X,k) is a right A, and becomes a left A,-1-module by the
antipode S,-1: Ay-1 — Ag, cf. Lemma 1.3.11.

3.2. Weak group actions

3.2.1. Definition

Let I" be a group and denote by I' the discrete monoidal category with
the elements of I" as objects and the multiplication of I' as tensor product.
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Further denote for a monoidal category C by Autg (C) the (strict) monoidal
category of monoidal autoequivalences and monoidal isomorphisms with
tensor product given by the composition of monoidal functors.

Definition 3.2.1 A (weak) action of a group I’ on a monoidal category C
is defined to be a monoidal functor

®: T — Autg(C) .

An action @ is called strict, if ® is a strict monoidal functor. For a braided
category C a weak action ® of I on C is called braided, if each ®% is a
braided monoidal functor.

Remark 3.2.2 We unravel the definition of a weak action: every group
element a € I' defines a monoidal autoequivalence (@, ®5): C — C, we
will also write ®X instead of ®*(X).

Since ®: I' — Autg(C) is a monoidal functor itself, we have monoidal
isomorphisms @, g: %o PP — PP, That ®, s is a monoidal isomorphism
means that for all objects X and Y in C the equality

D57 (X,Y) 0 (Papx @ Papy) = Pag xay o (B0 ®7)y(X,Y)
holds, where (®* o ®7),(X,Y) is the composition
(@5 (X)) 0 25(°X,FY).

Moreover, the isomorphisms ®, g are compatible in the way that the dia-
gram

“(2,4,x)
e —

“(P(X)) (7 X) (3.5)

®C¥,B,’7X\L i‘ba,ﬁw,x

X)L

commutes for all objects X in C and all elements «, 8,7 € T'.

The above considerations show that we can weaken the definition of a
(weak) action by saying that ® is a strong monoidal functor with target
Endg(C): by the monoidal isomorphisms @, ,-1 and ®,-1 , the compo-
sitions ® o @ " and ®* ' o ® are both isomorphic to the functor ®!
which is isomorphic to Id¢. Thus every ¢ is an autoequivalence of C. More
precisely, we have the following lemma.
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Lemma 3.2.3 Let ® be a weak action of I" on C. If ®! 1is the iden-
tity functor Ide, then, for all a € T, the 4-tuples (®, ®*  n,,c,) are
monoidal adjunctions with unit n, = <I>;}1 ot ld— &' 0 ® and counit

o =P po1: B0 ® " —Id.

3.2.2. The orbifold category

Definition 3.2.4 Let C be a k-linear monoidal category with a weak ac-
tion of a group I'. The orbifold category or category of fized objects of C
is the category (orb C)F given as follows: objects are pairs (X,ux) con-
sisting of an object in X in C with *X = X for all @ € I" and a family

ux = {u%: *X = X }aer of isomorphisms such that
U o @y 5 x = uS o “(uy) forall a,B el (3.6)

A morphism (X, ux) EN (Y,uy) in (orb C)" is a morphism X Lyic
obeying

foug =u§o®f forallael. (3.7)

Remark 3.2.5 The category (orb C)F is also called equivariantization
[DGNO10]. The category (orb €)' is monoidal with tensor product given
on objects by

(X {uk}) @ (Vo {ud}) = (X @Y, {ukey})

with u§ gy = (u§ ® ug) o (®3) H(X,Y). If C is a fusion category and
carries the structure of a I'-braided category as defined in Definition 3.3.1,
then (orb C)F is a braided fusion category containing the symmetric cate-
gory k[[']-mod as braided, full subcategory, cf. [DGNO10, Section 4.2.2].

3.2.3. Weak actions on Hopf algebras

The content of this subsection follows [Dav07]. Let A and B be bialge-
bras over a field k and ¢: A — B a homomorphism of the underlying
algebras. We know from Lemma 1.2.6 that there is a pull-back func-
tor ¢*: B-Mod — A-Mod; if ¢ is even a bialgebra homomorphism,
the functor ¢* is strict monoidal. We also want to describe non-strict
monoidal structures on a pull-back functor ¢* for an algebra homomor-
phism ¢: A — B.
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Definition 3.2.6 Let A and B be bialgebras over a field k, ¢: A — B a
homomorphism of algebras and F' € B ® B, such that the following holds

F-(p2p)(Ax) =A(p(z)) - FeEB®B forallz e A, (3.8)
(A®id)(F)- (Fo1p)=(de A)F)- (1o F) e B B& B, (3.9)
(ep@id)(F)=1p = (id®ep)(F), (3.10)
cpop=ca (3.11)

The pair (¢, F) is called a twisted homomorphism of bialgebras.
Let (1,G): B — C be another twisted homomorphism of bialgebras. We
define their composition (1, G) o (¢, F') as the pair

(o, G- (v @P)(F)). (3.12)

Remark 3.2.7 Let ¢: A — B be an algebra isomorphism and F' € B® B
invertible, such that (p, F') is a twisted bialgebra homomorphism. Note
that in general (p~1, F~1) is not a twisted bialgebra homomorphism, even
if A= B. In fact F~! fulfills

(Flol) - (Aoid)(FYH)=012F ). (ideA)F?)

rather than (3.9). One could call (¢~!, F71) a quasi-twisted bialgebra
homomorphism. In [Dav07] the above notions of twisted bialgebra homo-
morphism and quasi-twisted bialgebra homomorphism are the other way
around.

Remark 3.2.8 It is common to denote an element F' € B® B by the sum
2P F @ F® or just by F(U ® F®) omitting the sum symbol. With
this notation condition (3.9) reads

AFDY. FoF® =FD o A(F?). F

To deal with several copies of F' in one equation, we will introduce ad hoc
notations like F = F) @ F?) = f(0) @ f() Combining this together with
the Sweedler notation for the comultiplication, we can express (3.9) by
(FD)ay - fV @ (FW)q) - fP @ F®)
=FM g (F (2))(1)f(1) ® (F (2))(2)]0(2) )

Proposition 3.2.9 Let (¢, F): A — B and (¢,G): B — C be twisted
bialgebra homomorphisms.
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1. The composition (1, G)o(¢, F') is a twisted bialgebra homomorphism
A—C.

2. The twisted homomorphism (p, F') defines a lax monoidal functor
(®,P3) = (p, F)*: B-Mod — A-Mod. The functor ® is given by
the restriction functor ® := ¢*: B-Mod — A-Mod and the lax
monoidal structure ®, is given by the following family of A-linear
maps

(X, Y): 2(X)@2(Y) - 2(XQY)
TRy — F(z®y).

3. We have the following equality of lax monoidal functors C-Mod —
A-Mod

(¥, G) o (9, F)" = (o, F)" o (4,G)" .

Proof.

1. Tt is clear that v o ¢ is a unital algebra homomorphism preserving
the counit. That G - (¢ ® ¢)(F') fulfills (3.10) follows since € is an
algebra homomorphism and ¢ preserves the counit.

We show that ¢ o ¢ and G - (¢ ® ¢)(F) fulfill (3.8)

G p(FM) - (o) (z1)) ® G2 - p(FP) - (¥)(2(2))
=G - w(p(@)a) ) @GP - pp(e)e) - FY)
=(1hp) (@) 1y - GV - p(FV) @ () (2)(2) - G - p(FP) .

We used that v is an algebra homomorphism in both steps. Further
we used (3.8) for F' in the first step and for G in the second.

The last thing to show is that G - (¢ ® ¥)(F) obeys (3.9).

Let F=FM@F® = fOg 2 and G =GN oGR? = ¢ gg¢?),
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then we have

(GVP(FD) gV () ®
(GUPFED)) 9P (fP) @ GPy(FD)
= (G g MY(FD) gy fM)@
(GM) 2y gPP((FP) 1) f*)) @ GPp(FR))

= GWy(FY) @ (G))q >g“>w(<F(2>)<l>f“>)
® (GP)(2)gPY((FP) () f?)

= GWyp(FW) (G<2>w(F<2>>> gD (M)
@ (GAY(F D)) 9P (@) .

Here the first and last equal sign follow from A and 1 being algebra
homomorphisms in combination with (3.8) for (¢, G). The second
equal sign uses (3.9) for (¢, F') and (¢, G).

2. We know already from Lemma 1.2.6 that & = ¢* is a functor, so
we only have to check that ®5 is indeed a monoidal structure: the
equality (3.8) implies that each ®5(X,Y) is an A-linear map, and
(3.9) implies

(XY, Z)o (P2(X,Y) ®idoz)
=05(X,Y ® Z) o (idpx ® ®2(Y, 7))

for all B-modules X,Y and Z. Finally (3.11) gives the equality
®(k,ep) = (k,e4) of A-modules and (3.10) the equality

Do (X, k) = idgy, = D(k, X) .

3. trivial.
O

Remark 3.2.10 Another interpretation of a twisted homomorphism is the
following: let H a bialgebra and let F' € H ® H be an invertible element
obeying (3.9) and (3.10). Denote F = FU@F® and F~' = FCUgF(2),
It is well known that there is a bialgebra Hp with the same multiplication
as H and comultiplication

Ap(x):= F(il)x(l)F(l) ® F(72)$(2)F(2) ,
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see for example Chapter XV in [Kas95]. The statement that (¢, F') is
a twisted bialgebra homomorphism, is equivalent to ¢ being a bialgebra
homomorphism ¢: H — Hp.

If H is a Hopf algebra, then Hp is as well: the element f := S(F(1))F®)
is invertible, its inverse is f~' = F(=US(F(=2) and the antipode of Hp
is given by Sp(z) :== f~1S(z)f.

Definition 3.2.11 Let (¢, F), (¢, F'): A — B be twisted bialgebra ho-

momorphisms. An element 6 € B is called transformation from (¢, F) to
(¢, F'), if

O'(x)-0=0-p(x) forallze A (3.13)

F'-(020)=A0) F. (3.14)

We also write (¢, F) 4 (¢, F') to say that 6 is a transformation from
(. F) to (¢, F").

Lemma 3.2.12 Let § € B be a transformation (¢, F) LN (¢, F'), then
the family

O0x: X > X, z—0.x.
indexed by B-modules X, is a monoidal transformation (¢, F)* — (', F')*.

Proof. Each 0x is A-linear due to (3.13) and compatible with the monoidal
structures due to (3.14). O

Definition 3.2.13 Let A be a bialgebra and let I' be a group. A weak
action by twisted bialgebra automorphisms consists of

1. twisted automorphisms (¢4, Fo): A — A for every a € T,

0o
2. invertible transformations (g, Fag) —= (¢as Fa) © (98, F3),

such that the cocycle condition

Pa(0p,)  Oa,v = 0o, Oap (3.15)

is fulfilled for all o, 8,y € T.

Proposition 3.2.14 Let A be a bialgebra and let I be a group. A weak
action (¢q, Fo,0q,8) of by twisted homomorphisms of I" on A defines a
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weak action by monoidal functors on the category A-Mod: set (&%, g) :=
(@a-1,F4-1)* and for an A-module X define the isomorphism

Do p(X): (P4DP)(X) — 0P (X)

T > Gﬁ_,llﬂ,l.a: .

Proof. 1t is clear from Proposition 3.2.9 that ®“ is a monoidal functor and
Lemma 3.2.12 and the third part of Proposition 3.2.9 show that ®, g is
a monoidal transformation ®* o ®° — &P since 0/;_11)&_1 is a transfor-
mation from @g-1 0 9,1 — Quz)-1. Condition (3.15) ensures that the
corresponding diagram (3.5) commutes. O

3.3. Equivariant categories and braidings

Let C be a k-linear category with a full I'-grading. It is easy to argue that C
cannot be equipped with a braiding, if I" is non-commutative. Nevertheless,
if we assume an action of I on C, Turaev introduced a notion of I-braiding
on C which we will present now.

Definition 3.3.1 Let I" be a group.

1. A T-equivariant category is a monoidal category C together with a
I'-grading and a weak I'-action ®, such that for homogeneous object
X of degree 3 € T the object *X is homogeneous of degree afa™!
for all a, 8 €T

2. A T'-braided category is a I'-equivariant category C together with a
I'-braiding, i.e. isomorphisms cxy: X ® Y = *Y ® X, where X is
homogeneous of degree «, such that the following three diagrams
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commute for all o, 5,y €T, X inC,, Y inCsg and Z in C

CXQ®Y,Z

(XQY)® Z b7 (X Y)
a— ! :
(PZeX)®Y
X® (Y ® Z) (¢a,8,z®idx )Qidy (316)
idx®cy,z (Q(BZ)@)X)@Y
B Cx Bz
X®(FzZeY) (X®P2)Y
XY ®2Z)—%% aye2)eX
$2(v,2)®id
XeY) ez T (3.17)

cx,y ®id Ocy® Z®X
id®cx,z

(VX))@ Z—2—=Y (X ® 2)

X@VY Xy Yoy (VY TX
(‘I)W(X Y)) ( ® waw %Y®id
T(XQY) 1Y @ TX (3.18)

”(0x,Y)\A (@3 (Y. X))~

D, o,y ®id
Y @ X)———("Y) &7X

Example 3.3.2 1. One particular class of I'-equivariant categories is
given by the representations of a crossed Hopf I'-coalgebra as defined
in [Turl0]. This is a Hopf I'-coalgebra A = {A4,, A, g} in the sense
of Definition 3.1.2 together with a crossing, i.e. a family of algebra
homomorphisms ¢7,: Ay — A,q-1 fulfilling

-1
eI ool =0l
(0 ® 4'02) 0Aap = Ayay=1,98y-10 ‘Pzzﬁ

Y _
€101 =&
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for all o, 8,7 € I'. Usually we omit the upper index of ¢©7.

Recall from the discussion after Remark 3.1.3 that the monoidal cate-
gory A-Mod is given as the disjoint union of the categories A,-Mod
and the tensor product is by pulling back along A, g. By the axioms
of a crossing we get a strict action by strict monoidal functors, if we

set Ug := (wEl)*.

. It is well-known that braidings on the representation category of

a Hopf algebra are in one-to-one correspondence with R-matrices.
In more detail, an R-matrix for a Hopf algebra H is an invertible
element R € H ® H such that the assignment

TRY > R(2)y ® RWg

defines the braiding isomorphism cx,y : X®Y — Y ®X. One obtains
the R-matrix from the braiding by evaluating the morphism cg, i on
the element 15 ® 1y, here H is the left regular H-module. The pair
(H, R) is called a quasi-triangular Hopf algebra.

. Generalizing R-matrices of Hopf algebras to R-matrices of crossed

Hopf I'-coalgebras gives the notion of quasi-triangular Hopf I'-coal-
gebra. An R-matrix for a crossed Hopf I'-coalgebra is a family

{Ra,B € Aa & A,B}aﬁel—‘

satisfying compatibility conditions, see [Turl0, Vir05] for details,
which allow to express the I'-braiding of the modules X € A,-Mod
and Y € Ag-Mod by

cxy(r®y)=Rpy® Ry.w

where R, 3 = R, ® Rg is a notation omitting a sum symbol. These
compatibility conditions can be derived by the following observation:
given a crossed Hopf I'-coalgebra A, a I'-braiding ¢ on A-Mod is
completely determined by the elements

cann,(la ©1g) = Rap € Aq @ Ag .



4. Equivariant extension of the
Drinfel’d center

4.1. Half-braidings

To a monoidal category C one associates a braided category Z(C), the
Drinfel’d center of C. Its objects are pairs consisting of an object in C and
a so called half-braiding on this object.

In this section we discuss a generalization of a half-braiding on an ob-
ject X of a monoidal category C. The categories obtained by collecting all
objects of C with a certain kind of half-braiding will provide the homoge-
neous components of a I'-equivariant category that we will obtain from a
monoidal category C with a (weak) action of a group T

Definition 4.1.1 Let C be a monoidal category, let (F, F?, F%):C — C
be an oplax monoidal endofunctor of C and let X be an object in C. A lax
F-half-braiding on X is a family v% = yx of morphisms yxpy: X @ U —
F(U) ® X that is natural in U and obeys

(F*(U,V) ®idx) o (vxvev) = (idpw) @ vx,v) o (vx,v ®@idy)  (4.1)

(F° @idx) o yx,1 = idx (4.2)

for all objects U and V in C. We call vx a strong F'-half braiding, if all
vx,u are isomorphisms.

Remark 4.1.2 Let C be a monoidal category and F': C — C an oplax
monoidal functor.

1. Let X be an object such that the functor _ ® X reflects isomor-
phisms, i.e. a morphism f: U — V in C is an isomorphism, if f®idx
is an isomorphism. Under this assumption we derive from (4.2) that
FY is an isomorphism. Further we see from (4.1) that also each
F2(U,V): FlU ® V) — F(U) ® F(V) is an isomorphism, thus F
is a (strong) monoidal functor.

2. Let C be a right rigid category and let F' be strong monoidal. If vx
is a F-half-braiding on X, then yx  is automatically strong. The

o1
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inverse of yx v is given by the morphism

XV

The first equal sign is a consequence of (4.1). The second equal sign
follows from Fo(V,VV)o F; *(V,VV) = idp(vgyvy and the naturality
of vx. Finally the right-hand side is equal to idxgv by (4.2) and the
rigidity axiom. We leave it to the reader to show that yx v o fy;(y is
equal to idpygx-

For every oplax monoidal endofunctor F' of a monoidal category C we
get an ordinary category Z[ (C). The objects are pairs (X,vx) where
X is an object of C and ~x is an F-half-braiding on X. Morphisms in
ZF(C) are morphisms in C that commute with half-braidings: let (X1, vx,)
and (X2,7x,) be objects in ZF(C), a morphism f: X; — X, is said to
commute with the half-braiding, if

Yxo,u © (f ®idy) = (idry ® f) o vx, v (4.3)

holds for all objects U in C. We denote by Z(C) the full subcategory
of Z1.x(C) pairs (X,vx) where vx is a strong half-braiding. For F' = Id
the category Z{' (C) is the lax center Z1,x(C) of C which is known to be a
monoidal, and even prebraided, category. For generic F the category Z'(C)
is not monoidal. In special cases it can be equipped with the structure of
a monoidal category, see Remark 4.1.4, which we will not discuss in detail
in this thesis.

Lemma 4.1.3 Let C be a monoidal category and let F, G: C — C be oplax
monoidal functors. Let also (X,vx) and (Y, ~vy) be objects in ZZ. (C) and
ZCG (C), respectively.
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1. The pair (X ® Y, yxgy) with
Yxevv = (Yx.cu ®@idy)(idx ® vy,v) (4.4)

is an object in ZE¢(C).

lax

2. Given a monoidal transformation a: F' — G, the family 73(,U =
(ay ®idx) o vyx,u is a G-half-braiding on X.

Proof. We check condition (4.1) for yxgy,vew. By definition the mor-
phism ((FG)?(V,W) ® id) o yxgy.vew is equal to the left-hand side of
(4.5). Then use naturality of vx. We arrive at the right-hand side by using
(4.1) for vx and 7y .

V W XY V W XY vV w X Y

i

= R Yx

X

0.4

|

0%
4%

XY VW XY VW X Y Vv W

This is by definition equal to (id @ Yxgv,w)(Yxey,v ® id). We leave the
easy proof of (4.2) to the reader.

The second part of the lemma follows in an analogous way, by using that
« is a monoidal transformation. O

Remark 4.1.4 In [BV12] the category Z£ (C) is called the F-center of
C. Assume the existence of a monoidal transformation p: F? — F.
From the Lemma 4.1.3 we see that for (X,vx) and (Y,7y) in ZF(C) we

can equip the object X ® Y with a lax F-half-braiding

(pr ®idxey)(vx,Fu @ idy ) (idx @ vv,v) -

If there is a monoidal transformation n: Id — F', we can equip the unit
object of C with an F-half-braiding v1 7 := nu ®id;. One easily sees that
Z¥(C) becomes a monoidal category in this way, if (F, u,7) is a monad on
C, cf. Section A.2.

An oplax monoidal functor together with monoidal transformations p and
n as above is called bimonad. The Eilenberg-Moore category CI" becomes
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a monoidal category, see [BV07].

Let C be left-rigid and assume the existence of the coend fUEC V(FU) ®
X ®U for every object X € C. Then there is a unique functor Zp: C — C
which is given on objects by

UecC
h@jf/ VFU)@ X ®U .

If F is oplax monoidal, this functor Zr is a monad and the Eilenberg-
Moore category C%F is isomorphic to ZE (C), see [BV12, Theorem 5.12].
Moreover, Bruguieres and Virelizier proved that Zg is a bimonad, if F
is a bimonad. In this case categories C*F and Z[ (C) are isomorphic as

lax
monoidal categories.

Let (U, ®,7,¢) be a monoidal adjunction and ®: D — C and ¥: C — D
be strong monoidal functors. Let F' be an oplax monoidal endofunctor of

D. Given (X,vx) in Z{ (D), we define v, x as the natural transformation

given by the morphisms
Yo, x.0 = P.(vxvv)(idex @nu) , (4.6)
with ®.(yx yr) := &5 H(FYU, X) o ®(yx.yr) 0 Po(X, WU) as in (1.3).

Lemma 4.1.5 The family v3,x, : PX @ _ — ®F¥(_) @ PX is a OFU-
half-braiding on the object ®X in C. In particular the assignment

o — (X,7x) = (X, 72, x)
Tl X=Y) s (f: X =Y)

is a functor ®.: ZL (D) — Z2EY(C).

lax

Proof. We prove that e, fulfills (4.1) and leave the check of (4.2) to the
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reader. The following holds

ooE
([

The first term is merely the definition of the composition ((®FW¥)?(V, W)®
idex) o v, x,vew- The first equal sign follows from naturality of vy, the
second follows by (4.1) and since n: Id — ®¥ is a monoidal transforma-
tion. The last equality is a consequence of (®W)?(V, W) being inverse to
(U)o (V, ). O

4.2. The main construction

Let C be a monoidal category and I' a group. In this section we associate
to every weak action of I' on C a I'-braided category Z'(C). Recall that
a weak action ¢ on C gives us monoidal autoequivalences ¢*: C — C and
monoidal isomorphisms ¢, 5: ¢* 0 ¢? — ¢*¥ for o, 3 € T; for simplicity
assume ¢! = Id¢.

Denote by Z,(C) the category Z¢°(C). In the following (X, %) will always
be an object in Z,(C). Define (X,~v%) @ (Y, ’yé) as the pair (X @Y, vxgyv)
where vx gy is the natural isomorphism with components

Yxovy = (bapu @idxey) (1 sy @idy)(dx @94.1) - (4.7)

By Lemma 4.1.3 this is a ¢®-half-braiding on X ® Y.

Lemma 4.2.1 Let C be a strict monoidal category together with a weak
action of the group I'. The disjoint union Z''(C) := [, Za(C) is a I'-
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graded and strict monoidal category with tensor product ® and tensor
unit (1,id).

Proof. The only thing left to check is, that ® is indeed associative: let
g,h,k €T and let (X,~%), (Y,7%) and (Z,~%) be in Z(C).
The object (X ®Y) ® Z has the half-braiding

(bgnk,v ®idxeyez)(dgnru @ idX®Y®Z)(’7§(7h(kU) ®idygz)

, h o k (4.8)
(idx ® vy ky ®idz)(idxey ® 7z,0)
and the object X ® (Y ® Z) has the half-braiding
(¢g.nkv @idxeyez) (Vi my ®idyez)(idx o dnru oidyez) (19)

(idX ® ’)’;kU ® idZ)(idX®Y & 7§,U)

The term (4.9) is seen to equal (4.8) by using naturality of 7% and the
equality
Bgh,ke,U © Pg kv = Pgnk,U © I Pn kU -
O

Remark 4.2.2 If C is k-linear, we will denote by Z'(C) the category
P.cr Za(C) rather than [] . Za(C).

Remark 4.2.3 In the remainder of this section we will equip the I'-graded
category Z'(C) with a compatible I'-action ® and a I'-braiding.
During this construction we will encounter transformations that are built

from the set {q&flﬁ} 5 by horizontal and vertical compositions. In anal-
’ a,Bel’

ogy to (1.1) we define for X in C and a1,Q9,...,a, € I' the morphism

Par 02,0 0m, X B (X)) A X

as Pay,aq,x for n =2 and for n > 3 recursively by

¢a170t2,-~70th = ¢ala2"‘an71;an7x o ¢0¢1;a27---a(¥71717anx : (410)

Given aq,...,am,B1,...,8m € I' such that a1 ---a,, = B1--- Bm, an in-
duction argument and the coherence condition (3.5) show that any natural
transformation &: ¢ --. ¢ — @P1 ... #Pm built from the transforma-
tions ¢4, g resp. their inverses by successive vertical or horizontal compo-
sition, is of the form

5 = d)gll’m,gm o ¢a1,...,an .
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Graphically we will denote ¢q,,...,a,, by the symbol and the
inverse (15;11,...,% by the symbol .

We want to define a I'-action ® on Z%'(C) in such a way that for all a, 8 €
I' we have the inclusion ®*(Z3(C)) C Z,44-1(C). Recall from Lemma 3.2.3
that the quadruple
I
(¢a7¢a 7¢a7104717¢a_1,a)
is always a monoidal adjunction. Hence, by Lemma 4.1.3 and Lemma 4.1.5,
there is a functor ®3: Z5(C) — Z4p4-1(C) for all a, 8 € I'. The object
(X,~5) is sent to (d)o‘(X),'yff(a_l) with
VXY = (Bapa-ru ®idex) 0 %75 1) 0 (idax ® G5 ) -
(4.11)

Here ¢®.(...) is the notation from (1.3).

Lemma 4.2.4 Let ,8 € T and let (X,7*) and (Y,7?) be objects in
ZT(C). For any g,h € T the morphisms ¢3(X,Y): X ®9Y - 9(X ®Y),
#5:1 = 91, dgpx: 9("X) = "X and Ty X®Y = YV @ X are
morphisms in the category Z!'(C).

Proof. First we show the statement about ¢3(X,Y): by definition, the
morphism (id ® ¢3(X,Y)) 0 Yoo (x)@s(v),v is equal to the left-hand side

of the next line, where a9 denotes gag~! and g := g~

1 1

gaBg~ X Yy gaBg” X Vv

9,29,
9.8,9

*EEEEV)

i
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The above equality uses Remark 4.2.3: use naturality to slide the boxes
labeled by ¢, o, ¢! and g, 3,9~ " to the top left 1Stmnd. Now we can use
the equality ¢, ;100 = 9¢,-1,,p With U =2(9 V) to arrive at.
9045!]_1‘/ X Y gaBg” Yy X Y
|
9,09,
9,8,9

TEECECEV)

X Y \% X Y \%4

The equality follows from invertibility of ¢o(X,Y). Also the right-hand
side is the morphism Ygo(xgy),v © (¢5(X,Y) ® id), hence ¢4(X,Y) is a
morphism in Z7(C). That ¢ is a morphism in ZV'(C) is trivial.

Next we come to ¢gp x: spelling out the definition of (id ® ¢gn x) o
7@9(<I>hX),V giVeS the morphism

gha(gh)71V ghx

| |
g9

9

' oh N Lghgn) ')
X 1% 9(hIX) KI/

The right-hand side is obtained by a mere application of Remark 4.2.3.
Using naturality, we can cancel out the boxes labeled by h=!, g=t. Using
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that the boxes labeled by g, h represent monoidal transformations all of
them, except for the one bottom left, cancel out. The so obtained morphism
equals Ypon (x),v © (¢g,n,x ®1id), thus ¢4 5 x is a morphism in Z"'(C).
Finally we show that vx,y is a morphism in ZT'(C): the left-hand side of
the next line is by definition the morphism vyge(v)ex,v © (vx,y ®id).

The equal sign follows from (4.1) and ¢y n-10y = *Pa-1,4,v. Now use
invertibility of ¢$ (Y, V) and Remark 4.2.3.

apy Y X apy Y X

X Y V X Y v

The last equality comes from naturality of vx. Now use (4.1) to see that
the right-hand side is equal to (id ® yx,v) © Yxev,v- O

Theorem 4.2.5 Let C be a monoidal category with a I'-action ¢. The
monoidal category Z"(C) = [],_p Za(C) from Lemma 4.2.1 and the func-
tors @5: Z5(C) — Z4pa-1(C) defined by (4.11) fulfill the following:

1. For every a € I' the endofunctor ®* := [[ .. 5 of ZT(C) is strong
monoidal.
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2. The assignment o — ®“ extends to a ['-equivariant action by mono-
idal functors on Z''(C) in the sense of Definition 3.3.1.

3. The family {C(X,7§),(Y,7{3 = 7%’Y}(X,»y;),(y,y§i)ezr(0) equips the cat-
egory Z'(C) with a I'-braiding.

Proof. Tt is clear that ®“ is a functor. Due to Lemma 4.2.4 the isomor-
phisms 5 ((X,vx), (Y, vy)) := ¢5(X,Y) and ®F := ¢ are morphisms in
ZT(C). Since the composition of morphisms is inherited from C, the triple
(@, g, ®F) is a monoidal functor.

The morphisms ®, g (x,x) := Pa,p,x are also in Z'(C) and thus we see
that we have a T-action on Z'(C), which is I'-equivariant by definition.
The conditions (3.16), (3.17) and (3.18) for the family c¢(x ) (v,4y) hold
by the definitions of the respectively involved morphisms. O

Remark 4.2.6 Another construction of a I'-braided category coming from
a monoidal category with I'-action is due to Zunino.

1. Let C = [],cr Ca be a I'-equivariant category with a strict I'-action
by strict monoidal functors {¢*} ... In [Zun04, Section 4] the author
defines for these data a I'-braided category Z =[], Za as follows:
objects of Z, are pairs (X, €) where X is an object in C, and £ is a
family of isomorphisms (called half-braiding) &y : X @ U —» U ® X
natural in U € C and obeying

Svev = (idey @ &v) (§r @ idy)

for all objects U,V in C. Morphisms in Z are morphisms in C that
are compatible with half-braidings. The tensor product of (X, &) and
(Y,¢) is given by (X ® Y,n) with ny := (éay @ idy)(idx @ (v).
The action of " on Z is given by the functors ®¢ that send (X, &) in
Zg to (¢*(X),£Y) in Z,p4-1 With £ being the natural isomorphism
given by

Alary): X @ U) s P U @OX .
——
=U

The I'-braiding on Z is given by c(x¢),(v,c) := §y. Note that the
neutral component of Z is the Drinfel’d center of C; C C. This finishes
our description of Zunino’s category.
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2. Any category C with I'-action can be seen as a I'-graded category

with an equivariant I'-action by choosing the trivial grading C = C;.
If we apply Zunino’s construction in this setting, we obtain a I'-
braided category Z whose neutral component is the center of C.
In contrast to our category Z!'(C) the homogeneous components of
Z are all trivial for o # 1. Hence our category Z'(C) does not reduce
to Zunino’s category, since our Z,(C) is non-trivial: under suitable
finiteness conditions on C the coends from Remark 4.1.4 exist and
Z,(C) is given by the category of modules over a monad. If C is the
category of modules over a Hopf algebra see also Propositions 4.3.5
and 4.3.8 to see that our Z,(C) is non-trivial.

Remark 4.2.7 The following was pointed out to me by Sonia Natale.
Let T be a finite group. In [GNN09] the authors construct for a I'-graded
fusion category D = @, Do a I-braided category Zp, (D). The support
of Zp, (D) equals the support of D. The construction of the I'-action on
Zp, (D) relies on D being a semi-simple category.

Let C be a tensor category together with an action by an arbitrary
group I'. In [TamO01] the author defines a I'-graded category C x I where
the objects of degree « are given by pairs (X, @) with an object X in C.
The tensor product of C x I is given by

(X, ) @ (Y, 8) := (X @Y, ap)

and we consider C as the full monoidal subcategory with objects (X, 1).
If C is a fusion category and I is finite, then C x I is a fusion category
as well and we get by the results of Section 3A in [GNN09] that Z¢(C x T')
is a I'-braided category.
In Section 3D of [GNNOQ9] the category Z¢(C x T') is described as the
category having as objects pairs (X, ) where v is a natural isomorphism

X®_— _®%X subject to the compatibility condition

rx,vev = (idy ®7)

This category appears to be closely related to the mirror of our category
ZY(C) from Theorem 4.2.5. The mirror of a I'-braided category with a
strict I'-action is described in Section 2.5 of [Turl0, Chapter VIJ.

4.3. The Hopf algebra case

In the rest of this chapter H will always be a Hopf algebra with invertible
antipode over a field k. Let C be the monoidal category H-Mod of H-
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modules together with a I'-action coming from a weak action by twisted
automorphisms of H as in Proposition 3.2.14. We will describe the cate-
gory ZV(C) as twisted Yetter-Drinfel’d modules, see Definition 4.3.1. For
a finite dimensional Hopf algebra H and C = H-mod the finite dimen-
sional modules over H we can describe ZI'(C) also as the modules over a
quasi-triangular Hopf I'-coalgebra defined by Virelizier [Vir05].

4.3.1. Twisted Yetter-Drinfel’d modules

Let (¢, F): H — H be a twisted automorphism and ® = (¢, F)* the
monoidal pull-back functor as in 3.2.9. Set C = H-Mod and consider H
as the regular H-module. The comultiplication of H equips the module
H with the structure of a coalgebra in H-Mod, and since ®: C — C
is a strong monoidal functor we see that A": H — H ® H given by
a — F~1.(ap) ® agz)) is a coassociative comultiplication on H. We will
denote this coalgebra by H'. Note that H is in general not a bialgebra,
but a module coalgebra over H. We are now ready to define the algebraic
structure which describes the category Z%(C).

Definition 4.3.1 Let H be a Hopf algebra over a field k and (p, F) a
twisted automorphism of H.

1. A vector space X together with a left H-action and a left HF-
coaction is called (¢, F')-Yetter-Drinfel’d module or simply - Yetter-
Drinfel’d module, if the equality

Sﬁ(a(l))fﬂ(_n ® a@2)T) = (a(l).x)(_l)a(g) & (a(l).x)(o) (4.12)
holds for all a € H and x € X.

2. A morphism of p-twisted Yetter-Drinfel’d modules is a map f: X —
Y that is H-linear and H''-colinear. We denote the category of
(. F)-Yetter-Drinfel’d modules by #YDJ

Remark 4.3.2 1. For the twisted automorphism (id, 1®1) we get back
the definition of a usual Yetter-Drinfel’d module.

2. Condition (4.12) is equivalent to
(a.x)(,l) & (a.x)(o) = w(a(l))x(,l)S(a(;;)) ® a(2)T(0) (4.13)

holding for all « € H and z € X.
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Lemma 4.3.3 Let C be the category of H-modules and let ® be the
monoidal autoequivalence of C given by the pull-back functor associated
to the twisted automorphism (p, F') of H. Let X be a ¢-Yetter-Drinfel’d
module and U an H-module. Define the k-linear map 7, : X ® U —
o(U)® X by

Vo (T @u) = x1).u® @) -

This defines a natural isomorphism 7: X ® _ — ®(_) ® X and the pair
(X,%) is an object in Z%(C).

Proof. For any H-module U the map 7, is H-linear: for alla € H,z € X
and u € U we have

Y(a-(x @u)) = (a)-7)—0)a@)t @ (a)-7) ()
(4.12)
= plaq))r-1yu @ a@)z()
= ayy(z®u)
Given an H-linear map f: U — V we have the equality

Yy o (idx @ f) = ((f) ®idx) o 7y
thus we have a natural transformation 7. The inverse of 7;; is given by
T hu@r ez ® Sfl(F(Q)x(_l))F(l)u

We see this as follows: write F~1 = F(=1) @ F(=2)_ Since X is a comodule
over HY we have the equality

(1) ® (%(0))(-1) @ (Z(0))(0)

: ; (4.14)
=FD (@ 1)) © FCP (2 1) @ @ () -

We have for all z € X and u € U the equality

Tl od@®u) = (20) @) @S EFP (@) (1) F Dz 1yu

4.14 _ — -
“220) & STHFCFCD (@ 1)) FOF (@) yu

= 2(0) @ S7 ((x(-1) @) (@(-1) ayu
=z @e(@—p)u=rQu.
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Recall from Remark 3.2.10 that the elements a := F(-VS(F(=2)) ¢ H and
b:=S(FM)F® ¢ H are inverse to each other. In particular we have the
equality

1=8"Ya)57'(b) = FEAs Y (PO S~ Y (PR FD (4.15)
and thus for all z € X and u € U the equality

Foy Hu®z) = (2(0))(-1)S  (FPz1)FPu® (2(0))(0)
(4.14)
= FO (@) @8 FPFD (2) ) FYu @ g

= F(*Q)e(a:(,l))S (F( Ns—HF (2))F(1)u®$(0)

(4;5)1; KT .

Now we show that 7 is indeed a ®-half-braiding, i.e. the equalities

(®51(U, V) @idx) 0 Fygy = (ide(x) @ Fy) 0 (Ty @ idv)
e = idx
hold for all H-modules U and V. The second equality follows, since the
H-action on k is given by €, which is the counit of the coalgebra H. The

first equality is equivalent to say that for all z € X,u € U and v € V we
have the equality

FUD () yu ® FO2 (a0) v @ 2()
= 2(-1)u @ (2(0))(-1)? ® (2(0)) (0)
which follows by (4.14). O
The proof of the following Lemma is similar to the one of Lemma XIII.5.2
in [Kas95].

Lemma 4.3.4 Let C and ® be as before and see H as H-module via left
multiplication. For (X,v) in Z%(C) define the k-linear map

X —-H®X
=gz ®1g) .

The H-module X becomes a ¢-Yetter-Drinfel’d module with coaction 6.
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Proof. Note that the comultiplication A: H — H ® H is a homomorphism
of left H-modules. Thus for every x € X we have

(F7' A®idy) oyu(r ® 1g)
=(®;'(H,H) ® idx) o yneu(r @ 1y @ 1y)
=(idg ® vi) (v ®idp)(z @ 1y @ 1x)

and so X is a comodule over HY. For an H-module V and v € V denote
by v the H-linear map H — V given by 1y — v and define write z(_) ®

() := 6(x). Since vy is H-linear we get for € X and v € V the equality

WwE®v)=(yvo(id®v))(z® 1)

= (®(@) ®@id) oy (z ® 1g) = 2(—1).v ® 7() (4.16)
Using H-linearity of vy we derive for all a € H
(ay-x)(—naev @ (a@q).z) o) = v(a.(z®@v))
=a.wv (T ®v) = plan))r—1).0 @ a@)T() -
Specializing to V = H and v = 1y we get condition (4.12). O

Proposition 4.3.5 Let H be a Hopf algebra with invertible antipode and
let (o, F') be a twisted bialgebra automorphism of H, set C := H-Mod and
® := (¢, F)*. The k-linear categories gypg and Z®(C) are isomorphic.

Proof. The assignments from Lemma 4.3.3 and Lemma 4.3.4 define func-
tors. We show that they are inverse to each other.

Let X be a ¢-Yetter-Drinfel’d module. The half-braiding Fy (z ® v) :=
T(—1)v @ 1(gy from Lemma 4.3.3 specialized to V = H and v = 1y is ob-
viously equal to the coaction of X.

Conversely, let (X,v) be an object in Z®(C). By (4.16) we see that the
coaction vy (x ® 1) determines the whole half-braiding. O

4.3.2. Virelizier's Hopf coalgebra

Let ¢ be a Hopf algebra automorphism. We want to compare the linear
category g)ﬂDw = gyDiJ@l with the category of representations of an
algebra defined in [Vir05].

Let A and B be Hopf algebras and o: A ® B — k a Hopf pairing, i.e. the
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equations

)

B

oS
Il
Q

(a, 1‘( ))O’(b, 1‘(1))
= o(a(), z)o(ac),y)
o(1,2) = e(x) o(a,1) =e(a)
hold for all a,b € A and x,y € B, cf. Remark 1.3.21. Virelizier showed for
any bialgebra automorphism v of A, that A ® B becomes an associative
algebra with multiplication
(a & 1‘)(() ® y) = O’(w(b(l)), S(x(l)))o(b(g), x(g))ab(g) D T(2)Y -

Assume that H is finite dimensional. In this case H* is also a Hopf algebra
with (f-g)(a) = f(aq))g9(a(z)) and (f1)® f2))(a®b) = f(ab); the antipode
is § := S*. Then, by definition, the linear map ev: H ® (H*)*P — k given
by ev(a, f) := f(a) is a non-degenerate Hopf pairing:
ev(ab, f) = f1) ® fi2)(a®b) = ev(a, fry)ev(b, fi2)) (4.17)
ev(a, fg) = flaq))g(ac)) = ev(aqn), fleviam)yg) - (4.18)

Given a Hopf algebra automorphism ¢ of H. Virelizier’s construction gives
the algebra D, (H) with the underlying vector space H ® H* and the
multiplication of two elements in H ® H* is given by
(a® f)(b®@g):=eve(n)) S(fz))ev(be), f1))abe) @ f2)g
= [ ((ST') (b)) - fay (b)) - abea) © fra)g
= ab(z) @ f(ba)? - (S¢) (bw)))g -

This explicit formula for the multiplication of D (H) helps to prove the
following two lemmas by straightforward calculations

2
B
&
S
q

Lemma 4.3.6 Let X be a ¢-Yetter-Drinfel’d module. The linear map
p: H® H* ® X — X defined by

pla® f @)= (fS7) (2 1))az()
is a D, (H) action on the vector space X.

Lemma 4.3.7 Let X be a D,(H) module and {a;} C H a basis of H with
dual basis {a'} C H*. The vector space X becomes a ¢-Yetter-Drinfel’d
module over H with

action: a.x : :( ®e)x

coaction: Z S(a;) ® (1®a").x
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One checks that these two assignments define k-linear functors and are
inverse to each other. Hence we get

Proposition 4.3.8 Let H be a finite dimensional Hopf algebra and ¢ a
Hopf algebra automorphism of H. The categories D, (H)-Mod and £YD,,
are isomorphic k-linear categories.

Corollary 4.3.9 The category gyDg, of p-Yetter-Drinfel’d modules is
abelian, if H is a finite dimensional.

Let T be a group and H a finite dimensional Hopf algebra. In [Vir05] the
author starts with a group homomorphism ¢: I' — Autgeps(H ). This gives
a family Dy(H) = {Dy, },cp of associative algebras. It can be equipped
with the structure of a Hopf I'-coalgebra, cf. Thm. 2.3 in [Vir05], by defin-
ing the comultiplication

Aspla® f) = (ds(an)) ® f2)) @ (a@) @ f)) -

Further, it is shown that ¢, (a® f) := (¢a(a) ® f o p,—1) defines a crossing
on Dy(H).

Let A = (An,An.8,¢8)a,ser be a crossed Hopf I'-coalgebra. The mirror
A of A is the following crossed Hopf I'-coalgebra, cf. Section VIIL.1.6 in
[Turl0]: set A, := Ay—1 and Py := @ and define A, 5 as

Aa’g(a) = ((pg ® id)Aﬁ—la—lﬂ,ﬁ—l EAL,1® AB—I .

We define the I'-equivariant category V = [, Va as the representation
category of the mirror of Virelizier’s crossed Hopf I'-coalgebra. We spell out
the structure of this category in more detail: the homogeneous component
V. is the category D¢g1—Mod. Let X €V, and Y € Vg.

Since Aq 5(a® f) = (aq) ® f2) © ¢El) ® (a@2) ® f(1)), the element a ® f €
D%é acts on X ® Y as follows

(a® f)(z®@y)=(aq) ® fz) © ¢§1)~$ ® (a(2) @ f(1))-y -

The action on V is given by the functors ¥g := (cp[;l)*, hence the element
a® f € D,-1 acts on the module Vg (X) as

(a® f).pr = (95" (a) ® fo¢p)m .

Now let C be the monoidal category H-Mod equipped with the I'-action
¢a = ¢’ _1 by pull-back functors. We want to show that in this case the
category Z'(C) is isomorphic to V. To this end we first give a description
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of Z := ZV(C) in terms of ¢,-Yetter-Drinfel’d modules: the homogeneous
component Z, is given by the category gyD¢;1. Given X € Z, and
Y € Zg, their tensor product X ® Y € Z,5 has

action: a.(r ®y) = aq)yr @ a)y
coaction:  §(z @ y) = ¢z (2(-1)y(-1) © T(0) @ Y(0)

and the object ®3(X) € Z3,3-1 has

action: a.pT = ¢/§1(a).:z:
coaction: §(r) = dp(r(—1)) @ 2(0) -

Now denote by F,: Z, — V, the functor we get from Lemma 4.3.6, i.e.
we map a ¢, *-Yetter-Drinfel’d module X to the D -1 (H)-module X with
action given by

(a® f)a=(fS" )( ~1)) ® z(0)

We will show that F := ][ Fo: Z — V defines a strict monoidal functor,
that commutes with the respective I'-actions on Z and V.

From the preceding discussion we easily see that the following diagrams of
functors commute for every «, 8 € T’

Zox 252 5Z,.4 and Zﬁaﬂ .

Z,
FaXFﬁl \LFaﬂ ﬁa/ﬂ*l
®

Va X VﬁHVaﬁ ,Ba,B 1

This proves the claims about F. We summarize the content of this subsec-
tion in the following proposition:

Proposition 4.3.10 Let H be a finite dimensional Hopf algebra and let
¢: T — Autpgopt(H) be a group homomorphism. The category Z''(C) as-
sociated to the I'-action (Ea = ¢! on C = H-Mod is isomorphic, as a
I'-equivariant category, to the representations of the mirror of Virelizier’s
crossed Hopf I'-coalgebra Dy (H).

On the I'-braiding of V and Z The crossed Hopf I'-coalgebra Dy(H) has
also an R-matrix given by the family

Rap=) (ei®e)® (1@e') € Dy, (H) ® Dy, (H)

%
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where {e;} and {e'} are dual bases of H and H*. Its inverse is given by

Ryl =Y (S(e;)®e) @ (1®@e') € Dy, (H) ® Dy, (H) .

i

Following Section VIIL.1.6 in [Turl0], the R-matrix of the mirror D is
given by the family

Rap=) (1®e)@(S(e;)®e) € Dyr(H) @ D,-:(H).

%

Thus the braiding of the Dg-modules X € V,, and Y € Vj is the morphism

CK,Y(QJ” ®y) = Z(S(ei) Re)y® (1®el).a

i
The image of X under F ! is the vector space X together with

action: (a® flae=(a®e)x
coaction: d(z) = Z S(x)® (1®a").x
So the braiding of F,1(X) and Fgl(Y) is given by the morphism
Cél(x),Fgl(Y)(x RY) =21y O ()

—ZZ () ®e)y® (1®e').x

which in particular means that F is an isomorphism of I'-braided categories.
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5. Partial dualization of Hopf
algebras

5.1. Radford biproduct and projection theorem

The following situation is standard: let A be a Hopf algebra over a field k.
Let K be a Hopf algebra in the braided category 4D of A-Yetter-Drinfel’d
modules.

The category of Yetter-Drinfel’d modules over K in 4YD can be de-
scribed as the category of Yetter-Drinfel’d modules over a Hopf algebra
K x A over the field k. The Hopf algebra K x A is called Majid bosoniza-
tion or Radford’s biproduct. The definition of the biproduct K x A directly
generalizes to the description of Yetter-Drinfel’d modules over a Hopf al-
gebra K in the braided category 4VD(C), where C is now an arbitrary
braided category. The biproduct of K and A is the smash product and the
cosmash product of the underlying module algebra resp. comodule coalge-
bra. We collect in this subsection results from [Bes97] that will be needed
in the construction of the partially dualized Hopf algebra in Section 5.2.

Definition 5.1.1 (Radford biproduct) Let C be a braided category
and let A € C and K € 4YD(C) be Hopf algebras. The Radford biproduct
K x A is defined as the object K ® A in C together with the following
morphisms:

K A K A KA K A

BKxA = , Agsa = , SKxA =
\ \
K A KA K A K A

Proposition 5.1.2 The Radford biproduct K x A is a Hopf algebra in C.

Definition 5.1.1 and a proof of Proposition 5.1.2 can be found in [Bes97,
Subsection 4.1].

71
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Remark 5.1.3 If K is a Hopf algebra in the category 4VD of Yetter-
Drinfel’d modules over a k-Hopf algebra A, the Radford biproduct is
given by the following formulas for multiplication and comultiplication,
cf. [Mon93, Section 10.6]:

(h®a) (k®b)="h- (a(l).k‘) ® a) - b
A(h®a) = ha) @ (b)) (1) - aq) ® (h2))0) ® a2).-

This is a special case of the formulas which we expressed graphically in
Definition 5.1.1.

Theorem 5.1.4 (Radford projection theorem) Let H and A be Hopf
algebras in a braided category C. Let m: H — A and t: A — H be Hopf
algebra morphisms such that 7 o+t = id4. If C has equalizers and A ® _
preserves equalizers, there is a Hopf algebra K in the braided category
4YD(C), such that

H=KxA.

Proof. For a complete proof we refer to [AAFV00]. O

Remark 5.1.5 To illustrate the situation, we discuss the case when C is
the braided category of k-vector spaces and 7: H — A is a projection onto
a Hopf subalgebra A C H. The vector space underlying the Hopf algebra
K in ﬁyD is then the space of coinvariants of H:

K := geomm .— {reH|rqy@n(re)=rol} .

One easily checks that K is a subalgebra of H and K is invariant under
the left adjoint action of A on H.

The subspace K is also a left A-comodule with coaction dx (k) := 7 (k1)) ®
k(2). The fact that H is a left H-Yetter-Drinfel’d module with the adjoint
action and regular coaction implies that K is even an A-Yetter-Drinfel’d
module. The comultiplication of K is given by the formula

Ak (k) := kym(Su (k@) © k)
and the antipode is Sk (k) = m(k(1)) S (k).

Theorem 5.1.6 (Bosonization theorem) Let A be a Hopf algebra in
C and K a Hopf algebra in ﬁyD(C). There is an obvious isomorphism of
braided categories

K2AYD(C) = KYD(LYD(C)).

For a proof, we refer to [Bes97, Proposition 4.2.3].
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5.2. The partial dual

We start with some definitions:

Definition 5.2.1 Let C be a braided monoidal category. A partial dual-
ization datum A = (H 5 A, B,w) for a Hopf algebra H in C consists
of

e a Hopf algebra projection 7 : H — A onto a Hopf subalgebra A C H,

e a Hopf algebra B with a non-degenerate Hopf pairing w: AQB — 1¢.

Given a partial dualization datum A for a Hopf algebra H in C, the
partial dualization r o (H) is the following Hopf algebra in C:

e By the Radford projection theorem 5.1.4, the projection 7: H — A
induces a Radford biproduct decomposition of H

H=2KxA,
where K := H™"(™) is a Hopf algebra in the braided category
4VD(C).
e The non-degenerate Hopf pairing w: A® B — 1 induces by Theorem
2.2.8 a braided equivalence:
Q: 4YD(C) = ByD ().

Thus, the image of the Hopf algebra K in 4YD(C) under the braided
functor Q is a Hopf algebra L := Q(K) in the braided category
B

YD (C).

e The Radford biproduct from Definition 5.1.1 of L over B allows us
to introduce the partially dualized Hopf algebra,
raA(H) =L x B,
which is a Hopf algebra in C. As a Radford biproduct, it comes with
a projection 7’': r4(H) — B.
We summarize:
Definition 5.2.2 For a partial dualization datum A = (H = A, B,w),

we call the Hopf algebra r 4(H) in C the partial dual of H with respect to
the partial dualization datum A.

Our construction is inspired by the calculations in [HS13] using smash-
products. In Section 5.3.3, we explain the relation of these calculations to
our general construction.
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5.2.1. Involutiveness of partial dualizations

The Hopf algebra r 4(H) comes with a projection onto the subalgebra B.
The two Hopf pairings w®: B ® A — 1¢ from Example 1.3.20 yield two
possible partial dualization data for r4(H):

At = (ra(H) ™ B, A,w)
A= = (ra(H) ™ B,A,w™) .
Recall from Subsection 2.2.3 the natural isomorphism
95 Q [¢] Q = Idﬁyb(c) .
In a similar way, one has a natural isomorphism
0. w wt ~

Corollary 5.2.3 The two-fold partial dualization r4- (r4(H)) is isomor-
phic to H, as Hopf algebra in the braided category C. A non-trivial iso-
morphism of Hopf algebras is

ra-(ra(H)) = Q9 (Q9(K)) x A 2844 ) A= H,

with O = px 0 (S4 ® idk) o k as in Lemma 2.1.5.

5.2.2. Relations between the representation categories

It is natural to look for relations between categories of representations of
a Hopf algebra H in C and its partial dualization r4(H):

Theorem 5.2.4 Let H be a Hopf algebra in a braided category C, let
A= (H 5 A, B,w) be apartial dualization datum and r 4 (H) the partially
dualized Hopf algebra. Then the equivalence of braided categories

Q: 4YD(C) — EYD(C)

from Theorem 2.2.8 induces an equivalence of braided categories:

2YD (€)= KD (4¥D (©)) —2— LyD (¥ () = 1A yD (0).
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Proof. The Hopf algebra L € BYD(C) was defined as the image of K €
4YD(C) under the functor Q, i.e. L = Q(K). The braided equivalence
induces an equivalence €2 of Yetter-Drinfel’d modules over the Hopf algebra
K in the braided category 4YD(C) to Yetter-Drinfel’d modules over the
Hopf algebra L = Q(K) in BYD(C)
K¥D (43D (0) —2—009vD (Byp ()
= ;YD (BYD(C)).

By Theorem 5.1.4, the source category of Q is
KYD (YD () = (4YD (€)= ¥DP(C) -
Similarly, we have for the target category of €
LYD (BYD(C)) = [45YD(C) = rA(H)yD( ) -

Altogether, we obtain a braided equivalence

2YD () = KyD (4yD (0)) 5 kyD (Byp(0) = Myp(0). O

If C is the category of vector spaces over a field k, Yetter-Drinfel’d mod-
ules over a Hopf algebra H can be described as modules over the Drinfel’d
double D(H). For a Hopf algebra H in a general braided category C, a
notion of a Drinfel’d double D(H) has been introduced in [BV13] in a way
such that there exists a braided equivalence D(H)-Mod(C) = YD (C).
Hence Theorem 5.2.4 implies

Corollary 5.2.5 The categories of left modules over the Drinfel’d double
D(H) of a Hopf algebra H and over the Drinfel’d double D(r4(H)) of its
partial dualization r4(H) are braided equivalent.

5.3. Examples
We illustrate our general construction in three different cases:

5.3.1. The complex group algebra of a semi-direct product

For the complex Hopf algebra associated to a finite group G, we take

C = vectc H = C[G].
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To get a partial dualization datum for H, suppose that there is a split
extension N — G — @, which allows us to identify @ with a subgroup
of G, ie. G = N x Q. We then get a split Hopf algebra projection onto
A = C[Q]:

m: C[G] — ClQ)].

The coinvariants of H with respect to 7, which by Theorem 5.1.4 have the
structure of a Hopf algebra K € 4YD(C), turn out to be

K := H®™™) = C[N] .

The A-coaction on the A-Yetter-Drinfel’d module K is trivial, since the
Hopf algebra H is cocommutative. The A-action on K is non-trivial; it
is given by the action of ¢ C G on the normal subgroup N. Because of
the trivial A-coaction, the self-braiding of K in 4YD is trivial; thus K is
even a complex Hopf algebra. Writing H as in Theorem 5.1.4 as a Radford
biproduct, we recover

H =K x A=CI|N] xC[Q].

Since the A-coaction on K is trivial, the coalgebra structure is just given
by the tensor product of the coalgebra structures on the group algebras.

As the dual of A, we take the commutative Hopf algebra of functions on
Q, B := C@:; we denote its canonical basis by (eq)qeq; the Hopf pairing w
is the canonical evaluation. This gives the partial dualization datum

A= (C[G] & C[Q],C% w) .

Since the coaction of A on K is trivial, the morphism Q9 (K, K) from the
monoidal structure on 2 is trivial. Hence the functor Q¢ maps K to the
same complex Hopf algebra

L= Q¥(K) = C[N],

which, however, has now to be seen as a Yetter-Drinfel’d module over C%,
ie. L € 83 VD: L has trivial action of B = C? and the coaction is given
by the dualized action of Q) on N

n— Z eq ® q_lnq.
q€Q

The partial dualization r4(H) is, by definition, the Radford biproduct

ra(H) =L x B =C[N] xC%.
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In this biproduct, the algebra structure is given by the tensor product of
algebras.

An H-module is a complex G-representation. To give an alternative
description of the category r 4 (H)-Mod, we make the definition of 4 (H)-
modules explicit: an 74(H)-module V, with r4(H) = C[N] x C% has
the structure of a C@-module and thus of a Q-graded vector space: V =
&P 1€Q Vq- Moreover, it comes with an action of N denoted by n.v forn € N
and v € V. Since the algebra structure is given by the tensor product of
algebras, the N-action preserves the Q-grading. The tensor product of two
ro(H)-modules V and W is graded in the obvious way,

VoW, = @ Vor @ Wes.

q192=4q

The non-trivial comultiplication

Acinjuce(n) = Z(n ®eq) ® (¢ 'ng®1)
q€Q

for the Radford biproduct implies a non-trivial N-action on the tensor
product: on homogeneous components V;, and W,, with ¢i,¢2 € @, we
have for n € N

n(V:h ® th) = (n‘/lll) & (((h_lnql)"/fh)'

We are now in a position to give the alternative description of the cat-
egory r4(H)-Mod. We denote by vects the monoidal category of G-
graded finite-dimensional complex vector spaces, with the monoidal struc-
ture inherited from the category of vector spaces. Representatives of the
isomorphism classes of simple objects are given by the one-dimensional
vector spaces C, in degree g € G. Given a subgroup N < G, the object
C[N] := ®nenC,, has a natural structure of an associative, unital algebra
in vectg. It is thus possible to consider C[N]-bimodules in the monoidal
category vectg; together with the tensor product ®cy}, these bimodules
form a monoidal category C[N]-Bimod(vects). In this setting, we have
the following description of the category r4(H)-Mod:

Lemma 5.3.1 The monoidal category r4(H)-Mod is monoidally equiv-
alent to the category of C[N]-Bimod(vectg).

The braided equivalence of Yetter-Drinfel’d modules over H and r4(H)
established in Theorem 5.2.4, more precisely the braided equivalence of
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the categories of modules over their Drinfel’d doubles from Corollary 5.2.5,
implies the braided equivalence

Z(C[G]-Mod) = Z(vectg) = Z(C[N]-Bimod(vectg))
which has been shown in [Sch01, Theorem 3.3] in a more general context.

Proof. Tt suffices to specify a monoidal functor
®: C[N]-Bimod(vectg) — r4(H)-Mod

that is bijective on the spaces of morphisms and to give a preimage for
every object D € r4(H)-Mod. Suppose that B is a C[N]-bimodule in the
category vectg, i.e. B =@, o By, with C[N]-actions denoted by arrows

—\ L
B .

geG

To define the functor ® on objects, consider for a bimodule B the Q-
graded vector space ®(B) := PqecqBy C B, obtained by retaining only
the homogeneous components with degree in Q C G. A left N-action is
defined for any homogeneous vector v, € ®(B), by

1

nw, =n — v, — (¢ 'n"1g).

Moreover,
NVg =N — Vg “— (qilnil(I) € (I)(B)nq(qflnflq) = q)(B)q )

since —, < are morphisms in vectqs. Thus the N-action preserves the
Q-grading; we conclude that ®(B) is an object in r4(H)-Mod.

On the morphism spaces, the functor ® acts by restriction to the vector
subspace ®(B) C B. We show that this gives a bijection on morphisms:
suppose ®(f) = 0, then f(vy) = 0 for all v, with grade ¢ € Q. For an
arbitrary v, € B with grade g € G, we may write g = ng with n-q €
N x @ and get an element n~! — v, of degree ¢. Using that f is a
morphism of C[N]-bimodules, we find f(v,) =n — f(n~" — v,) = 0. Thus
® is injective on morphisms. To show surjectivity, we take a morphism
fo: ®(B) — ®(C); writing again g = nq, we define a linear map f: B — C
on v, € Vy by f(vy) := n — fe(n™! — wv,). This linear map is, by
construction, a morphism of left C[N]-modules in vectg. It remains to
verify that f is also a morphism of right C[N]-modules. We note that
for ¢ € G, the decomposition g = ng with n € N and ¢ € @ implies
gm = (ngmq—1)q with ngmq=! € N for all m € N. We thus find:
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(ngmg™") = fo((ngmg™")~" = vy = m)

( ) = fallgm™lgTh) = (07 = vg) < m)
= (ngmg™!) = fa((gm™'q71).(n7" = vy))
= ( ) = (gmTgT )f<1>((_ — vg))

( ) = (g™l = fo(n™! = wg) = m
=n— fq;(n_1 —vy) —m

= f(vg) = m

-1

In the forth identity, we used that fe is 7 4(H)-linear.

Next we show that ® has a natural structure of a monoidal functor.
Recall that the tensor product V ® W in vects (resp. vectg) is defined
as the tensor product of vector spaces with diagonal grading V, ® W), C
(V ® W)gp. Furthermore, the tensor product in C[N]-Bimod(vects) is
defined by ®cjn7. On the other side, the tensor product ® in 74 (H)-Mod
is the tensor product of modules over the Hopf algebra r 4 (H) = C[N] xC®
with diagonal grading and action

n(CD(B)ql ® é(B)th) = (nq)(B)th) ® ((qnqil)'@(‘B)%)'

We now show that the canonical projection of vector spaces B @ C —
B @cn) C gives rise to a monoidal structure on ®:

®y: ®(B) © D(C) — &(B @cpy O)-

It is clear that this map is compatible with the @-grading. The compatibil-
ity with the N-action is calculated as follows: for n € N, b € By, c € Cy,:
(n.(b®@c)) =n.b® (¢; 'nq1).c
-2 (n.b) @cq (a5 g
=(n—=b(g;"'n " @) Ociv (a1 'ngr) = ¢ = (a3 "4y 'na142))
=(mn—=b~(¢7"'n " q1q; 'nq1)) ®ciny (€ — (g5 a5 'ngrge))
= (n —=b) ®cin (¢ — ((1¢2) "'n(q1g2))

Moreover, @, is clearly compatible with the associativity constraint. We
now show @, is bijective by giving an explicit inverse: consider an element



80 5. Partial dualization of Hopf algebras

v®w € B ®cin) C which is in ®(B ®@¢n) C) C B ®c|n) C. Restricting to
homogeneous elements, we take v@w € (B®cn)C) with v of degree g € G
and w of degree h € G. Since v ® w is even in the subspace ®(B ®cn] C),
we have ¢ := gh € Q. Writing h = n’¢’ with n’ € N and ¢’ € Q, have in
the tensor product over C[N] the identity v®@w = (v — n')®@((n’)~1 — w)
with tensor factors both graded in @, hence in ®(B) ® ®(C'). We may now
define the inverse ®;'(v ® w) := (v« n) ® (n~! — w), which is a left-
and right-inverse of ®,. Finally the monoidal units in the categories are
Ci, 1 € Q resp. C[N]; then N N Q = {1} implies that there is an obvious
isomorphism C; = ®(C[N]). Hence ® is a monoidal functor.

To verify that ® indeed defines an equivalence of tensor categories, it
remains to construct an object D € C[N]-Bimod(vect) for each module
V € r4(H)-Mod, such that ®(D) and V are isomorphic.

The following construction could be understood as an induced corepre-
sentation via the cotensor product, but we prefer to keep the calculation
explicit: for V = @V, consider the vector space

D:=CN eV,
9€Q

Since G = NQ@Q, the vector space D is naturally endowed with a G-grading.
Left multiplication on C[N] gives a natural left N-action — via left-multi-
plication on C[N], which is clearly a morphism in vects. We define a right
N-action on D by
(n®@vy) —m = n(gmg ') @ (gn " q )0,

Since the left action preserves the Q)-grading, the vector (n ® v4) < m has
degree n(qgmq=')q = (nq)m; thus also the right action < is a morphism
in vectg.

We finally verify that ®(D) = V: the homogeneous components of D
with degree in the subgroup @ only are spanned by elements 1 ®v,, hence
we can identify ®(D) with V. We check that the N-action defined on ®(D)
coincides with the one on V' we started with:

n(1®@vg) =n — (1®vy) (q_ln_l‘I)
-1 -1

=n(ql¢ ' ' ) @ (alg 'n ) g )y
=1® n.vg.
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5.3.2. The Taft algebra

Fix a natural number d and let ( € C be a primitive d-th root of unity.
We consider the Taft algebra T, which is a complex Hopf algebra. As an
algebra, T is generated by two elements g and 2 modulo the relations

g?=1,27=0 and gz = (xg.

A coassociative comultiplication on T¢ is defined by the unique algebra
homomorphism A: Ty — T ® Ty with

Alg)=g®g and Ax)=gQz+z®1.

Lemma 5.3.2 Let ¢ and & be primitive d-th roots of unity. If there exists
an isomorphism v : T — T¢ of Hopf algebras, then ¢ = &.

Proof. The set {z"¢g™ | 0 < n,m < d} is a C-basis of T¢ consisting of
eigenvectors for the automorphisms

adp: Te = T¢, aw— hah™1,

with h =g° for c € {1,2,...,N — 1}.

Suppose that i: T, — T¢ is a Hopf algebra isomorphism. Then the
image h := 1(g) of the generator g of T¢ is equal to ¢g° € T for some
c € {1,2,...,d — 1}. The generator x of T, is mapped by the algebra
homomorphism 1 to an eigenvector y := t(x) of adj to the eigenvalue (:

hyh™ = ¢(gzg™") = (y.

Since ¢ is a primitive root of unit, we find 0 < n < d such that { = £".
Thus y is an element of the C-linear subspace (z"¢g™ | 0 < m < d)c of
T¢. This implies that y* = 0 for k the smallest number such that kn > d.
Since 1 is an isomorphism, n has to be 1 and hence { = €. O

Denote by A the Hopf subalgebra of T generated by g. We will deduce
from Proposition 5.3.5 that the partial dual of T; with respect to A is
isomorphic to T¢. Hence, to get a non-trivial behavior of the partial dual
we have to look at a class of complex Hopf algebras which is more general
than Taft algebras.

Let N be a natural number and let d be a divisor of N. Now let { be
a primitive d-th root of unity and ¢ a primitive N-th root of unity. Let
¢+ NZ be the unique residue class such that ¢ = ¢°. Define TC,q as the
C-algebra R

Trq:=(r,9] 9" =1,2¢ =0, g9z = Cxg)
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and define T; , as the C-algebra
Tt = (z,9] 9" =127 = 0,9z = qug).
Both algebras are finite-dimensional of dimension Nd.

One checks the following

Lemma 5.3.3 Let TC q and TC q be the algebras from above. The unique

algebra homomorphisms A : Tg q— Tg e ® Tg q and A: Tg q = TC e ® TC q
defined on the generators by

>

(9):=g®g Alz) =gRz+2®1
Alg)=g®g Ar) =g @r+r®1

give the structure of an coassociative counital Hopf algebra on Tg’q and
T¢,q, respectively.
Furthermore, we have exact sequences of Hopf algebras, with k := %

Clzy] —= Ty —=1T¢

Te —— Tq,q —C[Zy] .

The Hopf subalgebra A C T, ¢,q generated by the grouplike element g
and the Hopf subalgebra B C Tc,q generated by g are both isomorphic to
the complex group Hopf algebra C[Zx]. To apply a partial dualization, we
need a Hopf pairing; it is given by the following lemma whose proof we
leave to the reader:

Lemma 5.3.4 Let g be an N-th primitive root of unity and let g € C[Zy]
be a generator of the cyclic group Zy.

1. The bilinear form w: C[Zy] x C[Zy] — k given by w(g™, ¢™) = ¢"™
is a Hopf pairing.
2. The linear map w’: k — C[Zy] ® C[Zy] with

N

Z —kék

is the inverse copairing of w.

The partial dual of T¢ , with respect to A and w is isomorphic to T¢ 4:
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Proposition 5.3.5 Let N be a natural number and d be a divisor of V.
Let ¢ be a primitive d-th root of unity and ¢ a primitive N-th root of unity
with ¢¢ = (. Let A C TC,q and B C Tc,q be as above and w: A® B — k
the non-degenerate Hopf pairing from Lemma 5.3.4.

1. The algebra homomorphism : TAC,q — A which sends g to g and z
to 0 is a Hopf algebra projection onto A.

2. The partial dualization of T} , with respect to the partial dualization
datum (T; , = A, B,w) is isomorphic to T¢ ;.

In particular, for N = d, we have Tc,q =Tt.q-

Proof. The space of coinvariants K := Tgfgm(ﬂ) ={aeTr,|Ala) = ax1}
equals the C-linear span of {1,z,2%,...,2971}. Remark 5.1.5 implies that
K is a Yetter-Drinfe’ld module with A-action p: A ® K — K and A-
coaction §: K — A ® K given by

p:g®@x— grg~t = (x,
Srxmm(g)@r=9gR@T=12_1)® T()-

Moreover, K has the structure of a Hopf algebra in 4 YD with multiplica-
tion and comultiplication given by

n: QT +— x2,
Arz—1lr+rz1.
The dualization functor (£2,€s) from Section 2.2.2 for the Hopf pairing

w: A® A — k yields the A-Yetter-Drinfel’d module L = (1,z,..., 2% )¢
with action p': A® L — L and coaction 6': L — A ® L given by

pigRr— w(x( 1), 9)T(0) = ¢,

N
1
Voo kY e en = & Y (et er=gor
k=1 k=1

The Yetter-Drinfel’d module L has a natural structure of a Hopf algebra
in 4YD with multiplication y/ = y o Qq(K, K) and comultiplication A’ =
QN K, K)o A

Wiz ®x e Ca?,

ANiz—1lQr+rz®1.
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As an algebra, L is generated by x, so the biproduct rA(TC,q) =LxB
is generated by * 2 z ® 1 and ¢ = 1 ® g. In the biproduct rA(TC,q), the
relations

gV =129 =0and gz = p'(g @ x)g = qzg

hold. This gives a surjective algebra homomorphism : r A(qu) — qu;
since T¢ , and r4(T 4) have the same complex dimension, ¢ is an isomor-
phism.

The map 9 also respects the coalgebra structures, since

A i@ =1z @ +rel=g"Qrt+zal. O

5.3.3. Reflection on simple roots in a Nichols algebra

We finally discuss the example of Nichols algebras [HS13]. We take for C
the category of finite-dimensional Yetter-Drinfel’d modules over a complex
Hopf algebra h with bijective antipode, e.g. the complex group algebra of a
finite group G. Let M € C be a finite direct sum of simple objects (M;)ier,

M=M .

iel

Thus, M is a complex braided vector space. The Nichols algebra B(M)
of M is defined as a quotient by the kernels of the quantum symmetrizer
maps Qn
B(M) := € M®" / ker(Qn).
n>0

The Nichols algebra B(M) is a Hopf algebra in the braided category C. If
M is a direct sum of n simple objects in C, the Nichols algebra is said to
be of rank n.

Each simple subobject M; of M provides a partial dualization datum:
denote by M the braided vector space dual to M;. Denote by B(M;) the
Nichols algebra for M;. The fact that M; is a subobject and a quotient
of M implies that B(M;) is a Hopf subalgebra of B(M) and that there
is a natural projection B(M) =% B(M;) of Hopf algebras. Similarly, the
evaluation and coevaluation for M induce a non-degenerate Hopf pairing
wi: B(M;) ® B(M;}) — C on the Nichols algebras. We thus have for each
i € I a partial dualization datum

Ai = (B(M) =5 B(M;), B(M;'), w;)
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We denote by r;(B(M)) = r4,(B(M)) the partial dualization of B(M)
with respect to A;. As usual, we denote by K; the coinvariants for the
the projection 7;; K; is a Hopf algebra in the braided category of B(M;)-
Yetter-Drinfel’d modules.

We summarize some results of [AHS10],[HS10] and [HS13]; for simplicity,
we assume that the Nichols B(M) algebra is finite-dimensional. To make
contact with our results, we note that the i-th partial dualization

ri(B(M)) := Q(K;) x B(M;") ,

as introduced in the present paper, coincides with the i-th reflection of
B(M) in the terminology of [AHS10].

Theorem 5.3.6 Let h be a complex Hopf algebra with bijective antipode .
Let M; be a finite collection of simple h-Yetter-Drinfel’d modules. Consider
M = @?21 M; € ZJ)D and assume that the associated Nichols algebra
H := B(M) is finite-dimensional. Then the following assertions hold:

e By construction, the Nichols algebras B(M), r;(B(M)) have the same
dimension as complex vector spaces.

e For ¢ € I, denote by M; the braided subspace
Mi =M ®..OM;_1®M;11D...

of M. Denote by adp M)(Ml) the braided vector space obtained as

the image of M, C B(M) under the adjoint action of the Hopf sub-
algebra B(M;) C B(M). Then, there is a unique isomorphism [HS13,
Prop. 8.6] of Hopf algebras in the braided category gg%jg)ﬂ) (FyD):

K; 2 B(adg (s, (M;))

which is the identity on adg(az,)(M;).

e Define, with the usual convention for the sign,
aj = —max{m | ady; (M;) # 0}. Fix i € I and denote for j # i

V= adX/IC:“ (M;) Cc B(M) .
The braided vector space

Ri(M)zvl@...M:...@VneZyD
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is called the the i-th reflection of the braided vector space M. Then
there is a unique isomorphism [HS13, Thm. 8.9] of Hopf algebras in
1VD

ri(BMy&---dM,)) 2BV &--- M- dV,)

which is the identity on M.

e With the same definition for a;; for ¢ # j and a4 := 2, the matrix
(@ij)ij=1,..n is a generalized Cartan matrix [AHS10, Thm. 3.12].
Moreover, one has r2(B(M)) = B(M), as a special instance of Corol-
lary 5.2.3, and the Cartan matrices coincide, a = a%(M). In the

ij
terminology of [HS10, Thm. 6.10], one obtains a Cartan scheme.

e The maps r; give rise to a Weyl groupoid which controls the structure
of the Nichols algebra B(M). For details, we refer to [AHS10, Sect.
3.5] and [HS10, Sect. 5].

We finally give examples that illustrate the appearance of Nichols al-
gebras as Borel algebras in quantum groups. We end with an example in
which a reflected Nichols algebra is not isomorphic to the original Nichols
algebra.

The first example serves to fix notation:

Example 5.3.7 Let n > 1 be a natural number and ¢ be a primitive n-th
root of unity in C. Let M be the one-dimensional complex braided vector
space with basis x; and braiding matrix ¢;; = ¢. As a quotient of the
tensor algebra, the associated Nichols algebra B(M) inherits a grading,
B(M) = ©renB(M) ). As a graded vector space, it is isomorphic to

B(M) = Cla:]/(x7)
and thus of complex dimension n. The Hilbert series is

H(t) =Y thdim (B(M) ) =1+t+---t"""

k>0

The next example exhibits the role of Nichols algebras as quantum Borel
parts.

Example 5.3.8 Let g be a complex finite-dimensional semisimple Lie
algebra of rank n with Cartan matrix (a;;); j=1..n- Let (®;)i=1,..n be a
set of simple roots for g and let d; := (a;, ;) /2. We construct a braided
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vector space M with diagonal braiding as a Yetter-Drinfel’d module over
an abelian group: fix a root ¢ # 1 of unity and consider the braiding matrix

@i =N gy =P i #

The associated Nichols algebra B(M) is then the quantum Borel part of the
Frobenius-Lusztig kernel u,(g). In this case, all Nichols algebras r;(B(M))
obtained by reflections are isomorphic as algebras. As Hopf algebras, they
are isomorphic up to a Drinfel’d twist. The isomorphisms give rise to the
Lusztig automorphisms T, of the algebra uq(g) for the simple root a;.
These automorphisms enter e.g. in the construction of a PBW-basis for

Ulg).

In the following example [Hec09], the two Nichols algebras describe two
possible Borel parts of the Lie superalgebra g = s[(2|1); they also appear
in the description [ST13] of logarithmic conformal field theories. In this
example, non-isomorphic Nichols algebras are related by reflections.

Example 5.3.9 Let ¢ # +1 be a primitive n-th root of unity. Find

two two-dimensional diagonally braided vector spaces M, N, with bases

M M N N
@M, 25y (@M, 257

1 respectively, such that

M M M M _
) = =1 g3l = ¢
) =-1 ¢ =q¢ @Y =gt

We describe a PBW-basis of the Nichols algebras B(M) and B(N) by

isomorphisms of graded vector spaces to symmetric algebras. To this end,
(M

denote for a basis element x; ) of M the corresponding Nichols subalgebra
by B(wEM)), and similarly for N. (We will drop superscripts from now on,

wherever they are evident.) A PBW-basis for the Nichols algebra B(xEM))
has been discussed in Example 5.3.7. Moreover, we need the shorthand
T1o := XT1T2 —q12T2x1. One can show that the multiplication in the Nichols
algebras leads to isomorphisms of graded vector spaces:
B(M) < B(z1) ® B(x2) ® B(x122 — q1a2211)
2 Clz1]/(21) ® Clz2]/(23) ® Cla12]/(27),
B(N) < B(z1) ® B(zz) ® B(z122 — qraa221)
= Clz1]/(21) ® Clz2]/(23) ® Claia]/(a1,).

Both Nichols algebras B(M) and B(NN) are of dimension 4n and have a
Cartan matrix of type As. Their Hilbert series can be read off from the
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PBW-basis:

Heoan () = L+ )1 +t) (1 + 211 207D,
Hpny(t) = L+ )L+t ++ " (1 +17).

The two Hilbert series are different; thus the two Nichols algebras B(M)
and B(N) are not isomorphic. The Nichols algebras are, however, related
by partial dualizations:

r(B(M)) =B(N)  r2(B(M)) = B(N)

ri(B(N)) = B(M)  ry(B(N)) = B(N)

where 7; is the partial dualization with respect to the subalgebra B(Cx;).
For the isomorphism indicated by 22, the generators x; and x5 have to be
interchanged.



A. Category theory

For the reader’s convenience we list in this chapter the definitions of cat-
egorical notions, that appear throughout the text. For further details we
refer the reader to [Kas95] and [Mac98|.

A.1. Basic notions

Categories Recall that a category C consists of objects, morphisms and
a unital, associative composition law. We say that a A is an object in C
or simply write A € Ob(C) even when the objects of C form a proper class
and not a set. If Ob(C) is a set, the category C is said to be a small cat-
egory. Denote the set of morphisms from an object A to an object B by
C(A, B),Hom¢(A, B) or Hom(A, B) and write id 4, id or A for the identity
morphism of A. If C contains only identity morphisms, it is called a dis-
crete category.

If we write f: A — Bor A N B, we mean f € C(A,B), ie. fis a
morphism from A to B. By go f = gf or (A N SN C) we mean the
composition of f € C(A,B) and g € C(B,C).

A morphism f: A — B is called isomorphism, if there is a morphism
g: B— Awith fog=1idg and go f =id4.

A morphism f: A — B is called monomorphism, if for any two morphisms
g1,92: X — A the equality fog; = f o go implies g3 = ¢go. A morphism
f: A — B is called epimorphism, if for any two morphisms hq,he: B =Y
the equality hy o f = hg o f implies h; = ho.

For a category C we denote by C°P the opposite category with the same
objects as C, morphism sets C°P(A, B) := C(B, A) and composition

o1 CP(B, C) x C°P(A, B) — C°P(A, ),
(9. f) = goop f:=fog.

The direct product of a category C and a category D is the category
C x D; it has as objects pairs of objects (C,D) with C € Ob(C) and

89



90 A. Category theory

D € Ob(C) and a morphism form (C,D) to (C',D’) is a pair (f,g) =
(f: C = ', g: D— D). The composition of morphisms (f, g) and (f,g’)
is given by (f',9") o (f,9) := (f'o f,g' 0 g).

Let I be an index set and let {C;};c; be a family of categories. The
disjoint union [[,.;C; is the following category: objects are pairs (X;,4)
with X; an object in C; and ¢ € I, a morphisms are pairs (f;,4) with f;
a morphism in C; and ¢ € I, the composition of morphisms is given by
composition in the first entry, i.e. (fi,7) o (g:,%) := (fi 0 g, 1).

Functors Let C and D be categories. A functor F from C to D consists
of an object function, assigning an object F'(4) in D to each object A in
C, and a morphism function, assigning to each morphism f: A — B in
C a morphism F(f): F(A) — F(B), such that F(ida) = idp(a) for all
A € Ob(C) and F(go f) = F(g) o F(f) for all morphisms in C. Write
F:C—>DorC Do express, that F' is a functor from C to D. The
identity functor Id¢ = Id: C — C of C maps an object A to A and a mor-
phism f to f.

Let C,D and £ be categories; the composition of a functor C .

and a functor D ~Z» £ is the functor G o F = GF: C — & which assigns
G(F(A)) to an object A in C and G(F(f)) to a morphism f in C.

Transformations Let F,G: C — D be functors. A natural transforma-
tion or simply a transformation « from F to G consists of a family
a={as: F(A) = G(A)}AE(%(C) of morphisms in D that is natural in A,
i.e. for all morphisms f: A — B in C the equality G(f) o oy = ap o F(f)
holds. The morphisms a4 are called the components of the transformation
a and we also say, by abuse of language, that as: F(A) — G(A) is a
natural transformation. Notations like a: F — G or F - G are used to
express that « is a transformation from F to G.

A transformation a: F' — G is called natural isomorphism, if each compo-
nent is an isomorphism.

Let F,G,H: C — D be functors and let a: FF — G and 8: G — H be
transformations. The wvertical composition of o and ( is the transforma-
tion B e a: F' — H given by the components (5 e a)4 := 4 0 ap.

Let FG:C — D and H,K: D — & be functors and let a: FF — G
and 8: H — K be transformations. The horizontal composition of o and
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B is the transformation f o a: H o FF — K o G with the components
(Boa)a = K(aa)ofra= Pgac H(aa).

Equivalences of categories We say that F': C — D is an isomorphism of
categories, if there is an inverse functor G: D — C, i.e. Go F = 1d¢ and
FoG=1Idp.

Let F: C — D be a functor. We say F is an equivalence of categories,
if there is a quasi-inverse functor G: D — C, i.e. there are natural iso-
morphisms 7: Ide = GF and ¢: FG — Idp. A quasi-inverse functor is
unique, up to a natural isomorphism.

A.2. Adjunctions and monads

Adjoint functors Let L: C — D and R: D — C be functors. The functor
L is called left-adjoint to R resp. the functor R is called right-adjoint to
L, if there are transformations 77: Id¢ — RL and €: LR — Idp, such that
the compositions

L(C) 2 LRI(C) 2125 L(C) and

R(D) 222, pLR(C) 2L, R(D)
are identity morphisms. We write L 4 R and say that (L, R,7n,¢) is an
adjunction, the transformation 7 is called unit of the adjunction and ¢ is
called counit of the adjunction.
If R and R’ are right-adjoint to a functor L, then there is a unique natu-
ral isomorphism ¢: R — R’ compatible with the units and counits of the
corresponding adjunctions.

We say that (L, R,n,¢) is an adjoint equivalence, if n and € are natural
isomorphisms. The functor R is then a quasi-inverse of L; every equivalence
of categories is part of an adjoint equivalence.

Monads Let T: C — C be a functor and let p: ToT — T and n: Ide — T
be natural transformations. The triple (T, u,n) is called a monad on C, if
the equalities

paoT(pa)=paopra  and
paonra =idra =paoT(na)
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hold for every object A in C. We also say that T is a monad without
mentioning the transformations p and 7, called multiplication and unit
respectively.

A module over T or T-module is a pair (A,r) consisting of an object A
in C and a morphism r: T A — A, such that

roug=roT(r) and
rong =1idy .

If (A,r4) and (B,rp) are T-modules a morphism f: A — B is called
T-linear, if

fora=rpoT(f).

The Eilenberg-Moore category CT of a monad T has as objects T-modules
and as morphisms 7-linear morphisms; the composition of morphisms is
inherited from C.

Monadic functors The forgetful functor UT: CT — C sending (A,74) to
A is part of an adjunction (UT,FT o7 7).

The right-adjoint functor of UT is the free functor Fr: C — CT, which
sends an object A to the T-module (T'A, pa) and a morphism f to the
T-linear map T'(f). The unit of T defines the unit 77 of the adjunction
and the counit n” has the components E?A_TA) =T4.

The monad of an adjunction (L,R,n,e) is given by the functor T :=
RL with multiplication pa := R(epa): RLRL(A) — RL(A) and unit
na: A — RL(A).

Let G: D — C be a functor, that is part of an adjunction (F,G,n,¢)
and by T its associated monad on C. The comparison functor K: D — CT
is given by K (D) := (G(D),G(ep)).

A functor G: D — C is called monodic, if it has a left-adjoint F': C — D
and the comparison functor K : D — CT is an equivalence of categories.

A.3. Monoidal categories

Definition A.3.1 A monoidal category is a 6-tuple (C,®,1,a,l,r) con-
sisting of a category C, a functor ®: C x C — C (tensor product), an object
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1 in C, a natural isomorphism a: ® o(® x Id¢) — ® o (Id¢ x ®) (associa-
tor), a natural isomorphism |: 1 ® _ — Id¢ (left unit isomorphism) and a
natural isomorphism r: _ ® 1 — Ide (right unit isomorphism), such that
the following diagrams commute for all objects U, V, W and X in C:

UaV)o (W e X)

AURV,W,X avu,v,wex

(UeV)eW)e X U (Ve (WeX))

aU,V,W®idX\ - /idu®av,w,x
UelVew)eX 2" e (veW) s X)

ay,1,v

Uol)aV U ((1eV)
rm ‘@v
Uel)eV

The category is called strict, if a,| and r are the identity transformations.

Definition A.3.2 Let C and D be monoidal categories, let F': C — D
be a functor, let FO: F1; — 1p and Fy: 1p — F be morphisms and
F?2: Fo® > F®F and Fy: F® F — F o ® transformations.

1. The triple (F, Fy, Fy) is called lax monoidal functor and Fy and Fj
are called the monoidal structure of F', if for all objects U, V, W in C
the diagrams

AFU,FV,FW

(FU® FV)® FW FU® (FV @ FW)

FZ(U,V)®idFW¢ i/idFU@FZ(V,W)
FUV)@FW FUQF(V W)
F(UQV,W) Fo (U, VW)

’ \L F(av,v,w) \L ’
F(UV)eW) FU®(VeWw)
| r
FleU) — FU " pwet)
F1,0)] O N o (LAY

F1 FU<~—1Q FU FU®1l——=FUR®F1

commute. The monoidal functor is called strong monoidal or simply
monoidal, if F5 and Fy are isomorphisms. It is called strict, if F5 and
F} are identities.

2. The triple (F, F2, F°) is called oplaz monoidal functor and F» and
Fy are called the (op)monoidal structure of F, if the diagrams above
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commute after changing F to F2 and Fy to F° (and of course chang-
ing the direction of those arrows). If is called strong (op)monoidal
resp. strict, if F? and F° are isomorphisms resp. identities.

3. Let F and G be lax monoidal resp. oplax monoidal functors. If de-
fined, the composition F o G is an (op)lax monoidal functor with
monoidal structure

(FG)2(U,V) := F(G2(U,V)) o Fo(GU,GV) and
(FG)O = F(Go) o F()
resp. opmonoidal structure

(FG)*(U,V) := F*(GU,GV) o F(G*(U,V)) and
(FG)" := F° o F(GY) .

Definition A.3.3 Let F' and G be (op)lax monoidal functors and let
«a: F — G be a natural transformation. If the equalities

aygy 0 Fa(U, V) =Ga(U,V)o (ay ® ay) and a1Fyp =Gy (A1)

hold for all objects U and V in C we say that « is a monoidal transforma-
tion. We call a an opmonoidal transformation, if the equalities

(04U®Oév)OF2(U, V) = G2(U, V)OO[U®V (AQ)
hold for all objects U and V' in C. By abuse of language we call opmonoidal
transformations sometimes also monoidal.

Lemma A.3.4 Let (F,G,n,¢) be an adjunction. The following statements
hold, as well as the dual statements, i.e. exchange F' and G and the words
lax and oplax.

1. If G is a lax monoidal functor there is an oplax monoidal structure
on F.

2. If F and G are lax monoidal functors and n and ¢ are monoidal
transformations, then F is a strong monoidal functor.

3. If F is strong monoidal, there is a unique lax monoidal structure on
G, such that n and € are monoidal transformations.

Sketch of proof.
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1. The morphism set Hom(X ®Y, G(FX ®FY')) contains the morphism
f = Ga2(FX,FY)o (nx ®@nx). Define F?(X,Y) as the image of f

under the isomorphism
Hom(X @ Y,G(FX ® FY)) 2 Hom(F(X®Y),FXQ FY) ,
ie. F2(X,Y) =crxgry o F(f). Define FO := ¢4 o F(G)).

2. Under the additional assumptions on F,7n and € one proves that [
is inverse to Fy and FY is inverse to Fp.

3. Assume that G2(X,Y) defines a monoidal structure on G. Since
n and & are monoidal transformations we conclude from 2. that
G2(X,Y) defines an oplax monoidal structure F?(X,Y’), whose com-
ponents are inverse to Fy(X,Y). Hence F2(X,Y) = F; (X,Y) and
G2(X,Y) is the monoidal structure obtained from the dual statement
of 1.

O

Corollary A.3.5 Let (F,G,n,e) be an adjoint equivalence. The functor
F is strong monoidal, iff G is strong monoidal.

Remark A.3.6 Usually one can assume, without loss of generality, that
one works in a strict monoidal category due to the fact that every monoidal
category C is equivalent, as a monoidal category, to a strict monoidal cat-
egory C5". See for example Section X 1.5 in [Kas95].

Definition A.3.7 Let C be a strict monoidal category and let X be an ob-
ject in C. A left dual object for X is an object ¥ X together with morphisms
evy: VX ® X — 1 (evaluation) and coevx: 1 — X ® VX (coevaluation),
such that

(evx ®idvx)(idvx ® coevy) =idvx and
(idX X eVX)(COGVX ® ldx) =idx .

Analogously one defines a right dual object as an object XV together with
morphisms évy: X ® XV — 1 and coevy: 1 — XV ® X fulfilling

(idxv ®&7X)(C(%VX ®idxv) =idxv and
(&/X ® idx)(idx ®C(5vev) =idyx .

If every object X in C has a left resp. right dual, the category is called left
rigid resp. right rigid. The category C is called rigid, if it is left and right
rigid.
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If X’ and X" are both left or right dual to X, there is a unique isomor-
phism X’ — X" compatible with evaluation. Let C be (say) right rigid.
If we choose exactly one dual object for each object X, we get a functor
(_)V:C° — C by defining for f: X — Y the morphism

V= ({d®evy)(id ® f ®id)(coevy ®id) .

Similarly, one defines a functor V(_): C°® — C. The functors ¥(_) and
(L)Y are strong monoidal C°? — C®°P where C®°P denotes the monoidal
category with opposed tensor product X ®°PY =Y ® X.

Definition A.3.8 Let C be a rigid category and a: ¥(_) — (_)¥ a nat-
ural isomorphism. It is called pivotal structure on C, if it is a monoidal
isomorphism. For an endomorphism f: X — X in a pivotal category C
one defines the left trace try(f) and the right trace tr,.(f) as

tre(f) :=evx o (ax' ® f) ocoevy
tre(f) :=évx o (f ® ax) o coevy .

A pivotal structure is called spherical, if left and right trace coincide for
all endomorphisms of C.

Definition A.3.9 Let C be a monoidal category and cx y : X®Y — Y®X
a family of morphisms, natural in X,Y" € Ob(C). The family cx y is called
prebraiding, if the following two hexagons commute for all XY, Z € Ob(C)

CXQY,Z

);3}/ ®I———>Z2(XR®Y)

R (Y ® RX)®
id®cy, z A /Xz@ld
X®(Z®Y)4>X®Z ®Y
XeVez)—2% veoz)oX
a a
(X®Y<Z Y ®(Z®X)
cx.y ®id 1d®CXZ
YoX)oZ Ve (XeZ

If ¢ is a natural isomorphism the category C is called a braided category
with braiding c.



A.4. Modular categories 97

Let C and D be braided categories. A monoidal functor F': C — D is called
braided, if

F(exy)o Fa(X,Y) = Fa(Y, X) ocrx Fy -

Definition A.3.10 Let C be a braided category. The symmetric center of
C or the subcategory of transparent objects Zsym in C is defined as the full
subcategory of C containing the objects X, such that cy,x ccxy =idxgy
for all Y € Ob(C).

A.4. Modular categories

Let k be a field. We call a category C k-linear, if C has a zero object, all
finite sums and every Hom set is a k-vector space such that the composition
o of morphisms is k-linear in each variable.

Let I be an indexing set and {C; };cr a family of k-linear categories. The
direct sum @, C; is defined as the following category: objects are families
(X;)ier where X, is an object in C; and only finitely many X; are not the
zero object, the morphism set Hom((X;);er, (Y;)ier) is given by the vector
space @, ; Hom(X;,Y;).

An object X in a k-linear category is called simple, if the Hom-space
C(X, X) is one dimensional.
A k-linear abelian category is called finite, if
e there are, up to isomorphism, only finitely many simple objects,
e every Hom space C(X,Y) is finite dimensional,
e every object has finite length,
e the category C has enough projectives.

A tensor category is a rigid, monoidal category C which is k-linear, the
unit object 1 is simple and the functor ® is k-linear in each variable.

A finite tensor category C is called fusion category, if every object is
isomorphic to a finite sum of simple objects.

A premodular category is a braided fusion category together with a
spherical structure.

A premodular category C is called modular, if Zg.,(C) is equivalent to
the category vecty of finite dimensional vector spaces.
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Zusammenfassung

Monoidale Kategorien treten auf als Darstellungskategorien von Hopf-
Algebren und anderen algebraischen Strukturen. Sie spielen unter anderem
eine zentrale Rolle in Darstellungstheorie und topologischer Feldtheorie. In
dieser Dissertation werden zwei verschiedene Konstruktionen durchgefiihrt,
die aus diesen Zusammenhéngen heraus motiviert sind. Im Besonderen
spielen dabei algebraische und darstellungstheoretische Strukturen inner-
halb dieser monoidalen Kategorien eine wichtige Rolle. Uber diese gibt das
erste Kapitel einen kurzen Uberblick.

Kapitel 2 beschéftigt sich mit Yetter-Drinfel’d Moduln {iber Hopf-Alge-
bren in verzopften Kategorien und stellt neue Resultate fiir die folgenden
Kapitel bereit. Ein besonderer Schwerpunkt liegt dabei auf der Beschrei-
bung eines Isomorphismus Q: 4YD(C) — ﬁi YD(C) von verzopften Kate-
gorien, wobei, falls existent, AV die duale Hopf-Algebra von A bezeichnet.

Im dritten Kapitel erinnern wir, fiir eine diskrete Gruppe I', an die
Definition einer I'-verzopften Kategorie und einer quasi-trianguldren Hopf
I'~Koalgebra.

Im vierten Kapitel wird die erste Konstruktion dieser Arbeit vorgestellt:
Zu einer beliebigen monoidale Kategorie C mit schwacher Gruppenwirkung
durch eine Gruppe I, konstruieren wir eine I'-verzopfte Kategorie Z'(C),
deren neutrale Komponente das Drinfel’d Zentrum von C ist. Ist C die
Kategorie von Moduln iiber einer Hopf-Algebra H, so lassen sich die ho-
mogenen Komponenten von Z%(C) als getwistete Yetter-Drinfel’d Moduln
iiber H beschreiben. Fiir eine endlich-dimensionale Hopf-Algebra H ver-
allgemeinert unsere Kategorie Z!'(C) eine Hopf-algebraische Konstruktion
von Virelizier.

Das letzte Kapitel behandelt die zweite Konstruktion dieser Arbeit. Mo-
tiviert durch Arbeiten von Heckenberger und Schneider fithren wir den Be-
griff einer partiellen Dualisierung von Hopf-Algebren in verzopften Kate-
gorien ein. Eine wichtige Idee in dieser Arbeit ist es, im Rahmen verzopfter
Kategorien algebraisch aufwandige Rechnungen mit Smash-Produkten kon-
zeptionell zu vereinfachen. Ausgehend von einer Hopf-Algebra H in einer
verzopften Kategorie C mit einer Hopf-Unteralgebra A und einer Hopf-
Algebraprojektion m: H — A konstruieren wir die partielle Dualisierung
H' von H beziiglich A. Die Hopf-Algebren H und H' sind im Allgemeinen
weder isomorph noch Morita-dquivalent. Wir zeigen aber, dass die Kat-
egorien ¥ YD(C) und H,YD(C) immer isomorph als verzopfte Kategorien
sind. Dariiber hinaus ist die partielle Dualisierung von H' bzgl. der Unter-
algebra AV wieder isomorph zu H.



Summary

Monoidal categories appear as representation categories of Hopf algebras
and other algebraic structures. Among other things they play a central
role in representation theory and topological field theory.

In this dissertation we consider two constructions which are motivated
from these theories. Algebraic and representation-theoretical structures
internal to monoidal categories play an important role for these construc-
tions. The first chapter gives a short overview of them.

Chapter 2 deals with Yetter-Drinfel’d modules over Hopf algebras in a
braided category and supplies new results used in the following chapters.
The main goal is to describe an isomorphism Q: 4YD(C) — 4, YD(C) of
braided categories, where, if it exists, AV denotes the Hopf algebra dual
to A.

In the third chapter we remind the reader of the definitions of I'-braided
categories and quasi-triangular Hopf I'-coalgebras for a discrete group I'.

Chapter 4 deals with the first construction of this thesis. Given a mono-
idal category C with a weak action by a group I', we construct a I'-braided
category Z'(C) whose neutral component is the Drinfel’d center of C. If C
is the category of modules over a Hopf algebra H, we describe the homo-
geneous components of ZI'(C) as twisted Yetter-Drinfel’d modules over H.
For a finite dimensional Hopf algebra H our category Z%(C) generalizes a
Hopf-algebraic construction of Virelizier.

Chapter 5 deals with the second construction in this thesis. Motivated
by work of Heckenberger and Schneider, we introduce the notion of a par-
tial dualization for Hopf algebras in a braided category. One of the basic
ideas of this thesis is to give, using the framework of braided categories, a
conceptual simplification of algebraically involved calculations with smash
products. Starting with a Hopf algebra H in a braided category C together
with a Hopf subalgebra A and a Hopf algebra projection 7: H — A we
construct a Hopf algebra H’, the partial dual of H with respect to A. In
general the Hopf algebras H and H’ are neither isomorphic nor Morita
equivalent, but we show that the categories 2 YD(C) and 1, YD(C) are al-
ways isomorphic as braided categories. Moreover, the partial dual of H'
with respect to AV is isomorphic to H.
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