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Samenvatting

De Brauer groep van een veld is een abelse groep, bestaande uit equivalentieklassen
van centrale enkelvoudige algebras. De groep is geintroduceerd in 1929, maar
kent ondertussen verschillende veralgemeningen. De Brauer groep van een braided
monoidale categorie, geintroduceerd door Van Oystaeyen en Zhang, omvat bijna alle
veralgemeningen. Vaak probeert men Brauer groepen te beschrijven met behulp van
exacte rijen. Met name de groep van (bi-)Galois objecten keert regelmatig terug in
de berekening van een Brauer groep. Dit zullen de twee voornaamste ingrediénten
vormen in deze thesis: Brauer groepen en (braided) bi-Galois objecten.

In het eerste deel van de thesis, bestuderen we braided bi-Galois objecten in
een braided monoidale categorie C. We bewijzen eerst een structuurstelling voor
bicomoduul algebras over een braided Hopf algebra B. Zij D een braided bicomoduul
algebra zodat er een bicolineair, algebra homomorfisme van B naar D is, dan is
D als bicomoduul algebra isomorf met het smash product van D°°"Z en B. Het
omgekeerde is ook waar. Voor bicomoduul algebras over een quasi-Hopf algebra of
een zwakke Hopf algebra kunnen we een gelijkaardige structuurstelling bewijzen. Dit
wordt uiteengezet in de appendix. In hoofdstuk 2 gaan we verder met een studie van
braided bi-Galois objecten. In het bijzonder tonen we aan dat de groep van bi-Galois
objecten over een braided cocommutatieve Hopf algebra beschreven kan worden
als het semidirecte product van de groep van Hopf automorfismen en de groep van
rechtse B-Galois objecten. Vervolgens beschrijven we een verband tussen de tweede
lazy cohomologiegroep H%(C; B) en de groep van bi-Galois objecten BiGal(C; B)
over een braided Hopf algebra B aan de hand van een exacte rij

1 — CoOut™ (C; B)—CoOut(C; B) x H:(C; B)— BiGal(C; B).

Ten slotte tonen we aan dat elke monoidale equivalentie o : 2C — LC, triviaal op C,
aanleiding geeft tot het bestaan van een braided L-H-bi-Galois object in C.

Zij H een Hopf algebra en zij B een braided Hopf algebra in de categorie
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BYD van Yetter-Drinfeld modulen. In het derde hoofdstuk construeren we een
groepshomomorfisme ¢ van de groep van braided bi-Galois objecten over B naar de
groep van bi-Galois objecten over het Radford product B x H. Gebruik makend
van de structuurstelling uit hoofdstuk 2, kunnen we het beeld van £ beschrijven
als de deelgroep van de bi-Galois objecten D waarvoor er een B x H-bicolineair
algebra homomorfisme H — D bestaat. Daaropvolgend tonen we aan dat de kern
van £ beschreven kan worden in functie van de kern van een groepshomomorfisme
CoOut(B) — CoOut(B x H) (tussen de groepen van co-outer Hopf automorfismen).
Vervolgens beschrijven we de relatie met lazy cohomologie. In het bijzonder kunnen
we alle groepshomomorfismen met elkaar in verband brengen via volgend commutatief
diagram:

1

CoOut™ (B)

| l l

1 — CoOut™ (B x H) — CoOut(B x H) x H? (B x H) — BiGal(B x H)

We sluiten het hoofdstuk af met enkele berekeningen voor Sweedlers Hopf algebra
Hy, die gezien kan worden als een Radford product van k[X]/(X?) en kCs.

In het volgende hoofdstuk gaan we verder met de studie van de Brauer groep
BM(k, H, R) van een eindig dimensionale quasitriangulaire Hopf algebra (H, R). We
weten uit [91] dat er een exacte rij

1 — Br(k) — BM(k, H, R) - Gal®(zH)

bestaat. Gali°(rH) is de groep van quantum commutatieve bi-Galois objecten over
rH, een transmutatie van de quasitriangulare Hopf algebra (H, R). De Brauer groep
BM(k, H, R) kan gezien worden als de Picard groep Pic(gM), i.e. de groep van
equivalentieklassen van eenzijdig inversiebele gy M-moduul categorieén. Verder tonen
we aan dat de groep Gal?(rH) isomorf is met de groep van braided monoidale
autoequivalenties van de categorie £V D, triviaal op % M. Aansluitend geven we een
nieuwe, categorische interpretatie aan het groepshomomorfisme 7 : BM(k, H, R) —
Gal?®(rH). Het resultaat kunnen we samenvatten in volgend commutatief diagram:

1 —— Br(k) — BM(k,H,R) Gal®(rH)

1 — Pic(ykM) — Pic(ygM) — Aut!, (YD, FM)
In hoofdstuk 5 veralgemenen we de split exacte rij van Beattie. We berekenen de

equivariante Brauer groep van H-moduul algebras voor een cocommutatieve Hopf
algebra H, die niet noodzakelijk eindig voortgebracht is. Ter compensatie van de
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eventuele oneindigheid van H, moeten we werken met Taylor-Azumaya algebras, dit
zijn Azumaya algebras die eventueel geen eenheid bezitten. De equivariante Brauer
groep BRM (k,H) van H is de groep van Morita equivalentieklassen van Taylor-
Azumaya algebras die tegelijkertijd een H-moduul algebra zijn. We tonen het bestaan
aan van een exacte rij

1 — BR(k) — BRM(k, H) -~ Gal(k, H).

Echter, om de surjectiviteit van 7 te bekomen, moeten we veronderstellen dat H een
trouwe, surjectieve integraal bezit. Dit laat immers toe om de duale multiplier Hopf
algebra H te definiéren. Vervolgens tonen we aan dat als B een Galois object is,
B#H een H-moduul Taylor-Azumaya algebra is zodat 7(B#H) = B. We eindigen
het hoofdstuk met enkele voorbeelden.

Ten slotte voorzien we in de appendix het bewijs van de structuurstelling voor
bicomoduul algebras over een quasi-Hopf algebra en over een zwakke Hopf algebra.






Introduction

The definition of the Brauer group of a field, introduced by Richard Brauer, goes
back to 1929. The Brauer group of a field is an abelian group classifying central
simple algebras. The Brauer group of a field was generalized to the Brauer group
of a commutative ring by Auslander and Goldman in 1960 [4] (see also [32]). The
Brauer group of a commutative ring consists of equivalence classes of central seperable
algebras. Central separable algebras are also called Azumaya algebras.

Since then, many generalizations have been made in several directions. For exam-
ple, Wall introduced the Brauer group of Zs-graded algebras, called the Brauer-Wall
group, which in his turn has been generalized to gradings by other groups, e.g. in
[23]. Another generalization is the so-called Brauer-Long group, that is the Brauer
group of dimodule algebras over a finitely generated, projective, commutative and co-
commutative Hopf algebra, introduced by Long in [48]. A dimodule is simultaneously
a module and a comodule satisfying a certain compatibility condition. One can note
that the Brauer-Wall group can be seen as a subgroup of the Brauer-Long group over
the group Hopf algebra kZs. Caenepeel, Van Oystaeyen and Zhang have generalized
the construction by Long and introduced the Brauer group of Yetter-Drinfel’d module
algebras [14, 15], hereby disposing the restriction on the Hopf algebra to be finitely
generated, projective, commutative and cocommutative. The only requirement is that
the antipode is bijective.

All the variations of Brauer groups mentioned above can be seen as particular cases
of the Brauer group of a braided monoidal category, which is introduced by Van
Oystaeyen and Zhang in 1998 [85]. Note that earlier, before the concept of a braided
monoidal category came to life, Pareigis had introduced the Brauer group of a
symmetric monoidal category [64].

A common technique to compute the Brauer group is by describing it through
the means of an exact sequence, see for example [5, 19, 22, 78] (the list is not
exhaustive). In particular, let us consider the Brauer group BM (k, H) of H-module
algebras over a finitely generated, projective, cocommutative Hopf algebra. Beattie

ix
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showed in [5] that there exists a split exact sequence
1 —» Br(k) — BM(k, H) — Gal(k, H) — 1

where Br(k) is the Brauer group of the commutative ring k and Gal(k, H) is the group
of Galois objects, hereby reducing the computation of the Brauer group BM (k, H)
to the computation of the groups Br(k) and Gal(k, H). In an attempt to loosen the
requirements on the Hopf algebra H, Zhang has shown the existence of a group exact
sequence

1 — Br(k) — BC(k,H,R) — Gali(rH")

where now (H,R) is a finitely generated, projective, coquasitriangular Hopf algebra
over k [91]. BC(k,H,R) is the Brauer group of H°-comodule algebras and
Gal1°(rH*) is the group of isomorphism classes of certain braided bi-Galois objects
over the braided Hopf algebra pH*. Here pH* is a braided Hopf algebra in M
obtained from the transmutation process introduced by Majid [52].

These examples clearly show the importance of the study of (braided) bi-Galois
theory if we want to study Brauer groups. Therefore the second main ingredient of
this dissertation will be braided bi-Galois theory.

Commutative Galois extensions over a Hopf algebra were defined by Chase and
Sweedler [21], while Kreimer and Takeuchi later considered not necessarily commu-
tative Galois extensions over a finitely generated, projective Hopf algebra H [46]. A
Galois extension A/A°H over a Hopf algebra H is a right H-comodule algebra for
which the canonical morphism can : A ® geon A = A ® H is an isomorphism. Here
Ac°H ig the H-coinvariant subalgebra of H. A nice, extensive overview of the theory
of Galois extensions (as well as bi-Galois extensions) can be found in [72]. A Galois
extension A/k (that is the coinvariant subalgebra A is trivial) will be called an
H-Galois object.

The set of isomorphism classes of H-Galois objects over a cocommutative Hopf algebra
forms a group. The group multiplication is induced by the cotensor product of H-
comodules. When H is not cocommutative, it is no longer possible to naturally
define a product of two (isomorphism classes of) H-Galois objects. This problem
can be overcome by considering bi-Galois objects, introduced by Van Oystaeyen and
Zhang for commutative Hopf algebras [84] and generalized by Schauenburg in [68].
If L and H are Hopf algebras, an L-H-bi-Galois object is simultaneously a left L-
Galois object and a right H-Galois object making it an L-H-bicomodule. Moreover,
it is shown that for a right H-Galois object, there exists a unique Hopf algebra L
(up to isomorphism) making A an L-H-bi-Galois object. L is build on the algebra
(A ® A)°". The isomorphism classes of bi-Galois objects form a groupoid, since
it’s possible to take the cotensor product of an L-H-bi-Galois object and an H-F-bi-
Galois object. The result will be an L-F-bi-Galois object. In particular, the set of
H-H-bi-Galois objects will form a group BiGal(H) (this fact was first observed in
the unpublished paper [83] by Van Oystaeyen and Zhang and independently proven
by Schauenburg in [68]).
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Many results of (bi-)Galois theory have been generalized to the case of Hopf algebras
in braided monoidal categories. Schauenburg defined braided (bi-)Galois objects and
constructed the groupoid of bi-Galois objects over Hopf algebras in a braided monoidal
category C in [73]. This study was continued in [74].

After the preliminary chapter, we present some more generalizations of bi-Galois
theory in a categorical setting. We will work over a braided monoidal category C
(which we’ll assume to have equalizers whenever needed). By Maclane’s coherence
theorem, we can and will assume that C is strict monoidal. This has the advantage
that we can make use of graphical calculus.

To be more precise, we’ll start Chapter 2 by providing a structure theorem for
bicomodule algebras over a Hopf algebra B in a braided monoidal category C. This
is a part of the work done in [28], in which we provide a structure theorem for
bicomodule algebras over either a braided Hopf algebra, a quasi-Hopf algebra or a
weak Hopf algebra. We will only present the proof for braided bicomodule algebras
in this chapter. For the sake of completeness, the two other cases are included in an
appendix. We first prove that if A is a Yetter-Drinfeld module over B in C, then
the smash product A#B is a B-bicomodule algebra in C and the natural embedding
B — A#B is a bicolinear algebra morphism. Consequently, we prove that the
converse is also true.

Theorem 1 (Theorem 2.1.9). Let (C,®,1,¢) be a braided monoidal category which
admits split idempotents and let B € C be a braided Hopf algebra with bijective an-
tipode. Assume B is flat. Suppose D is a B-bicomodule algebra such that there
exists a B-bicolinear algebra morphism v : B — D. Let (Dy,1i,p) be a splitting, then
Dy € BYD(C) is a Yetter-Drinfeld module algebra and D = Do#B as B-bicomodule
algebras.

We will apply this structure theorem in Chapter 3. In order to compute the group
of bi-Galois objects of a braided cocommutative Hopf algebra B in C (under certain
conditions), we will generalize some more known results from the classical Hopf-
Galois theory to the categorical setting. We prove that the bi-Galois group over a
cocommutative Hopf algebra B is isomorphic to the semi-direct product of the Hopf
automorphism group with a certain group of right B-Galois objects.

Let H be a Hopf algebra over a commutative ring k. One can consider the subset
of Galois objects with normal basis (that is A @ H and A are isomorphic as
H-comodules and A°°H-modules). An H-comodule algebra is a Galois object with
normal basis if and only if A is cleft comodule algebra (there exists a convolution
invertible right H-comodule morphism H — A), or equivalently, if and only if A is a
cocycle crossed product. Moreover, it was shown by Doi that the isomorphism classes
of cleft extensions are described by certain cohomology classes of cocycles [33]. This
set does not have to be a group though. The problem is that the convolution product
of two 2-cocycles does not have to be a 2-cocycle. We can surpass this problem by
considering a certain subset of so-called lazy cocycles, resulting in the (second) lazy
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cohomology group H?(H), e.g. [20, 70]. This group is a subgroup of the group of
H-bi-Galois objects BiGal(H). Moreover, it is shown in [8] that the groups can be
related by the following exact sequence:

1 — CoOut™ (H)—CoOut(H) x H?(H)—BiGal(H).

It is known that the construction of the lazy cohomology group can also be general-
ized to the braided setting, e.g. see [74]. In Section 2.4 we will generalize some more
results on braided lazy cohomology groups, in particular we show that the aforemen-
tioned sequence can be generalized to the case of a braided Hopf algebra in a braided
monoidal category.

Theorem 2 (Theorem 2.4.5). Let B be a Hopf algebra in a braided monoidal category
C and assume C has equalizers. There is a group eract sequence

1 — CoOut™ (C; B)—CoOut(C; B) x H2(C; B)— BiGal(C; B).

We will provide an application of this theorem in Chapter 3. We conclude Chapter 2
by investigating the relation between bi-Galois objects and monoidal autoequivalences
of comodule categories trivializable on the base category. If k is a commutative ring
and B and L are flat Hopf algebras, it is well known that there exists a one-one
correspondence between isomorphism classes of faithfully flat B-L-bi-Galois objects
and monoidal isomorphism classes of k-linear monoidal equivalences M =2 L M. We
generalize this result to the case where the Hopf algebras are in a braided monoidal
category.

Theorem 3 (Theorem 2.5.11). Let (C,®,1,¢) be a braided monoidal category.
Assume (o, 00,¢) : BC — EC is a monoidal equivalence functor trivilizable on C
(or equivalently, a right C-module functor) satisfying ¢ o ox mr = pamx © ¢. Then
a(B) is a faitfully flat L-B-bi-Galois object.

In Chapter 3 we will first recall the construction of the Radford biproduct. That is,
one can construct a k-Hopf algebra, denoted B x H, from a braided Hopf algebra B in
HYD and a k-Hopf algebra H. In [25], Cuadra and Panaite provided a way to extend
(lazy) cocycles over the braided Hopf algebra B to (lazy) cocycles over the Radford
biproduct, hence constructing a group morphism H?z(B) — H%(B x H). Since these
two groups both can be viewed as subgroups of the groups of bi-Galois objects, our
goal in Section 3.1 is to extend the aforementioned morphism to a morphism between
two groups of bi-Galois objects. If A is a braided B-bi-Galois object in £YD, we
prove that A#H is a B x H-bi-Galois object. This construction induces a well-
defined group morphism between the group of braided B-bi-Galois objects and the
group of B x H-bi-Galois objects.

Theorem 4 (Theorem 3.1.8). The map £ : BiGal(B) — BiGal(B x H) sending an
isomorphism class [A] to the class [A#H] is a well-defined group homomorphism.



Introduction xiii

Subsequently, we characterize the image of this morphism £. Our approach relies
on the Hopf-version of the structure theorem for bicomodule algebras, which is an
immediate consequence of Theorem 1.

Theorem 5 (Theorem 3.2.9). The image of the morphism £ is the subgroup of
BiGal(B x H) of isomorphism classes represented by those B x H-bi-Galois objects
D for which there exists a B x H-bicolinear algebra morphism H — D.

To characterize the kernel of &, we first need to show that it is also possible to
extend braided (co-outer) Hopf automorphisms of the braided Hopf algebra B to
(co-outer) Hopf automorphisms of the Radford biproduct B x H. In particular we
obtain a group morphism CoOut(B) — CoOut(B x H). The kernel of the mor-
phism £ : BiGal(B) — BiGal(B x H) can be related to the kernel of the morphism
CoOut(B) — CoOut(B »x H).

Theorem 6 (Theorem 3.4.2). A braided B-bi-Galois object A belongs to the kernel
of € if A is isomorphic (as a B-bi-Galois extension) to ' B, for some f € Autgops(B)
for which f ® H € Colnn(B x H).

In Section 3.5 the relation with lazy cohomology is briefly described. We also provide
a new characterization of the image of the morphism H?(B) — H7(B x H) (note
that in [25] neither the image nor the kernel of this morphism has been studied).
Let us have another look at the exact sequence from Theorem 2. We can say that
this is on the ’braided level’. There exists a similar exact sequence for the k-Hopf
algebra B x H. Furthermore, there exist extending morphisms between the groups
of co-outer automorphisms, the second lazy cohomology groups and the bi-Galois
groups. To relate both exact sequences, we will prove that there is also an extending
morphism CoOut™(B) — CoOut™ (B x H) and that there is a well-defined group
morphism CoOut(B) x H?(B) — CoOut(B x H) x H?(B x H). Thereupon we show
that we have established a commutative diagram of exact sequences.

Theorem 7 (Theorem 3.6.3). Let B be a Hopf algebra in the category of left-left
Yetter-Drinfeld modules £YD. The following diagram commutes:

1 CoOut™ (B) CoOut(B) x H?(B)

| |

1 —— CoOut™ (B x H) — CoOut(B x H) x H(B x H) — BiGal(B x H)

BiGal(B)

The diagram above allows us to provide another description of the kernel of the
morphism H?Z(B) — H%(B x H). To illustrate all the results from Chapter 3, we
finish the chapter by showing an example with Sweedler’s Hopf algebra H,, which
can be viewed as a Radford biproduct of the braided Hopf algebra k[X]/(X?) and
the group Hopf algebra kC5, where Cs is the cyclic group of order 2.
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In Chapter 4 we continue the work done by Zhang in [91]. We start from a slightly
different setting though, letting (H, R) be a finite dimensional quasitriangular Hopf
algebra over a field k. Zhang’s exact sequence is of the following form:

1 — Br(k) — BM(k,H, R) = Gal'(zH)

where BM (k, H, R) is the Brauer group of H-module algebras and Gal9°(rH) is the
group of quantum commutative pH-bi-Galois objects.

As a first possible step towards showing that the sequence is right exact, we will
provide a new characterization of the group morphism BM (k, H, R) — Gal?(rH) in
terms of the group of braided monoidal autoequivalences of £ YD trivializable on £ M.
This idea was inspired by the work of Davydov and Nikshych in [26], where the authors
study the Brauer-Picard group of a finite tensor category C. The Brauer-Picard group
of C is the group of equivalence classes of invertible C-bimodule categories (see [38]).
Moreover they show the existence of a group isomorhism BrPic(C) — Aut’ (Z(C)),
where Z(C) is the Drinfeld center of C, and Aut’"(Z(C)) is the group of braided
autoequivalences of Z(C). (note: the isomorphism holds when C is a fusion category,
in general, we are not sure whether it’s true) If C is also braided, one can consider the
subgroup Pic(C) of BrPic(C) consisting of isomorphism classes of one-sided invertible
C-module categories. There is an isomorphism Pic(C) — Aut*"(Z(C),C), where the
latter is the group of isomorphism classes of braided autoequivalences of Z(C) trivi-
alizable on C.

In this chapter, we consider the special case where (H,R) is a finite dimensional
quasitriangular Hopf algebra and C = g M. Suppose A is an Azumaya algebra in C.
The category C4 has a natural structure of a left C-module category. As observed in
[26], the Picard group of C is isomorphic to the group of Morita equivalence classes
of exact Azumaya algebras. For C = g M, we can show that any Azumaya algebra is
exact. We obtain the following;:

Proposition 8 (Proposition 4.1.4). The Picard group of C is isomorphic to the Brauer
group of gM.:
Pic(gM) = BM(k,H, R).

In Section 4.2 we show that the two groups Gal?*(rH) and Aut!; (YD, fM) are
isomorphic. The inclusion of Gal?®(gH) in Aut®, (YD, f; M) has been proven before

by Zhu in [92]. To show that they are in fact isomorphic, we will rely on Theorem 3.
We obtain:

Proposition 9 (Proposition 4.2.3). Let (H, R) be a finite dimensional quasitriangular
Hopf algebra. The group of quantum commutative pH-bi-Galois objects is isomorphic
to the group of isomorphism classes of braided autoequivalences of YD trivializable
on B M and satisfying v o ox = ar.x 0.

In Section 4.3, we will provide a new characterization for the morphism
7: BM(k,H,R) — Gal°(grH), resulting in a group morphism BM(k,H,R) —
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Aut? (YD, EM). In view of Proposition 8, we obtain a group morphism
Pic(gM) — Aut? (YD, FM). We obtain a commutative diagram as in the follow-
ing theorem.

Theorem 10 (Theorem 4.3.8). Assume (H, R) is a finite dimensional quasitriangular
Hopf algebra. The following diagram commutes:

1 — Br(k) —» BM(k, H,R) Gal'*(rH)

Nl Nl ~

1 — Pic(yM) — Pic(gM) —— Aut’, (FYD, EM)

The idea behind relating the morphism % to a morphism Pic(gM) —
Auti’f‘)(g)}D,ZM) is inspired by [26], but our approach is independent of the one
in [26], and they may not be the same. If, however, the two constructions would
coincide, we would obtain that the morphism BM (k, H, R) — Gal9°(rH) is sur-
jective (under suitable conditions). At the moment, this is still an open problem.
Note that the morphism BM (k, H, R) — Gal%(rH) has a kernel while Davydov and
Nikshych obtain an isomorphism Pic(C) — Aut’"(Z(C),C) in [26]. However, they
work over an algebraically closed field (of characteristic 0), in which case the classical
Brauer group Br(k) is trivial and hence the morphism BM (k, H, R) — Gali°(rH) is
already injective.

Finally, in Section 4.4, we will present an alternative approach to obtain a
(quantum commutative) braided rH-bi-Galois object from a (braided) monoidal
autoequivalence « : #YD — HYD trivializable on £ M, using results from Chapter 3.

Another way to generalize Beattie’s exact sequence, is to attack the require-
ment of H needing to be finitely generated. A first generalization in this direction
has been made by Caenepeel, Van Oystaeyen and Zhang in [16]. The authors
obtained a split exact sequence

1 — Br'(k) — BM'(k,G) - Gal(k,G) — 1

for any group G. Here k is a commutative ring, Br'(k) is the Taylor-Brauer group,
or bigger Brauer group, defined by Taylor in [76]. To ensure the surjectivity of 7, the
authors needed to replace the Brauer group BM (k,G) by the bigger Brauer group
BM'(k,G). This Brauer group consists of equivalence classes of Azumaya algebras
with or without a unit (called Taylor-Azumaya algebras) and on which G acts as a
group of automorphisms. In Section 5.1, we will generalize this definition and replace
the group G by a (possibly infinite) cocommutative Hopf algebra. First we recall the
definition of the bigger Brauer group. Then we can consider equivalence classes of
Taylor-Azumaya algebras which are simultaneously an H-module algebra. We will
call this group the equivariant Brauer group of the cocommutative Hopf algebra H.
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In Section 5.2 we recollect the definition of multiplier (Hopf) algebras. Multiplier Hopf
algebras are originally introduced over a field, by Van Daele in [80]. A multiplier Hopf
algebra is a non-degenerate k-projective algebra, not necessarily unitary, equipped
with a so-called comultiplication morphism A : A — M(A ® A), where M(A ® A)
is the multiplier algebra of A ® A, such that certain endomorphism on A ® A are
bijective. A multiplier Hopf algebra with identity is a Hopf algebra and vice versa.
In the next section we will construct an H-Galois object w(A) from a k-flat H-module
Taylor-Azumaya algebra A. w(A) is defined as the centralizer of A in the unitary
algebra M (A# H). This construction induces a well-defined group morphism 7 from
the equivariant Brauer group to the group of right H-Galois objects. Note that the
latter is a group since H is cocommutative, as discussed before. We are able to
compute the kernel, hereby obtaining the main result of Section 5.4.

Theorem 11 (Theorem 5.4.3). Let k be a commutative ring and H a cocommutative
k-projective Hopf algebra. We have an exact sequence

1 — BR(k) — BRM (k, H) - Gal(k, H).

The next goal is to show the right exactness, or the surjectivity of 7. Let B be an
H-Galois object. Beattie’s approach would suggest B#H™* as a preimage. However,
as H is not necessarily finitely generated, the dual H* does not necessarily have to be
a Hopf algebra. The theory of multiplier Hopf algebras will offer a solution. A nice
property of multiplier Hopf algebras is that the duality can be lifted to the infinite case
when H has an integral. In particular, we can consider the dual H of the Hopf algebra
H which will be a multiplier Hopf algebra. However, as we work over a commutative
ring k, we will have to assume that H has a faithful, surjective integral. Note that
this assumption was automatically satisfied by the group Hopf algebra kG. Under
this assumption we can prove that B#ﬂ is an H-module Taylor-Azumaya algebra
and that ﬂ(B#H) > B, establishing the surjectivity of 7. Thus, we arrive at the
main result of Section 5.5.

Theorem 12 (Theorem 5.5.2). Let k be a commutative ring and H a cocommutative
k-projective Hopf algebra with a faithful and surjective integral. We have a split exact
sequence

1 — BR(k) — BRM(k,H) - Gal(k, H) —> 1.

We present some examples in Section 5.6. We consider the following cases; k is a
field, H is the group Hopf algebra kG, or H is the tensor product of a group Hopf
algebra and a finitely generated cocommutative Hopf algebra. For the latter we can
consider so-called Hopf orders.

Finally as mentioned before, we conclude the thesis with an appendix contain-
ing the proofs of the structure theorems for quasi-Hopf and weak Hopf bicomodule
algebras.



Notation and conventions

Throughout the dissertation, k& will denote a commutative ring unless otherwise
stated. We will reserve the letter H to denote a Hopf algebra over k, except for
the appendix, where H will denote a quasi-Hopf algebra or a weak Hopf algebra.
Braided Hopf algebras will usually be denoted by B (and L or F if more braided
Hopf algebra are considered at the same time).

If H is a k-Hopf algebra, we will use the (sumless) Sweedler notation to denote the
comultiplication:
A(h) =h1 ® ho

for h € H. For comodules over k-Hopf algebras we will use a (sumless) subscript
Sweedler notation. For example if M € ¥ M, we denote:

)\(m) =m—1) @ M) € HoM

for m € M. We will use different brackets if multiple coactions over different Hopf
algebras are considered. In particular, if M € M we denote

p(m) = myeoy @My} € M@ H”

while for a (left) comodule over the Radford biproduct B x H we will use the following
notation:
xi(m) =mc_1> ®@mco> € BxH®M

for m € M.

If B is a braided Hopf algebra and if it’s possible to write A(b) explicitly for
elements b € B (e.g. when B is a braided Hopf algebra in the category of left-left
Yetter-Drinfeld modules gyD), we will use the same Sweedler notation as for k-Hopf
algebras:

A(b) = b1 @by

Xvii



xviii Notations

for b € B. However, if N then is a B-comodule, we will use a superscript Sweedler
notation to emphasize the fact that the coaction is over a braided Hopf algebra:

x (n)=nenleBa N

forn € N.



Chapter

Preliminaries

In this first preliminary chapter, we will recall some definitions and results which
are needed in this dissertation. We present these concepts in their most general form
necessary for this thesis, that is, in the language of braided monoidal categories. Later
on, we can always obtain a more precise interpretation of these concepts by specifying
the base category.

First we will recall the definition of (braided) monoidal categories. We continue by
recollecting the concept of a braided Hopf algebra. Subsequently, we give a description
of the Brauer group of a braided monoidal category. Lastly, we look at the definition
and some properties of braided Galois objects.

1.1 Braided monoidal categories

For an incisive overview of (braided) category theory, we refer to [50].

Definition 1.1.1. A monoidal category is a sextuple C = (C,®, I, a,l,r) where
e (C is a category,

e ®:C xC — C is a bifunctor, called the tensor product of C,

I is an object in C, called the unit object of C,

e a:®0(®xid) = ®o(id X ®) is a natural isomorphism, called the associativity
constraint,

l:®0(I®id) —idand r : ® o (id ® I) — id are natural isomorphisms, called
the left and right unit constraint of C,

1
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such that the following diagrams commute, for all U, V., W, X € C:

avyv,w @ X
—_—

(UeV)oW)e X UeVeW)eX

au,vew,X

Y

aUQV,W,X U (VeWw)eX)

U®av,w,x

Y Y

UeV)eWeX) LYWX, o e (W e X))

ay,1,v

Ueh)eV Ue(I®V)

TUu X V U (9 lv
UV
These compatibility diagrams are called the Pentagon axiom and the Triangle aziom,
respectively. If the associativity and left and right unit constraints are given by

identities, we say that C is a strict monoidal category. We then use the notation
C=(C,®,I).

Examples 1.1.2. 1. The category (Set, x,{x}) is a strict monoidal category,
where {x} is a fixed singleton.

2. Let k be a commutative ring, the category (xM,®,k) is a strict monoidal
category.

Recall from [44] the definition of a braided monoidal category.

Definition 1.1.3. Let C be a monoidal category and consider the flip functor T :
CxC —=CxC, 7(U,V) = (V,U) for objects U,V € C. C is said to be a braided
monoidal category if there exists a natural isomorphism ¢ : ® — ® o 7 satisfying the
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two Hezxagon azioms:

U (VeWw) buvew VeWw)oU
CLV ay w,Uu
UeV)eW Ve WeUl)
¢U,v$ V @ duw
VeU) oW Ve UeW)

and

U (VeW) WelU)eV
U®% duw @V
U(WeV) — UW)eV
ayw,v

for all U,V,W € C. The morphism ¢ is called the braiding. C is called symmetric

if there exists a braiding ¢ satisfying the symmetry condition ¢y = (i)(/lU for all
U,V ecC.

Definition 1.1.4. Let C and D be monoidal categories. A (lax) monoidal functor
from C to D consists of a triple (F, g, @) where

e F:C — D is a functor,
e ¢ : Ip = F(Ic) is a D-morphism,

e v:®o0(F,F)— Fo® is a natural transformation,
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such that the following diagrams commute for all U, VW € C:

AFU),F(V),F(W) F

(F(U)e F(V)) @ F(W) U) @ (FV)e FW))

puy @ F(W) FU)® pv,w
FU V) ® FW) FU) & F(V & W)
Pusv,W YU vew
F(U® {/’) W) Flavyw) FU® ({/ 2 W))
I & F(U) —29 . p) FU) o Ip —29 o pu)
eo @ F(U) F(y')  FU)@eo F(rg')
F(le)® F(U) 225 F(le o U) FU)® F(le) 225 FU I)

In addition, if ¢ and ¢ are isomorphisms, we say that (F, g, ¢) is a strong monoidal
functor. If pg and ¢y, are identities for all U, V' € C, then we call F' a strict monoidal
functor. Assume C and D are braided (say with braiding ¢ and 1 respectively). We
call F' a braided monoidal functor if moreover the following diagram commutes

FO) o FV) 22N ruev)

YreF(v) F(éu,v)

FV) o FU) 25 riv o)
for all U,V € C.
Suppose (F, o, ) and (F’, ¢y, ¢’) are monoidal functors. A monoidal natural trans-
formation between F and F’ is natural transformation 6 : ' — F’ such that the
following diagrams commute

Yu,v
—_—

F(U)® F(V) FU®V)

Orw) ®Orv) Orwev)

/
FU) e F'(V) 2% P ev)
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®o

Ip - F(lc)

F'(Ic)

for all U,V € C.

Finally, a (braided) monoidal equivalence between two (braided) monoidal categories
C and D is given by a (braided) monoidal functor F': C — D for which there exists a
(braided) monoidal functor G : D — C and natural monoidal isomorphisms 6 : ide —

GF and ¢ : idp — FG.

Examples 1.1.5. 1. Let k be a commutative ring, the category (xM,®,k, 7) is
a (strict) braided monoidal category. The braiding is given by the tensor flip
7. Le, if U,V € ; M, then 1y is defined as the isomorphism 7y : U ® V —
VRoU:u®u—v®u.

2. Let H be a Hopf algebra over a commutative ring k with a bijective an-
tipode. A k-module M is said to be a left-left Yetter-Drinfeld module if M
is simultaneously a left H-module and a left H-comodule satisfying one of the
following equivalent compatibility relations:

(h1 'm)(_l)hQ X (hl m)(o) = hlm(_l) ® ha )
or
)\(h . m) = hla(,l)S(hg,) ® ho - m(0) (YD)

for m € M and h € H, where we have used the following notation for the left
H comodule structure A : M — H ® M, A(m) = m(_1) ® m.

Consider the category of left-left Yetter-Drinfeld modules, denoted by ZYyD.
Morphisms are given by H-linear H-colinear maps. The category YD is (strict)
monoidal. Indeed if M, N € g)}D, then M ® N is a left-left Yetter-Drinfeld
module via the diagonal action and the diagonal coaction:

h-(m®n)=h;-m®hy-n
Mm@ n) = m1yn-1) @ m) ® 1)

The category £YD is braided via:

P(m ®@n) =m(_1)-n & m)
¢~ (n@m)=me @S (m_y)-n

forme M, ne N.



CHAPTER 1. PRELIMINARIES

3. Let H be a quasitriangular Hopf algebra over a commutative ring k, that is,
there exists an element R = > R'®@ R?2 € H® H, called the R-matriz, satisfying
the following conditions

D e(RHR* =Y R'e(R?) = (QT1)
S ARY ®R2=ZR1®7~ ®R2r2 (QT2)
Y R'®@AR) =D R'r'®r? e R (QT3)
> R'hy ® R?hy = hyR' @ hy R? (QT4)

QT1
QT2

for all h € H, where r = R. From now on, we will usually omit the sum sign
and write R = R ® R2.

Consider the category of H-modules g M. It is monoidal via the diagonal action
(as in 2.). Furthermore, g M is braided via:

Yp(man)=R* n@R' -m
v i nem)=S(R") - ma@R* n

forme M, neN.
If M is an H-module, the R-matrix induces a left H-comodule structure on M
via:

Am)=R*®@R" - m (1.1.1)

for m € M and h € H. The original H-action together with this H-coaction
turns M into a left-left Yetter-Drinfeld module. Denote by M the category of
left H-modules with the left H-coaction coming from the R-matrix as in (1.1.1).
Then £ M is a full braided monoidal subcategory of #YD.

Dually, H is called coquasitriangular if there exists a convolution invertible
linear map R : H ® H — k subject to the following conditions:
Rz®1l)=R(1®z)=c(z), ( )
R(z ®yz) = R(z1 ® 2)R(x2 @ y), ( )
R(yz @ x) = R(y @ x1)R(2 @ 2), (CQT3)
R(z1 @ y1)z2y2 = R(22 ® y2)y171 ( )

for z,y,z € H. If (H, R) is coquasitriangular, the category of right H-comodules
is braided with braiding given by

V' (m @ n) = ng) @ meyR(m) @ ng))
¥ (n®@m) =m() @noR ™ (ma) @na))
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If H is faithfully projective over k, then (H, R) is quasitriangular if and only
if (H*,R) is coquasitriangular, where R(p ® q) = p(R')q(R?) for p,q € H*.
Moreover we can naturally identify 7 M = M¥H" as braided monoidal categories.
In like manner we have £ M = MH" as braided monoidal subcategories of 2D,
where Mg* is the category of right H*-comodules with right H*-action induced
by R as follows

m < p=myR(mgy @p)

form e M, M € M"" and p € H*, where m — myoy @ myyy denotes the right
H*-coaction.

4. Let (C,®, I, $) be any braided monoidal category. ¢! again defines a braiding
on C. We denote by C™" the braided monoidal category built on (C,®,I)
equipped with the reversed braiding ¢~ ".

The categories presented in Examples 1.1.5 (1-3) are all strict. As a matter of fact,
Mac Lane proved in [50] a coherence theorem which states that any monoidal category
is equivalent to a strict monoidal category. Joyal and Street showed that the same is
true for braided monoidal categories [45]. Therefore, we may and will assume that any
(braided) monoidal category we work with throughout this dissertation is strict. A
nice advantage of this coherence theorem is that it allows the use of graphical calculus.
In the next section we will further explain this concept and introduce notation for
(co)algebras and (co)modules in braided monoidal categories.

1.2 Braided Hopf algebras

In this section we recollect the definitions of algebras, coalgebras, Hopf algebras and
(co)modules in a braided monoidal category (see [54] for example).

Let (C,®,1,¢) be a (strict) braided monoidal category. We will denote the
braiding and its inverse by:

M N N M

-1
¢M,N = X and ¢>M,N = %
N M M N

An algebra A in C is an object A together with morphismsn: 1 — Aand V: A® A —
A, which we denote by:
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called the unit and multiplication, respectively, such that

and

A AA  AA A
ﬂ = bJ (associativity law)
A A

By duality, i.e. by reading the above diagrams upside down, we obtain the definition
of a coalgebra in C. That is, coalgebra is an object C' € C together with morphisms
c c
A= and e=14
c c

called the counit and comultiplication, respectively, such that the following equations
are satisfied:

and

c c
m = m (coassociativity law)
c c¢cc cco cC

Let A, B be algebras in C. An algebra morphism f : A — B is a C-morphism satisfying
the following conditions:

A A A A
_[ _
w - ]
B B B

Again, the notion of a coalgebra morphism is defined dually.

sy}
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A bialgebra (B,V,n, A, €) in C is simultaneously an algebra (B, V,n) and a coalgebra
(B, A,¢) such that A and ¢ are algebra morphisms. Graphically, B satisfies:

1%3 = [K] (1.2.1)

A:H and LI):H (12

A braided Hopf algebra B is a braided bialgebra together with a morphism S : B — B
in C, called the antipode, denoted by

B
Y
B
and satisfying
B B
B
¢
= | ®= ) (1.2.3)
B
B B

If S is bijective, we denote its inverse by

G (:)

B

A bialgebra morphism is simultaneously an algebra and a coalgebra morphism. As in
the case of k-modules (where k is a commutative ring), a Hopf algebra morphism is
defined as a bialgebra morphism (since any bialgebra morphism is compatible with
the antipode).

Let us finish this section with the definition of braided (co)modules in the category C.
If A is an algebra, a left A-module M is an object M € C together with a morphism
pw=: A® M — M, which we will denote as follows:

A M
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such that the following compatibility conditions are fulfilled:

A A M A A M

M M
= and =
M M

M M

If M,N are two A-modules in C, we call a morphism f : M — N left A-module
morphism if it satisfies:

=
g
=
=8

|
1
N N

The concepts of right A-modules and right A-module morphisms are defined
symmetrically. In particular, for a right A-module M we denote:

M A

For two algebras A and B an object M € C is an A-B-bimodule if M is a left A- and
a right B-module such that:

A M B A M B
M M

The category of left (resp. right) A-modules and left (resp. right) A-module mor-
phisms is denoted by 4C (resp. Ca). The category of A-B-bimodules together with
left A-module and right B-module morphisms is denoted by 4Cp.

Using the duality principle once more, we obtain the definitions of (bi)comodules over
a a coalgebra C' in C, as well as the definition of C'-comodule morphisms. For a left
or respectively right C-comodule NV in C we denote its C-comodule structure by:

N N
X = ,41 resp. X+ = g‘
Cc N N C

while we use “C (resp. C%) to denote the category of left (resp. right) C-comodules
in C. If C, D are coalgebras, “CP denotes the category of C-D-bicomodules.
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1.3 The Brauer group of a braided monoidal cate-
gory

In this section we will describe the Brauer group of a braided monoidal category C,
which was introduced by Van Oystaeyen and Zhang in [85]. We will do this for a
closed braided monoidal category and with the use of braided diagrams, as in [24].

Definition 1.3.1. A left dual of an object X in a monoidal category C is an object
X* together with morphisms dx : I - X ® X* and ex : X* ® X — I such that

(X®€X)O(dx®X) =idx
(BX ®X*) O(X* de) :ZdX*

A monoidal category is called (left) rigid if any object has a left dual object.

Definition 1.3.2. A braided monoidal category C is called closed if the functor
— ® X : C — C has a right adjoint for every object X € C. The right adjoint, called
the inner Hom functor, will be denoted by [X,—] : C — C. The unit resp. counit of
the adjunction is then denoted by ax : Ide — [X, —®X] resp. evx : [X,—]®X — idc
for X,Y €C.

Note that any rigid category is closed since — ® X* is a right adjoint of the functor
—® X for X € C.

Definition 1.3.3. An object X in a braided monoidal category C is called finite
if [X,I] and [X, X] exist and if the canonical morphism db : X ® [X,I] — [X, X],
induced by

Xo[X. [ oX
P®evx
db® X
X, X]oX — XX | xexor

is an isomorphism.
An object X is called faithfully projective if X is finite and the canonical morphism
[X,I] ®x,x] X — I induced by evx r is an isomorphism.

One can show that if X € C is finite, then its left dual is given by [X I].

For the rest of this section, (C,®,I,¢) is assumed to be a closed braided monoidal
category. As C is braided, we get that the functor X ® — has the same right adjoint
[X, —]. Let’s denote the unit resp. counit of the adjunction (X®—, [X, —]) by a@x resp.
evy. By construction, we have ax y = [X, qﬁ}}y] oayy and €Uxy = evx,y 0dx [X,v]
for X,Y €C.
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Let A be an algebra in C. The opposite algebra A equals A as an object in C but has
multiplication given by
A A

/
o 3

A
Consider the following morphism F' defined as the composition:

4, /]

[0 T —
AL A (Aed) @A L (4, 4]

F:A® A

where f =V,40(Va®A)o(A® ¢). Similarly, let g =Vai0(AQV4)o(p® A) and
define the morphism

A AR (AR A) [A—’g]» [A, A]

. Aug
G:ApA 2290

Equivalently F' and G are defined as follows

Ao A A A
® A y
_
o]
A
A
and
_ A A A
A AQA y

Definition 1.3.4. An algebra A in C is called an Azumaya algebra if A is faithfully
projective and the morphisms F' and G are isomorphisms. F and G are called the
Azumaya defining morphisms.

Remark 1.3.5. If C is symmetric, then F' and G coincide.

The following statements are shown in [85, Theorem 3.3].

Proposition 1.3.6. Let C be a closed braided monoidal category. Then
o If X € C is faithfully projective, then [X, X] is an Azumaya algebra in C,
o If A is an Azumaya algebra in C, so is A,

o If A and B are Azumaya algebras in C, so is AR B.
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Two Azumaya algebras A and B in C are said to be Brauer equivalent, denoted by
A ~ B, if there exists faithfully projective objects X and Y in C such that

AR [X, X]=BalY,Y]

as algebras. This defines an equivalence relation in the set B(C) of isomorphism
classes of Azumaya algebras in C.

Definition 1.3.7. Let C be a closed braided monoidal category. The Brauer group of
C is defined as the quotient set Br(C) = B(C)/ ~. It is a group with product induced
by the tensor product ®, unit given by the class of [I], or of [X, X] for any faithfully

projective object X in C, and the inverse of [A] is given by [A].

Remark 1.3.8. Let A and B be two algebras in C. The category of A-B-bimodules in
C is isomorphic to the category of left A ® B-modules. Indeed, an A-B-bimodule M
is a left A ® B-module via

A B M

ARB M Y
M
M

On the other hand, a a left A ® B-module N becomes an A-B-bimodule as follows

N B
A N N
A N N B
\ﬁ: and ;7‘:
N — N —
N
N

Similarly we obtain that 4Cp is isomorphic to Cz4 -

An algebra A is naturally an A-bimodule (via multiplication), hence A € ,,=C. If
X € C, then naturally A ® X € ,,4C as well. Thus we can consider the functor
A®—1:C— 4u7C. Similarly, we obtain a functor — ® A : C — Cz, 4. Following
[85, Theorem 3.1], we obtain the following equivalent characterization of Azumaya
algebras.

Theorem 1.3.9. An algebra A in C is an Azumaya algebra if and only if the functors
A®—:C— 447C and — @ A: C — Czq 4 are equivalences of calegories.

Let us reconsider the examples from 1.1.5.

Examples 1.3.10. 1. Let k be a commutative ring and let C = (M, ®,k, 7).
Then Br(C) = Br(k), the Brauer group of a commutative ring k (cf. [32]).
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2. Let H be a Hopf algebra over a commutative ring k with a bijective antipode.
Let C be the closed braided monoidal category YD of left-left Yetter-Drinfeld
modules. Then Br(C) = BQ(k,H), the Brauer group of Yetter-Drinfeld
H-module algebras [14, 15].

3. Let (H, R) be a quasitriangular Hopf algebra over a commutative ring k. The
Brauer group of yM is denoted by BM (k, H, R). Since we can consider gM
as the subcategory ® M of £YD, BM(k, H, R) is a subgroup of BQ(k, H).

If H is cocommutative (then H is trivially quasitriangular with R =1y ® 1g)
and we recover the Brauer group BM (k, H) of H-module algebras as introduced
by Long [48].

Let (H,R) be a coquasitriangular Hopf algebra. The Brauer group of M”*" is
denoted by BC(k, H,R) and is a subgroup of BQ(k, H).

Finally, suppose (H, R) is quasitriangular and faithfully projective over k. Then
BM(k,H, R) = BC(k,H*,R), where R is defined as in 1.1.5(3).

1.4 Braided Galois objects

Following [73] we recall the definition of Galois objects in a braided monoidal category
with equalizers.

Definition 1.4.1. An object X in C is called flat if tensoring with X preserves
equalizers. We say X is faithfully flat if tensoring with X reflects isomorphisms.

Let B be a Hopf algebra in C and consider the category ZC of left B-comodules in C.
It is monoidal via the diagonal coaction:

M N
M®N
A - W )
B M®N
B M N

Thus we can consider algebras in 2C, which we will call left B-comodule algebras. In
other words, a left B-comodule algebra is a left B-comodule and algebra satisfying:

W a A A
g—/ = N and ,AI = I I (1.4.2)
5 B A B A

B A

Similarly, we have that the category of right comodules C? is monoidal and we obtain
the notion of a right B-comodule algebra. Specifically, a right B-comodule algebra A
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is an algebra in C? and satisfies:

W A A
Lg = < and F‘ = I I (1.4.3)
B A B A B
A B

A B-bicomodule algebra is a left and right B-comodule algebra satisfying the

additional bicomodule relation:
A A

B A B B A B

The cotensor product MOgN of a right B-comodule M and a left B-comodule N in
C is defined as the equalizer of x3; ® N and M ® xy

MOgN — M ®N ZM®B®N

Let A be a B-comodule algebra in C (with comodule structure denoted by x*). The
coinvariant subobject AP of A is given by the equalizer of Y+ and A ® np

A°B s A= A9 B
Definition 1.4.2. Let A be a right B-comodule algebra in C. A is said to be a right
B-Galois object in C if na : I — A is the equalizer of x* and A®np (i.e., AE =1),

and the canonical morphism cany = (VA ® B)(A®@ xT): A® A - A® B is an
isomorphism. Similarly we can define left B-Galois objects.

Let A be a right B-Galois object, let’s denote:
cany) !
y=(B"2 40 B 4w A) (1.4.4)

The morphism v, being a partial inverse to can,, satisfies several identities, which
we will list in the lemma below. Proofs can be found in [73, Remark 3.2 and Lemma
3.4].
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Lemma 1.4.3. Let A be a right B-Galois object in C. Then:

(1.4.5)

(1.4.6)

(1.4.7)

(1.4.8)

(1.4.9)

(1.4.10)

A A A A

Note that (1.4.5) and (1.4.6) are equivalent with saying that the inverse of can™ is
given by
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While (1.4.7) resp. (1.4.8) state that v : B — A® A is a right resp. left B-comodule
morphism. Here A has left B-comodule structure given by

A

)

B A

Finally, (1.4.9) and (1.4.10) imply that v : B — A ® A is an algebra morphism.






Chapter

Braided bi-Galois objects, braided
lazy cohomology and monoidal
equivalences

In this chapter, we will have a deeper look into the theory of braided bi-Galois objects.
We will start with a study of braided bicomodule algebras and prove a structure
theorem. We will give use to this structure theorem in Chapter 3. In the second
section, we recall the concept of braided bi-Galois objects and investigate some of
their properties. We generalize some well known facts of the case of k-Hopf algebras
to the case of Hopf algebras in a braided monoidal category. Subsequently, we can
use these results to show that the group of bi-Galois objects of a cocommutative Hopf
algebra B is isomorphic to the semi-direct product group of the group of braided
Hopf automorphisms of B and some group of right B-Galois objects (introduced by
Cuadra and Femic [24]). If B is not necessary cocommutative, we are still able to
relate BiGal(C; B) to the group of co-outer automorphisms of B and the group of
lazy 2-cocycles via an exact sequence. This will be the main result of Section 2.4.
Finally, in Section 2.5, we will describe the relation between bi-Galois objects and
monoidal equivalences of comodule categories.

Throughout this chapter, C is always assumed to be a strict braided monoidal
category.

19
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2.1 A structure theorem for braided bicomodule al-
gebras

In this section, B will denote a braided Hopf algebra with bijective antipode in the
category C . The subcategory gC of left B-modules in C, denoted by gC, is monoidal.
Indeed, if M, N € gC, then M ® N € gC via the diagonal action:

B M N
B MQ®N J
M = L(\ (2.1.1)
M@N
M N

An object A in C is said to be a left B-module algebra if A is a B-module and an
algebra in C, in such a way that its multiplication and unit are B-linear, i.e. A is an
algebra in the category pC. Graphically, we have:

B A A B A A
J B B
ﬂ: % and LI = l I (2.1.2)
M A A
A

For a B-module algebra A, one can define the smash product A#B in C. As an object,
A#B = A ® B, while the multiplication is given by:

Vagp = (2.1.3)

A B

The unit is given by na ® np. It is well-known (e.g. [55]) that A#B becomes an
algebra in C in this way.

Let us recall the definition of braided Yetter-Drinfeld modules, also called crossed
modules, as introduced by Bespalov in [6].

Definition 2.1.1. A braided left-left Yetter-Drinfeld module (M, =, A) over B in the
category C is simultaneously a left B-module (M, ™) and a left B-comodule (M, \)



2.1. A STRUCTURE THEOREM FOR BRAIDED BICOMODULE ALGEBRAS 21

in C satisfying the following compatibility relation:

B

M
B M J

= (2.1.4)

B M

Denote by BYD(C) the category of left-left Yetter-Drinfeld modules in C (the mor-
phisms are left B-module and left B-comodule morphisms in C).

Let M,N € BYD(C); using the diagonal action (2.1.1) and the diagonal coaction
(1.4.1), M ® N becomes a left-left Yetter-Drinfeld module as well. Hence the category

BYD(C) is monoidal. It is also (pre) braided, the braiding and its inverse are given
by:

N M
M N
J d -1 é
CM,N = an CM,N_ 1
N M q
M N

An algebra A in BYD(C) is called a (braided) Yetter-Drinfeld module algebra. Equiva-
lently, A € 5YD(C) is a Yetter-Drinfeld module algebra if it is a left H-module algebra
and a left H-comodule algebra.

Proposition 2.1.2. Let (C,®,I,¢) be a braided monoidal category and B € C a
braided Hopf algebra. Assume that A is a left-left B-Yetter-Drinfeld module algebra.
Then the smash product algebra A#B is a B-bicomodule algebra in the category C,
the structures being given by:

A#B
A#B
AagB = and papp = ‘ ﬁ
A#B B
B A#B

Moreover, the morphism na® B : B — A#B is a morphism of B-bicomodule algebras.

Proof. Obviously, by the coassociativity of A, A#B is a right B-comodule. A#B is
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easily seen to be a left B-comodule as well, since

(A@A#B) O)\A#B =

(1 2.1) comod. coasso.
nat n;t

B B A B

= (B®>\A#B) O)\A#B

Again by coassociativity, A#B becomes a B-bicomodule. As it is straightforward to
verify that A# B becomes a right B-comodule algebra, the only thing that remains
to be proved is the fact that A#B is a left B-comodule algebra. We verify:

A B A B

A B AB J
(1.2.1)
)\ o V = =
A#B A#B (1.4.2)
A B B
B A B
A B A B
coasso. (2.1_44)
nat. a
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B

(co)asso.

nat.

=Vagpo(Aapp ® Aaxs)

It is straightforward to verify that the morphism n4 ® B : B — A#B is a morphism
of B-bicomodule algebras. O

The aim of the remaining part of this section is to prove a converse of Proposition
2.1.2. For this we will need the concept of split idempotents.

Definition 2.1.3. An idempotent e : X — X in the category C is said to be split if
there exists an object X, € C and morphisms i, : X, — X and p. : X — X, such
that p. o4, = idx, and i. o p. = e. We say that C admits split idempotents if any
idempotent in C is split.

Note that any category C can be embedded in a category C, also denoted Split(C),
which admits split idempotents. C is called the Karoubi enveloping category of C. If
C is (braided) monoidal, so is C (cf. [49]).

For the remainder of this section, we will assume that the braided monoidal category C
admits split idempotents. Moreover, splittings are chosen as described in [7, Appendix
Al.

Recall the notion of a Hopf module in C.

Definition 2.1.4. Let A be a right B-comodule algebra. A Hopf module D € C§ is
a right A-module (D, u™) and a right B-comodule (D, p) in C such that the module
structure p* on D is a B-comodule morphism, where D ® A is equipped with the

codiagonal structure, i.e.,
D A
D A
D B
D B

In other words, the right A-action on D is B-colinear.
In the particular case when (A, xT) = (B, A) we call D a right B-Hopf module.
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We state the following proposition for later use.

Proposition 2.1.5 ([73, Proposition 3.8]). Let A be a flat right B-Galois object in
C. Then for every Hopf module D in C§ the morphism

po: DP9 A— D
is an isomorphism.
Let us recall the definition of two-fold Hopf (bi-)modules from [7].
Definition 2.1.6. A two-fold Hopf module D is an object in C which is at the same
time a left-right and a right-right B-Hopf module, or equivalently, D is a B-bimodule
in CP. The category of two-fold Hopf modules together with B-bilinear and B-colinear
morphisms is denoted by Bcg.
Finally, D is said to be a B-Hopf bimodule if D is a B-bimodule in the monoidal

category BCP. Let BCE denote the category of B-Hopf bimodules together with
B-bilinear H-bicolinear morphisms.

If D is a right B-Hopf module, one can consider the morphism £ : D — D defined
by E=pto(D®S)op, that is:

E=|® (2.1.5)

D

Then, by [7, Proposition 3.2.1], E is an idempotent. By assumption, there exist an
object Dg € C and morphisms i : Dy — D and p : D — Dg such that:
ot =1d
b Do (2.1.6)
top=FE

In addition, it is shown in [7] that (Dg,%) is the equalizer of p and D ® np. In other
words, Dy is equal to the coinvariants subobject DB, Using graphical calculus we

obtain:
Dy Dy
_ (2.1.7)
= !
D B D B

(Do, p) is at the same time also equal to the coequalizer of u* and D ® ep, that is
Dy is the object of B-invariants. In particular, we have:

D B D B
Pl o1
D() D()
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If D is a two-fold Hopf module, one can consider the adjoint B-action on D:

B D

J

ad =

By [7, Proposition 3.6.2] we have:
Eocad=FEou  =ado(B®E)

B (2.1.9)
poad=popu
This allows us to define a left B-module structure on Dy, say ady, as follows:
B Do B Do
(2.1.10)
By construction, we have:
ioady =ado (B®1) (2.1.11)

The following is a (partial) generalization of [2, Proposition 1.2], where a stronger
condition (existence of (co)equalizers in C) is assumed.

Proposition 2.1.7. Let (C,®,1,¢) be a braided monoidal category and B € C a
braided Hopf algebra. Let D be a right B-comodule algebra in C such that there exists
a B-colinear algebra morphism v : B — D. We can consider Dy as above, which now
1s a B-module algebra. Furthermore D = Dy# B as right B-comodule algebras.

Proof. D becomes a two-fold B-Hopf module via
B D 5P D B b
~ : and = = (2.1.12)
D b D b

For example:

D B D B
D B D B 0 D B
v [~
(2.1.12) (14.3) B~ B~ (2.1.12)
I—
D B D B D B
D B D B
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where the third equality follows from the right B-colinearity of v. Next, observe that:

J

B

D
D

J

B D D
J . (co)asso.
(e e ]~ S
D

b (2.1.13)

Let (Dg,i,p) be defined as above, with B-action on Dy as in (2.1.10). We verify
that Dy becomes a B-module algebra, hence we can consider the smash product
algebra Do#B. First, there is an algebra structure Vy : Dy ® Dy — Dy defined by
Vo =poVo(i®i). Equivalently, using the fact that (Dy,) is the equalizer of p and
D ® ng, Vq is uniquely defined by the relation:

ioVo=Vol(i®i) (2.1.14)

In order to show that Dy is a B-module algebra, we have to show:

B Do Dg
ado© (B® Vo) = oY ]

Do



2.1. A STRUCTURE THEOREM FOR BRAIDED BICOMODULE ALGEBRAS 27

Now, the right hand side equals

Vo o (ady ® ady) o (B ® ¢p,p, ® Do) o (A ® Dy ® Do)
=poVo(i®i)o (ady @ ady) o (B® ¢p,p, ® Do) o (A®Dy® Dy) by def. Vg
=poVo(ad®ad)o(BRi® B®i)o(B® ¢ p, @ Do) o (A® Dy Do)

by (2.1.11)
=poVo(ad®ad)o (BR¢pp ®D)o(BRIB®i®i)o(A® Dy® D)
=poVo(ad®ad)o(B®¢pp®@D)o(A®D®D)o(BRi®1)

—poado (BRV)o(B®i®i) by (2.1.13)
=poado (B®i)o(B® V) by (2.1.14)
=poioadyo (B® V) by (2.1.11)
=adyo (B® V) by (2.1.6)

The verification that np, is left B-linear is left to the reader. Finally one can verify
that w: Dg#B — D,

Do B
D

is a right B-colinear algebra isomorphism, where

B
= (2.1.15)
B D B
Dy B

(2.1.8) (2.1.6)

= ="14d
(2.1.12) [?] Do#B

Dy B
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Likewise:
D
D
I—
1.2.3
wow ' = @ ( = ) =1idp
D
D D

Observe that we have:
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Do B Do B

The following is a mirror-symmetry version of [7, Theorem 4.3.2].

Theorem 2.1.8. Let (C,®,1,¢) be a braided monoidal category which admits split
idempotents and suppose B € C is a braided Hopf algebra with bijective antipode. The

categories BYD(C) and BCE are braided monoidal equivalent. In particular
(i) Let V € BYD(C), then V @ B € BCE via

B V@B
J V®B B
- _ +
Pvep = and plep = |\
VB
V®B
V®B
VeB
Avep = and pves = | M
V@B B
B V®B

(i) Let M € BCE, then My € BYD(C) with B-action induced by the adjoint action,
similar as in (2.1.10), and B-coaction inherited from M, that is the B-coaction is

defined by the following relation:
Mo Mo
— i
= (2.1.17)
BM BM

We are now able to prove the structure theorem for braided bicomodule algebras.
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Theorem 2.1.9. Let (C,®,1,¢) be a braided monoidal category which admits split
idempotents and let B € C be a braided Hopf algebra with bijective antipode. Assume
B is flat. Suppose D is a B-bicomodule algebra such that there exists a B-bicolinear
algebra morphism v : B — D. Let (Do, t,p) be the splitting as in (2.1.6), then
Do € BYD(C) is a Yetter-Drinfeld module algebra. The morphism w : Do#B — D
of Proposition 2.1.7 becomes an isomorphism of B-bicomodule algebras.

Proof. First, D becomes an object in BCE via (2.1.12). Hence, by Theorem 2.1.8, Dy
is an object in BYD(C). On the other hand, by Proposition 2.1.7, we know that Dy
is a left B-module algebra and that w is a morphism of right B-comodule algebras.
Ergo, it suffices to show that Dy is now also a left B-comodule algebra and that w is
left B-colinear as well. The first statement can be established as follows:

B D B D B D
Since B is flat, the functor B® — preserves equalizers. Hence B®1 is a monomorphism
and by the above computation we may conclude that Dy is a left B-comodule algebra
(the fact that np, is B-colinear is easily verified).
To finish the proof, we verify that w is also left B-colinear. Note that Dy# B has the
structure of a left B-comodule via
Do # B

ADo#B =

B Do#B

as in Proposition 2.1.2. Then
(B®w)oAp,#n

Do # B
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where in () we have used the left B-colinearity of v. This concludes the proof. O

2.2 Braided bi-Galois objects

Assumption 2.2.1. Throughout the rest of this chapter C is assumed to have
equalizers.

Let L and B be flat Hopf algebras in C.

Definition 2.2.2 ([73, 74]). Let A be an algebra in C. A is said to be an L-B-bi-
Galois object if A simultaneously has the structure of a left L-Galois object and a
right B-Galois object making it an L-B-bicomodule algebra.

We will denote the set of isomorphism classes of faithfully flat L-B-bi-Galois objects
in C by BiGal(C; L, B).

In particular, the set of isomorphism classes of faithfully flat B-bi-Galois objects
BiGal(C; B) forms a group under the cotensor product Op.

The following well-known theorem is due to Schauenburg, see [68] for a proof in the
classical case or [73] for a proof for braided Hopf algebras.

Theorem 2.2.3. Let B be a Hopf algebra in C and let A be a faithfully flat right
B-Galois object. Then L = (A® A)*°B is a Hopf algebra and there is an L-comodule
structure x; : A = L ® A on A making it an L-B-bi-Galois object.

However, for the braided case, the comultiplication of L is not explicitly given. Rather,
its existence is proved using the following universal property of L.

Proposition 2.2.4 ([73, Proposition 4.4]). Let B be any bialgebra in C and x : A —
X ® A an algebra morphism, then there is a unique algebra morphism f : L — X
such that x = (f ® A) o x[.

Using the above proposition, Aj, was ’constructed’ as the unique algebra morphism
satisfying:

(Ap®@A)oxy =(L@xp)oxy (22.1)

We will now give an explicit description for Ay. Using this description, we can also
prove a slightly stronger version of Proposition 2.2.4.

Suppose A is a faithfully flat right B-Galois object in C and consider the Hopf module
A ® A, which has A-module and B-comodule structures given by

A A
ARAA ARA A ARA
==Y e - [
ARA A A ARAB

ARA B
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Let L = (A® A)®® as in Theorem 2.2.3. As the equalizer of XZ@A and AR A®np,
L satisfies the following equation:

'H'F s

A®A B

By Proposition 2.1.5, we get an isomorphism
Lo : (A®A)C°B®A—>A®A

From the proof of the structure theorem (in [73]), we can see that the inverse of g is
constructed as follows: first, by flatness of A, we get that t® A: (A® A)°P o A —
(A® A) ® A is the equalizer of Xj@A ®Aand A® A®np ® A. One can show that
the morphism

6:(A®Axﬁ>“A®A®BA®A®7A®A®A®AA®4®AA®A®A)

factors through ¢ ® A, inducing a morphism, say 3_ : A® A — (A® A)*°°Z ® A such
that

(t®A)oB_ =B

Finally, it was shown that S_ is the inverse of ug. Also by [73], the L-comodule
structure on A can now be described by:

Xp = B-0o(A®na)

We now have all the necessary ingredients to give an explicit description for Ajp,.
Consider the morphism G: L — (A® A)® (A® A),

L

ARA ARA

As A is flat, so is A® A. Hence, (A® A)°P ® A® A is the equalizer of XI@A RARA
and A® AR np @ A® A. We will verify that

(Xrpa®A®A) oG =(A0ARNE® AR A) oG
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showing that G induces a morphism
G':L— (Ao AP o (A A)

such that G = (1 ® A® A) o G’. Indeed, we see that

(Xhos ®A® A) oG

L
L L
L
comod. coasso.
(1.2.3)
®L 7 ]
r A A B A A

A A B A A
=(AR AN ®A®A)oG

Now, since L ® A =2 A® A and A is faithfully flat, L = (A ® A)°°P is flat too. As
a consequence, (A ® A)*P @ (A® A)*? is the equalizer of (A ® A)*F @ x7} ., and
(A® A)*°B ® (A® A®np). We claim that G’ induces a morphism

A:L— (A AP @ (A A)B
satisfying

(A® A)°B @) oA =G
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For this we need to show

(A0 AP @ xfga) oG = (A0 AP @ (A0 A np)) o G’

Since both A and H are flat, (A® A)*°P@ A® A® H is the equalizer of XX®A®A®A®H
and AQ ARnp® A® A® H, in particular t ® A ® A® H is a monomorphism. Thus
it suffices to show

(t®A® A@ H)o (A A)°P @ xhga) 0 G
= (1ARARH) o (A AP o (A A®ng)) oG’

We compute

(t®A® AR H)o (A AP @ xfga) oG
=A@ AR Xjga) o (1®AB A)0 G
=(A®A® xhga) oG

A A A A B

=(ARARA®A®n)0G
=(ARARARARNE) o (@ AR A)o G’
=(1®AR A H)o (A0 AP e (A2 A®ng)) oG’
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Moreover, we see that A satisfies and even is determined by

(t®t)o A
=(1RARA) o (A A)P®1)oA
=(L®A®A) oG

G

or graphically

ARA ARA
ARA ARA

(2.2.3)

Finally, by showing that this morphism A satisfies equation (2.2.1), we obtain Ay =
A, which gives a description for the comultiplication of L. Again, using the fact that
A is flat, we know that : ® t ® A is a monomorphism. Hence, it’s enough to show

(@@ A)o(ARA)ox; =(1®:t®@A) o (L®X.)oX]L

First observe

(t®A)oxy
=(®A)op_o(A®Na)
=po(A®na)
=(A@VA@A) o (AR ARY) o Xhga o (AD1a)
A
A A
j ~ A
4. nat.
- = < -
A A A
A A A A A A
A A A

=(A®7)ox}k
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which makes it easier to compute

while also

=(
= (
=(A®7RA®A)o(x[®A® A)o
= (
= (
=(

t@1®@A)o(A®A)oxy

G®A)oxy

L@ A)oxp
o (A®7)oxi
(Xa® B)oxi

—~~

)
Av®A®A)o (X ®A®A)
ARYR@A® A)o(A®B®7y)o
A®Y®7)o(A®Ap)ox}

(t®t®A)o(L®XL)oXL

ARA®L®A)o(L®@A)o (LOXL)OoXL

= (
—(A9A®R 1@ A)o(ARARXL) o (t®A)ox]
= (

ARARARY) o (A9 A® ) o (A®Y)oxT

AAAAA
proving that A satisfies (2.2.1).

Using this description for Ay, we can now prove the following universal prop-

erty of L.

Proposition 2.2.5. Let B be any bialgebra in C and x : A — B®A a left B-comodule
structure making A a B-H-bi-Galois object, then there is a unique isomorphism of
f : L = B of bialgebras such that x = (f ® A) o x5, (where xr is the L-comodule

structure on A).

Proof. By [73, Proposition 4.4] we already have the uniqueness and existence of an
algebra map f : L — B. Moreover, it is shown that f is determined by

(2.2.4)




2.2. BRAIDED BI-GALOIS OBJECTS

It remains to show that under our circumstances, this f is a coalgebra map, i.e.,

L L
-
B B B B

Observe that

L
X
(2.2.3) bicomod. (1.4.6)
B B A
B B A

L
nat.
unit

B B A
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which shows that f is comultiplicative. O

Consider the group Autp,ps(C; B) of Hopt algebra automorphisms of B in C.

Definition 2.2.6. A Hopf algebra automorphism a € Autg,r(C; B) is said to be
coinner if there exists an algebra map ¥ : B — I in C such that a = ad(¥) = 9~ xid*0,
where ¥~ = 9 0 S (an algebra map is always convolution invertible), or graphically

The set of coinner automorphisms of B in C is denoted CoInn(C; B).

It is straight forward to verify that ColInn(C;B) is a normal subgroup of
Autgops(C; B). Indeed, given o = ad(¥) € Colnn(C;B) and 8 € Autpops(C; B),
one can check that Boao B~ =ad(¥o B71).

Definition 2.2.7. The group of co-outer automorphisms of the Hopf algebra B in C
is denoted and defined by

CoOut(C; B) = Autpopr(C; B)/CoInn(C; B)
The following lemma is a generalization of [68, Lemma 3.11] to the braided setting.

Lemma 2.2.8. Let L, B be braided Hopf algebras in the category C such that the set
BiGal(C; L, B) is nonempty. Then CoOut(C; L) acts freely on BiGal(C; L, B). More-
over, the orbit of an isomorphism class [A] is given by those classes in BiGal(C; L, B)
represented by a bi-Galois extension C such that A = C as right B-Galois extensions

of I.
Proof. Tt is clear that Autgops(C; L) acts on BiGal(C; L, B) via
a—= A=A

where “A is the L-B-bi-Galois object with new left L-comodule structure given by
X" =(a®@A)oxy.

In order to have a well defined action of CoOut(C; L) on BiGal(C; L, B), we need to
prove that any coinner automorphism of L acts as the identity on BiGal(C; L, B).
Take a € Colnn(C; L), i.e., assume there exists an algebra morphism ¢ : L — I
such that o = ad(¥) = 97! xid * 9. Let A € BiGal(C; L, B). Define the morphism
g:“A— Aby

A

=

A
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¢ is obviously right B-colinear. ¢ is also left L-colinear:

*A
“A “A
aad(ﬁ)ﬂ comod.ﬁ’j o j
L A L A

L A

The following computation shows that g is also an algebra morphism.

ayg  ag
aq  ap ay  ag aq  apn agq  agy agq  apn
— —]
—] —] —] —]
. (1.4.2) ¥ alg. map nat. o n n
= | = = = =
A A N A A A

Therefore, “A = A as bi-Galois extensions.

To prove that CoOut(C; L) acts freely on BiGal(C; L, B), assume we have a €
Autpops(C; L) and A € BiGal(C; L, B) such that there is an isomorphism g : *A — A.
In particular, g can be seen as an algebra map A — A and

*A

A

A
A
—]
]| = E (2.2.5)
4]
L A
L A

By Proposition 2.2.4, there is a unique algebra morphism 9 : L — [ such that
g=(9® A)oxz. We claim that & = ad(9~"). By faithfully flatness of A, it suffices
to show a ® A = ad(¥™ ') ® A : L® A - L® A. On the other hand, as both
gand can_ : A® A — L ® A are bijective, it suffices to show (o ® g) o can_ =
(adW ) ®g)ocan_ : A® A — L® A. We verify

A A A A A A
— —
g alg. map [a] (2.2.5) [9][¢]
(o] [o] [9][9] —

L A L A L A
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L A L A

Lastly, assume f : A — C is an isomorphism of right B-Galois extensions. We can
use f to define a new L-comodule structure on A, as follows

Y =(ALcX e Lea)

It is straightforward to check that this turns (A4, x’, x};) again into an L-B-bi-Galois
object, now being isomorphic to C' (via f) as L-B-bi-Galois extensions. On the other
hand, by the Proposition 2.2.5, there exists a Hopf automorphism of L, say «, such
that ¥ = (@ ® A) o x4, or (A,x,x}) = “A. Thus, C = “A as L-B-bi-Galois
extensions. Hence we obtain the orbit statement. O

Remark 2.2.9. Of course, for a € Autpops(C; B) and A € BiGal(C; L, B), one can
similarly define an L- B-bi-Galois object A* where now the right B-comodule structure
is altered by a. In particular, one can look at B and it is not difficult to verify that
B is isomorphic to @ ' B via a.

Corollary 2.2.10. Lemma 2.2.8 induces an injective group homomorphism

i : CoOut(C; B) — BiGal(C; B)
[a] — [*B]

Proof. By the preceding lemma, it remains to show that this map is a group morphism,
or “°“B = *Bg“B. We immediately see

“BOpYB = *°“B“Up“B by Remark 2.2.9
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2.3 Bi-Galois objects over a cocommutative Hopf
algebra

In the previous section, we have already considered the group of braided B-bi-Galois
objects. If the Hopf algebra B is moreover cocommutative, one can look at those bi-
Galois objects whose left B-comodule structure is obtained from the right B-comodule
structure using the braiding. IL.e., under suitable conditions (on the braiding), one can
equip the set Gal,.(C; B) of right B-Galois objects with a group structure, making it
a subgroup of BiGal(C; B). In this section we will prove that if B is a cocommutative
Hopf algebra in C, the group BiGal(C; B) can be computed in terms of Autgopf(C; B)
and Gal,(C; B).

Definition 2.3.1. A braided Hopf algebra B in C is said to be cocommutative if

B
B

;7
B B

B B

Throughout this section B is assumed to be a flat cocommutative Hopf algebra in C.
If (A, x™) is a right comodule, we can define a left B-comodule structure on A via

A

X~ = b\ (2.3.1)

B A

However, to turn a right B-comodule algebra (A, xT) into a left B-comodule algebra,
we need to assume that ¢p a4 = ngE’lB for any right B-Galois object A. Moreover,
with this new left B-comodule algebra structure, the left canonical morphism can_ :
A® A — B® A is of the following form

A " A A
A A J
can_ = @2 ?\J e = ¢§,1A ocany (2.3.2)
B A A
B A
B A

where cany : A® A — A ® B is the morphism

A A

J

cany =
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Lemma 2.3.2. Let A be a right B-Galois object in C. cany is an isomorphism if
and only if cany is an isomorphism.

Proof. Consider the morphism a: A ® B — A ® B defined by

1
o=
A B

A B
Indeed
A B
A 5 A B
@ ll@ A B
ﬁ< @@ A B
-1 _ _ _ C _ _
a Toq = = = = =
™ X A B
A B A B
A B
A B
since

B

T —e &

Similarly, one can show avo a™! = idagp.
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Moreover
Qo cany
A A A A
A A A A
_ (1.4.3) comod. (1.2.3) l
- @ o (IS_SO. B
A B A B
A B A B

= cany

establishing the claim in the lemma. O

Combining equation (2.3.2) and Lemma 2.3.2, we obtain that can_ is an isomorphism
if can, is an isomorphism. Le., if (A, xT) is a right B-Galois object, then (A, d)Z}B o
X", x") is a B-bi-Galois object. The same was proved in [39], be it in a different
manner. Furthermore, in the same reference the following was shown:

Theorem 2.3.3 ([39, Section 3.4 & Theorem 3.5.1]). Let B be a flat and
cocommutative Hopf algebra in a braided monoidal category C and suppose that the
following assumption is fulfilled:

A A A A
W=
A A A A

for any two right B-Galois objects A and A’, then the set Gal,.(C; B) of isomorphism
classes of faithfully flat right B-Galois objects forms a group. In particular, if A is a
right B-Galois object, then so is A, with right B-comodule structure given by

A

Xj=h’a

A B

The product of two classes [A] and [A’] is given by the class of the cotensor product
AOpA’, where A" is endowed with a left B-comodule structure as in (2.3.1). The unit
is given by [H].

Moreover, Gal,.(C; B) is an abelian subgroup of BiGal(C; B) (where any right B-
Galois object becomes a B-bi-Galois object as described above).
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Obviously, as B is cocommutative, we have Colnn(C; B) = 1. Indeed assume « €
ColInn(C; B), i.e. 39 : B — I in C such that a = ad(9) = 97! xid x ¥, then

cocomm. nat.

coasso.

B

whence CoOut(C; B) = Autpopy(C; B).

Let o € Autpops(C;B) and A € Gal,(C;B) and recall the definition of A®
from Remark 2.2.9 (which makes sense for a right B-Galois object too). That
is, X« = (A® a)ox}. Defining A — a = A°"" we obtain a right action
from Autgopr(C; B) on Gal,(C; B). We can consider the semi-direct product group

Autpops(C; B) x Gal,(C; B). We will show that this group is isomorphic to the group
of B-bi-Galois objects.

Remark 2.3.4. Let o € Autpops(C; B) and A € Gal,(C; B) and consider A — o =

At e Gal,.(C; B). Counsidering A — « as a braided B-bi-Galois object, its induced
left B-comodule structure equals

(2.3.3)

B A B A

It is to say, as an induced B-bi-Galois object, A — « corresponds to o™t gat

Proposition 2.3.5. Let B be a flat cocommutative Hopf algebra in the braided
monoidal category C. Furthermore assume ¢a a1 = qﬁz,l,A for any two right B-Galois
objects A and A’. We have a group isomorphism

U : Autpopr(C; B) X Gal,(C; B) — BiGal(C; B)
(@, [A]) — [*4]

Proof. Here A is a B-bi-Galois object as in Theorem 2.3.3. By Lemma 2.2.8, we
immediately obtain the bijectivity of ¥. To prove that ¥ is a group morphism, we
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use the observation in Remark 2.3.4:

U ((a, [A])(8,[C))) = W(ao B, [(A < B)DBC])

0B (871 48O 50) by (2.3.3)

for o, f € Autprops(C; B) and A, C € Gal,.(C; B). O

Proposition 2.3.5 generalizes [68, Lemma 4.7] to the case where B is a cocommutative
Hopf algebra in a braided monoidal category.

2.4 Braided lazy cohomology

The theory of lazy cohomology for a k-Hopf algebra H is extensively described by
Bichon and Carnovale in [8]. One can also introduce the concept of the second lazy
cohomology group for a braided Hopf algebra B. We recollect the terminology and
explain how the second lazy cohomology group can be viewed as a subgroup of the
group of braided B-bi-Galois objects. Although this is not explicitly stated in [74], all
the necessary ingredients for this particular claim can be found there. Accordingly,
we consider the following statements up to Corollary 2.4.1 as known and will list
them without providing proof.

Recall the definition of (braided) lazy two-cocyles. B still denotes an arbi-
trary Hopf algebra in a (strict) braided monoidal category (C,I,®,¢). A left cocycle
is a convolution invertible morphism ¢ : B ® B — I such that

B B B B B B

A~

0 -5 (2.4.1)

Similarly we can define right cocycles. By Reg!(C; B) we denote the set of normalized
(yonp = id;) and convolution invertible morphisms v : B — I. Similarly, Reg?(C; B)
denotes the set of convolution invertible morphisms ¢ : B ® B — [ satisfying
cgo(np®B) =00 (B®ng) = ep (0 is said to be normalized). Reg!(C; B) and
Reg?(C; B) are groups under the convolution product. We shall denote the set of left
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2-cocycles by Z2(C; B).

An element ¢ : B® B — I of Reg?(C;B) is called lazy if o commutes (under
the convolution product) with the multiplication of B . TLe., if

B B B B
oxV = = = V=xo (2.4.2)

B B

The subgroup of lazy elements of Reg?(C; B) is denoted by Reg? (C; B) and the set of
lazy 2-cocycles by Z%(C; B). Obviously, Z%(C; B) = Reg?(C; B) N Z?(C; B). The set
of 2-cocycles Z2(C; B) need not be closed under convolution. This problem however
disappears when working with lazy 2-cocycles. Moreover, if o is a lazy left 2-cocycle,
then o is a right 2-cocyle as well and o1 is a left 2-cocyle. Z%(C; B) is a subgroup
of Reg?(C; B).

Furthermore, one has that o is a lazy 2-cocycle if and only if B is equal to Doi’s twist
Hopf algebra ,B,-1, hence the terminology. Here ,B,-1 has the same coalgebra
structure as B and multiplication given by

An element v € Reg!(C; B) is called lazy if

B B
-
B B
i.e. yxidp = idp+v. The subset of lazy elements in Reg'(C; B), denoted Regi (C; B),

is a central subgroup of Reg!(C; B). It is easy to see that v is lazy if and only if
ad(y) : B — B, given by ad(y) = v~ ! xidp ~, is trivial.

Consider the map 6 : Reg!(C; B) — Reg?(C; B) given by 6(y) = (y®7) * (v 1o V)
for v € Reg'(C;B). ¢ induces a group morphism Reg}(C;B) — Z%(C; B) with
image, say B?(C;B), contained in the center of Z%(C;B). Elements in B%(C; B)
are called lazy 2-coboundaries. The second lazy cohomology group is defined as
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HE(C; B) = Zi(C; B)/ B} (C; B).

Given 0 : B® B — I, we can define a new product on B, by

for z,y € F. Then ,V is an associative product with unit if and only if o is a
normalized 2-cocycle. Denote by , B the right B-comodule algebra where ,B = B as
a right comodule and with product given by ,V, then ,B is a right B-Galois object
with the normal basis property (,B is isomorphic to B as a right B-comodule),
or equivalenty, ,B is cleft (there exists a convolution invertible right B-comodule
morphism j : B — ,B). Similarly, given a right normalized 2-cocyle o, we can
construct a left B-Galois object B, .
Finally, for a lazy 2-cocycle o, consider B(o), which equals B as a bicomodule (so it is
endowed with A g as left and right B-comodule structure) and with algebra structure
given by

V=0V =V=xo
We have that B(c) is a B-bi-Galois object. In this way, we can identify H?(C; B)
with a normal subgroup of BiGal(C; B).

Corollary 2.4.1. There is an injective group homomorphism

j: H}(C; B) — BiGal(C; B)
o] — [B(0)]

We will now construct a group exact sequence, combining the groups CoOut(C; B),
H2(C; B) and BiGal(C; B). We need to introduce some more groups first.

Let ad(v) : B — B be the automorphism defined as before: ad(y) = v~ *idg *~. To
be more precise, ad : Reg'(C; B) — Autcoalg(C; B) is a group morphism with kernel
Reg} (C; B). Tt is known that 6(Reg} (C; B)) C Z%(C; B). However, it can occur that
v € Reg!(C; B)\Reg: (C; B) while also §(y) € Z2(C; B). It is possible to describe
when exactly this happens.

Lemma 2.4.2. Let v € Reg'(C; B). Then ad(7) is a Hopf algebra automorphism if
and only if the coboundary §(v) € Reg?(C; B).

Proof. The proof is straightforward (but tedious). O

A Hopf automorphism is said to be cointernal if it is of the form ad(y) for some
v € Reg'(C;B). This allows us to introduce the set Colnt(C; B) of cointernal



48 CHAPTER 2. BI-GALOIS OBJECTS, LAZY COHOMOLOGY AND MONOIDAL EQUIVALENCES

automorphisms. Let o € Autr,,¢(C; B) and v € Reg'(C; B), then aoad(y) oo™ =
ad(y o a™!), hence Colnt(C; B) forms a normal subgroup of Autgps(C; B). More-
over, CoInn(C; B) is contained in ColInt(C; B).
Define the set
Reg,r,(C; B) = {7 € Reg' (C; B) | 6(v) € Regi,(C; B)}

= {v € Reg*(C; B) | ad(~y) € Colnt(C; B)}

= adil(AutHopf(C; B))
which is a subgroup of Reg'(C; B). Elements in Regl; (C; B) are called almost lazy.

Lemma 2.4.3. Let v € Reg'(C; B) and p € Regl; (C; B), i.e., §(n) € Reg?(C; B).
Then

6(y ) =6(7) % ().
Proof.
6(v) *6(n)
= (Y®9)* (Y o V) *8(n)
= (y®7) *8(u)* (v o V) (6(p) € Regi (C; B))
=(y@Y)*(pop) (o V)x(y 1 oV)
=(y*xp@yxp)x (Y op ) oV)
= 0(y* )
O

Consequently, § induces a group morphism Regl; (C; B) — Z%(C; B), which we again
denote by J. Its kernel is easily seen to equal Alg(C; B, I).
Define

CoOut™(C; B) = Reg!; (C; B)/ad~*(CoInn(C; B)
=~ Colnt(C; B)/ColInn(C; B)

which can be viewed as a subgroup of CoOut(C; B).
It appears that CoOut(C; B) acts (from the right) on H? (C; B) as follows.

Lemma 2.4.4. Let o € Autpops(C; B) and o € Reg®(C; B). Define an action
c—a=co(a®a)

from Autpopf(C; B) on Reg?(C;B). This induces a well-defined right action (by
automorphisms) of CoOut(C; B) on H?(C; B)

[0] = [a] = [0 = a]
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Sketch of proof. Let o € Reg?(C; B) and o € Aut g1, (C; B), the following statements
can be verified directly:

e 0~ a € Reg?(C; B) since (0 o)t =071 — q,
o if € Autpops(C; B), then 0 — (a0 f) = (0 — a) «— B,
e if moreover o € Reg? (C; B) then also 0 —— « € Reg? (C; B),
e if o is a left cocycle, then so is 0 — «,
e let w € Reg?(C; B), then (0 *xw) — a = (0 — a) * (w — «a),
e if 4 € Reg} (C; B), then po a € Regt(C; B),
e if 4 € Reg'(C; B), then 6(u) «— o = §(p o ),
e if « € Colnn(C; B) and o € Reg? (C; B), then 0 — a = 0.
Combining these statements, we obtain the claim in the lemma. O

Lemma 2.4.4 allows us to consider the semi-direct product CoOut(C; B) x H%(C; B)
where

([ad, [eD)([B], [7]) = ([eve Bl [(o = B) * 7))

We can now present the main theorem of this section, which is a generalization of [8,
Theorem 3.13].

Theorem 2.4.5. Let B be a Hopf algebra in a braided monoidal category C and
assume C has equalizers. Then there is a group ezxact sequence
1 — CoOut=(C; B) “Bs CoOut(C: B) x H2(C; B) L8 BiGai(C; B)
Proof.
e Consider the map
I: Regl;(C; B) — CoOut(C; B) x H%(C; B)
v (lad()], [6(+~H)])

We know that ad(y * ) = ad(7y) o ad(p) for v, € Regl; (C; B), so in order to
show that I is a group morphism, it suffices to show (§(y~ 1) — ad(u))*d(u=1) =

5((y*u)~"). Now
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Moreover, say v € Kerl, then ad(y) € Colnn(C; B). Conversely, take v €
ad='(Colnn(B)). Then there exists an algebra morphism p : B — I such that
ad(y) = ad(p), or ad(y~! % p) = idp implying v~! % u € Reg}(C; B). Since also
§(y txp) = 6(y~1) (as p is an algebra morphism), we obtain §(y~1) € B2 (C; B),
whence v € KerI. We have shown Kerl = ad=!(Colnn(B)). Consequently, I
induces an injective group morphism
g : CoOut™(C; B) — CoOut(C; B) x H%(C; B)
[ — ([ad(")], [6(v7H)])

o Let a € Autpopr(C;B) and o € Z%(C; B). Then a — j(o) = “B(0) is a B-
bi-Galois object in C. Moreover, if @ € CoInn(C; B) and o € B%(C; B), then
*B(o) = B(o) by Lemma 2.2.8 while B(¢) = B by Corollary 2.4.1. Hence

Yp : CoOut(C; B) x Hi(C; B) — BiGal(C; B)
(lo], [o]) — [*B(o)]

is a well-defined morphism.
Let o, 3 € Autpops(C; B) and 0,7 € Z#(C; B). To show that Tp is a group
morphism, consider g: B— B® B, g = ( ® B) o Ag. Since

B B
B coalg. map m
coasso.

B B B B B B

g induces a morphism § : *PB((0 «— B) *7) — “B(0)0p"B(7). A straight-
forward verification shows that ¢ is a bicolinear algebra morphism of Galois
objects, hence an isomorphism.

o Let ([o,[0]) € KerYp, i.e., there exists a B-bicolinear algebra morphism
f:“B(o) — B. As f is right B-colinear, we get

B B B
7] = = [/ ]
B B B

Say u=¢co f: B— 1. As f is left B-colinear too, i.e.,

B B
A =ty
][ /]

B B B B
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we see
B B B B
=[] = = o]}
B B B B
or a = p*idx*pu !t =ad(p~!). Finally, we have
B B
B B
=S
i
B
B
since f is an algebra map. Using this, we see
B B

o(p) =
B
"Lft.
=0 € Z:(C;B).
So a = ad(p') where p=' € Regl,(C;B). Hence KerTp C

t(CoOut™(C; B)). On the other hand, take u € Regl;(C;B), then Yp o
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5 (1)) = [*19 B(3(u1))). Define

Then f : " B(§(u~")) — B is a bicolinear algebra (iso)morphism. Indeed, it
is not difficult to verify the bicolinearity, while the following computation shows
it is an algebra map:

C€0oasso.

nat.

(121 ] B nat.

€coasso.

Ergo, Tp ovg = 1. This finishes the proof.

In Section 3.6 we will present an application of this theorem.

2.5 Bi-Galois objects versus monoidal equivalences

In this section, we will further investigate the relation between monoidal equiva-
lences and braided bi-Galois objects. We are inspired by the following result due to
Schauenburg.
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Proposition 2.5.1 ([68, Corollary 5.7]). Let k be a commutative ring and let B and
L be k-flat Hopf algebras. The following are equivalent:

1. BM and * M are equivalent as monoidal k-linear categories (B and L are then
said to be monoidally co-Morita equivalent ),

2. there is faithfully flat L-B-bi-Galois extension of k.

As before, let (C, ¢) be a braided (strict) monoidal category with equalizers. Suppose
B and L are flat Hopf algebras in C. The if statement of the aforementioned proposi-
tion has been generalized to the braided setting by Schauenburg [73, 74]. T.e.,if Aisa
faithfully flat L- B-bi-Galois object, then the cotensor functor ay = AQp—: BC — C
is a monoidal equivalence. In particular, for two B-comodules M and N, there’s an
isomorphism

which is induced by & = (VA @ M Q@ N) o (A® ¢pam @ N) o (¢ ® ). Graphically, &
satisfies

aalM) eatN) ) aa()

A M N

A M N

Further observations can be made about the functor ACJg—, but first we need to
introduce some terminology.

Definition 2.5.2 ([26]). Let C and D be monoidal categories and suppose &£ is a
monoidal subcategory of both C and D. A monoidal quivalence o : C — D is said to
be trivializable on £ if the restriction «|g is isomorphic to idg as monoidal functors.
We will denote by Aut(C) respectively Aut(C,E) the group of isomorphism classes
of monoidal autoequivalences of C, respectively monoidal autoequivalences of C
trivializable on €. If C and £ are braided, we denote by Aut’"(C,&) the group of
isomorphism classes of braided monoidal autoequivalences of C trivializable on D.

Following [61] we recall the definition of module categories.

Definition 2.5.3. Let C be a monoidal category. A left module category over C is a
category M equipped with

e a bifunctor * :C x M - M, (X, M) — X x M,
e natural associativity isomorphisms mx vy : (X @Y)*« M — X * (Y « M),

e unit isomorphisms ly; : I * M — M such that
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(XoY)e2)s M XXM v o vez) M
MX,Y®Z,M
MXQY,Z,M X*((Y(}‘@Z)*M)
X xmy,zm
v "

MX,Y,ZxM
_—

(XQY)x(Z*xM) X * (Y (Z+M))

(X®I)*MM,X*(I*M)

Tx*M X*l]y[

X xM

are commutative diagrams for X,Y,Z € C and M € M.

Equivalently, M is left module category over C if there is given a monoidal functor C —
End(M), where End(M) is the monoidal category of endofunctors of M (product is
given by composition of functors).

Right C-module categories can be defined similarly. Let D be another monoidal cat-
egory. M is said to be a (C,D)-bimodule category if M is simultaneously a left
C-module category and right D-module category, together with natural isomorphisms
yx.Mmy : (X *M)*Y — X « (M +Y) satisfying certain compatibility axioms, cf. [40,
Proposition 2.12].

A C-module functor between left C-module categories M and N is a pair (F, 6), where
F: M — Nisafunctor and 6 : F(— % —) — — % F(—) is a natural isomorphism such
that the following diagrams commute

F(mx ym)

F((X®Y)* M) F(X # (Y  M))

Ox yvsm
Y

Oxey,m X+ F(Y «M)

X*aY,M

Y Y

(X ©Y) % F(M) X005y o (v « F(M))
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F(lwm)

F(I M) X « F(M)

Or,.m lrpan)

I+ F(M)

for X,Y € C and M € M.

The category BC is naturally a right C-module category. Indeed, if M € BC and
X € C, we can define M * X = M ® X, which is the tensor product in C with left
B-coaction given by x;, ® X.

Any object X € C can be seen as an object in BC if we equip X with the trivial
left B-comodule structure ng @ X. We will denote this comodule by X?, although
sometimes we will just write X if the situation will make clear that X € C is equipped
with the trivial comodule structure.

Lemma 2.5.4. Let B and L be flat Hopf algebras in C and suppose o : BC — LC is
a (strong) monoidal functor. Then « is trivializable on C if and only if « is a right
C-module functor.

Proof. Suppose « is a right C-module functor. The unit object I € C can also be seen
as an object in BC (with trivial B-comodule structure). Then

01,
aX)ZaloX) 2 a(l)9 X 2T@X =X

for any X € C. Conversely, suppose « is trivializable on C, then

-1
P, x

aMeX) 2 aM)@a(X)Za(M)X

for M € BC and X € C. O

Lemma 2.5.5. Let B and L be flat Hopf algebras in C. Suppose A is a faithfully
flat L-B-bi-Galois object. The monoidal equivalence functor AOg— : BC — LC is
trivializable on C, or equivalently, « is a right C-module functor.
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Proof. For any M € BC we have

11— A (AOpM) — A® (A®@M) L AR (A®B®M)
1l — (A A)OpM — (AR A) oM —2 (A® A)@ B M
lw lcan+®M l:
11— (A®B)OpM — (A®B)@ M = (A®Q B)@ B® M
11— A®(BOgM) —~ A®(B®M) T A (BB® M)
A M

The first and fourth sequence are exact because A is flat. The associativity constraints
are identities, as C is assumed to be strict. Hence A@ M =2 A® (AOpM), where the
isomorphism A ® M — A ® (AOgM) is induced by the morphism

A M
—]
(25.1)
A A M

Now let X € C and consider X*. The morphism 74 ® X : X — A ® X induces a
morphism, say f : X — AOpX. Moreover if X has trivial B-comodule structure
(2.5.1) becomes

A Xt A Xt
A Xt A Xt
—]
- - 1.4.10
A A xt A A xt A A X? A A X!

Hence the isomorphism A ® X =2 A ® (AOpX) coincides with A ® f. By faithfully
flatness of A, f must be an isomorphism in C. Thus X = AOgX (as C-objects). O

Consider ay = AQp— as in the previous lemma. Let &/ : “C — C be the forgetful
functor and define wq = U oy : LC — C. Thus if M € BC, then a(M) = wa(M)
as C-objects, so if we want to emphasize the fact that we treat a4 (M) as a C-object,
we can (but not always will) use wa(M).
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The tensor product of two B-comodules in C is again a B-comodule through the
diagonal coaction (1.4.1). In particular, if X! € C and M € BC arbitrary, then
Xt ® M € BC, then

Xt M

Xxt = w
Xt@M e

B X' M

By naturality

XpﬁM = FD: (2.5.2)

B X' M

which is saying that the braiding ¢x: ar : X' ® M — M ® X' is a morphism in Be.
We can now make the following observation.

Lemma 2.5.6. With notation as above, we have

wa(X) @wa(M) TEM (X e M)

Do g (Xt) wa (M) wal(oxt ) (A)

wa(M) @ wa(x*') 22X

wA(M®Xt)
for M € BC and X € C.
Proof. Let f : Xt — AOpX! be the isomorphism in C induced by ny ® X as in
Lemma 2.5.5. The morphism wa(¢nr xt) opx,mo (f® (AOpM)) : Xt @ (AOpM) —
AOp(M ® X*) is induced by
X AM
/
(A® dum,xt) 0o (na®X) = HJ J
>

A M X
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while the morphism a7 x © ¢y, (x1),wa () © (f @ (AOpM)) is induced by

X A M
\J

&0 dagxt aem 0 (MA@ X) = Hf

A M X

As both diagrams are equal by naturality and since f ® (AOgM) is an isomorphism,
we obtain wa(dxt,m) © Ox M = PM,X © Puy (Xt)wa(M)- 0

Thus a faithfully flat braided L-B-bi-Galois object A induces a monoidal (right C-
linear) equivalence A — : BC — £C which is trivializable on C and satisfies (A). Our
next goal is to investigate whether the converse statement is valid. That is, suppose
a: BC — IC is a monoidal equivalence trivializable on C and satisfying (A), does «
come from a faithfully flat bi-Galois object? By Lemma 2.5.4, « is a right C-module
functor with

—1

P, x

Orx =(aMeX) £ aM)®aX)a(M)®X) (2.5.3)
for M € BC and X € C.

Our approach is inspired by [77], in which the author assigns to a fibre func-
tor w: M — M, the right H-Galois object w(H) (here H is a k-Hopf algebra).
Let us similarly denote w = U o : BC — C, where U : “C — C is the forgetful
functor. We can use w if we want to emphasize that we’re working on the level of
C-objects. For example, we can say that «(B) is an algebra (in ©C), or equivalently,
w(B) is an L-comodule algebra in C.

Suppose M is an algebra in ZC. It is known that a monoidal functor sends
algebras to algebras. Hence, a(M) € ©C is an algebra, or equivalently, w(M) is a left
L-comodule algebra in C. As an algebra in C, w(M) has multiplication map

Vo = (@(M) ®w(M) 22 w(M & M) “T3 (M) (2.5.4)
and unit
= w(l) ™) ()
Suppose F' is another (flat) Hopf algebra in C. Let M be a B-F-bicomodule. By
the bicomodule property, the comodule structure Xz\+/1 can be seen as a left B-colinear

morphism M — M ® F*'. We can now define a right F-comodule structure on w(M)
as follows

wixt 0 t
w(M) P (0 @ FY) M (M) @ F
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We will now prove that if M is a B-F-bicomodule algebra, then w(M) is a right
F-comodule algebra, i.e.

o) wiapy CD @D
w(M
(M) F WMD) p

that is, by definition of V37 and x:( M) We want the outer diagram of the following

diagram to commute

w(M) ® w(M) AL - w(M @ M) “Va) (M)
wixin®w(xi) (I) wxt; ®xT;) (IT)
Y Y
WM ®F') @w(M ® F') ZMeEMErL (M @ Fl @ M ® FY) wixiy)
On, x R0, x W(M®¢pt 7 OF)
Y Y

Y
wM)@ FowM)oF  (IV) wMeMeFteFt) 2TV o g pt

Ww(M)®Pp,w(m)®F OMeM FQF (III) O, F

Y Y Y

wM)@wM)g FeF 2MM2er Mo M)eFor 2NV sy g F
(2.5.5)

Now (I) commutes by naturality of ¢, (II) commutes since M is assumed to be a
right F-comodule algebra in C (see 1.4.3) and (III) commutes by naturality of 6. So
it suffices to show the commutativity of diagram (IV). Taking the definition of 0y x
as in (2.5.3) into consideration, we can divide (IV) into smaller diagrams as follows
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A®d® (N ® W)™

'

(i ® )™ @ (W ® W)™ =

y

(I ® , T QW ® W)™ =

A @ (N0 ()™ =

PP
IR b D@ (D)™ ()™ (o =
(a2) .
ﬂe@%@@
=2 ()@ (d & W)™ ® (W)™ =gy
: (20)
%@?o 9®ﬂ@o§
Q¢ 1) (d®N® o ® W) =

PI® ¢ @ P mwwﬁﬁw
A
()™ @ ()™ ®
Pr® ¢ @ pr (e (o)
() s\@ﬁ
w®
(WO ® (W ® )@ ()™ Py
(2)
& AN ®
(, @ W)™

T—

&
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(i) and (iii) commute since w is monoidal while (ii) commutes since the braiding
drear  FP®@ M — M ® F! is a morphism in ZC as observed in (2.5.2). Diagram
(iv) commutes since we assume that the functor « is satisfying diagram (A). Finally,
the bottom two diagrams commute by naturality. Thus, w(M) is a right F-comodule
algebra.

Proposition 2.5.7. Let o : BC — £C be a monoidal equivalence trivializable on C
and satisfying (A) and denote w = U o : BC — C as before. Let M be a B-F-
bicomodule algebra, then w(M) is an L-F-bicomodule algebra in C.

In particular, w(B) is a flat L-B-bicomodule algebra in C.

Proof. w(M) is already shown to be a left L-comodule algebra and a right F-comodule
algebra, it remains to prove that w(M) is an L-F-bicomodule. By definition of X;“( M)
we need to prove that the following diagram is commutative.

T Ons e
o) — ) ety MEC | (M)&F
Xooary (@) Xomorty D) Xo(ar) ® F
L : L® Oy pr
L®w(M) ®w(XM)L®w(M®Ft)M»L®w(M)®F

As mentioned before, X1, : M — M ® F! is left B-colinear, thus w(x},) € £C. So
diagram (I) commutes. Furthermore, diagram (II) commutes as 6y g+ is a morphism
L

in ~C.

Since B is naturally a B-bicomodule algebra via its comultiplication, w(B) becomes
an L-B-bicomodule algebra in C. Finally, as « is an equivalence, it’s immediate that
w(B) is a flat object in C. O

Let M € BC. The comodule structure X can be seen as a B-colinear morphism
M — B® M. It is well-known that M = BOgM as B-comodules in C. Hence

B®xy

1 M XM, ot B® Bt @ Mt

Ap®@M
is exact in BC. As a is exact (o being an equivalence), the sequence
a(B @ X))
a(Ap @ M)

1 — a(M) M a(B® M") a(B® B'® M")

is exact in “C. Since a(B) is an L-B-bicomodule and by definition of the cotensor
product «(B)OpM, the sequence

a(B) @ Xy

1 — o(B)dgM — a(B)®@ M a(B)@ B M

Xam) © M



62 CHAPTER 2. BI-GALOIS OBJECTS, LAZY COHOMOLOGY AND MONOIDAL EQUIVALENCES

is also exact in “C. These two sequences in “C can be linked by @ as follows

- a(B®x
1 a(r) — 00 gty Mo W(B® Bt @ MY)
| Q(AB ® M)
1 05,0 O5,BeM
Y a(B) ® Xy
1 a(B)dpM a(B)@ M a(B)® Bo M
Xa(B) ® M

Indeed 0p pom 0 a(B ® x3;) = (a(B) ® x3y) © 0p,m by naturality of § and

Oé(AB ®M)

a(B® M) a(B® B'®@ M")

0.0 OBt M

Mm®Mamw®M

a(Be B M

0. ® M

Xam) ® M
a(B)@ B& M

commutes by naturality of # and by definition of XI( By Hence
a(M) =2 a(B)OgM

is an isomorphism in “C, say G}, for any B-comodule M in C. The isomorphism
G : a(—) — a(B)O- is easily seen to be natural (since 6 is).

Remark 2.5.8. For the sake of convenience, we will no longer make a distinction
between (M) and w(M), as they are the same object in C. If we say, for example,
that (M) is a right F-comodule algebra, it is to be understood that we mean that
a(M) =w(M) € C is a right F-comodule algebra in C.

Next we’ll show that, if M is a B-F-bicomodule (algebra), then a(M) = a(B)dpM
is a left L-colinear and right F-colinear (algebra) isomorphism. To show that it is
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right F-colinear, the following diagram should commute.

a(M) G

a(B)OpM

a(xiy) (1) a(B) ® X4

Y

Grrsr:
a(M @ Fy ZM2E (B)Op(M ® F)

Om,F (1) ~
Y G ®F Y
o(M)® F ——— (a(B)dpM)® F

The top diagram commutes as the isomorphism G is natural. To show the commuta-
tivity of the bottom diagram, observe that

1 —+ a(M®F)

a(Be M'® F') = a(B® B® M! ® FY)

lGM®F‘ leB,M«@F laB,B®M®F

l— a(B)O0p(M@F") — a(B)@ M@ F' — a(B)® B& M @ F"

L -

1 —— (a(B)OgM)®F —» a(B)@ M®F —% a(B)® B M ® F

where the last sequence is exact since F' is flat, while

l ——> aM®F) —— (B M'®@ F') == a(B® B® M' ® F?)

leM,F leBW,F le)B@Bt@Mt,F
l——a(M)®F a(BOIMY®F — a(BeB'@ M@ F
lGM@F l937M®F laB,B®M®F

1 — (a(B)OgM)®F — o(B)@ M® F —% a(B)® B& B® M

where we’ve again used the flatness of F. As 0 mer = (.M ® F) 0 0pgyt p and

0B Bomer = (0B,Bom @ F) 00pgptemt,r, We obtain the commutativity of (I). Thus
a(B) & o(B)dpM as L-F-bicomodules.

To show that G/ is an algebra morphism, we have to show V(g)o, 0 (G ®Gar) =
Gy o Vs, or

Lo VaB)oem © (G @ Gar) = 1o G o Vg
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by monicity of ¢ : «(B)dgM — a(B) ® M. Observe
toGp oVyn
= 0p,m 0 a(xy) © a(Var) o parm by (2.5.4) and def. G
=0 moa(Vp@Vy)oa(B® dyep®@ M) oalxy @Xy)oemm by (1.4.2)
=0p,moa(Ve®@Va)oa(B® duep® M) oppgmsam © (a(xy) ®alxy))
where the last equality follows from the naturality of ¢. On the other hand
toVemosm © (Gu @ Gur)
=Vamemo (t®@t)o(Gy @ Gyr)

= (Vam) ® V) o (a(B) @ drra) @ M) o (0p,m @ 0p.ar) o (a(xXy) @ alx;y))
by def. G

= (a(VB) ® V) o (or,m ® B® B) o (a(B) ® ¢arap) © M)
o (0p,m @ 0par) o (a(xyr) ® alxyy)) by (2.5.4)

So we're done if we can show
Op,m0a(Vp®Va)oa(B® by @ M) oppem pom
= (a(VB)®@ V) o (pmm @ B®@ B)o(a(B)® ¢nrap) @ M) o (0p,m ®0p )

which can be shown similar to proving that in (2.5.5) diagrams (III) and (IV) are
commutative. We arrive at the following proposition.

Proposition 2.5.9. Let o : 5C — LC be a monoidal equivalence trivializable on C
and satisfying (A). Let M be a B-F-bicomodule algebra, then

a(M) =2 o(B)OpM
as L-F-bicomodule algebras in C.

Now let 3 : “C — BC be an ’inverse’ functor of the equivalence a. We could repeat
the same process with 8. Le. B(L) is a flat B-L-bicomodule algebra and

= a(f(L)) = a(B)UsA(L)
as L-comodule algebras in C. Similarly, we can show that
B~ 3(a(B)) 2 8(L)Ora(B)

as B-bicomodule algebras. The following proposition is due to Schauenburg.

Proposition 2.5.10 ([74, Proposition 3.4]). Let L, B be flat Hopf algebras in C, and
A a flat L-B-bicomodule algebra. The following are equivalent:
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1. A is a faithfully flat L-B-bi-Galois object,

2. there is a flat B-L-bicomodule algebra A™' such that AOgA~! = L as L-
bicomodule algebras and A~'0p A =2 B as B-bicomodule algebras.

Ergo, we have proven the following theorem.

Theorem 2.5.11. Assume o : BC — LC is a monoidal equivalence trivilizable on C
satisfying (A), or equivalently, a right C-module functor satisfying (A). Then «(B) is
a faithfully flat L-B-bi-Galois object.

The process of assigning an equivalence ay = AlOp— to an L-B-bi-Galois object A
and the process of obtaining a bi-Galois object a(B) from an equivalence o : C — C
as described above, are obviously mutually inverse. Moreover, this correspondence
is compatible with the multiplication of bi-Galois objects and the composition of
functors. Indeed, let B, L, F be flat Hopf algebras in C and suppose o : 2C — £C and
o' : C — FC are monoidal equivalences, trivializable on C and satisfying (A). Then

o/(a(B)) = o/ (L)Dpa(B)

as F-B-bicomodule algebras, by Proposition 2.5.9. Hence, we have a group isomor-
phism between the group of faithfully flat B-bi-Galois objects and the group of iso-
morphism classes of autoequivalences of 2C trivializable on C and satisfying (A). Let’s
denote the latter by Aut,,(°C,C,).

Proposition 2.5.12. Let B be a flat Hopf algebra in C, then
BiGal(B) = Aut, (5C,C)

We will apply this proposition in Chapter 4.






Chapter

Extending bi-Galois objects and
automorphisms to the Radford
biproduct

In this chapter, k& will be a field and H a Hopf algebra with bijective antipode. C
will be given by the braided monoidal category £YD, as in Example 1.1.5(2). Let
B be a braided Hopf algebra in £YD. If no confusion is possible, we will often
omit the specification of the category in the notation BiGal(C; B), shortly denoting
BiGal(B). Similar for CoOut(B), H?(B), etcetera, relying on notation to make
clear whether we are dealing with braided objects.

In the first section we will show that any braided B-bi-Galois object A can be
‘extended’ to a bi-Galois object over the Radford biproduct B x H. This process
induces a group homomorphism ¢ : BiGal(C; B) — BiGal(B x H). This construction
is motivated by [25, Theorem 4.4], in which the authors investigate the problem of
extending (lazy) 2-cocycles from B to B x H (under similar conditions as above). In
particular, they have defined a morphism I' : H?(C; B) — H7(B x H). In Section
3.2 we will describe the image of {. Before we are able to give a description for
the kernel, we need to construct a morphism ¢ : CoOut(B) — CoOut(B x H),
which ’extends’ co-outer automorphisms of B to co-outer automorphisms of the
Radford biproduct. Next, in Section 3.5, we relate our morphism £ to the morphism
H%(C;B) — H%(B x H) from [25], by using Corollary 2.4.1. We also give a short
characterization of the image of the latter. By Theorem 2.4.5, there exists an exact
sequence

1 = CoOut(C; B) “B CoOut(C: B) x H2(C; B) 8 BiGal(C; B).

67
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By the same theorem, we obtain a similar exact sequence for the k-Hopf algebra B x H

1 = CoOut™(B x H) "P3 CoOut(B x H) x H?(B x H) Tog BiGal(B x H).
In Section 3.6, we show the existence of a morphism from CoOut™ (C;B) to
CoOut™ (BxH). In other words, we now have a morphism from every group occurring
in the first sequence to the corresponding group in the second sequence. The next
step is to prove the commutativity of the resulting diagram. Using this diagram, we
can give a new description of the kernel of I'. Finally, we illustrate the results by
considering Sweedler’s Hopf algebra H,, which can be seen as a Radford biproduct
k[X]/(X?) x kCs.

3.1 Extending bi-Galois objects

Assume A is a B-bi-Galois object in ZYD. Let us, for the sake of completeness and
to introduce the notation, clarify what this explicitly means.

e A is a Yetter-Drinfeld module. As before, denote the H-comodule structure by
pala) = ac_1) ® a(g), then

pA(h~a) = hla(_l)S(h3)®h2 * a(0) (3.1.1)
e Aisan algebra in Z£YD; A is an H-module algebra and and H-comodule algebra,
ie.
h-(ac) = (hy -a)(hg - c)
ac)(-1) ® (ac)() = a(-1)¢(-1) ® 4(0)(0)

—
w0 W
_ =

for a,c€ Aand h € H.

e Aisa B-bicomodule in Z£YD; there exist a left and a right B-comodule structure
on A. Let’s introduce the following notation

Y iA->B®A:ar a U ga
xT:A-5A®B:a— ad @aV

Then
al=1 @ ql0I0) @ GOl — G011 g GlO10] g 1 (3.1.4)
Moreover x~ and x* are H-linear

(h-a)TU @ (h-a)l =hy-a" @ hy - al (3.1.5)
(h-a)® (h-a)M =hy - a @ hy - al (3.1.6)
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and H-colinear

U ey @ a1 g @,
=a-)® a(o)[ill ® ao) [0] (3.1.7)
¥ pal 1y @ alg) @ alll g

=a-1)® CL(O)[O] ® a(o)[l] (3.1.8)
fora € Aand h € H.
e A is a B-bicomodule algebra in #YD; we have the following relations

left B-comodule algebra:

(ac)[ﬂ] ® (ac)[o] — o1 (a[o](_l) .C[fl]) ® alo (O)C[O] (3.1.9)
right B-comodule algebra:
(ac)? @ (ac)M = ol (a[l](_l) ) g gl (0)6[1] (3.1.10)

for a,c € A.
e the left and right coinvariants are trivial, i.e. ©“°BA = AcB >~ [,
e the left and right canonical morphisms
can_ :AQA—>B®A:a®c— a"U@ale
cang : AR A= AQB:a®cr acd” @l
are isomorphims.

We recollect the construction of the Radford biproduct B x H from [65]. B x H is
equal to B ® H as a vector space, equipped with the so-called smash product and
smash coproduct, defined as follows

(b x h)(b/ X h/) =b(hy - b/) x hoh'
A(b X h) = (bl X bg(,l)hl) &® (b2(0) &® h2)

for b,b’ € B and h,h/ € H. Remark that an element b ® h is denoted by b x h. The
unit is given by 1 X 1y whereas the counit is given by eg ® ey. Finally, B x H is a
Hopf algebra with antipode

S(bx h) = (1 S (b)) (S5 (b)) x 1)

forbe Band h € H.
We will also need the following equation

b(*l) ® b(O)l ® b(0)2 = b(fl)bz(fl) by bl(O) b2y b2(0) (3.1.11)
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which is equivalent with saying that Ap is H-colinear (as B is a bialgebra in £YD).
Furthermore, there exists a Hopf algebra projection

7
H——BxH
p
Le. i and p are Hopf algebra maps and poi = idy. ¢ and p are given by i(h) =1 x h
and p(b x h) = ep(b)h. In particular, as coalgebra morphisms, they induce functors
between (bi)comodule categories

I A M — B M

I’r . MH HMBXH

P BHEM 5 H

P.: MB*H _ pmH
and similar for the -bicomodule categories. E.g., the functor I; maps a comodule
(M, par) with par(m) = m_1y ® m) to (M, x1) where xi(m) = i(m(-1)) ® m() =
1L x m_y) ® m(y. For (D,x1) € “HM, with xi(d) = de_1> ® dep>, we have
Pi(D,xi) = (D, pn) where pp(n) = p(d<—1>) ® d<o> = (65 ® H)(d<-1>) ® d<o>-
We will often, without explicit mentioning, make use of this property. For example,
it makes sense to say that a morphism v : H — D, with D € B*# M (and notation

as above), is left B x H-colinear. Namely H has a B x H-comodule structure given
by I;(H,A). Thus the left B x H-colinearity is equivalent to

1 x hy @v(hs) =v(h)<—1> @v(h)<o>

for h € H.
The morphism B® ey : B x H — B is in general not a Hopf algebra map. It is a
coalgebra map however. Hence, we also have functors

Ql : BXHM — BM

Qp : MB*H 4 MB
For the sake of convenience, we will denote the morphism B ® ey by ¢ throughout
this chapter.
Lemma 3.1.1. Forb,c€ B and h,g € H we have

q((bx h)1) @p((bx h)z) =bxh (3.1.12)
p((bx h)1) @ q((bx h)2)

= q((b > k1) np((b x h)2) @ a((bx h)1)o) (3.1.13)
q((bx h)1)(p((b x h)2) - q((c x g))

= q((bx h)(cx g)) (3.1.14)

q(S(bx h)) = Su(b—nh) - Sp(b)) (3.1.15)
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Proof.
(3.1.12)  Trivial.
(3.1.13) It is easy to see that both sides equal b_1)h & b).
(3.1.14)  Both sides equal b(h - ¢)e(g).
(3.1.15) Immediate.

O

We have introduced the necessary notation and definitions to extend B-bicomodule
algebras in g)}D to B x H-bicomodule algebras.

Proposition 3.1.2. Let A be a B-bicomodule algebra in BYD. We can define a
B x H-bicomodule structure on the smash product A#H. The left and right comodule
structure are defined by

xi:A#H — Bx H®Q A#H

xi(agth) = (= < s h) @ (@) g #ho)
Xr: A#H - A#H B x H

xe(ath) = (apall o) @ (0 ) Do)

Note that for A = B we reobtain (both for x; and for x,) the comultiplication of the
Radford biproduct B x H.

Proof. Let a,c € A and h,g € H.

o A#H is aleft B x H-comodule.

(id @ x1) o xi(a#h)
= (a7 x a1y h1) @ xi(al () #ho)
- (—1]
_ (a[ 1] o a[o](,l)hl) ® (a[O](o) % G[O](O)[O](_l)h2) ® (a[O](O)[O](O)#h3)

= (@ YOy @Y ) )

® (a[O][O](O)(O)#h3) by (3.1.7)

= (al"% x a[71](71)a[0](72)h1) ® (a[fl](o) X a[O](fl)hg) ® (G[O](O)#hg)

= (@7 a™y @ ) @ (T x (@ n)e) @ (g #ha)
= A7 x a[O](—l)hl) ® (al 0 #h2)
= (A ®id) o xi(a#h)
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e A#H is aright B x H-comodule.
(Xr ® id) o xr(a#h)
= Xr(a[o]#a[l](_l)hl) ® (am ) X h2)
= (a0%a" M @ ) @ @) < (@ )
® (! ](0) x hz)
= (a[o]#a[”(,l hy) ® ( % a[Z](,l)ghz ® (a[l](o) X hs)
= (a[o]#a[l](_1 a ( i) ® (@' x a[z](_l)th ® (a[l](o) X hs3)
while
(id @ A) o x,(a#h)
= (aP#aM _yyhy) @ AalY o) x Do)
= (a[o]#am(_l)hl) ® (a[l](o)1 « a[l](o)g(,l)hﬂ ® (a[ﬂ(o)z(o) x hs)
= (a[o]#a[l]l(_l)a[1]2(_l)hl) ® (amuo) % amz(o)(_l)h2)
@ (a5 0y % ha) by (3.1.11)
= (a3t Ly ) @ (g x g yha) @ (0 gy g) X o)
which equals (x, ® id) o x,-(a#h) because of the H-comodule property of B.
e A#H is a B x H-bicomodule.
(id ® xr) © xi(a#th)
= (a[_l] X a[o](,l)}u) ® Xr(a[OJ (0 #h2)
— (1 x ¥ _yhy) @ (@ a1 h)
@ (@ )" o) X o)

= (@ a0 Oy (@O0 e )

® (@M ) o) X ha) by (3.1.8)

— (@ Oy (@ a0 )

@ (@ ) x hs) by (3.1.8)
— (@O O ot ) (@ et )

@ (a o) x hs) by (3.1.4)
— (@ a0 @) @ @ @ h)a)

® (am(o) X ha)

(=12
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= xa(@al"l ) @ (a ) x ha)
= (x1 ® id) o x,(a#h)

e A#H is a left B x H-comodule algebra.

xi((a#h)(c#9))
= xi(a(hy - ¢)#hag)
= ((a(hy - C))[ U (a(hy 'C))[O](_l)hQ.‘]l) @ ((a(hy - C))[O](o)#h?,gz)

= (@@ - (a7 x (@ ) (- o)) C1yhagn)

® ((a" 0 (h1 - )N (0) #h3gs) by (3.1.9)
= (al7Y (a[o}(,l)hl 71y % (a[O](o) (hy - C[O]))(71)h3gl)

® <<a“”( y(hz - %)) o) #hags) by (3.1.5)
= (@@ a7y xa ) (- )y hagr)

® (@ g)0) (2 - ") 0)#hage) by (3.1.3)
= (7@ k) s al® ohoc” S (ha)hsgy)

® (a[o](o)(h:’) : C[O](o))#h692) by (3.1)

= (@((@ A1) x (@ Rn)ad® )
(0)(h2 : C[O](o))#hBQZ)
= (a7 x a[O]( ph) (e x ) @ (G[O](O)#h2)(c[0](0)#gz)
= ((al™ x " h) @ (@ g #h2)) (7Y % g1) @ () #92)
= xu(a#th)xi(c#g)

® (a[o]

e A#H is aright B x H-comodule algebra.

Xr((a#th)(c#9g))
= xr(a(h1 - ¢)#h2g)
= ((a(hr - )% (alhy - )M 4 hagr) @ ((alha - ) o) X haga)
= (all(alV Zy) - (hy - &) # (M 0y (R - )Y (1) hagn)
@ ((alY gy (h1 - )™My % h3ga) by (3.1.10)
= (aa™ _y)hy - N #(a o) (ha - M) (1) hagn)
@ ((a gy (ha - M) ) X haga) by (3.1.6)
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= (al(alV _yyhy .C[O])#a[l](o)(_l)(hQ Yy hagr)

® (a[l](o)(o) (h2 . C[l])(()) X h4g2) by (316)
= (a” (a[l](71)1h1 : c[o])#a[l](fl)zhw[l](—1)S(h4)h591)
B (a[l](o)(h?) . C[l](o)) X h6g2) by (31)

— (@[0]((a[1](_1)h1)1 .C[O])#<a[1](_1)hl>2c[1](71)91)
& (a[l](o)(hg . C[l](o)) X hggg)
= (@%al" _ h) (e gn) @ (0 ) x o) (el o) x g2)
= (@ hn) @ (@ ) x ha)) (Ve L1yg1) @ (Vo) x g2)
= Xr(a#h)xr(c#g)
O

Remark 3.1.3. Due to the lack of left-right symmetry of the Radford biproduct and of
the smash product, not every proof of a left-sided claim carries over verbatim to their
‘equivalent’ right-sided statement. Therefore, we will usually opt for completeness
and provide proofs for the both the left- and right-sided statement.

We can now prove that this extending process sends braided B-bi-Galois objects in
HYD to bi-Galois objects over the k-Hopf algebra B x H.

Lemma 3.1.4. Let A be a B-bi-Galois object in gyD,
Then B2 (A#H) = (A#H)B*H) = |

Proof. First, let 3 a;#h; € (A#tH)e(BxH) i e
> (@i#hi) © (1 x 1) = x.(a#th)
= Z(ai[o]#aim(q)hn) ® (ai[l](o) X hiz)
By applying A® ey ® B® ey, we get
Z%E(hi) ®R1lp = Zai[o]a(hi) ® a;!
=x" () aie(hi))

Thus Y ae(h;) € A®B = klga, say > ae(h;) € A°B = X1 4. Now, by applying
AReg ®ep ® H, we obtain

MA@l =) aie(hi) @1y = Zai[o]ﬁ(az'[1](_1)hz‘1)5(az‘[1](0)) ® hiz
= Zai[o]ﬁ(ai[l]) ® hi
= Zai ® h;
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Hence we have proven (A#H)®B*H) — k. The proof for B (A#H) = k is
similar but involves the braiding of #YD. Take Y a;#h; € “B*H)(A#H). We have

Z(lB x 1) ® (aifth:) = xi(ai#hi)
= Z(ai[_l] X ai[O](,l)hil) ® (ai[O](o)#hiQ)

Apply B®epg @ A® epq, then

ZlB®a5 Za[l]@)a[o] (hs)
:X_ ZG,Z'E

or Y aie(h;) € ©“BA=kly, say > a;e(h;) = N1a. Now we apply e @ HR A®cq
to obtain

>y @aie(hi) = a;qyhi @ ay
:¢Zai®hi

Thus
Y ai@hi=¢ (O 1u @ ae(h)
=No¢ ' (1g ®14)
= )\/(lA ® 1H)
50 Y a;#h; € k(14 ® 1x), finishing the proof. O

As A is a right B-Galois object in 2D, the canonical map
cany :AQA— AQB:a®c— acd” @ Y

is an isomorphism. Let v = (cany)™! o (na ® B) be as defined in (1.4.4). Let’s
introduce following notation

~(b) = (cang)” Z Xi( )eEA®A VbeB (3.1.16)

For simplicity the sum sign will sometimes be omitted; v(b) = X;(b) ® Y;(b). We
can reformulate the identities stated in Lemma 1.4.3. We will only formulate those
needed for the remainder of the chapter.

Lemma 3.1.5. Fora € A and b € B, we have
Xi(0) @ Vi) @ vi(0)M = X;(b1) @ Yi(by) @ ba (3.1.17)
Xi(B)Yi(b) = en(b)1a (3.1.18)
dx; () oV =14 ®a (3.1.19)
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As A is also a left B-Galois object A in YD, we can introduce a left-analoque of -,
say

-1
v =B Bo A A 4A)
Let’s denote

7'(b) = (can_ )" (b @ 1) =Ui(b) @ V;(b) € A® A (3.1.20)
for b € B. Then
Lemma 3.1.6. Fora € A and b € B, we have
U () @ Ui0) V(b)) =b® 14 (3.1.21)
Ui(am N @ Vi(am e = a© 1,4 (3.1.22)

Proof. These identities can be obtained by taking mirror-images of the braided
diagrams in Lemma 1.4.3. O

Proposition 3.1.7. Let A be a B-bi-Galois object in 1YD. Then A#H is a bi-Galois
object over B x H.

Proof. By Lemma 3.1.4, it suffices to show that the left and right canonical morphisms
cany : A#H Q@ A#H — B x H® A#H,
cany(a#th ® c#tg) = xi(a#h)((1p X 1) ® (c#9))
= (@ a” _h) @ (0 ) #h2) (cH))
= (a7 x a _ ) @ (0 ) (ha - O)#thsg)
and
can, : A#H @ A#H — A#H @ B x H,
cany(afth @ c#g) = ((a#h) ® (1 x 1u))xr(c#g)
= ((a#th) (g @ () x g2)
= (alhy - gehocl 1) @ () X 92)

are bijective.
We claim that the inverse of can; is given by

can; ' (b x h ® a#tg)

= (Ui(0)#(Vi(b)(~1yh)1)
® (Su((Vi(b)(—1yh)3) - (Vi(b)0ya)#Su((Vi(b)(=1)h)2)9)
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Indeed
cang o can; ' (b x h @ a#tg)
= cang (Us (0)#(Vi(b)(—1)h)1)
® (Su((Vi(0)(—1)h)3) - (Vi(0)(0)@)#Sm ((Vi(b)(~1)h)2)9))
= (U < T(0)" _y (Vib) (1yh)1)
® (Ui(1) ) (Vi(®)y)2S (Vi) —1yh)s) - (Vi(b) 0)a))
#( z(b)( 1) h)s SH((V() 1)h) )9)

= (U)X U;(0), Vi) (1yh) @ (Ui(b)%) ) Vi (b) oy ato)

= (U0 x (U (0)Vi(5)) 1y k) ® (Ui(0)1OV; (b)) 0y at9) by (3.1.3)
= (b x lac—nyh) @ (La(oya#g) by (3.1.21)
= (bx h) ® (agtg)

ccml_1 o cani(a#h ® c#g)
= Canl—l((a[ﬂ] ~ a[O](,l)hl) ® (a[o](o)(hz - c)#h39))
= (Us(a= ) # (Vi (=) Zpya” ko))
@ (Su((Vilal ™) 1ya™™ _ h)s) - (Vilal =) 0)a” g (ha - 0))
#Sm (Vi =) _1ya” ) h1)2)hsg)
= (Ui D)#((Vila" D)al) _yyhi))
© (Sa((Vi(a™M)al) 1yh1)a) - (Vi(alm)al%) g (ha - ¢))
#8u ((Vi(a=1)a)_1)h1)2)hsg) by (3.1.3)
= (a#th1) @ (Su(hs) - (ha - )#SH (h2)hsg) by (3.1.22)
= (a#th) @ (c#g)
Finally, the inverse of can, is defined by
can, *(a#tg @b x h)
= (a((gSu (b(—1)h1))1 - Xi(b0)))#(9SH (b(~1)h1))2) ® (Yi(b(0o))#h2)
We verify
can, o can, *(a#g @ b x h)
= can, ((a((gSH (b-1)h1))1 - Xi(boy))
#(9Sm (b—1yh1))2) @ (Yi(b(o))#h2))
= (a((9Sm (b—1yh1))1 - Xi(b(0))) (95 (b—1)h1))2 - Yi(bo)))
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#(9Sn (b—1yh))aYi(bo))" 1 ha) @ (Vilbo))" ) % hs)
= (a((gSu (b—1)h1)1 - (Xi(b))Y (b(o)) b)
#(9Sm (b—1yh1))2Yi(boy) ! (1 ha) © (Yilbo)) ) x hs) by (3.1.2)
= (a((gSu (b—1)h1))1 - (Xi(b(y1)Yi (b(o D)#(gSH(b—1)h))2bg)2(—1)h2)
® (bo)2(0) % h3) by (3.1.17)
= (a((9Su (b—1)h1)1 - (eB(b(o)1)14))#(9SH (b(~1)h1))2b(0)2(~1)h2)
® (boy2(0) X h3) by (3.1.18)
= (a#tgSH (b—1)h1)bgy_1yh2) ® (bgy0) X hs3) by (3.1.2)

= (a#9Su(h1)Su(b(_1)1)b(_1)2h2) @ (b X h3)
= (a#g) ® (b x h)

and

can; o can,(a#h @ c#g)

= can;*((a(hy - ) gthac [ g1) @ (Yo % g2)

= (alha - ) ((hoc _ >glsH< Moycnygn - Xl g 0))
#(hac S (Y ) L)0))2) © (Vi ) ) #05)

= (a(hy - ) ((hae™ ) 01Sm(92)Su (" )1 X )
#(hac! ]( 11915 (92) S (M 1))2) ® (Vi(e ) )#gs)

= (a(ha - )(hy - Xi(cM))#hs) @ (Vi(cl

( W)#g)
= (a(hy - (X () #ho) @ (Yi(c)#9) by (3.1.2)
= (a(h1 - 14)#h2) ® (c#g) by (3.1.19)
= (a#h) @ (c#g) by (3.1.2)
O

The discussion above allows us to construct a map BiGal(B) — BiGal(B x H).

Theorem 3.1.8. The map & : BiGal(B) — BiGal(B x H) sending an isomorphism
class [A] to the class [A#H)] is a well-defined group homomorphism.

Proof. 1f [A] € BiGal(B), then [A#H] € BiGal(B x H) by Proposition 3.1.7. To
show that this map is well defined, suppose [A] = [A’] € BiGal(B). lLe. there
exists a B-bicolinear algebra isomorphism f : A — A’ in 2YD. Obviously, f ® H
defines a bijective map A#H — A’#H. Moreover one can verify that f ® H is a
B x H-bicolinear algebra isomorphism A#H — A’#H, showing [A#H]| = [A'#H].
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Indeed, take a,c € A, h,g € H, then

f ® H is an algebra morphism;

(f @ H)((a#h)(c#g))
= (f ® H)(a(hy - c)#hag)
= fla(hy - ¢))#hag

= f(a)f(h1 - c)#hag (f is an algebra map)
= f(a)(hy - f(c))#hag (f is H-linear)
= (f(a)#h)(f(c)#9)

f ® H is right B x H-colinear;
Xy o (f ® H)(a#th)
= Xr(f(a)#h)
= (F@ @ ) @ (F@) ) x ha)
= (f(a[o])#a[l](_l)hﬁ ® (am(o) X ha) (f is right B-colinear)
= (f® H® B x H) o x,(afth)
f ® H is left B x H-colinear;

X1 o (f ® H)(a#th)

= xi(f(a)#h)

= (f(@ T x f(@) k) @ (F(@) ) #ho)

= (a1 x f(a) g k) @ (f(al) ) #h2) (f is left B-colinear)
= (a7 x a[o}(fl)hl) ® (f(a[o}(o))#hg) (f is H-colinear)

= (Bx H® f®H) o x(a#h)

It remains to show that £ is a group homomorphism. It is already noted in Proposition
3.1.2, that for B itself, we obtain x; = x, = Apxm, hence (1) = 1. Let [A],[4'] €
BiGal(B). We have to show that £([A][A']) = £([AOgA']) = [(AOgA")#H] equals
E([A)E([A)) = [A#H|[A'#H] = [(A#H)O(A'#H)|, where the unadorned cotensor
product is over Bx H, i.e. [0 = Opg,g. We do this by proving the existence of a B x H-
bicolinear algebra homomorphism 9 : (AOpA")#H — (A#H)O(A'#H). Then by
[12, Proposition 8.1.9], ¥ is bijective implying [(AOp A" )#H| = [(A#H)DO(A'#H))].
We stress the fact that the cotensor product ALDgA’ is formed inside the category of
HYD, in particular it has module and comodule structure given by

h - (ai®a;) =hy-a; ® hs 'Cl;» (3123)
p(ai ® a;) = ai(,l)a;(il) (9 ai(o) X a;(o) (3124)
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forh € H and a; ® a] = >, a; ® aj € ALpA’ (we will often the sum sign). AQpA’
has braided product

/!

(a; @ a;)(¢; ® cf) = ai(aj_y) - €) @ aj ()¢ (3.1.25)

for a; ® a, c; ® c} € AOgA’. The left and right B-comodule structure of ACJg A’ are

given by x; ® A’ and A ® x},, respectively.
Define

9 (ADRA)AH — (A#H)O(A'4H)
V((a; ® ap)#h) = (aittai_yh) © (@} #h2)

First note, since a; ® o} € AOgA’, we have

Xa(ai) ® a; = a; @ Xz (a;)
690V ®d =a®d ™V e (3.1.26)
We show that 9((a; ® a})#h) € (A#H)O(A'#H).
Xr(ai#a;(fl)hl) ® (ag(o)#}@)
- (ai[O]#ai[”(,l)aé(qnhl) ® (ai[l](o) X aj_1yoh2) ® (aj(g)#hs)

= (ai[O]#ai[ll(_l)a;(_l)hl) ® (a:i[l](o) X a;(o)(_l)hQ) ® (a;(o)(o)#hg)

= (it ) @ @5 ) x el g ey @ (@ g 0 #hs)
by (3.1.26)
= (ai#a;(,l)hl) ® (ag(o)[—l] X a;(o)[O](il)hQ) ® (a;(o)[O](o)#h,?,) by (317)
= (ai#a;(_l)hl) & Xl(a;(o)#hQ)
Moreover, ¥ is an algebra map,

(((a; ® a)#h)((c; @ ) #9))

=9(((a; ® a;)h1 - (¢; ® c}))#g)

— (@ @ @) - 5 @ ha - &) kg) by (3.1.23)

= 9((ai(ai_1yh - ¢j) ® aj o) (h2 - ¢))#h3g) by (3.1.25)

(@ _1yh - ¢)#(ag ) (ha - €))(—1yhagr) ® ((aj gy (h2 - €}))(0)F#hag2)
(@ _1yhi - ¢)#ag o)1) (h2 - €§)(—1yhagt) @ (@} o)) (h2 - €)(0)#hag2)
by (3.1.3)
= (ai(aé(qnhl 'Cj)#a§(71)2h203‘(_1)SH(h4)h591) ® (a;(o)(h:’» 'C;(O))#hﬁgﬁ
by (3.1)

= (ai
= (ai
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= (@i((ai_yyha)r - €))7 (a5 qyh)acy ) 91) @ (aiq) (ha - €5 ) ) #haga)
= (ai#aé(mhl)(cj#c}(,1)91) ® (GQ(O)#M)(C}(O)#!D)
=9((a; ® a;)#h)9((c; @ c})#g)

Lastly, ¢ is left and right B x H-colinear.

(B x H®V)oxi((a; ® a;)# )

= (Bx Ha)(((a; @ ap)! ™ x (a; @) _ i) @ (((a: @ a)%) ) #ha)
=(BxH) (0" x @ e a;)(—1yh1) ® (@& a;) 0y#h2))

= (Bx He9) (" xal” | af_yh) @ (0" o) @ afg)#ha)) by (3.1.24)
= (@i % 0l al ) @ (a3 gy #0 0) -1)h2) @ (05 0y 0 )
= (a0 x 0 (0l yyha)n) @ (0 g #(ah g ha)2) © (af g #h2)
= Xi(ai#aj _yyh1) @ (aj () #h2)

= (i ® A'#H) 0 9((a; ® a;)#h)

and

(0 ® B x H) o x;((a; ® a;)#h)

= (9® B x H)(((a; ® a) M (a; @ a)!" b)) @ (@i @ a)M ) x ha))

= (0® B H)(((a; ® af")#ai™ _ h) @ (@ ) x o))

= (ai#aé[0](_1)‘12[1](_1)1711) ® (aj” 0)#a([1] 1)2h2) ® (a;m(o) x hs)

= (ai#a;[0](_1)(1;[1](_1)}“) ® (aj” (o)#a 0y (—1)h2) ® (agm(o)(o) X ho)

but also

(A#H ® xr) 0 ¥((a; ® a;)#h)

= (A#H @ x,)((ai#taj 1y h1) @ (a5 #h2))

= (ai#taj ) ® (a;(o)[O]#ai(o)[l](fl)hQ) ® (ag(o)m(m#}%)

= (az’#a;[0](71)%[1](71)}11) ® (a;[O](O)#a;[1](0)(71)h2) ® (a;[ll(o)(o) x ha) by (3.1.8)
O

In Section 3.7 we will present an example where the morphism £ is neither injective
nor surjective. It is however possible, in general, to describe its kernel and image. We
start by giving a description for the image.
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3.2 The image of ¢

First, let D € Im&. Le., D = A#H is obtained from A € BiGal(B) as in Proposition
3.1.7. We have

xi(a#th) = (@ x a” ) @ (@ g #ho)

xr(afth) = (a[o]#a[l](_l)hl) ® (a[l](o) X ha)
for a € Ah € H. A straightforward computation shows that the morphism
v:H — A#H,v(h) = 1#h is a B x H-bicolinear algebra morphism.
The functors P, and P, (introduced in Section 3.1) induce an H-bicomodule
structure on A#H.

p~(a#th) = a1yl @ (a(o)#h2)

p*(a#th) = (a#hy) @ hy

With these H-comodule structures, v : H — A#H is also H-bicolinear. Moreover,
we immediately observe that D®H = A#1 =~ A and as

p~(a#1) = a(—1) ® (a()#1)

we can recover the original H-coaction on A. Likewise, @); and @, induce B-comodule
structures on A#H

X~ (a#h) = a7 @ (all#h)
X" (a#th) = (d#a _ h) @

In particular, for A#1 we obtain

X~ (a#1) = a7 @ (al%1)
X (a#1) = (a3 )y @al )

Hence, x~ restricted to A gives us the left B-coaction on A. xT defined as above
doesn’t return the right B-coaction on A, moreover it doesn’t necessarily give a B-
coaction on A at all. However, if we denote x,(a#h) = (a#h)<o> @ (a#h)<1>, we
do have

((a#1)<0>y_1(p((a#1)<1>))) @ q((a#1)<2>) (3.2.1)
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thus we can retrieve the right B-coaction in this way. Finally, note that

() (@#1)0(S (h))
— (1) (a#1) (148 (ha))
— (h-a)#1

Hence, we can also recover the H-action on A from the data on A#H.

We have seen how to reobtain A and all its (co)module structures from A#H.
In a similar way we can find a preimage for any B x H-bi-Galois object D for which
there exists a B x H-bicolinear algebra map v : H — D. For this we need the
structure theorem for bicomodule algebras.

Lemma 3.2.1. Let F' be an arbitrary k-Hopf algebra and D an F-bicomodule algebra
with the property that there exists an F-bicolinear algebra map v : F — D. Then D is
isomorphic (as a bicomodule algebra) to the smash product A#F, where A = DT,
Moreover, the multiplication on A is the restriction of the multiplication on D and A
becomes a left-left Yetter-Drinfeld module algebra.

Proof. Direct corollary of Theorem 2.1.9. In particular, A = D¥ inherits a left
F-comodule algebra structure from D and becomes a left F-module algebra via

x-a=v(x)av(S(z2))
for x € F and a € A. A#F is an F-bicomodule via

pt(a#te) = afa) @ o
p~ (a#h) = a_1yh1 @ a(o)#ha

Finally, the F-bicolinear algebra isomorphism A#F = D is given by

w: A#F — D, w(a#z) = av(x)
wl:D— AF#F, w_l(d) = d(o)l/(S(d(l)))#d(g)

O

Let D € BiGal(B x H) with v : H — D a B x H-bicolinear algebra morphism. Then
v is also H-bicolinear. Indeed by the left B x H-colinearity of v we have

for h € H. By applying the functor P, we obtain

I/(h)(_l) ® l/(h)(o) =h® I/(hg) (323)
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thus v is left H-colinear. Similarly, we have
l/(h)<0> ® V(h)<1> = V(hl) ®1 x hg (324)
and

V(h)(o) & V(h)(l) = V(hl) & ho (3.2.5)

Since v is an H-bicolinear algebra morphism, we can apply Lemma 3.2.1 and obtain
D=~ D“"#H

as H-bicomodule algebras. Moreover, D is a left-left Yetter-Drinfeld module where

h-d=wv(hi)dv(S(hs))
p'(d) = p(de—15) ® deo>

for d € D and h € H. As in (2.1.5), there is a morphism
E:D— DM, d dou(S(dn) = deosv(Sp(dars))  (3.2.6)
We will now prove step by step that D is a preimage of D.

Proposition 3.2.2. Let D be as above. Then D! is a left B-comodule algebra in
H
gYD.

Proof. The functor Q; turns D into a left B-comodule. Denote the coaction by x~
with x~(d) = dI="1 @ dl°. Then

() = d=1 @
=q(de_1>) ®d<o>

Furthermore

d=" @ pr(d®

q(d<—1>) ® dg5(0) ® deo> 1)

(
q(d(0)<,1>) ® d(0)<0> ® d(l)
=q(de_15)®dgs ®1

=x (a1l
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for d € D", Hence x~ (D) ¢ B® D®H and D is a left B-subcomodule of
D. Moreover, x~ : D®°H — B @ DH is left H-linear

X (h-d)=x"(v(h1)dv(S(h2)))
= q((v(h1)dv(S(h2)))<-1>) ® (v(h1)dv(S(h2)))<o>
=q(v(h1)<—1>dc_15v(S(h2))<—15) @ v(h1)<o>d<o>v(S(h2)) <0>

= q((1 x h1)d<—1>(1 x S(h4)) ® v(h2)d<o>v(S(hs3)) by (3.2.2)
=q((1 x hy)d<—15(1 x S(hs)) ® ha - d<o>

= hl . q(d<71>) (39 hg . d<0> by (3114)
=h-x"(d)

and left H-colinear since the following diagram commutes

X

DcoH B ® DcoH
PDeoH PBgDeoH
Je _
H®DCOH ﬂ» H®B®DCOH

Indeed

(H @ X7) 0 ppeor (d)

_ [-1] (0]

=d_® d(o) & d(o)

=d(-1) ® q(d(g)<_15) ® d(g)<0>

=p(d<-1>) ® q(dgsc_15) @ degscos

=p(de_151) ®q(do_152) @®d g
while

pPBaDeot 0 X (d)
= ppgpeon (1 @ d)

_ d[*l]( d[o] 3y ® g 0 ® d[O]

(d<—15)( 1)d<o>( 1 ®q(d<— 1>)(0)®d<0>(o)
(de—15)(—1)P(dcos<—15) @ q(d<—15)(0) @ degs o>
151)(—0)P(de_159) ® q(do_151)0) @ deos

=4q

=4q
=q(d <-

=(H ® X~ ) 0 ppeon (d) by (3.1.13)
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Finally, x~ : D — B ® D is an algebra morphism in ZYD. IL.e. we have to
check that D°°H satisfies equation (3.1.9). Let d,d’ € D°H | then

[—1]/ 40] o pl=1] o] 0]
d=(d (1) d y®d (o)d

de1)(P(dcosc15) - q(d' <-15)) @ dg> co5d <0>
de_151)(Pde_152) - q(d' <15)) @ do-d <0

de 1od c_15) @ d_osd <o by (3.1.14)
(dd')c_15) ® (dd') <o

= X" (dd)

—_— o~~~

O

We have seen at the beginning of this section that similar tactics using @, will
not work, as D will not necessarily become a right B-subcomodule in this way.
However, equation (3.2.1) gives an idea how to change our approach and how to define
a right B-coaction on D®H

Remark 3.2.3. Let d € D, Then
deo> @ doyn1 ©doyny = degsco> @ dopscr> @dogs
Apply D@ Bx H®p

deo> ® deq51 @ P(dersa) = digycos @ digy<1> ® d(y)
=dco>®dc1>®1

Apply D®q® H
d<o> ® q(doq51) ®P(daysg) = degs @ qldeys) ®1
=deos @ ders by (3.1.12)
Hence we can assume
Xr(d) =deos ®de1s € DR B x 1 (3.2.7)
We will use this extensively in the next proposition.

Proposition 3.2.4. Let D be as above. Then DY is a right B-comodule algebra in
H
qYD.

Proof. Let x* be the composition of the following morphisms.

E®q

X peBx1) 24 pet g

DcoH cD
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where E : D — D! is as in (3.2.6) and ¢ = B ® ey as before. Then

xT(d) = (E®id®c¢)(dco> ® dei1>)

= E(d<o>) ® q(d<1>)

= d<0>(0)”_1(d<0>(1)) @ q(d<1>)

= degscos? (P(deosars)) @ a(doys)

or
=d sV

or
=d o5V

_1(p(d<1>1)) ® Q(d<1>2) = d<0>l/_l(p(d<1>)) ® Q(d<2>)
71(Q(d<1>)(—1)) Y Q(d<1>)(0)

where the last equality follows from the fact that d<ps ® de1s> € D ® B x 1. Alter-
natively, say x,(d) = d<os ® d<1s> = d; ® b; x 1 (again by (3.2.7)), then

X" (d) = div(S(bi(—1))) © bi(o)

By construction we already have x*(D®H) c D*°H @ B. We verify that x* defines
a coaction on DH let d € D°°H | then

(x" ®B)ox*(d)
= X+(d<0>’/_1(p(d<1>))) ® q(d<ss)

= (d<0>l/

“Hp(de1s)))<osv H(p((deosv ™ Hp(dars))) <15))

® q((do>v ™ (p(de15)))<25) ® q(d o)

= d<0><0>u_1(p(d<1>))<0>z/_1 (p(d<0><1>u_1(p(d<1>))<1>))

=d g5V

=d oV

=d g5V
=d oV
=d gV
=d sV

=dov"

®q(depscosv ™ (p(d<1>)) <25) @ q(dss)
“(p(d<ss))<o> V_l(p(d<1>V_1(p(d<3>))<1>)) ®q(dys) ®q(doys)
71(P(d<3>)2)l/71(p(d<1>(1 x S(p(d<s>)1)))) ® q(deas) ® q(doys)
by (3.2.2)

'(p(d<ss)2)v ™ (P(doy)S(p(d<s>)1)) ® q(dcos) ® q(doys)

1(S(p(d<3>) )p(d<ss)2)v _1(p(d<1>)) ®q(deys) ®q(doys)

1(1’( <15)) ®q(doss) ® q(doss)

l(p( <15)) ®a(dg51) @ q(dozss)

1(p(d<1>)) ®q(deys)1 ®q(deys )2 by (3.2.7)

= (D" ® Apum) o x™(d)

Before we show that x* : D — DH & B is left H-linear, note that

Xr(h : d) =
= (v(hy)dv

Xr(v(h1)dv ™" (ha))
“(h2))<os> ® (v(h1)dv ' (ha)) 1>
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=v(h1)<o>d<o>v(S(h2))<0> @ v(h1)<1>d<15v(S(h2))<1>
= V(hl) d<0>V(S(h4>) ® (1 X hz)d<1><1 X S(hg)) by (324)

Moreover, for d € D°H and h € H, we have

X (- d) = X () ()
= (v(ha)dv™"(h2)) <osv ™ H(p((W(h1)dv ™ (ha)) c151))
® ‘Z((V(hl)dl/_l(h2>)<1>2)

= v(h1) deo>v(S(he))v(S(p((1 X ha)d<1>(1 x S(hs)))))

® q((1 x h3)d<o> (1 x S(ha)))
(S(h2p(d<1>)S(ha))) @ h3 - q(d<2>) by (3.1.14)
(S2(ha))v(p(d<1>))v(S(ha)) © h3 - g(d<2>)
v(S(ha)) ® hs - q(d<as)
® hy - q(d<os)

I
N

(h1) d<o>v(S(hs))v
(h1) d<o>v(S(hs))v
v(h1) d<osv(p(d<i>
= hy - (d<o>v(p(d<1>)

=h-x"(d)

|
N

)
)

xt: D 5 D @ B is also left H-colinear, i.e. the diagram

+

DcoH X DcoH ® B
PDeoH PDeoH @B
H +
H®DcoH QX H®DcoH®B

commutes.

PDecH®B o x*(d)

= PDC°H®B(d<O>V_1(Q(d<1>)(*1)> ® q(d<15)(0))

= (deos v (q(der=) (—1) (~1)4(d<i) 0y 1) @ ([dosv ™ (@(ders) (-1)) o)
® q(d<15)(0)(0)

= d<0>(—1)’/71(Q(d<1>)(—2))(—1)q(d<1>)(—1) ® d<0>(0)’/71(Q(d<1>)(—1))(0)
& Q(d<1>)(0)

=dos1)S(@(ders)(-2))a(ders) (1) ® d<o>(0)V71(q(d<1>)(—3)) ® q(do15) (o)
by (3.2.3)

=d oo ® d<o>(0)V71(fJ(d<1>)(—1)) ® q(do15) (o)
=d_1) @ digy<osv (@ dgy<1s)(-1) @ @(dig)<15)(0)
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=d—1) @ x T (d(o))

Lastly, to prove that D is a right B-comodule algebra in £ YD, we have to verify
equation (3.1.10). Let d,d’ € D®H | then

)1 o] n
da" _) - d)@d” o d

= d<0>V71(Q(d<1>)(—1))(‘I(d<1>)(0) : (d/<0>l’71(‘J(d/<1>)(—1))))
®Q(d<1>)(0)(0)(J(d/<1>)(0)

= d<0>V71((I(d<1>)(—3))1’(‘1(d<1>)(—2))d/<0>’/71((I(d/<1>)(—1))V71(Q(d<1>)(—1))
®Q(d<1>)(0) (d/<1>)(0)

q(deqs)q 1)q(d/<1>)(*1))®Q(d<1>)(0) (d <15)(0)

(‘I( <1>) (d <1>))(—1))®(Q(d<1>) ( <1>))(0)

=deosd <05 (@(dar5d o15) (1) @ a(deysd 15)(0)

(ddl)<0>’/ (Q( )<1>)( 1))®Q((dd )<1>)(0)
X" (dd')

_ —1
= d<0> <o>V

_ —1
= d<0> <0>V

(
(
(
(

which completes the proof. O

Proposition 3.2.5. Let D be as above. Then D°H is a B-bicomodule. Hence, D
is a B-bicomodule algebra in the category LYD.

Proof. By propositions 3.2.2 and 3.2.4, it suffices to prove
(X" ®B)ox" =(Box")ox"
Let d € D®H | then

(x”@B)oxt(d) =x (d) @

=x (deosv™ (g deys)(-1)) ® ( <15)(0)

=q((degsv™ (Q(d<1>) H))<-1>)® (d<o>’/71(‘J(d<1>)(—1)))<0> ® q(d<1)(0)

= ‘1(d<0><—1>V_1 q(do1s)(-1))<-1>) ® d<0><0>1/_1(q(d<1>)(,1))<0> ®q(d<15)(0)

=q(dcpsc—1>(1x S(g(deys) (1)) @ d<0><0>’/71(‘I(d<1>)(—2)) ®q(d<15)(0)
by (3.2.2)

=q(dco>c15) ® d<0><0>’/71(Q(d<1>)(—1)) ® q(d<1>)(0) by (3.1.14)
=q(de_15)® d<0><0>V_1(Q(d<0><1>)(*1)) ® a(d<o><15)(0)

=d N ed’ o v a(d” 1) 1) @ aldogs<15)0)

=d" 1@ xtd) = (Boxt)ox (d)
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Let us summarize what we have so far. If D is a B x H-bi-Galois object for which
there exists a B x H-bicolinear algebra map v : H — D, then Dl € YD and
D = D°H4H as H-bicomodule algebras. Now, since D°°H is a B-bicomodule alge-
bra in #YD (Proposition 3.2.5), D°H4#H is again a B x H-bicomodule algebra, by
Proposmon 3.1.2. We prove that D = D" 4 H as B x H-bicomodule algebras.

Proposition 3.2.6. The isomorphism w : D24 H — D is B x H-bicolinear.

Proof. Recall w(d#h) = dv(h) for d € D°? and h € H. We have

(id © w) o xu(dgth) = d= x d @ w(d® g #ho)

= q(d<—1>) X dg5(—1)h1 ® d_g5 )V (h2)

= q(d<—1>) X pldcos < 15)h1 © dogs o5 v(h2)

=q(dc_151) X p(de_152)h1 ® dgsv(h2)

=d._15(1 X h1) @d_osv(h2) by (3.1.12)
=de_15V(h)<—1> @ deosv(h)<o> (v left B x H-colinear)
= (dv(h))<-1> @ (dv(h))<o> = X1 © w(d#h)

and
(@ id) o x,(d#h) = w(d ™ h) @ d ) x o

_ (1l (1]

= dO(d" ) @ d ) X he

=deosv (g (d<1>)(—1y)v(a(d<1>) 0y —1)P1) ® a(d<1>) 0)(0) X P2
(q

= deo>v(S(q(d<1>) _1y))v(a(dars) (1y2)v(h1) ® g(d<is) ) X D2

= d<o>v(h1) ® q(d<1>) X ho

= d<o>v(h1) ® d<1>(1 X h) by (3.2.7)

=d<o>v(h)<o> @ d<i>v(h)<1> (v right B x H-colinear)
= (dv(h))<o> ® (dv(h))<1> = Xy o w(d#h)

O

To prove that D°H is a preimage of D under &, all that remains to show is that D
is B-bi-Galois.

Lemma 3.2.7. Let D be as above. D" is a right B-Galois object in 1YD.

Proof. Take d € (D°H)°B As d € DB we have

X+(d) = d<O>V(S(Q(d<1>)(—1))) & q(d<1>)(0)
=d®l1p
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On the other hand, since d € D*°* and by Remark 3.2.3, we may assume x,(d) €
D ® B x 1. Then

deo> ®@d<1> = deo> ® q(d<1>) X 1y
= d<o>v(S(q(d<1>)(—2)))v(a(d<1>)(~1)) ® q(d<1>)(0)
=d<o>v(1B(—1)) @ 1B(g)
=d® 1B X lH
Thus d € De(B*H) — ;. This proves (D)5 = k. Next we have to show that the
right canonical morphism can
cany. : DcoH ® DcoH N DcoH ®B,
cany (c® d) = c¢d® @ d!!
= Cd<O>V71(Q(d<1>)(71)) 02y Q(d<1>)(0)

is bijective. As D is a right B x H-Galois object, say with right canonical morphism
can? | we can introduce the following notation

(can?)"'(1p @b x h) = in(bxh)®yi(bxh)€D®D
for b € B and h € H, similarly as in Section 3.1. We use lower case = and y here to
denote a difference with the notation for braided B-Galois objects. Then by definition

xl(b X h)yl(b X h)<0> X yl(b X h)<1> = ]-D X (b X h) (328)
d<o>7i(d<1>) ® yi(d<1>) =1p ®d

ford e D, b€ B and h € H. We can define the inverse of can, as follows

(can+)_1 . DcoH ®B N DcoH ®DcoH7
(cany) H(d @ b) = dv(b_1))zi(beoy x 1) ® yi(boy % 1)

We first verify that (cany) (D" @ B) C D" @ DH Let b € B.

dv(b—1))i(bo) x 1) @ p" (yi(b(o) * 1))

=dv(b 1))$Z(b (0) X 1) ®yz(b( 0) X 1)(0) ®yi(b(0) X 1)(1)

—1))xi(bey X 1) @ yi(boy X 1)<0> @ p(yi(bo) x 1)<1>)

~1))xi((boy X 1)1) @ yi((boy x 1)1) @ p((b(oy x 1)2) by (1.4.7)
)Zi(boy1 X boy2(—1y) © ¥ilboy1 X bioy2(—1)) ® P(b(0y2(0) X 1)

—1))zi(by X 1) @ yi(by x 1) ® 1

-1)
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thus (cany )~ (d®b) € D ® D°H  but also

pr(du(b( 1))172(1)(0) x 1)) ®yi(b(o) x 1)

= doyv(b(-1)) @ %i(bo) X 1)(0) @ d(1y(b—1))(1)%i(b(o) *x 1)(1) @ Yi(b(o) x 1)

= dv(b(_g))xi(b) X 1)<0> ® b—1)p(xi(bo) X 1)<1>) @ yi(boy x 1)

= dv(b(-2))zi((bo) x 1)2) ® b—1)p(S(xi(bo) x 1)1)) @ yi((bo) X 1)2) by (1.4.8)

= dv(b—2))zi(b)a0) X 1) @ b—1)P(S(b(0y1 X bioy2(—1))) ® ¥i(bgy2(0y X 1)
(b—2))zi(

zi(b(oy2(0) X 1) @ b—1)eB(b(0y1) S (b(0)2(—1)) @ Yi(b(0y2(0) X 1)
since poS=Sgop

= dv(b(—3))i(bo) X 1) ® b(—2)Sm (b(_1)) @ i(b(o) X 1)
= dv(b—1))zi(bgy x 1) ® 1 @ yi(b) x 1)

so (cany)~Y(d ®b) € D ® DH Finally

cany o (cany) ' (d ®b) = cany (dv(b—1))zi(boy x 1) ® yi(boy x 1))
= dv(b_1))ai(boy x Dyi(boy x D @ yi(b) x HIM
= dv(b(-1))i(bo) x yi(boy * D) <osv ™ (a(¥i(bo) X D<rs)(-1))
®4(yi(bo) x D<1>))
= dv(b1))v™H(a(by x 1)(-1)) @ a(boy X 1)(0) by (3.2.8)
= dv(b_2))v ™" (b-1)) ® bo)
=d®Vb

and

(cany )™ ocany(c®@d) = (cany)” (Cd<O>V Hq(d <15)(-1) ®q(d15)(0)

:Cd<0>V71(‘J(d<1>)(—1))V(CI(d<1>) (1)) zi(q(d<ys) ) X 1)®
yi(‘](d<1>)(0)(0) x 1)

= cdog>wi(q(doys) x 1) ®yi(g(doys) x 1)

=cdop>Ti(deys) @ Yi(days) by Remark 3.2.3
=c®d by (3.2.9)
This completes the proof. O

Lemma 3.2.8. Let D be as above. D is a left B-Galois object in EYD.
Proof. First, let us show “B(DH) = k. Take d € “B(DH). Then

x (d) =d "V ed" =qgldc_15) ® deos
L ed (3.2.10)
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Asalso d € D" we have ¢~ (15 ®d) = d(gy®S~(d(_1)) € D’ @ H. Furthermore,
by Proposition 3.2.6, D = DB 4 H as B x H-bicomodule algebras. In particular we
have

CO(BNH)(DCOH#H) o~ CO(BX‘H)(D) =k
Now

xi(doy#S ™ (d(—1)))

— _ 0 —
_ d(O)[ 1] % d(o)[O]( 1)5 l(d(—l))l ®d(0)[ ](O)#S 1(d(—1))2

_ g-1 [0] 1 40-1] [0]
=d g} d 7 gnSTH(d T yd Ty
[0] —1/40-1] [0]
@d (o)(o)#S '(d (_1)d (_1))2 by (3.1.7)
=lp X d(O)(—l)S_l(d(—l))l ® d(O)(O)#S_l(d(_l))2 by (3.2.10)

= 1B X d(_l)S_l(d(_z)) ® d(o)#S_l(d(_?)))

Hence d(o)#S_l(d(,l)) e co(BxH) (DCOH#H) =k, say d(o)#S‘l d(,l)) = /\(lB#lH).
Applying B ® e, we obtain d = Mg € klg. Thus “B(DH) = k.
The next step is to show that the left canonical morphism

can_ : D" @ D0 5 B@ D! . c@d—sc=" @ %

=q(c<-1>) ® c<o>d
is bijective. Consider the left canonical map of D
canlD DD —-BXHRD:c®d— ce_1> Q cco>d
and define

canP) 1 bxheolp)=) w(bxh) Qv (bxh)eD®D
l

for b€ B and h € H. By definition we have

’U,Z(b X h)<,1> ®uz(b X h)<0>’()i(b X h) = (b X h) ®1p (3.2.11)
Ui(d<71>) ® 'Ui(d<71>)d<(]> = d ® ].D (3212)
for any b € B, h € H. Again, the use of lower case v and v is to keep a difference to

the notation we use for (braided) B-Galois objects, for which we use capital U and
V, as in (3.1.20).
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Moreover, one can easily verify that canP is right H-colinear, as a consequence we

have

ui(b X h)(o) ® Ui(b X h)(o) ® ui(b X h)(l)ﬂ)i(b X h)(l)

3.2.13
=u;(bxh)@ui(bx h)® 1y ( )
It suffices to define U;(b) @ V;(b) € D @ DH for which
U)oU)V (b) =b® 1p (3.2.14)
Ui(d=) @ vi(d=Hd" =de 1p (3.2.15)

for b € B and d € D" Indeed, these equations exactly say that we can define the
inverse of can_ as follows

(can_) 1 (b® d) = U;(b) ® Vi(b)d
Take b € B, then, as D = D°H# [ the element
u(bx1)@uvi(bx1)e D® D
is isomorphic to

ul(b X 1)(0)1/71(711'(1) X 1)(1))#711({) X 1)(2)
® Ul(b X 1)(0)1/_1(1}2*(1) X 1)(1)>#’Ui(b X 1)(2)
c (DCOH#H)® (DCOH#H)

Apply eg on the last leg to obtain

’U,l(b X 1)(0)V_1(ui(b X 1)(1))#’&1([) X 1)(2) ® Ul(b X 1)(0)V_1(1}i(b X 1)(1))
c (DCOH#H) ®DcoH)

We can now define U;(b) ® V;(b) for b € B as

Ui(b) @ Vi(b)
= u; (b x 1)oyr ™ (ui(b x 1) (1)
(24 uz(b X 1)(2) . (Uz(b X 1)(0)1/71(1}i(b X 1)(1)))

which is by its definition an element in D @ D°H. We have to prove (3.2.14) and



3.2. THE IMAGE OF £ 95

(3.2.15). Let b € B, then
U; (o)1 @ Ui () O (b)
= q(Ui(b)<-1>) ® Us(b)<0> Vi(b)
= q((ui(b x D)oy~ (ui(b x 1) (1)) <-15)
® (ui (b x 1)y~ (i (b x 1)(1))) <0>
(ui(b % 1)) - (vi(bx 1)y~ (v; (b x 1)(1))))
= q(u;(b x 1)(0)<71>V_1(ui(b x1)1))<-1>)
® ui(b x 1)(g)co=? "~ (wi(b X 1) (1)) <0>
(ui(b x 1)(g) - (vs(b x 1)(0)1/_1(v¢(b x1)m)))
= q(ui(b X 1)y <15 (1 X S(ui(b x 1)(2))))
® u; (b x 1)(0)<0>V*1(ui(b x 1)(1))
(ui(b x 1)(3) - (vs(b x 1)(0)1/*1(111'(1) x 1)1))))
= q(ui(b x 1)(0)<—1>)
® u; (b x 1)(0)<0>1/_1(ui(b x 1)(1))
(ui(bx 1))y - (vi(bx 1)y~ (v; (b x 1)1))))
(uz(b x 1) (0)<— 1)
® u; (b X 1)(g)<05vi(b x 1))~ Yoi(b x 1)) v Hwi(b x 1) (1))
= q(ui(bx 1) _15)
® u; (b x 1)<0>(0)v,(b X Doy~ L(wi(b x 1)(1))1/71(ui(b X 1)<0>(1))
= u;(bx 1)I7Y
@us(bx 1) g i (b x 1) (vilb x D)y wi(d x D) )
=b®1p

where the last equality follows from the following observation.
By (3.2.11) we have

(bX ].)< 1> ®Ul(b>< 1)<0>Ul(b>< 1) (b>< 1)®1D

for any b € B, which belongs to B x H ® D. Applying the isomorphism w : D —
DH L we get
uz(b X 1)<,1>
® ui(b x 1) g5 (0)vi(b X 1)(0)1/*1(ui(b X 1) cos)vi(b x 1)(1))
#uz(b X 1)<0>(2)U1’(b X 1)(2)
=bx1®1p#l e Bx H® D"U4#H
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or after applying B x H @ D" @ ey

ul(b X 1)<71>

® ul(b X 1)<0>(0)’U1‘(b X 1)(0)1/71(’01'(17 X 1)(1))1/71(11,1‘(() X 1)<0>(1))

=bx1®1p
€ Bx H® DwH

Finally, by applying ¢ ® D°" we arrive at

’U,l(b X 1)[_1]®

ui(b < D) g v (b x 1) 0y~ (wilb x 1)) v~ (wa(b x 1))

=bx1p

This proves (3.2.14), or can_ o (can_)~! = 1. It remains to show (3.2.15). First note

that

Ul(b X 1)V(h1) ® V(S(hg))’ul(b X 1) = u,(b X h) ® ’Uz(b X h) (3216)

for b€ B

and h € H, which can be proven by applying the isomorphism canlD on

both sides. Indeed

(ui(b x L)v(h1) @ v(S(ha))vi(b x 1))

ui(bx 1) <—1>v(h1)<—15> @ ui(b X 1) <o (h1) <05 v(S(h2))vi(b x 1)
wi(b x 1)< 1o (1 x h1) ® wa(b x 1) <on (ha)(S(hs))vi(b x 1)
wi(bX 1)1 (1 X h) @ ui(b X 1)cosvi(bx 1)

?

7

(b X 1)(1 X h) ®1p by (3.2.12)
(b X h) ® lD
u,(b X h)<_1> ®U,l(b X h)<0>vi(b X 1) by (3212)

can® (u;i(b x h) @ v;(b x h))

which proves (3.2.16). Now, to prove (can_)"'ocan_ = 1, take d € D!, Say
Xl(d) :Zjbj X hj ®dj € Bx H®D. Then

Ui(d=) @ Vi(dl=1)dl!

:Ui

(q(d<-15)) @ Vi(q(d<—15))d<o>
(bj) ® Vi(bj)e(h;)d,
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—~

= ui(b; x 1)oyv " (ui
® ui(b; x 1)(2) - (vs
=u;(b; x 1) oyv " (w
® v(ui(bj x 1)(2))vi
=u;(b; x 1)oyv " (wi(b; x 1

b; x 1)(1))

bj x oyv ™ (vib; x 1)1y))e(hy)d;

b; X 1))

bj x 1)oyv~ (vi(b- X 1)(1))V*1(ui(b' x 1)(3))e(hy)d;
(1)) @ v(ui(by x 1)(2))vi(bj x 1)e(hy)d;

)
where the last equation is a result of (3.2.13). Now we conclude the proof by showing
that

=~

u;(bj x 1)(0)1/71(ui(bj X 1)(1)) @ v(u;(by x 1)(2))vi(bj x 1)e(h;)d;
=d®1p
Indeed, by (3.2.12), we have
ui(bj X hj) @vi(b; x hj)d; =d®1p
or in view of (3.2.16)
ui(bj x Vv ((hj)r) @ v ((hy)2)vi(b; x 1)d; =d® 1p

which belongs to D ® D. Apply w ® D where w is the isomorphism D — D®H 4 H
as before. We obtain

d#lg ® 1p
= ui(b; x D)oy ((hj)1) v " (walb; x Vyv((hy)1)ay)
#ui(by x 1)yv((h)1)2) @ v ((hy)2)vi(bj x 1)d;
= ui(b; x D)oy ((hj))v " (uiby x 1)1y (hy)2)
#ui(by x 1)2)(hy)s @ v ((hy)a)vi(b; x 1)d;
= ui(b; x 1)oyv~ " (ui(b; x 1)(1))
#ui(b; x 1)(2)(hj) @ v~ ((hy)2)vi(bs x 1)d;

where the second equation is obtained by applying (3.2.13). Finally apply D® Vo
D ® v ® D to obtain

d®1p
= ui(bj x 1)oyv " (ui(bj x 1) 1))
@ v(ui(bj x 1)) (hj)1)v ™ ((hy)2)vi(b; x 1)d;
= u;(b; x 1)(0)V_1(ui(bj X 1)1y) @ v(ui(b; X 1)9))e(hj)vi(b; x 1)d;
which finishes the proof. O
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By combining all the above results, we have proven the following theorem.

Theorem 3.2.9. The image of the morphism & is the subgroup of BiGal(B x H) of
isomorphism classes represented by those B x H-bi-Galois objects D for which there
exists a B X H-bicolinear algebra morphism H — D.

B x H is an ordinary k-Hopf algebra, hence Lemma 3.2.1 provides us with a general
structure theorem for bicomodule algebras over B x H. However, combining Lemma
3.2.1 and Propositions 3.1.2, 3.2.5 and 3.2.6, we obtain a second structure theorem for
bicomodule algebras over the Radford biproduct, which can be seen as an independent
result on its own.

Theorem 3.2.10. Let H be an arbitrary k-Hopf algebra and B a Hopf algebra in
HYD. If D is a B x H-bicomodule algebra with the property that there exists a B x H -
bicolinear algebra map v : H — D, then D is isomorphic (as a B x H-bicomodule
algebra) to the smash product A#H, where A = DH . Here the multiplication on A
18 the restriction of the multiplication on D and A is a B-bicomodule algebra in g)}D.

3.3 Extending (co-outer) automorphisms
The map
Co: Autpopr(B) — Autpops(BX H), a—a=a® H

is a group morphism, the prove is completely similar to the computation showing that
the morphism £ from Theorem 3.1.8 is well-defined.

Lemma 3.3.1. Let pu: B — k be a morphism in £YD. Then
ad(p) @ H = ad(p ® )
Proof. By H-(co)linearity of u, we have

pu(h - b) = e(h)p(b)
b(-1)1(bo)) = 1up(b)

Using this we see

ad(p@e)(bx h)=((u®e)oSpumu *id* (u®e))(b x h)

= (L ®e)(Spxm (b1 X b2(71)b3(72)h1))(b2(0) X b3(71)h2)(ﬂ ® 5)(53(0) X h3)

= w(SH (by(_1)by(_1)bg(_2yh1) - SB(by(0))) (by(oy X by(_1yh2)p(bggy) by (3.1.15)
= u(Sp(by))(by X b3(—1)h)ﬂ(b3(0))

= 1(SB(01)) (b X h)pu(bs)

— ad(u)(b) x h

forbe Band h € H. O
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Theorem 3.3.2. The group morphism Autpopr(B) — Autpops(B x H) above
induces a group homomorphism

¢ : CoOut(B) — CoOut(B x H)
[a] — [@=a® H]|

Proof. Suppose o = ad(¢) for some algebra map ¢ : B — k in #YD. Then @ =
ad(¢) @ H = ad(¢ ® €), by the preceding lemma. To show that ¢ is well- deﬁned, it
now suffices to verify that ¢ ® ¢ : B x H — k is an algebra morphism. Let b,c € B
and h,g € H, then

(@ @e)((bx h)(exg))

¢ @¢)(b(h1 - ) X hag)
(b(h - ¢))e(g)
(0)¢((h - ¢))e(g)
(b)e(h)g(c)e(g)
®e)(bx h)(¢p@e)(cxg)

= (
¢
¢
¢
= (¢

O

Corollary 2.2.10, Theorem 3.1.8 and Theorem 3.3.2 fit nicely into the following
commutative diagram.

CoOut(B) - BiGal(B)

¢ 3 (3.3.1)

-/

CoOut(B » H) "> BiGal(B » H)

Indeed, *B#H = %(B x H) = B#H as algebras. The right B x H-coaction is in
both case equal to Agyy. Lastly, “B#H has left B x H-comodule structure given
by

xa(bgh) = (O 5 b ho) @ (0 g #ha)
= (a(b1) X by_1)yh1) @ (by(g)#h2)
= (@® B x H) o Apypu(b#h)

which equals the left B x H-coaction of *(B x H). Thus § o i([a]) = [*B#H] =
[*(B > H)] =i’ o ¢([a]).

We shall use this diagram to compute the kernel of .
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3.4 The kernel of ¢

The next goal is to compute the kernel of £. Assume (A, x~,x") is a B-bi-Galois
object such that there exists an isomorphism ¢ : A#H — B x H of B x H-bicomodule
algebras. By applying the functors P, and P, we have that ¢ is also H-bicolinear.
Then

A2 A#1 = (A#H)H = (Bx H)*H =B#1=B

Le. ¢ restricts to an algebra isomorphism from A to B. For the H-linearity of ¢|a
we need the following lemma.

Lemma 3.4.1. We have
@(14th1) ® o(1#S(he)) = (1 X h1) ® (1 x S(h2)) (3.4.1)
€EBxH®BxH
forhe H.
Proof. B x H is left B x H-Galois with
canj: BXxH®BxH - BxH®BxH,
cany(bx h®ex g)=((bxh)c_1s> ® (b X h)<o=(c X g)
=(bx h); ® (bx h)a(cxg)
Let h € H, then
cany (p(1#h1) ® o(1#5(h2)))
= p(1#h1)<—1> ® p(1#h1) <0>p(1#5(h2))
= (I X h1)<-1> @ p((1##h1) <05 ) p(14£S(h2))
L x h1) @ p(14th2)p(14£S(h3))
1x h)® p(1#1)

o~ o~

and similarly we can show

cany((1 x hy) ® (1 x S(hs)))

= (1 x h) @p(1#1)
By bijectivity of can;, we obtain (3.4.1). O
Now

o((h-a)#1) = p((14th1) (a#1) (1#£S (h2)))
= o(14th1)p(a#1)p(19£S (h2))
= (1 x hy)p(a#1)(1 x S(hy)) by (3.4.1)
= h-p(a#l)
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for a € A and h € H. Thus ¢|4 is H-linear.
Using the left B x H-colinearity of ¢ and the functor @);, we immediately obtain the
left B-colinearity of ¢. Indeed

pla#h)<—1> ® p(afth) <o> = (afth) < 1> @ ((a#th) <0>)
implies
q(p(a#th) <—1>) @ p(a#h)<o> = q((a#h)<—1>) @ p((a#h)<0>)

or

p(a#h) 1 @ p(a#h)% = (a#h) 1 @ o((a#th)?)

So far we have that A is isomorphic to B as left B-comodule algebras in the category
HyD. By an analogue (symmetric actually) argument of the orbit statement in
Proposition 2.2.5, there exists a Hopf algebra automorphism f in 2D such that
xB = (B® f)oAp. Le. (B,Ap,xp) coincides with Bf, which again is ismorphic to
/™' B (Remark 2.2.9). Thus

SD‘A A — fﬁlB

is an isomorphism of B-bicomodules algebras in £YD, or A = i(f~!). Finally, by the
commutativity of diagram (3.3.1) we get f~! € Ker(. Indeed,

Bx H = A#H
= ("' B)#H
=Y (Bx H)
=i'(f~1) =4'(C(F)
By the injectivity of i’ we get f~! € Ker(. We have obtained the following theorem.
Theorem 3.4.2. The kernel of £ : BiGal(B) — BiGal(B x H) is given by

Ker = i(Ker()

where ¢ : CoOut(B) — CoOut(B »x H) is the morphism from Theorem 3.53.2. In
other words, a braided B-bi-Galois object A belongs to the kernel of € if A is isomorphic
(as a B-bi-Galois extension) to ' B, for some f € Autpops(B) for which f = f@ H €
Colnn(B x H).

3.5 Relation to lazy cohomology

As mentioned before, in [25], Cuadra and Panaite have constructed a morphism, say
r
I':H?(B) — H?(BxH), 0 — 7
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where
a(bxht' xh)=0(bxh-V)e(h)
for b,b' € B and h,h' € H.
We have discussed that the second lazy cohomology group can be realized as a normal
subgroup of the group of bi-Galois objects. We can now relate £ and T'.
Corollary 3.5.1. The following diagram commutes

H2(B) 7+ BiGal(B)

r ¢ (3.5.1)

-/
H2(B x H) <+ BiGal(B x H)

Proof. By [25, Theorem 4.4 (i)] we have B(o)#H = (B x H)(7), which immediately
gives us the commutativity of the diagram. O

We end this section with a description of the image of the morphism I' : H?(B) —
H2(B x H).

Proposition 3.5.2. Let7: Bx H® B x H — k be a lazy 2-cocyle on B x H. Then
7 € Iml if and only if T satisfies the following identity

T(bx ht' x h)=7(bx 1g,h-b x 1g)e(h’) (3.5.2)
forb,b' € B and h,h' € H.

Proof. If 0 € Z%(B), then by definition, 7 satisfies (3.5.2). Conversely, let 7 €
Z2%(B x H) satisfy (3.5.2). Define o : B® B — k by

U(b@b/) = T(b X 1H;b/ X 1H)
Then o is a lazy 2-cocyle on B such that @ = 7. Indeed, let
e Note that

T(lg x h,b' x h') =71(1g x 1y, h-b' x k') by (3.5.2)
= é‘B(h . b/)EH(h,) = EB(b/)EH(hh/) (3.5.3)
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e o is H-linear

(h1-b®h2-b')
“bx 1y, hy b x1g)
=7(h1 - b X ha, b X 1g) by (3.5.2)
T((1p x h)(bx 1g),b" x 1)
7(1p X h1yb1 % by 1) 7((1p X ho)(bagy X 1) b x 1) by (3.5.3)

=7(l
(
(
(
=7((1g x h)1,(bx 1g)1)T((1g X h)2(b X 1g)a2, (b x 1))
(
(
(
(

T((bx 1g)1, (V' x 1g)1)7((1 X h), (b x 1g)2(b' X 1g)2)
T bl X b2( 1),b1 X b2( 1) ) (lB x h bQ(O)bIQ(O) X 1H)

=T b1 X 62( 1),b 1 X b 2(— 1))€B(b2(0)b 2(0))€H(h) by (353)
7(bx 1g,b x 1g)eg(h) =¢eg(h)o (b@b/)

since b(,l)EB(b(O)) = EB(b)lH.
e o is H-colinear, i.e. we have to show
bl (1ya(bio) @ '(0)) = b=l (-1)7(b(o) X Lrz:V'0) * 1ar)
=1y O’(b@b/) =1y T(b X 1H,b/ X 1H)
Now as 7 is lazy, we get
(b1 x by(— 1),b 1 X bz( 1)(b
—T((bX 1H)1,(b X 1H) )(b X 1H) (b X IH)
= T((b X 1H)27(b/ X 1H) )(b X 1H) (b X 1H)
= 7(by(g) X La, ' 200y X 1) (b1(by(_o) ') x bz(fl)blz(q))

2(o)b 2(0) X lg)

Applying ep ® H gives us
7(b % 1g,b" x 1)1y = 7(boy X 1a,b (0) X 1a)b—1)b'(—1
Hence o is H-colinear.
e In order to have that o is a cocycle, we have to show that
(b1 @ by_y) - V1) (byg)b'2 ® 1)
= o(t'1 @b 51y 0"1)o(b @ Vy)b"2)

which coincides with (2.4.1) translated to the case C = #YD. Equivalently, we
want

T(bl X 1H,b2(71) . b/l X 1H)T(b2(0)b/2 X 1H,b” X 1H)
= T(bll X 1H,b/2(71) : b”l X lH)T(b X 1H,b/2(0)b”2 X 1H)
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Now, since 7 is a cocycle on B x H, we have

T(bl X bQ(_l),bll X b/Z(—l))T(bZ(O)bIQ(O) X 1H7b// X 1H)
= T((b X 1H)1; (b/ X 1]—[)1)7'((() X 1H)2(b/ X lH)g,bH X lH)
= T((b/ X 1H)1, (b” X 1H>1)T((b X 1[_[)7 (b/ X 1H>2(b/, X 1H)2)
= T(b/l X b12(71)7 blll X b/lz(fl))T(b X 1g, b/2(0)b/12(0) X ].H)
Applying (3.5.2) gives the desired equation.

e We have already observed that
(b1 X by(_1), b1 X Vy_1)) (ba0) b 20y X 1m)
= T(bQ(O) X 1H»b/2(o) X 1H)(bl(b2(_2) “b'1) X 62(—1)b/2(—1))
by laziness of 7. Apply B ® ey and (3.5.2) to obtain
T(bl X 1H’b2(—1) . b/1 X 1H)b2(0)b/2
= T(bZ(O) X 1H,b/2 X 1H)b1(b2(_1) . bll)
Thus
G'(bl ® b2(71) . bll)bQ(O)b/2
= U(bz(o) ® 1, blz)bl(bz(q) ')

which is equivalent to the laziness condition (2.4.2) in gyD. Thus o is a lazy
2-cocycle in £YD.

e Finally

g(bx hb xh)=c(b®h-b)e(h)
T(b X lH,h~b/ X 1H)€(h,)
r

(bx h, b x h') by (3.5.2)

O

3.6 An exact sequence relating all ’extending’ mor-
phisms

Let B be a braided Hopf algebra in the category of Yetter-Drinfeld modules. By
Theorem 2.4.5, we have a group exact sequence

1 — CoOut™(B) “B CoOut(B) x H2(C; B) LB BiGal(B)
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But also for the k-Hopf algebra B x H there’s an exact sequence

T
1 — CoOut™ (B » H) "2 CoOut(B » HY x H2(B x H) ~ 23 BiGal(B x H)

We can relate these two sequences exactly by using the ’extending’ morphisms. The
only morphism missing so far is the morphism CoOut™ (C; B) — CoOut™ (B x H).

Proposition 3.6.1. There is a well-defined group morphism

¢~ : CoOut™(B) — CoOut™ (B x H)
(1] — [n]

where
7ilb x h) = u(b)e(h)
forbe Band h e H.

Proof. Take 1 € Regl; (B), i.e., u € Reg'(B) and 6(1) € Reg?(B). By [25, Theorem

4.4 (v)], we already know 1z € Reg'(B) and §(i) = 6(u). Now 6(u) € Reg? (B) implies
0(p) € Reg? (B x H), thus 6(fi) € Reg? (B x H) and i € Reg}, (B x H).

Moreover, suppose u € Regl; (B) such that ad(u) € Colnn(B), i.e., there exists an
algebra morphism ¢ : B — k in 2D such that ad(u) = ad(¢). By Lemma 3.3.1, we

have

ad(i) = ad(p) = ad(¢) = ad()

or i € ad~*(Colnn(B x H)). Hence ¢~ is well-defined. To show that (~ is a group
map, take u, v € Regl; (B). Then

() (b x h) = T(by X by_1)h1)V(by(gy X h2)
= p(br)e(by(_1yh1)v(byg))e(hz) = pu(b1)v(b2)e(h)

= (uxv)(bxh)

Combining the morphisms ¢ and I', we obtain the following result.

Corollary 3.6.2. There is a group morphism

Q= ((xT):CoOut(B) x Hi(B) — CoOut(B x H) x H(B x H)
(la], [o]) — ([a], [o])

Proof. Tt suffices to prove
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The first equation is obvious. The second one follows from the following computation.

T=w)(bx bt x I) = (0 — w)(b@ h-b)e(h)
(b)) @w(h-b))e(W) = a(w(b) @ h-w())e(h)
(b) x hyw(t') x ') = (6 — w)(b x h,b' x h')

o(w
ol(w

O

Theorem 3.6.3. Let B be a Hopf algebra in the category of left-left Yetter-Drinfeld
modules BYD. The following diagram is commutative.

LB TB
1 CoOut™ (B) ——> CoOut(B)x H (B) ——> BiGal(B)
- (1) Q (1I) & (3.6.1)

1 ———— CoOut™ (BxH) —> CoOut(BxH)x H2(BxH) —> BiGal(BxH)
Proof. Since ad(fi) = ad(p) and §(m~") = §(p~1) = 6(p~1), diagram (I) commutes.
Furthermore, the commutativity of (II) follows from the commutativity of diagrams
(3.3.1) and (3.5.1). O

Using diagram (3.6.1), we can give a new characterization of Kerl.

Let 0 € Z#(B) such that I'(0) =7 € BZ(Bx H). Then j/(¢) = (Bx H)(c) = Bx H.
On the other hand, j'(¢) = B(o)#H = £(B(0)) by (3.5.1). Thus B(c) € Ker€.
By Theorem 3.4.2, we know there exists a morphism f € Autp,pr(B) for which
f=f®H € Colnn(B x H) such that B(c) = f B as bi-Galois extensions. But then
I B(0) 2 B by Remark 2.2.9, or Y5([f~],[0]) = 1. By exactness of the sequence,
there exists a v € Regl;(B) such that (f~',0) = Ig(y) = (ad(v),6(y71)). By
commutativity of (I) in (3.6.1), we get (?71,6) = I(¥). But 771 € Colnn(B x H)
and & € B%(B x H), thus Ipxu(y) = 1, therefore ¥ € ad™'(Colnn(B x H)). In
conclusion; o = §(y~ 1) and [y] € Ker(~. We have shown the following.

Proposition 3.6.4. The kernel of the morphism I' : H2(B) — H2(B x H) can be
described as follows
Kerl' = 6(Ker¢™)

3.7 Example

We conclude this chapter with a computation of an example. Consider Sweedler’s
Hopf algebra H,. As an algebra, H, is generated by g and h with relations

=1, h*=0, gh+hg=0
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The comultiplication is given by

Alg)=9g®g Ahy=1@h+h®g
e(g)=1 e(h)=0
S9) =g S(h) = gh = —hg

It is well-known that Autpepr(Hs) = k*, where r € k* corresponds to the

automorphism f, given by f.(9) = ¢g and f.(h) = rh. Furthermore, Bichon and
Carnovale computed in [8] that Colnn(H,) = Colnt(H,) = Regi(Hy) = Zs. Thus
CoOut™(Hy) =1 and CoOut(Hy) = k*/Zs.

Each lazy 2-cocycle of Hy is of the form

o1(1,j) = 0¢(j,1) = e(j) for any j € Hy

oi(g,9) =1

o1(g, h) = oi(h, g) = o+(g, gh) = o+(gh,g9) = 0
ot(h,h) = ot(gh,h) = —ot(h,gh) = —oi(gh,gh) =t

for some ¢ € k (cf. [18]). The group B?(H,) is trivial so H7 (Hy) = Z7(Hy4) = k.
BiGal(Hy) = k* x k has been computed by Schauenburg in [69], where k* acts on k
via

t—r=tr

for r € k* and t € k. So, the group exact sequence
1 — CoOut™ (Hy) = CoOut(Hy) x H?(Hy) — BiGal(H,)
boils down to

1— k* /2 w k L5 b* w ko
(r,0) — (2,0)
(1,8) — (1,%)
In particular, the map T is injective but not necessarily surjective. The quotient
of BiGal(H4) and CoOut(Hy) x H7(Hy4) equals k*/(k*)%. Note that the group

CoOut(H,) x H%(H,) appeared as a subgroup of the Brauer group BQ(k, H,) in
[62].

Hy can be seen as the Radford biproduct of the braided Hopf algebra B = k[X]/(X?)
in YD, where H = kCy = k{c | ¢ = 1) is the group Hopf algebra of the cyclic
group of order 2, and kC3. B becomes a braided Hopf algebra via
AX)=1X+X®l1
e(X)=0
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and is an object in £YD via

c- X=-X
pX)=c®X

The Radford biproduct B x H is isomorphic to Hy via

BxH — Hy
1xecr—g (3.7.1)
X Xxc—h

It is observed in [25, Example 4.6] that any cocycle of B is of the form

0s(1,1) =1
05(1,X) =04(X,1)=0
os(X, X) =s

for some s € k. Moreover HZ?(B) = HZ(H,) = k through the map s — —s. We
compute the remaining groups.

Proposition 3.7.1. Let B, H as above, then
o Autpops(B) = k*
e Colnn(B) = Colnt(B) =1
e CoOut(B) = k*
e CoOut™(B) =1

Proof. Take r € k* and define o, : B — B by «,.(X) = rX. It is easy to see that «,
is a bijective, H-linear and H-colinear, Hopf algebra morphism of B. Conversely, any
o € Autpops(B) has to be H-colinear, from which we can deduce that o maps X to
a scalar multiple of itself.

To prove the second statement, let « € Colnt(B), i.e., there exists a convolution
invertible map ¢ : B — k in 2YD such that a = ad(¢). In particular, ¢ has to be
H-colinear:

c®P(X) = X (1) ®(X(0)) = ¢(X) (1) @ ¢(X)(0) = 1 ® ¢(X)

implying ¢(X) = 0, hence ¢ = ep and « = idg. Thus we establish Colnn(B) =
ColInt(B) = 1.
Consequently, we obtain CoOut(B) = Autpepr(B) = k* and CoOut™ (B) = 1. O
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We can also compute ¢ explicitly. Indeed, consider «,. for any r € k* (using the nota-
tion from Proposition 3.7.1), we see that {,(a,) = o, ® H equals the automorphism
fr € Autpopr(Hy). Hence ¢ corresponds to

¢ : CoOut(B) = k* — CoOut(B x H) = k* /7

r— [r]

Next we want to compute the group of braided B-bi-Galois objects in £YD. Note
that for this specific braided Hopf algebra B, Femié¢ has shown Gal,(gM; B) = (k,+)
[39]. The result is easily modified to obtain

Lemma 3.7.2. Any right B-Galois object in 1LYD is of the form C(t) = k(u | u* = t)
for some t € k. C(t) is a left-left Yetter-Drinfeld module via

c-u=—u

p(w) = c@u
The right B-comodule structure x* : C(t) — C(t) ® B is defined by

T =121

xTuw)=10X+u®l

We obtain Gal,(HYD; B) = (k,+) as groups.

Combining Proposition 3.7.1 and Lemma 3.7.2 with Proposition 2.3.5 we attain

Corollary 3.7.3. Let B, H as above, then BiGal(B) = k* X k, where now k* acts

on k via
t 1 =tr’

forr e k* andt € k. C(t) has the structure of a left B-comodule via

x (H)=1®1
X (w)=10u+X®1

Ezxplicitly, the isomorphism is given by
Y k" x k= BiGal(B), X(r,t) = [*"C(¢)]
Accordingly, the group exact sequence
1 — CoOut™(B) “& CoOut(B) x H2(B) 15 BiGal(B)

reduces to YT being an isomorphism.
Finally, by Theorem 3.4.2 we see Keré = Ker( = Zs. Alternatively, we can compute
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¢ explicitly. Any braided B-bi-Galois object is of the form *~C(¢) for some r € k*
and ¢ € k. By the commutativity of (II) in diagram (3.6.1), we get

E(rt) =€o0Yp(rt) = Ypumg o C(r,t) = Tpun(r,—t) = (r?, —t)

This can also be computed directly using the classification of H4-bi-Galois objects
from [69]. We indeed see Ker{ = Z,. Moreover, in this way, it is easy to see
Imé = (k*)? x k.

We can summarize all the computations in the following diagram.

1 1
Y ~ Y
Zy Zs
Y ~ Y
l — = k' xk —> kK" xk— 1
¢ £
Y Y
1 E* /7o x k —> E* x bk — k*/(E*)? —— 1
Y Y




Chapter

The Brauer group of a finite
quantum group

Throughout this chapter, k is assumed to be a field. A tensor category (over k)
is a k-linear abelian rigid monoidal category. A finite tensor category is a tensor
category if the morphism spaces are finite-dimensional k-vector spaces, all objects
have finite length, every simple object has a projective cover, there are finitely many
simple objects (up to isomorphism) and the unit object is simple. In this chapter, all
functors are assumed to be k-linear and categories are finite.

In this chapter we will further investigate the Brauer group of a finite quan-
tum group, which has been studied before in [91, 92]. In particular, if (H,R) is a
coquasitriangular Hopf algebra over k, Zhang has shown the existence of a sequence
of groups

1 — Br(k) — BC(k,H,R) = Gal®(rH")

where Gal?(rH™*) is the group of quantum commutative bi-Galois objects over g H*.
Or dually, if (H,R) is a quasitriangular Hopf algebra, then there exists an exact
sequence of groups

1 — Br(k) — BM(k, H, R) = Gal®*(rH)

In this chapter we will give alternative descriptions for the groups BM (k, H, R) and
Gal?®(rH) occurring in this sequence. This will be done in Sections 4.1 and 4.2
respectively. In Section 4.3 we will provide a new characterization for the map 7 :
BM(k,H,R) — Gal9°(rH). Finally, in Section 4.4, we will present an alternative
approach to obtain a (quantum commutative) braided rH-bi-Galois object from a
(braided) monoidal autoequivalence o : £YD — HYD trivializable on %M, using
results from Chapter 3.

111
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4.1 The Brauer group versus the Brauer-Picard
group

We have already recalled the definition of module categories in Definition 2.5.3. Re-
mark that a (C, D)-bimodule category is the same as a left C X D°P-module category,
where K denotes the Deligne tensor product of abelian categories (cf. [27]). Recall
from [37] the following definition of an exact module category.

Definition 4.1.1. Let C be a tensor category. A C-module category M is said to be
ezxact if for any projective object X € C and every object M € M the object X x M
is projective in M.

Definition 4.1.2 ([38]). An exact C-bimodule category M is said to be invertible if
there exists an exact C-bimodule category N such that

MR N ~2NKe M~C

where C is viewed as a C-bimodule category via the regular left and right actions of
C.

The group of equivalence classes of invertible C-bimodule categories is called the
Brauer-Picard group of C and is denoted by BrPic(C).

Suppose C is also braided. We can turn any left C-module category into a C-bimodule
category, the right C-action is defined as follows: M*X = X«M forall X € Cand M €
M. A C-bimodule category is said to be one-sided if it is equivalent to a bicomodule
category with right C-action induced from the left, as just described. Therefore, when
C is braided, the group BrPic(C) contains a subgroup Pic(C) consisting of equivalence
classes of one-sided invertible C-bimodule categories. Pic(C) is called the Picard group
of C.

If A is an algebra in C, the category of right A-modules in C is naturally a left C-module
category via

CxCp—Ca, (X,M) — XM

Here the object X ® M has the structure of a right A-module in C via X ® u™, where
ut M ® A — M denotes the right A-action on M.
We quote

Proposition 4.1.3 ([26, Proposition 3.4]). Let C be a braided tensor category and let
A and B be exact algebras in C. Then

CaleCp ~CasB (4.1.1)
As C4 considered as a right C-module category is equivalent to C4, we obtain

4aC KX gC ~ CZ Xe CE ~ CX@F = Cm ~ peaC (4.1.2)
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Let (H,R) be a finite dimensional quasitriangular Hopf algebra and let C be the
braided monoidal category g M. We can relate the Picard group of g M to the
Brauer group of gy M. Recall from Example 1.1.5(3) that gy M is a braided monoidal
category with braiding

Y(mon)=R*-n®R'-m
v i ne@m)=S[R) m®R* n

forme M, ne€N.

It is claimed in [26] that the Picard group of C is isomorphic to the group of Morita
equivalence classes of exact Azumaya algebras (where an algebra A is said to be ezact
if the category C4 is exact). We show that, for C = g M, any Azumaya algebra is
exact. Accordingly, the Picard group of C will be isomorphic to the Brauer group of
gM. Let us give a complete proof in the following proposition.

Proposition 4.1.4. The Picard group of C is isomorphic to the Brauer group of g M.
Pic(gM) = BM(k,H, R)
Proof. Assume A is H-Azumaya. In particular, A is an algebra in C. Moreover
Ca~3zC =z(aM) = z45M

where A is the opposite algebra. A#H is a right H-comodule algebra with right
coaction p(a#th) = (a#th1) @ hy for a € A, h € H. If we can show that A#H is
H-simple, then A#H is exact by [3, Proposition 1.20(i)]. To prove that A#H is
H-simple, it is sufficient to show that A is H-simple. Indeed, let J be an H-ideal of
A#H. One can check that J is an H-Hopf module. By the Fundamental Theorem
of Hopf modules, we obtain J = I ® H as H-Hopf modules, where I = J®H [ will
then be an H-ideal of A. If A is shown to be H-simple, I must be trivial, implying
that either J = H or J = A#H. In the first case however, J will not be an H-ideal
of A#H. Thus A#H will not contain a non-trivial H-ideal if A is H-simple. So let
us show that A is H-simple. Let J be a non-trivial H-ideal of A, in particular J is
an H-submodule ideal of A. Consider A ® A which has the braided product

(a@b)(c®d)=a(R* ¢)® (r2-d)(r'R' - b) (4.1.3)

for a,b,c,d € A. Consider the subset A® J which is now easily seen to be a non-trivial
ideal of A ® A. The latter is an Azumaya algebra (A is, hence so are A and A ® A).
Since k is a field, A ® A is simple. Contradiction. Thus A is H-simple. Hence, so
is A#H, and therefore A#H is exact. Whence 2 gM = Ca is an exact module
category.

By Proposition 4.1.3 and Theorem 1.3.9, we have

ngcCABCz@@AZC
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Similarly by using (4.1.2), we get

CA&CC*:Z(j&CACZA@ZCﬁC

Hence, C4 is an exact invertible (one-sided) module category over C.
Conversely, let M be an exact invertible (one-sided) module category. By [38, Propo-
sition 4.2] we have

MXe MP ~ MPKe M ~C

By [3, Theorem 1.14] there exists an (exact) algebra A in gy M such that M is equiv-
alent to Ca. Then M ~ C4. Again, by using (4.1.1) and (4.1.2), we see

C=MPNRe M=>~=CxHeCa~Cqg,
C = MMKe MP =Cy e Cz ~7CKe AC = 457C

Thus by Theorem 1.3.9 the algebra A is Azumaya.
Finally, the correspondence is one of groups because of Proposition 4.1.3. O

4.2 Galois objects versus autoequivalences

(H, R) still denotes a finite dimensional quasitriangular Hopf algebra and C denotes
the tensor category yM. Let M € C, there are 2 ways to define a left-left Yetter-
Drinfeld module structure on M, by using the R-matrix or its inverse:

M(m)=R*®R'-m
Ao(m) = SR* ® R* - m

This induces 2 monoidal subcategories of YD, say &M resp. R;}M. As braided
monoidal categories we get

(EM,v) = (BYD, ¢)
(B aM,0) = (YD, 671

We will denote

M N N M X v Y X
vun= X Uy = R and dxy = X dxy = X (4.2.1)
N M M N Y X Xy

for the braiding (and its inverse) of y M and #YD respectively.

It is well-known that H can be deformed into a braided Hopf algebra p H via Majid’s
transmutation process [53]. In particular, g H equals H as an algebra. It becomes an
H-module algebra with action given by

h>x= hll‘S(l’LQ)
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for h,x € H. One can turn gpH into a braided Hopf algebra in y M as follows: the
counit is the same as ey, the comultiplication and antipode are given by

A(z) = 2;5(R*) ® R' > 9
= 215(r?)S(R?) @ R'xoS(rt)
= xﬂ"QS(Rz) ® R'zor!
=r?2,8(R?) ® R'rla,y
=R2p> 2@ Ry

and
S(z) = R*S(R' > x)

for x € H.
As rH = H as algebra and since

(hy>x)-(ha-m)="h-(x-m)

for h,o € H and m € M, where M € gM, every H-module is naturally an pH-
module. Let O be the class of gH-modules obtained in this canonical way. Then
(A, O) is an opposite comultiplication in the sense of [52]. Furthermore, (rH,A, R =
1®1) is a quasitriangular in the category gy M (see [53, Definition 1.3] or [51, Section
4]). As observed in [92], pH is flat in y M. Finally, the braided Hopf algebra pH is
cocommutative cocentral, in the sense of [74], the half-braiding is defined by

OpH,M * rRH® M — M®RH, (TRH_’M(SU®m) :7”2R1 -m®r1xR2

form € M, M € yM and x € H. Following [74], we say a bicomodule M in
’H (g M)RH cocommutative if

ORH,M

Xt =0 pmox =M gHe M2 M@ gH)

Lemma 4.2.1. Any left-left Yetter-Drinfeld module M has the structure of a co-
commutative gpH-bicomodule in the category gM. Conversely, any cocommutative
rH-bicomodule is a left-left Yetter-Drinfeld module.

We obtain an equivalence of braided monoidal categories YD — ~H(yM).

Proof. Given (M,-,\) € BYD, then M € =5 (3 M)rH via

(m) ngf. m[il] & m[O] = m(_l)S(RQ) (24 Rl . TTL(O)

-
xt(m) "ot ol @ mll = R2 Moy ® R'm(_1)
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for m € M. It is easy to see

o, MOX (m)= URH’M(m(_l)S(PQ) ® P!. m(o))
=r2R'pL. m) @ rlm(,l)S(PQ)RQ
(

= 7"2 . m(O)) [ rlm(_l) =X m)

Conversely, given a cocommutative g H-bicomodule (N, -, x~,x"), then N becomes a
left-left Yetter-Drinfeld module via

A(n) =nl"UR% @ R' . nl°)
or
A(n) = SR'nM @ R? . pl0)

for n € N, using the cocommutativity. For a complete proof we refer to [92, Section
3.1].

Finally, we can transfer the braiding of YD to ## (5 M) such that the equivalence
becomes one of braided monoidal categories. That is, if M, N € &2H(zM). The
braiding, again denoted by ¢, is then defined by

pun(men)=ml=UR?.no R M

for me M and n € N. O

As a consequence of Lemma 4.2.1, any (braided) monoidal autoequiva-
lence o : g)}D — gy’D can be seen as a (braided) monoidal equivalence
a: (g M) — »E(z M) and conversely.

As in [92], we will call a braided bi-Galois object A quantum commutative if
A is a cocommutative bi-Galois object which is commutative as an algebra in the
category of left-left Yetter Drinfeld modules, that is

ab = (a(_l) . b)a(o) (422)

for all a,b € A. We will denote the group of quantum commutative rH-bi-Galois
objects by Gal?®(rH). Clearly, Gal°(rH) is a subgroup of BiGal(rH).
The following is due to Zhu.

Proposition 4.2.2 ([92, Corollary 3.3.6]). Let (H, R) be a finite dimensional quasi-
triangular Hopf algebra. Then the group Gali(grH) is a subgroup of the group
Aut’ (ByD, EM).
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The group embedding defined in Proposition 4.2.2 is as follows; if A is quantum
commutative pH-bi-Galois object, then vy = A,y — is a braided autoequivalence
of ZYD (use the equivalence in Lemma 4.2.1), trivializable on M. As we have seen
in Lemma 2.5.6, the functor a4 is satisfying (A). Let’s denote by Aut’, (EYD, & M)

(4)
the braided autoequivalences of £YD trivializable on %M and satisfying (A), then
Gal®(rH) is a subgroup of Aut” (FYD, EM).
Conversely let o € Aut?, (HYD,fEM). In particular, o € Aut ,, (YD, EM,). By
Theorem 2.5.11, a(gr H) is a faithfully flat g H-bi-Galois object and a = a(g H)O g —.
But then by [92, Lemma 3.2.7], a(g H)O, g — being a braided autoequivalence implies
that a(gH) is quantum commutative. Thus we obtain the following proposition.

Proposition 4.2.3. Let (H, R) be a finite dimensional quasitriangular Hopf algebra.
The group of quantum commutative grH-bi-Galois objects is isomorphic to the group
of isomorphism classes of braided autoequivalences of YD trivializable on £ M and
satisfying (A), that is

Gal®(rH) = Aut?”, (§YD, FM)

4.3 The Brauer group of a finite quantum group

We state the following lemma for future use.

Lemma 4.3.1. Let H be a finite dimensional Hopf algebra. The categories 2YD and
nyI: are naturally isomorphic as braided monoidal categories.

Proof. Let (e;,e') € H x H* be a dual basis. Any M € £YD belongs to yDg: via

p(m) "E mygy @ mipy = e m @ ¢
m = h* = (h*, m_1))m)

for m € M and p € H*. Conversely, any N € y’Dgi, with H*-coaction denoted by
n = ngoy @ nyy, is a left left Yetter-Drinfeld module over H via

An)=e; @n — €

h-n= n{o} <n{1}, h>
for n € N and h € H. The categories gyD and yDEI are braided via

d(m®@n) =my)-n®mq)
¢'(m ®@n) =ngy @m — ngyy

With the identification as above, it is clear that ¢(m ® n) = ¢'(m @ n). O
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Let (H, R) be a quasitriangular Hopf algebra as before. A quasitriangular Hopf alge-
bra satisfies the quantum Yang-Bazxter equation, that is

Ri2R13R23 = RogRi3Ra2
where Ris =R'QR?® 1y € H® H® H, etc. Or
R'P' @ R2Q' @ P*Q? = P'R' ® Q'R? ® Q2P° (QYBE)
Lemma 4.3.2. We have
ulptUr @ wr'R' @ p*r? @ U?R? = p'U'w! @ r'R'W? ® r?p? @ R*U? (4.3.1)
Proof. By (QYBE) we have Ri2R13 = Ro3Ri3R12(R™1)a3 or

ulpl ® ’LL2 ®p2 — plul ® q1u25(1}1) ® q2p2'U2

Then
ulplUl ® u2r1Rl ®p2,',,2 ® U2R2
:plulUl ® q1U2S(U1)T1R1 ® q2p2v2,r,2 ® U2R2
:plulUl ®q1u2R1 ®q2p2 ® U2R2
:plUlul ®qu1U2 ®q2p2 ® R2U2

Dual to the construction in [91], there exists an exact sequence of groups
1 — Br(k) — BM(k, H, R) = Gal®*(zH)

Here Br(k) is the (classical) Brauer group of the field k, BM (k, H, R) = Br(gM)
is the Brauer group of the braided monoidal category g M (see Example 1.3.10(3))
and Gal?(rH) is the group of (isomorphism classes) of quantum commutative pH-
bi-Galois objects as in the previous section.

Let us recollect how the morphism 7 is defined. First recall from Example 1.1.5(3) that
M = M as braided monoidal categories. Suppose A is an Azumaya algebra in the
braided monoidal category gM = MH" that is [A] € BM(k, H, R) = BC(k,H*, R).
In [92, Proposition] (which is based on [91, Corollary 4.2]) it it shown that any element
of BC(k, H*,R) can be represented by an Azumaya algebra that is a smash product.
Any smash product is a Galois extension of its coinvariants (e.g. see Lemma 5.3.1),
thus any element of BC'(k, H*, R) can be represented by an Azumaya algebra that is
an H*-Galois extension of its coinvariants. As a result we're allowed to assume that
our Azumaya algebra A € g M = MM is H*-Galois over its coinvariant subalgebra
Ap = A°H" | Observe that

Ag=A®H" —yA={acA|h-a=eh)a,VYhe H} (4.3.2)
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Now 7(A) is defined as the centralizer subalgebra C4(Ag) of Ag in A. Then
7(A) € YD, where w(A) is an H*-subcomodule of A and the right H*-action is
the Miyashita-Ulbrich-action (or MU-action), given by

¢ — h* =z;(h")cy;(h¥)

for ¢ € m(A) and h* € H*, where z;(h*) ® y;(h*) = can™1(1 ® h*). By the
identification in Lemma 4.3.1, we get that m(A) € #YD is an H-submodule of A and
the left H-coaction is dual to the MU-action. As a left left Yetter-Drinfeld module,
m(A) can be seen as an pH-bicomodule. It is shown that 7(A4) is a bi-Galois object
and the morphism 7 : BM (k, H, R) — Gal?(rH) sends a class [4] to [7(A)]. In the
next part we will give an equivalent characterization for m(A).

A is still assumed to be an Azumaya algebra in g M which is H*-Galois over
Ag. Let Z be a left-left Yetter-Drinfeld module. We can define an A°-module
structure on A ® Z as follows

ARA AQZ

HARZ = (4.3.3)

with notation as in (4.2.1), or
(a®b)e(c®z)=a(R*- c)(rQS_l(z(_l))Rl byt 2(0)

for a,b,c € A and z € Z. Indeed

[(a®b)(c@d)e(e®z)=[a(R* c)® (r2-d)(r'R-b)]- (e ® 2) by (4.1.3)
=a(R?-¢)(P?-e)(Q*S™ ! (3—1))P' - [ - d)(r'R" - D)@ Q' - 2
= a(R*-¢)(P?p* - e)(Q*S ™ (2(-1)) P'r? - d)(¢*S ™ (2o )07 31 ) @q' Q" 2o
= a(R?-c)(P*P? - e)(Q*S™ (21" Pt - d)(¢* S (2—2))r'p' RT - b) ® ¢' Q" - 2(g)
by (QYBE)
=a(R?-c)(p°P? - e)(Q*r*S ™ (2(_2)) P! - d)(¢*r' ST (z—1))p' R" - b) ® ¢' Q" - ()
by (QT4)

but also
(a@b)e((cwd)e(e®z)

= (a@b) e [c(P?- e)(U?S™ (3(_1)) P - d) @ U - %))
= a(R* - [e(P? - e)(U*S™ (1)) Pt - )])(¢*S™H(U - 2(0)) (~1))R' - b)
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®q' - (U 20))0)
=a(R*-¢)(p*P? - €)(W’U?S ™ (z(—1)) P - d)(¢*S™ ((U" - 2(0)) (—1))u'p' R" - b)

®q' - (U 20))0)
=a(R*-c)(p*P? - e)(W’U*Q*r*S™ (1)) P' - d)(¢*S™ (U 21y S(r'))u'p'R" - b)
®q'Q" - 2
= a(R* - ¢)(p*P? - e)(Q*r*S ™ (2(_2)) PT - d)(¢*r' ST (zc1y)p' R - D) ® ¢' Q" - 2(g)

for a,b,c,d,e € A and z € Z.

Lemma 4.3.3. Let A be an Azumaya algebra in g M and let Z be a left-left Yetter-
Drinfeld module. A ® Z is a left-left Yetter-Drinfeld module with structures given

by

h-(a®z)=h1-a®hy-z

| , (4.3.4)
Mgz(@®2)=SR 2.1 ®R*-a® 2z

fora€e Aand z € Z.

Together with the A°-module structure, A ® Z becomes an object in ac (2 YD).

Proof. We embed A in £YD by viewing it as A € (R}_}M, ), that is A is equipped
with the H-coaction \p(a) = SR* ® R?-a. We use Ay rather than \;. Using A\; we
would not necessarily yield that A ® Z becomes an object in 4¢ (D). That being
said, there is a reason to choose Ay over A1 anyhow. The reason will become clear in
the proof of Proposition 4.3.5.

The given Yetter-Drinfeld module structure in the lemma now is nothing but the
natural Yetter-Drinfeld module structure of the tensor product of the two left-left
Yetter-Drinfeld modules A and Z.

A° is an H-module algebra with multiplication as in (4.1.3). Note that if we consider
Atobein (R};M, 1), we have to view A° in (R};M, ) as well. Thus its H-comodule
structure is given by Aae(a ® b) = SR*'Sr!' @ (R? - a ® 12 -b). Let us verify that A°
then is an algebra in EyD.

) = Aae(a(R? - ) © 7 - ) (P R D))

Aec((a@b)(c®d
® P? - (a(R?-c)) @p? - ((r2- d)(r' R - 1))

= S(PH)S(p")

= S(PHSUHS(p")S(u') © (P?-a)(U?R? - ¢) @ (p?r? - d)(u?r! R - b)

= S(PY)S(u")SU)S(p') © (P?-a)(R*U? - ¢) @ (¢*p? - d)(¢' R'u? - b) by (4.3.1)
= S(PHSuhHSUMHS(p') @ (P?-a@u-b)(U? - c®p?-d)

Aae(a®b)Aae(c®d)



4.3. THE BRAUER GROUP OF A FINITE QUANTUM GROUP 121

To observe that A ® Z is an object in 4e (gyD), observe that

h-[(a®b)e(c®2)]
=(h1-a®hy-b)e(hs-c®@hy-2)

(h1 - a)(R?hs - ¢)(r*S™ ((ha - 2)(-1)) R ha - b) @ 7t - (ha - 2) o)

= (h1 - a)(R?hg - ¢)(r?S™ ! (haz(_1)S(he)) R ha - b) @ 1 hs - 2(g)

= (h1 - a)(haR? - ¢)(r*heS ™" (2(=1)) S~ (ha)hsR" - b) @ 1" hs - 2(0) by (QT4)
(h1 - a)(haR? - ¢)(r®haS™ (z(—1))R" - b) @ 1 hg - 2(g)

= (k1 - a)(haR? - ¢)(hgr®S™ (z(_1))R" - b) @ hur' - 2(g) by (QT4)

h-la(R? - ¢)(r*S™ (1) R' - b) @ r' - 2]
—h @b e(co2)

which means that the module structure in (4.3.3) is H-linear. To show that it’s
H-colinear as well, we compute

Mgz((a®@b)e(c® 2))

= )\A®Z(Q(R2 . c)(rQSfl(z(_l))Rl by r!- 2(0))

= S(P)( - 2(0))(-1) ® P+ [a(B? - ) (r* 8™ (2-1)) BT - D) ® (7 - 2(0)) o)
=S(PHSUNS(V)rtz1yS(e') © (P? - a)(UR? - ¢)(V2r*p*¢*S ™" (2(_9))R" - b)

®p" - 20 by (QT4)

= S(P)S(U)S(g")2(—2) @ (P? - a)(UR? - ¢)(p*S ™' (2(—1))d°R" - b) @ p* - %)
by (QT4)

= S(P1)S(q")S(U")z(g) @ (P? - a)(R*U? - ¢)(p*S ™' (2(—1)) R?¢" - b) @ p" - 2()
by (QYBE)

= S(PYS()SWU )z @ (PP a a8 e (U copt - =)
=(a®b)(1)(c® 2)(—1) ® (a® b)) ® (c® 2)(0)

O

Let A be an H*-Galois Azumaya algebra in g M and let Z be a left-left Yetter-

Drinfeld module. The previous lemma allows us to consider (A ® Z)4, where (=) is

from the equivalence pair
A —:HyD= 4. (ByD): ()4
(similarly) as in [15, Proposition 2.6]. Then

A2 ={) x| Y (a@)e(;oz)=) (10a) e(c®2),Va € A},
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which is a Yetter-Drinfeld submodule of A ® Z with the same Yetter-Drinfeld module
structures as in (4.3.4).

By Lemma 4.2.1, we can view Z as a left g H-comodule in g M, thus we can consider
7(A)O, g Z. We will relate (A® Z)# and 7(A)0, 5 Z, but first we need an equivalent
characterization for the cotensor product of two rH-bicomodules in gy M (which is
dual to [91, Lemma 2.9]).

Lemma 4.3.4. If X and Y are two YD modules, then
XUprY = {Z 2@y € XQY | i1y R*®z;(0)@R -y = S(R")yi(_1) O R*-2;Qyi () }
Proof. Given > x; ® y; € X0, yY, using the identification in Lemma 4.2.1, we get

in(f1)R2 ® Tio) @ R -y

= ZS(Tl yeWR? @ r? . 2, @ R -y
:ZS(rl) UR?@r? . 2; @ RY - ;)

= ZS(Tl)yz( HS(P)R? @ 1? - 1; © R'P' -y
= ZS(rl)yl( 1) '$i®'yi(o)

Conversely, suppose Y x; ® y; belongs to the set on the right hand side, then
ZX+($i) Qyi = ZR2 - Ti0) © R'ai(_1) @i
=Y R xi) ® Rlziyu®S(0°) @ vlul -y
= E:RQu2 T ® Rls(ul)yi(fl)S(ﬁ) vty Yi(0)
= in®yi(71)5(v2) “Yio) = Z$2®X yz

This implies that we can define a coaction on X0, xY

AQ Jmi®y) =) wmi )R @mi)@R" -y = > S(RYyi_1) @ R -2 @ i)

Together with the diagonal H-action

h'z$i®yi:2hl‘33i®h2'yi
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this will define a left-left Yetter-Drinfeld module structure on X0, zY . Indeed

(h-( in@)yi ZZ/\(hl'mi@hQ'yi)
_ZS )(he - yi)(—1) ® R*hy - 2; @ (ha - ¥i)(0)
= ZS hgyl( 1yS(ha) ® R?hy - 3 @ hs - yi )
=> mS(R yz( 1yS(ha) @ hiR* - 2; @ hs - i o
= h(S(R")yi(—1))S(hs) ® hy - (R* - 2 @ s (g)

The corresponding rH-bicomodule structure is the natural rH-structure of the
cotensor product. E.g.

> Xx0, v (% @ i) = > (@i @) -)S(R*) @ R' - (2 @ ) 0)
=Y @i —yr*S(R) @ R - (zi0) @ 1" - i)
= in(_l)TQS(Pz)S(]"f) ® R “Ti) ® Plrl.y,

= le( HS(R*) @ R' - w0y ® y; = ZX}(%) Q Yi

and similarly X;D uy = X® X)J?- Thus we could have deduced the Yetter-Drinfeld
R

module structure from the natural p H-bicomodule structure as well.

Particularly for 7(A)O,.xZ, we get

)\(Z Ci®z) = Z ¢ 1RP® Cip ® R' -z = Z SRz _®R* . c® Zio (4.3.5)

for > ¢, ® z; e n(A)0,,uZ.
The following statement is inspired by [91, Lemma 4.5].

Proposition 4.3.5. Let A be an H*-Galois Azumaya algebra in g M and let Z be a
left-left Yetter-Drinfeld module structure. Then

(A® Z2)* = (A0, nZ
as left-left Yetter-Drinfeld modules.
Proof. Let > ¢; ® z; € m(A)0,uZ and denote c® z = Y ¢; ® z;, then

XT@z=cox (2)
R?. C(0) @ Rlc(_l) Rz=cQ® Z(_l)S(Rz) ® R'. Z(0)
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Observe that
(1oa)e(c®z)= (B (S ()R -a) @' 2

_ (R27"2 A C(()))(S_l(C(_l))S_l(’l"l)Rl . a) ® z by (_i_)
=) (8 M (e-p) -a) © =
= (c(-nS~ ( _9)) - a)c) ® 2 by (4.2.2)

=ac®z=(a®1l)e(c®z)
whence 7(A) 0,z Z C (A® Z)4. Conversely let c® 2z =3¢; ® 2 € (A® Z)?. Then
ac® z = (R*-¢)(r*S™ (1)) R a) @7 - 2(g) by (%)

for all @ € A. But then by (4.3.2), we obtain ac ® z = ca ® z for all a € Ag. Thus
c®zem(A)®Z. As A is assumed to be H*-Galois, we know that 7(A) € YD,
where ¢ «— h* = z;(h*)ey;(h*). With the identification YDE. = YD from Lemma
4.3.1 in mind, note that

2i(h*)yi(h*) ) @ yi(R*) (1) = 1a @ B* by (1.4.5)
or equivalently

zi(h") 0yyi (h) @ 2:(B*) (1) = 14 ® S(h¥)
hence

zi(h") i (h") (wi(h*) ), h) = La(S(h"), h)

(h- i ())yi(h*) = 1a(h*, S(h)) (4.3.6)

for h € H and h* € H*. We can now show that c® z € n(A)0,xZ, that is ¢ ® z
satisfies (f). Let h* € H* and compute

R?. C(0) Xz <h*, Rlc(,1)>
= R2. €0) Xz <h’1ﬂ, R1><h§,C(_1)>

=R? (¢~ h3)®z (hi,RY)

= R?- (a;(h3)ey;(h3)) @ = (b}, RY)

=R*-((P*- )( 25’1(2( )P zi(h3)yi(h3)) @ p' -z (hi, RY) by (1)

= (R°P?-¢)® Z< RY)(h5, S(p*S™ " (z~1)) PY)) by (4.3.6)
= (R°P*-c)@p' -2 <h*,R S(PY)z-1)S(p?))

=c@p' -z (b 7Z(_1)S(p2)>
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Hence c® z € m(A)O, 2.

As 7(A) is an H-submodule of A and both objects have the diagonal H-action, the
equality is H-linear. The H-colinearity is clear from the definition of the H-coactions
n (4.3.4) and (4.3.5). Moreover, this illustrates why in the definition of Aagz we
have opted for Ay instead of A;. O

rH is naturally a left g H-comodule in g M via A, or equivalently, by Lemma 4.3.1,
rH is a left-left Yetter-Drinfeld module via > and A, i.e. x(_1) ® 7(g) = 71 ® x2.

By the previous proposition, we obtain
7T(A) = W(A)DRHRH = (A ® RH)A

as left-left Yetter-Drinfeld modules. Since both A and g H are algebras in g M, so is
A ® rH, with multiplication given by

(a®2)(b®y) =a(R*-b) @ (R' > )y

for a,b € A and z,y € gH. As a matter of fact, with H-module and H-comodule
structure as in (4.3.4), A ® gH is actually an algebra in #YD. Indeed

>\A®RH((G ®2)(b®@y)) = Meya(a(R®-b) @ (R' > z)y)
= S(PY((R" > z)y)(—1) ® P*- (a(R*- b)) ® (R' > )y) 0)
=S(PHYS(P")(R' > x)—1yy(—1) ® (P? - a)(p*R* - b)) @ (R' > x)(0)¥(0)
= S(PY)S(p")R'z1S(V )y @ (P? - a)(p*RPUPV? - b)) @ (U' 1> 22)ys

= S(PHa1S(VHy @ (P?-a)(U?V? - b)) © (U' > x2)ys

= (S(PHz)(S(VNy) @ (P?-a®z)(V? - b @ yg)

= Mera (@ ® 2) A g, (b ®Y)

Lemma 4.3.6. Let A be an Azumaya algebra in yM. Then (AQrH)? is a subalgebra
of AR Z in ﬁyl).

Proof. By (4.3.3) and the definition of (A ® rH)?, Y ¢; ® z; belongs to (A ® rH)*
if and only if

Z ac; @ T; = 2:(1'{2 ce) (28T xR a) @t - xy (4.3.7)
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Assume Y ¢; ® z; and ) d; ® y; belong to (A® rH)?4, then

> (1®a)e (¢ o) ®y,))
= Z L®a)e (c;(R? dy) ® (R' > z;)y;)
=3 [P (ci(R* - d)|[p*S T (R' > wi)1y;,) P - a] @ p' - [(R! > 21)2y;,)
=D (P?-e)(QRPUPV? - dy)(p°¢* S~ (R' w1 S(V! )y )Q' P' - a)

® (p'U" > 2iz)(q" > yj,)
= (P c)(UV? - dy)(p°q*S ™ (y; V'S~ (1) P" - a)

® (P U > 2i5)(¢" > y5,)

=Y (P?-e) (U (V2 dj)(@*S ™ (y;)V' S Hwir) P - a)])

® (U > zi)(q" > y5,)

=D (PP e)(U? - [(S (@) P' - a)dy]) @ (U 1> win)y by (4.3.7)
=) (P*-e)(U*S (@) P! -a)(p* - dj) @ (p'U" > wis)y;
= Z:acZ p?-d;) @ (p* > y)y; by (4.3.7)
=Y (a®1)e((c; @) (d; ®yy))

So > (e; ® x;)(d; ® y;) belongs to (A ® rH)A, which finishes the proof. O

Theorem 4.3.7. Let A be an Azumaya algebra in g M which is H*-Galois over Ay,
then
m(A) = (A® gpH)*

as left-left Yetter-Drinfeld module algebras, or equivalently, as rH -bicomodule alge-
bras. Thus they represent the same object in the group of quantum commutative Galois
objects Gal®(rH).

Proof. So far we have established that 7(A) = 7(A)0,, grH = (A® gH)* as left-left
Yetter-Drinfeld modules. (A ® rH)? is an algebra with multiplication

Y (c@m)(d;y) =Y a(R-dj)® (R - x)y; (4.3.8)

for ¢ @ 2,5 d; @ y; € (A® rH)A, or equivalently Y ¢; ® z4,>.d; ® y; €
m(A)O,grH. 7(A)O,grH is the cotensor product of 7(A) and rpH in the cate-
gory g M, in particular, it has an algebra structure induced by the algebra structure
of m(A) ® rH in g M, which equals the algebra structure in (4.3.8). O

It’s a future research goal to investigate whether we can use this new characterization
to prove surjectivity of 7.
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Define
Fa:8yD 5 HyD: 72 (A0 2)4

Then
Fa(Z2)=n(A)0,nZ

as left-left Yetter-Drinfeld modules, for any Z € £YD. But as 7(4) is a quantum
commutative braided bi-Galois object over rH, m(A)0, y— is a braided monoidal
equivalence, thus so is Fi4. In addition, by Lemma 2.5.5, we know that 7(A)d,g— :
’H( M) — RE(5 M) is trivializable on &M, which in this particular case is easy
to see; if X € RM c HYD, then its induced left rH-coaction (as in Lemma 4.2.1) is
trivial, indeed

X (@) =2 )S(R) @ R" -z) =r*S(R® ) @R z=1®z
for x € X, whence n(A)0, g X = X.

It’s also interesting to investigate the trivializability of Fy itself. If X € EM,
(4.3.3) becomes

AQA A®X

A X

T ADX = A® X, where (A & —,(=)?) is the equivalence pair of A being Azumaya.
Thus (A® X)4 = (A X)4 =~ X.
In other words, the A°-module structure of A® Z in (4.3.3) is equal to the A¢-module

structure of A 6N§> Z, with the following ’twist’ inserted into it,

A Z

&

A Z

which is trivial whenever Z € E M.

Composing the morphism 7 : Br(gM) — Gal?(gH) with the group isomor-
phism Gal?(pH) = Aut?, (YD, ;M) from Proposition 4.2.3, we obtain a group
morphism

Br(gM) — Aut’, (FYD, EM)
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which maps a class [A] to the class of natural isomorphisms represented by F4 (no-
tation as above). By construction, the following diagram commutes.

1

Br(k) — Br(zM) Gal®(rH)

Aut? (1D, FM)

In view of Proposition 4.1.4, we can also say we obtain a group morphism
Pic(gM) — Aut’, (YD, FM)

The kernel of this morphism is, by construction, isomorphic to the Brauer group of k.
The latter is, again by Proposition 4.1.4 (replace H by the Hopf algebra k), isomorphic
to the Picard group Pic(xM) consisting of equivalence classes of one-sided invertible
g M-bimodule categories. Let us summarize in the following theorem.

Theorem 4.3.8. Assume (H, R) is a finite dimensional quasitriangular Hopf algebra.
The following diagram commutes:

1 — Br(k) — BM(k,H,R) Gal®(rH)

1 — Pic(M) — Pic(gM) — Aut”, (FYD, FM)

Remark 4.3.9. Note that Davydov and Nikshych constructed a group (iso)morphism
Pic(C) — Aut®"(Z(C),C) for any braided tensor category C (under stronger condi-
tions) in [26]. In particular for C = g M they would obtain a group (iso)morphism
Pic(gM) — Aut® (YD, & M). The two constructions are independent and we don’t
know whether they are equal. If they would be, this approach by monoidal auto-
equivalences would render the surjectivity of 7, i.e. the right exactness of Zhang’s
sequence, at least under the same conditions as in [26]. In particular, the field & is
then assumed to be algebraically closed and of characteristic 0. But then the clas-
sical Brauer group Br(k) is trivial, so injectivity was already established under this
assumption.

4.4 Relation with the morphism ¢

Let (H, R), with R = R'® R?, be a quasitriangular Hopf algebra. Let F' denote HP.
F is quasitriangular with R(p ® q) = p(R?)q(R%), for p,q € F. The category ' M is
braided via

V' (m @n) = ngoy @ myeyR(ng_1y @ my_1y)
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for M,N € *M, m € M and n € N.

Lemma 4.4.1. The categories gM and ¥ M are isomorphic as braided monoidal
categories.

Sketch of proof. Let (e;,e') € H x H* be a dual basis. Any M € gM is an F-
comodule via . 4
A(m) "= my_1y @ myey =€ @e;-m
for m € M. Conversely, any N € ¥ M, with F-coaction denoted by n n{_1y ®@nyo},
is an H-module via
h-n= <n{—1}, h>n{0}
for n € N and h € H. The categories z M and ¥ M are braided via
Yp(m@n)=R* n@R' -m
Y (m@n) =ngy @mpyR(ng_1y @ my_1y)
respectively. Identifying y M and ¥ M, it’s easy to see 1 = ' O
We have a similar result for the categories of Yetter-Drinfeld modules. Note that
EJ}D is braided via
¢'(m@n) =myg_1y-n®@myy
¢ Hmen) = ngoy ® S~ (ng_1y) -m
for M,NE?)JD, mée M and n € N.

Lemma 4.4.2. The categories (YD, ¢) and (LYD, qb’*l) are braided monoidal iso-
morphic.

Sketch of proof. Let (e;,e') € H x H* be a dual basis. Let M € #YD. We know from
Lemma 4.4.1 that A(m) = e’ ® ¢; - m € F ® M defines an F-coaction on M. Define
from=(f,87 (m1)))m)

form € M and f € F. Then M becomes an object in £ YD. Conversely, suppose
N € LYD. As in Lemma 4.4.1, N is an H-module via h-n = (ng-1y,h)ngoy. One
can check that ,

An) =e; @ Szt (eh) - n
defines an H-coaction on N, turning N into an object in #YD.
Finally let M,N € 2YyD = EYD and m € M and n € N. Then

¢ men) = ngy ® S ng_1y) -m

=e - y®@Spt(e)

=e Y <S;1(ei), S_l(l‘(,l)»l‘(o)

=(_1) Y@ x@0) = p(Mn)
as Sp = (Sz)*. O
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Let M be any F-module. Using the (inverse) R-matrix R~!, we can define a natural
F-module structure on M as follows:

fom=Rf@mi_1y)mey = R(f @ S (my_1y))myoy

for m € M and f € F. Then M becomes a left-left F-Yetter-Drinfeld module. Let’s
denote the category of F-comodules with induced module structure by REM. The
category (Rff./\/l,w’) is a braided subcategory of (f;yD,gb’_l). Under the identifi-
cation (EYD,¢) = (EYD,¢'™"), we have (EM,¢) = (g iM,4"). Consequently,
rH becomes a braided Hopf algebra in R,f./\/l C EYD. Thus, we can consider the
Radford biproduct g H x F'.

The categories =H(FM) and RH*FAM can be naturally identified. It
(M, X, x™) € *H (¥ M), with notation as before: A\(m) =my_13 @ myoy € F @ M and
x~(m)=ml=U@ml € gH ® M, then (M, x;) € **F M where

not.

Xi(m) "= me 15 @megs = (mlY x m!?

0
(-1)) @m0y

for m € M. Conversely, if (M, y;) € #T*F M, then (M, X, x~) € * (¥ M) where

A(m) =p(m<_1>) ® m<o>
X~ (m) =q(m<_1>) ® m<o>
wherep=¢c, g @F : pRHXF — Fand ¢q= pRH®ep : pRH X F — pH are the natural

projections (as in Chapter 3).

Combining Lemma 4.2.1, Lemma 4.4.1 and the previous categorical identifica-
tion, we obtain:
ZyDgRH<HM) %RH(FM) gRHNFM

Accordingly, any a € Auti’z)(g)}D,ij) can in particular be seen as monoidal

equivalence
a: MmUY

By Proposition 2.5.1, there exists a bi-Galois object D over pH x F such that
a = D0O-—

Here the unadorned cotensor product is over the Radford biproduct: 00 =0, g« r.
« can be extended to

(X:DD—'RHXFMRHXF%RHNFMRHNF

By assumption, « is trivializable on y M = ' M. Hence

F~ pDOF in #HXF pqrHxF
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Lemma 4.4.3. The morphism
oc:DOF =D, d® f—d (f,1)
1s an gH x F-bicolinear algebra morphism.

Proof. o is obviously a left gk H x F-colinear algebra map. It is also right g H x F-
colinear, since d ® f € DOF implies

deo> ®dc1>Rf=dR@1 X f1 ® fo
or, after applying D® pH ® F ® ep
d<0> ®d<1> <f,].> :d®1 X f

and thus

(0 ® rH x F)(xr)(por)(d® f)
=(c@rHXF)(d® f1 ®1X fa)
=d{f1,1)®@1x fa

=d®1xf

=dco> ®@dc1> (f,1)

= (xr)p(o(d® [))

Consider the composition
F=~DpOF % D

which is a R H x F-bicolinear algebra morphism. By Theorem 3.2.9, there exists a
braided gH-bi-Galois object Dy in gya such that

D = Do#F
as gH x F-bicomodule algebras.
Proposition 4.4.4. Let M € R (F M) = rREXEAL Then
DOM = DO,y M

in *H(F M) = rHXE AL
Proof. 1t suffices to show (Do#F)OM = DoO, g M. Let (a#f) @ m = (a;#fi) @
m; € (Do#F)OM, i.e.

(a[O]#a[ll{il}fl) ® (a[l}{o} X fa) ®@m

= (a#f) ® m<_1> ® Mco>

= (a#tf) @ (m!=1 x m[o]{fl}) ® m[o]{o}
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Applying Dy ® ep ® rH ® er @ M, we get
a9 ® a“](f, ) @om=alf,1y) ® ml=1 & mlo]

ora{f,1g)®@m € DoO,gM. Set ¥ : DOUM — DoO, g M,((a#f)@m) = a(f,1g)®
m.
Applying Dy @ e @ e,g ® F ® M yields

a® f@m=a(f,1g) ®m_1y ® my

That is, if we set 9! : Do, g M — (Do#F)OM, 9~ (a ® m) = (a#m_13) ® myoy,
then ¥~! o4 = id. To verify that 9! is well-defined, observe that a@m € DO,y M
implies

a @ aYl @ m=a®ml~1oml

and

(a#m{ 1}) ® myoy

1
#CL { 1y — 111) @ (a []{0} X my_1y5) ® myoy

0} 1) 0 o
agtm N ym )@ gy <o) em

= (d

= (

= (o™ @ gy oy @m0,
= (attmi1) @ (mg) ™ xmyg) ) @mgy T, by (3.1.7)
= (a#myoy) ® xi(myoy)

whence 97 (a @ m) = (a#my_1y) @ myoy € (Do#F)TM. Finally, we obviously have
Yo~ =id. O

By the previous proposition, we obtain a = DO, z— : ##(F M) — =2 (¥ M). Con-
sequently, we obtain

Oé(RH) = DDRH = DODRHRH = DO (441)

Let us summarize. Let o : gyD — gyD be a (braided) monoidal autoequivalence,
trivializable on £ M. We can identify YD = rH*FAf Thus o can be seen as a
monoidal equivalence a : RIXF A — rHXF AL By the classical bi-Galois theory,
[68, Corollary 5.7] in particular, there exists an g H x F-bi-Galois object D such that
a = DO—. The fact that « is trivializable, implies that D belongs to the image of
the morphism ¢ : BiGal(rH) — BiGal(rH x F). In other words, Dy = D is a
braided rH-bi-Galois object. Then one can show that o = DO— = Do, g—. If o is
braided, Dy must be quantum commutative by [92, Lemma 3.2.7]. So the results from
Chapter 3 provide an alternative way of obtaining a (quantum commutative) braided
rH-bi-Galois object from a (braided) monoidal autoequivalence o : £YD — HyD,
trivializable on & M. Finally, (4.4.1) shows that this approach gives the same braided
rH-bi-Galois object (up to isomorphism) as the approach from Section 4.2.



Chapter

The equivariant Brauer group of a
cocommutative Hopf algebra

The goal of this chapter is to generalize Beattie’s exact sequence to the case where H
is a projective cocommutative Hopf algebra which is not necessarily finitely generated.

In Section 5.1, we first recollect the definition of the bigger Brauer group, fol-
lowing [76, 12]. Next, we will introduce the equivariant Brauer group BRM (k, H)
of the cocommutative Hopf algebra H consisting of equivalence classes of H-module
Taylor algebras (with or without a unit). Later in the chapter we will construct
a group morphism BRM(k,H) — Gal(k,H). To obtain surjectivity of this
morphism, we will need to rely on the theory of multiplier Hopf algebras. For
that reason we will recall the definition of multiplier Hopf algebras in Section 5.2.
Multiplier Hopf algebras were originally introduced by Van Daele [80]. The main
concern in Section 5.3 is the construction of H-Galois objects from (flat) H-module
Taylor-Azumaya algebras. This process will induce a well-defined group morphism
7 : BRM(k,H) — Gal(k, H). We will prove this fact in Section 5.4 and moreover
compute the kernel of 7. Under the assumption that H has a faithful surjective
integral, we will prove in Section 5.5, that T becomes surjective. Finally, in Section
5.6 we will illustrate our results by considering the following examples; k is a field,
H is the group Hopf algebra kG, or H is the tensor product of a group Hopf algebra
and a finitely generated cocommutative Hopf algebra.

All the material in this chapter originates from [31].

133
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5.1 Equivariant Brauer group

Taylor proposed an extension of the notion of a central separable algebra [76] and in-
troduced a Brauer group consisting of equivalence classes of Azumaya algebras with-
out a unit, a group which can be seen as a generalization of the Brauer group of a
commutative ring (Example 1.3.10(1)). An interesting rectification is given in [13],
while another equivalent characterization of this new concept is provided by Caenepeel
in [12]

Let k& be a commutative ring and A be a k-algebra not necessarily with a unit. A is
called unital (or idempotent) if the natural morphism A®4 A — A is an isomorphism.
In particular, the multiplication map m : A ® A — A is surjective. Similarly, we call
an A-module M wunital if the map A®4 M — M is an isomorphism. If the algebra A
has a unit, it is unital and every module is unital. For a unital algebra A, we denote
the category of unital A-modules by 4 M™Y. Similarly, we can define the notion of a
unital right module or a unital bimodule.

Consider the enveloping algebra A° = A ® A°. If A is unital then A€ is also unital.
By Remark 1.3.8, the category 4.M™" is naturally isomorphic to 4 MY, the category
of unital A-bimodules. A is naturally a unital left and right A°-module, we will denote
Aj respectively A, for A when viewed as a left respectively right A°-module.

Definition 5.1.1. A Taylor-Azumaya algebra is a unital, faithful k-algebra which
satisfies the following equivalent conditions

(1) There exists an invertible k-module I such that the functors

F:gM— geM*  N—= A QN
G:AeMu%kM:M'—)(AT(gI)@AeM

form a pair of inverse equivalences
(2) The functors

FiuM— peM*" :N— A QN
G pe MY = g M MHHomAe(Al,M)

form a pair of inverse equivalences.

The center of a unital k-algebra A is defined as Z(A) = Enda-(A). Z(A) is a
commutative k-algebra with unit and A is a Z(A)-algebra. A Taylor-Azumaya algebra
A is always k-central. Moreover, A then is finitely generated A®-projective. If a
Taylor-Azumaya algebra A contains a unit, it is a central separable algebra as in [32].
Proofs for these statements, as well as other characterizations, can be found in [12].

Unlike in the unital case, a Taylor-Azumaya algebra A is not necessary faithfully
projective over k. E.g., [13] provide an example of a Taylor-Azumaya algebra which
is not flat as a k-module. However, in view of the equivalence functors in definition
5.1.1, A ® — preserves and reflects exact sequences between the categories M and

Ae MM,



5.1. EQUIVARIANT BRAUER GROUP 135

Definition 5.1.2. A dual pair of k-modules consists of two k-modules M and M’,
equipped with a surjective k-linear map p: M' @M — k. We denote M = (M, M’, 1).
A morphism between two dual pairs M = (M, M’, 1) and N = (N, N',v) is given by
a pair of k-linear maps f = (f, f'), with f : M — N and f' : M’ — N’, such that
p=vo(f ®f).

We can associate a unital k-algebra to a dual pair M = (M, M’, ), denoted and
defined by Ey(M) = M ® M’ as k-modules and with multiplication given by

(m1 @ my)(mg ® my) = p(my @ ma)(my ® mj)

for my,ma € M and mi,my € M'. Ei(M) is called the (associated) elementary
algebra. M is a unital left Ej(M)-module and M’ is a unital right Ej(M)-module.
The actions are defined by

(me@m')-n=pum @n)m

n' - (mem') = pun' @m)m’
Finally, every elementary algebra Ej(M) is a Taylor-Azumaya algebra.
Example 5.1.3.

e If M is a finitely generated projective k-module, then (M, M*, (—, —)) is a dual

~

pair, where (m*,m) = m*(m) is the evaluation map. Moreover Ep(M) =
End(M).

o If Fx(M), where M = (M, M’, i), has a unit, then M and M’ are finitely

~

generated projective, M’ = M* and p is the evaluation map. Then Ej (M) =
End(M).

Definition 5.1.4. Let A and B be unital k-algebras. We say A and B are Morita
equivalent (notation: A ~ B) if they can be connected by a strict Morita context.

For the following proposition, we refer to [12, Prop. 3.1.1].

Proposition 5.1.5. Let A and B be Taylor-Azumaya algebras. The following are
equivalent.

(1) A and B are Morita equivalent
(2) A® B°P is an elementary algebra
(8) there exist dual pairs M and N such that

A® E(M) = B® Ex(N)
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Taylor defined in [76] a bigger Brauer group by considering Morita equivalence classes
of Taylor-Azumaya algebras. To ensure that these equivalence classes form a set, Tay-
lor claimed that any central separable algebra is equivalent to a subalgebra of a finitely
generated Taylor-Azumaya algebra. However [13] pointed out that the proof is only
valid if the central separable algebra is flat. To overcome this logical problem, they
have proposed to consider two Brauer groups BR(k) and Br'(k), defined by consid-
ering classes represented by a flat Taylor-Azumaya algebra, respectively by a finitely
generated Taylor-Azumaya algebra.

In both cases, the multiplication is induced by the tensor product, i.e. [A][B] =
[A ® B]. The identity is given by [k] (or [Ex(M)], where M is a dual pair of k-
modules) and the inverse of a class [A] is given by [A°P]. Note that & is obviously flat
and finitely generated as a k-module and A is flat (respectively finitely generated)
whenever A is.

Both BR(k) and Br’/(k) contain the classical Brauer group Br(k). Furthermore
BR(k) is contained in Br’(k), it is not known whether BR(k) = Br/(k). Finally,
if k is a field, then Br(k) = BR(k) = Br'(k).

Let H be a k-Hopf algebra. Similar to (2.1.2), a unital k-algebra A is called an
H-module algebra if A is an H-module such that the multiplication m: A® A — A

h-(ab) =Y (h1-a)(hy-b)

If H is a cocommutative Hopf algebra and if A and B are H-module algebras, then the
tensor product A® B is again an H-module algebra. We can look at Taylor-Azumaya
algebras which are simultaneously H-module algebras.

Definition 5.1.6. If A is a Taylor-Azumaya algebra and an H-module algebra at the
same time, we call A an H-module Taylor-Azumaya algebra, or an H -Taylor-Azumaya
algebra.

For example, we call M = (M, M’', ) a dual pair of H-modules if M and M’ are
H-modules and the map p is H-linear, i.e.

plhem’ @) = 3 by - @ ha - m)
= e(hu(m’ & m)

forme M, m' € M’ and h € H. For such a dual pair of H-modules, the associated
elementary algebra is an H-module algebra with induced H-action

h-(m@m’):Zh1~m®h2-m'

Eip(M) is an H-module Taylor-Azumaya algebra, called an elementary H-module
Taylor-Azumaya algebra.

For two H-Taylor-Azumaya algebras A and B to be equivalent, we demand the bi-
modules in the Morita context to be H-modules too and the bimodule isomorphisms
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have to be H-linear. If such a strict Morita context exists, we say A and B are H-
Morita equivalent or Morita equivalent as H-module algebras. Notation: A ~y B.
Proposition 5.1.5 then can be generalized to

Proposition 5.1.7. Let A and B be H-Taylor-Azumaya algebras. The following
conditions are equivalent.

(1) A and B are Morita equivalent as H-module algebras
(2) A® B°P is an elementary H-module algebra

(3) there exist dual pairs of H-modules M and N such that
A®EL(M) = B® Ep(N)

as H-module algebras.

We can now define the set BRM (k, H) of H-Morita equivalence classes of H-module
Taylor-Azumaya algebras represented by a flat H-module Taylor-Azumaya algebra,
as well as the set BM'(k, H) of H-Morita equivalence classes of H-module Taylor-
Azumaya algebras represented by a finitely generated H-module Taylor-Azumaya
algebra. BRM (k, H) and BM’(k, H) are groups with multiplication induced by the
tensor product: [A][B] = [A ® B]. The identity is given by [k] or [Ex(M)], for M a
dual pair of H-modules. The inverse of a class [A] is given by [A°P].

If no confusion can occur, we speak of the equivariant Brauer group of H and rely on
notation to make clear which group we are working with. In this chapter though, we
will deal mostly with BRM (k, H).

We have two natural embeddings BR(k) < BRM (k,H) : [A] — [A] and Br/(k) —
BM'(k,H) : [A] — [A], by associating to a Taylor-Azumaya algebra A the trivial
H-action. If k is a field, BM'(k,H) = BRM (k,H) = BM (k, H), the Brauer group
of H-module Azumaya algebras.

5.2 Multiplier Hopf algebras

We first recall the definition of a multiplier algebra of a (possibly non-unitary) algebra
A. A left multiplier is a right A-linear map A\ : A — A, a right multiplier is a left
A-linear map p : A — A. A multiplier is a pair x = (A, p), with A a left multiplier
and p a right multiplier, such that p(a)b = aA(b) for all a,b € A. We also denote
Aa) = za and p(a) = ax. We denote the set of multipliers of A by M (A).

The set M(A) is an algebra with unit. The product is defined as follows

(A1, p1) (A2, p2) = (A1 0 A2, p2 0 p1)

for (A1, p1), (A2, p2) € M(A). If A has a unit, then M(A) = A.
There is a canonical algebra map A — M(A), associating to an element a € A
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the natural linear maps A\, and p, such that \,(¢) = ac and p,(c) = ca. If the
multiplication on A is non-degenerate (ab = 0 for all b € A implies a = 0 and ab =0
for all @ € A implies b = 0), this map is an embedding. One then also calls A a
non-degenerate algebra. Moreover, A can be seen as a dense two-sided ideal in M (A),
by dense we mean that za = 0 (or ax = 0) for all a € A implies = 0. In fact,
the multiplier algebra M (A) then can be characterized as the largest unitary algebra
containing A as a dense two-sided ideal. Some more elementary properties of M (A)
are given in [43, Prop 1.6].

In [16], the multiplier algebra of an elementary algebra is computed.

Proposition 5.2.1. Let M = (M, M’ u) be a dual pair and denote E = Ey(M).
The multiplier algebra M(E) is isomorphic to

E={(f.f") € BEx x Ba | u(m' @ f(m)) = u(f'(m') @ m),¥m € M,m" € M'}
where By = End(M) and Fy = End(M')°P.
Sketch of proof. We can define a map
a:E— M(E), a(f,f')=(feM Ma f)

Furthermore, as p is surjective, there exist ¢; € M’ and p; € M such that pu(>", ¢; ®
p;) = 1. The inverse is given by

a ' M(E) = E, o p1,p2) = (f. f)
where

f(m) = Z p1(m @ q;)pi
f'(m') = quz(m ®@m')

for all m € M and m’' € M’. O

The definition of a multiplier Hopf algebra (over a field) is due to Van Daele [80]. Let
A be a non-degenerate k-projective algebra.

Definition 5.2.2. An algebra map A : A — M(A® A) for which A(a)(1 ® b) and
(a ® 1)A(b) belong to A® A for all a,b € A is called coassociative if

(a1 D)(AR)(AL)(1®e) =00 A) (e 1)AB)(1R1®c)
for all a,b,c € A.

Note that if A is a non-degenerate k-projective algebra, the multiplication on A® A is
again non-degenerate. We then have embeddings AQ A C M(A)@M(A) C M(A®A),
giving meaning to the above condition.
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Definition 5.2.3. A multiplier Hopf algebra is a non-degenerate k-projective alge-
bra A equipped with a coassociative algebra map A : A — M(A ® A), called the
comultiplication such that the following maps 17,75 : A® A — A ® A are bijective

T1:AQA—- AR A, Ti(a®b) =Ala)(1®0b)
T: A A— AR A, Ta(a®b) = (a®1)A(b)

Furthermore, A is endowed with an algebra map ¢ : A — k, the counit, and an
antihomomorphism S : A — M(A), the antipode satisfying

(e® A)(Aa)(1®b)) =ab
(A®e)((a®1)A(D)) =ab
m(S ® A)(A(a)(1®b)) = e(a)b
m(A® S)((a®1)A(b)) = e(b)a

for all a,b € A. Finally, a multiplier Hopf algebra is called regular if the antipode is
a bijective map S : A — A.

A multiplier Hopf algebra with identity is a Hopf algebra and vice versa. It is well-
known that the dual of a finitely generated projective Hopf algebra again is a Hopf
algebra. This property is lifted to the infinite case -under certain circumstances- if we
work with multiplier Hopf algebras, as shown in [81]. However, we must stress the fact
that most of the results on multiplier Hopf algebras are obtained when working over
a field. Caution is needed when working over a commutative ring k. For example,
when working over a field, the unicity of a left integral (if it exists) is automatically
fulfilled.

Example 5.2.4. Let G be a group, possibly infinite. Denote A = k(G) = Sgeckpy,
where py : kG — k, pg(h) = 645 Then M(A) = (kG)* and similarly M(A® A) =
(kG x kG)* (as A® A can be identified with k(G x G)). Define A: A - M(A® A)
by

A(f)(s,t) = f(st)

for s,t € G. Then A is a comultiplication as in definition 5.2.2. The counit and the
antipode are defined by

forall fe Aand t € G.

In [35, 34], a Sweedler notation for multiplier Hopf algebras is suggested. We do not
necessarily have that A(a) is in A ® A, however we do have that A(a)(1®b) € A® A
for all a,b € A. One can write Z(a) a1 ® agb for this expression. Nevertheless, we
must always keep in mind that herein the formal expression Z(a) a1 ®ag is dependent
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of b. We say that the factor as is covered by b. In [43], another Sweedler-like notation
is introduced, one which takes this dependence into account. For a,b € A, denote

Ala)(1@b) =Y any) @ aey
(b@1DA(@) = ap1) @ aps
The coassociativity is then translated to
(a1 1)(A®)(AD)(1®ce) = A)((a®1)AD)1®1¢)
D b)) @b @b = D ba1) © w210 @ ba)ze

However, for the sake of simplicity, we will opt for the former notation, continuously
keeping track to ensure enough factors are covered.

In Section 5.5, we need to rely on the theory of multiplier Hopf algebras, in particular
on the dual of a (possibly non finitely generated) k-projective Hopf algebra. We will
assume the Hopf algebra has a (left) integral, i.e. there exists a map ¢ : H — k such
that > hip(h2) = @(h)1 for all h € H. The notion of an integral also exists in the
multiplier Hopf algebra case.

Definition 5.2.5. A k-linear map ¢ : A — k is called a left integral if (A® p)A(a) =
p(a)l for all a € A. Similarly, we can define right integrals. A regular multiplier Hopf
algebra with an integral is called an algebraic quantum group.

Example 5.2.6. Consider Example 5.2.4 again, then ¢(f) = ZpEG f(p), where
f € A, defines a left (and right) integral on A.

Unlike in the field case, the unicity of a left integral (if it exists) is no longer automat-
ically fulfilled if we work over a commutative ring. Also, the construction of the dual
space, relies on the fact that the integral is surjective as well. However, if we assume
both conditions, the proofs in the field case can be copied nearly verbatim. We sum-
marize the needed results in their appropriate form when working over a commutative
ring. For the analogues in the field case, we refer to [81, 35, 90].

Proposition 5.2.7. Let H be a projective Hopf algebra over the commutative ring
k. Furthermore, assume there exists a left integral ¢ : H — k which is faithful (i.e.
p(h—) =0 or ¢(—h) = 0 implies h = 0) and surjective, then we have the following:

e The integral space is generated by .

e One can define a dual H, which is a multiplier Hopf algebra with integral. As a

k-module, H 1is equal to

{p(a—) [ ac H}
{o(=a) | ac H}
{(a=) ac H}
{t(=a) | a e H}
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where ¥ is a faithful and surjective right integral (e.g. b = ¢ 0 S). The multi-
plication and comultiplication are given by

(wo)(z) = (W@ v)A(z)
(weDAW) (oY) = (Wwov)(A@)(1oy))
AW ev)(zey) = (wov)((= e 1)Ay))
for w,v GAPAI and x,y € H. The counit € is given by evaluation in 1 whereas the
antipode S is dual to S. The integral ¢ is defined by

¢(w) = €(a)
where w = P(a—).

o As ¢ is faithful and surjective too, one can construct ﬁ, which is isomorphic to
H.

e There exists a ’dual basis’, i.e. an element
w@v =3 @) @ 5 (1) € M(H @ H)

which satisfies

(1) vlh,u) =h for he H

u(v,hy =h forh e H
(2) (A H)(u®v)=uuw @uv' € M(H® H® H)
(3) (H® A (u@v)=u@vev e M(H® H® H).

5.3 Constructing Galois objects from Azumaya al-
gebras

For the remainder of this chapter, we will assume H to be k-projective and cocom-
mutative, although some results and lemmas are still valid without this assumption.
For the sake of generality we still denote S™! on occasion (even though S=1 = S).

Let A be an H-module algebra. Let us denote Sy = A#H. Then

(a#tg)(b#h) = > a(gy - b)#gsh

for a,b € A and g,h € H. We can identify A with the subalgebra A#1.
If A is a unital k-algebra, then S4 is a unital A°-module, with left module action
given by

(a®a’)- (b#h) = _ab(hy - a')#hs
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for a,a’,b € Aand h € H. Since A is unital, b can be written asasum b =), x;9;2; €
A3. One can easily verify

b#h - Z(xz ® Sil(hl) . Zz) . (y7#h2) c Ae . A#H

Note that the embedding A — S4 : a — a#1 becomes a left A°-module map. S, is
an H-comodule algebra, with H-comodule structure defined by

ps, Sa— Sa®H, pg, (a#th) = a#thy @ hy
Furthermore, pg is A°linear and Sa becomes an H-Galois extension.
Lemma 5.3.1. S4/A is an H-Galois extension.

Proof. As the H-comodule structure on S4 is given by A ® A, we immediately have
(Sa)f = A1 = A
The canonical map is of the following form
cang, : SA®4854—> SAa®H,
cang , (b#g @a c#h) = blgy - ¢)#g2h1 @ hy

The reader can easily verify that cang, is bijective with inverse given by

E:SA®H — S4®4 54,
E(bettg @ h) = (b#925(h1)) @4 ((h2S~ (g1)) - c#ths)

¢ is well defined since A is unital. O

Denote by m(A) the centralizer of A in the unital algebra M(S4). w(A) is a sub-
algebra with identity. S4 is a unital A°-module, hence we can consider the k-
module Hom (A, S4). We show that m(A) can be identified with this k-module
Hom (A, S4) (for an H-Taylor-Azumaya algebra A).

o~

Lemma 5.3.2. Let A be an H-module Taylor-Azumaya algebra, then w(A)
Homae(A,Sa) as algebras.

Proof. Hompe(A,Sy) is a k-algebra with multiplication given by

(ff')(ab) = f(a)f'(b)

for f, f' € Home(A,S4) and a,b € A. This product is well defined since A@4 A = A
(A is unital). The unit is given by the embedding A — Sy, a — a#ly.

Let z € M(Sa), say © = (p1,p2). p1 is right Sa-linear (by definition), in particular
p1 is right A-linear. Similar, py is left A-linear. However, we see that x € w(A4) =
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Chr(sa)(A) if and only if p; is left A-linear as well and py is right A-linear too.
Moreover, we then have p; = po, indeed p1(ab) = ap1(b) = pa(a)b = pa(ab).
For z € m(A), define f, € Homa<(A,S4) by

fo(@) = (a#)e = po(attl)
= a(a#l) = pi(a#tl)

Since po is both left and right A-linear, f, is an A-bimodule map, i.e. f, is left A°-
linear. Hence, we have a map a : 7(4) — Homae(A, Sa), () = fu.
Conversely, we first note that 14#g € M (Sa) for g € H, as follows

(1#9)(b#h) = (g1 - b)#gah
(b#h)(1#g) = bithg
Define a map S : Homae(A, Sa) — 7(A), B(f) = (p1, p2) with

p1(a#tg) = f(a)(1#g)
= Z(l#gg)f(s_l(gl) -a)

p1 is right S4-linear since

((a#g)(b#h))
=Y pilalgr - b)#gah)
= flalgs - b)) (1#g2h)
=> fla 1)(1#g2h)
=> fla b)#g2h)
= f(a )(1#g)<b#h)
= p1(a#g)(b#h)

A similar computation shows that ps is left S-lincar.
p2((ad#tg)(b#h))
= Z pa2(a(gr - b)#g2h)
= > (1#gshs) f(S ™ (g2h1) - (alg1 - D))
=Y (1#gahs) (S~ (gsh2) - a)((S™ (g2h1)g1) - b))
= (1#g2hs) ((S7(grha) - a)#1) F(S7"(h1) - b)
= > (((92h3S™ " (h2)S ™ (g1)) - @)#gsha) F(S™ () - b)
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> (a#ghs) f(S™"(hn)-b)
> (a#g)(1##ha) f(S™" (M) - b)
= (a#tg)p2(b#h)

Next we compute that (p1, p2) is a multiplier.

(a#g) p1(b#h)

= (a#tg) f(b)(17£h)
= (L#£92)((S™ (g1) - a)#1) f (0) (14
= (1#92) f((S7"(91) - @)b)(14£h)
= (1#g2) f((S7'(g1) - @) (b#1)(14¢h)
(1#92)f((5 Hg1) - @) (b#th)
p2(attg) (b#th)

To show that (p1, p2) € w(A), we verify that p; is left A-linear and ps is right A-linear.

p1(a(b#h)) = f(ab)(14h)

— (af (b)) (1#h)
= af (b)(1#h)

=ap ( )

2((a#g)b) ZpQ : )#92)

= (1#g3)f(S™ (g2) - (a(g1 - )))
= S (1#g) F((S7 (g5) - a) (S (g2) - (91 - b))

= > " (1#62) (S (g1) - a)0)

= (1#0)(F(S " (91) - a)b)

=3 (1#92) F(S(gn) - a)b

= pa2(a#g)b

Obviously, a 0 8 = 1. Say Bla(pr,p2)) = BUf) = (o}, pb), for = = (p1, pa) € 7(A).
Then

P (a#g) = f(a)(1#9)
p1(a#£1)(1#g)
p1((a#1)(1#9))
p1(a#tg)

1
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and

ph(a#tg) = (1#92) f(S~ (q1) - a)
= (1#92)p2((S™ (g1) - a)#1)
= p2((1#92)((S™(g1) - a)#1))
= pa(g2- (S (g1) - a)#g3)
= p2(a#yg)

Hence, « is the inverse of 5. We conclude by showing that « is an algebra map. If
a(p1,p2) = f and a(p, py) = f', then

a((p1, p2)(p1, P))(ab) = a(p1 o pi, p © pa)(ab)
= (ph 0 p2)(ab#1)
= ph(p2((a#1)(b#1)))
= ph(p2(a#t1)(b#1))
= pa(a#1)ph(b#1)
= f(a)f'(b)
= (ff')(ab)
O

Using the above lemma and the equivalence pair (F,G;), we obtain the following
corollary.

Corollary 5.3.3. Let A be an H-Taylor-Azumaya algebra, then
A@m(A) = AR Homae(A,S4) = Sa

The composition of these isomorphisms is just the ’multiplication’ sending a ® x to
ax = (a#l)x for a € A and © € ©w(A). Moreover, it is A°-linear and an algebra
morphism.

We want to define an H-comodule structure on 7w(A). We do this by defining an
H-comodule structure on Hom (A, S4) and by using the isomorphism from Lemma
5.3.2. As A is an H-module Taylor-Azumaya algebra, the categories ;M and ge M
are equivalent, either by the pair (F,G) or by the pair (F, G;), where

F:oM—= g MY N—= A QN
G'AeMu*)kMM’_)(Ar(@I)@AEM
Gp:aeM" = M M — Homae(A, M)

Hence, the functors G and G, are naturally isomorphic, say by a: G; — G. As Sy is
an H-comodule and the map pg, : S4 — Sa ® H is A®-linear, we can now use this
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isomorphism to define a map p: Homae(A,Sa) — Homa<(A,S4) ® H as follows

) ——5a

(AT®I) ®Ae SA
P, (Ar @ 1) ® ps,

ag, ® H
HOmAe(A,SA)®H (AT®I)®A6 SA®H

Moreover, since A; ® — is an equivalence, the map p : Homae(A,S4) —
Homae(A,Sa) ® H is completely determined by A ® p. By definition of p, p sat-
isfies the following diagram

€vs 4

A® Homae(A, Sx) Sa
A®p PSa
"
A® Homac(A, Sy o H 5290 5, o m

Thus, if we make use of Sweedler notation and denote p(f) = 3 fio) ® f(1), for
f € Homae(A, Sa), we have

> fo@) @ fay=>_ fla)o) @ f(a) (5.3.1)

for all a € A. Moreover, the element ) foy ® f(1) € Hom 4e (A, S4) ® H is uniquely
determined by this equation. L.e. suppose there exists ) g;®@h; € Homae(A, Sa)QH

such that ) g;(a) ® hj = > f(a)) ® f(a)q) for all a € A, then p(f) = > g; @ hy.
This is a result of the following lemma.

Lemma 5.3.4. The natural map o : Homae(A,S4) @ H — Homae(A,Sa ® H) is
an isomorphism of k-modules.

Proof. To be more specific, o is defined as follows
o:Homae(A,Sa) @ H— Homae(A,Sa® H)
f@h w— (ar fla)@h)

Since A ® — is an equivalence functor, it is sufficient to note that A ® o is an isomor-
phism of unital A°-modules. The latter can easily be seen by the commutativity of
the following diagram

A
A@ Homae(4,54) @ H 225 A@ Homac(A, Sa ® H)

evs, @ H evs @ H

id
SaA® H ! - SAQH
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where ev denotes the counit of the equivalence pair (F,G;). Recall that evy is an
A¢-linear isomorphism for any unital A°-module N. O

In particular, if we have elements f;,g; € Homa-(A,Sa) and h;,l; € H such that
difila)@hi =37 g;(a)®1; foralla € A, then ), fi @ hy =7, g; ® ;.

Lemma 5.3.5. The map p : Homae(A,S4) = Homae(A,S4) @ H defines an H-
comodule structure on Home(A,Sa). Moreover, Homa<(A,S4) is an H-comodule
algebra.

Proof. Again, to prove the equality p ® id o p = id ® A o p, it suffices to verify that
ARpR®idoA®p =A®id®® Ao A® p holds. This equality is equivalent to the
commutativity of the following diagram

€VS 4

A® Homae(A, S4) ~ Sa
A®p Psa
A® Hompe (A, S4) 0 H — 052 O H - Sy H
AQpRH| |ARid® A ps. @H| |[Sa®A
A® Homue(A,Sa) @ H® H s, OHOH ¢ onen

Or, using Sweedler notation, we have

foy0)(@) @ foya) ® fay = fla)oyo @ fla)oyw @ f(a)w

= f(a)) @ f(a)1)y) @ fla)aye)

= fo)(a) ® faya) @ fay@
for all @ € A, implying p ® id o p(f) =id @ Ao p(f) for all f € Homae(A,S4).
We leave the verification of the counit condition to the reader.
To show that Homye(A,S4) is an H-comodule algebra, ie. (fg)o) ® (fg)a) =
f0)90) ® faygn) for all f,g € Homae(A,Sa), we again make use of the injectivity
of the map o : Homae(A,S4) ® H — Homye(A,S4 ® H). The algebra structure of
Hom (A, Sy4) is described in Lemma 5.3.2. Using the fact that A is unital, we have

(f9)(0)(ab) @ (fg)y = (fg)(ab)) @ (fg)(ab)()
= (f(a)g(b)) ) ® (f(a)g(d)) )
= f(a)0)9(b) 0y @ fa)1)g9(b) (1)
= foy(a)gw)(b) @ fryga)
= (f(09(0))(ab) @ fryga)
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showing (fg)) ® (f9)1) = f0)90) ® fayga)- Also
N0y (@) @ 11y = n(a)) ®n(a))
=a#l®1
=n(a)®1
for all @ € A, hence p(n) =n® 1. O

Later on, it will be more convenient to work with 7w(A). Therefore, we will use
the isomorphism in Lemma 5.3.2 to define an H-comodule structure on 7(A4), again
denoted by p(z) = > () ® (1) for x € 7(A4). In view of Lemma 5.3.2 and Lemma
5.3.4 (or equation (5.3.1)), one can consider ) () ® 21y to be the unique element
obeying

Zx(o)a ®x1) = Z(ma)(o) ® (ma)(l) (5.3.2)

for all @ € A. Actually, we have shown

Lemma 5.3.6. Let A be an H-module Taylor-Azumaya algebra, then w(A) is an
H -comodule algebra.

Remark 5.3.7. Tt follows directly from (5.3.2) that the isomorphism A ® 7w(A) = Sy4
from Corollary 5.3.3 is now an A¢-linear isomorphism of H-comodule algebras.

Lemma 5.3.8. Let A be an H-Taylor-Azumaya algebra. Then w(A) is an H-Galois
extension of k.

Proof. We have A ® w(A) = S4 as H-comodule algebras. By taking the H-
coinvariants, we see

A@m(A)°! = (A n(A)°f =S¢ = Axk

As (F = A; ® —, G)) is an equivalence, we obtain 7(A4)*H = k.

Next we have to prove that can : m(A) @ 7(A) = 1(A)@H : @y — > 2yo) Dyq) is
an isomorphism. Because of the equivalence (F, G;), it suffices to show that A ® can :
Am(A)@7m(A) > A 7(A) ® H is an isomorphism.

S4 is a unital A°-module, hence a unital A-bimodule. In particular S, is a right
unital A-module, or S4 = S4 ®4 A. Define « as the composition of the following
isomorphisms

ARm(A)@m(A) 2 Sy Qm(A) X SaR4 AR m(A) =S4 R4 54

Let a2z @y € A@m(A) @ w(A), then a(a @z ®@y) =D x; ®4 a;y, where Y z,a; =
ax € S4. The following diagram commutes

A® can

A®m(A) @ r(A) Aon(A) @ H

« we H

cang,

SA®aSa Sa®H
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where cang, (b#g ®a c#h) =3 b(g1 - ¢)#g2h1 ® ho as in Lemma 5.3.1. Indeed
(pe H)(A®can)(a®@z®y)) =Y (1© H)(a @ zy) @ Y1)
= Z azxy0) @ Y(1)

and

cans, (0o ® 2 ® y)) = cans, (3 s @4 asy)
= Z zi(aiy) ) ® (a:iy) (1)
= inaiy(o) ® Y1) by (5.3.2)

= Z ary(o) @ Y(1)

The maps a, ¢ ® H and cang, are isomorphisms, showing that A ® can, and hence
camn, is an isomorphism as well. Thus 7(A) is an H-Galois extension. O

For m(A) to be flat, it seems that we have to require that the Taylor-Azumaya algebra
A is flat as a k-module.

Lemma 5.3.9. Let A be an H-Taylor-Azumaya algebra which is flat as a k-module.
Then mw(A) is flat.

Proof. Let f : M — N be an injective k-module map. We have to show that 7(A)® f :
m(A) @ M — 7(A) ® N is injective too. A being a Taylor-Azumaya algebra, we have
a pair of inverse equivalences

(F(-)=A,® —,Gi(—=) = Homa-(A, —))

In particular, 7(A) ® f is injective (monic in x M) if and only if A ® 7(A) ® f is
a monomorphism in 4. M". In view of Corollary 5.3.3, it suffices to prove that
SAa®f: 54 M — Sy ® N is a monomorphism in 4. M".

Note that Sy = A® H as a k-module. As A is assumed to be flat (H is too),
S4 is flat as a k-module. Thus S4 ® f is injective. Consider the forgetful functor
U: pe M* — M, which is a faithful functor. As U(S4 ® f) is injective, S4 ® f must
be a monomorphism in 4. M, proving that w(A) is flat. O

Hence we have proved

Lemma 5.3.10. Let A be an H-Taylor-Azumaya algebra which is flat as a k-module.
Then w(A) is an H-Galois object.

Definition 5.3.11. Let H be a Hopf algebra and A a unital k-algebra. An H-action
on A is called strongly inner if there exists an algebra morphism f : H — M (A) such

that
h-a= Z f(h1)af(S(hz))
for he H and a € A.
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Lemma 5.3.12. Let M = (M, M’,u) be a dual pair of H-modules. The induced
H-action on the elementary algebra Ey(M) is strongly inner. Conversely, suppose
M = (M, M’ u) is a dual pair of modules such that H acts strongly inner on the
elementary algebra Ey (M), then there is an H-module structure on M and M’ such
that the H-action on Ex(M) is induced by this action on M.

Proof. Let M = (M, M’ 1) be a dual pair of H-modules. The induced H-action on
the associated elementary algebra, say F = E,(M) =M ® M’, is given by

h-(mem) :Zhl “m®hy-m’

for he H,yme M and m’ € M'. p is H-linear, i.e.

Z p(hy -m' @ hy - m) = e(h)u(m’ @ m)
Recall the characterisation for multipliers on E:
M(E)2E = {(f,f) € By x Bz | plm’ ® f(m)) = pu(f'(m) @m),¥m € M,m’ € M'}
where By = End(M) and Ey = End(M’)°P. Let

p:H—= Ey, ppr(h)(m)=h-m

o H > Bz, pap (B)(m) = S~ (h) - i
be representations of the H-action on M respectively M.

() (') @ m) = (S~ (k) - v’ @ m)
= 3" (S (hs) -1’ & (S (h2)y) - m)

= Z h2) m/ X hl . m)
= p(m' ®h-m)
= p(m’ @ p(h)(m))

for h € H, m € M and m’ € M’, such that (p(h), p'(h)) € M(E). Define f : H —
M(E), f(h) = (p(h),p'(h)). Then
h-(mem) =Zh1 -m® hy - m’
= p(ln)(m) @ p'(S(ha))(m)
=Y (p(h1), ' (h1))(m @ m")(p(S(h2)), P (S(h2)))
= f(h)(m@m)f(S(hs))
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by the identification in Proposition 5.2.1. Moreover, f is an algebra map
FR) ') = (p(h), p"(R))(p(R'), p'(R')) = (p(R) 0 p(R'), p' (R') o p' (R))
(p(hh'), p'(hI')) = f(RA)

(p(Le), p' (1)) = (idns,idps)

f(lw)

for h,h' € H. Thus, the H-action on E is strongly inner.

Conversely, suppose there exists an H-action on F which is strongly inner, i.e. there
is an algebra morphism A\ : H — M (E). Under the identifaction M(E) = E, we can
see \ as a map

X:H —=E:hes (p(h),p(h))
such that
h-(m®m) :ZA(hl)(m@’m/)A(S(h?)) (5.3.3)
= 3" plh)(m) @ /(S (h2))(m)

forhe H,me M and m’ € M'.
Define an H-action on M respectively M’ by h-m = p(h)(m) respectively h - m' =
p' (S(h))(m'). Then (5.3.3) becomes

h-(m@m’):Zh1~m®h2-m’

Hence, the H-action on FE is induced by the actions on M and M’. Finally, we verify
that p is H-linear.

p(h - ( '®m)):Zu(h1 m' @ hy - m)

= ulp () (m') @ p(S(ha))(m))

= u(m’ @ p(hn)p(S(h2))(m))

= 3 ' @ p(ha S(ha))(m)

= p(m’ @ e(h)p(1a)(m))

= e(h)u(m’ @ m)
for h € H m € M and m’ € M'. Thus M = (M,M’,p) is a dual pair of H-
modules. O

Lemma 5.3.13. Let A be an H-Taylor-Azumaya algebra. The H-action on A is
strongly inner if and only if m(A) = H as H-comodule algebras.
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Proof. First suppose the H-action on A is strongly inner. I.e. there exists an al-
gebra morphism f : H — M(A) such that h-a = > f(hi1)af(S(he)). Under these
circumstances, A ® H & A#H as H-comodule algebras. Indeed, a straight forward
computation shows that

a:AQH — A#H :a@h Y af(S(h1))#hs
is bijective with inverse given by

B A#H — A® H : a#th = Y af(h) @ hy

Obviously, « is an H-comodule morphism. Finally, since the H-action is strongly
inner, « is an algebra map as well, indeed

ala® h)a(b® g)
Z af(S(h))#h2)(bf(S(g1))#92)

)
=" af(S(h))(he - (bF(S(91)))) #hsgo
=" af(S(h1)) f(h2)(BF(S(g1))F(S(ha))#hags
= 3" af(S(h1)h2)(bf(S(91)) f (S (hs))#hage

*Zabf S(91)) f(S(h1))#h2go
= abf(S(h1gr))#hags
= a(ab® hg)

a((a@n)(b@ g))

Thus A ® H = A#H as H-comodule algebras. But also A ® w(A) = A#H as H-
comodule algebras, hence A ®@ H = A ® m(A) as H-comodule algebras. Since A is
an H-Taylor-Azumaya algebra, one can make use of the equivalence pair (F(—) =
A ® —,Gi(—=) = Homae (A, —)) to conclude H = 7(A) as H-comodule algebras.

To prove the converse, we need the following lemma.

Lemma 5.3.14. There exists an anti algebra morphism
p:7w(A) = M(A)
Proof. Define p: m(A) — M(A) : x — (Ay, py) with

)\ a = Zl’(o) .’t(l) ))
pa(a) = (L @ €)(ax)
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for a € A, where we have denoted the identity on A by ¢, i.e. 1 ® € : A#H —
A, (t®¢€)(a#th) = ae(h). ¢t ® e is obviously left A-linear, ¢ ® € is not right A-linear,
however we do have

(t® e)(a#th)b = (1@ €)((ath1)(S(ha) - b))
=3 (L@ )((a#h)(0)(S((a#h) 1)) - b))

since H is cocommutative. Hence for z € 7(A)

(L®e)(wa)h = Y (t® )((za)(o)(S((za) ) - b))

(5.3.4)
= (1@ ((x@a)(S(za)) - b))
Also, for a,b € A and h,g € H,
(@) ((a#h) (@ €)(b#9g)) = (1 @ €) ((a#th) (b#9)) (5.3.5)
To verify that p(z) = (Az, pz) is a multiplier, take a,b € A. Then
ar;(b) = Z a(t® €)(z(0)(S(z(1)) - b))
=) _(t®e)(alz@(S(za)) b))
=) _(t®e)((az)(S(za)) - b))
=> (@ €)((az)()(S((az))) - b))
= Z(L ®€)(ax)b by (5.3.4)
= pa(a)b

Furthermore, p is an anti algebra morphism. Indeed, let z,y € w(A), we show:
(Ayas pya) = p(ya) = p()p(y) = (Az © Ay, py © pz). Let a,b € A, then

by (5.3.5)
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Moreover
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(20 (S - (¢ @ ) w0y (S(uny) - (ah))))
(w«»(S(w(l))-<L®e><y<0><<s< ) a)(Stwm) b))

(20 (S@w) - (Swm) - )@ o) () - )

(20 (S(22)S5 () - @)(S(zwy) - (@ ) w0 (Symy) - 5))) )
€)(@(0)(S(2(1))S(Y(2)) - @) (¢ @ €)(y(0) (S(y(1)) - b)) by (5.3.4)

~

I
~ ~

X ® ® & ®
\_/\_/\T/\_/\_/

I
SRNRNANGRNIIN

=Y @ (0@ (0SS ue) - 0o (Swm) b))

= > @ ) (5o (0 ® w0 (S(2a)S W) - ) (S - b)) )

=32 ) (y0) (0 ® ) (@) (S(22)S(ym) - ) (S(2w)S ) 1)) by (5:3.4)
:Z(@E)(Z/(m((@e (20 (Syz(2) - a)(S(ymyza)) - b))))

=Y @ (vo (SWeze) - @) ® &) (#e (SEmea) ) )
:Z(b®€)(y<o>(<5(y<2>$<2))'a)(%) ) b)) by (5.3.5)
=> (® 6)((y<0)$(o>)((5(y<2>$<2>) Slywza) )

=329 (ore)(SEazw) (ab»))

= Ay (ab)

O

Now suppose 7 : H — ©(A) is an isomorphism of H-comodule algebras. Consider the
anti algebra map p : m(A) — M(A) from Lemma 5.3.14. Composition gives us an
anti algebra morphism, say

o H L r(A) 2 M(A)
Define the algebra morphism

fH — M(A), f(h) = f(S(h))
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We claim that > f(h1)af(S(he)) = h-a for all a € A and h € H. By definition, we
have

f'(S(h)a = p(n(S(h))a
=D (®)m(S(h) ) (SM(Sh)) ) - )
=Y (@) (n(S(h)1)(S(S(h)2) - a))
=Y (@) (n(S(h))(S(S(h1)) - @)
= (@) (n(S(ha)) (M1 - a))
af'(h) = ap(n(h))
= (t®e€)(n(h)a)
for a € A and h € H, such that

> f(h)af(S(hs))

= f(S(h))af’ (ho)

=> (t®e) 77(h3 (t@€)(n(S(h2))(h1 - a)))

=Y (t®e) (hs (n(S(h2))(h1 - a))) (%)

=Y (@) (n(hsS(ha))(h1 - a))

— (@) (h- a#l)
—h-a

since h - a € A. We explain (x), denote yb = Zj bj#g; € A#H, then

(t®e)(y(t @ e)(b#g)) = (L @ €)(ybe(g))
= " bie(g))e(g)

while

(@ €)(y(b#tg)) = (L @ €)(y(b#1)(1#9))

(09 (> (b #9;) (1))
(Zb #gjg
= Zb]e 9i9) ®€)(y(L ® €)(b#g))
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5.4 The group homomorphism 7

The construction of H-Galois objects coming from (k-flat) H-Taylor-Azumaya alge-
bras provides us with a map, say

#: BRM(k, H) — Gal(k, H), 7([A]) = [x(A)]

Let A and B be H-Taylor-Azumaya algebras. There is an H-comodule algebra iso-
morphism So0ySp = Sagp. This isomorphism is given by

n:Sa0uSp — Sags : (a#g) @ (b#h) — (a @ b)#e(g)h
with inverse
17" Sagp — Sa0uSp : (a@b)#h = Y (afthi) @ (b#hs)
Indeed
“H(n((attg) ® (b#h))) =~ ((a® b)#&( )h)
= _(a#e(g)hi) @ (b#hs)
= (a#g) ® (b#h)

where the last identity follows from the fact that (a#g) ® (b#h) belongs to SAOx SE,
in particular

D (a#g) ® by @ (b#ha) = D (a#g1) @ go @ (b#h)
If we apply AR e ® H® B® H, we get
Y awegh®bh =) a®g@bah

1 -1

The identity n o =" = 1 is obvious. Clearly, n~" is an H-comodule morphism.

Moreover 77! is an algebra map since
' (((a ®b)#h)((c®d)#l))
=Y " ((@®b)(h1 - (c® d))dthal)
=> 17" ((a(hy - ¢) @ b(ha - d))#hsl)
= (alhy - ¢)#hslh) ® (b(ha - d)#hals)
while
n (@ ®b)#h)n~" ((c @ d)#l)
=D ((a#th) ® (b#hs)) ((c#) © (d#l2))
= (a(hy - O)#haly) @ (b(hs - d)#hals)
= 1(((a ® b)#h)((c ® d)#l))
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since H is cocommutative. Thus, 7!, hence 7, is an H-comodule algebra isomor-
phism.

Lemma 5.4.1. Let A and B be H-Taylor-Azumaya algebras. Then n(A)Ogn(B) is
a subalgebra of M(SA0ySp).

Proof. We have embeddings
m(A)Ogn(B) C m(A) @ w(B) C M(S4) @ M(Sg) C M(Sa® Sg)

Claim: 7(A)Ogn(B) C M(Sa0xSp). Let > x; @ y; € w(A)0yn(B). It suffices
to show > (x; @ y;)(r; ® sj) € SAOmSp and ) (r; @ s;)(x; @ y;) € SAOuSp, for
Yorj®s; € Sa0pSp. We have

Z Zi(0) ® Ti(1) @ Y;i = Z i @ Yi(1) @ Yi(0)

and
D i) @iy ®s5 =Y 1 ®550) @ Sj(0)
Hence
D (@) ) ® (miry) ) @ is; = D Tio)T(0) @ Ti))Ti(1)  Yis;
= Zxﬁj @ Yi(1)S5(1) @ $5(0)Yi(0)
=D @iy @ (yis;) () © (i) 0)
Similarly we can show > (r; ® s;)(z; @ ;) € Sa0uSp. O

Proposition 5.4.2.
7: BRM(k,H) = Gal(k,H), 7([A]) = [r(A4)]
1s a well defined group homomorphism.

Proof. If Ais a k-flat H-module Taylor-Azumaya algebra, 7(A) is an H-Galois object
(Lemma 5.3.10). Let Ex(M) be an elementary H-module Taylor-Azumaya algebra.
Due to Lemma 5.3.12, the H-action on Ej (M) is strongly inner. Hence 7(Ej(M)) =
H, by Lemma 5.3.13. In other words, 7(1) = 7([Ex(M)]) = [x(Ex(M))] = [H] = 1.
If we show that 7 is multiplicative, 7 is well defined. Indeed, suppose [A] = [B] in
BRM (k, H), there exists a dual pair of H-modules M such that A ® B°P = Ey(M).
Then

#([ANA((B) " = 7([AD#((B]™) = #([A][B] )
= 7([A][B*]) = =n([A© B*])
= 7([Ex(M)]) = 7(1) =1
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or [A] = [B] implies 7([A4]) = 7([B]). Thus it suffices to show that 7 is multiplicative.
Let [A],[B] € BRM(k,H). We show that m7(A ® B) = n(A)0Oyn(B) as H-Galois
objects, then

i.e. 7 is multiplicative.
Consider the natural comodule algebra isomorphism 7 : SAOxSp — Sagp- n extends
to an isomorphism

n: M(SADHSB) — M(SA®B)

Now 7(A)Ogw(B) is a subalgebra of M (S40pySp). By definition of m(A) and 7(B),
m(A)Ogw(B) commutes with Ay B. Hence, n(m(A)Og7(B)) commutes with A® B
in M(Saggp), or n(r(A)Oyn(B)) C (A ® B). In other words, n restricts to a
morphism

n' :mw(A)Ogn(B) = 7(A® B)

Since 1’ is an H-comodule algebra morphism between H-Galois objects, 1’ is an
isomorphism. This concludes the proof. O

Theorem 5.4.3. Let k be a commutative ring and H a cocommutative k-projective
Hopf algebra. We have an exact sequence

1 — BR(k) — BRM(k, H) -~ Gal(k, H)

Proof. Let v : BR(k) — BRM (k, H) be the canonical embedding, equipping a Taylor-
Azumaya algebra with the trivial H-action. ¢ is split by ¢ : BRM(k, H) — BR(k),
which is defined by forgetting the H-module structure. Hence it suffices to show that
Kerm = Imu = BR(k). The restriction of ¢ to Kerm gives a map

¢ : Kerm — BR(k)

We still have £ ot =1 on BR(k). Thus ¢ is already surjective.

To show that £ is injective as well, take [A] € Kerg, i.e. A is an H-Taylor-Azumaya
algebra such that as a Taylor-Azumaya algebra A is an elementary algebra, say A =
Ey (M), for some dual pair of modules M = (M, M’ p1). Since [A] € Keré C Kerr,
we have 7([4]) = [7(A)] = [H] implying 7(A) = H. By Lemma 5.3.13, the H-action
on A is strongly inner. Due to Lemma 5.3.12, there exists an H-module structure on
M such that the H-action on Ej (M) is hereby induced. In other words, A & Ej (M)
is an elementary H-module algebra. Hence [A] = [Ex(M)] =1 in BRM (k, H). Thus
£ is injective too. O
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5.5 Surjectivity of 7

We investigate if or when 7 is surjective. In other words, given an H-Galois object B,
can we construct an H-module Taylor-Azumaya algebra, say A, such that 7(A) = B?
If we look at the case where H is faithfully projective, one can choose B#H™* as a
candidate for a preimage of B. This works because H is finitely generated projective,
thus its dual H* is a Hopf algebra. For more details, we refer to [5].

Moreover, in the finite situation, H* is a Hopf module and H* contains an integral.
If in addition the base ring has a trivial Picard group, the integral space of H is free
of rank one.

However, if H is not finitely generated, the dual H* is not necessarily a Hopf algebra.
We wish to find another candidate for the preimage of a Galois object. Our approach
is similar to the approach in [16] and relies on the theory of multiplier Hopf algebras,
or to be more specific on the dual multiplier Hopf algebra H. As we have discussed
in Section 5.2, this construction requires the existence of a faithful surjective integral.
Hence, for this section, we will assume that H contains a faithful surjective integral
. The integral on His again denoted by .

Let B be a (right) H-Galois object. Recall from Section 1.4 (take C = M)
the canonical morphism can; and the morphism v : H — B ® B. For sake of
simplicity, let us now denote

(cany) (1@ h) =hY @ h®
for h € H. The Miyashita-Ulbrich action of H on B is defined by
b—h=> hMph®

for b € B and h € H. Under this (right) H-action, B becomes a right H-module
algebra and a right-right Yetter-Drinfel’d module. Using the antipode, we can define
a left H-action.

h—b=b+~ S~ h)

With this left H-action, B is a left-right Yetter-Drinfel’d module. As H is cocommu-
tative, B even becomes a left-right Yetter-Drinfel’d module algebra. Moreover, B is
quantum commutative in the sense that

1 2
Zb(o) (a ~ b(l)) = Z b(O)b(l)( )ab(l)( ) — ab

(2)
(€]

> (a5 bw)bo) = Y boyo((a — 57 bw) ~ boyw)

=D boy(a (57 (by2)baym)
= ba

since > b(o)b(l)(l) ®b = 1 ® b. Furthermore



160 CHAPTER 5. THE EQUIVARIANT BRAUER GROUP

Hence
Z(b(l) -7 a)b(o) = ba (551)

If B is an H-Galois object, then B is also an H-module algebra, with (natural) H-
action coming from its H-comodule (algebra) structure:

h-b=" " h(ba))bo) = Y _(h,ba))bo)

for h € H and b € B. We can recover the original H-coaction via

b)zZv-b@u

for b € B, with
u@v ="y @d(—p2) @9 (p1) € M(H @ H)

as in Proposition 5.2.7. If this element occurs multiple times, we will use similar
notation like v’ ® v/, U ® V, etc. The quantum commutativity (5.5.1) then has the
following form

Z(u —a)(v-b) =ba (5.5.2)
for a,b € B.

Proposition 5.5.1. The group homomorphism 7 : BRM (k, H) — Gal(k, H) is sur-
jective.

Proof. Let B be an H-Galois object. We claim that B#H is a_k-flat H-Taylor-
Azumaya algebra such that m7(B#H) = B, or 7([B#H]) = [n(B#H)] = [B]. By [82,
Theorem 4.3], there exists a strict Morita context

(B#H,k, B, B,[~,~],(~.-))

The bimodule isomorphisms are given by

[, —]: B® B — B#H, [b,t'] =Y _ bb{g) @ @(by)—)
and

(= =)t B@pup B—k, (b,0) = bobleye(bayby)
The left B#H-action on B is given by

(V'#h) - b=V (h-b)

and the right B#f[—action by

b (V'#h) =S~ (h) - (b))
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for b,b' € B and h € H. The Morita context is strict because of the fact that the
canonical map [ is an isomorphism.

In view of this Morita context, B#ﬁ[ is isomorphic to the elementary algebra Ey(B)
where B = (B, B,(—,—)), the isomorphism is given by [—,—]. Hence B#H is a
Taylor-Azumaya algebra. B is flat, since B is an H-Galois object. As a result,
B#H =~ B ® B is also flat as a k-module. Thus B#H € BR(k). Finally, B#H is
also an H-module algebra. The H-action comes from the natural H-action on H

h>h=h(— Zhl

for h € H and h € H. Thus [B#H] € BRM (k,H).
Define 6 : B — n(B#H)

0(b) = Z((U — b(o))#v)#b)
The H-comodule structure on M (B#H)#H is given by
M(B#H)#H — M(B#H)#H @ H, p(z#h) =Y  a#thi ® hy

and 6 is obviously an H-comodule morphism. We verify that 6(B) C (B# :
Let b € B and a#h € B#H. By definition, 8(b) € m(B#H) if 0(b)((a#h)#1) =
((a##h)#1)0(b).

((a#h)#1)6(b)

= Z ((a#th)#1) (((u — b)) #v)#b(1))

= Z ((a#th) (= beo))#v)) #b(a)

= (alhy - (u — b)) #hav)#b)

= (alu — b)) (o) (1, (u = b)) (1)) #hav) #bary

= (a(u” — b)) {ha, u"" by S~ (u')) #hov/ v 0" ) #ba

= (a(w" — b)) (h, u”") (ha, b)) (ha, ST (u')) #havv"v" ) b2
=Y (a(@” = b)) (b, w"") (o, bay) (S (ha) /) #hav'v" 0" ) #bgo)
= (a(u” — b)) (h2,b 1>>#h4 ()" I ) #b(2)

= (alu — b)) #v(b) > h))#b)
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on the other hand

(((u = boy)#0)#b) ) ((a#h) #1)
(= beoy)#v) (br) - (a#h))) #bez)
))#0) (a# (b > 1)) #b(a
W' — b)) (v - a)#0" (bay > h))#bea)
a(u — bioy)#v(bay > h))#b(a) by (5.5.2)
= ((a#h)#1)0(b)

Hence 0(B) C m(B#H).
We verify that 6 is an algebra map as well, let b, c € B, then

#
i)

— =~ =
oy
<
\
>
S
°

(u = beoy)#0)#b)) (U — c(0))#V)#cq))
(u = b)) #v) (b1 - (U — c(0))#V))) #b)cqr)
(u — b)) #0)(U — ¢(0))#(b) > V))) #b2)cr)
u'u" — b)) (V' - (U = c)))#0" (bay > V) #bayc
w'u" — b)) (U — ¢0)) ) (Vs (U = co)) ) #0" (bay > V) #beycq)
W — b)) (U — cio){v',U" ey S~HU))
#0" (bay > (V'V'V"))#bayc)
(U"eyS™ (U Yu — b)) (U" — coy)#v(bay > (V'V'V"))#ba) e
U” — 0(1)5 HUu = b)) #o(ba) & (VIV"))) #b@)ce)
U" = (co)(S™HU"Yu — boy))#v(bay > (V'V"))#bycy by (5.5.1)
U" — co))(U"S™HU Yu — by)#v(bay > (V'V'V")) #beycq)
U = c())(u — boy)#v(by & V) #bz)cq)
U'U" — o)) (u = b)) #oV (V" b)) ) #bapcqry
Ub(1y — ¢(0))(u — b(oy)#0V) #b(aycqa)
u— ((bay = e0))bo)) #v) #bez) e
u — (beoyeq))#0) by ey by (5.5.1)

(
(
(
(

Il
MMM MMM

(
(
(
(
(
(
(
(
(
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= 6(be)

Finally, as an H-comodule algebra map between H-Galois objects B and m(B#H),
# is an isomorphism, establishing that 7 is surjective. O

Combining the above proposition with Theorem 5.4.3, we obtain the following result.

Theorem 5.5.2. Let k be a commutative ring and H a cocommutative k-projective
Hopf algebra with a faithful and surjective integral. We have a split exact sequence

1 —s BR(k) — BRM(k, H) - Gal(k, H) — 1

Remark 5.5.3. In the faithfully projective case, the assumption of a faithful and
surjective integral is not required, however, if such an integral exists, the role of the
element u ® v is equivalent to the role of the finite dual base of H.

5.6 Examples
We conclude this chapter with the computation of some examples.

(1) If k is a field, then for any Hopf algebra with an integral, the space of integrals
is one-dimensional. Moreover, we know BR(k) = Br(k) and BRM (k,H) =
BM(k, H), hence for a Hopf algebra with integral over a field k, we obtain a
split exact sequence

1 — Br(k) — BM(k, H) - Gal(k, H) —> 1

(2) Let k be any commutative ring and G an infinite group. The map p. : kG — k
(see Example 5.2.6) can be seen as an integral on kG. Moreover, it is faithful
and surjective. Thus we have

1 — BR(k) — BRM (k,kG) =+ Gal(k,G) — 1

A kG-comodule algebra B is nothing but a G-graded algebra B. B¢(kG) =
implies B, = k while the canonical map being an isomorphism implies the G-
grading to be strong. In particular, one can show B, ® B,-1 = B, = k, thus
B, is an invertible k-module. Hence B, and B = &, B, are flat. Hence Lemma
5.3.9 and the flatness requirement are redundant. In other words, Lemma 5.3.8
shows that for any kG-module Taylor-Azumaya algebra A, m(A) is a Galois
object. Therefore we even obtain

1 — Br'(k) — BM'(k,kG) - Gal(k,G) — 1

This is the main result of [16].
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(3) The group Hopf algebra is the most common example of an infinite cocommu-
tative Hopf algebra with integral. However, we can take the tensor product of
kG with any finitely generated cocommutative Hopf algebra H with (faithful
and surjective) integral to get a new infinite cocommutative Hopf algebra with
(faithful and surjective) integral.

To find such an H, one can for example look at so called Hopf orders. Here, let k
be a domain and K its field of fractions. A k-Hopf algebra is called a Hopf order
in KG if H satisfies H ®, K = KG as K-Hopf algebras. In [47] it is described
how a class of such orders arises from (so called p-adic order-bounded) group
valuations. The obtained Hopf orders are called Larson orders. Larson orders
in KC, are known to be Tate-Oort algebras of the form Hy, = k[z]/(zP — bz)
(see [75]). Moreover, Galois extensions over orders have already been studied
by (e.g.) [66, 79].

In particular, consider the following example (cf. [12]). Let k = Z[1/(2)] and
consider the Hopf order

(y+1)2 -1
2

H = k[——]/( ) = k[2)/(2? + V/(2)x)

V()
with
Az)=v/2zer+z01+10z ; e(z)=0; S(z) ==z
Then Gal(k,H) = Zs [12, Example 13.12.18] as well as Hopf(kG,H) = Zs.
Hence, for H = kG ® H, we have
BRM (k,H) = BR(k) ® Gal(k, H)
= BR(k) ® Gal(k,kG) ® Gal(k,H) ® Hopf(kG, H)
= BR(k) ® Gal(k,kG) ® Zs ® Z»

Finally, if Pic(k) =1, Gal(k,kG) can be replaced by H?(kG,U (k)).



Appendix

Structure theorems for bicomodule
algebras

The need for a structure theorem for bicomodule algebras (over a classical Hopf
algebra H) has been established in Chapter 3. Using this structure theorem we
were able to give a description for the image of this morphism ¢ : BiGal(2YD; B) —
BiGal(B x H).

It appears natural to try to see whether the structure theorem for bicomodule algebras
remains valid over more general Hopf algebra-type objects. In Chapter 2 we have
already proven the existence of a structure theorem for braided bicomodule algebras
over a braided Hopf algebra. It is the aim of this chapter to show that we can also
replace the Hopf algebra H by a quasi-Hopf algebra or a weak Hopf algebra.

In both cases, the result is that if B is an H-bicomodule algebra (in an appropri-
ate sense in each case) such that there exists a morphism of H-bicomodule alge-
bras v : H — B, then we can define an object B®°) which is a left-left Yetter-
Drinfeld module over H, having extra properties that allow to make a smash product
BeotH) 4 H which is an H-bicomodule algebra, isomorphic to B. As in Chapter 2, the
proof relies on an analogue of Schauenburg’s theorem that the categories of two-sided
two-cosided Hopf modules and Yetter-Drinfeld modules are equivalent, cf. [67].

This chapter is organized as follows: it contains two sections, each one with its own
preliminaries, each one containing the proof of the structure theorem for both Hopf
algebra-type objects mentioned above.

We work over a field k.

165
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A.1 Quasi-Hopf bicomodule algebras

Following [36], a quasi-bialgebra is a fourtuple (H, A, e, ®), where H is an associative
algebra with unit 1, ® is an invertible element in H @ H Q@ H,and A: H > HQ H
and € : H — k are algebra homomorphisms satisfying the following identities

(id ® A)(A(h)) = B(A ® id)(A(h)D L, (A.1.1)
(i[d@e)(AM) =he1, (¢@id)(AR) =18 h, (A.1.2)
(18 ®)(id® A ®id)(®)(@®1) = (id ®id @ A)(D)(A @id ® id)(®),  (A.1.3)
(e ®id ®id)(®) = (id® e @ id)(D) = (id®id@e)(P) =10 1® 1. (A.1.4)

for all h € H. The map A is called the comultiplication, € the counit and ® the
associator. We denote the tensor components of ® by capital letters and those of
®~! by small letters:

P=X'0X?X?=T'T?’T°=Y'Y?’Y?="-.
(b_l:.’L‘l®$2®[p3:tl®t2®t3:y1®y2®y3:...

A quasi-bialgebra H is called a quasi-Hopf algebra if there exists an anti-algebra
morphism S : H — H and elements «, 5 € H such that, for all h € H, we have:

S(hi)ahy = e(h)a and  hyBS(hy) = (h)B, (A.1.5)
X'3S(X*aX?=1 and S(z')ax?BS(z*) = 1. (A.1.6)

These axioms imply that e(a)e(8) = 1, so, by rescaling a and 3, we may assume
without loss of generality that e(a) =¢(f) =1and oS =«.

Suppose that (H, A, e, ®) is a quasi-bialgebra. If U, V, W are left H-modules, define
avyw : (URV)@W - U@ (VW) by avyw((u®v)@w) =®- (u® (v®@w)). The
category g M of left H-modules becomes a monoidal category, where U ® V is a left
H-module with diagonal action h- (u®v) = hy-u® hy - v, for u € U,v € V. Similarly,
the category of right H-modules My is a monoidal with agyw : (U@ V)@ W —
U®(VeW) defined by ayyw((u®@v) @w) = (u® (v@w)) - &L

Let H be a quasi-bialgebra. A k-vector space A is called a left H-module algebra if
it is an algebra in the monoidal category y M, that is A has a multiplication and a
usual unit 14 satisfying the following conditions:

(ad)a" = (X' - a)[(X?-d)(X?-ad")], (A.1.7)
h-(aa’) = (hy-a)(hg-a’), h-14=¢e(h)la, (A.1.8)

for all a,a’,a” € A and h € H, where h ® a — h - a is the left H-module structure
of A. Following [11] we define the smash product A#H as follows: as vector space
A#H is A® H (elements a ® h will be written a#h) with multiplication given by
(a#h)(a'#h') = (x'-a)(x%hy -a’)#23hah’. The smash product A# H is an associative
algebra with unit 14#1g.

Recall from [42] the notion of a (bi)comodule algebra over a quasi-bialgebra.
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Definition A.1.1. Let H be a quasi-bialgebra. A unital associative algebra B is
called a right H-comodule algebra if there exist an algebra morphism p: B - B® H
and an invertible element ®, € B ® H ® H such that:

D,(p@id)(p(b)) = (id ® A)(p(b))®,, Vbe B, (A.1.9)
(1p ® ®)(id® A ®id)(®,)(®, ® 151)

= (id @ id @ A)(®,)(p ® id ® id)(Dy), (A.1.10)
(id®¢€) o p=id, (A.1.11)
(id®e®id)(P,) = (Id®id®e)(P,) =1 ® 1x. (A.1.12)

Similarly, a unital associative algebra B is called a left H-comodule algebra if there
exist an algebra morphism A\ : B — H ® B and an invertible element ®) €¢ H® H® B
such that:

(id @ \)(A(b)) @y = @A (A @id)(A(b)), VbE B, (A.1.13)

(1g @ Py)(id @ A ®id)(P))(P ®1p)
= (id®1id @ \)(Pr)(A ®id®1id) (D)), (A.1.14)
(e ®id) o A = id, (A.1.15)
(id@&'@id)(‘b)\):(E@id@id)(q))\):1H®lB. (A.1.16)
Finally, by an H -bicomodule algebra B we mean a quintuple (X, p, @5, ®,, @y ,), where
A and p are left and right H-coactions on B, respectively, and where &y € HQ H® B,
®,c B HRH and ®) , € H® B® H are invertible elements, such that (B, A, ®,) is

a left H-comodule algebra, (B, p, ®,) is a right H-comodule algebra and the following
compatibility relations hold:

Oy, (A @id)(p(u)) = (id ® p)(A(u))®x,, Y be B, (A.1.17)
(1 @ @5 0)(id @ A @ id)(Px,0)(Pr ® 1h)

= (id ® id ® p)(®x)(A @ id @ id)(®y,,), (A.1.18)
(1g ® ®,)(id ® p @id)(Dy,)(Pr, ® 15)

= (id ® id ® A) (D)) (A @ id @ id)(D,). (A.1.19)

As pointed out in [42], if B is a bicomodule algebra then, in addition, we have:

(idg ®idp ®€)(Pr,p) =1y ® 14

A.1.20
(€®’L'd3®idH)((I),\,p):1B®1H. ( )

An example of a bicomodule algebrais B=H, A=p=Aand &) =&, =, , = .
If (B,A,p,®x,®,,®,,) and (B, X,p',®\, P, , Py ) are H-bicomodule algebras, a
morphism of H-bicomodule algebras f : B — B’ is an algebra map such that p’ o f =
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(feidg)op, Nof = (idug®f)oX, ©y = (fRidu®@idu)(Pp), Py = (IdpRidaf)(Py)
and (I)A/7p/ = (idH Rf® idH)(CI))\yp).

Let us denote by g Mg the category of H-bimodules; it is also a monoidal category,
the associativity constraints being given by a' yyw : (U@ V)@ W = U (Ve W),
apyw((uev)ow) =& (ue (vew) &1 for UV,W € yMy and u € U,
v eV, w e W. Therefore, we can define coalgebras in the category of H-bimodules;
in particular, the axioms for H ensure that H is a (coassociative) coalgebra in g Mg.
We recall from [56] the definition of left-left Yetter-Drinfeld modules over a quasi-
bialgebra H.

Definition A.1.2. A k-linear space M is called a left-left Yetter-Drinfeld module over
H if M is a left H-module and there is a left coaction denoted by Ay : M — H® M,
An(m) = m(_1) @ myg) such that:

Xtmn @ (X7 - mio)) (-0 X* @ (X* - m(g)) )

=X (Y m)onh Yo XY m)))YP @ XP - (Y -m)g), (A.l.21)
e(m_1))mey = m, (A.1.22)
him(_1y ® hg - m(y = (h1 - m)—1yha @ (h1 - m)(0), (A.1.23)

for allm € M and h € H. The category ¥ YD consists of such objects, the morphisms
in the category being the H-linear maps intertwining the H-coactions.

The category 2D is (pre) braided monoidal; explicitly, if (M, Ays) and (N, Ay) are
objects in YD, then (M ® N is also object in YD, where M ® N is a left H-module
with action h - (m ®n) = hy - m ® hy - n, and the coaction A\ysgy is given by

Aen(m@n) = X (z'Y? 'm)(—l)x2(Y2 ‘”)(—1)Y3 ®X? - (2'Y! M) o)
® X3CCB . (Y2 . n)(o)

The associativity constraints are the same as in gy M, and the (pre) braiding is given
by

ouN:MON = N®DM, ¢M7N(m®n) =Mm(-1) "N & M.

Since £ YD is a monoidal category, we can speak about algebras in £YD. Namely, if A
is an object in #YD, then A is an algebra in #YD if and only if A is a left H-module
algebra and A is a left quasi-comodule algebra, that is its unit and multiplication
intertwine the H-coaction A4, namely (for all a,a’ € A):

Aa(la) =1 @ 14, (A.1.24)
A(ad) = XN 2"V - a) 2 (Y2 d)Y?
& [X2 : (a:lYl -a)(o)][sz?’ . (Y2 . a')(o)]. (A.1.25)

We recall the following result from [1]:
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Proposition A.1.3. Let H be a quasi-bialgebra and A an algebra in YD . Then
(A#H, X\, p, O, 2,, Py ) is an H-bicomodule algebra, with structures:

AN A#H — H @ (A#H),
Aa#h) =Tt - a)_1)t?hy @ (T? - (t' - a) o) #T t>hs),
p:A#H — (A#H)® H,
pla#h) = (z* - a#tx*hy) @ 2o,
Py =X'®@ X?® (14#X?) € Ho H® (A#H),
P, =(Ia# XY@ X?* @ X c (A#H)® H® H,
Py, =X'@(Ia#X*)® X € H® (A#H) @ H.
Moreover, one can easily see that in the hypotheses of Proposition A.1.3, the map

H — A#H, h— 144h, is a morphism of H-bicomodule algebras.
We prove now a partial converse of Proposition A.1.3.

Proposition A.1.4. Let H be a quasi-bialgebra and A an object in YD . Assume
that A is also a left H-module algebra . Assume that the map

N A#H — H® (A#H),
Aa#h) = Tt - a)—1)t?hy @ (T? - (t' - a) o) # Tt hy)

is an algebra map. Then A is an algebra in EYD.

Proof. The fact that A is unital implies immediately that A 4 is unital, so the only thing
left to prove is the relation (A.1.25) for A. Let a,a’ € A. Since A is multiplicative,
we have

MN(ZY - a#1)(Z2 - d #2%) = N2 - a#)NZ? - d' #2°)
We compute the left and right hand sides of this equality:
N(Z" - a#1)(Z2 - d #2))
M2 ZY - a) (22 2% - o)) #22 Z3)
A aa'#1)
=T'(t' - ad)(—yt? @ (T? - (t" - ad') (o) #T°t?),

MNZY - a#)NZ? - d #2°)

=[T'(t'Z" a)_yt? @ (T%- (t'Z" - a) o) #T*)]

Yi(y'Z% d) oy Zi @ (Y2 (y' 27 - d') o) #Y°y* Z3))]
=THt'Z" - a) Y (Y 2% )P Zie

[2'T2 - (2" - a) (o) )[*TTHY? - (y' 22 - a) o) | #2° T3 15Y °y* Z3.
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Now we apply € on the last position in both terms. We obtain:

(id®e)(A ((Z1 a#1)(Z* - d'#27)))
= (ad’) (1) @ (aa) (o) = Aa(ad’),
(id ® &) (X (21 a#VNZ% - d #7%))
=T (' Z" - a) )3 (27 - d) 1) ZP @ [T? - (t' Z" - a) ()] [T - (2% - d) (o))

The equality of these two terms is exactly the desired relation (A.1.25). O

Let H be a quasi-bialgebra and M an H-bimodule together with a right and a left
H-coaction p: M — M ® H and A : M — H ® M, with notation p(m) = m @) ® m()
and A(m) = mc_1s> ® mco>.. Then (M, A, p) is called a (two-sided two-cosided)
quasi-Hopf H-bimodule if M is an H-bicomodule in the monoidal category gMy,
that is if the following conditions are satisfied, for all m € M:

(idy @ €) 0 p = iday, ( )
P (p®@idu)(p(m)) = (idy @ A)(p(m)) - P, ( )
(e ®idpr) o A = idyy, (A.1.28)
(idg @ N)(A\(m)) - ® = & - (A @idp)(A(m)), ( )
® - (A®idg)(p(m)) = (idy ® p)(A(m)) - . ( )

The category of two-sided two-cosided quasi-Hopf H-bimodules will be denoted by
HME (the morphisms in the category are the H-bimodule maps intertwining the
H-coactions), cf. [71].

Let H be a quasi-Hopf algebra and M an object in £ M with notation as above.
Then in particular M is also an object in the category y M of quasi-Hopf H-
bimodules introduced in [41]. So, following [41], we can define the map £ : M — M
by the formula

E(m) =q¢" -m) - BS(®m)), V¥ meM, (A.1.31)
where ¢r = ¢' ® ¢*> = X! ® S71(aX?)X2. Also, for h € H and m € M, define
hom = E(h-m). (A.1.32)

Some properties of E and > are collected in [41, Proposition 3.4], for instance (for
h,h/ € H and m € M): E?> = E; E(m - h) = E(m)e(h); h> E(m) = E(h-m) =
h>m; (hh)>m = he> (W >m); h- E(m) = (hy > E(m)) - ha; E(mq)) - my = m;
E(E(m))) ® E(m)) = E(m)®1. Because of these properties, the following notions
of coinvariants all coincide:

M) = B(M) = {n € M/E(n) =n}
={n € M/E(n@) @nau) = E(n) @1}
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From the above properties it follows that (M) 1) is a left H-module.
n [71], Schauenburg proved a structure theorem for objects in £ M that can be
reformulated as follows:

Theorem A.1.5 ([71]). Let H be a quasi-Hopf algebra.
(i) Let V € LY D, with H-action denoted by > and H-coaction denoted by V — HRV,
v v_1) ® V(). Then V @ H becomes an object in M with structures:

g-(v®h)-k=(g1>v)® g2hk,
Aen(v®@h) =X (z'>v)Cpna*hy @ (X2 (@' >v) o) @ X 2°hy),
pver(v®@h) = (z'vv®r?h) @ 23h,

forallg,h,k e H andv € V.

(ii) Let M € BYD. Consider V.= M) as a left H-module with action > as in
(A.1.82) and define the map V. — H RV, v — ve_15 ® E(v<o>), where we have
denoted the left H-coaction on M by M — HRQ M, m — m<_1> @m<o>. Then with
these structures V is an object in BYD, and if we regard V@ H € EMH as in (i),
the mapv:V @ H — M, v(v®h) =v - h is an isomorphism in S M.

For the sequel of this section, we fix a quasi-Hopf algebra H and an H-bicomodule
algebra B, with structure maps Ap, pp and associators ®,,, ®,,, ®x, ,, such that
there exists v : H — B a morphism of H-bicomodule algebras (in particular, this
implies pp(v(h)) = v(h1) ® he, Ap(v(h)) = hqy ® v(hg), for all h € H, and ®,, =
V(X @X2® X3, &), =X'®X?®v(X?3) and D), ,, = X' @ v(X?) @ X?).

Lemma A.1.6. (B, g, pp) becomes an object in LML

Proof. Obviously, B becomes an H-bimodule via v (i.e. h-b-h' = v(h)bv(h) for all
h,h' € H and b € B). In [63, Lemma 2.3] it has been proved that pp : B - B® H is
an H-bimodule map and that the conditions (A.1.26) and (A.1.27) for B are satisfied.
Similarly one can prove that A\p : B — H ® B is an H-bimodule map and that the
conditions (A.1.28) and (A.1.29) for B are satisfied. Finally, the condition (A.1.30)
is also satisfied, because it reduces to the condition (A.1.17) from the definition of an
H-bicomodule algebra, due to the fact that @), ,, = X' ® v(X?) ® X3. O

We can prove now the structure theorem for quasi-Hopf bicomodule algebras.

Theorem A.1.7. Let H be a quasi-Hopf algebra, B an H-bicomodule algebra and v :
H — B a morphism of H-bicomodule algebras. Regard B € ¥ ML asin Lemma A.1.6
and define By = B, Then By is an algebra in BYD and, if we regard Bo#H
as an H-bicomodule algebra as in Proposition A.1.3, then the map V : Bo#H — B,
U (b#h) = bu(h), is an isomorphism of H-bicomodule algebras.

Proof. Since v is in particular a morphism of right H-comodule algebras, we know
from [63] that By endowed with a certain multiplication and with the H-action given
by (A.1.32) becomes a left H-module algebra and the map ¥ : By#H — B defined
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above is an isomorphism of right H-comodule algebras. It is very easy to see that
U respects the left and two-sided associators, so the only things left to prove are
that By is an algebra in HyD and that U intertwines the left H-coactions of B and
Bo#H. By Theorem A.1.5, we obtain that By is an object in £YD if we endow it
with the coaction b — b<_15> ® E(b<os) := b(_1) ® b(g). Also, from Theorem A.1.5,
we have that the map ¥ : By® H — B is a morphmm in HM 1, in particular we
have Ap o ¥ = (idy ® ) o Ap,sm, i.e. Apygn = (idg @ U™1) o A o U, where
Aor (b @ h) = X (2! b b)_1)z?hy @ (X2 > (2! > b) o) ® X323hs). Since ¥ and
Ap are algebra maps, it follows that Ag,xm is also an algebra map. We can now
apply Proposition A.1.4 to obtain that By is an algebra in gyD. Finally, the fact
that ¥ intertwines the left H-coactions on B and Bo#H follows from the fact that
Apo¥ = (idy @ ¥) o Ap,#m and the fact that the H-coaction of the comodule algebra
Bo#H, as defined in Proposition A.1.3, is exactly the map Ap,xn defined above. O

A.2 Weak Hopf bicomodule algebras

Following [10], a weak Hopf algebra H is a linear space such that (H,p,1) is an
associative unital algebra, (H,A,¢) is a coassociative counital coalgebra and there
exists a k-linear map S : H — H (called the antipode), such that the following
axioms hold:

A(hK) = A(R)A(R), (A.2.1)
N(1)= (AN e D1 eAD) = 1o AAN S,  (A22)
e(hh'I") = e(hh)e(hyh'") = e(hhy)e(hih"), (A.2.3)
I S(hs) = (11h) 1, (A.2.4)
S(h1)he = 11e(hly), (A.2.5)
S(h1)haS(hs) = S(h). (A.2.6)

for all h,h',h"” € H. For a weak Hopf algebra H, there exist two idempotent maps
e, €5« H — H defined by e,(h) = £(11h)12, e5(h) = 116(hls), for all h € H, called
the target map and respectively the source map; their images, denoted by H; and
respectively H,, are called the target space and respectively the source space.

For a weak Hopf algebra H, the following relations hold (see [10, 17] for proofs):

h1S(ha) = ei(h), S(h1)hy = e5(h), (A.2.7)
L®e(ls) =1 @1y =es(11) @ 1o, (A.2.8)
er(her(W)) = e (hl),  es(es(WN) = eo(hH), (A.2.9)
A(H,) C H® H,, A(H,)C H,® H, (A.2.10)
hi ®ei(ha) = 11h® 1o, e5(h1) ® ha = 11 ® hla, (A.2.11)
hei(h') = e(h1h')ha, es(h)h' = h\e(hh}), (A.2.12)
el (W) = eo(W)er(R),  es(hes(R)) = ea(h)es (W), (A.2.13)
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g¢(h1)he = h = hieg(ho), ( )
A(l) =11 ®e(12) =e4(11) ® 12 € Hy ® Hy, (A.2.15)
h1 ® es(he) = hl; ® S(13), ei(h1) ® ho = S(11) ® 12A, ( )
e(her(h')) = e(hh') = e(es(R)I'), ( )

for all h,h' € H. Moreover, H; and H; are subalgebras of H (containing 1) and, for
all h € H, y € Hy; and z € Hy, the following relations hold:

yz = 2y, ( )
Aly) =11 ®@yly =1, ® 1oy, ( )
Alz) =11z2®@ 15 = z1; ® 1o, ( )
yli ® S(1s) = 1; ® S(1a)y, (A.2.21)
2S(1) @ 1y = S(11) ® 1oz, (A.2.22)
hiy ® ha = h1 ® haS(y), ( )
hy ® zhy = S(2)hy ® ha. (A.2.24)

Let H be a weak Hopf algebra and assume (A, pa,14) is an associative unital algebra.
Then A is called a left H-module algebra (see for instance [58]) if A is a left H-module
such that

h-(ab) = (hy-a)(hs - b), h-14=ei(h)-1a, (A.2.25)

for all h € H and a,b € A. If this is the case, we can define the smash product A#H,
which, as a linear space, is the (relative) tensor product A ® gy, H, where H is a left
H;-module via multiplication and A is a right H;-module as follows: a-z = a(z-14),
for all @ € A, z € Hy. A#H becomes an associative algebra with unit 14#1pg
and multiplication defined by (a#h)(a'#h') = a(hy - a')#hol/, for all a,a’ € A and
h,h’ € H, where we denoted by a#h the class of a ® h in A ®p, H.

Definition A.2.1 ([9]). Let H be a weak Hopf algebra and (A, 4, 14) an associative
unital algebra.

A is called a right H-comodule algebra if there is a linear map p : A - A ® H such
that:

(tdga ® ) op=rida, ( )
(p@idg)op=(idg @ A)op, (A.2.27)
(L)@ ® 1) = ((ids ® ) 0 p)(a), Va € A, (A.228)
plab) = p(a)p(b), ¥ a,be A. (4.2.29)

Similarly, A is called a left H-comodule algebra if there is a linear map A : A - H® A
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such that:

(e @ida) o A = ida, ( )
(idg ® A\) o A = (A ®ida) o A, ( )
(1g @a)A(1a) = ((es ®ida) o A)(a), Yac A, (A.2.32)
A(ab) = Ma)A(b), Ya,be A ( )

A is called an H -bicomodule algebra if it is a right and left H-comodule algebra and the
coactions p and A satisfy the bicomodule condition (A®idg)op = (idg ®p)o . If A,
B are two H-bicomodule algebras, a morphism of H-bicomodule algebras f : A — B
is an algebra map intertwining the right and left coactions.

One can see that the condition (A.2.32) may be replaced by any of the following two
equivalent conditions (that appear in [60], respectively [59]):

(A®ida)(A(1a)) = (1g @ A(14))(A(lg) ® 1a), (A.2.34)
AM14) = (g5 ®ida)(A(14)). (A.2.35)

If H is a weak Hopf algebra and A is a left H-module algebra, then A#H becomes
a right H-comodule algebra, with coaction p : A#H — (A#H) ® H, p(a#h) =
(a#h1) ® ha.

Definition A.2.2 ([86]). Let H be a weak Hopf algebra. A weak Hopf bimodule
M over H is a linear space which is an H-bimodule and an H-bicomodule such that
the two coactions are morphisms of H-bimodules. The category whose objects are
weak Hopf bimodules and morphisms are linear maps intertwining the bimodule and
bicomodule structures is denoted by Z M.

Similarly, we can define the category gy M. If M is an object in this category,
with H-module structures denoted by - and right H-comodule structure denoted by
p(m) = my ® m(y), define the map £ : M — M, E(m) = m) - S(m()) and
M) = {m € M/p(m) = m(y) ® e(m(1))}. Then by [89, 88], MH) is a left
H-module with action:

ho>m = E(h-m), YheHme M, (A.2.36)

Definition A.2.3 ([17]). Let H be a weak Hopf algebra. A left-left Yetter-Drinfeld
module over H is a linear space M with a left H-module structure (denoted by h@m —
h-m) and a left H-comodule structure (denoted by m — m_1) ® my € H @ M)
such that the following conditions are satisfied:

m(-1) @ mo) = Lim(—1) @ la - m(o), (A.2.37)
(h1 . m)(,l)hg ® (h1 . m)(o) = hlm(,l) & hoy - mo)- (A.2.38)

for all h € H, m € M. We denote by YD the category whose objects are Yetter-
Drinfeld modules and morphisms are H-linear H-colinear maps.
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Exactly as in the Hopf case, condition (A.2.38) may be replaced by the equivalent
condition

(h . m)(_l) & (h . m)(o) = hlm(_l)S(hg) ® hg - mo)- (A239)

Theorem A.2.4. Assume that H is a weak Hopf algebra and A is a linear space such
that is a (left-left) Yetter-Drinfeld module. Then A#H is an H-bicomodule algebra,
with coactions

pi ARH > (A#H)® H, pladth) = (atth:) © hs,
A A#H — H® (A#H), )\(a#h) = a(_l)hl [ (a(o)#hg),

and the linear map j : H — A#H, j(h) = 1a#h, is a morphism of H-bicomodule
algebras.

Proof. Some of the conditions to be checked are trivial, we will prove only the non-
trivial ones.

We begin by noting that, with a proof similar to the one in [57, Remark 2.6], and
respectively as a consequence of (A.2.35), we have the following relations:

y-a=¢ela—y)ap, VaecAyecH,, (A.2.40)
1A(—1) ® 1,4(0) € H, ® A. (A.2.41)
We prove first that A is well-defined, that is A(a#zh) = M a(z-14)#h), for all a € A,
h € H, z € H,. We compute:
Aa#tzh)
= a(,l)zlhl X (a(o)#ZQhQ)
= a(_1)211h1 (9 (a(o)#lghg) by (A.2.20)
= a(_1)2h1 X (a(o)#hg),

Aa(z - 14)#h)
= [a(z - 14)](—1yh1 @ ([a(z - 14)](0)#h2)

= a(—1)(z-1a)(=1yh1 ® (a(o)(z - 14)(0)#h2)

= a—nz1la—1)S(z3)h1 @ (aq) (22 - Laqo))#h2) by (A.2.39)
— a_y2lila1S(1s)h ® (ago) (s - 1ago)) #ha) by (A.2.20)
= a—1zlila—S(l2)h1 ® (ay (1112 - La(o))#h2) by (A.2.2)
= a(—1)zla—1)S(12)h1 @ (a)(11 - La(o))#h2) by (A.2.37)
=anzlacnh ® (aqy(1y - 1A(0))#12h2) by (A.2.15), (A.2.24)
= a-nzlanhr @ (a@) (11 - 1a))(12 - 1a)#h2) by (*)
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za(,l)zlA(_l)hl (39 (a(o)lA(O)#hg) by (A.2.25)
a—1ylacyzh1 ® (a,(o)lA(O)#hg) by (A.2.41), (A.2.18)
= a(_1)zh1 @ (a()#h2),

where the equality (%) follows by using the fact that A# H is the tensor product over
Hy;. We prove now the counitality condition for A, i.e. e(a(_1)h1)a)#h2 = a#th, for
alla € A, h € H. We compute:

E(a(_l)hl)a(o)#hg

= e(a(—nl1)e(12h1)a)#he by (A.2.3)
= e(12h1)(11 - a)#he by (A.2.15), (A.2.40)
=e(1211/h1)(11 - a)#1a by

=e(lylzhy) (11 - a)#1ohy by (A.2.2)
=11 - a#ter(Lohy ) ho by (A.2.12)
=11 - aftei(ec(12)h1)he by (A.2.15)
=1, - a#tes(12)(ha o by (A.2.13)
=1y - aftei(12)h by (A.2.14)
=1 - a#l2h by (A.2.15)
= (11-a)(12 - 14)#h by (*)
=1-(ala)#h by (A.2.25)
= a#h,

where again for proving the equality (%) we used the fact that the tensor product is
over H;.

We prove now the condition (A.2.32) in the definition of a left H-comodule algebra.
As we have seen, this is equivalent to the condition (A.2.35), so it is enough to prove
(A.2.35) for our A, namely A(1a#1n) = (65 ® ida @ idp)(M1a#1g)). We compute:

(s ®ida ®@idpy)(A (1A#1H))
= (es ®@idpy @idy)(1a—1yl1 ® (1a)#12))
= 65(1,4(_1)11) (1A(O)#12)

=es(la—nes(11)) ® (Lagoy#12) by (A.2.15)
=es(la(-1))es(11) ® (1a(o)#12) by (A.2.13)
=e5(1a(1))11 ® (La(o)#12) by (A.2.15)
=lac—)li @ (La#12) by (A.2.35)

= )\(IA#lH).
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The only nontrivial thing left to prove is that the map j intertwines the left coactions,
that is lA(_l)hl ® 1A(0)#h2 = hy ® 1 4#hs, for all h € H. We compute:

lacc1yht @ La(o)#he

= es(la—1))h ® La(o)#he by (A.2.35)
= hy ® e(La(_1yha)Lao) #hs by (A.2.12)
=y @ e(La_vyee(ha))Lao)#hs by (A.2.17)
= hy @ e(La_1yS(11))Lagoy#lahs by (A.2.16)
=h1 ® [e(1a1)S(11))1a)l2 - Lal#he by (*)
= ® [e(Lagoy 1) Laco))[L2 - Lal#hs by (A.2.16), (A.2.17)
— by @ [11 - 1a][l2 - 1a]#h by (A.2.15), (A.2.40)
— hy ® La#ths by (A.2.25)

where again for proving the equality (%) we used the fact that the tensor product is
over H;. O

Let H be a weak Hopf algebra with bijective antipode. It was proved in [87] that
there exists an equivalence of categories between £ M and the category of right-right
Yetter-Drinfeld modules over H. We will need the left-handed analogue of this result,
whose proof is analogous to the one in [87].

Proposition A.2.5. Let H be a weak Hopf algebra with bijective antipode.
(i) Let V. € HYD, with H-action denoted by > and H-coaction V.— H @V, v
v(—1) @ V(). ThenV @p, H becomes an object in MY with structures:

g-(W@h)=gi>v®geh, (v®h) -k=vQ hk,
)\V@HtH('U ® h) = ’U(,l)hl ® ('U(O) X h?)a
Ve, H(V®h) = (v®h)® hs,

forallg,h,k € H andv € V, where V is regarded as a right Hy-module by the formula
v-z=_5(z)>v, forallveV and z € Hy.

(ii) Let M € BME. Consider V.= M) as a left H-module with action > as
in (A.2.36) and define the map V. — HQ®V, v —~ ve_1s> ® v<o>, where we denoted
by M - H® M, m — mc_1> ® mco> the left H-coaction on M. Then with these
structures V' is an object in BYD, and if we regard V @y, H € LMY as in (i), the
map v:V @y, H— M, v(v®h) =v-h is an isomorphism in EMHE.

We now fix a weak Hopf algebra H with bijective antipode and an H-bicomodule alge-
bra B, with coactions Ag and pp such that there exists a morphism of H-bicomodule
algebrasv : H — B . If we set consider the actions h-b = v(h)b and b- h = bu(h),
for all h € H and b € B, then B becomes an object in M.

Hence we can consider the coinvariants By = B®®). By [89, 88] we know that
(Bo,>,1p) is a left H-module algebra (where the action > is defined as above by
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heob = E(h-b) = E(u(h)b), for all h € H, b € By, and the multiplication of By
is the restriction to By of the multiplication of B) and the map ¢ : Bo#H — B,
¢(b#h) = bu(h) is an isomorphism of right H-comodule algebras. By Proposition
A.2.5 we know that By is an object in gyD.

Theorem A.2.6. With notation as above, By is also a left H-comodule algebra, and
if we regard Bo#H as an H-bicomodule algebra as in Theorem A.2.4 then the map
¢ : Bo#H — B, ¢(b#h) = bu(h) is an isomorphism of H-bicomodule algebras.

Proof. By is aleft H-comodule algebra because its multiplication and left H-comodule
structure are the restrictions of the ones of B, the unit of A is the same as the unit
of B and B is a left H-comodule algebra. So the only thing left to prove is that
the map ¢ intertwines the left H-coactions on By#H and B, and this follows by
a straightforward computation using the fact that Ag(v(h)) = h1 ® v(hs), for all
heH. O
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