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Introduction

The Brauer group of a field was introduced by Richard Brauer in 1929 in order to classify
finite dimensional division algebras. Its elements are equivalence classes of central simple
algebras. The equivalence relation is defined in such a way that each equivalence class
corresponds to a unique central division algebra. The center of a division algebra is a
field, the classification of such centers (finite field extensions) is covered by the Galois
field theory, whereas the Brauer group of a field K classifies central division K-algebras -
those whose center is isomorphic to K. In general, the computation of the Brauer group
of a field is a hard problem and it is related to number theory, algebraic geometry and
K-Theory. For more details on the Brauer group of a field we refer to [118].

The Brauer group of a field was generalized by Auslander and Goldman in 1960 to the
Brauer group of a commutative ring R. Central simple algebras are replaced by central
separable algebras, which are called Azumaya algebras. Generalizations of the Brauer
group of a field were made also in other directions. Noting that quadratic field extensions
are simple algebras but not central, yet that they are simple and central when considered as
Zo-graded algebras, Wall introduced the Brauer group of Z,-graded algebras in [144] with
the goal to include the mentioned algebras in the Brauer group. This group is called the
Brauer-Wall group, see [84]. It was further generalized by Knus in [78] to the Brauer group
of algebras graded by any abelian group G with a bicharacter y : G x G — K*, where K*
is the multiplicative group of the field K. The Brauer-Wall group for a commutative ring
(instead for a field) was proposed in [124] and the respective generalization to any abelian
group was made in [45]. Long generalized all these Brauer groups, introducing in [87] the
Brauer group of G-graded algebras having a grading preserving action. A step forward
was done in [86], where the group G was replaced by a commutative and cocommutative
Hopf algebra H. This is the Brauer group of H-dimodule algebras (dimodules are modules
and comodules with a certain compatibility condition), nowadays called the Brauer-Long
group. It was extensively studied in the literature, see e.g. the excellent monograph [28]
for a comprehensive account. However, from a Hopf algebra point of view the condition
that the Hopf algebra should be commutative and cocommutative was rather restrictive,
because the most interesting examples of Hopf algebras are either not commutative or
not cocommutative. The Brauer-Long group was then generalized by Caenepeel, Van
Oystaeyen and Zhang in [29] into the Brauer group of Yetter-Drinfel’d module algebras
over a Hopf algebra with an invertible antipode. This condition on a Hopf algebra is not
restrictive, as it is fulfilled by any finite dimensional Hopf algebra over a field. When
the Hopf algebra is commutative and cocommutative, the category of Yetter-Drinfel’d
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modules coincides with that of dimodules, so the newest Brauer group generalizes in a
proper way the Brauer-Long group. At this point, it is worthwhile to mention that the
Brauer group of a symmetric monoidal category was introduced much earlier, by Pareigis
in 1976, [109], yet it is conceptually much more general than all the previous ones. The
author had noticed that there were Brauer groups of non-symmetric categories, like the
Brauer-Long group. Though such constructions had to wait for the development of a
suitable mathematical framework. This was achieved when the concept of a braided
monoidal category arose in 1985. However, it was not until 1998 that the Brauer group
of a braided monoidal category was given in [140]. This group is the most general Brauer
group and all the preceding groups appear as special cases of this one - they all are Brauer
groups of a particular braided monoidal category.

Since all these Brauer groups were introduced many computations of them were done.
In the first part of this thesis, which is presented in Chapters 1-6, we will explain re-
cent computations which refer to noncommutative and noncocommutative quasitriangu-
lar Hopf algebras. Concretely, those for Sweedler’s Hopf algebra [141], for Radford Hopf
algebras H, [38], for Nichols” Hopf algebra [39], and for a modified supergroup algebra
[40]. We propose a unifying way to compute the Brauer group of certain quasitriangular
Hopf algebras which are Radford biproducts, covering the above examples. If H is a
Hopf algebra with bijective antipode and if B is a Hopf algebra in the category of Yetter
Drinfel’d modules over H, then there is a structure of an ordinary Hopf algebra on B® H,
called Radford biproduct, [113]. Thus Radford biproducts are connecting ordinary Hopf
algebras, braided monoidal categories and braided Hopf algebras. The latter two notions
together with braided algebraic structures will be the main ingredients in our work. Hopf
algebras in braided monoidal categories are studied in [94].

One of the important constructions in our research is the group of Galois (co)objects
(Chapters 4 and 10). Extending the classical Galois theory of fields, a finite Galois
theory of commutative rings was constructed by Chase, Harrison and Rosenberg in [41].
Replacing the Galois group G by a finite Hopf algebra H (think for example of (RG)*)
Chase and Sweedler generalized the preceding theory introducing the notion of a Galois
H-object in [42]. It is a commutative right H-comodule R-algebra A that is faithfully
flat over the commutative base ring R and for which a certain morphism can : A ®r A
— A ®pg H is an isomorphism. As observed by Nakajima in [102], for a Galois H-object
the subalgebra of H-coinvariants A®f is trivial. Kreimer and Takeuchi define an H-
Galois extension A/A® for a finitely generated and projective Hopf algebra H to be a
right H-comodule algebra A (not necessarily commutative) for which can is surjective,
[83]. In view of the finiteness conditions on H, surjectivity of can implies bijectivity of
can. Faithful flatness condition on A is omitted here, thus A is not necessarily trivial.
Versions of noncommutative Hopf-Galois extensions have been studied in [83, 138, 147].
Taking for the Hopf algebra the dual of a group algebra and assuming the Hopf-Galois
extension is a field, one recovers the classical Galois field extension, as it is shown in [10].

Hopf-Galois extensions have a geometrical interpretation as well. Namely, they may
be viewed as a noncommutative analogue of principal fibre bundles, or principal homo-
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geneous spaces, also called torsors (for a definition we refer to [53, 145, 101]). In terms
of representation theory Oberst gave in [104] a criterion of the free action for an affine
scheme X to be a principal fibre bundle over the quotient of X by a group G. Doi treated
the subject in [55] in a purely Hopf algebraic way. To understand how a principal fibre
bundle translates into a Hopf-Galois extension via the affine schemes — algebra duality we
refer to [56], [123].

That the set of isomorphism classes of Hopf-Galois objects for a cocommutative Hopf
algebra forms a group was shown by Chase [42], Beattie [12] and Nakajima [102]. In [46]
it was proved that the three constructions are equivalent.

Much of the Galois theory from [42] was developed for a finite Hopf algebra in a closed
symmetric monoidal category in [88]. Schauenburg developed in [122] the theory of bi-
Galois objects in a braided monoidal category. He proved that the isomorphism classes
of braided bi-Galois objects form a group. Inspired by this work we verify in the first
part of this dissertation that the isomorphism classes of Galois objects do not necesserily
form a group in a braided monoidal category, although this is fulfilled if the braiding
is symmetric on Galois objects. In particular, we prove that one always has the group
structure if one considers the Galois objects with normal basis over a cocommutative Hopf
algebra. A Hopf-Galois object is said to have a normal basis if it is isomorphic to H as a
right H-comodule. We also contribute to Schauenburg’s braided Galois theory providing
a characterization of a braided Galois object, Theorem 3.2.3.

Dually to Hopf-Galois objects there is a notion of a Hopf-Galois coobject. For the
construction of the group of Hopf-Galois coobjects we refer to [28]. In the third part
of the thesis we will introduce Galois coobjects over a commutative Hopf algebroid and
prove in Theorem 10.2.12 that the set of their isomorphism classes forms a group. Below
we will discuss Hopf algebroids in more details.

We now closely present the subject of research of the dissertation.

The goal of the first part of this thesis is to give a deeper understanding of some recent
computations of Brauer groups of Hopf algebras, finding their root. Let K be a field with
char(K) # 2. Sweedler’s Hopf algebra is Hy = K(g,z|¢> = 1,22 = 0,9z = —zg)
as an algebra, the element g is group-like and z is (g, 1)-primitive. The antipode is
given by S(g) = ¢! and S(z) = gx. In [141] for the quasitriangular structure Ry =
%(1 R1+g®1+1®g—g®g)it was proved that there is a direct sum decomposition

BM(K, Hy, Ro) =~ BW(K) x (K, +)

where BW(K') denotes the Brauer-Wall group of K, BM(K, Hy, Ry) the Brauer group
of Hy-module algebras with respect to the quasitriangular structure Ry, and (K, +) the
additive group of the field.

Later in [38] for the Hopf algebra H, = K(g,z|¢* = 1,2* = 0,9z = —xg), where v
is an odd natural number, g is grouplike, x is (¢g”, 1)-primitive, and the antipode is given
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by S(g) = g and S(z) = gz, with the quasitriangular structure

2v—1

Rso = — Zw”gl(g)g 1<s<2r odd
i,l=0

and w a primitive 2v-th root of unity, the authors proved that
BM(K; H,,Rsp) = Br(K; Zs,,05) x (K,+)

is as well a direct sum decomposition. Here BM(K; H,, R, ) denotes the Brauer group
of H,-module algebras with respect to R, and Br(K;Zs,,0;) is the Brauer group of
Zg,-graded algebras with respect to the bicharacter 65 induced on Zsy, by R . Putting
v =1 and s = 0 we recover Sweedler’s Hopf algebra and the quasitriangular structure
Rg.

Looking at these two computations we wondered why this type of decomposition
emerges, why the additive group of the field appears in the decomposition and how it
is related to the corresponding Hopf algebras. We were interested in finding an interpre-
tation of this weird factor in terms of some algebraic invariant. We noticed that there
were two common features connecting the two examples. The first one is that both Hopf
algebras are Radford biproducts,

Hy = K[z]/(2%) x KZy

H, = K[z]/(2%) x KZs,.

That means that K[z]/(2?) is a Hopf algebra in the categories of Zy- and Zs,-graded
vector spaces, respectively. The second common property is that in both cases the re-
spective quasitriangular structures on Radford biproducts are obtained as extensions of
the quasitriangular structures of the Hopf algebras KZ, and KZs,, respectively. In Propo-
sition 6.2.9 we have proved that the quasitriangular structure R of the Hopf algebra L
extends to the quasitriangular structure of the Radford biproduct Hopf algebra H x L if
and only if the braiding ®% induced by the quasitriangular structure R is H-linear in ; M.
Let us concentrate on the second example, as the first one can be considered as a partic-
ular case of the second one. The fact that KZ,, is quasitriangular non-triangular means
that the category C of Zs,-graded vector spaces is a braided monoidal non-symmetric
one, [100, Theorem 10.4.2], [96, Theorem 9.2.4]. We have that H = K|[z]/(x?) is a Hopf
algebra in C and that the braiding ® in C is H-linear. As we prove in Proposition 2.2.3
then the category yC is a braided monoidal one and we can consider its Brauer group
BM(C; H) := Br(yC), due to [140]. Azumaya algebras in yC we call H-Azumaya algebras.
On the other hand, from the Radford biproduct one has that the category of H,-modules
is isomorphic as a braided monoidal category to that of H-modules in C, Corollary 6.2.10.
This implies that the Brauer groups of these braided monoidal categories are isomorphic,
BM(C; H) = BM(K; H,, Ry).
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If one forgets the H-module structure on an H-Azumaya algebra, one obtains an
ordinary Azumaya algebra in C. Hence, we may consider the following forgetting map p
and its kernel:

Ker(p) —— Br(xC)

Br(C) = Br(K; Zy,, 0;)

[A] — [A].

This forgetting map splits by ¢ — any algebra in Br(C) we can equip with a trivial H-module
structure obtaining an H-Azumaya algebra. Computing the kernel of p we would recover
the information we lost forgetting the H-module structure on an H-Azumaya algebra.
On the other hand, this kernel would explain why the additive group of the field occurs in
the above two decomposition. This led us to Beattie’s sequence, [12], as a forgetting map
of this type and its kernel are computed there in a specific case. For a commutative ring
R and a finitely generated and projective commutative and cocommutative Hopf algebra
H over R Beattie proved that there is a split exact sequence

1 — Br(R) %» BM(R; H) L+ Gal(R; H) -~ 1.

Here BM(R; H) is the Brauer group of H-module algebras, Br(R) the Brauer group of R
and Gal(R; H) denotes the group of H-Galois objects. Our idea was to extend Beattie’s
exact sequence to a braided monoidal category and to compute Ker(p) using this new
Beattie’s exact sequence, expecting to be able to explain the known recent decompositions
of Brauer groups of Hopf algebras, which appear in different braided monoidal categories.

Beattie’s exact sequence was constructed in [64] for a symmetric monoidal category.
We generalize this construction in Chapter 5 to a braided monoidal category C and a
finite commutative Hopf algebra H € C, such that the braiding ® is H-linear and satisfies
Qyx = CI)E}X for any H-Galois object A and any X € C, with the goal of revealing that
Beattie’s exact sequence lies behind the computations of Brauer groups presented above.
Let C denote any braided monoidal category and H € C a Hopf algebra. As mentioned in
earlier paragraphs, our generalization was possible because we require that the braiding
in C should be H-linear and assume the above-mentioned symmetricity condition of the
braiding. We prove in Proposition 2.2.5 that the braiding in C is H-linear if and only if H
is cocommutative and the braiding when acting on H ® X for any object X is symmetric.
This is why cocommutativity does not appear explicitly in our list of assumptions, as it
is the case in [64]. In Theorem 5.4.3 we prove that if C is closed and has equalizers and
coequalizers, H is finite and commutative and the braiding is H-linear, and ®4 x = @Z}X
for any H-Galois object A and any X € C, then there is a split exact sequence

1 — Br(C) —L~ BM(C; H) L Gal(C; H) —~ 1.
P

Here BM(C; H) denotes the Brauer group of H-module algebras, Br(C) the Brauer group
of C and Gal(C; H) the group of H-Galois objects. Moreover, although C is not symmetric
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and thus BM(C; H) is not necessarily abelian, we obtain the direct sum decomposition
BM(C; H) = Br(C) x Gal(C; H).

This result is applied to a certain family of Radford biproducts that we next describe.
Let (H,R) be a quasitriangular Hopf algebra over a field K and C = M the braided
monoidal category of left H-modules. Let ®% denote the braiding of C stemming from
R. Let B € C be a finite dimensional Hopf algebra and consider the Radford biproduct
Bx H. If 1 : H— B x H denotes the canonical inclusion, ((R) is a quasitriangular
structure for B x H if and only if the braiding ®% is B-linear, Proposition 6.2.9. The
category of left B x H-modules g, gM is isomorphic, as a braided monoidal category, to
gC, Corollary 6.2.10. If &5 is symmetric on A ® X for any B-Galois object A € C and
any X € C, we have

BM(K,B x H,.(R)) = BM(K, H,R) x Gal(gM; B).
Now, applying this to our previous example we obtain
BM(Gro,; K[x]/(2%)) = Br(K; Zy,, 0,) x Gal(Gry,; K|x]/(2?))

where now Grg, stands for the category of Zo,-graded vector spaces. On the left hand-side
is the Brauer group of the category of K|[z]/(x?)-module algebras in Gry,. Recall that we
observed above that we have an isomorphism BM(Gry,; K[z]/(2?)) = BM(K; H,, Rso)-
In Section 6.1 we proved the isomorphism Gal(Gry,; K[z]/(2?)) = (K, +). Thus we have
recovered the decomposition for the Brauer group of H,. Note that the sequence from
[64] is not sufficient to explain the decomposition for H,, as the base category Gra, is
braided but not symmetric, as we observed before. This family of examples then justifies
our generalization.

There are further decompositions of Brauer groups of Hopf algebras which are Radford
biproducts, where the quasitriangular structure of the ordinary Hopf algebra extends
to a quasitriangular structure of the Radford biproduct. Let E(n) = K(g,x;,i,j €
{1---n}g® = 1,22 = 0,97, = —x;9,x;2; = —x;1;,) be Nichols’ Hopf algebra with the
structures given as follows. The element ¢ is group-like, whereas x; for ¢ = 1,...,n are
(g, 1)-primitive elements, that is, A(z;) = 1 ® z; + 2; ® g and £(z;) = 0. The antipode is
given by S(g) = ¢~! and S(z;) = gz;. The quasitriangular structure on F(n) is Ry, as in
the decomposition of Hy. In [39] was obtained the following direct sum decomposition

BM(K, E(n),Ro) = BW(K) x (K, +)"n+1)/2

where BM(K, E(n), Ro) denotes the Brauer group of F(n)-module algebras and BW(K)
the Brauer-Wall group of K. More precisely, the same decomposition is proved for qua-
sitriangular structures R4 given in terms of any symmetric n-dimensional matrix A over

K. We have the Radford biproduct
E(n) = Klz,]/(z}) x B(n — 1)
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where K|[z,]/(22) is a Hopf algebra in the category g(,—1)M of left E(n—1)-modules. Take
B(n—1)M for the base category in Beattie’s sequence with the Hopf algebra K[z,|/(z2)
in it. Being a Radford biproduct of the desired type, the assumptions for our Beattie’s
sequence are fulfilled and we get a decomposition of the Brauer group of E(n) proving the
group isomorphism Gal(g,—1)M; K[z,]/(22)) = (K, +)". We recover the decomposition
from [39] by iteration from the latter one.

For a modified supergroup algebra A(V') x KG, where G is a finite group, and the
quasitriangular structure R, = %(1 1l+u®l+1®u—u®u) for acertain u € G, in
[40] is proved the direct sum decomposition

BM(K; A(V) x KG,Ry,) = BM(K; KG, R,) x S2(V*)C.

Here S%(V*)9 is the group of symmetric matrices over V* invariant under the conjugation
by elements of G. Requirements of our Beattie’s sequence are satisfied for the category
of G-graded vector spaces C = Grg and the Hopf algebra A(V) € C, since A(V) x KG is
a Radford product of the desired type. Then the above decomposition is a consequence
of Beattie’s sequence, if we prove the group isomorphism S?(V*)¢ = Gal(Grg; A(V)).

The symmetricity condition on the braiding, although satisfied by our examples, seems
weird. We can drop this condition and we still have a split exact sequence relating Br(C),
the subgroup BM,,,,(C; H) of BM(C; H) of H-Azumaya algebras with inner actions, and
the group Gal,,(C; H) of Galois objects with normal basis, that exists in any braided
monoidal category. We prove in Theorem 5.4.4 that

BM;,,.(C; H) = Br(C) x Gal,,(C; H).

Indeed Gal,;,(C; H) is isomorphic to the image of the first map in the following short exact
sequence, presented in Chapter 4:

| H2(C: H, I) — v Gal(C; H) —5 Pic™(C; ).

Here H?(C; H, I) is Sweedler’s second cohomology group of H with values in the unit object
I, and Pic®(C; H) the Picard group of invertible comodules. This sequence generalizes
the one obtained in [2, Theorem 11] and [4, Proposition 0.3]. Whereas the latter is made
in a symmetric monoidal category and for a finite Hopf algebra, ours holds in any braided
monoidal category whose braiding ® satisfies the condition ®4 5 = (IDZ}B for any two H-
Galois objects A and B, and the Hopf algebra is not necessarily finite. Though, taking a
finite Hopf algebra we recover the other sequence.

Applying our result on the decomposition of BM,,,,(C; H) to the family of Radford
biproducts described before we can to show that BM(K, H,R) x H*(zM; B, K) is a
subgroup of BM(K, B x H,1(R)).

In the second part of the thesis (Chapters 7 and 8) we propose the Brauer group of
Azumaya corings as an alternative construction of the Brauer group of a commutative
ring, exposed at the beginning of this Introduction, which will make some proofs simpler
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and will behave better in a certain sense. Corings were introduced by Sweedler in [128].
They extend the notion of a coalgebra over a commutative ring R to a bimodule over a
not necessarily commutative base algebra A, so that a coring may be seen as a coalgebra
in the monoidal category (4My,®4,A) of A-bimodules. During 25 years after their
introduction, the corings appeared in the literature only in [69] and [98]. In [133] Takeuchi
observed that the entwining structures introduced in [24] in the context of gauge theory on
non-commutative spaces provide new examples of corings. On the other hand, entwining
structures and modules associated to them generalise the notion of Doi-Koppinen Hopf
modules introduced in [57] and [77] and developed for weak bialgebras in [18]. Various
structure theorems concerning Doi-Koppinen modules can be formulated more generally
in terms of (weak) entwined modules, [31]. In [25] Brzeziriski shows that many of those
structure theorems are special cases of structure theorems for the category of comodules
of a coring. This article revived the interest in corings and it was followed by a series
of papers providing new applications of corings. It turned out that when dealing with
corings, new, more elegant, more general proofs and sometimes much simpler could be
given to the known results on generalized Hopf modules. We refer to the monograph [27]
for a comprehensive treatment of the theory of corings.

The main contribution of the second part of this thesis is the construction of the
Brauer group of Azumaya corings and the proof that it is isomorphic to the full second flat
Amitsur cohomology group. For a Galois field extension L/K with group G we have the
Crossed Product Theorem asserting that there is an isomorphism Br(L/K) = H*(G, L*).
Here the map from the second cohomology group to the Brauer group can be described
easily and explicitly. Since every central simple algebra can be split by a Galois extension,
it follows that the full Brauer group Br(K’) can be described as a second cohomology group

Br(K) = H*(Gal(K*P/K), K*P*),

where K*°P is the separable closure of K.

The cohomological description of the Brauer group of a commutative ring is more
complicated. As first, Galois cohomology is no longer sufficient, since not every Azu-
maya algebra can be split by a Galois ring extension. More general cohomology theories
have to be introduced, such as Amitsur cohomology (over commutative rings). Secondly,
the Crossed Product Theorem is replaced by a long exact sequence, called the Chase-
Rosenberg sequence. We can introduce the second étale cohomology group H?(Ret, G,),
as the second right derived functor of a global section functor. If R = K is a field, then
this group equals the total Galois cohomology group H?(Gal(K*?/K), K**). Then we
have a monomorphism

Br(R) — H?*(Re,G,,).

In general, this monomorphism is not surjective, as the Brauer group is always torsion,
and the second cohomology group is not torsion in general. Gabber [66] proved that the
Brauer group is isomorphic to the torsion part of the second cohomology group.

In [134], Taylor introduced a new Brauer group, consisting of equivalence classes of
algebras that do not necessarily have a unit. The classical Brauer group is a subgroup,
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and it is shown in [116] that Taylor’s Brauer group is isomorphic to the full second
étale cohomology group. The proof depends on deep results, such as Artin’s Refinement
Theorem (see [9]); also the proof does not provide an explicit procedure producing a
Taylor-Azumaya algebra out of an Amitsur cocycle.

As announced, in the second part of this thesis we propose a new Brauer group whose
elements are equivalence classes of Azumaya corings. Let S be a commutative R-algebra.
On the S-bimodule S ®g S one defines a comultiplication and a counit obtaining the so
called Sweedler canonical coring. This coring can be used to give an elegant approach to
descent theory: the category of descent data is isomorphic to the category of comodules
over the coring, [32, Section 4.8], [33]. Our starting observation is now the following:
an Amitsur 2-cocycle can be used to deform the comultiplication on S ®g S, such that
the new comultiplication is still coassociative. Thus the Amitsur 2-cocycle condition
should be viewed as a coassociativity condition rather than an associativity condition (in
contrast with the Galois 2-cocycle condition, which is really an associativity condition).
We use the opportunity to point out that on the categorical level we proved the bijective
correspondence between Sweedler’s 2-cocycle condition and the associativity condition in
Corollary 4.1.5. As Sweedler cohomology generalizes Galois cohomology to Hopf algebras,
our categorical result can be seen as a generalization of the above statement for algebras
over rings.

We can take the dual of the coring S ®g S, which is an S-ring, isomorphic to Endg(S).
Amitsur 2-cocycles can then be used to deform the multiplication on Endg(.S), leading to
an Azumaya algebra in the classical sense. This construction leads to a map H?(S/R, G,,)
— Br(S/R) when S is faithfully projective as an R-module, and we will show that it is one
of the maps in the Chase-Rosenberg sequence. The duality between the S-coring S ®g S
and the S-ring Endg(S) works well in both directions if S/R is faithfully projective, but
fails otherwise; this provides an explanation for the fact that we need the condition that
S/R is faithfully projective in order to fit the relative Brauer group Br(S/R) into the
Chase-Rosenberg sequence.

The canonical coring construction can be generalized slightly: if I is an invertible
S-module, then we can define a coring structure on I* ®g I. Such a coring will be
called an elementary S/R-coring. Azumaya S/R-corings are then introduced as twisted
forms of elementary S/R-corings for S/R faithfully flat. That is, € is an Azumaya S/R-
coring if after the extension by a faithfully flat R-algebra T" it becomes isomorphic as an
S ®p T-bimodule to an elementary S/R-coring I* ®r I extended by T, i.e. € ®gT =
(I*"®rI)®@r T. If S/R is faithfully projective, then the dual of an Azumaya S/ R-coring
is an Azumaya algebra split by S. The set of isomorphism classes of Azumaya S/R-
corings forms a group; after we factor by the subgroup consisting of elementary corings,
we obtain the relative Brauer group Br¢(S/R); we will show that Br¢(S/R) is isomorphic
to Villamayor and Zelinsky’s cohomology group with values in the category of invertible
modules H'(S/R,Pic) [143]. As a consequence, Br®(S/R) fits into a Chase-Rosenberg
type sequence (even if S/R is not faithfully projective).

An Azumaya coring will consist of a couple (.5, €), where S is a (faithfully flat) commu-
tative ring extension of R, and € is an S/ R-coring. On the set of isomorphism classes, we
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define a Brauer equivalence relation and show that the quotient set is a group under the
operation induced by the tensor product over R. This group is called the Brauer group
of Azumaya corings and we can show that it is isomorphic to the full second cohomology

group.

The third part of the thesis (Chapters 9 and 10) is dedicated to constructions with
commutative bialgebroids. Bialgebroids appear for the first time in the literature in [127]
under the name “x g-bialgebras” for an R-algebra B. They emerge as a generalization of
bialgebras, which are modules over a commutative ring (i.e. bimodules with the same left
and right actions) to bimodules, in the similar way as corings generalize coalgebras. A
B-bialgebroid is a B ® g B°-algebra (hence a B ® g B’-bimodule) and a B-coring (hence
a B-bimodule). Different compatibility conditions between the two bimodule structures,
the algebra and the coring structure led to different definitions of bialgebroids. Sweedler
introduced X g-bialgebras for commutative B; Takeuchi generalized them to any B in
[130]; Lu gave an alternative definition and introduced Hopf algebroids in [89] in the line
of a generalization of quantum groups to “quantum groupoids”; Schauenburg studied in
[120] the monoidal structures of the categories of (co)modules over bialgebroids; Béhm
developed Galois and integral theory for Hopf algebroids; a Schneider type theorem is
provided in [8], the work of Szlachanyi has also to be mentioned. We recommend [27]
for a review on bialgebroids. The simplest example of a bialgebroid (over the base B) is
Sweedler coring B ®r B for any algebra B over a commutative ring R.

In the third part of the thesis we introduce a cohomology over commutative bialge-
broids. We propose an exact sequence a la Villamayor-Zelinsky, studied in the second
part of the thesis, in terms of this cohomology. Once we establish this, following the same
pattern as in the case of the Brauer group of Azumaya corings we manage to give an
interpretation of the zero-th (first level of the new sequence) and the first cohomology
group (second level) with values in the category of invertible modules over a commutative
S-bialgebroid A. At the first level we obtain the group of invertible S-modules which are
at the same time (invertible) .A-comodules, recovering [34, Corollary 2.3] as a special case.
At the second level, rather than obtaining some Brauer group of Azumaya algebroids, as
one might expect, we obtain the abelian group of A-Galois coobjects. Though, in the
case when A = S ®g S, the group of S ®g S-Galois coobjects is nothing but the Brauer
group of Azumaya corings. A-Galois coobjects are a Hopf bialgebroid and dual version
of Galois objects over a Hopf algebra, which we discussed above in this Introduction.
Hopf-Galois objects have already gotten a generalization in terms of corings. This was
done by Brzeziniski in [25] with the introduction of Galois corings. For a faithfully flat
algebra S over its base ring an S-coring € with a group-like element is termed Galois
if certain canonical morphism can : S ®r S — € is an isomorphism. In the case of the
coring € = S®pg H for a Hopf algebra H over a commutative ring and a right H-comodule
algebra S, [34], one recovers the definition of a Galois object. Our Galois coobject over a
commutative Hopf algebroid A (over S) will be an .A-module (S-)coring € which is faith-
fully flat as an S-module and for which an appropriate canonical morphism can : € ®g A
— € ®g € is an isomorphism. As a further application of our sequence for A = H*, for
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a Hopf algebra H, we recover an infinite version of the sequences constructed in [58] and
[46, 102], of which the latter we generalized to a braided monoidal category in Section 4.5.

The interpretation of the first and the second level of our long exact sequence for the
cohomology over commutative bialgebroids can be continued to the next levels. This is
the subject of the work in progress.

As we mentioned, this dissertation can be divided in three parts. We now proceed
to describe how the contents are organized. The first part is the subject of the first six
chapters. Chapters 7 and 8 make the second part, while Chapters 9 and 10 constitute the
third part of the thesis. In the first chapter we mainly recall and define notions together
with their basic properties that we will deal with in Chapters 1-6, like braided monoidal
categories, inner-hom objects, tensor products over algebras, finite and dual objects, and
(faithfully) flat and faithfully projective objects. We record in several results how certain
algebraic properties of two morphisms pass to their (co)equalizer. We also investigate
when the forgetful functor preserves (co)equalizers. The second chapter briefly recalls the
construction of the Brauer group of a braided monoidal category from [140], with the
difference that here we work with braided diagrams as a means of computation, whereas
in the mentioned paper the Yoneda lemma was employed. We prove that the functors
(—)4 and agaer[A, —] for an algebra A and its opposite algebra A% are isomorphic in
Proposition 2.1.12. We also prove several claims related to Azumaya algebras which will
be useful in later chapters. In Lemma 2.2.1, 2) we equip an inner hom-object in C with
a module structure over a Hopf algebra H and prove that the category of H-modules
is a closed braided monoidal one if so is the base category and the braiding is H-linear
(Proposition 2.2.3). This gives rise to the Brauer group of H-module algebras assuming
the latter conditions. We then analyze when the braiding of a category is H-linear, as
this is the key requirement we will put on in our construction of Beattie’s sequence. This
result is expressed in Proposition 2.2.5. At the end of the second section we construct the
Brauer group of H-module algebras with inner actions, which is a subgroup of the Brauer
group of H-module algebras.

Chapter 3 treats braided Hopf-Galois objects. In the first section we recall relative
Hopf modules and establish a pair of adjoint functors related to the category of relative
Hopf modules. We then turn to study some properties of a bialgebra, among which
we prove that any flat bialgebra is faithfully flat and that if the category is closed any
finite bialgebra is faithfully projective, and thus in particular faithfully flat. At the end of
Section 3.1 we recall the Fundamental Theorem for Hopf modules in any braided monoidal
category with equalizers.

We define (Hopf) Galois objects in Section 3.2 as faithfully flat comodule algebras
over a Hopf algebra H for which the canonical morphism is an isomorphism. From this
definition we deduce that the subalgebra of H-coinvariants is trivial, which sometimes is
taken in the definition of an H-Galois object omitting the requirement on faithful flatness.
In Theorem 3.2.3 we prove a generalization of the Fundamental Theorem of Hopf modules
to Galois objects. It states that A is an H-Galois object if and only if the category of
relative (A, H)-Hopf modules is equivalent to the base category, by the adjoint pair of
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functors we established in the previous section. In Proposition 3.2.6 we prove that an
H-comodule algebra morphism between two H-Galois objects in C is an isomorphism —
the result known for module categories, [28, Proposition 8.1.10], and originally for finite
Hopf algebras in [12, Lemma 1.1]. This observation will be of fundamental importance in
our proofs.

In Section 3.3 we recall the cotensor product of comodules and prove some of its pro-
perties employing the notion of flatness. We introduce coflatness in a category of comod-
ules — dually to the notion of coflatness in the category of modules, that one encounters in
Morita Theorems. We study under which conditions associativity of the cotensor product
is accomplished. That an opposite algebra of an H-Galois object A is such an object as
well is the subject of Section 3.4, whereas in Section 3.5 we prove that its isomorphism
class determines the inverse of the class of A and that the set of isomorphism classes of
H-Galois objects forms a group. This is an abelian subgroup of the group of H-biGalois
objects studied in [122]. In the latter two sections we assume that the braiding satisfies
Pup = @Z}B for any two H-Galois objects A and B. We define Galois objects with
normal basis and prove that the above-mentioned condition on the braiding is fulfilled
on H-Galois objects with normal basis, hence they induce a group. Here we employed
Schauenburg’s observation, [119, Corollary 5], that the braiding when acting on H ® H
is symmetric for a commutative or cocommutative Hopf algebra H.

A short exact sequence connecting Sweedler’s second cohomology group, the group of
H-Galois objects and the Picard group of invertible comodules is the subject of Chapter 4.
In its first section we recall Sweedler’s second cohomology group. We observe, similarly
as in many occasions in algebra, that the 2-cocycle condition on ¢ is equivalent to the
associativity of the o-twisted multiplication on a Hopf algebra H. In particular, this 2-
cocycle-twisted object is an H-comodule algebra. Making use of it in the second section
we define a group monomorphism from Sweedler’s second cohomology group to the group
of Galois objects with a normal basis. Section 4.3 further studies Galois objects with a
normal basis. We prove that they are H-cleft and show that the above monomorphism is
in fact an isomorphism. In Section 4.4 we construct the Picard group of a Hopf algebra
H as the set of isomorphism classes of C-autoequivalences of the category of H-comodules
in C. An equivalent condition for such equivalences is that the comodule determining the
equivalence is invertible with respect to the cotensor product over H. We prove that any
H-Galois object is an invertible H-comodule. The announced short exact sequence we
construct in Section 4.5 and prove that if the category is symmetric and H finite, the short
exact sequence from [4] and [2] can be recovered. We end this section proving that the
Picard group of invertible H-comodules is isomorphic to that of invertible H*-modules.

Chapter 5 is dedicated to Beattie’s sequence in a braided monoidal category. The goal
of the first section is to define a group morphism from the Brauer group of H-Azumaya
algebras (resp. with inner actions) to the group of H-Galois objects (resp. with a normal
basis). At the beginning we define the smash product, necessary for this construction. In
the second section we assign to any H-Galois object an Azumaya algebra. This will in
fact be an H-Azumaya algebra, as we prove in the third section. Using this assignment
we prove that the group morphisms from Section 5.1 are surjective. In Section 5.4 we
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see that these group morphisms together with the embedding of the Brauer group of the
base category into the Brauer group of H-Azumaya algebras (with inner actions) form
split exact sequences. We also show that these sequences give rise to two direct product
decompositions, of the Brauer group of H-Azumaya algebras and the Brauer group of
H-Azumaya algebras with inner actions, respectively.

That Beattie’s sequence lies behind the computations of Brauer groups of the Hopf
algebras Hy, H, and E(n) we reveal in the last chapter. In its first section we compute
the group of Galois objects with a normal basis over the Hopf algebra K|[z]/(z?) in the
category of Zs,-graded vector spaces, for an odd natural number v (and in that of Z,-
graded vector spaces), proving that it is isomorphic to the additive group of the base
field. In the second section we recall the definition of a quasitriangular structure and the
known fact that its existence on a bialgebra is equivalent to having a braided structure on
the monoidal category of the respective modules. We further recall Radford biproducts
B x H, the sufficient condition to have a Hopf algebra structure on the Radford biproduct
in terms of Yetter Drinfel’d modules and recall Majid’s bosonization. Finally we prove
in Proposition 6.2.9 our observation on the extension of the quasitriangular structure of
the Hopf algebra H to that of the total Hopf algebra. We apply this in the third section
proving Theorems 6.3.1 and 6.3.2 and recover the decompositions in [141], [38] and [39]
from Beattie’s sequence and give directions to do the same in the cases of [40].

We next say a few words about the degree of originality of the first part of the disserta-
tion. The main idea, that is totally original, is to discover that the computations of Brauer
groups mentioned above may be framed and better understood by means of Beattie’s ex-
act sequence in a braided monoidal category. Taking into account that such a sequence
existed for symmetric monoidal categories, our extension to braided ones may not be con-
sidered highly innovative. Nevertheless, this extension is needed to cover the case of H,
and some other case that will be treated in the future. What is original in this extension
is our approach, using braided notation, the notion of flatness and faithful flatness com-
bined with the fact that the braiding is symmetric on H ® H for a (co)commutative Hopf
algebra H and on H-Galois objects with a normal basis. The techniques used here may
be useful to establish for braided monoidal categories other results known for symmetric
ones. We managed to do so also in our construction of the sequence relating Sweedler’s
second cohomology group, the group of Galois object and the Picard group of invertible
comodules. Further original contribution is our observation that a quasitriangular struc-
ture on a Hopf algebra H extends to the one on the Radford biproduct B x H if and only
if the braiding in g M is B-linear, which permits the computation of the Brauer group of
Radford biproducts where this extension occurs, using Beattie’s exact sequence.

Being more concrete, Chapters 1 and 2 compile known results needed for other chap-
ters. The only original result here is Proposition 2.1.12. Chapter 3 is strongly based on
Schauenburg’s construction of the groupoid of biGalois objects. The original results here
are the implication 2)=- 1) in Theorem 3.2.3 characterizing Galois objects, and the veri-
fication that the group of Galois objects with a normal basis may be defined in a braided
monoidal category. In Chapter 4, the original result is Proposition 4.3.3, the Normal Basis
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Theorem for braided monoidal categories, extending the result in [2, Theorem 11] for a
symmetric monoidal category. Chapter 5 is highly original, except for a few notions like
the one of smash product, and taking into account what we said in the previous para-
graph. The main results in Chapter 6 are completely original. The material presented in
this part of the dissertation will appear in the papers [50] and [49].

In the second part of the thesis the first three sections assemble known facts, whereas
the rest of the results is original. In Section 7.1 we recall Amitsur cohomology over a
commutative ring R and in the next section we present cohomological interpretations of
the (relative) Brauer group of R. In the third section of Chapter 7 we recall the definition
of corings and in the fourth section we discuss some adjointness properties of bimodules.
Chapter 8 is devoted to the construction of the Brauer group of Azumaya corings. We
define Azumaya corings in Section 8.1 and analyze their relation to Azumaya algebras in
the next section. The relative Brauer group of Azumaya corings is constructed. We define
the normal basis property on bimodules in Section 8.3 and prove that the Brauer group
of Azumaya corings with normal basis is isomorphic to Amitsur’s second cohomology
group with values in units, that is the Normal Basis Theorem for Azumaya corings.
The full Brauer group of Azumaya corings we construct in Section 8.4 and prove that it is
isomorphic to Amitsur’s full second flat cohomology group with values in units. The main
results of this part of the thesis are Corollary 8.1.9 and Theorem 8.4.7. The contents of
this part of the thesis is published in [35].

In Chapters 9 and 10 we deal with commutative bialgebroids. Except from the first
two sections, the results of the third part of the thesis are original. Section 9.1 is a
preliminary one on some properties of invertible modules that we will employ in our
construction. We define and collect some basic properties of commutative bialgebroids
and Hopf algebroids in the next section. In Section 9.3 we introduce Harrison cohomology
over a commutative bialgebroid and prove that it fits into an infinite exact sequence a
la Villamayor—Zelinsky. The zero-th cohomology group with values in the category of
Picard modules is interpreted in the next section. The second cohomology group is the
subject of Chapter 10. For it we introduce in the first section A-module corings and A-
Galois coobjects for a commutative bialgebroid and Hopf algebroid A, respectively. In the
second section we prove that A-Galois coobjects give rise to a group as well as that this
group is isomorphic to Harrison’s first cohomology group with values in the category of
Picard modules. Moreover, we prove the Normal Basis Theorem for a commutative Hopf
algebroid. The final section is devoted to the analysis of the above-mentioned infinite
exact sequence and the Normal Basis Theorem for some special cases of a commutative
bialgebroid A. Particularly, we recognize that this sequence with A = H*, where H is a
Hopf algebra, is an infinite version of the sequence from Section 4.5 when C is the category
of modules over a commutative ring. The crucial results in this part are Theorem 9.3.5,
Theorem 9.4.7, Corollary 9.4.10, Theorem 10.1.10, Theorem 10.2.12 and Corollary 10.3.9.
The material presented in this part of the thesis will appear in [36].
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Chapter 1

Basic structures in braided monoidal
categories

The first chapter is a preliminary one for the first part of the thesis, exposed in Chapters
1-6. In it we recall the basic objects and their properties which we will use throughout.
In the first section we will recall braided diagrams which use strings and boxes to denote
morphisms. They will be our main tool of computation in the sequel.

After the first section in which we speak about a braided monoidal category C will
denote a monoidal category (C,®,I) in this chapter unless otherwise specified.

1.1 Braided monoidal categories and notation

We assume that the general category theory is familiar to the reader and recommend the
monographs [105] and [92] as references. Our research is carried out in a braided monoidal
category. We recall here the necessary definitions.

Definition 1.1.1 A monoidal category is a sextuple (C,®,1,a, X, p), where C is a cat-
egory, @ : C x C — C a covariant functor called tensor product, I € C an object called
unit, and

a(X,)YU): (XeY)eU —- X (Y eU),

AX):I®X =X and p(X): X®I—X

are natural isomorphisms, whose compatibility is expressed in terms of the following com-
mutative diagrams:

a(X,Y, U)o W a(X,Y @ U, W)

(XeY)oU)W (XY U)W X (YeU) e W)

a(X @Y, U, W) X @ a(Y,U, W)

(XY)(UeW)

a(X,Y,UaW) XY eUeWw))
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a(X,1,Y)
Xy ————— X®I®Y

ST\ /m

X®Y

where X, Y, U W € C. The natural transformations o, A and p we call associativity-, left
unity- and right unity constraints, respectively.
A monoidal category is said to be strict if a, A\ and p are the identity morphisms.

We now give the definition of a braided monoidal category due to Joyal and Street,
[72].

Definition 1.1.2 Let C be a monoidal category and 7 : C x C — C x C the flip functor,
given by 7(X,Y) := (Y, X) for X, Y € C. We say that C is braided if there is a natural
isomorphism ® : — ® — — (— ® —)7 in C for which the following two hexagons commute
for allU,V,W € C:

)
(H1) Ue(Vew) Y vew) U
ay,v,w \WU
UeV)eW Ve (WaeU)
qM,v@N /®¢UW
(V®U)®WWV®(U®W)
and
)
(H2) UeV)eow Y2 wewev)
-1
O‘U.,V,W/( \/\VUV
Ue(VeW) Wel)eV
id@@VN /CIJ;W®zd
U (WeV) UeW)eV.

aUWV

Morphism ® is called a braiding.

A monoidal category C is called symmetric if there is a natural isomorphism @ : —® —
— (— ® —)7 in C satisfying any of the two above hexagon relations and the symmetry
condition &y = QJ{J}V for all U,V € C.

In [91] and [92], before the concept of a braided monoidal category was known, Mac
Lane proved the coherence theorem which claims that any monoidal category is monoidally
equivalent to a strict one. Later Joyal and Street proved the coherence theorem for braided
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monoidal categories in [74]. The pentagon axiom for a monoidal category expresses the
demand that the two ways one can go from (X @ V)@ U)®@ W to X ® (Y ® (U ®
W)) by applying « repeatedly are the same. The coherence theorems assert that if this
requirement holds for any four objects, then any two choices of distribution of parenthesis
between n objects in an n-fold tensor product for n > 4 give isomorphic two objects (by
applying successively a’s in a proper way). Similarly, one may insert the unit object at
an arbitrary place in an n-fold tensor product arbitrarily many times. Applying A’s and
p’s, together with o’s, one will get to an object isomorphic to the initial one. In this sense
the parenthesis, and therefore the natural isomorphisms a;, A and p, may be neglected in
the computations. Consequently, we are allowed to execute the proofs in strict (braided)
monoidal categories.

For strict braided monoidal categories there is a very intuitive and powerful graphical
calculus which replaces complex algebraic formulas. This is the language of (planar)
braided diagrams which originates from [73], [93], [95] and can also be found e.g. in [137],
[76], [75], [15]. There algebraic operations ‘flow’ along strings.

For more details on braided monoidal categories we refer to [72], [73], [75], [83], [92],
[94] and [136]. We now define in terms of braided diagrams the algebraic structures we will
deal with. The duality principle in a category is reflected in braided diagram notation in
the fact that when reading the diagrams up-side-down, we obtain morphisms in the dual
category, and respectively dual algebraic structures. When the domain or the codomain
of a morphism is the unit I of the category, we will not write it down.

An algebra in C is an object A together with morphisms

A A
ni= and V:i= U

A A

called unit and multiplication, respectively, satisfying the compatibility conditions

A A A
A A A
and the associativity law
A A A A A A
A A

Let A, B € C be algebras. A morphism f: A — B is an algebra morphism if it obeys

A A A A
= DI and =1
B B B B.

In a braided category an algebra A is said to be commutative if it holds

A A

SRy

A.
A
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The notions of a coalgebra, a coalgebra morphism and of a cocommutative coalgebra
are defined dually (considering the diagrams turned upside-down).

For an algebra A an object M € C together with a morphism

A M
AN = -

M
is called a left A-module if it fulfills the compatibility conditions
A A M A A M M M
kﬂ — ﬁ and q = ‘
M M.
M M

Let M and N be two left A-modules. A morphism f : M — N is called a left

A-module morphism if the following equality holds:

A M A M
-
- g
N N.
A right A-module is an object M € C with a morphism

M A
A= =
M
satisfying symmetric conditions to those for a left A-module. A right A-module morphism

is defined symmetrically to a left A-module morphism.
An A-B-bimodule is a left A- and a right B-module M for which one has

A M B A M B
M M.

The category of left (resp. right) A-modules and left (resp. right) A-module morphisms
is denoted by 4C (resp. C4). The category of A-B-bimodules and left A-module and right
B-module morphisms is denoted by 4Cp.

The notions of left and right comodules, bicomodules and comodule morphisms are
defined dually. Let C;D € C be coalgebras. The categories of left (resp. right) C-
comodules and left (resp. right) C-comodule morphisms is denoted by “C (resp. C©).
The category of C-D-bicomodules and left C-comodule and right D-comodule morphisms
is denoted by ¢CP.

An algebra and a coalgebra B € C is called a bialgebra if the following compatibility

conditions are satisfied:
B B B B
B B B B
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B B B B
r=11, Y =1 and 1 =id,.
B B B B
A bialgebra morphism is an algebra and a coalgebra morphism.

A Hopf algebra is a bialgebra H € C that has a morphism S : H — H called antipode
satisfying

H H
H
_i_
@D_f—@
H i H.

As in the category of modules over a commutative ring the bialgebra morphisms are
compatible with the antipode. Hence we define a Hopf algebra morphism as a bialgebra
morphism.

Observe that if we look the diagrams defining a bialgebra and a Hopf algebra up-side-
down, we obtain the diagrams we started with. This reflects the fact that the notions of
a bialgebra and a Hopf algebra are self-dual.

We will also use the classical diagrams with arrows. In them, a reference to a diagram
n, which is a constituting diagram of a larger one, we denote by (n). When writing
formulas, we will adopt the following notation: unit and multiplication of an algebra we
denote by 1 and V, counit and comultiplication of a coalgebra by ¢ and A, the antipode
of a Hopf algebra by S, the module structure morphism by p and the left and right
comodule structure morphisms by A and p, respectively. The difference between the
latter two morphisms and the left and right unity constraints of a monoidal category will
be clear from the context.

In the following sections we will record claims mostly without proving them. The
proofs are not difficult and can be found in [63]. We omit them in order to save space,
because they sometimes require long diagram computations.

1.2 Structure transmission lemmas
We first introduce the notion of flatness and faithfull flatness due to Schauenburg, [122].

1.2.1 Let C be a braided monoidal category. An object M € C is called flat if the functor
M ® — : C — C preserves equalizers in C. If in addition it reflects isomorphisms, then
M is called faithfully flat. If C is not braided, we may speak about obvious notions of
left /right (faithful) flatness. By naturality of the braiding the functor M @ — : C — C
preserves equalizers (resp. reflects isomorphisms) if and only if — ® M : C — C does it.
The following statements for objects M, N € C are easy to prove:

(i) If M and N are flat, then so is M ® N.



6 1. Basic structures in braided monoidal categories

(ii) If M and N are faithfully flat, then so is M ® N.
(iii) If the functor M ® — reflects equalizers in C and M ® N is faithfully flat, then NV is
faithfully flat.

1.2.2 Let E—5—~ 4

(i) If f and g are algebra morphisms, then F is an algebra and e is an algebra morphism.
(i) If f and g are left /right H-comodule morphisms and H is flat, then F is a left/right
H-comodule and e is a left /right H-comodule morphism.

(iii) If f and g are left/right H-module morphisms, then £ is a left/right H-module and
e is a left /right H-module morphism.

B be an equalizer in a monoidal category C.

If the respective conditions on f and g are satisfied, we will refer to (F,e) as an algebra
(resp. left/right H-(co)module-) pair.

Assume that A and B are H-comodule algebras, where H is flat, and let (E,e) be the
equalizer of H-comodule algebra morphisms f,g : A — B. Then FE is an H-comodule
algebra and e is a morphism of H-comodule algebras. In this case we say that (E,e) is
an H-comodule algebra pair.

1.2.3 Let H be a coalgebra and A an algebra in C.

(i) If C has equalizers and H is flat, then C has equalizers, too - an equalizer in C of
two morphisms in C¥ is an equalizer in C*. Moreover, the forgetful functor U : C¥ — C
preserves equalizers. The same statement holds when we substitute C* by #C.

(ii) If C has equalizers, then 4C has equalizers, too - an equalizer in C of two morphisms in
4C is an equalizer in 4C. Moreover, the forgetful functor & : .C — C preserves equalizers.
The same statement holds when 4C is substituted by C4.

1.2.4 Consider a commutative diagram

B — A
ﬂ l s
By —2 - A,

and assume that e, is a monomorphism.
(i) If €1, e5 and f are right (respectively left) H-comodule morphisms and e; ® H (respec-
tively H ® e,) is a monomorphism, then f is an H-comodule morphism.
(ii) If €1, eo and f are (right or left) H-module morphisms, then f is an H-module mor-
phism.
(iii) If ey, e5 and f are algebra morphisms, then f is an algebra morphism.

As a consequence we have:
Let f: A — R and g : B — R be algebra (respectively H-comodule) morphisms and
assume that g (and ¢ ® H) is a monomorphism. Let h : A — B be such that gh = f.
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Then h is an algebra (resp. H-comodule) morphism.

Dually to 1.2.3, ii) we have:

1.2.5 Let M——= N 4. () be a coequalizer in a monoidal category C.

(i) If f and g are morphisms in 4C and C is left closed, then (@, q) is a coequalizer in 4C.
The forgetful functor U : 4C — C preserves coequalizers.

(ii) If f and g are morphisms in C4 and C is right closed, then (@, q) is a coequalizer in
C4. The forgetful functor U’ : C4 — C preserves coequalizers.

1.3 Inner hom-objects

A braided monoidal category C is called closed if the functor — ® M : C — C has a right
adjoint for all M € C. The right adjoint, called the inner hom functor, will be denoted
by [M,—]:C — C. For N € C, the object [M, N] we call inner hom-object. The counit
of the adjunction evaluated at N is denoted by evy v : [M,N]® M — N, for M, N € C.
It satisfies the following universal property: for any morphism f : T ® M — N there is a
unique morphism g : T — [M, N| such that f = evy n(g ® M). The functor [M, —| acts
on morphisms as follows: Let f : N — N’ be a morphism in C. Then [M, f] : [M, N]
— [M, N'] is the unique morphism such that the following diagram commutes:

[M,NJoM —& N

(M, f] ®M\ \f
[M,N'| @ M ——— N'. (1.3.1)

Let us now describe the natural isomorphism C(N ® M, Q) = C(N, [M, Q]) coming from
this adjunction. If ¢ € C(N ® M, Q) corresponds to ¢ € C(N,[M, Q]) via this isomor-
phism, in braided diagrams they are related like this:

N M NM
: (1.3.2)
@
Q Q.

The unit of the adjunction, a : N — [M, N ® M], is the image of idyg s, satisfying

N M NoM

(1.3.3)
N®M.
NeM
Since C is braided, the functor M ® — : C — C has the same right adjoint [M,—]:C — C
for all M € C. For M, N € C the counit of this adjunction evaluated at N is denoted by
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ey M®[M,N] — N. It satisfies the following universal property: for any morphism
f:M®&T — N there is a unique morphism g : T — [M, N| such that f = evy n(M ®g).
The functor [M, —] acts on morphisms as follows: Let f: N — N’ be a morphism in C.
Then [M, f]: [M, N] — [M, N'] is the unique morphism such that the following diagram
commutes:

M®MN—% .y
M® M, f}\ \f

M®[M,N]———— N’ (1.3.4)

Similarly as above, if p € C(M® N, Q) corresponds to ¢ € C(N, [M, Q]) via the adjunction
isomorphism C(M ® N, Q) = C(N, [M, Q)), in braided diagrams they are related like this:

M N MQ®N

i

The unit @ : N — [M, M ® N] in this case obeys

M N

@]

MN

MN

(1.3.5)

M®N.

The relation between the counits of the two adjunctions is €vy;,n = evy, n Por (i, ), While
the units are related by

a=[M, oo (1.3.6)

1.3.1 In a left closed monoidal category on inner hom-objects there is an associative pre-
multiplication ¢y yz @ [Y, Z] @ [M,Y] — [M, Z] and a unital morphism ny : I — [Y,Y]
such that

omyy(y @ [M,Y]) = Ay and  oaary ([M, Y] @ nu) = piy)

where A\ and p are unity constraints. The morphisms ¢,y,z and 7y are given via the
universal properties of [M, Z] and [Y, Y], respectively, by the diagrams:

Y, Z]® ev

Y, Z|® [M,Y]®@ M Y, Z|eY
1Y
oM ev n@y\ \
(M, Z)@ M Z and [y Y]|oV Y.

eV ev

As a consequence we have that for each M € C, the object [M, M] is equipped with
an algebra structure via @az s, and 7.
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1.3.2 For an algebra A € C and M € 4C we can consider the functor M ® — : C — AC.
For each X € C the object M ® X is a left A-module in the natural way. We recall from
the discussion preceding Theorem 3.2 in [106] that if C is closed and has equalizers, the
right adjoint functor of M @ — : C — AC is given by s[M,—]. For N € 4C, the object
A[M, X] is the following equalizer:

A[M, N] L [M, N] == [A® M, N],
where u and v are given via the commutative diagrams

A® M ®[M,N] M & [M, N]
A®M®ul {ev
A M ®[A® M, N] — N (1.3.7)
and
Ao Me[M,N —22 | 41oNn
A®M®v{ N
AM®[A® M, N| N. (1.3.8)

‘ev
If f: N — N'is amorphism in 4C, then 4[M, f] : a[M, N] — 4[M, N'] is induced as
a morphism on an equalizer via the diagram

A[M,N] =2+ [M, N]
AMﬂJ {Wﬂ/

UN

A[M, N'] 22 (M, N [A® M, N

UN
That [M, f] induces 4[M, f] is provided by A-linearity of f.

The unit o : M — [M, M ® A] and the counit ev : A®[A, M| — M of the adjunction
(M ® —,[M, —]) between the categories C and C, on the one hand, and the unit a : M
— A[M, M ® A] and the counit &v : A® 4[A, M] — M of the adjunction (M ® —, 4[M, —])
between the categories C and 4C, on the other hand, are related by o = ta and ev =
evu(A ® 1), respectively.

1.4 Tensor product of modules over an algebra

1.4.1 Let C be a monoidal category with coequalizers. A tensor product over an algebra
Ain C of a right A-module M and a left A-module N is the coequalizer

par @ N II
M @ NN,

M@ARQN M ®a N.

M ® py

Consider a right A-linear morphism f : M — M’ and a left A-linear morphism g : N
— N'. Then fRg: MRN — M'®N’induces a morphism f®49: M@ N — M'@,4N'.
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1.4.2 Let C be a closed monoidal category with coequalizers and let A, B, S € C be
algebras. For M € ,Cp and N € gCg the object M ® N admits a structure of a left A-
module and a right S-module inherited from M and N respectively. Denote the module
structure morphisms by vy gy and pyen respectively. The object M ®p N is an A-S-
bimodule with the structure morphisms

7:AQQ(M®@pgN) =M@ N and f:(MepN)®S — M®sN

defined via the universal properties of the coequalizers (A ® (M ®@p N), A ® I ) and
(M ®p N)® S, Iy n ®S) respectively, by

V(A Iy n) = Hunvmey and  [(yy ®S) = Hy vitven

where II's denote the respective coequalizer morphisms. Furthermore, the coequalizer
morphism II; y is an A-S-bimodule morphism.

1.4.3 Let M be a left A-module in a monoidal category C. There is a natural isomor-
phism A ®4 M = M. If additionally M € 4Cp and C is left closed, then this is an
isomorphism of A-B-bimodules. Analogously, if C is right closed, it is M ®g B = M as
A-B-bimodules.

1.4.4 Let M € sC4 and N € C. View M @4 (A® N) and M ® N as A-bimodules with
the structures induced by that of M. Then M ®4 (A® N) = M ® N in 4C4 by

Y M4 (AQN) - M N

induced on the coequalizer by the commuting diagram:

pv @ (A® N) I1
M®A®(A® N) 1M®(A®N)M>M®A(A®N)
M ®[(Va® N)oy 4 n]
O AN ol
(M®A)® N

@ N M®N.
Subsequently, we have an isomorphism in 4Cy4

W=7 0N): (MR, AN — M, (A® N),
where 0 is the right version of the morphism from 1.4.3.

From [105, Theorem 2.7.3] we have:

Lemma 1.4.5 Left adjoint functors preserve coequalizers and right adjoint functors pre-
serve equalizers.

In particular, in a closed category the tensor functor will preserve coequalizers. This
fact we will use repeatedly later on.
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Definition 1.4.6 Let A and B be algebras in a monoidal category C. An object M &
BCa is called A-coflat if for all algebras R,S € C and objects L € oCg the coequalizer
M @4 L € gCr exmists and if the natural morphism in gCs, induced by the associativity of
the tensor product, M @4 (L® P) — (M ®4 L)® P is an isomorphism, for every P € Cg.

Symmetrically we define that M is B-coflat. If it is both B- and A-coflat, we will say
it is bicoflat.

For the associativity of the tensor product over algebras we find:

Lemma 1.4.7 For every M € Ca, N € 4Cp and L € gC the coequalizers M @ 4 (N ®p L)
and (M ®4 N) ®@p L are isomorphic if one of the following three conditions is satisfied:

(i) M is A-coflat and C is left closed;
(1) M is A-coflat and L is B-coflat;
(1i1) C is closed.

1.4.8 If C is a category with coequalizers and it is both left and right closed (i.e. closed),
then any B-A-bimodule M is B- and A-coflat. Indeed, for any N € 4C,X € rC and
YeCritis X@(MesN)Z(XOM)®@aNand (MR, N)®QY =Z2M®s (N®Y) in
C, because X ® — and — ® Y as left adjoint functors preserve coequalizers. For N € 4Cg
these isomorphisms of coequalizers will be in zrCs and in gCr, respectively, because of
1.2.5. Recall that a braided category is closed if and only if it closed from at least one
side.

1.5 Dual objects and finiteness

1.5.1 Let P be an object in C. An object P* € C together with a morphism ep : P* ® P
— [ is called a dual object for P if there exists a morphism dp : I — P ® P* in C such
that (P ® ep)(dp ® P) =idp and (ep ® P*)(P* ® dp) = idp~. The morphism ep and dp
are called evaluation and dual basis respectively. In braided diagrams the evaluation ep
and dual basis dp are denoted by:

ep= P P and dp = M
P P

Then the conditions in the definition take the form:

P P*

m —idp  and m — idp..

P P

A dual object is unique up to isomorphism. For a dual object (P*, ep) for P the functor
— ® P*: C — C is a right adjoint of — ® P : C — C. Hence the morphism ep : P* ® P



12 1. Basic structures in braided monoidal categories

— [ satisfies the following universal property: for any object X € C and any morphism
f: X ® P — [ there is a unique morphism ¢ : X — P* such that f = ep(g® P). If P
has a dual (P*,ep), then there exist inner hom-objects defined by [P, X] := X ® P* for
X € C. From the above adjunction then follows that the functors [P, —] and — ® P* are
isomorphic.

Definition 1.5.2 An object P € C is called finite, if [P, I] and [P, P] exist and the mor-
phism db : P ® [P,I| — [P, P], called the dual basis morphism as well, defined via the
universal property of [P, P] by:

P®[PI®P
P®ev
db @ P{ \
[P,P]@ P P=P®I (1.5.9)
€vp p

18 an isomorphism.

In braided diagrams we denote db : P ® [P, ] — [P, P] using the universal property
of ([P,P],evpp:[P,Pl® P — P) by

PQIPI] p

P

[PI] p
W,

P

1.5.3 One may easily prove that if P is finite, then ([P,I],ep = ev) is its dual. We
define the evaluation ep to be the categorical evaluation ev and the dual basis morphism
associated to the dual as:

— !
A=

P P
P P*.

Then from the definition of the dual object we obtain the identities

If P is a finite object, then so is P* and there is a natural isomorphism P = P**.

Lemma 1.5.4 In a closed braided monoidal category C a finite object P s flat.
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Proof. Since P is finite, by 1.5.3, P* := [P, 1] is a dual for P and we have P = P**.
Hence P** is a dual of P* and by 1.5.1 we get that — ® P** = — ® P is a right adjoint
functor to — ® P*. As such — ® P preserves equalizers, Lemma 1.4.5. Since C is braided,
the same holds for P ® —. Hence P is flat. 0O

1.5.5 Let M and N be finite objects in C. There is a natural isomorphism
[M®N,I|=[N,I|®[M,I]=N"® M*
induced via the universal property of ([M @ N,I|,ev:[M @ N,I]®@ M & N — I) by

M* ®N M®N M*N*M N
M*N*M N
(1.5.12)

1.5.6 Let C be a braided monoidal category.

(i) If H is a coalgebra in C, then [H, I] is an algebra.

(ii) If H is a finite algebra in C, then H* = [H, I] is a coalgebra.
(iii) If H is a finite Hopf algebra in C, then so is H* = [H, I].

We give here the necessary structure morphisms, for more details see [131, 2.5, 2.14
and 2.16]. Multiplication and unit for H* are given via the universal property of (H*, ev
[H,I]® H—I) by

H*H* H H H

w b@ (15.13) U = i (1.5.14)

The finiteness condition in (ii), and hence also in (iii), is needed in order to be able to
consider H* ® H* = (H @ H)*. Then one may apply 1.5.5 and thus define a codiagonal
on H* using the universal property of ([H ® H,I],ev: [H® H,I|® H® H — I) applying
the isomorphism induced by (1.5.12), The comultiplication and counit are given by the
following diagrams:

% = W (1.5.15) l N U (1.5.16)
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Via the universal property of (H*, ev : [H,I] ® H — I) we may define the antipode S*
for H* as,

g}j = Hgsé (1.5.17)

The next statement is easily verified.

1.5.7 Let C be a braided monoidal category. A finite algebra A in C is commutative if
and only if A* is a cocommutative coalgebra.

The proof of the following proposition is not difficult. The first statement is proved
in [131, Proposition 2.7].

1.5.8 Let H be a finite coalgebra in a braided monoidal category C and M € C. If
M € CH then M € g-C with the structure morphism given in (1.5.18). If N € y-C, then
N € CH with the structure morphism given in (1.5.19). The categories C¥ and g-C are
monoidally isomorphic via these assignments.

H* M N

< = W (1.5.18) Ni = % (1.5.19)

M N H.

1.6 Faithful projectiveness and Morita Theorems

One can consider faithfully projective objects in 4C or in Cp for algebras A, B € C. In
this sense we obtain left A-faithfully projective and right B-faithfully projective objects.
In [108] are handled what we call left A-faithfully projective objects. For the sake of com-
pleteness, we give here the definitions both of left A- and of right B-faithfully projective
objects. Subsequently we study some of their properties. In this section C will denote a
monoidal category.

Definition 1.6.1 An object P € 4C is called faithfully projective, if 4[P, A] and 4[P, P]
exist, P is AP, P|-coflat, a[P, A] is A-coflat, the morphism db : 4[P, Al @4 P — [P, P]
defined via the universal property of (a[P, P|,€vpp : P ® [P, P] — P) by:

P® AP, Al ®4 P

o R4 P
P® db

P ® A[P, P] P2 Ag4P (1.6.20)

€evpp
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and the canonical morphism €v : P ® ,ipp) a[P, A] — A induced by v : P ® 4[P,A] — A
are 1somorphisms.

Definition 1.6.2 An object P € Cp is called faithfully projective, if [P, B]g and [P, P|p
exist, P is B-coflat, [P, Blp is | P, P|g-coflat, the morphism db : P ®p [P, Blgp — [P, P]p
defined via the universal property of ([P, Plg, evp p : [P, Plp @ P — P) by:

P®p[P,Blp®P

P®gev
db ® P
[P.Plp® P P~PgyB (1.6.21)

€vp p

and the canonical morphism ev : [P, Blp ®pp), P — B induced by the morphism ev :
[P, Blp ® P — B are isomorphisms.

Morita Theorems for monoidal categories were developed by Pareigis in [108]. We
quote below [108, Theorems 5.1 and 5.3], recalling first the definition of a Morita context
and the notion of a C-functor.

Definition 1.6.3 Let C be a left closed monoidal category. Let A, B € C be algebras, P an
A-B-bimodule that is B-coflat and (Q an B-A-bimodule that is A-coflat. If the morphisms
f:PRQ — Ain ACq and g: Q ®4 P — B in gCp are given so that the diagrams

f®RaP

Pop(Q®aP)=(PRpQ)®sP ARy P
P®pg AN
P®gB P (1.6.22)

PB

and
Qoa(PosQ) = (QeaP)osQ 2229 po,q
BA

- Q (1.6.23)

Q®af

QR4 A

commute, we call the sextuple (A, B, P,Q, f,g) a Morita context in C.
If moreover there exist morphisms ¢ € C(I,P ®p Q) and £ € C(1,Q @4 P) so that

fol=ideuay=na and  go& =ideu,p =18,
we say that the context is strict.

Definition 1.6.4 Let A and B be algebras in C. A functor F : 4,C — gC is called a
C-functor if it fulfills F(M @ X) =2 F(M) ® X for all M € 4C, X € C.
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Observe that if () € gCy is A-coflat, then the functor Q®4— : 4C — gC is a C-functor.

Theorem 1.6.5 Let F : 4C — gC and G : gC — 4C be inverse C-equivalences. Then
there are objects P € 4Cpg and () € gCy such that:

(i) There are natural isomorphisms
F(M)=ZQ®a M= 4[P,M] in pC forall M€ 4C,
GIN)=Z PN =g[Q,N] in 4C forall N € gC,
and P is B-coflat and Q) is A-coflat;
(ii) There are isomorphisms of A- respectively B-bimodules
A2 P®RpQ and B=ZQ®sP
so that the diagrams (1.6.22) and (1.6.23) commute;

(iii) There are isomorphisms

B[QaB] =P in ACg,
A[Pa A] = Q m BCA;

(iv) There are isomorphisms
BlQ,Q)=A in ACa and of algebras,
A[P,P]= B in gCg and of algebras.

Theorem 1.6.6 Let (A, B, P,Q, f,g) be a strict Morita context in a left closed monoidal
category C. Then f and g are isomorphisms and P ®p — : gC — 4C and QQ ®4 — : AC
— gC are inverse C-equivalences. In particular, P € oC and Q € gC are (left) faithfully
projective.

Remark 1.6.7 We require the condition on left closedness of the category in the above
theorem only in order to assure the associativity of the tensor product present in the
Morita context.

Alternatively, instead of closedness of the category one may require that the objects
P and (@ be bicoflat (see Lemma 1.4.7). Using this condition [140, Theorem 2.1] unifies
in a way left and right versions of the above two Morita Theorems of Pareigis. We quote
it here.

Theorem 1.6.8 Let (A, B, P,Q, f,g) be a Morita context in a monoidal category C. If P
and Q are bicoflat and f and g are rationally surjective (equivalently isomorphisms) then

(i) A=[P,Plp = 5[Q,Q] and B=[Q,Q|a= a[P,P] as algebras in C,;
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(1)) P=[Q,Ala = 5|Q,B] and Q =|[P,B|g = 4[P,A] as bimodules in C,;
(iii) AP, Pp, pQ and Qa are faithfully projective.

We will make advantage of Morita theorems to deduce several properties of a faithfully
projective object. In the case when A = B = I, an object faithfully projective in ;C =C
we call left faithfully projective and an object faithfully projective in C; = C we call right
faithfully projective. For the purposes of our work we will concentrate on the right sided
objects and we will omit the label “right”. Exceptionally, in the coming proposition we
will use both terms in order to cover the two known derived Morita contexts. The proof
of the proposition is easy.

Proposition 1.6.9 (i) If P is a right faithfully projective object in a monoidal category
C, then ([P, P),1, P, [P, I],db, ev) is a strict Morita context.

(i) If P is a left faithfully projective object in a monoidal category C, then (I, [P, P], P,
[P, 1], ev, db) is a strict Morita context.

We can now prove the following.

Proposition 1.6.10 If P is a faithfully projective object in a monoidal category C, then
P® —:C — ppC is a C-equivalence.

Proof. If P is faithfully projective, by the right version of Proposition 1.6.9 we have a strict
Morita context ([P, P|, I, P, [P, I],db, ev). Now the claim follows from Theorem 1.6.6 and
Remark 1.6.7. O

1.7 Faithful projectiveness and faithful flatness
In this section we relate faithfully flat, finite and faithfully projective objects.

Lemma 1.7.1 Let C be a braided monoidal category with equalizers. A faithfully projec-
tive object is faithfully flat.

Proof. Let P be faithfully projective in C and denote P* = [P, I]. By Proposition 1.6.10
(P® —, P*®pp) —) defines then a C-equivalence between the categories C and pp|C. To
prove that P is flat, consider an equalizer:

E—S~M—=N

in C. By the equivalence P ® —:

Pof
PorLf®Cpony
P®g

P®N
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is an equalizer in [ppiC. By 1.2.3,1ii), P ® E is the equalizer in C of P® f and P ® g.
To see that P® — reflects isomorphisms, let P® f be an isomorphism in C. Considering

P ® f as a morphism in (pp|C, it is then an isomorphism in ppC. By the inverse

equivalence P* ®pp) (P ® f) = (P* ®p,p) P) ® f = f will then be an isomorphism in C.

O

Proposition 1.7.2 If P is finite, P ® — preserves coequalizers in a braided monoidal
category C and reflects isomorphisms, then P is faithfully projective.

Proof. In order to prove that P is faithfully projective we need to prove that ev : P*®p p) P
— [ is an isomorphism. Since P ® — preserves coequalizers we have an isomorphism
f:P® (P ®pp P) — (P® P") ®pp P induced by the associativity of the tensor
product. If we show that the composition

. B . db®[P,P]P 6
P® (P @ppP)=(PRP)®ppP = [PPQppP=P

equals P®ev, since P®— reflects isomorphisms we would obtain that €v is an isomorphism
and we would be done.
That P ® év = d(db @(p,p) P)B we will conclude from the following diagram:

P®ev

Pe (P opnP)  pgg -L8I=P

P® (P*®P)

P® HP*JD
= 15}

Mpep- .
(PoP)op — 2 (P& P)@ppn P

db® P db @(p.p) P

ipp)p

[P,P]® P [P, P] ®p.p) P.

Our question is formulated in the diagram (1). It suffices to prove that it commutes when
composed to P ® IIp« p, as the latter is an epimorphism - recall that P ® — preserves
coequalizers. In the top row of the diagram we have P ® ev = (P ® ev) o (P ® IIp+ p) by
the definition of év. Diagrams (2) and (3) commute by the definition of 5 and db ®p p) P
respectively. Hence by a diagram chasing argument our claim will follow when we prove
that the outer diagram commutes.

Note that § : [P, P] ®ppy P — P is induced by evpp : [P,P] ® P — P so that
evp,p = 0Ijp p),p. On the other hand, by Diagram (1.5.9), we have evp p(db®P) = P®ev,
omitting the associativity constraint. Combining these two we get 6Iljp p p(db ® P) =
P ® ev as it was to prove. 0O
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Remark 1.7.3 In a closed category P ® — is a left adjoint functor to [P, —|, hence it
preserves coequalizers (Lemma 1.4.5). Thus the second condition in the above proposition
can be replaced by closedness of C. Then the following corollary is obvious.

Corollary 1.7.4 Let C be a closed monoidal category. If P is finite and (left) faithfully
flat, then P is faithfully projective.






Chapter 2

The Brauer group of a braided
monoidal category

A big step forward in the construction of Brauer groups was done by Pareigis in 1976 when
he introduced the Brauer group of a symmetric monoidal category, [109]. It is noteworthy
to mention that in the introduction of his paper Pareigis observed that the Brauer group
constructed by Long in [86] did not fit in this general setting because the category of
dimodules, needed to construct the Brauer-Long group, is braided monoidal but not
symmetric. A decade later the concept of a braided monoidal category was proposed
by Joyal and Street. It took around another decade until Pareigis’ construction was
generalized to a braided monoidal category by Van Oystaeyen and Zhang in [140]. This is
the most general Brauer group — practically all known Brauer groups are Brauer groups
of a particular braided monoidal category. In this chapter we recall this construction, but
we will use braided diagrams instead of applying the Yoneda lemma, as it was done in
the two cited articles. For this purpose we will assume that the category is closed. Thus
we may freely use inner hom-objects and morphisms between them without repeating the
condition “if [P, X] exists”, as it is done in the above references. We will also give an
alternative description of one of the functors associated to an Azumaya algebra. In the
second part, we will introduce the Brauer group of module algebras.

In this chapter, C will denote a closed braided monoidal category with braiding ®.

2.1 Azumaya algebras
Let A be an algebra in C. The opposite algebra of Ais A = A as an object, with the same
unit as in A and multiplication given by
. AA
A4 )
\Tj =
A
A.

Denote by a4 : Ide — [A, — ® A] the unit of the adjunction (—® A, [A, —]). We define

21
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morphism F : A® A — [A, A] as the composition

AeAAACA) ) oy Ao Vae D Ued]

and can describe it, putting F' = [A, f] o aa(A® A) with f:= V40 (V4 ® A) o (A® ®),
as follows:

A@A A®
®A A (AgA)®A

ARA A
ﬂ J
R ) _mam] e N ag 2.L)
X 1
@ @
A 4

Let @4 : Ide — [A, A® —] denote the unit of the adjunction (A® —, [A, —]). Recall from
(1.3.6) how it is related to the unit as : Ide — [A, —® A]. Let g = V4(A® V1) (P ® A).
We define the morphism G : A ® A — [A, A] as the composition

©
> =IO

Ret [A, VA0 (A®Va)o (2@ A)

A A ~[A,A® (A A)] ~[A, A].

It can be described as follows:

A A ARA A(ADA) 4 T

AQA Ae4
@ LY9 ;
_ (LAad ] a3y (2.1.2)

A

&)
)

A

= @

A

Definition 2.1.1 A faithfully projective algebra A in C is called an Azumaya algebra
if the morphisms F and G are isomorphisms. We call F' and G the Azumaya defining
morphisms.

In a symmetric monoidal category the Azumaya defining morphisms F' and G coincide.
This is why in the construction in [109] appears only one Azumaya defining morphism.

We recall a characterization of Azumaya algebra which appears in [140, Theorem 3.1]
and in [109, Proposition 1] for a symmetric monoidal category. First we observe that for
two algebras A, B € C the category of A-B-bimodules is isomorphic to the category of left
A® B-modules. An A-B-bimodule M is equipped with a structure of a left A® B-module
by

ASB M A B M

\4 LD (2.1.3)
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A left A ® B-module M we give a structure of a left A- and a right B-module by

M B

A M N

AM M B
= [Ag B and =
= Y]
M — M
M

M.

énalogously, the category of A-B-bimodules is also isomorphic to the category of right
A ® B-modules.

An algebra A € C is an A-A-bimodule through the multiplication and then it becomes
a left A ® A-bimodule and a right A ® A-module. For any X € C the object A ® X has
a structure of an A-bimodule induced by that of A, with

AX A

m (2.1.4)

A X.

Thus we can define the functor A® — : C — ,,2zC. Similarly, we can define the functor
—®A : C — Cz4,- Both are C-funtors. These two functors allow to characterize Azumaya
algebras.

Theorem 2.1.2 An algebra A € C is an Azumaya algebra if and only if the functors
A®—:C — 420 and — @ A: C — Cz4 4 establish equivalences of categories.

The inverse functor of A ® — is its right adjoint ,o5[A, =] : 4o7C — C, see 1.3.2.
The algebra A ® A is called the enveloping algebra of A and it is denoted by A°.

We now present [140, Theorem 3.3] and define the Brauer group of a closed braided
monoidal category as it is done in the cited article.

Proposition 2.1.3 We have:
1. If P € C is faithfully projective, then [P, P] is an Azumaya algebra in C;
2. If A is an Azumaya algebra in C, then so is A;
3. If A and B are Azumaya algebras in C, then so is A® B.

Let A and B be two Azumaya algebras in C. They are called Brauer equivalent,
denoted by A ~ B, if there exist faithfully projective objects P and () in C so that

A®[P,PI= B®I[Q,Q]

as algebras. This defines an equivalence relation in the set B(C) of isomorphism classes
of Azumaya algebras.
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Definition 2.1.4 The quotient set Br(C) = B(C)/ ~ is a group with product induced by
®, unit the class of I, and the inverse of a class of an Azumaya algebra A is given by the
class of A. This group is called the Brauer group of C.

We present here several examples of Brauer groups of various braided monoidal cate-
gories.

Example 2.1.5 Let C be the symmetric monoidal category ;M of vectors spaces (mod-
ules) over a field (commutative ring) K. The tensor product is the usual one, ®, and
the braiding is the flip map. Then Br(C) = Br(K).

Example 2.1.6 Let C be the braided monoidal category Grz, of Zs-graded modules over
a commutative ring R. Consider R with trivial gradation. The tensor product is over R
and it has the following gradation:

(M®N);=®,_oM;®M,;_;, i=0,1, M,N € Grg,.

The braiding ® : M @ N — N ® M is given by ®(m; ® n;) = (=1)n; ® m; for
homogeneous elements m; € M and n; € N. Then Br(C) = BW(R), the Brauer-Wall
group of R constructed in [124]. If R is a field, this is the original Brauer-Wall group from
[144].

Example 2.1.7 Let G be a finite abelian group, R a commutative ring with trivial
gradation and x : G x G — R* a bicharacter, where R* is the group of units of the ring
R. Let C be the braided monoidal category Grg of G-graded R-modules. The tensor
product is over R and it has the following gradation:

(M®N)g:@heGMh®Mh*1gg QEG, M,Neng.
The braiding ®: M @ N — N ® M in Grg is given by
O(my @ np) = x(h, g)np @ my

where my, € M and n;, € N are homogeneous elements of degrees g and h, respectively.
Then Br(Grg) is the Brauer group Br(R; G, x) defined in [45]. When R is a field, this is
the Brauer group due to Knus [78].

Example 2.1.8 Let H be a commutative and cocommutative Hopf algebra over a com-
mutative ring R. An H-dimodule is a left H-module and a right H-comodule M satisfying
the compatibility condition

p(h-m) = (h-mpg) @ mp

where p denotes the right H-comodule structure morphism for M. The category H-Dimod
of H-dimodules and left H-linear right H-colinear morphisms is a braided monoidal cat-
egory with the tensor product over R. The left H-module and the right H-comodule
structures on the tensor product M @ N for M, N € H-Dimod are given respectively by

h-(m®n)=(hay-m)® (hg - -n) and pyen(m @ n) =mpng @ munp.
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The braiding in H-Dimod is given by
P:MN = N@M, men (my-n)®myq.

Then Br(H-Dimod) is the Brauer-Long group BD(R; H) from [86]. The category H-Dimod
has two braided monoidal subcategories: the subcategory of left H-modules y M (with
the trivial H-coaction) and the subcategory of right H-comodules M# (with the trivial
H-action). In both subcategories the braiding becomes the flip map, so they are sym-
metric monoidal categories. Then the Brauer groups Br(z M) and Br(M?) are abelian
subgroups of Br(H-Dimod) and they are denoted by BM(R; H) and BC(R; H) respec-
tively.

Example 2.1.9 Let H be a Hopf algebra over a commutative ring R with a bijective an-
tipode S. A left-right Yetter-Drinfel’d module is a left H-module and a right H-comodule
M satisfying the compatibility condition

p(h-m) = (h) - mp)) @ heymy S~ (hay)

for m € M,h € H. Let YD denote the category of left-right Yetter-Drinfel’d modules
and left H-linear right H-colinear morphisms. It is a braided monoidal category with the
tensor product over R. The left H-module and the right H-comodule structures on the
tensor product M ® N for M, N € y YD are given respectively by

h-(m®n)=(hay-m)® (hg-n) and pyen(m @n) = mgnp @ npymp).
for h € Hym € M and n € N. The braiding in z YD is given by
P:MIN—=->NIM, men—ng® (np-m).

The Brauer group of yYD¥ is called the Brauer group of Yetter-Drinfel’d H-module
algebras and is denoted by BQ(R; H). When H is commutative and cocommutative the
category of Yetter-Drinfel’d H-modules becomes the category of H-dimodules. Thus the
Brauer-Long group BD(R; H) is a special case of the Brauer group BQ(R; H).

Assume H is a quasitriangular Hopf algebra, that is a Hopf algebra H with an invertible
element R = R™Y @ R® € H ® H satisfying several axioms (see [100, Definition 10.1.5]
or Definition 6.2.1 of this work). The category g M of H-modules is a braided monoidal
category with the braiding

P MON—->NOM, men— (R? n)o RV m)

for M, N € gMandm € M,n € N. The Brauer group of 5y M is denoted by BM(R; H, R).
It is a subgroup of BQ(R; H).

On the other hand, if H is a coquasitriangular Hopf algebra, that is a Hopf algebra H
with a convolution invertible element r € (H ® H)* satisfying several axioms (see [100,
Definition 10.2.1]), the category M of right H-comodules is a braided monoidal category
with the braiding

@ZM@N—)N@M, m®n|—>n[0}®m[0}r(n[1]®mm)



26 2. Brauer group

for M, N € M and m € M,n € N. The Brauer group of M is denoted by BC(R; H, ).
It is a subgroup of BQ(R; H). Example 2.1.6 and Example 2.1.7 are special cases of
BC(R; H,r) when H is RZy and RG, respectively.

The rest of this section is devoted to provide an alternative description of the functor
Ae¢[M, —]. For this we additionally assume that C has equalizers.
Definition 2.1.10 For M € 4.C, let M4 denote the equalizer:

[A, A®ngy ® M] [A, 1]

MA L A (4 A0 M) - A, A®A® M]
[Ana®A® M)

[A, M],

where aa is the unit of the adjunction (A® —,[A, —]).

For simplicity set 0 := o (A@nz @ M),0y := po(na® A® M) and let a4 = a. We
have

A AM A M
s L _ o )1
> _ - Y (2.15)
0 M
: M
M M M
and similarly
A M A M A M
[ @ ] AsM AM
1 /
Aol = = = g Q (2.1.6)
y M.
M M M

Thus we obtain a short description of the property satisfied by the equalizer (M4, j):

A uA A MA
- (2.1.7)
M
M.

If f: M — N is a morphism in 4.C, then f4: M4 — N4 is induced as a morphism
on an equalizer via the diagram

IM

MA M
Iz K
o N [A,po(A@nz @ N)|od, (A, N]. (2.1.8)
[A, o (na®A® N) oy
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In the sequel we will adopt the following notation for the equalizer (M4, j):

; g
MAM,M—>1 (A, M] (2.1.9)

2

Where \Ijl = [A,@l] OaA and 1112 = [A, 92] OaA.

Remark 2.1.11 To define a morphism with codomain M4, for example f : Q — M?4,
we will have to give first a morphism f : ) — M and then check that ¥, f = U, f. By
the equalizer property of (M#, jy;) we will always do this using the universal property of
([A, M],ev : A®[A, M] — M). We will prove that e0(A® V) (AR f) = ev(AQ V) (AR f),
then it will follow W, f = Wy f. Now by diagrams (2.1.5) and (2.1.6) it is to check

0 AQ
= (2.1.10)

A

—~

S

The following result is the first original result of the dissertation. It gives another
description of the functor 4c[A, —] for an algebra A. This description is one of the key
pieces to prove our main theorem in Chapter 5. The same applies to Proposition 2.1.15
and Proposition 2.1.16.

Proposition 2.1.12 Let A be an algebra in C. Then the functors sc[A, —] and (—)* are
isomorphic. In particular, if A is an Azumaya algebra, the pair of functors (A® —, (—)4)
establishes an equivalence of categories between C and 4-C.

Proof. Take M € 4.C. We define the morphisms ¢ : [A,M] — M and h : M — [A, M]
in the following way:

[4,M] [A,M] A M A M
= and = ﬁ
M.
M M M

From the equalizer property of 4.[A, M] and the universal property of ([A® A® A, M], év :

ARARA®[A® A® A, M] — M) we obtain the diagram
ABA 4 aclay)  ADAA Al
.

= (2.1.11)

M
M

where we applied the definitions of morphisms v and v from (1.3.7). Consider the diagram
Ae [Av M} : {Aa M]

A @ o
Wy

MA - M A, M)].
J vy | ]

(A A)® A, M]
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We are going to prove that the composition ¢g¢ induces § and hj induces h so that the
square (1) commutes both with left and right arrows. We proceed with g:

AE[A]\/[]
AN Ae[A,M)] ae[A,M] aclAM] }
-l ey "LU
M
Ae[A,]\/[]
AAe[A,]\/[]
M

By Remark 2.1.11 and Diagram (2.1.10), g¢ induces g so that jg = gt. Let us now prove
that h is well defined. We compute:

A®A A _
@A A M ARA A MA
2
< _ (2.1.3) ass
]
M
M

AAA MA ARA A MA

A A A MA A A A MA
217) < - { - ARA A MA
mod bzmod (2.1.3)
p— —
~
M

M

lI=

Thus hj induces h so that th = hj. We now prove that § and h are inverse to each other.
We have:

A Ae[A,]\/f]
A Ae [AvM] d . A Ae [AvM]
N 6’[}; op.
= n =
~
M.

M
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From the universal property of ([4, M],év : A® [A, M] — M) we conclude from here
v = hgt = hjg = thg. Since ¢ is a monomorphism, we get hg = id,.(a,m]- On the other
hand, it is gh = év(na ® h) = pu(na ® M) = idy;. Composing this from the right with j
and using the fact that it is a monomorphism, similarly as above we obtain gh = idya.

We finally prove that the isomorphism 4e[A4, M] =2 M# is natural. Let N € 4.C and
let f: M — N be a morphism in 4C. Observe the following diagram

A€ [A7 M] M [A7 M]
Ae [A> f] %\ MA
am
Ae [Aa N] A >
N‘ J M M
" 9N NA\
. f
JN
[A, N] T N.

The upper and lower diagrams in this picture commute by the definitions of g,, and
Gy, respectively. The right inner trapeze commutes by the definition of f4. The outer
diagram commutes as well, it can be seen as a juxtaposition

se[A, M) A M — Iy
A S { 4, ] { { ;
p AN —N 4N — I N

where the left inner parallelogram commutes by the definition of the morphism 4e[A, f],
and the right one since g : [A, —] — Idc, due to the definition, is a natural transformation.
Now a diagram chasing argument applied to the previous diagram provides jygy ac[4, f] =
i fAG,s, which, since jy is a monomorphism, yields that g, and hence also h, is a natural
transformation. 0O

Remark 2.1.13 Let us compute the counit of the adjunction (A®—, (—)%), as we will use
it later on. From the square (1) in the above proof we obtain the following commutative
diagram:

A® aA M ACU A e (A, M) T M

A®9HA®h A®9HA®%
A MA A M

A®j

where the right triangle commutes by the definition of h. The counit of the adjunction
(A® —, 407lA,—]) is B := ey = e o (A ® 1), hence the counit of the adjunction
(A® —, (=)*) will be " := u(A® j).
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Lemma 2.1.14 The unit of the adjunction (A ® —,(=)?) evaluated at M € C is the
morphism Cy : M — (A ® M)? induced by the commutative diagram

e

(A M)A A® M. (2.1.12)

Proof. We have that n4 ® M factors through (A ® M), Indeed,

A M
AM A M A M b)) a M -
[ _ g nat. _
3 = = idagy = = 0 =
T \
A M

A®M A M AM

where in the last equality we consider the right A-module structure of A® M as in (2.1.4).
Thus 74 ® M induces a morphism (yy : M — (A ® M)? so that the Diagram (2.1.12)
commutes. We are going to prove that ¢y is the unit of the adjunction (4 ® —, (—)4).

Let @ : M — [A,A® M] and @ae : M — 4e[A, A ® M] denote the units of the
adjunctions

A®—C%C[A,—] and A@—IC%AeCIAe[A,—]

respectively. Then tavqe = @. In the diagram from Remark 2.1.13 we put A ® M instead
of M and we add the morphism A ®@@ge : AQ M — A® ac[A, A® M] at the beginning
of the composition. We obtain

A®MM‘A®AG[A,A®M] A®: = AR ([A, AR M] A M
A®g IA@h A@gHA@/u:vA@M
A® (A M)A . AR AR M; (2.1.13)
A JA®M

where g, h and g, h are now the corresponding morphisms for A ® M. Due to (1.3.5) we
have that the composition of morphisms in the top row of Diagram (2.1.13) equals idag -
On the other hand, we have also

idagy = (Va®@ M)(A@na @ M) = (Va® M)(A® jasu)(A® Qu),
by the definition of (;. From the commutativity of Diagram (2.1.13) we then get
(A )(A@T4e) = (Va® M) (AR jaen)(A® () = (A )(ARR)(A® Cu),

ie., e4(A®@as) = e0a(A® (ho(y)) Here €04 = ev(A ® ) is the counit computed
in Remark 2.1.13. By the universal property of (4c[A, A ® M], ¢4 : A ® 4c[A, AR M]
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— A ® M) this implies a4 = h(y, proving that (y; is the unit of the adjunction
(A®—, (=)"). O

In the sequel we are going to deduce some properties from the adjunction (A®—, (—)4).
It is clear that A ® — : C — 4<C is a C-functor. Suppose that A is an Azumaya algebra.
Then 4:[A, —] is as well a C-functor and by Proposition 2.1.12 so is (—)?. Therefore for
every M € 4.C and V € C we know that MA@V = (M ®V )%, The A-bimodule structure
of M ® V is induced by that of M. In particular, similarly as in (2.1.4), we have

MV A

Loy = M (2.1.14)

M V.

Let us explicitly construct the isomorphism M4 ® V = (M @ V)4,
Let B i= pn(A®j) : AQMA — M denote the counit of the adjunction (A®—, (—)4).
In the adjunction isomorphism 4.C(A® X,Y) 2 C(X, YY) put X = MA@V and Y =
M®V. Let tyy : MA@V — (M ® V)4 denote the image by this isomorphism of
Bu @V,
AaC(AMAQV, M@V)C(MA@V,(MaV)4)
Bu @V =ty

By the universal property of (M ® V)4, Bugy : A® (M @ V)4 — M ®@ V) we have
that tyy : MA®V — (M ® V)4 is the unique morphism that makes the diagram

AQMARV.
A®tM’VJ \@V
A® (Mo V)A MV (2.1.15)

MV

commutative. Taking into account that 8’s are isomorphisms, A®¢t,,y is an isomorphism
as well. Further, as an Azumaya algebra A is faithfully projective, hence faithfully flat,
so tys,v is an isomorphism.

Using another approach, we will now find another property of ¢y;. We claim that
idy ey induces a morphism ypy : MA@V — (M @ V)4, To this end we check:

A MAV Ay

A MA A MA j A M
A M 1%
M®V MV

MV,

where in the first and last equalities we applied the right A-module structure of M ® V'
as in (2.1.14). Thus we have the existence of xayy : M4 ®@V — (M ® V) such that
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Jmevoxmy = ju ®@V. This makes the left triangle in the following picture commutative:

AQMARQV
¥®]M®V fu ®V
MV

A® xmyv AM®V e
M
A (M@V)4

The other two triangles in the picture also commute by definition of 5, and [y, bearing
in mind that the left A-module structure of M ® V' is given by uy; ® V. Now from the
commutativity of the outer diagram we deduce that ys satisfies the same property as
tay. Then xary = tay. Thus juev o tuy = ju ® V' oand we can state the following
claim.

MaV.

Proposition 2.1.15 Let A be an Azumaya algebra in C. For every M € 4C and V € C
we have a natural isomorphism

MAQV = (MeV)A

given by tyy : MA@V — (M @ V) from the Diagram (2.1.15). This isomorphism is
such that the diagram

MA®V
tM,Vl ,
(M e V)AL Aoy

g @V

commutes.

Taking two bimodules over two different Azumaya algebras A and B, we may tensor
two respective right adjoint functors in order to establish a key result for our purposes.
Namely, take M € 4.C and N € gC. Then M ® N € (49p)-C with the structures given
by

A®B M®N A BMN MRN ARQB M N A B
J J
\4 _ L@ and M - Fq (2.1.16)
MRN M N M®N M N.

Employing the same strategy as for the proof of Proposition 2.1.15, we prove that the
bifunctors

(=) ® (=) 1 4C® € —C
and

(—@—)1®8: 1l pC —C

are isomorphic if the braiding fulfills ®y5 4 = (IJJ_\,IB 4 for every N € pC.
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In the adjunction isomorphism (4g5):C(A® B® X,Y) = C(X,Y4®5) put X = M4 ®
NBand Y = M® N. Let (yy : MA® N8B — (M @ N)A®P denote the image of
(Bu @ Bn)(A® Pp 4 @ NP) by this isomorphism. By the universal property of ((M ®
N2 Byon + A® B® (M ® N)A®P — M @ N) we have that (yny : M4 @ NP
— (M ® N)#®B is the unique morphism making the diagram

AR Pp a @ NB
B A@ MA® B® NB

A® B MA@ NP
A®B® C(un Bu @ By

A® B® (M @ N)4®8 5 M®N (2.1.17)
MRN

commutative. Observe that, as a tensor product of Azumaya algebras, A ® B
is an Azumaya algebra. Then we have that all f’s in the diagram are isomorphisms, so
A ® B ® (pn turns out to be one as well. Further, as an Azumaya algebra A ® B is
faithfully projective, hence faithfully flat, so (n is an isomorphism itself.

Analogously as in Proposition 2.1.15, we will find a further property of (s n similar
to the one of tj;y. We claim that idygy induces a morphism xasn : MA® NB —
(M @ N)A®B_ To this end we check:

A B MANB  A®BMANSB

A®B MAQNPE A B MANE an B Ael MAQ?.NB
7 S ]
. - ¢
M@N M N v M®N.
M N N

M

The middle three equalities are respectively due to: equalizer property of M4 and N7,

naturality and because of the assumption ®ys 4 = <I>]_VlB 4 — applying naturality and

the structure from Diagram (2.1.16). Then there exists a morphism xpn : M4 @ NB
— (M ® N)A®P such that jyen © xaun = jur @ jy. With this we have

(A® Cpu @ N)(A® B® (juan o Xxun)) = (A® pn @ NP)(A® B ® ju © jv)
=(A®ju ®B® jn)(A® ®ppa @ NP)

because of naturality. This makes the left pentagram in the following picture commutative:

AR Py ya @ NB
BM A® MA® B® NB

A®jM®BW Bum @ By

A®B®xun A@M®B N HMOHN 5oy

AR B® MA® NB

A®®B7Mm HMeN
A® B® (M @ N)A®B

- AQBQM QN
A®B® jusn ©b@ME
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The other two triangles in the picture also commute by the definitions of 5y, and Sy and
the left A ® B-module structure of M ® N. Now from the commutativity of the outer
diagram, bearing in mind that by definition Syen = pmen(A ® B ® juen), we deduce
that xar n satisfies the same property as (y,n. Since (pr n is unique such a morphism, we
obtain xarn = Cuv. Thus jyenCun = ju @ jnv. We now check the naturality.

Let f: M — M’'and g : N — N’ be morphisms in 4¢C and g<C, respectively. Because
of the definition of ¢ the diagrams (1) and (4) in the following picture commute

MA@ N® anw (M @ N)A®B
iM ® N JMeN
M® N
g8 {f®g (f ®g)*®P
M @ N’
I ®Jy JM'@N
MA@ N* (M'® N")A=B
Car N

Diagrams (2) and (3) commute by the definitions of the induced morphisms f#, g® and
(f ® 9)A®8 (see Diagram (2.1.8)). Now from the commutativity of the outer diagram we
obtain that ¢ : (=)? ® (—)? — (— ® —)4®P is a natural transformation. Knowing that
Cm,n is an isomorphism for all M € 4.C and N € g.C, we finally conclude that ¢ is a
natural isomorphism. We can now claim:

Proposition 2.1.16 Let A and B be Azumaya algebras in a closed, braided monoidal
category C with equalizers and braiding ®. For every M € 4eC and N € gC we have the
natural isomorphism

MA@ NP = (M @ N)A9P

if Py a4 = CIDJ_VIBA. It is given by Cyn : MA@ NB — (M & N)AB from Diagram (2.1.17)
and is such that

MA@ NE ‘ .
gMNl IM @ IN
(M®N)A®B]MM®N

commautes.

2.2 H-Azumaya algebras

In this section we present the main protagonist of our study, that is, the Brauer group of
H-module algebras for a Hopf algebra H € C. We will start by showing how the category



2.2. H-Azumaya algebras 35

of left H-modules inherits the structure of a closed monoidal category from C. The tensor
product of two H-modules M, N € C is again an H-module via

H M®N H M N
\4 (K (2.2.18)
M®N

In the following lemma, which is not difficult to prove, we record on categorical level some
facts known in the category of vector spaces.

Lemma 2.2.1 Let H be a Hopf algebra in C.

1. An object M in C is a left (right) H-module if and only if there is an algebra
morphism 6 : H — [M,M] inC. If \: HQ M — M (resp. p: M @ H — M) is
the structure morphism, then 0 is the unique morphism such that ev( @ M) = A
(resp. ev(M ®0) =p).

2. If M and N are left H-modules, then so is [M, N| with the action given by:

[MN]
[M,N]
H e ﬂ
[M,N]
[M,N]

where 0 : H — [M, M) and ' : H — [N, N| are the algebra morphisms from 1).

Behind the first claim lie the adjunction isomorphisms C(H ® M, M) = C(H, [M, M])
and C(M ® H,M) = C(H,[M, M]), respectively. In the proof of the second claim one
uses the fact that in a braided monoidal category, as in the category of vector spaces, the
antipode of a Hopf algebra is an antihomomorphism of algebras and coalgebras. Moreover,
one has that if a Hopf algebra is commutative or cocommutative, then the square of its

antipode is the identity. Evaluating on M we obtain another description of the action of
H on [M, NJ:

H [M,N] Mz

H [M,\N] M
)

@

@)

N.

We are now able to prove that the category yC inherits right adjoint functors from C.
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Proposition 2.2.2 Let H € C be a Hopf algebra and M, P,Q € C left H-modules. Con-
sider the adjunction isomorphism © : C(M ® P,Q) = C(M,[P,Q]). By restriction O
induces an isomorphism gC(M ® P,Q) = yC(M,[P,Q]). Analogously, for the functor
P ® — we have gC(P ® M, Q) = yC(M, [P, Q)).

Proof. Since M, P and () are H-modules, we know that M ® P is an H-module with the
codiagonal action and that [P, Q] is an H-module by the structure from Lemma 2.2.1, 2).
The proof is then straightforward using relations (2.2.19) and (1.3.2) and the universal

property of ([P,Q],ev:[P,Q]® P — Q). O

Majid pointed out in [94, Proposition 2.5] that for a Hopf algebra H € C, the category
of left H-modules yC is monoidal where the action on the tensor product of two H-
modules is given as in (2.2.18) and the monoidal structure is inherited from that of C.
This together with the preceding proposition allows us to state:

Proposition 2.2.3 Let H € C be a Hopf algebra and assume that the braiding is H-linear.
Then gC s a closed braided monoidal category.

Remark 2.2.4 Applying 1.3.1 to the closed monoidal category yC, we obtain that for
M € gC the inner hom-object [M, M] belongs to yC. In particular, it is an H-module
algebra in C, with the H-module structure given by Lemma 2.2.1, 2).

The following proposition gives necessary and sufficient condition for the braiding of
a category to be left H-linear. As a consequence, in a symmetric monoidal category the
braiding is H-linear if and only if H is cocommutative. In Section 6.3 we will give more
examples of H-linear braidings for certain Hopf algebras H.

Proposition 2.2.5 Let H € C a bialgebra.
1. The braiding ® of C is left H-linear if and only if Oy x = @I}}X for any X € C and

H is cocommutative. When the above condition on ® s satisfied, we will say that
the braiding is symmetric on H ® X.

2. The braiding ® of C is right H-colinear if and only if Py x = CIDI_{}X forany X € C
and H s commutative.

3. H 1is commutative and ® s left H-linear if and only if H is cocommutative and ®
15 right H-colinear.

Proof. 1) Suppose that ® is H-linear. Then we have

H

H H
H
H 3o ] H
m unit nat. nat. / H-lin. . Q
-
H H > H H
H H
H H H H

H H
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i.e. H is cocommutative.
Observe that since ® is H-linear, so is ®~!. For X € C we have that H ® X is a left
H-module via Vg ® X. Now, H-linearity applied to @I}}H@) v Ineans that we have

H HHX
J H HHX
y
\/
< [
3 H X H
H X H
Apply this to H @ ng @ ng @ X to get
H X
H X
J L/ H X H x
implying \\ rJ
\ ( H X H H X H.
S
H X H,
H X H

Finally, apply to this ey ® X ® H and we have
HX HX
o=
XH XH

as claimed.
Conversely, suppose that H is cocommutative and that &y x = @I}?X for any X € C.
Let XY € yC, then we find, applying the condition on ® in the first equation

H XY H XY H XY

H XY
J H XY
: ;J
_ nét co:c J nét. f
> > y X
Y X
Y X Y X Y X
l.e. ® is left H-linear.
2) Dual to 1).
3) Consequence of 1) and 2). O

Let H € C be a Hopf algebra and suppose that the braiding is H-linear. Since the
category of left H-modules is braided, we define the Brauer group of H-module algebras,
denoted by BM(C; H), as Br(gC). Azumaya algebras in yC will be called H-Azumaya
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algebras. Notice that an object A € C is an algebra in gC if and only if A is an H-module

algebra in C. For an algebra A € yC, the H-Azumaya defining morphisms
Fyp:A®A —[AA and Gp:A® A —[AA]

in yC are given respectively by

AeA-AACA) ) oy Ao Vae D Ued]

and

aaE o A) [A, V40 (A® V)0 (P ® A)

A A ~[A,A® (A A)] ~[A, A]

where aq : Ide — [A, — ® A] and @4 : Ide — [A, A ® —] are the units of the adjunctions
(—® A, [A —]) and (A® —, [A, —]), respectively, between the categories yC and yC (the
adjunction we saw in Proposition 2.2.2). Note that a4 and @, are precisely the units of
the respective adjunctions between the categories C and C, only here they are evaluated
on H-modules. Thus the morphisms Fy and Gy in yC are indeed the Azumaya defining
morphisms F: A® A — [A, Aland G : A® A — [A, A] in C of A. Summing up, we have
obtained that an H-module algebra A is H-Azumaya if and only if it is Azumaya in C.

Proposition 2.2.6 The forgetful functor induces a group morphism q : BM(C; H) —
Br(C), [A] — [A] by forgetting the H-module structure of an H-Azumaya algebra. This
morphism splits by the group morphism q : Br(C) — BM(C; H) induced by assigning to
any Azumaya algebra the same algebra equipped with the trivial H-module structure.

The main aim of the first part of this dissertation is to compute the cokernel of the
morphism ¢q. We will prove that it is isomorphic to the group of H-Galois objects. We
will recall them in the next chapter. We finally introduce a subgroup of BM(C; H), that
will also be a main object of our study.

Definition 2.2.7 The action of an H-Azumaya algebra A is said to be inner if there
exists a convolution invertible morphism f : H — A satisfying

Lemma 2.2.8 Assume that the braiding in C is H-linear. The subset
BM;,.,(C; H) = {[A] € BM(C; H) | A has inner action}

is a subgroup of BM(C; H).



2.2. H-Azumaya algebras 39

Proof. Recall from Lemma 2.2.1, 1) the H-module structure of [A, A] and note that the
morphism 0 : H — [A, A] from Lemma 2.2.1, 2), with its convolution inverse 6.5, makes
this H-action inner. Let A and B be H-Azumaya algebras with inner actions with the
corresponding morphisms f: H — A and g : H — B. We will prove that the morphism
h:=(f®g)Ay : H— A® B makes the action of A ® B inner. Note first that applying
in an appropriate way four times coassociativity and once cocommutativity of H we have:

(% = KQH?\ (2.2.20)

H H H H.
H HHH

Using this equality it is easy to prove that the convolution inverse for h is given by
(f'®g')Ag. We now compute

H A®B H A B
A®B A B

2znat.

A®B
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thus the H-action of A ® B is inner. Finally, using the cocommutativity of H and that
Py 4 is symmetric by Proposition 2.2.5, it is easy to show that f~! makes the H-action
of A inner. 0



Chapter 3

The group of (Galois objects

The notion of a Hopf-Galois extension, defined in [83], is one of the pillars in the Hopf
algebra theory. It is strongly related to algebraic geometry. A faithfully flat commutative
Hopf-Galois extension for a Hopf algebra that is the coordinate algebra of an affine group
scheme is a principle homogeneous space. Then faithfully flat not necessarily commuta-
tive Hopf-Galois extensions may be seen as a noncommutative analogue of this geometric
concept. Hopf-Galois extensions arose from Hopf-Galois objects, also called Galois ob-
jects. The group of Galois objects over a commutative ring was introduced by Chase and
Sweedler in 1969, [42]. It emerged as a generalization from the classical Galois field theory
and the Galois theory for commutative rings developed in [41]. Galois objects in a closed
symmetric monoidal category were studied in [88] in 1980. A recent construction was
made in [122]. There, as for the category of modules in [12], the product in the group is
induced by the cotensor product, which in categorical language is a particular equalizer.
For the definition of Galois objects in a braided monoidal category one needs that equal-
izers are preserved by certain tensor products. For this purpose Schauenburg introduced
the notions of flatness and faithful flatness, which we start this chapter with. It turns out
that using them the construction of Galois objects from [88] is much simplified. For the
results in this chapter, which lead to the construction of the group of Galois objects, we
partially follow the ideas from [122], but also use [28] as a base reference for the module
category case.

In this chapter C will denote a braided monoidal category with braiding ®. From the
third section on C will have equalizers.

3.1 Hopf modules and relative Hopf modules

We now define relative Hopf modules in C for a right comodule algebra A over a Hopf
algebra H. We show that there is an adjoint pair of functors between the category of
relative Hopf modules and the base category. Subsequently we study some properties of
a bialgebra in a monoidal category. The category of Hopf modules will be the category
of relative Hopf modules with A = H. At the end of the section we will recall the

41
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Fundamental Theorem for Hopf modules.

Definition 3.1.1 Let H be a Hopf algebra in C. For a right H-comodule algebra A a
right relative Hopf module (or an (A, H)-Hopf module) M € C is a right H-comodule
and a right A-module such that the H-comodule structure of M is right A-linear, with the
codiagonal A-module structure on M & H. The compatibility condition takes the form:

M A
M A
M H

M H.

We will denote by C4 the category whose objects are right relative Hopf modules and
whose morphisms are A-linear H-colinear morphisms.

Definition 3.1.2 Assume that C has equalizers and let H be a bialgebra and M a right

H-comodule in C. The object of H-coinvariants of M s the equalizer:

7 M M
M @ ng

McoH M ® H.

Actually, (=) defines a functor from C¥ to C. If f : M — N is a morphism in
CH, then feofl . M — N<H iginduced by the commutativity of the left square in the
diagram:

McoH M M
fcoH J f J
iN PN
NcoH N ® H
N @ nu

Clearly, the functor (—)® also acts on C¥. Indeed, it is part of an adjoint pair as we
see next.

Proposition 3.1.3 With A and H in C as above F : C — CllL. N — N ® A, is a left
adjoint to G : Cf{ — C, M s MH,

Proof. Let N € C. We view N ® A as a right H-comodule by the coaction pyga = N ®@pa
and a right A-module by the action pyga = N ® V4. Then the compatibility condition of
CH holds for N® A, since A is an H-comodule algebra. The definition of F on morphisms
is clear. Thus F is well defined.

Let N € C and M € CY{. We define morphisms © and ¥ in

CH(N @ A, M) C(N, MeoH)

as follows. For f € CH(N ® A, M) the image O(f) € C(N, M) is defined as
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N

N
S}
0 -

M

|
M,
whereas for g € C(N, M<H) the image ¥(g) € C{ (N @ A, M) is given by

N®A N A
=
M M.
Then © and ¥ are well defined inverses of each other and they are proved to be natural
transformations. O

The unit a of the adjunction (— ® A, (—)H) is induced by
iN®AOé(N) :iN®A@(N,N®A)(idN®A) :N®T]A (311)
The counit (8 is given via
McoHA
BOM) = W(MH M) (idygeon) = (3.1.2)
M.

Remark 3.1.4 Analogously, the pair of functors (A ® —, (—)®*) is also an adjoint pair
between the same categories, with the counit 5’ : AQM“H? — M given by ' = P 4 preon.
For N € C we consider A ® N as a relative Hopf module with the right H-comodule and
A-module structures given by

A N A ]\( A
PASN = W and  pagn = m (3.1.3)
A N H A N.

Using 1.2.3 and similarly to its proof one obtains:

Lemma 3.1.5 If H is flat, then an equalizer in C of two morphisms in C{ is an equalizer
in CI. Moreover, the forgetful functor U : Ci — C preserves equalizers.

Before examining the case when A = H we state some useful properties of a bialgebra.
Because of their simplicity we omit the proofs of the first two observations.

Let B be a bialgebra in C. Then

A
- .p—"+ BeB
B®np

is an equalizer. In particular, B8 = [. For any M € C it can be proved that (M, M @np)
satisfies the same universal property as the equalizer ((M ® B)?,iyep), hence there is
a natural isomorphism in C

Orr 2 M — (M @ B)“P (3.1.4)
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satisfying iy o0 = M ® np.

Note that in the proof of Proposition 3.1.3 we have not used the antipode of the Hopf
algebra so the adjunction works for any bialgebra. Clearly, B is a comodule algebra over
itself by the bialgebra property so we have that — ® B :C<— CE : (-)®? is an adjoint
pair of functors. From (3.1.1) we get that the unit of the adjunction is the above morphism
Op - M — (M @ B)°P which is always an isomorophism.

Proposition 3.1.6 Let B be a bialgebra in C. Then —® B (and B ® —) reflects isomor-
phisms in C. In particular, a flat bialgebra is faithfully flat.

Proof. Let f: M — N be a morphism in C such that f@ B: M ® B — N ® B is an
isomorphism. Since f® B € C5(M ® B, N® B), it is an isomorphism in here. Now we can
apply to it the functor (—)®? : CE — C to obtain an isomorphism (f® B)*? : (M ® B)<?
— (N ® B)«B,

By the naturality of the unit of the adjunction 6 from (3.1.4) we have the commutative
diagram:
wp ([ ®B)*P

(M ® B) (N @ B)«B
o o'
M N.
f
Being a composition of isomorphisms, f : M — N is such itself. 0

Proposition 3.1.7 In a closed braided monoidal category C a finite bialgebra B is faith-
fully projective, hence also faithfully flat.

Proof. From Proposition 3.1.6 we know that B ® — reflects isomorphisms. Then by
Proposition 1.7.2 and Remark 1.7.3 it follows that B is faithfully projective. The rest
follows by Lemma 1.7.1. O

When A = H the category C¥ is called the category of Hopf modules. The Fundamen-
tal Theorem for Hopf modules was first proved by Larson and Sweedler for the category of
vector spaces in [85], it also appears in [100, Theorem 1.9.4]. We proved that it holds also
in any braided monoidal category that has equalizers. Our proof coincides with that of
[90, Theorem 1.1]. We mention that the theorem was also proved in [14, Theorem 3.5.2],
where instead of the existence of equalizers for the category is assumed that it admits
split idempotent morphisms. We formulate the theorem here.

Theorem 3.1.8 (The Fundamental Theorem of Hopf modules) LetC be a braided
monoidal category with equalizers and H € C a flat Hopf algebra. Then the pair of functors
—®@H :C—CHl: (-)°H is an equivalence. In particular,

M" @ H=M
for all M € CH.
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That the adjunction — @ H : C =— CH : (—)®H gives an equivalence of categories is
a particular property of a flat Hopf algebra. However, also the category of relative Hopf
modules C¥ admits an equivalence with C. Under which conditions this happens we will
see in the next section.

3.2 Galois objects

We are now ready to introduce Galois objects in C. Since they are related to Hopf algebras,
we refer to them also as Hopf-Galois objects, and when the Hopf algebra H is known, we
call them H-Galois objects.

Definition 3.2.1 Let C be a braided monoidal category and H € C a Hopf algebra. A right
H-comodule algebra A in C is called an H-Galois object if the following two conditions
are satisfied:

1. A is faithfully flat;
A®pa

2. The canonical morphism can : AQ A— AR AR H
18 an isomorphism.

v/44®},[,4<g>]—[7

Consider A® A and A® H as right H-comodules by the structure morphisms A ® pa
and A ® A respectively, where p4 denotes the H-comodule structure morphism of A. By
the H-comodule property it is immediate that can is right H-colinear. If we view A® A as
a right A-module by the structure morphism A ® V and equip A ® H with the codiagonal
structure, can is also right A-linear.

In [139, Lemma 1.1] the author proved that if H is a commutative Hopf algebra over
a field K, then A®” =~ K for a commutative H-Galois object A. As a matter of fact,
the dual statement over a commutative ring was proved before for a finite Hopf algebra
in [102, Lemma 2.9]. We prove here that this result for the category of vector spaces
(and R-modules) extends to any braided monoidal category with equalizers even for a not
necessarily commutative Hopf algebra. In other words, faithful flatness of an H-comodule
algebra A together with the bijectivity of the morphism can implies that the subalgebra
of its coinvariants with respect to the coalgebra H is trivial.

Proposition 3.2.2 Let A be an H-Galois object in C. There is an isomorphism 1 : 1
— A such that i,n = na. In particular,

na PA

[ ———— A————~
A®ng

A®H

1s an equalizer.

Proof. From the claim we get that (I,74) and (A% i,) are isomorphic as equalizers.
Note that can(A®i4) : A® A — A ® H factors through A ® H®H  since
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A ACOH AOH A Aan
T ?

A HH A H H.
A H H

By flatness of A the diagram
A AR A
AT 28 Ao T Ao HoH

A® H®@ny

is an equalizer. Then A ® H®H =~ A ® I. This assures the existence of ¢ : A ® A"
— A ® [ such that

(A@ng)p = can(A R i4). (3.2.5)

It is clear that 1, factors through A since it is H-colinear. Therefore there is 7 : I
— A®H ith i,n = n4. We show that A ® 7 is the inverse of ¢,

(A®nu)p(A®M) =can(A®is)(A®N) = can(A @ na) = AQ ny.
By flatness of A we get that ¢(A ® 77) = id4. On the other hand,

: . (325 _ 3.2.5 ,
can(A® i) (AN "E (A0 un)e(A®N)e = (A® nr)e "= can(A® ).
Since A®1i,4 is a monomorphism, clearly so is can(A®1i,), and thus we obtain (A®7)p =
idggacon. This proves that A@7n : A — A ® A®H is an isomorphism. By the faithful
flatness of A we finally get that 77 : I — A is an isomorphism. 0

We are now in a position to characterize when the adjunction from Proposition 3.1.3 is
an equivalence. This result can be seen as a generalization of the Fundamental Theorem
of Hopf modules. In this regard we might call it the Fundamental Theorem of relative
Hopf modules.

Theorem 3.2.3 Let A € C be a right H-comodule algebra and suppose that H is flat.
The following statements are equivalent:

1. A is a right H-Galois object;

2. The functors — @ A:C——CIi : (=) establish an equivalence of categories.

Proof. 1) = 2) In Diagram (3.1.2) we computed for the counit of the adjunction f :
Mt @ A — M that 8 = u(i ® A), where p is the right action of A on M € C¥
and i : M°" — M the equalizer monomorphism. It was shown by Schauenburg in
[122, Proposition 3.8] that § is an isomorphism. Recall from (3.1.1) that the unit of the
adjunction a : N — (N ® A)®H is induced by N ® 4. In [122, Lemma 3.9] it is proved
that « is an isomorphism. Note that for this is needed faithful flatness of A.



3.2. Galois objects 47

2) = 1) Being an equivalence of categories, the functor — ® A : C — C4 preserves
equalizers. From Lemma 3.1.5 we obtain that A is flat.

Suppose that f ® A is an isomorphism in C for f : M — N in C. Lying in C¥ it
is then an isomorphism also in there. Then G(f ® A) = GF(f) = f is an isomorphism,
yielding that A is faithfully flat.

We next prove that can : A ® A — A ® H is an isomorphism. First of all, note
that A® H € C¥. Tt is a right A-module by the codiagonal structure. Clearly, it is
an H-comodule with the coaction A ® A. We prove that the compatibility condition is

-l 1093

Recall that the counit S of the adjunction (— ® A, (—)C"H) is given by the Dia-
gram (3.1.2). Let further § : A — (A ® H)®H be the isomorphism from (3.1.4) with
M = A and B = H. Observe that we have an isomorphism

B( A®H

viA®A= f(A) .7-"((A®H)C”H) FGA®H) — A®H.

We compute that v equals to
B(A®@ H)F(0) = B(A® H)(6 ® A) = pagn(iagn @ A)(0 @ A) = paga(A @ ng @ A).

In braided diagrams this is

Thus can is an isomorphism. 0

Remark 3.2.4 Recall from Remark 3.1.4 that A® —:C —CH : (=) is also an

adjoint pair of functors with the counit 3’ : A ® M — M. The above theorem is true
also with this new pair of functors.

For the category of modules over a commutative ring the preceding theorem recovers
1) < 4) in [33, Proposition 5.7].

The Fundamental Theorem of Hopf modules, Theorem 3.1.8, asserts that for every flat
Hopf algebra H the functors — ® H : C =—"CH : (=) are an equivalence of categories.
Now by Theorem 3.2.3 with A = H we get that a flat Hopf algebra is itself an H-Galois

object and as such in particular faithfully flat. (Recall that in Proposition 3.1.6 we proved
that any flat bialgebra is faithfully flat.) Thus we may state the following.
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Proposition 3.2.5 A flat Hopf algebra H in a braided monoidal category is an H-Galois
object.

The inverse of cany is explicitly given by

H H
H H
()= | ©
H H

H H

The next proposition will be essential in proving future results in the first part of the
thesis.

Proposition 3.2.6 Let H € C be a flat Hopf algebra. An H-comodule algebra morphism
f A — B between two H-Galois objects A and B is an isomorphism.

Proof. As an H-Galois object, B is a right H-comodule. Equip it with the right A-module
structure given by p4 := V(B ® f). This is a well defined structure since

B A A B A A B A A B
B
= = and : U:de,
B
B
B B B

where we used associativity of B, compatibility of f with multiplication and unit and
the unit-multiplication compatibility in B. With these structures of an H-comodule and
A-module B lies in C¥,

B A B A B A
B A B A
B A comod. : ~ D~ o~ o~
E . -zig. e H-colin. nat. A—ict.
‘
B H
B H B H.
B H B H B H

Having that A is an H-Galois object, by the preceding theorem the counit g of the
adjunction (— ® A, (—)®") given as in Diagram (3.1.2), is an isomorphism. Let 7 : [
— BH be the isomorphism from Proposition 3.2.2. Then we obtain that

semen- ] - 1 - 13-

is an isomorphism. 0O
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3.3 Cotensor product over a coalgebra

In this section we define the cotensor product over a coalgebra. Here C will denote a
monoidal category with equalizers if not otherwise indicated and H will denote a coalgebra
(not a Hopf algebra).

Definition 3.3.1 The cotensor product over a coalgebra H in C of a right H-comodule
M and a left H-comodule N is the equalizer

pv QN
MOgN -+ M@ N 2 M ® H N. (3.3.6)
M3y

In braided diagrams the equalizer property of MOgzN reads as:

MOyN MOgN
[ emN ] _ [ emN ]
~ | =
M H N M H N.

Consider a right H-colinear morphism f : M — M’ and a left H-colinear morphism
g: N — N. Then fg: M® N — M’ ® N’ induces a morphism fOpyg : MOyzN
— M'Ox N’ so that the square in the diagram

MOgN —MY o N

fOug f®g
en’ N pmr @ N’
M/DHN/ M!N M/®N/4>M/®>\ MI®H®NI
N/

commutes.

Lemma 3.3.2 LetC be a braided monoidal category with a cocommutative coalgebra H. A
right H-comodule M is a left H-comodule and an H-bicomodule both via N\, = <I>]T417H opm
and )\M = (I)M,H O Pp-

Proof. The proof is immediate using cocommutativity of H and, as usual, naturality.

Later on we will work with right H-comodules and we will convert them into left
ones using Lemma 3.3.2. Thus we will be able to make cotensor products of two right
H-comodules. For this purpose we will require then H to be cocommutative.

Lemma 3.3.3 Let M be a right H-comodule, N a left H-comodule and X a flat object
in C. There are natural isomorphisms of equalizers

(MOgN)® X 2 MOg(N® X) and X ® (MOgN)= (X ® M)dgN.
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Proof. One proves that there is a well defined morphism
QM,N,X : (MDHN) ®RX — MDH(N®X>

such that the diagram
emN ® X

(MOgN)® X (M®N)® X

O N, x QMmN X

EM,N®X
—_—

MOy (N ® X) M® (N®X) (3.3.7)

commutes. Here oy n x denotes the associativity constraint. Flatness of X makes
(MBpN) ® X, eprv ® X) an equalizer. Then using the same diagram but with aj; v x
instead of ayzn,x on the right arrow, one defines the morphism 0}, v : MOy (N ® X)
— (MOyN)® X. That the two morphisms are inverses of each other one proves putting
the two diagrams inducing #’s one on top of the other. The outer arrows of the to-
tal diagram will then imply the equality (eynv ® X )%\/[,N,XHM,N,X = eyn ® X and
6M7N®X9M,N7X9§\47N7X = em Nex- Having that both ey v ® X and ey nvgx are monomor-
phisms, one obtains 0}, v x = 0/ v x-

Similarly, there is an isomorphism

Kxun:X ®(MIOyN) — (X @ M)OgN
induced by the commutative diagram

M
M@ (NOgX) ®en,x

M@ (N®X)

-1
Ky,N, X QprNX

EMRN,X
B ———

(M ®N)OgX (M®N)® X. (3.3.8)

In the proof of naturality of # and x one uses the fact that « is a natural transformation as

well as that being monomorphisms, the morphisms e’s from the corresponding equalizers
are left cancelable. O

Remark 3.3.4 Let C, H and F be coalgebras in C, where C' and F are flat. For M € ¢C#
and N € fCT it can be proved that MOyxN is a left C- and a right F-comodule by
ke n(ABgN) and 03y o(MOgpy) respectively. Moreover, the equalizer morphism
ey is C-F-bicolinear. If D is a further flat coalgebra, M € “CH and X € CP, the
isomorphisms from Lemma 3.3.3 are of C-D-bicomodules.

Applying Lemma 3.3.2 we then have:

Corollary 3.3.5 Let C be a braided monoidal category with equalizers and a flat and
cocommutative coalgebra H. For two right H-comodules M and N we have that MOz N
is a right and a left H-comodule by 9;/[17N7H(MDHpN) and HI_{,IM,N(/\MDHN) respectively,
where A\ = (I>JT/[17H o P -
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For a left H-comodule M one has that its structure morphism A : M — H® M factors
through A\ : M — HOgz M. Moreover, eOygM : M — HOyzM — M is proved to be its
inverse and we obtain:

Lemma 3.3.6 Let M be a left H-comodule in a monoidal category C. There is a natural
isomorphism HOyM = M. If additionally M € HCC, then this is an isomorphism of
H-C-bicomodules. Analogously, it is MOcC = M as H-C-bicomodules.

In Morita Theorems [108, Theorems 5.1 and 5.3] Pareigis uses the notion of an A-coflat
object for an algebra A. For such an object we can also say it is coflat in C4. Dually we
define an object coflat in C¢ for a coalgebra C. Unlike usual terminology for opposite
categories we will keep the same notion “coflat” in both senses. The reason for this is
that A-coflatness is established in the literature (see e.g. [106]) and omitting the prefix
“co” would be misleading — “flatness” determines another although confusingly similar
property. For clarity we write out the following definition.

Definition 3.3.7 Let C be a monoidal category and D and C' coalgebras in C. An object
M € PCC is called coflat in CY if for all coalgebras F and objects N € CF the equalizer
MOeN € PCT exists and if the natural morphism 0y nx : (MOeN)®X — MOc(N®X)
in PCH from Lemma 3.3.3 is a well defined isomorphism for any X € C*.

Lemma 3.3.8 Let C and D be flat coalgebras in C and M € C¢ flat. For every N € ¢CP
and L € PC it is MOc(NOpL) = (MOcN)OpL as equalizers if one of the following two
conditions is satisfied

1. L is flat;
2. M s coflat in CC.
If, in addition, M € C¢ and L € PCF, this isomorphism is of E-F-bicomodules.

Proof. We view NOpL as a left C-comodule and MOgN as a right D-comodule with the
structures from Remark 3.3.4. Consider the diagram

prmoeN @ L
(MON)OpL MPNE (VO NY ® L ———— (MON)® D ® L
(MOGN) ® Ar
em,nOpL emN ® L emn @D ®L
e pueN @ L
(M & N)OpL 228 (M@ Ny L ———— (M@N)®D® L
(M & N)® AL
(ppr @ N)OpL || (M ® Ay)OpL (py@N)®DRL || (MR Ay)®D® L
(py @N)RL || (M@ Ay)®L
pPMeceoN @ L
(M®C o N)OpL MECNL (oo N) @ L ———— *(M@C®N)®D® L.

(MeCeN)® AL
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The three rows are equalizers. Assume L is flat. Then by Lemma 3.3.3 we get that the
second and — since D is flat too — the third column are equalizers. The same conclusion
we get if we suppose that M is coflat in C¢, because then MOg(N ® L) =2 (MOcN)® L
and MOg(N®@D® L) = (MOsN)® D ® L. Note that all inner squares commute. Then
by Lemma 3 x 3 ([7, Exercise 2.2.3.13]) we obtain that the first column is an equalizer
too.

Let us show that (MOc(NOpL), ey nopr) and (MOeN)OpL, ey vOpL) are iso-
morphic as equalizers. For this purpose we observe the diagram

pu @ (NOpL)
CMNODL £\ g (NOpL) > M®C® (NOpL)
M & Ayopr

WM ,N,L KM N,L RM®C,N,L

OpL (pv ® N)OpL
CMNZDZ (M @ N)DpL > (M ®C® N)OpL.
(M ® Ay)OpL

MOq(NOpL)

(MOcN)OpL

Since M and C are flat we have that ks v 1 and ko 1 are isomorphisms (Lemma 3.3.3).
The right square obviously commutes with upper lines. It commutes with lower lines as
well, because Ann,z, is induced by AyOpL. Knowing that both rows are equalizers we
get that kyrn rea no,r induces wy v so that the left square commutes. Similarly,
/ﬁj,N’L(eMNDDL) induces the inverse of wy; v L.

Suppose M € £CY and L € PCF. Due to Remark 3.3.4, ey no,1 is E-F-bicolinear
and eprn is left E-colinear. Hence ey nyOplL is E-F-bicolinear, as so is Ky .y, by
Lemma 3.3.3. Then because of 1.2.4 (i), wa n 1 is E-F-bicolinear. 0O

Corollary 3.3.9 Let M, N and L be right H-comodules where H s flat and cocommu-
tative. If M and L are flat, then MOy(NOyL) = (MOyN)OyL as equalizers and
H-bicomodules.

The categories in the examples we will treat in Chapter 6 will be the categories of
graded vector spaces. Hence the conditions needed for the associativity of the cotensor
product will be automatically satisfied.

3.4 Galois and biGalois objects

Until the end of this chapter our goal will be to study when the isomorphism classes
of H-Galois objects form a group with the product induced by the cotensor product
over a cocommutative Hopf algebra H. We will turn right H-comodules into left ones
as described in Lemma 3.3.2. The unit in the group would be the class of H, which is
supported by Lemma 3.3.6 and Proposition 3.2.5.

In [122] Schauenburg studies biGalois objects. These are both left and right Galois
objects so that they are bicomodule algebras, left Galois objects being defined in the
obvious way. Our definition of an H-Galois object is in this sense a faithfully flat right
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H-Galois object. For a flat Hopf algebra H with an invertible antipode in [122, Theorems
5.2 and 6.6] is proved that H-biGalois objects form a group, BiGal(C; H). If we would
consider its subgroup induced by those biGalois objects whose left H-comodule structure
comes from the right one, this subgroup would consist only of the class of H. Namely,
as we will see in this section, certain condition on the braiding will be necessary in order
that the group of (right) Galois objects be well established and nontrivial. With this
condition, the group BiGal(C; H) will be larger and our group of (right) Galois objects
will be its subgroup. In this section we collect those properties of (right) Galois objects
that will make possible for us to prove in the next section that they are biGalois objects
in the sense of [122].

The above-mentioned condition we state here.

Assumption 3.4.1 For any two H-Galois objects A and B it holds

A B A B
o=

B A B A
i.e., Ppa®ap = idagp. We say that the braiding when acting between two H-Galois
objects is symmetric.

Lemma 3.4.2 Let H be a cocommutative Hopf algebra, B a right H-comodule algebra in
C and suppose that ®p g = CIDJ_B}H. Then B is a left H-comodule algebra. Consequently, if
H s flat and Assumption 3.4.1 holds, the claim is true for an H-Galois object B.

Proof. Recall from Lemma 3.3.2 that B is a left H-comodule with structure morphism
A = @E}H o pg. We prove that A\g is an algebra morphism. We have

B B B B
B B B B B B
nat. C ?
%Wil % E\%&J
< \

H B A d
H B H B H B

H B

the last equation due to the assumption ®p g = @g}H. The compatibility of A\p with the
unit follows from the one of pg. Recall that if H is flat it is an H-Galois object. The
claim then holds true for an H-Galois object B in view of Assumption 3.4.1. 0

Let A be a right H-comodule algebra and B an H-bicomodule, so that it is both left
and right H-comodule algebra. Then one has that (AOy B, ey p) is a (right) H-comodule
algebra pair. Moreover, if A and B are right H-Galois objects and Assumption 3.4.1 is
fulfilled, it can be shown that AOyB is a right H-Galois object.

The inverse element for an isomorphism class of an H-Galois object A will be the
isomorphism class of the opposite algebra of A. In [122] Schauenburg proves that if A is
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a Galois object on one side, then A is a Galois object on the other side. A direct proof
that if A is a Galois object on one side, then itself is a Galois object on the other side as
well is not provided. In this section we will prove that if A is right Galois, then A is also
right Galois, which will allow us to prove in the next section that A is then also a left
Galois object. We first show what the H-comodule structure of A is, and that equipped
like this A becomes indeed an H-Galois object. For this we were inspired in [28].

Lemma 3.4.3 Let H be a flat and cocommutative Hopf algebra in C and A a right H-
comodule algebra. Assume that Assumption 3.4.1 is fulfilled. Then A is a right H-
comodule algebra with the right H-comodule structure given by

A H.

N
I
:VM

bN|
z

Proof. First let us prove that py endows A with a right H-comodule structure. We

compute
A H H.

A HH
A HH

For the compatibility of the multiplication and the right H-comodule structure of A we
compute

A A
JT A A A a4
{ )
\j nat. J) azar WY A'n;tl.l'l @J%
= QT ©® g
@J@ 6
0) [ i
A H

Notice that H is an H-Galois object since H is flat (Proposition 3.2.5) and we apply
éssumption 3.4.1. The compatibility of the unit and the right H-comodule structure of
A is fulfilled as well, since S preserves the unit. 0

Proposition 3.4.4 Let H be a flat and cocommutative Hopf algebra in C and suppose
that Assumption 3.4.1 is fulfilled. If A is an H-Galois object, then so is A, with the above
H-comodule structure.
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Proof. As A is faithfully flat so is A. Let us prove that can is an isomorphism. Compute

the following composition:

A H
A H

A

A
A H A H

®
= (=
Il
S S
T — T

A A A A
A A A A
A A
A A
com. @ ® ®
. S:antih. ©@© | nat. ass nat
©) < S S ©)
®
e 3 ® ®
A H A "
A H A H
A H A H
A A
A A 5
coc A A
antip J nat A. 3.4.1 <
- - can
® (’S) [can]
A H
A H
A H

where in the last equation we applied Assumption 3.4.1 to the H-Galois object A to obtain
the multiplication in A. This makes I" equal to:

Y

is a right inverse for cany.
Now we will show that can; is a monomorphism. This together with can; being a
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retraction will imply that can is an isomorphism. We have:

A A
A A
A A A A
L Py I J%\@
® b >
A= P _ _ W _ ye A 341 | f
= = = | = = /
A H /
A H A H
A H A "
A A A A A A
J? A A
coc. ® nat. A A
com. nat. é ass. S antip. J nat. Z
= S ® :t 9@ = J ép S :t
/ o
A H
A H
A H A H

Now, the latter morphism is a monomorphism, hence so is the first morphism in A, that
Is canzy. 0
Let us now compare our bicomodule structures of A and those from [122, Theorem

6.6], which we recall here.

Proposition 3.4.5 Let L and H be flat Hopf algebras with invertible antipodes. For an
L-H-biGalois object A in C, let A denote the opposite algebra of A with H-L-bicomodule
structure given by

A A
)\%: O? and p%: %
HoA AL

where the sign minus stands for S™'. Then A is an H-L-biGalois object and there are L-
and H-bicomodule algebra isomorphisms AOyA = L and AO;, A = H respectively.

Remark 3.4.6 In the equalizer (AOy B, e p) note that we do not turn right H-comodule
B into a left one by

B

S

H B
as Schauenburg does in (2.1) and uses in his Lemma 2.4. Rather, knowing that A0y B is
a subalgebra [122, Theorem 4.3] and a right H-subcomodule of A ® B, we consider it as
AOy B and we use the left H-comodule structure of B coming from the right H-comodule
structure of B — as explained in [122, Proposition 6.2]. On the other hand, this approach
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then coincides also with our strategy of turning right H-comodule B into a left one by
composing pg with the inverse of the braiding,

_ B
B
oo 5 - F 2
B H B H B.

Similarly, our right H-comodule structure of B from Lemma 3.4.3 coincides with the
Schauenburg’s one from Proposition 3.4.5,

B B
= h A. 341 ?_ ?
5= [ = 5_ ,

s n 5 @

B H ’

Although in the proof of Proposition 3.4.4 we used [28, Theorem 10.5.2], we noted
that in the latter proof it is not proved that the constructed isomorphism between AQy A
and H is an H-comodule algebra one. It is not obvious that this morphism is a morphism
of algebras, unless A is commutative. This problem is well resolved in [122, Theorems 5.2
and 6.6]. For further purposes, we comment below how this isomorphism is induced.

In [122, Remark 3.5] Schauenburg proves that when the antipode of H is invertible,
the morphism v, := can, '(na ® H) : H — A ® A, where can, denotes the canonical
isomorphism of a right H-Galois object A, induces an H-bicomodule algebra morphism
5, H — “H(A ® A). Analogously, for a left H-Galois object A we have that the
morphism 7; := can; ' (H®n4) : H — A® A induces an H-bicomodule algebra morphism
&, H— (A® A)°f. From the definition of v, is immediate that

H
i
= \ (3.4.9)
A H A H
Furthermore, in (3.2) Schauenburg proves that can, and , are related as follows
(Va® A)(A®7,) =can . (3.4.10)
From this follows easily
A
e A
t = | (3.4.11)
A A
A A

which is Schauenburg’s (3.3). From the left version of [122, Lemma 2.4] we know that
there is an isomorphism of H-bicomodule algebras v : Ay A — “H(A @ A) induced by
the identity idaga. Let

o H — AOgA (3.4.12)
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be the (H-bicomodule algebra) morphism v~'%,. In other words, it is the unique mor-
phism satisfying e¥, = ,.

Analogously, if the antipode of H is invertible and A is a left H-Galois object, there
is an H-bicomodule algebra isomorphism 7; : H — AQgA.

A flat Hopf algebra H is an H-biGalois object. This follows from the left version of
Theorem 3.2.3 and Proposition 3.2.5. Then Proposition 3.4.5 with H = L yields:

Corollary 3.4.7 If H is a flat Hopf algebra with invertible antipode in C, then the set
BiGal(C; H) of isomorphism classes of H-biGalois objects is a group.

This is Schauenburg’s group of biGalois objects. In the next section we compare it
with our group of (right) Galois objects.

3.5 The group of (Galois and bi(GGalois objects

As we will show below, if we suppose that Assumption 3.4.1 is fulfilled, then right H-Galois
objects are biGalois objects, whose isomorphism classes form a subgroup of BiGal(C; H).

Theorem 3.5.1 If H is a flat and cocommutative Hopf algebra in a braided monoidal
category C and the Assumption 3.4.1 is fulfilled, then the set Gal(C; H) of isomorphism
classes of (right) H-Galois objects is an abelian subgroup of BiGal(C; H).

Proof. Since H is cocommutative, the square of its antipode is identity so by Corol-
lary 3.4.7 BiGal(C; H) is a group (with unit [H]).

We have seen in Lemma 3.3.2 that ), = @Z}H o p4 makes a right H-comodule into a
left H-comodule and a bicomodule when H is cocommutative. With the Assumption 3.4.1
from Lemma 3.4.2 we have that a right H-comodule algebra will be a also left H-comodule
algebra.

Morphism canly : A A — H® A can be represented as a composition of isomorphisms:

A A
A A 5
J
A A 4 A S2=1 { &
nat. nat. A. 3.4.1 _
can’y = = ?\J = = =" (S® A) o @, 0 can’io Py 4.
\ b
H A
H A 6
H A H N

A
braiding are isomorphisms, so becomes canly.

So far we have proved that if [A] € Gal(C; H), then [A] € BiGal(C; H). For A as in
Lemma 3.4.3, the right Galois objects A0y A and AOy A are then biGalois objects. Due
to Proposition 3.4.5, as well as Remark 3.4.6, we then have that the inverse of [A] in

Gal(C; H) and in BiGal(C; H) is given by the isomorphism class of the same object A.

In Proposition 3.4.4 we showed that can’ is an isomorphism. Since the antipode and the
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That the product in Gal(C; H) — induced by the cotensor product over H — is associa-
tive we know from Corollary 3.3.9.

To make sure that the embedding Gal(C; H) — BiGal(C; H) is a group one let us
compare the H-bicomodule structures of the product of two right H-Galois objects A and
B before and after embedding. Considering AOg B as an object that determines a product
in Gal(C; H) and in BiGal(C; H), we clearly have that in both cases its right H-comodule
structure is induced by the one of B. Its two left H-comodule structures, however, could
differ. In the case of Gal(C; H) we have that the left H-comodule structure of AOyB is
induced by (DZ%RH(A ® pp). In the case of BiGal(C; H) it is induced by A4 ® B, though
we have

AOyB
A0 B AOyB AOyB
H _eA,B
€ €
m— ean E— -
p— | — p— — pu—
—]
3 3 [E)
H A B N
H A B H A B H AB

that is, the morphisms inducing the two left structures coincide. Hence also the two
left H-comodule structures of AOy B are the same, meaning that it determines the same
object in Gal(C; H) as in BiGal(C; H).

To check that the group Gal(C; H) is abelian we consider the morphism ¥ : AOy B
— BOg A induced by the braiding. It will be well defined if we prove that in the diagram

€A.B

AOyB A® B
1/ Jqle
® A
BOA-BA B ALl BoH®A (3.5.13)
A® g

it is (pB & A)q)A,BeA,B = (A & )\B)(I)A,BBA,B- We have:

AOyB

AOyB A0y B ADnB ADnB ADyB
Z nat. o 5 = = eam [ nat. Z A 341
A ( O0n O Ik
> ( ( ;

( r r

B H A B H A r B H A
B H A B H A
B H A

Note that <I>]_371 , induces a morphism in the other direction BOy A — AOy B in a good way
— changing the sign of the braiding in the upper diagrams gives analogous computation.
This induced morphism will be the inverse of ¥ since the inducing morphisms ® 4 g and
<I>§71 4, are inverses of each other and e4 p and ep 4 are monomorphisms.

We will now prove that ¥ is an algebra morphism. By the comment on page 53 and
Lemma 3.4.2 we know that eq p and ep 4 are algebra morphisms. Then by 1.2.4 (iii), ¥
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will be an algebra morphism if we show that so is ®4 p. This is true since we have

A B A B
ABAB N A B A B A B A B
Bt )J ; J
NN s nat. A 341
N a / a a
A B 4 4
A B A B A B.

We can not apply the same reasoning to prove that W is right H-colinear, since the
braiding is not such, unless H is commutative. We proceed as follows. Consider the
diagram

(AOyB)® H
PAOLB
I! eap®H
ADEB AP A9 B PA%E, Ao BoH
U @A,B{ PupH
e
BOpA 24 Bo A PP po Ao H

epa®@H

p
Fod (BOuA) @ H.

We have that diagram (2) commutes when composed with ey g,

AOyB
A0y B AOyB
AOyB ADyB
_eA‘B -CA,B
e e
nat. = B ]
= = = = [—
( P~ S S >
- -
B A H B A H
B A H B A H

B A H

Diagram (1) commutes by the definition of W. Diagrams (3) and (4) commute by the
definitions of pan,, 5 and ppn,, 4 respectively. Then the outer diagram in the above picture
commutes, yielding

(Pap®@H)(eap®@H)pao,s = (ep.a® H)ppo,aV.
On the other hand, tensoring (1) from the right with H, one obtains
(Pap@H)(eap®H)=(epa® H)(V®H).
Substituting this in the preceding equation, one gets
(epa®@H)(Y® H)pao,s = (epa @ H)ppo,aV.

Since H is flat, ep 4 ® H is a monomorphism, so the last equation yields that W is right
H-colinear. 0



3.5. The group of Galois and biGalois objects 61

We can make the following observation. When proving that Gal(C; H) forms a group,
we needed H to be cocommutative in order that a right H-comodule becomes a left one
and an H-bicomodule. Furthermore, we needed Assumption 3.4.1. As we saw in Corol-
lary 3.4.7 neither the cocommutativity hypothesis on H, nor the mentioned assumption
is needed in order to obtain the group of biGalois objects BiGal(C; H). Indeed, for two
different Hopf algebras L and H Schauenburg constructed the groupoid of biGalois ob-
jects BiGal(C; L, H) assuming that the antipodes of L and H are invertible. Dealing with
bicomodules (where the left and right comodule structures are not necessarily related)
gives a freedom when manipulating with biGalois objects, which we do not have when
dealing with only one sided comodule structure. In the latter case one is conditioned in
order that the compatibility conditions be fulfilled.

From the above theorem it is obvious:

Corollary 3.5.2 In a symmetric category C with a flat and cocommutative Hopf algebra
H the set Gal(C; H) is a group.

In a braided non-symmetric category Assumption 3.4.1 is satisfied, though, on a sub-
class of H-Galois objects. We define them here.

Definition 3.5.3 An H-Galois object which is isomorphic to H as a right H-comodule
we call an H-Galois object with a normal basis.

There is an important observation of Schauenburg in [119, Corollary 5] that will be
fundamental in our work with Hopf algebras in braided monoidal categories. It allows us
to define the group of Galois objects with a normal basis and to make other constructions
without requiring that the whole base category be symmetric. We quote it here:

Theorem 3.5.4 If a Hopf algebra H € C is cocommutative (or commutative), then

H H H H
N =

H H H H
i.@., CD%I,H = ZdH®H

Theorem 3.5.5 In a braided category C with a cocommutative (or commutative) Hopf
algebra H Assumption 3.4.1 is fulfilled on H-Galois objects with a normal basis.

Proof. We have that an H-Galois object with normal basis is isomorphic to H (as an
object). Then the statement follows by Theorem 3.5.4 and naturality of the braiding.

O

Corollary 3.5.6 In a braided monoidal category C with a flat and cocommutative Hopf al-
gebra H the set of isomorphism classes of H-Galois objects with a normal basis Gal,,(C; H)
1S a4 group.
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Proposition 3.5.7 Let H be a flat Hopf algebra in C and suppose that the braiding ® is
H-linear. If A is an H-Galois object with a normal basis, then we have

AX AX
<=
XA XA
for any X € C.

Proof. By Proposition 2.2.5 we have &y x = (I);I,IX' By the definition of A we have A = H
(as objects), then analogously like in the proof of Theorem 3.5.5 we obtain the claim.



Chapter 4

A short exact sequence for the group
of Galois objects

In this chapter we construct a short exact sequence that relates Sweedler’s second coho-
mology group, the group of Galois objects and the Picard group of invertible (co)modules.
The original idea for such construction was accomplished in 1976 in [102] for a commu-
tative ring R and a finitely generated and projective Hopf algebra H with a bijective
antipode, where the morphism from the group of Galois objects to the Picard group of
invertible H-modules generalized that of [67, Theorem 2] for a group ring RG. A slightly
more general construction was carried out in [46] in 1986. Following the latter, the cor-
responding morphism from the group of Galois objects to the Picard group of invertible
modules was defined in a closed symmetric category in [4] in 2000. There was shown
that the kernel of the morphism is isomorphic to the subgroup of Galois objects with a
normal basis. Taking into account that this subgroup was proved to be isomorphic to
Sweedler’s second cohomology group in [2], generalizing the Normal Basis Theorem [126,
Theorem 8.6], one gets the aforementioned short exact sequence. Harrison cohomology
appearing in [102] is here replaced by Sweedler cohomology. This is consistent, since
the Hopf algebra H in the first construction becomes a Hopf algebra H* in the second
one, and Harrison cohomology for H is isomorphic to Sweedler cohomology for H*, [28,
Proposition 9.2.3]. K-theoretical background for these exact sequences can be found in
[28, (C.8), p. 470]. A version of the short exact sequence for commutative rings is [28,
(10.25), p. 267] and how it emerges from the K-theoretical origin one can comprehend
from the steps [28, (10.19)—(10.23), p. 265]. Our short exact sequence in this chapter
lives in a braided monoidal category whose braiding ® satisfies Assumption 3.4.1 and it is
a generalization of the sequence of Alvarez and Vilaboa. Whereas in the latter sequence
the Hopf algebra should be finite and the category symmetric, the first restriction is not
present in our case, and the second one is weakened by requiring Assumption 3.4.1. Our
construction can be seen as a categorification of [28, (10.25), p. 267].

In this chapter C will denote a braided monoidal category.

63
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4.1 Sweedler’s second cohomology group

Sweedler defined a cohomology in [126], where among other he studies its relation to other
cohomologies and also the relation with cleft extensions and smash products twisted
by a cocycle. We recommend also [28; Section 9.1] as a further reference on Sweedler
cohomology. We present in this section a categorification of Sweedler cohomology.

Let C be a coalgebra and A an algebra in C. The set S := C(C, A) of morphisms
from C' to A in C is a monoid with the convolution product f * g = V4(f ® g)Ay for
f,g € S, and unit 1g = naey. If C is cocommutative and A commutative, then C(C, A)

is commutative,
c
c c c c
C'coc.
A: . .
A A A A,
A

We denote by Reg(C, A) the group of morphisms from C' to A in C invertible with respect
to the convolution product.

Let H be a cocommutative Hopf algebra and A a commutative H-module algebra in
C. We denote by H®" the n-th tensor power of H. Then Reg(H®", A) is commutative.
Fori=1,....,n+ 2 and f € Reg(H®", A) we define morphisms 0; : Reg(H®*", A) —
Reg(H®M+) | A) by:

h(f) =po(H® [),
0(f)=foH& - @HaVy@H---@H),i=2,....n+1,
i—2
Oni2(f) = f®en,

where p: H ® A — A denotes the H-module structure morphism of A. The morphisms
0;’s,i=1,...,n+ 2, are invertible with respect to the convolution product. It is easy to
see that 0;'(f) = 9;(f~1). Moreover, 9;’s are group morphisms. We further define

+

dp =01 %0y " % -+ % 87(;12)71 i Reg(H®", A) — Reg(H®"V A),

where (9; x 9;)(f) := 0i(f) * 9;(f) in Reg(H®™ Y A). One then has that d;’s are group
morphisms and d;d;_; = LReg(m®(i+1) 4)5 for ¢ > 1, which makes

dy oy

dn
Reg(I, A) o, Reg(H, A) -+ —— Reg(H®", A) (n, Reg(H®"!, A) il
into a complex. Then Im(d,_1) is a subgroup of Ker(d,,).

Definition 4.1.1 Morphisms from Z"(C; H, A) := Ker(d,,) are called n-cocycles and those
from B*(C; H, A) := Im(d,,_1) n-coboundaries. The quotient group

H(C; H, A) = Z(C; H, A)/ B"(C; H, A)

15 called Sweedler’s n-th cohomology group.
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Two n-cocycles f and g are called cohomologous, denoted by f ~ g, if they are in the
same class in H*(C; H, A). That is, f*¢g~! € B"(C; H, A), or, equivalently, f = d,,_1h* g,
for some h € Reg(H®™~1 A).

Let us consider Sweedler’s second cohomology group for A = I. The left H-action on [
is then given by ¢ : H = H ® I — I. The unit of the category I is trivially commutative,
and hence R, := Reg(H ® H, I) is abelian.

A 2-cocycle is then a morphism o € Reg(H ® H, I) for which it holds

doo = (01 % 051 % 05 x 0, 1) (0) = 1.

A 2-coboundary is a morphism 7 € Reg(H ® H, I) for which there exists x € Reg(H, I) so
that 7 = dy (k) = (0, * 05 ' % 93)(k). We use the same notation for 9;’s defining d; and ds,
the difference will be clear from the context. In braided diagrams the 2-cocycle and the
2-coboundary conditions rewritten as (O2%0y)(0) = (01%03)(0) and 7% s (k) = (01 %03) (k)
respectively take the form:

H H H H H H
H H
/
| - . B | o i -

Definition 4.1.2 A 2-cocycle o that satisfies

H " H
Lp-1-el
1s called normalized.

It can be proved that every 2-cocycle is cohomologous to a normalized one.

Applying the 2-cocycle condition (09y * 9y * 93 % 9; ') (o) = g, to H ® ny ® ny and
Ny ® Ny ® H, one obtains respectively

| - =) (4.1.3) | = Lk (4.1.4)

In future computations we will need the explicit form of the 2-coboundary condition
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dy(k) = (01 % 05 % D) (k),

(4.1.5)

In various algebraic invariants there was observed that their structure is twisted by
2-cocycles. The 2-cocycle condition appears to be equivalent to the (co)associativity
of the (co)algebra (co)product. We will now prove that the same phenomenon occurs
at the categorical level. In particular, this will permit us to define an injective group
homomorphism from the group of 2-cocycles to the group of Galois objects with normal
basis in the next section. We start the computation by noting that from Diagram (4.1.1)

one obtains
H H H H H H
f— %
f 4
s o]l ]
(]

H H

By cocommutativity of H, coassociativity and naturality we have

R4

H H H.

We apply this to the first tensor factor in the left hand-side diagram and simultaneously
cocommutativity of H to the second tensor factor and we get

0
K- e

Then it is also true that
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wow w1 FH
Uf/f -
=

H.

Denote the left hand-side by ¥ and the right one by €. By naturality (and left and right
unity constraints) we have that 3 further equals to

H H H H H H H H H
T. 3.5.4
s [ nat. [ ws (7]
[o]
(o] (o]
H H H
H H H
H H H
coass. [ o |
nat. bialg. [
[ o]
[o] H.
H
Similarly, €2 equals to
H H H
H H H
T. 3.5.4 2xnat.
0 nat. S coass. S bialg. [ o]
[ o]
H.
H
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Thus the equation ¥ =  finally yields

" " " H H H

ﬁ 9
= (4.1.6)

[ o] A
H
H.
Lemma 4.1.3 Let 0 € Reg(H ® H,I) for a cocommutative Hopf algebra H. We define
H, := H as H-comodule with multiplication and unit on H, given by:

H H
H,H,
W = ﬁ\< and I = [o! (4.1.7)
H, " t
H 7 H

respectively, where o~ is the inverse in the group Reg(H @ H,I). If o is a 2-cocycle,

then H, is a right H-comodule algebra. Moreover, if o is normalized, then the unit on
H, coincides with ng.

Proof. 1f 0 is a 2-cocycle, we have from (4.1.6) that the multiplication of H, is associative.
For the unit property we find

H, H
Hy, H

Thus H, is an algebra. For the compatibility of the H-comodule structure and multipli-
cation of H, we have

H H H H
H, H, L 2% H, H,
coass.
kF\ - - - = - W
H, H H, H.
HH
H H H H
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The compatibility with unit of H, is also satisfied,

=R

P

H H H H

so H, is a right H-comodule algebra. Note that if o is normalized, then so is o=. We
then have

O

Lemma 4.1.4 Let ¥ denote the left hand-side and 2 the right hand-side of (4.1.6). It is
egX = (o % 04)(0) and exQd = (01 * 03)(0). (4.1.8)

Proof. The identity for 2 is easy:

H H H
H H H
[ o] ., .
e = it (SN (9,5 0) (o).
A [ o]

H H H

H H H H H H
H H H
[ o] couni xcoc. p . 3.5. nat.
end = it 2 é\ ] 204 E\]J( ] 9 (B % 04) (o).
[ [ o]

O

For ¥ we have

Corollary 4.1.5 The morphism o € Reg(H ® H,I) for a cocommutative Hopf algebra

H is a 2-cocycle if and only if H, from (4.1.7) has an associative multiplication, i.e.,
relation (4.1.6) holds for o.

Proof. The sufficient condition is clear from relation (4.1.6). Applying ey on the same
relation the necessary condition follows from the above lemma. 0O
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4.2 Cocycles and Galois objects with a normal basis

We will now use the cocycle twisting presented in the previous section to define an in-
jective group morphism into the group of H-Galois objects with a normal basis from
Corollary 3.5.6.

Proposition 4.2.1 Let H be a flat cocommutative Hopf algebra in a braided monoidal
category C. The map
¢:H*C; H,I) — Gal,,(C; H)

o] = [Ho]
is a group monomorphism, where H, is that from (4.1.7).

Proof. We have that Gal,;(C; H) is a group due to Corollary 3.5.6. By Lemma 4.1.3 we
know that H, is a right H-comodule algebra. We are going to prove here that H, is
an H-Galois object, clearly, it will have a normal basis. Then we will prove that ¢ does
not depend on the choice of a representative of the class of o, that it is compatible with
product and that it is injective.

Let us prove that H, is an H-Galois object. In Proposition 3.2.5 we have seen that
H itself is an H-Galois object. Thus H,, is faithfully flat, since H, = H as objects. Let
us prove that the inverse of cang, is given by

We first prove several identities to be used in the proof of ycany, = idy, gn,. It is

H H H H
nat.
coass. coc. coass. (429)
r © é @{? gﬁ

H H H H H H
H HH H HH
H H
H H H H
antip.
coass. counit H H
ass. coass. unit
38 © o o ‘ ﬂ (4.2.10)
® HHH
H H H H H H m
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and
H H
H nat.
m coass. @ coc (@ (4.2.11)
H H H N N
H H H H H H.
We denote
W=

Then we have

coass.
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As before we next prove a few identities that we will need in the proof that cangy v =
idy,om. We have

HH .
: ©  S:coalg. Q m
© ialg. antih. coc.
R bialg tih 95@ oc ©® (4.2.12)
aH H H v H H
From here, by naturality
H H
HH M
©) ©®
R = Z (4.2.13)
S
H H
H H.

On the other hand, we also have

H H H H
( coass. . qH
@ ass. antip. — ‘ ‘ (4.2.14)
H H.
H

Applying coassociativity (and cocommutatlwty) in appropriate way one obtains the fol-
lowing equations:

H H

m @? (4.2.15) (P?f @ (4.2.16)

H HHHH HHHHH
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i H H
H
H HHH m
H HH H HHH 4
H HH

Now we compute

H H

H H
e:alg.m. g i H H
cr*i—l M S:coalg.m. p q . ‘ ‘
H H.
H H
H

This proves that cang, is an isomorphism and that H, is an H-Galois object.

We next prove that ¢ : H*(C; H,I) — Gal,,,(C; H) does not depend on the choice of
the representative. Assume o ~ 7 in H?(C; H,I), i.e., that for some k € Reg(H,I) we
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have the identity o = dyx * 7. We are going to prove that ¢ := (k® H)Ay : H, — H,
is an isomorphism of right H-comodule algebras. Knowing that H, and H, are H-Galois
objects, due to Proposition 3.2.6 it suffices to check that ¢ is a right H-comodule algebra
morphism. From the definition of ¢, colinearity is immediate using coassociativity. It
remains to prove its compatibility with the algebra structure. For this we record some
necessary equalities. Applying three times coassociativity and once cocommutativity in
an appropriate way we obtain

H H
H
H
m = (4.2.19) ((61\ — (4.2.20)
\
HHH H H HHH HHHHH %
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bialg.
nat.
coass.

This proves that ¢ : H, — H, is compatible with multiplication. From the condition
o =dyk*7 we have 07! = 771 x dyx~!. Then ¢ is also compatible with unit, since

N
i - |
H- H-.
H.

]

Hr

This finishes the proof that ¢ : H, — H, is an isomorphism of right H-Galois objects.

We next show that { is a group morphism. It is necessary to prove that H,,, =
H,OxH, as right H-comodule algebras. We know from Lemma 3.3.6 that the morphism
Ay : H — H ® H factors through the (bi)comodule isomorphism Ay : H — HOy H =
H, so that eH,HZH = Apy. Furthermore, H,,, = H and H,OyH, = HOyxH as right
H-comodules. It remains to prove that Ay : H,.. — H,OyH, is a morphism of algebras.
By 1.2.2 (i) it suffices to prove that Ay : Hy.r — H, ® H, is an algebra morphism. We
have

I " H H
H H
H H
Hosxr Hoxr 2Xcoass.
Lrj . . 3xnat. coc
[ o o [ 7] o
HyH-
HH [ 7]
H H
H H
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H H
H H
S
nat.
nat. (4.2:.17) [o] . (4.2:.16)
[ o]
H H
H H
H H
Hoswr Hour
nﬂf 2><£zzt. coc. o
N - - -
H,®H-
H H

showing that Ap : HU*T — H, ® H, is multiplicative. It also preserves the unit. We have
(cx7)"' =071+ 77! and thus

H,®H-~.

b __H:(
N I

Thus Ay : H,.. — H,OyH, is an isomorphism of H-comodule algebras.

We finally prove that ¢ is injective, that is, if H, = H, as H-comodule algebras, then
o~ 7in H*(C; H,I). Let ¢ : H, — H, be the given H-comodule algebra isomorphism.
We define k := eytp : H, — I. It is convolution invertible with inverse k™! = kS = eyS.
Indeed,

/J; e: alg m. alg m. hl” _ IT _ 173
n’l*n 1.
By -[- !

We claim that ¢ = dik * 7 (then o ~ 7). Note that we can express ¢ in terms of k as
Y =(k® H)Ay : H— H, since

H
H

I H
o w:cilin._
8 -9 " A= b
= H H

H.
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Then v : H, — H, is the same one we have dealt with when we proved that ¢ : H*(C; H, I)
— Gal,;(C; H) did not depend on a representative of the class in H*(C; H, I). When we
proved that ¢ : H, — H, was an algebra morphism in the diagram computation after
(4.2.20), we have proved the following. Starting from the end of this computation on
page 75 and viewing diagrams toward left until the third diagram from the start we see
that Vg (¢ ® ¢) = ¢V — taking into account the bialgebra compatibility written
out there. The same holds for v, because in the mentioned computation we have used
only the definition of ¢ = 1. Now, we know that ¢ is an algebra morphism, so we have
Vi (Y ®1) =V, . However, we also know that 1 is an isomorphism, hence the two
equations for ¥ yield Vg, = Vg, uer. Applying ey to this we obtain

H H H H
H H H H
= 1.e. =

proving that o = dyk * 7, as desired. 0O

4.3 More on Galois objects with a normal basis

The aim of this section is to prove that the group monomorphism ¢ from Proposition 4.2.1
is surjective, i.e. that Gal,,(C; H) = H?(C; H, I). Thus we will obtain a generalization to
a braided monoidal category of the original result [126, Theorem 8.6]. This is the Normal
Basis Theorem for braided monoidal categories.

The proof for the following claim in a braided monoidal category can be found in the
first part of the proof of [2, Proposition 9], where the claim is formulated for symmetric
categories. We show that the symmetricity hypothesis is not necessary.

Lemma 4.3.1 Let A be an H-Galois object with a normal basis. There is a convolution
invertible right H-colinear morphism v : H — A satisfying vng = na.

Proof. Denote by ¢ : H — A the right H-comodule isomorphism. We define the
morphism v : H — A as v := k ® 1, where k 1= eyp~ny : I — I is a commuting
factor (because of the left and right unity constraints). We first prove hat vng = na.
Indeed,
v = (Y1) ® k= (pSnu) @ (g™ '14)

= () (Vu(S ® H)Ay)(d~"na)

=¢pSVE(SQ@ H)(v™' ® H)pana

=SV (SY™ @ H)(na ® nu)

=SSP~ Ina

= Y4 = na.
Starting from the second equality we applied: antipode-unit compatibility and the defi-
nition of k, the antipode rule, v is right H-colinear, A is a comodule algebra, the rule of
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the unit on H, S? = idy since H is cocommutative. We will write

K ® (Yny) = na. (4.3.21)

We have that v is right H-colinear, as so are x and . Let us prove that the convolution
inverse of v is given by 1/ := V 4(A®(eg ) @A) (7, (¢Ymy)) where v, = can ™' (na® H) is
the right H-colinear morphism we introduced in Section 3.5 before (3.4.9). In the following
diagrams 1" will stand for ¢»=1. We have:

Piright

2. e

it is

P right
H-colin.

Yr:right
H-colin.

A right H-comodule algebra A for which there exists a right H-colinear convolution
invertible morphism v : H — A is called H-cleft, and the morphism v is called a cleaving
morphism. One may always assume that vny = 74, because otherwise one may take
V' =V 4[(v~'ng) @ v]. Thus with the above lemma we have proved:

Corollary 4.3.2 An H-Galois object with a normal basis is H-cleft.

Due to [5, Proposition 1.2 ¢)], which can be seen as a categorification of [126, Lemma
8.4], for an H-cleft comodule algebra A one has A = A" 4 __H as H-comodule algebras,
where 7, € H(C; H, A°H) is obtained as a factorization through A% of the morphism
o, = Valv@v)*x (v 'Vy) : H® H — A, where v is a cleaving morphism (from
Lemma 4.3.1). The cocycle twisted smash product turns out to be isomorphic to Hy
from (4.1.7), since A°H = [ due to Proposition 3.2.2. We know from Proposition 4.2.1
that Hz; is an H-Galois object. Thus we have proved that A = Hx as H-Galois objects
with normal basis, and we may state:

Proposition 4.3.3 The group monomorphism ( from Proposition 4.2.1 is an isomor-
phism, i.e. Gal,(C; H) 2 H?(C; H,I).
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4.4 The Picard group of invertible comodules

Dually to the Morita theory which studies equivalences between categories of modules,
Takeuchi proposed in [129] a theory that describes equivalences of categories of comodules
for coalgebras over a field. This theory is called Morita-Takeuchi theory. Torrecillas and
Zhang defined in [135] the Picard group of a coalgebra over a field as the set of isomorphism
classes of comodules that give a Morita-Takeuchi equivalence. For a further reference see
[28]. Morita-Takeuchi theory for coalgebras over commutative rings was handled by Al-
Takhman in [1], see also [27]. In this section we define the Picard group of a coalgebra in a
(braided) monoidal category following [28]. As observed by Al-Takhman, the associativity
of the cotensor product proved in [28, Lemma 10.4.1] is not well established, because
the proof overlooks flatness of one object. To overcome this problem we rely on our
Lemma 3.3.8.

A functor F : PC — ©C is called a C-functor if for all M € PC and N € C we have
FM®N)=F(M)® N.

Theorem 4.4.1 Let C' and D be flat coalgebras in a monoidal category C. The following
are equivalent:

1. The functors F :PC—=CC:G establish a C-equivalence;

2. There is M € °CP flat and coflat in CP such that F(—) = MOp—, and M' € PC¢
flat and coflat in C¢ such that G(—) = M'Oc—, satisfying MOpM' = C and
M'OcM =2 D by isomorphisms f in “C¢ and g in PCP respectively, and so that

fOcM

MBp(M'BcM) = (MOpM')OcM COcM

M0Opg \)‘]CV[
MOpD = M (4.4.22)

Pumr
and
D /

M'O(MOp M) = (MO MOy M —I22M . pe

MIDCf Aﬁ/
MIDLC NV (4.4.23)

ph
commute. Isomorphisms \’s and p’s are those from Lemma 3.3.6.

Proof. 1) = 2) Coalgebras C' and D from C become algebras in the opposite category
C°P. Let us denote these algebras by C and D respectively. The condition 1) read in the
category C° then means that there are C°P-equivalence functors F : 5(C%) — &(C°) and
G : 5(C°?) — 5(C°). By Morita Theorem 1.6.5, F 22 M @3 — for some M € 7(C®)p and
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G~ M ®g — for some M € 5Cq. Moreover, we have that M is coflat in (C%)5 and M
is coflat in (C°)g, as well as that there are isomorphisms f : M ®5 M — Cin a(CP)&
and g : M ®s M — D in 5(C)5 so that there are two commutative diagrams, which
read in C give Diagrams (4.4.22) and (4.4.23). Back in C we have thus objects M € ¢CP
coflat in CP and M’ € PCY coflat in C¢ such that F =2 M ®p — and G = M’ ®¢ —, and
we have isomorphisms f : MOpM’' — C in CY and g : M'OcM — D in PCP so that
the desired two diagrams commute.
Let us prove that M is flat, then similarly M’ will be flat too. Let

E—5~ A B

be an equalizer in C. Since D is flat,

D&k
DoELPC% DA D& B
Dol

is an equalizer in C, which by 1.2.3 (i) becomes an equalizer in C. We now apply that
MOp—:PC — ©C is a C-equivalence to conclude that

MDD(D@G)MDD(D@)A) MBOp(D ® k)
MOp(D ®1)

MOp(D® E)

MOp(D ® B)

ie.
(MOpD)®e (MBpD) @k

®
(MOpD)®@ A —————
(MOpD)®1

(MOpD)® E (MOpD) ® B

is an equalizer in “C. Applying the isomorphism MOpD = M and the fact that the
forgetful functor U : “°C — C preserves equalizers since C' is flat, we finally obtain that

M®e

M
M@FE M®A

M® B

is an equalizer in C. This proves that M is flat.

2) = 1). Note that we have the associativity laws in the two diagrams by Lemma 3.3.8.
Likewise, by part 2) of the mentioned lemma, we have MOp(M'OcX) = (MOpM')OcX =
COcX =2 X for every X € ©C. Similarly, M'O¢(MOpY) = (M'OcM)0pY = DOpY =
Y for every Y € PC. In other words, putting F := MOp—: PC — “Cand G := M'O¢c— :
€C — PC, we have FG = Idce and GF =2 Idpe. The functors F and G are C-equivalences
because M and M’ are coflat in CP and CY, respectively. 0

Definition 4.4.2 Let H € C be a flat and cocommutative Hopf algebra and let C be
braided. An invertible H-comodule is a flat right H-comodule M coflat in C* for which
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there exists a further flat right H-comodule M' coflat in CH so that MOz M' = H and
M'OyM = H by H-bicomodule isomorphisms f and g, respectively, so that

O
MOy (M'DgM) = (MOg MOy M /oM HOyM
MDHg \ )\I]g[
MOyH - M (4.4.24)
Py
and

|:| !
MOy (MO M) = (M'B M0 M 425 o,
M/DHf Aﬁ/

Pir
commute. We turned right H-comodules into left ones via the braiding.

From what we have seen so far the following assertion is clear.

Proposition and Definition 4.4.3 The set of isomorphism classes of invertible H -
comodules in C 1s a group under multiplication induced by the cotensor product over H,
with unit the class of H and the inverse for a class of M is the class of that M’ for which
MOgM' = H= MOgM. We call this group the Picard group of invertible H -comodules
and denote it by Pic®(C; H).

Recall that in the proof of Theorem 3.5.1 on page 59 we constructed a morphism
V: AOyB — BOgA. As we have seen, it is a well defined isomorphism of H-bicomodules
if C is symmetric, or if A and B are H-Galois objects and Assumption 3.4.1 holds, or A
and B have a normal basis. If one of these conditions is satisfied, then in the definition of
an invertible H-comodule the second isomorphism (that we denoted as g) is superfluous.
In this case the group Pic®’(C; H) is abelian.

In the notation of the Picard group of invertible comodules we write “co” as there
exists a Picard group of invertible modules. Which relation between these two groups
exists we will investigate in Section 4.5.

The following proposition reveals the relation between Galois objects and invertible
comodules.

Proposition 4.4.4 Let H be a flat and cocommutative Hopf algebra. A right H-Galois
object A is an invertible H-comodule.

Proof. /is a right H-Galois object, A is a flat right H-comodule and so is its opposite
algebra A. Furthermore, there are H-bicomodule isomorphisms

A H— AOgA and 7,: H — AOzA
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see (3.4.12) and 7; below it. We are going to prove that A, and then analogously A, is coflat
in CH and that Diagrams (4.4.24) and (4.4.25) commute with M = A, M' = A, f = 7,
and g = 7,.

To prove coflatness of A we need to prove that the associativity constraint induces an
isomorphism (AOxX)®Y = AOx(X @ Y) in #CP for arbitrary X € #C and Y € CP.
In view of Remark 3.3.4 it suffices to prove that the mentioned will be an isomorphism in
C. For this purpose we consider the diagram

(ARH) @ X®Y ARy @ X QY AQHRXQRY
can' @ X @Y \ A@)\XM §
Ao X®Y can”' @ X @Y
eagHx @Y 52’% W}, EAQH, XY
(A H)OgX| QY (A H)Og(X ®Y)
(canOpX)® Y can'Ox(X®Y) 6]
(A® A)OpX]®Y (A® A)Op(X®Y)

e
CagA,x @Y ) ARAXQY
Kaax @Y Kaaxeovy

(ARA)RXRY 5 (A®A) (X eY)
A® (AOX) QY —— A® [AO(X ®Y)]

aax ®Y QA A XQY

AResx®Y A®esxey

A®aaxy

AR (A®X)®Y ARA® (X ®Y)].

Here the morphisms x are natural transformations from Lemma 3.3.3, which in this case
are isomorphisms since A is flat. Note that the natural isomorphism 647 : A ® Z —
(A® H)OyxZ, for Z € HC, is a left and dual version of the isomorphism v from 1.4.4.
We have that its inverse is given by 52,12 = (A®ep ® Z)eagm,z. As usual, the o’s denote
the associativity constraint and let 3 be equal to the composition of the six isomorphisms
lying on the remaining edges of diagram (8). Clearly, ( is an isomorphism. The diagrams
(2) — (7) commute by definitions of the morphisms along diagram (8). Using the equalizer
property of ((A® H)OpX, eaqn x), which appears in diagram (4), we find

ARH)Og X AQH)Og X
( )OuX vy ( )OuX vy (ASH)ORX y

CARQH,X CARH,X
[caem.x] e [caem,x] _ (4.4.26)
_ 0
A HXY.
AHXY AHXY

We now have
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(A® 6A7X®Y)B(KE}A’X QY)(can 'O X)® Y) =
£ (A® eaxeoy)hiaxey(can ' 0g(X ® Y))oaxey (01 © Y)
(4)—(7)

Aaaxey(can T @ X @ YV) (A M @ YV)(ARey @ X @ Y)(eaonx @ Y)
(4.2.26) (A® aaxy)(aaax @Y)(can™ @ X @ YV)(eagu x @ Y)

(AR anxy)(A®eax @Y) (ki x @ Y)((can 0 X) @ Y).

[FelB

(2

R4

In the penultimate equality we have omitted few associativity constraints. Canceling out
the two isomorphisms on right hand-sides we get

(AResaxay)f=(ARaaxy)(A®esx ®Y) (320 (A®eaxay)(ARO4xy).

Since A is flat, A® e xgy is @ monomorphism. Thus we obtain 8 = A® 60,4 xy. Recalling

that 8 is an isomorphism and that A is faithfully flat we conclude finally that 04 xy
(AOpX)®Y — A0y (X ®Y) is an isomorphism.

We next show that Diagram (4.4.24) commutes, the other one then commutes by
symmetry. Galois objects are in particular faithfully flat, then due to Lemma 3.3.8 we
have the associativity laws in the two diagrams. Let A\: A — HOgAandp: A — AOyH

denote the isomorphisms from Lemma 3.3.6 induced by the left and right H-comodule
structure morphisms of A, respectively. In order to prove that

A p AOyH
X ADH;?’I‘
HOpA — o (ADyA) 05 A = ADL (A0 A) (4.4.27)
commutes we compute:
A
= = Z
A AQA
and
A A A
~
- = Q.
i |
(AQA)RA (AQA)®A  A®A A
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We compose ¥ by can; ® A and obtain

On the other hand, it is

D~ A
(camy ® A)2 = = w = (can; ® A)X.
'
HAA
H A A

However, can; is an isomorphism, then so is can; ® A. Thus we obtain ¥ = Q up to
associativity constraint, or

(A® 62,A>€A,ZDHA(ADH:YT)E = aA,Z,A%@Z,A(eA,ZDHA) (:YlDH/UX- (4.4.28)

In the diagram

_ e,s0gA o € A _
(ADyA)OpA —22 (A@ A)DyA—22 L Aed) e A
—1 —1
YaZA KaZa XAAA
CAAOL A ® €7 4

AOp(AOpA) ——— A® (AOyx A)

A®(A® A)

the left rectangular is diagram (1) from the proof of Lemma 3.3.8 and the right one is
the Diagram (3.3.8) from the proof of Lemma 3.3.3. Thus the outer diagram commutes,
yielding oy 5 seagzaleaz00A) = (A® €5 4)eaqn, 4w, 5 o With this equation (4.4.28)
becomes h

(A® ez 4)es70,4(A0EY )P = (A® 6Z,A)6A,ZDHAWX712’A (FOgA)N.

We have that A is flat, then A ® ez 4 is a monomorphism, as so is €, 7, 4. This finally

implies (AOy7,)p = (%0 A)N, proving that Diagram (4.4.27) commutes. 0

—1
WaZ A

4.5 Sweedler cohomology versus Galois objects

In this section we prove that there is a short exact sequence connecting Sweedler’s second
cohomology group, the group of Galois objects and the Picard group. We will also examine
the relation between this sequence and that of Alvarez and Vilaboa, as well as the relation
between the Picard groups of invertible modules and comodules.
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Theorem 4.5.1 Suppose Assumption 3.4.1 is fulfilled. There is a short exact sequence
of abelian groups:
2 . [’C . 6 s co .
1—— H?*(C; H,I)— Gal(C; H) — Pic®(C; H).
The map ¢ is from Proposition 4.2.1, v : Gal,(C; H) — Gal(C; H) is the embedding,
whereas £([A]) = [A], for [A] € Gal(C; H).

Proof. In Theorem 3.5.1 we proved that since Assumption 3.4.1 is fulfilled, Gal(C; H)
is a group. By Proposition 4.2.1 we know that ( is injective, hence clearly so is ¢ as
well. Proposition 4.4.4 tells us that & is well defined. The group structures in Gal(C; H)
and Pic®(C; H) are the same — both are induced by the cotensor product over H. Then
clearly £ is a group map. From the definition of H-Galois objects with a normal basis is
evident that the kernel of ¢ is precisely Gal,;,(C; H). Exactness of the above sequence at
Gal(C; H) is proved in Proposition 4.3.3. O

There is a similar short exact sequence to the above one. Next we are going to
present the other sequence and to compare it with the former. In [2, Theorem 11] and [4,
Proposition 0.3] the authors proved that there was a short exact sequence

1 —— HXC; H,I) —— Gal(C;H)—E» Pic(C; H*), (4.5.29)

where C denotes a closed symmetric monoidal category with equalizers and coequalizers
and H a finite and cocommutative Hopf algebra. The group Pic(C; H*) consists of isomor-
phism classes of invertible left H*-modules. These are those modules M for which there
exists another left H*-module M’ so that M ®@g« M' = H* and M' @ g« M = H* (when
the category is braided, but not symmetric). As we convert right H-comodules into left
ones via the braiding since H is cocommutative so we convert left H*-modules into right
ones via the braiding since H* is commutative. The product in Pic(C; H*) is induced by
the tensor product over H*, unit is given by the class of H* and inverse of the class of
M is obviously given by the class of the mentioned module M’. The map & : Gal(C; H)
— Pic(C; H*) is given by £([A]) = [A*].

In our short exact sequence from Theorem 4.5.1 we have used the group of invertible
H-comodules Pic®(C; H) rather than the group of invertible H*-modules Pic(C; H*). We
are going to establish a relation between these two exact sequences.

Assume first that C is a closed braided monoidal category. A morphism between two
finite objects f : M — N induces a morphism f*: N* — M* via

N* M N*

M
- (4.5.30)

€ .

Let M be a finite right comodule over a finite coalgebra H with a structure morphism p
and let 0y 1 M*®@ H* — (M ® H)* be the natural isomorphism induced by (1.5.12).
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There is a structure of a right H*-module on M* given via the universal property of
([M,I],ev:[M,I]®@ M — I) by

M* H*M M*®H* M M*®QH* M

[0as,H] . [0n,H] M= HE M
i/ = £ \}@ = U @ (4.5.31)
)

For completeness we add that a reverse process is possible. Namely, if N is a finite right
module over a finite algebra A, then N* becomes a right A*-comodule with the structure
morphism

(4.5.32)

N*A*.

Adding the condition ®y g = CIDX/[{ y for every finite M € C¥ the two above described
processes induce a duality of categories. If moreover H is cocommutative, the equivalence
holds for the respective categories of bi(co)modules.

Note that each H-comodule in the isomorphism class of a finite invertible H-comodule
M is finite and since the product of two finite (invertible H-comodules) is finite, we have a
subgroup of finite invertible H-comodules Pic’(C; H) C Pic®(C; H) . Let 3 : Picy’(C; H)
— Pic(C; H*) denote a morphism given by S([M]) := [M*], with the structure given by
(4.5.31).

Proposition 4.5.2 Assume that C is a closed symmetric monoidal category with equal-
wzers and coequalizers and that H is a finite and cocommutative Hopf algebra. If & :
Gal(C; H) — Pic®(C; H) is the morphism from Theorem 4.5.1, then B¢ : Gal(C; H)
— Pic(C; H*) is the group morphism & from the sequence (4.5.29).

Proof. First of all, note that H is flat by Lemma 1.5.4. In Proposition 5.2.5 we proved that
each H-Galois object is faithfully projective, hence it is finite. Thus Im(¢) C Picy’(C; H)

and then clearly 8¢ = &. In order to show that 3¢ is a group morphism we prove that
for two H-Galois objects A and B it is (AOyB)* = A* @y« B* in Cy~. Set C for the

monoidal subcategory of finite objects in C and denote by F := (—)* : [ Cp- the
functor defined via (4.5.31) and (4.5.30). It is contravariant, since (—)* = [—, I]. Consider
the equalizer in C

e pa®B

AOyB AR B
AR Mg

A® H®B.

By 1.2.3 (i) it is an equalizer in C* and then also in ¢ — as an H-Galois object AOyB

is finite. Note that C' is monoidal, so we may apply functor F to the above equalizer to
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obtain the sequence

pa® B)*
(A X )\B)*

(A® H® B)* (A® B)* —¢ + (AOyB)*. (4.5.33)

Let g == (par)*Onrmr and vy« == (Ay)*dg n. By naturality of  and definitions of pip
and vy« in the diagram

(pa ® B)*
(A® H® B)* (A® B)*
-1 ) £—1 (A ® )\B)*
(5M,H ®N )6M®H,N = 5ol
(M*® 521,1N)5JT/11,H®N N
par @ B )
A*® H* @ B* A @ Br A8, (4D, B)
* ® VB*

the left rectangular commutes both with upper and lower lines. The right triangle obvi-
ously commutes, thus the sequence (4.5.33) will be a coequalizer in Cy- if and only if so
is the bottom row in the above picture. On the other hand, we know that the coequal-
izer in Cg~ of the bottom row is given by (A* @+ B*, 114« p+). We are going to prove
that (4.5.33) is a coequalizer in Cy-~, then from uniqueness of coequalizers we will have
(ADHB)* = A* ®H* B* in EH*.

Let ¢t : (A® B)* — T be a morphism in Cpy~ so that t(ps ® B)* = t(A® A\p)*. Acting
on this by F~! we obtain (ps® B)t* = (A® Ag)t* in ¢, Since (AOy B, e) is an equalizer,
there exists a unique morphism h : T — AOyxB in C" such that eh = t*. Then the
action of F on this gives further that the morphism h* : (AOyB)* — T is a unique
morphism such that t = h*e*. This proves the claim. 0O

The relation between the groups Pic®(C; H) of invertible Picard H-comodules and
Pic(C; H*), the group of invertible Picard H*-modules, is revealed by the following propo-
sition. For this, observe that in a closed category C the modules determining the group
Pic(C; H*) can be viewed as C-autoequivalences of y+C, dually to Theorem 4.4.1. Note that
the dual conditions to the flatness and coflatness conditions appearing in Theorem 4.4.1,
2) are omitted, because C is closed (Lemma 1.4.5 and 1.4.8).

Proposition 4.5.3 Assume that C is a closed braided monoidal category with equalizers

and coequalizers and that H s a finite and cocommutative Hopf algebra. There is a group
isomorphism Pic®(C; H) = Pic(C; H).

Proof. As we saw in the previous lemma we have that H is flat. Let A: CH —yC:B
denote the isomorphism of categories from 1.5.8 and & : C¥ == ¥C : H the isomor-
phism of categories by which coactions change sides via the braiding. Take [M] €
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Pic®(C; H). Then Fy = MOp— : #C — HC is a C-autoequivalence. Consider the
composition of functors

gC Bot S Ho Iy He Hool A o

and denote A" := AH and B’ := £B. Since F); is an equivalence and A, B, £ and H are
isomorphisms, then Gy, := A’ F B’ is an autoequivalence of y+C. Due to Theorem 1.6.5
we have QM = ]\4Jr R+ — with ]\4]L = QM(H*) = A/fMB/(H*> = A/(MDHB/(H*)) We
define a map

A : Pic®(C; H) — Pic(C; HY)
by

A(M]) = [MT].

This will be a group map. We have

A(IM][N]) = A((MBgN]) = [(MOgN)T,
with (MOgN)" 2 Gy, n(H*) and, on the other hand
A(MDA(NY) = [MT[NT] = [M" @5 NT],
with ]\4Jr & = ]\[Jr = ]\4]L & (NT & = H*) = QMQN(H*) Note that
FuFn(X)=MOg(NOygX) = (MOgN)OgX = Fyo,n(X)

for any X € #C. With this we get further G, Gy = A'Fy B A FyB = A Fy FyB =
A FruounB = Guo,n. Then we obtain in particular, MT @y« NT = Gy Gn(H*) =
Guoyn(H*) =2 (MOgN)T as left H*-modules, hence A is a group map.

Assume A([M]) = [H*], i.e. M' = H* in 5C. Then for any X € g.C we have
Ou(X) =2 M @y X = H* @ X = X, ie. Gy = Id,.c. Then Fyy = BGy A =
Idue = MOy —. This means that M = H in C¥ and A is injective. To prove surjectivity
of A take [L] € Pic(C; H*). If Gy = L ®p- — denotes the induced autoequivalence of
m+C, then F(r) = B'G)A’ is its corresponding autoequivalence of Hc. By Theorem 1.6.5
Fy = MOp— for some M € CH. This implies Gy = MT @+ —. After evaluating Gr)
at H* we obtain L = M in yC. Then clearly A([M]) = [L]. O



Chapter 5

Beattie’s sequence in a braided
monoidal category

In [86] Long has proved that the Brauer group of H-module algebras for a cocommutative
Hopf algebra H over a field K decomposes into the direct product of the Brauer group of
K and Sweedler’s second cohomology group of H with values in K. This was obtained as
a consequence of a split exact sequence connecting the three groups. Over a commutative
ring R in [112] a similar split exact sequence was constructed, where the Hopf algebra is the
group ring RG and the cohomology group is replaced by the group of RG-Galois objects.
Accordingly, the Brauer group of G-graded algebras, that are R-Azumaya, was handled.
When R is a field, Long’s sequence is recovered. Picco-Platzeck’s exact sequence was
generalized by Beattie in [12], where now a finitely generated and projective commutative
and cocommutative Hopf algebra H generalizes RG. In 1985 using techniques of tapestry
diagrams Beattie’s sequence was constructed in [64] in a closed symmetric category that
has equalizers and coequalizers and for a finite, commutative and cocommutative Hopf
algebra H. In this chapter we will construct this split exact sequence for a finite and
commutative Hopf algebra H in a braided, not necessarily symmetric, monoidal category
that is closed, has equalizers and coequalizers, and such that the braiding is H-linear and
satisfies @4 x = @2})( for any H-Galois object A and any X € C. The cocommutativity of
H appears as a consequence of this latter fact. Our proof, as so was the case throughout
this work in previous chapters, is done by using braided diagrams which are nowadays
wider established than tapestry diagrams in the mathematical community.

In this chapter C will denote a closed braided monoidal category with equalizers and
coequalizers; H € C a flat Hopf algebra and the braiding in C will be H-linear. Though,
for some results not all of the assumptions will be necessary.

89
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5.1 The map Il assigning an H-Galois object to an
H-Azumaya algebra

We are going to define a morphism that assigns to any H-Azumaya algebra (with inner ac-
tion) an H-Galois object (with normal basis). We start by recalling from [95, Proposition
2.3] the defining the smash product in a braided monoidal category.

Lemma and Definition 5.1.1 Let H be a Hopf algebra in C. For a left H-module
algebra A in C the smash product algebra A#H 1is defined as follows: as an object
A#H = A® H, the multiplication and unit are given by

A H AH
A#H A#H J
ﬁ—/ = and I = I I
A#H A#H A H.
A H

This algebra becomes an H-comodule algebra with the structure of aright /-comodule
given by A® Apg. It is easily proved that A#H admits a structure of a left A® A-module
via:

A

A A H
J
AgA A#H “ J
o= ﬂ (5.1.1)

A#H.

From this structure in view of (2.1.3) is clear that the left and the right A-module
structure of A# H are given by

A#H A
A 4o A J
pags = | and Hapn = (5.1.2)
A H
A H

respectively.

The first goal in this section is to prove that if A is an H-Azumaya algebra in C, then
(A#H)# is an H-Galois object. The proof will be completed once we prove each of the
following statements:

1. (A#H)" is an H-comodule algebra;

2. (A#H)4 is faithfully flat and

3. canaym4 is an isomorphism.
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We proceed to prove 1). For this part algebra A does not have to be Azumaya.

Lemma 5.1.2 Let A be an H-module algebra in C. Then (A#H)" is a subalgebra of
A#H (i.e., the equalizer morphism j : (A#H)* — A#H is an algebra morphism,).

Proof. We will show that the multiplication V 44y on A#H induces a multiplication
on (A#H)". In view of Remark 2.1.11 we are going to prove that the morphism f :=
Vapn(j®37): (A#H)A @ (A#H)* — A#H satisfies the identity from Diagram (2.1.10),
with Q = (A#H)* @ (A#H)A, M = A#H and j = jy;.

Bear in mind the A ® A-module structure of A#H (Diagram (5.1.1)) and consider
it as an A-bimodule. Recall from (5.1.2) that its left A-module structure is given by
restriction through A ® 7z, while the right one is given through n4 ® A. According to

(2.1.7), (A#:H)# then satisfies

A (AgH)A AR
= @H (5.1.3)
A#H A#H

On the other hand, Diagram (2.1.10) converts for the upper choice of @, M and f to

AA#BAA#RA
A @B A#BA

=
@

A#H
A#H.

Denote the left hand-side diagram by > and the right one by 2. We prove this equality
by successive application of the associativity of A#H and equation (5.1.3).

A A#BA @R AB#B* A4

. nat. Q
-

A#H A#H

A @#HA @#HA A@#MA@#HA AG#MA(A#HA
It
Y= [A#H] = [A%H ass [AZ%H]
A#H

A#H A#H

Thus the multiplication on A#H induces a morphism V : (A#H)* @ (A#H)* —
(A# H)# such that the following diagram

(AR & (AL 220 aup o Apn

\vi V asn

(A#H)A J AdH
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is commutative. We further prove that naxng = na#nu : I — A#H induces a unit on
(A#H)". We have

s (1) 13- 99 by

A . A
T, - debih - @ ~ [ —aom
N
A H
A H

and

A#H

Then there is a morphism 77 : [ — (A#H)# such that j o7 = nagy. As it was done in
1.2.2, ((A#H)",V,7) is proved to be an algebra and j : (A#H)* — A#H an algebra
morphism. 0O

We will now prove that (A#H)* is an H-subcomodule of A# H.

Lemma 5.1.3 Let H € C be a flat Hopf algebra, A € C an algebra and M € CH with
structure morphism py 2 M — M ® H. Assume that M is a left A® A-module and that
par 18 left A ® A-linear, that is,

AQA M AQA M
M H M H.

Then M* is a right H-comodule via p := ty; o pyy: M* — (M ®@ H)* = M*® H and
Jar 2 MA — M is an H-comodule morphism (here tyr g is that from Diagram (2.1.15)).

Proof. Since py; : M — M ® H is left A ® A-linear, we have a morphism p5, : M*
— (M ® H)? so that the square in the diagram

1A JM M
P JpM
(M@H)AMM(@H
tMl:fil M@ H
M2 ® H

commutes. The triangle below commutes due to Proposition 2.1.15. As in the proof of
1.2.2, (ii), one may show that p = t]T/[%H o pi makes M# into an H-comodule and that j,
is right H-colinear. 0
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In view of the preceding lemma we will have that (A#H )" is an H-subcomodule of
A#H and j : (A#H)* — A#H is an H-comodule morphism if paxy = A ® Ay is
A ® A-linear. This holds if &y 4 = CIJI_{,IA:

AAA H A A A H
AAA H ( A A AH
/ f\ J J
ARQA A#H ARA A#H
cond.®
o nat. coass. nat. _
A#H §H A#H H.
A HH A H H
A H H A H H

As a subalgebra and a subcomodule of the H-comodule algebra A# H , the object (A#H)#4
is itself an H-comodule algebra ( 1.2.2). We record this fact in the following result.

Corollary 5.1.4 Let A be an H-module algebra, where H is flat, and suppose that the
braiding satisfies Py 4 = CDI_{’lA. Then (A#H)* is a right H-comodule algebra and j :
(A#H)A — A#H is an H-comodule algebra morphism.

In the context of our work the above condition on ® is satisfied by Proposition 2.2.5
because the braiding is H-linear.

This corollary proves 1). We now proceed to prove 2), that is, that (A#H)" is
faithfully flat.

Observe that A®(A#H)* =2 A#H = A®H in C. The first isomorphism holds because
A is Azumaya and hence we have an equivalence of categories A®@ — : C — 45C : (=)™
Recall from page 38 that due to our assumption that the braiding is H-linear, A is
Azumaya in C because it is so in yC. As an Azumaya algebra A is faithfully projective
and hence faithfully flat (Lemma 1.7.1). From Proposition 3.1.6 we know that H is
faithfully flat. Then we have by 1.2.1, (ii) that A ® H, and hence also A ® (A#H)* is
faithfully flat.

Let f,g: M — N and e : E — M be morphisms in C. Assume that

A® f
A®g

is an equalizer in C. It is also an equalizer in ,C due to 1.2.3, (ii). Being an equivalence,
A® —:C — ,44C reflects equalizers. Thus (£, e) is an equalizer in C and A ® — reflects
equalizers in C. Now we may apply 1.2.1 (iii) to conclude that (A#H)* is faithfully flat.

A® FE AQN

We finally prove 3), that is, that can syp)a is an isomorphism.
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An Azumaya algebra in yC is in particular an Azumaya algebra in C. Thus we have
that A® — : C — ,,zC is an equivalence of categories. Our strategy will be to prove
that A ® caniaypmya is an isomorphism, then by the equivalence so will be can g pya.

Recall from Remark 2.1.13 that the counit 3 : A® (A#H)* — A4 H of the adjunction
(A® —, (—)%) is given by the morphism 8 = Apaup (A ® j), where Yiapy : A® (A#H)
— A#H is the structure morphism. Since A is an Azumaya algebra, we know that [ is
an isomorphism in 4Cy4.

Let 0 : (A#H) ®4 A — A#H denote the corresponding isomorphism in 4C4 from
1.4.3 and w : [(A#H) @4 Al @ (A#H)* — (A#H) ®4 [A ® (A#H)"] the isomorphism
in 4C4 from 1.4.4. Consider the chain of isomorphisms:

A® (A#H)* @ (A#H)* (A#H) ® (A#H)"

HARH) ©4 A © (AH)A

(AH) @4 [A@ (A#H)]
B

(A#H) @4 (A#H).
We denote this composition in 4C4 by 0 : A® (A#H)A® (A#H)* — (A#H) @4 (A#H).
We further set 7 := B H : A® (A#H)*®@ H — (A#H)® H. Now we define a morphism
£ (A#H) @4 (A#H) — (A#H)® H as £ :== 7o (A® can(apmya) oo . If we show that
¢ is an isomorphism, then so will be A ® can(a4m4 and we will be done.

o

2 ®
RE IRe kg IR

We define the morphism
A= (Vagn @ H) o No (A#H) @4 pagn) : (A#H) @4 (A#H) — (A#H) @ H,

where each morphism in this composition is induced like the following diagram indicates
— A is the composition on the right hand-side edge:

(A#H) © (AeH) — e (AfH) @ 4 (AfH)
(A#H) @ pagn (A#H) @4 pag
(A#H) ® [(A#H) © H] — (A#H) @4 [(A#H) © H]
= A
(A#H) © (ApH)] © B (A4 H) @4 (AH) 0 H

m Vagn © H

(A#H)® H

where II := Haup app and II' := aup axmen. Observe that A is an isomorphism
because the third row of the diagram is a part of a coequalizer, since C is closed. From
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the diagram it is clear that
Aoll = canapp.

We are going to prove first that £ = A and then we will find the inverse for A. So & will
be an isomorphism as desired.

For that purpose we consider the following complex diagram. The composition of
morphisms on the right hand-side edge represents £ = 70 (A ® canagma) o o~ whereas
on the left hand-side edge are mostly the morphisms that induce the latter ones:

(A#H) ® (AfH) —L e (A1) @4 (A#H)
id® B id ®4 B!

(A#H) ® [A® (A#H)] v (A#H) @4 [A @ (A#H)A]

=~ w!

2L @id

[(A#H) ® A]© (A#H) [(A#H) ®4 A] @ (A#tH)"

e A®id [huy ©id S ®id

7

A® (A#H)* @ A® (A#H)? (A#H) @ (A#H)"

A .
1 ®id .
A@d ' ®id Astagin? B @id

A®A® (A#H)* ® (A#H)* [A® (A#H)"| @ (A#H)A

Vai®id®id =

i

ARI®]

A® (A#H) ® (A#H) A® [(A#H)" @ (A#H)"|

A® CanAy @ A® Can(A#H)A
AwjoH

AR (A#H) 2 H A® [(A#H)* ® H]

jass

Vai® H® (A#H)

Vi H®H [A® (A#H)"] @ H|
B H
(A#H) @ (A#H) (A#H)® H.

Cana#H

Here 1" := a4y ag(agmys and Iy := [y 4. Note that the diagrams (1), (2), (3), (6)
and (7) commute as they define morphisms on their right hand-side edges. Diagram (4)
commutes since 3 as counit (and hence also 371) is a morphism in 4C4, in particular it is
right A-linear. Diagram (5) commutes by the right A-module structure of A @ (A#H )4,
see (2.1.4). The object A® (A#H)* has a structure of an A-bimodule inherited from the
one of its left tensor factor A. Finally, (8) commutes since can is left A-linear. So the
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whole big diagram commutes.
Applying associativity in A, the equalizer property of (A#H)“ and naturality respec-
tively, we have:

(Va@H)o(Va®j)o(ARL i ) =

=(Va®H)o(A® V4@ H)o (AR A®j) o (AR P, 4)
= (Va® H) o (A® phpy) 0 (A® Paayn) o (AQA® ) 0 (A® P iy )
= (Va® H)o(A® pliyy) o (AR )@ A).

Tensoring this equality with 7 on the right, we get that the composition of morphisms
from the edges of diagrams (5), (6) and (8)

(VA H®(A#H)) 0 (AR j®j) o (Vi®id®id)o (A® ¢~ @ id)

becomes
(Va®H®id)o (A® phuy ®id)o (AR R A®J).

We substitute this and from the outer edges of the big diagram we get the following
situation where the outer diagram commutes:

(A#H) © (A#H) = (A#H) @4 (A#H)
pltept
A (A#H) @ A® (A#H) Feb (A#H) © (A4H)
ARjQRA®) Apagn @ id 9]
Aw (A#H) @ Aw (A 1LE Yany ) (A#H) ® (A#H) ¢
WAg(agm) © id T, I
A® (A#H) © (A#H) — 2 [Ae (A4H) 0.4 (A#H)
Aiagr @ id Aiagr ®a id
(A#H) ® (A#H) 11 (A#H) @4 (A#H) Ao (ApH) 0 H

where Iy := I ag(agm),axn. Here diagram (10) commutes by the definition of 5. Diagram
(11) commutes by the coequalizer property of [A ® (A#H)] @4 (A#H). Diagram (12)
commutes by the definition of 4y A#H @4 tday . Since also the outer diagram commutes,
diagram (9) commutes as well, yielding {II = AIL. But II is an epimorphism, so £ = A.

The next step is to find the inverse of A. For that purpose we define the morphism
0:(A#H)® H — (A#H) ® (A#H) by:
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A#H [

£,

A #H A#H

0=

and let 0 ;=100 : (A#H)® H — (A#H) ®4 (A#H). Let us prove that 6 is the inverse
of A. We have:

J A H A H A H AH
J antip. J
coass. cou'r_n't
?OAOHzgocanA#H: ass. ® ugt
® , .
'
(A#H)® A (A#H) (A H)® 1 (ARH)
(A#H)® A (A#H)
A#H A H A#HA H
] 2 U]
= ’ =

=1L
\ T o]
(A#H)@ 4 (A#H) (A#H)®a(A#H)

Since II is an epimorphism, we get foA = iAo, (A H)- Finally:

A H H A H H
A H H
® ® |
counit
7l mod.-alg. wnit
Aol =Aollol = canagpgol = 9 = o ©)
A H H
A H H A H H
A#H H
antip.
coass. counit
ass unit .
= ® = idasm)oH-
A H H

This finishes the proof of 3). Thus we have established:

Proposition 5.1.5 Let C be a closed braided monoidal category with equalizers and co-
equalizers. Let H be a flat Hopf algebra in C and suppose that the braiding is H-linear. If
A is an H-Azumaya algebra in C, then (A#H)? is an H-Galois object in C.
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We are going to show that the assignment
I1: BM(C; H) — Gal(C; H), [A] ~— [(A#H)"
just established is a group morphism. The proof will be long and technical. We will need:

Assumption 5.1.6 For any H-Galois object A and X € C it holds
AX AX
< =
XA XA
z'.e., (I)X,A(I)A,X = idA®X.
Note that Assumption 5.1.6 implies Assumption 3.4.1.
Proposition 5.1.7 Assumptions are like in the previous proposition together with As-

sumption 5.1.6. If A and B are H-Azumaya algebras in C, then there is an isomorphism
of H-Galois objects

(A® B)#H|"" = (A#tH)"Op(B#H)".

Proof. As the braiding is H-linear, H is cocommutative by Proposition 2.2.5. That the
above two objects are H-Galois we know from Proposition 5.1.5 and from the comment on
page 53, because Assumption 3.4.1 holds. In order to prove that they are isomorphic as
H-Galois objects, it suffices to find an H-comodule algebra morphism between them, in
virtue of Proposition 3.2.6. Now we explain the idea of the proof. Observe the following
diagram

(A®B)#HA*E —L (4o B)#H
a
(A#H) © (B#H)P —~ (A4 H) & (B#H)

s Jar ® jp

(A#H) Op(B#H)® —5— (AgH)A @ (B#H)?

aq

<X/1) B

/

P ®id
id @ N
Ja @ Jpr Ja @ H®jp

p R idg
(A#H) ® (B#H) —————=>(A#H) ® H ® (B#H),

idA/ & A
(5.1.4)

(A#H)* @ H® (B#H)?

where the notation we enlighten here:

A= AdH,  B':=B#H,  ¢:=eapm )b,

J = J(A®B)#H, J = JARm)e(BEH),
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pl= P(A#H)A S N o= )‘(B#H)Bv

P = PA#H, A= ApxH.

Since (B#H)® is an H-Galois object, the condition O pumysA = (D(_BI#H)B,A is fulfilled by
Assumption 5.1.6. We can use then the natural transformation ¢ from Proposition 2.1.16.
We are going to define a morphism « : (A ® B)#H — (A#H) ® (B#H) which will
induce ;. Then (;,17 a1 will induce ap and it will be an H-comodule algebra morphism,
which would finish the proof.

We define the morphism a : (A® B)#H — (A#H) ® (B#H) as a :== (AQ Pppy ®
B)(A® B ® Ag). We first show that « induces a; and that they are comodule algebra
morphisms. In view of Remark 2.1.11 we should prove that the morphism f := aoj :
[(A® B)#H|%8 — (A#H) ® (B#H) satisfies the equality

AwB [(AB)#H]ACS AQB [(A®B)#H]|A®B

(A#H)®(B#H)

(A#H)®(B#H)

(A#H)®(B#H) (A#H)R(B#H).

Denote the left hand-side by 3 and the right one by 2. Recalling the A ® B-bimodule
structure of (A#H) ® (B#H) from Diagram (2.1.16), we compute

A Bl(A®B)#H|A®E

A Bl(A®B)#H|A®E

A Bl(A®B)#H|4®5

H

coass.

coc.
nat. /
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A Bl(A®B)#H|4®B

Bl(A®B)#HA®

nat. (A®B)#H

P. 225

[l
s
S

5. Beattie’s sequence

A Bl(A®B)#H|A®E

We will show that « is an algebra and a right H-comodule morphism. For multiplica-
tivity it is to prove that the diagrams A and I" below are equal:

A B H ABH
(A@B)#H (A®B)# J J (AQB)#H (A®B)#H J
E
; I':=
(A#H)®(B#H) (A#H Q(B#H)

AB H AB H

B H.
We develop I' as follows
i n u B . A B " ABH A B H A B}H
i /S J}m
FBXgatA f fﬁ LLC)Z:Z‘s IIII}\ n%t, II/
S\S YoV
A H B H j L‘—J (
A H B H
A H B H
AB H A B H
y; AB H A B H
J J
P. 225 )
n;t ngﬁt. bza:lg. 1
’ (/ J
Kﬁ ( A H B H
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Using naturality of the braiding, one easily proves:

HH B
H H B IJ
ﬂ {
HBH S
H B H.

Note that the left hand-side diagram appears in V. We substitute the right hand-side
diagram in I'” and obtain

AB H A B H

< AB H A BH
p, A B H ABH
J ? NS
f nat.

I\ p 2as |

nat. coass. P. 225
at as 225 ),

This proves that « is compatible with multiplication. The compatibility with unit is
obvious.

We view (A® B)#H as a right H-comodule by the structure morphism (A® B)#Ag
and (A#H) ® (B#H) by (A#H) ® (B#Apg). That « is right H-colinear is true by the
coassociativity of H.

In Corollary 5.1.4 we have proved that ([(A® B)#H]®5, jaep)xn) is an H-comodule
algebra pair. Furthermore, analogously as in Lemma 5.1.2 one may prove that (((A#H)®
(B#H))*®B, jiazmesem) is an algebra pair. On the other hand, it is immediate
that the right H-comodule structure morphism (A#H) ® ppun of (A#H) @ (B#H)
is (A ® B)*linear. Thus by Lemma 5.1.3, ((A#H) ® (B#H))*®5, jiagmemem) is
an H-comodule pair. As a subcomodule and a subalgebra of an H-comodule algebra,
(A#H) ® (B#H))A®B is such as well (see 1.2.2). Having that « is an H-comodule
algebra morphism, we obtain from 1.2.4 that a; is such too.

We now prove that C;}’B,Oél induces as and that they are comodule algebra mor-
phisms. Note that triangle (2) in Diagram (5.1.4) is the one from Proposition 2.1.16.
From Proposition 5.1.5 we know that (B#H)? is an H-Galois object. Then because of
Assumption 5.1.6 the conditions of Proposition 2.1.16 are fulfilled and we have that (2)
commutes. Further, square (3) commutes by the way p’ and A’ are induced. Now, observe
that (A#H)“ and (B# H)® are equalizers and that both are (faithfully) flat. Therefore we
have that ((A#H)A ® (B#H)B, id(A#H)A ®jB’) and ((A#H)A & (B;'éfé[’I)B7 jA/ &® id(B#H)B)
are equalizers. By flatness of H we get further that (A#H)4 ® (B#H)” @ H and con-
sequently (A#H)* @ H ®@ (B#H)? are equalizers with the respective morphisms. This
gives us in particular that j4 ® H ® jp is a monomorphism, as a composition of the latter
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two equalizer morphisms.

We furthermore have ((A#H) ® )\B#H)a = (,oA#H ® (B#H))a. Indeed,

A B H
P. 225
coass. nat (L
A HHBH A H B H.

A HHBH AHHBH

We now compute looking at Diagram (5.1.4):

(Jar @ H @ jp)(p' @ idppmyr) ol pras =
3)
= (p (%) ZdBf)<]A’ ®]B’)CA/ B
)
(p ® idp)jor
2

p R idp)ag
ida @ Apgp)oy

(idar @ Npgr)jous
(idy @ Npyr) (jar © Jpr )l prats
(e @ H ® jo)(idiagma © N)Caprors.

L

2)

3)
Since j4 ® H ® jp is a monomorphism, we obtain that CZ/I,B/Oél induces a9 so that the
diagram (4) commutes.

It remains to prove that as is an H-comodule algebra morphism. From Corollary 5.1.4
we know that ((A#H)?, jagn) and ((B#H)®, jpyn) are H-comodule algebra pairs.
Viewing (A#H) (B#H) and (A#H)" ® (B#H)? as H-comodules via (A#H) ® ppun
and (A#H)'® p(B#m)B Tespectively, we have that they are H-comodule algebras. We have
commented before that (((A#H)®@ (B#H )", jiaxmesem) is an H-comodule algebra
pair. Now 1.2.4 applies to triangle (2), giving us that C;,%B, is an H-comodule algebra
morphism. That a; is such we have seen above. The morphism e : (A#H)A0y(B#H)?
— (A#H)* ® (B#H)? is an H-comodule algebra one, since (A#H)* and (B#H)? are
H-comodule algebras — we commented this on page 53. (Recall that (A# H)A0y(B#H)?
has the H-comodule structure via (A#H)*0yppyms.) This time 1.2.4 applies to dia-
gram (4) and we obtain the claim on «s. O

Proposition 5.1.8 Let C be a closed braided monoidal category with equalizers and co-
equalizers. Let Assumption 5.1.6 hold. Let H be a flat and commutative Hopf algebra.
Suppose that the braiding is H-linear. The map

I1: BM(C; H) — Gal(C; H), [A]— [(A#H)]

s a group morphism.
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Proof. Recall from Proposition 2.2.5 that since the braiding is H-linear we have that H
is cocommutative. Due to Theorem 3.5.1, Gal(C; H) is then a group. The map II is now
defined in virtue of Proposition 5.1.5. It is now to prove that II does not depend on the
representative of a class in BM(C; H) and that it is compatible with multiplication.

We are first going to prove that for any faithfully projective H-module M in C one
has ([M, M|#H)MM =~ [ in Gal(C, H). For this purpose we will define a morphism
o:H — ([M, M]#H)[M M By Proposition 3.2.6 it will be an isomorphism of H-Galois
objects if we show that it is an H-comodule algebra morphism.

Let 6 : H — [M, M] be the algebra morphism induced by the H-module structure of
M as in Lemma 2.2.1, 1). The morphism ¢ will be induced by ¢’ := (0S®H)Ag. We check
that it factors through ([M, M]#H)M M) Due to Remark 2.1.11 and Diagram (2.1.10)
this will hold if we prove that

(M, M] (M, M}Eﬂ
(M, M]#H [M,M]#H.

Applying the structure of an [M, M]-bimodule on [M, M]#H described in (5.1.2), we get
that the above question is equivalent to

(M, M] H
[M,M] H
(M, M]
[M,M] g

The left hand-side we denote by © and the right one by T. We develop T as below,
where in the third equation we apply the H-module structure of [M, M] described in
Lemma 2.2.1, 2),

T nat.

AN

o,

"o

|

<le

=

®
@
=
Eos, hC

(M,M] 1 MM
IM,M] g [M,M] H
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[M,M)] [M,M)] H
M, ]\/I] H
[M,M] H
(% P. 225
alg.m. antzp alg m. nat o’
r ﬂ
ﬂ [M,M] g
[M M)
[MM] g MM] g

This proves that ¢’ induces the morphism o : H — ([M, M]#H)MM] such that o' =
j[M,M}#H 00.

We have that jjaansn and, since H is flat, also jjamsn @ H are monomorphisms.
From Corollary 5.1.4 we know that ji ajun is an H-comodule algebra morphism. Then
by 1.2.4 we have that o will be an H-comodule algebra morphism if so is o”.

That o’ is H-colinear is clear by the coassociativity of H. The multiplicativity of o’
follows from

H H H H
[4
bzalg ant'Lh @ @ comm. @ @ g:
[M M
[]VI M) [M, M] H [M,M] H [M,M] §.

[M M)

It is clear that ¢’ is also compatible with unit. This finishes the proof that ([M, M]# H)M-M]
>~ H as H-Galois objects.

We now prove that II does not depend on a representative of the class in BM(C; H).
Take two H-Azumaya algebras A and B such that [A] = [B] in BM(C; H). Then there are
faithfully projective H-modules P and @ such that A® [P, P] 2 B® [Q, Q] as H-module
algebras. Using the result established in the previous paragraph and Proposition 5.1.7,
we have

(A@ [P, Pl)#H)ASIPPT = (A H) Oy ([P, P4 H)IPP)
= (A#H)"0OyH
= (A#H)"

and analogously

(B®[Q, Q])#H)B@)[Q,Q] (B#H)BDH([Q, Q]#H)[Q’Q]
(B#H)P0OyH

(B#H)".

The two expressions on the left hand-sides are isomorphic because of the assumption
A®[P,P] 2 B®[Q,Q]. The isomorphism of the expressions on the right hand-sides then

e 11211
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means that I1([A]) = II([B]) in Gal(C; H). Thus II is well defined. From Proposition 5.1.7
it follows that II is a group morphism. 0O

Similarly as in the above proposition we may define a group morphism I1" : BM,,,,,(C; H)
— Gal,,(C; H), where BM;,,,,(C; H) is the group from Lemma 2.2.8. The establishment
of this morphism is supported by the following proposition, which generalizes [3, Proposi-
tion 3.4] for symmetric monoidal categories to braided monoidal not necessarily symmetric
ones.

Proposition 5.1.9 Let C be a closed braided monoidal category with equalizers and co-
equalizers. Suppose H is flat and that the braiding is H-linear. The action on an H-
Azumaya algebra A is inner if and only if (A#H)” is a Galois object with a normal
basis.

Moreover, if H is commutative, we have a group morphism

I : BMp(C; H) — Galy(C; H), [A] — [(A#H)A].

Proof. Suppose A is an H-Azumaya algebra with inner action and the corresponding
morphism f : H — A. Since A is an Azumaya algebra, the adjunction (A ® —, (—)%) is
an equivalence of categories, hence A4 = (A ® I)* = I and we have that the equalizer
(A4, j4) from Definition 2.1.10 is isomorphic to the equalizer

[ 424 (4,40 A 4, A Al
[A, VO]
Having that H is flat, we obtain that
= [A,V]® H
pIAOH o g TSl s Aen - A AeAeH
[A, VO] @ H

is an equalizer, too. Define § : A9 H — A®H as 0 := (VA H)(A® f@H)(A®Ag). Let
us prove that djapy : (A#H)? — A® H induces ¢ : (A#H)* — H using the equalizer
property of (H,n4 ® H). For this we will need the following identities:

A (A#E)A A (A#H)A A (ARH)A
-
m
A (A#H)A ¥
' J P. 225 t.
Azn ke e (5.1.5)
A H 1
A H A H 4 a
A A A AA

] - 519
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We compute:

A (ARH)A B
A (A#H)A 4 A
ﬁ o ass. P. &2 5
A H
A H

A
A (AgmA

A (AgH)4
Fhef
nat. _ | L2
A H.
A H

This proves that djaun : (A#H)? — A ® H induces § : (A#H)* — H such that
0jagrn = (Na ® H)J. Clearly, 6 and n4 ® H are right H-colinear and by Corollary 5.1.4 and
Proposition 2.2.5 we know that j44 g is such as well. Then by 1.2.4, ¢ is right H-colinear,
too. In order to find the inverse of 0 we prove that the morphism ¢ := (f' ® H)Ay : H
— A ® H factors through (A#H)*. We need the following equalities:

nat.
coass.

We now have

—

A H unit
counit !
nat. P. 225

=

A H
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A (Agm)A A (A2

1
nat
inner nat P. 225

H

so ¢ : H — A® H induces (:H— (A#H) so that jaun( = (. We now prove that ¢

and ¢ are inverses of each other. It is
A H
i~
A H

(Va® H)(A® ()0 = idagn.
We tensor this from the right by jiux and we obtain applying djiun = (14 ® H)J:

A H

i.e.

Jagn = (Va®@ H)(A®)(na® H)d = (Va(na ® A) @ H)(6 = (0 = jagpnCod.

Since jaxpm is a monomorphism, we get (od= id(apmya. Similarly, we have

H H
coass. antip.
- - ﬂ =ma®H
H H A H

MA@ H =6 =0japnC = (na® H)do(.

Having that 4 ® H is a monomorphism, we obtain 6 o( = idy. This proves that (A#H )4
is a Galois object with a normal basis.

that is,

Conversely, suppose there is a right H-comodule isomorphism ¢ : H — (A#H)4. The
unit 8= (Va® H)(A® jagn) : A® (A#H)* — A® H of the adjunction (A® —, (—)4)
is an isomorphism, because A is an Azumaya algebra, Remark 2.1.13. Let us prove that

% and u— A#

are convolution inverses of each other. Being jaxpm right H-colinear, then so are clearly
B and B~ Moreover, (7! is such as well, so
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where in the equation between the fourth and the fifth diagram we applied that ( and £
are right H-colinear. We finally have

H A
TR
.
A oass. J ass. P 225
ﬁ — - colin. j counit (5.1.5)
A mﬂ
A

i.e. the H-action on A is inner.

We finally show that IT' : BM;,,,,(C; H) — Gal,,(C; H), [A] — [(A#H)"] is a group
morphism. By Corollary 3.5.6 we know that Gal,,;,(C; H) is a group. Observe that Assump-
tion 5.1.6 in Proposition 5.1.7 was only used for Galois objects of the form (A#H)# for an
H-Azumaya algebra A. In the setting of Proposition 5.1.9 H-Azumaya algebras have in-
ner actions, so (A#H)* is an H-Galois object with a normal basis and Assumption 5.1.6
is satisfied in virtue of Proposition 3.5.7. If in Proposition 5.1.7 we take H-Azumaya
algebras A and B with inner actions, then the obtained isomorphism will be of H-Galois
objects with a normal basis. Now, as in the proof of Proposition 5.1.8 one proves that
I : BM;,n(C; H) — Gal,,(C; H) is a group map. 0
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5.2 From an H-(Galois object to an Azumaya algebra

In this section we will prove that every H-Galois object gives rise to an Azumaya algebra.
This will make possible for us to prove in the next section that the maps II : BM(C; H)
— Gal(C; H) and II' : BM,,,,,(C; H) — Gal,,,(C; H) are surjective.

We first prove a lemma that will be needed in the proof of the final result of this
section. A part from the smash product defined in Lemma 5.1.1 there is a right-left
version of it. Let A be a right H-comodule algebra and B a left H-module algebra.
Suppose Py 4 = @I}} 4 and @y p = CD;I’lB. The smash product A B in this case is defined
as follows: AOB = A® B as an object in C, the multiplication is given by

A B A B
AOB  AOB Z
Vr/ = (5.2.9)
AOB
A B

and the unit is n4 ® ng. Suppose H € C is a finite Hopf algebra. Then H* is a coalgebra,
by 1.5.6. We have that H* is a left H-module by

H H* H H*
H H* L \
N ﬁg nat. (@ (5.2.10)
.
H* H* .

Qg p = @I}}H*, with the above structure H* becomes a left H-module algebra. Assum-

ing that in addition ®y 4 = @1},1 , is fulfilled, we may consider the smash product A< H*
from (5.2.9).

Lemma 5.2.1 Let A be a right H-comodule algebra. Suppose H 1is finite and @y - =
CIDI_{}H* and Py 4 = (IDI_{}A. There is an isomorphism of categories F : CH —s Aom+C-

Proof. An object M € C¥ is proved to be a left AQH*-module via

H* M
AOH* M
< = |
M

M

b

Take N € ,5-C. Then N becomes an object in CH by the left H*-action and right
A-action

H* N
H* N N A
ﬁ = [Aom and =
|
N N
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- we view N as a right H-comodule by 1.5.8 (ii). With the above defined structures F is
an isomorphism of categories. 0O

Lemma 5.2.2 Let T be an algebra and H a finite object in C. There is an isomorphism
Oy : T® H* — [T ® H,T|r satisfying:

TQH* TRH
TH*T H

@
iJ - Uﬁj (5.2.11)
@ T .

Proof. The codomain of 6y is the right version of what we defined in 1.3.2. It is the

equalizer
u

[T'® H, Ty ——~ [T ® H,T] T®H®T,T),
where u and v are given by the commutative diagrams
TeHTI®T@H®T o T TeT
uRTQH®T J J \V4
TeHT,TI®TQH®T T (5.2.12)

ev
and

T®H,T)® phyy

ToHTIT®HT ToHTT®H

U®T®H®T{ Jev

T@HRTTI®TQHQ®T — T (5.2.13)
and plyy : T®H®T — T ® H is the right T-module structure morphism of T'® H
given by

T HT

J
M?@H: m
T H

Observe that in this right module structure we use the braiding of the opposite sign
to that which appears in the structure (3.1.3) and (2.1.4), which we used repeatedly so
far. The structure that appears above we will use only in this section. The results of this
section hold independently from what we have proved so far. This difference of structures
will not present an obstacle in our further work, as in the next two sections, where we
will apply the results of this one, the braiding will be H-linear by the assumption. Thus
we will have in particular ®y 1 = CI)I_{,IT’ so the two a priori different structures will be the
same.
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By the universal property of ([T® H,T|,ev : [T®H, T|®@ T® H — T) the morphism
on the right hand-side of the expression (5.2.11) determines a morphism ¢’ : T'® H*
— [T'® H,T] so that

TQH* T®H
T H*T H

J
t@) - Lf\j (5.2.14)

Then ' : T ® H* — [T ® H,T] will induce 0y : T ® H* — [T ® H,T)r so that 10y = ¢’
(which is (5.2.11)) if we are able to show that w6’ = v@'. This is true because of the
universal property of ([T®@ HRT,T],ev: [TOQHR T, T|@ T® H® T — T) and the
computation:

TQH* T H T

TQH*TRHRT TRQH*TRH T TH*T HT 3 TQH*TQHRT
TH*T HT Py
J nat.
(5.2.12) U 9 \J ass. gj 9 et (5.2.13)
= = = = [T&H] =

€

@ . & @

T T T T T

Before defining the inverse for 6, we observe that the equalizer property of ([T® H, T, )
after evaluation of v and v at T"® H means:

T®H,T
[T®HT|r TRHT [ o T HT

- (5.2.15)

[T®H,T]r

£ = ToH
T H*.
Then we have
TeH T H*
B
L (5.2.14) w7 (15.11)
oy = = J =" idron-.
€
T H*
T H*

On the other hand, it is



112 5. Beattie’s sequence

[T®H,T|r

[T®HT T TQH
[TQHT)r T g . (7] [dp=] [T®HT T ToH
(5.2. 14) w [TeH] (5.2. 15) (1.5.10)
@ [T®H]

which by the universal property of ([T'® H,T),ev : [T ® H, T] ®@ T ®H — T) means
that 1 0 0y 0o { = +. But ¢ is a monomorphism, so 0y o § = idjrew, 1), 0

Lemma 5.2.3 Let H be a finite Hopf algebra and T a right H-comodule algebra in C.
Then T is a left T#H*-module via:

Proof. As aright H-comodule algebra, T is a left H*-module algebra, since the categories
CH" and p-C are monoidally isomorphic, 1.5.8. The left H*-module structure on 7T is
given by (1.5.18). This we apply in the first equality in our proof of the T'#H*-module
axiom for T,

TH#H* THH* T
THH* TH#H* T THH* T#HH* T

R

TH#H* T
TH#H* T # TH#H* T

comod.
(1.5.15) nat. nat.
nat ass. (’omod ~alg.

so the first module axiom is satisfied. For the second one we have

W

THH* T#H* T

H°‘

idT. |
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The following two propositions are inspired by [42, Theorem 9.3], where the result
was done for a commutative Hopf algebra H over a commutative ring and commutative
H-Galois objects.

Proposition 5.2.4 Let H be a finite Hopf algebra and T’ a finite right H -comodule algebra
inC. ViewT as a left T#H*-module as in Lemma 5.2.3. Denote by ¢ : TH#H* — [T, T
the algebra morphism induced by this module structure (Lemma 2.2.1, 1)), i.e.:

TQH* T TH*T
-
=
T
Define a morphism V : T ® H* — T ® T™* given by the commutatwe diagram.:
T H* v ST T
On 0"
T®H,T TRT,Tr.
[ ® I, ]T [CCL’/LT,T]T [ &1, ]T

where O and 01 are the isomorphisms from Lemma 5.2.2. If we denote by db : T ® T*
— [T, T the dual basis morphism for T, then ¢ = dbo V.

Proof. Consider the contravariant functor [—, 7] : C — C which acting on an object gives
the usual inner-hom object. If f: X — Y is a morphism, then [f,T]: [Y,T] — [X,T] is
a morphism defined via the universal property of ([X,T],ev:[X,T]® X — T) by

Y1 x Y7 x
@
T T.

Now, [canr,T|r is the corresponding right version of the morphism 4[M, f] defined in
1.3.2.

Since T" and H are finite we have from Lemma 5.2.2 that 65 and 67 are isomorphisms,
thus ¥ is well defined. We have

T#H* TQT T#H* TRT T#H* TQT T#H* TQT
# ® # ® # ® T#HT®T # ®

T#H” T T
\I/ T
(5 2.11) g [[ean, 1] [can T]T o T] [can T (5 2.11)

T

Applying this to T#H* RNr T, we obtain

T#H* T
T#H T T#H T T#H* T
\p db
db umt o
T,
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which by the universal property of ([1,7],ev : [T, T]® T — T) implies dbo ¥ = .

Proposition 5.2.5 Let C be a closed braided monoidal category, H a finite Hopf algebra
and T an H-Galois object. Assume either of the following two conditions is fulfilled:

1. g =Py and Ppyr = Oy'p;
2. T has a normal basis.

Then T is faithfully projective. Consequently, ¢ : TH#H* — [T,T] (from Proposi-
tion 5.2.4) is an algebra isomorphism in C.

Proof. Let us first prove that T is faithfully projective.

1) Assume @py g+ = @I_{}H* and Py = (P;LIT. By Theorem 3.2.3 we have that the
functors (— ®@ T, (—)°H) establish a C-equivalence between the categories C and CH. Due
to Lemma 5.2.1, F : Cff — 7,4.C is an isomorphism of categories, let G : 75 .C — Cff
denote its inverse functor. Observe that they are C-functors. Then we get that F(—®T) :
C — 7¢u+C is a C-equivalence of categories. This means by Theorem 1.6.5 that we have a
strict Morita context (I, B, P,Q, f,g) with B := TOH*, P = (G(B))°!,Q := F(T) and
f and ¢ are isomorphisms. Since the category is closed, P and () are bicoflat, see 1.4.8.
Now by Theorem 1.6.8 in particular @ is right faithfully projective (over I).

2) Assume 7T has a normal basis. Then T' = H, as objects. Furthermore, due to
Proposition 3.1.7 we know that H, and hence T, is faithfully projective.

We now proceed to prove that the morphism ¢ : T#H* — [T,T] from Proposi-
tion 5.2.4 is an algebra isomorphism. Having that T is faithfully projective, we get in
particular that it is finite. Hence the morphisms db: T ® T* — [T, T| and 07 : T @ T*
— [T ® T, T)r from Lemma 5.2.2, are isomorphisms. On the other hand, since T is an
H-Galois object we have that can : T"® T — T ® H is an isomorphism. Then so is
[cany, T)r and consequently ¥ : T'® H* — T ® T* from Proposition 5.2.4. The claim
now follows from the above proposition. 0

If T is an H-Galois object and the conditions of Proposition 5.2.5 are satisfied, we
then have that T is faithfully projective. By Proposition 2.1.3 then [T',T] is an Azumaya
algebra. The isomorphism of algebras T# H* = [T, T| makes now T#H"* into an Azumaya
algebra.

5.3 Surjectivity of II

In what follows we will equip T#H* with an H-module structure so that it becomes
an H-module algebra. This will make it an H-Azumaya algebra in view of the above
paragraph. Our goal then will be to prove that [T#H*] is a preimage in BM(C; H) of
[T] € Gal(C; H) through II. Thus the map II : BM(C; H) — Gal(C; H) will be surjective.
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Lemma 5.3.1 Let H € C be a finite commutative Hopf algebra and T € C a right H-
comodule algebra. The object T#H* is a left H-module with the structure:

HT H*
N

THH*
T H*.

If furthermore ® is H-linear, then the above makes T#HH* into a left H-module algebra.
Proof. We first have to check that the diagrams

HHT H* 2 H T .
H H T#H* L L L e
L= H = \iﬂ and 1 = qj =R
T#H" W 1 THH*
T H* T H*

are equal. Starting by applying commutativity of H and naturality, we develop L as
follows

H H *
HHT H* t L
nat.
I — (1.:.15) 1 2x§at. \\ nat. cogs.R.
\ \
D)
T H* LS

The compatibility with unit is also satisfied,

H*

TH#H nr T .
T4 H* l - 1 I T#H*.

This H-module structure will be compatible with the algebra structure of T#H*. To
prove this we should show first that

THH* THH*
g TaH T#HE* T # #

S

Note that the multiplication in T#H* — the one from Lemma 5.1.1 — involves an H*-
module structure on 7. As a right H-comodule, T is a left H*-module with the structure
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given in (1.5.18). Together with the above proved H-module structure on T#H* the

preceding question transforms to
H*T

:

T  H .

T H*
HT H* T H* J

J

I
@S

<

Let > and €2 denote the left and right hand-side diagrams, respectively. We develop > as

follows:

HT H* T H*
HT H T H* J
bial <1nrat1.3) nat.
nalqg. 0. coass.
P 2 s
T H*
T H*
T H

H T H H*

S ﬁ\m -
It - |
\d\fj] | Sl oL

T

——

T H*

We have applied 1.5.7 in the penultimate equation which assures that H* is cocommu-
tative, since H is finite and commutative by the assumption.

Finally, the H-module structure of T# H* is compatible with the unit,



5.3. Surjective assignment 117
H
H
i H H
. L . LL (1.5.14) l )
LAy b .
T#H* T Hr THHT
T B T H*

Let us remark that in [12] the author uses a slightly different left H-module structure
on TH#HH*:

HTH
HT®H

T®H

However, when H is commutative and the braiding is H-linear, as we will suppose in our
main theorem, this structure coincides with that from Lemma 5.3.1.

As announced we now prove that II is surjective if in addition the Hopf algebra H is
finite and the braiding is H-linear. We do this by showing that TI([T#H*]) = [T]. Let
v (T#H*)#H)T#H — T be the morphism given by v := (T ® ey ® ey) 0 j. We prove
that ~ is an isomorphism of H-Galois objects by proving that it is an H-comodule algebra
morphism. Before this let us deduce several identities that hold on [(T#H*)#H|#1".
To its equalizer property, expressed in Diagram (5.1.3) with A := T#H*, we will apply
0:=T®ep ®ecy. Recalling the algebra structure of A = T#H* (taking into account
the left H*-module structure of the right H-comodule T'), we obtain

(T#H #H|T#H”

T mr (T#HO)HHTHE
ﬁ

U L |

\I

<
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By the corresponding properties of €’s this simplifies to

T mr [(THH*)#H]T#H

7 Hr (T#H?)#H|T#E

B

(5.3.16)

Neutralizing the braiding @y - (74 p+)pmr+6+ on the right hand-side, we compose the
whole equation from above (in the braided diagrams orientation) with @T; H (T4 H ) H]T#H
Then the above expression takes the form

[(T#H )#H JTHHT

On the other hand, from (5.3.16) we can obtain further equations,

(T#H*)#HTHE 7 g

—
/ (5.3.17)

T (T#H*)HHTHT

T (THH ) #HTHH
T (T#H*#HT#H

7 (THH )4 HT#H
o (5.3.18)
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and similarly

(T )4 HT#IT

HA(T#H*)#H]T#

== (5.3.16)
T
T
which is equivalent to
<T#H Y#H|THI
[(T#H Y#H|THI mel(TH#E)#HTHE
‘ ‘ ( (5.3.19)

T

Now we are going to prove that v : [(T#H*)#H|T#H" — T is an algebra morphism.
With the same notation as above, 0 =T ® ey~ ® ey and A = T#HH*, we have that v will
be multiplicative if

(A#H)A (A#H)A (AH)A (A#H)A
= [e] [o]
T T.

Since j is an algebra morphism (Lemma 5.1.2), this amounts to

(A#H)* (A#H)A (A#H)A (A#H)A
= =
[o]
T T.

It would be satisfied if o were multiplicative. However, this does not seem to be the case.
This is why we make a more elaborate computation. We substitute back A = T#H"*,



120 5. Beattie’s sequence

then the last equation that is to prove becomes

(T#H*)#HTHH(THH* ) H]T#H
L 1 L]

J J (T#H* ) H) T#H (T4 H )4 H]T#H
L7 ] [ 7 ]
T.

T

We denote the left hand-side by ¥ and the right one by 2. Knowing that €’s are multi-
plicative and because of their compatibilities with comultiplications, we can rewrite and
further develop ¥ as follows

(THH*)#H]T# T (T4 H* )¢ H)T#H
(THH* ) HT# (T H* ) H]T#H

= (5.3.17)

(5.3.18)
A 516 ¢y

In the last equation we applied Assumption 5.1.6 referring to ®7.7 and ®p g-.

Similarly, v will be compatible with unit if v o g aupya = 0 0 j o nagma = nr. But
from Lemma 5.1.2 we know that j o nagmya = nagn. With M = (T#H*)#H it is clear
that o o nyy = np. With this we have proved that ~ is an algebra morphism.

We prove that « is right H-colinear by proving that it is left H*-linear (recall 1.5.8).
We consider T as a left H*-module by (1.5.18). Recall that A#H is a right H-comodule
via AQ Ay (put A =T#H?*). Then by 1.5.8 we have that A#H is a left H*-module with
the structure given by (1.5.18). Analogously as in Lemma 5.1.3, then (A#H)# inherits
its left H*-module structure from A# H, which satisfies

H* (A#H)4

H* (AfH)A
= (5.3.20)
JF 1
A#H w
A H.
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If we now put back A = T#H"* and use 0 =T ® eg+ ® €, then v will be left H*-linear

if we show . -
H(T#H*)#H)T#H HA(T#H*)#H|T#H

ﬂlHJ{
I
Iy

Again, o is not left H*-linear, that is why we make the more elaborate computation.
Applying Diagram (5.3.20), the definition of o and the H*-module structure of 7', we get
that the above question becomes

S[(THH*)#H]THH .
HACTHEEFHTTE eirsney s

But this is fulfilled because of (5.3.19). Hence v : [(T#H*)#H|T#H" — T is right
H-colinear and summing up it is an isomorphism of H-Galois objects. Recall from
Lemma 1.5.4 that since H is finite, it is also flat. Then we have established:

Proposition 5.3.2 Let C be a closed braided monoidal category with equalizers and co-
equalizers with Assumption 5.1.6 fulfilled. Let H be a finite and commutative Hopf algebra.
Suppose that the braiding is H-linear. Then the map 11 : BM(C; H) — Gal(C; H) is sur-
jective.

Corollary 5.3.3 Let C be a closed braided monoidal category with equalizers and co-
equalizers. Let H be a finite and commutative Hopf algebra. Suppose that the braiding is
H-linear. Then the map 11" : BM;,,,,(C; H) — Gal,,(C; H) is surjective.

Proof. Let T be an H-Galois object with a normal basis. Due to Proposition 5.2.5, 2)
we have that T#H* is an Azumaya algebra. By the same Lemma 5.3.1 the latter is
an H-Azumaya algebra. In the above proof that II([T#H*]) = [T] for [T] € Gal(C; H)
we used on page 120 that &7 and ®r g are symmetric. If we now assume that 7' is
an H-Galois object with a normal basis, then these two symmetricities are fulfilled by
Proposition 3.5.7 and we get II([T#H*]) € Gal,,(C; H). By the sufficient condition of
Proposition 5.1.9 we get that [T#H*| € BM,;,,,,(C; H), thus IT' is surjective. 0

5.4 The split exact sequence

Consider the sequence

1 — Br(C) —L+ BM(C; H) L+ Gal(C; H) — 1.
p
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The map ¢ is an embedding sending a class [A] € Br(C) to the equivalence class of
A in BM(C; H), where A is equipped with the trivial H-module structure. The map
p: BM(C; H) — Br(C), induced by forgetting the H-module structure of an H-Azumaya
algebra, is obviously a group morphism and clearly it is pogq = Idg,(c). Thus the sequence
is split and we know from the previous section that II is surjective. We prove exactness
at BM(C; H).

We easily conclude that Im(q) C Ker(Il). For an Azumaya algebra A € C with
a trivial H-module structure it is A#H = A ® H as algebras. By the equivalence of
categories given by the pair of functors (A ® —, (—)?) we get that (A ® H)* = H as
objects in C. In order to prove that this is an isomorphism of H-Galois objects we
prove that it is a right H-comodule algebra morphism. Observe the Diagram (2.1.12)
of Lemma 2.1.14, defining the unit ¢ : H — (A ® H)? of the above adjunction, with
M = H. The morphism n4 ® H is clearly a right H-comodule algebra one, as so is jagw,
by Corollary 5.1.4. Now by the triangle transmission 1.2.4, ( is such a morphism as well.
Thus II([A]) = [(A#H)"] = [(A® H)*] = [H], so [A] € Ker(II).

Suppose that Im(q) C Ker(II). Since p(Ker(II)) C Br(C), there exists an H-Azumaya
algebra A which determines two different classes [A;] and [As] in Ker(II). This algebra
has two different H-module structures in BM(C; H), a non-trivial one and a trivial one.
As the underlying Azumaya algebra is the same, it is p([A41]) = p([Az2]).

We will show that p is injective when restricted to Ker(II). Then we will reach a
contradiction with [A;] # [A3] in Ker(IT). This will prove that Ker(IT) can not be larger
than Im(q), and so ¢(Br(C)) = Ker(II).

We proceed to prove that the morphism p : BM(C; H) — Br(C) restricted to Ker(II)
is injective. Suppose that p([4]) is trivial in Br(C), for [A] € Ker(II). Then there is an
algebra isomorphism 6 : A — [P, P], for some faithfully projective object P € C. On the
other hand, we have an H-comodule algebra isomorphism w : H — (A#H)#. Consider
the equalizer algebra morphism j : (A#H)* — A#H. The composition (A#tcy)oj :
(A#H)* — A#H — A is denoted by e. Then we have that eow : H — A is an algebra
morphism. We are going to define an H-module structure on P. This will induce an
H-module algebra structure on [P, P] (by Remark 2.2.4). Then we will prove that ¢ : A
— [P, P] is a morphism of H-module algebras, thus A will become trivial in BM(C; H)
and we will have the claim.

Lemma 5.4.1 Let £ :=doeow : H — [P,P|. Then the following morphism defines a
left H-module structure on P:
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Proof. For the compatibility with the multiplication in H we find

o " iI p o HH P
nat. : : mult. @@
N é\@ Heomm. Q| “in i
@ S:antih. &:alg.m. [P’_P] —
= = - @
@ @ P
P P P P

using the algebra structure of [P, P] introduced in 1.3.1. For the compatibility with the
unit

P
! S P
©) Ig.m.
. ag:m w 1.:312dP
@@
P

v ®

|
Let ¢ : H — [P, P] denote the algebra morphism € from Lemma 2.2.1, 1) correspond-

ing to the left H-module structure of P from the above lemma. Since our Hopf algebra
H is (co)commutative we have that S? = idy. This implies further

P

(1@ =
(@@ =

H P
L. 221 @4 o
P

©
P

P
H P
)
p P.
By the universal property of ([P, P], ev : [P, P] ® P — P) this implies
polS=¢. (5.4.21)

Recall from Lemma 2.2.1, 2) that the H-module structure on P induces an H-module
structure on [P, P| making it into an H-module algebra. This structure was given by:

H [PP]
H [PP]
[P,P]

[P,P].

Lemma 5.4.2 Assume the braiding is H-linear. With the above H-module structure on
[P, P], the morphism § : A — [P, P] is left H-linear.
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Proof. We know from Corollary 5.1.4 that the morphism j : (A#H)* — A#H is right
H-colinear. Using the equalizer property of ((A#H)*,j) and writing out € = (A#tey) o,
we deduce

A

T

A H A i
=
A n "
_ cou:nit H—(élin. _ (5422>
A
A.
A
A
We now have:
o A
nat. eow
(5.4.21) (5.4.22)
[°]
[P,P]

O

We have done half of the work to prove the main theorem of the first part of the
dissertation:

Theorem 5.4.3 Let C be a closed braided monoidal category with equalizers and coequal-
izers. Consider that Assumption 5.1.6 is fulfilled. Let H be a finite and commutative
Hopf algebra. Suppose that the braiding is H-linear. Then there is a split exact sequence

1 — Br(C) —L~ BM(C; H) 1~ Gal(C; H) —~ 1.
p

Furthermore,
BM(C; H) = Br(C) x Gal(C; H).
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Proof. It just remains to prove the last statement. By the definition of the morphism
q : Br(C) — BM(C; H) and surjectivity of IT : BM(C; H) — Gal(C; H) we have the

following situation

Br(C) BM(C; H) Gal(C; H)
[A] [A]
[T#H"] [T].

We are going to prove that [A] and [T#H*] commute in BM(C; H). This will be done
by showing that the braiding acting between T#H* and A is a left H-module algebra
morphism. Since ® is left H-linear, ® is right H-colinear, by Proposition 2.2.5, 3). In view
of 1.5.8 this means that ® is left H*-linear, since H is finite. In particular, ®g+ 4 = (IJI_{?A,
because of Proposition 2.2.5. On the other hand, T is an H-Galois object, then by
Assumption 5.1.6 we have &p 4 = @;}A. We will show that ®pup- 4 is a left H-module
algebra morphism.

Consider (T#H*)®A and A®(T#H*) as left H-modules by the codiagonal structures.
However, since [A] € Br(C), we have that A is a trivial H-module, so the above two
respective H-module structures will be induced by the one of T#H*. Recalling the left
H-module structure of T# H* from Lemma 5.3.1 we find

HTHA

H*
HT®H A A R H T®H A
AT®H ALT e A T®H

This proves that @7y g+ 4 is left H-linear. That (IDT# H* A 1S compatlble with multiplication
follows by naturality,

THATHA

T H* A TH*A T H* A TH*A
T#HH*A T#H A s cond. Z (T#H JRA (T#H™)
J /\ P J J
/ nat. Prxa - T#H
\A@(T#H \A@ TH#H") - - -
A®(T#H ) I 4 Ia S A T#H
A T H* A T H*

Obviously @74+ 4 is compatible with unit, so it is an algebra morphism. Thus we have
proved that BM(C; H) = Br(C) x Gal(C; H). 0

Theorem 5.4.4 Let C be a closed braided monoidal category with equalizers and coequal-
izers. Let H be a finite and commutative Hopf algebra. Suppose that the braiding is
H-linear. Then there is a split exact sequence

1—— Br(C) —L BM,.(C; H) s Galy(C; H) — 1.
p
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Furthermore,
BM,n(C; H) = Br(C) x Gal,,(C; H).

Proof. As in the proof of the above theorem we get that

1— Br(C) é BM,,,,,(C; H) 1L Gal,(C;H) — 1
J

is a split exact sequence. In the proof on page 125 that ¢([A]) and [T#H*| € TI-([T])
commute in BM(C; H), for [A] € BM(C; H) and [T] € Gal(C; H), we used that ®y« 4
and ®r 4 are symmetric. Now assume [A] € BM,;,,(C; H) and [T] € Gal,,(C; H). The
argument for ® g« 4 is the same - it does not have to be changed. In the case of &7 4 our
H-Galois object T" has a normal basis, hence the assumption on symmetricity is correct
by Proposition 3.5.7. With this we prove following the old proof that

BM,un(C; H) = Br(C) x Gal,,(C; H).

Corollary 5.4.5 Let C be a closed braided monoidal category with equalizers and coequal-
izers. Let H € C be a finite and commutative Hopf algebra. Assume that the braiding is
H-linear. If Gal(C; H) = Gal,,(C; H), then BM(C; H) = BM;,,,(C; H).

Proof. Take [A] € BM(C; H). Then II([4]) € Gal(C; H) = Gal,;(C; H). Now by the
sufficient condition of Proposition 5.1.9 we obtain that [A] € BM;,,(C; H). 0

If the assumption from this corollary is fulfilled, the decomposition from Theorem 5.4.4
obviously implies that the decomposition from Theorem 5.4.3 holds as well.

Corollary 5.4.6 Assume Gal(C; H) = Gal,,(C; H) and that the conditions of Theo-
rem 5.4.4 are fulfilled. Then BM(C; H) = Br(C) x Gal(C; H).

We can now derive the results of Alvarez and Vilaboa [3, Proposition 4.2 and Theo-
rem 4.5 for the decomposition of BM(C; H) and BM;,,,,(C; H) in case C is a symmetric
monoidal category and H € C a finite commutative and cocommutative Hopf algebra.
In this situation, the braiding is automatically H-linear, Proposition 2.2.5. They require
that an H-Galois object is faithfully projective (in their terminology, a progenerator), (3,
Definition 2.3], instead of faithfully flat as we do. In their framework the two definitions
coincide. Namely, from Proposition 5.2.5 we have that an H-Galois object is faithfully
projective, and conversely, a faithfully projective object is faithfully flat, Lemma 1.7.1.
In view of Proposition 4.3.3 we may write:

Corollary 5.4.7 Let C be a symmetric monoidal category with equalizers and coequalizers
and H € C a finite commutative and cocommutative Hopf algebra. Then BM(C; H) =
Br(C) x Gal(C; H) and BM;,,,,(C; H) = Br(C) x H?(C; H, I).
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Open problem. Observe that for a Hopf algebra H in any closed braided monoidal
category C such that the braiding is H-linear we have a split exact sequence

1 — Br(C)—i» BM(C; H) 1L, Coker(q) — 1.
p

Under the additional hypothesis that C has equalizers and coequalizers, that H is finite
and commutative, and that Assumption 5.1.6 is fulfilled we have managed to prove that
Coker(q) = Gal(C; H). Would it be possible to describe Coker(g) without the symmetric-
ity assumption on the braiding? A group that could be useful in this task is the group of
H-biGalois objects BiGal(C; H), since it always exists and contains Gal(C; H) as a sub-
group in the case we studied. Would it be possible to establish a morphism from BM(C; H)
to BiGal(C; H) and identify Coker(q) as a subgroup of BiGal(C; H) as it happens in our
case?






Chapter 6

Applications of Beattie’s sequence

In the recent years several computations of Brauer groups of quasitriangular Hopf alge-
bras were made, [141], [38], [39], [40]. All these Hopf algebras are noncommutative and
noncocommutative and they are Radford biproducts. In this chapter we reveal that the
computations in the first three papers are a consequence of Beattie’s sequence and give
a direction to prove the same for the fourth computation, making use of Theorem 4.5.1.
In the first section of this chapter we compute the group of Galois objects over the Hopf
algebra K[z]/(z?) in the category of Z,,-graded vector spaces, for an odd natural number
v. Section 6.2 recollects some properties of Radford biproducts and we discuss quasitri-
angular structures in them. In the last section we show how the Hopf algebras in the
cited articles are Radford biproducts of a certain type, as well as how this makes possible
to carry out the announced deduction from Beattie’s sequence.

6.1 Computation of a group of Galois objects

In this section the braided monoidal category, which we denoted by C in previous chapters,
will be the category Gra, of Zs,-graded vector spaces over a field K with char(K) # 2.
For M, N € Gry,, the braiding in Gryz,, is given by @, ,(m ® n) = wlesmdegmsy &
for an odd integer 1 < s < 2v and homogeneous elements m € M,n € N, where w is a
primitive 2v-th root of unity. We consider the Hopf algebra H = K|[z]/(2?) in Grz,,. Our
goal here is to compute the group of H-Galois objects in Gry,, .

The Zy,-grading of K|x]/(x?) is

Hy= K1, H, =Kz,
i.e., all but the components Hy and H, of H are zero. Then clearly this Zs,-grading
is indeed a Zs-grading. The coalgebra structure and antipode on K|[z|/(z?) are given as

follows:
Al =1®1l, Ax)=1lzr+zx]1,

e(l)=1, e(x)=0,
S(1)=1 and S(z)=—uz.

129
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Note that K[z]/(z?) is not an ordinary bialgebra, the compatibility condition for multi-
plication and comultiplication fails. Rather, it is a braided bialgebra, i.e., a bialgebra in
Gryz,, (the bialgebra compatibility is fulfilled when we apply the braiding given above).

We define the algebra C(a) := K {(y|y*> = ) for a € K. It is Zy,-graded by C(a)y = K
and C'(«), = Ky and the rest of homogeneous components are zero. Furthermore, C'(«) is
a right H-comodule algebra with the comodule structure morphism p : C'(a) — C(a)®H,
given by

p(l)=1®1 and py)=1Rz+yx 1.

Proposition 6.1.1 There is a group isomorphism
U (K, +) = Galy(Grz,,; Kl2]/(2%), o= [C(a)]

and we have the identity Gal,,(Grz,,; K[z]/(z?)) = Gal(Grz,, ; K|x]/(2?)).

Proof. Note that the category Gryz,, with the braiding ®,,  is not symmetric, hence we do
not know if Gal(Grz,,; K[z]/(2?)) is a group. Nevertheless, we may consider the group
Gal,y(Grz,,; Klz]/(x?)), Corollary 3.5.6. As above, let H = K{z]/(x?). Tt is easy to see
that

can : C(a) @ C(a) = Cla) @ H

I1®l—=1®1
YyQy—al+yRae
I1@y—y1+1®

yR1l—y®l

is a Zg,~graded isomorphism. Thus C(«) is indeed an H-Galois object in Grz,,. It has a
normal basis, a Zy,-graded H-comodule isomorphism ¢ : C'(a) — H is given by (1) = 1

and £(y) = x.
Let

Cla) = K(yly* = a), C(B) = K(z[z* = B) and C(a + §) = K(wlw® = a + f).

We prove that U is a group morphism by giving a right H-comodule algebra morphism 6 :
C(a+p) — C(a)8xC(B) (recall Proposition 3.2.6). Define 6 : C(a+5) — C(a)@C(B)
by (1) =1® 1 and f(w) = 1® z+y ® 1. It is obviously Zy,-graded. Let p, and pg
denote the right H-comodule structure morphisms of C(«) and C(f), respectively. We
turn C'(f) into a left H-comodule via the braiding given at the beginning. If A\g denotes
the left H-comodule structure morphism, then A\3(1) =1® 1 and M\s(2) =1 ® 2+ 2 ® 1.
Then we have
P()®@1=19101=1® (1)

and

Pa(1) @2+ pa(y) ®1=101R024yR1@1+102x01 =18 As(2) +y A\s(1).
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Thus 6 induces 6 : C(a + 8) — C(a)OxC(B), so that ec(a)csf = 0. Recall that we
consider C'(a) @ C(B) as a right H-comodule via C(a) ® ps. One shows that € is a right
H-comodule algebra morphism. Due to 1.2.4 then so is 6, too.

We prove now that ¥ is injective. Let w : C(a) — C(B) be a Zy,-graded right H-
comodule algebra isomorphism. Then w(1) =1 and w(y) = kz, for some k € K. Since w
is right H-colinear, we have that

(W H)pa(y) = woH)(I1®r+y®])=10r+rr®1

equals
pso(y) = palkz) = K@ T + Rz @ 1.

Hence k = 1. On the other hand, from the algebra compatibility of w we get o = w(a) =
wy?) = w(y)? = k%% = 6.

We finally prove that ¥ is surjective and that all H-Galois objects in Gry, have a
normal basis. Let A be an H-Galois object in Grz,, . From the isomorphism can : A ® A
— A ® H we obtain dim(A)* = dim(A)dim(H), which implies dim(A) = dim(H) = 2.
Then we may take a K-basis {1, u} of A such that u? =~ € K, for some 0 # u € A. Since
K1 C Ay, it follows dim(Ag) > 1. If dim(Ay) = 2, then A = Ay and since the structure
morphism p is Zy,-graded, p(A) C A® K1, implying A C A®” = K, a contradiction. If
dim(Ap) = 1, there is 1 < e < 2v such that A, = Ku. Since A.A, C Ay C Ay, this forces
¢ = v. Thus we may write A = Ag @ A, where Ag = K1 and A, = Ku.

Denote by pa : A — A® H the right H-comodule structure morphism for A. Knowing
that p, is a morphism in Gry,, we obtain

palu) =a®@z+bu®l,

for some a,b € K. We claim that a # 0. If a = 0, then can(1®u) = bu® 1 = can(bu® 1),
contradiction. Take v = fu. Then pa(v) = 1@z 4+ bv ® 1. Since (A ® €)pa(v) = v,
we get b = 1. Note that v? = a, for some o € K. It is easy to check that ¢ : A
— C(«), defined by ¢(1) = 1 and ¢(v) = y, is an H-comodule algebra isomorphism. This
proves that any H-Galois object in Grz, has a normal basis, Gal,,(Grz,,; K[z]/(2?)) =

Gal(Gryz,,; K[z]/(2?%)), and that W is surjective. 0

6.2 Radford biproducts and Majid’s bosonization

In this section the braided monoidal category C will be the category of vector spaces over
a field K, which we denote here by xM. Here we mainly recollect known facts on the
Radford biproduct, with the exception of Proposition 6.2.9 and Corollary 6.2.10.

Definition 6.2.1 A quasitriangular bialgebra (respectively Hopf algebra) is a pair (H,R),
where H is a bialgebra (respectively a Hopf algebra) and the element R = R @ R ¢
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H ® H is invertible and such that

(QT1) A('R(l)) @ R® = RIBR2A,
(QT2) RO & A(R?) = RBRI2;
(QT3) (tA(h))R =RA(h), forall heH.

Here 7 denotes the usual twist map and
RZ=RWeRPel, R¥=12RYaR? and R¥®=RVe1aR®.
A quasitriangular Hopf algebra (H,R) is called triangular if R~ = 7(R).
One has the following, [96, Lemma 2.1.2 and Proposition 2.1.8].

Lemma 6.2.2 [f (H,R) is a quasitriangular bialgebra, then
e(RMRD =1 =RWe(RM).

If (H,R) is a quasitriangular Hopf algebra, then the antipode of H is invertible and one
has

S(R(l)) ® RE —R1=RO ® 571(73(2)).

An important relation between the (quasi)triangular structures and braided monoidal
categories is recorded in the proposition below, see [100, Theorem 10.4.2]. A slightly
different proof can be found in [96, Theorem 9.2.4].

Proposition 6.2.3 A bialgebra B admits

1. A quasitriangular structure if and only if there is a braided structure in the monoidal
category (pM, ®).

2. A triangular structure if and only if (M, ®) has a structure of a symmetric monoidal
category.

If (B, R) is a quasitriangular structure, then a braiding for the category pM is given by
$r := 7R. Conversely, if (3 M, ®) is a braided monoidal category, then R := 7®(15®15)
defines a quasitriangular structure on B.

Concretely, if R = RM @ R is a quasitriangular structure for a Hopf algebra H, a
braiding ®r and its inverse in the category of left H-modules are given by

dr(men)=RP, neoRV. m (6.2.1)
o' (n@m) =RYW,me ST (RP),mn,

for m € M,n € N and M,N € yM, where . denotes the action of the elements of H
on those of H-modules.

Let H be a bialgebra and B an algebra in M and a coalgebra in # M. We denote by
B x H the space B® H and the element b® h in B x H we will write as b x h. The action
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of elements of H on those of B we denote by the symbol . Employing the Sweedler
notation, we equip B x H with the following operations:

smash product: (b x h)(b" x h') = b(hy> b') x h)h'
smash coproduct:  A(b x h) = (ba) X bz)_, h)) ® (b)
unit: lpyg =1 X 1y
counit: epyp(bx h) =cep(b) @ ey(h)

X h(g))

[0]

for b,b' € B and h, ' € H. Radford’s biproduct Theorem [113, Theorem 2.1 and Propo-
sition 2] characterizes when B ® H is a bialgebra and a Hopf algebra with the above
operations.

Theorem 6.2.4 Let H be a bialgebra and B an algebra in g M and a coalgebra in T M.
Let w : H® B — B and A\ : B — H ® B be the module and comodule structure,
respectively. Then the following are equivalent:

1. The biproduct B x H 1is a bialgebra.

2. Bis an algebra in " M, a coalgebra in y M, e is an algebra map, Ap(lp) = 1515,
and the following identities hold:
(a) Ap(ab) = ap)(a@)_,> b)) ® a@),be);
(b) hayb—1) © (h> b)) = (hy> b)-uhez) @ (ha)> b))

fora,be B and h € H.

3. X and g are algebra maps, p is a coalgebra map, Ap(lg) = 1p ® 1p, and the
identities (a) and (b) of 2) hold.

In [113, Proposition 2. b)] is revealed that the upper biproduct is a Hopf algebra if
furthermore B has a convolution inverse Sg of idg and H is a Hopf algebra with antipode
Su. Then B x H is a Hopf algebra with antipode S(bx h) = (15 x Sg(b—11h))(SB(bjg) %
1y).

We have that B and H are embedded as algebras into B x H via
LBZB;}BXH,bi—)bX1H
LHIH;)BXH,hI—}lBXh.

Majid observed that Radford’s biproduct can be put in the framework of a braided
monoidal category. Concretely, B in Radford’s biproduct B x H is a braided bialgebra,
i.e., a bialgebra in the braided monoidal category of Yetter-Drinfel’d H-modules. We
define them here.
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Definition 6.2.5 Let H be a bialgebra over a field K. A left Yetter-Drinfel’d module is
a left H-module and a left H-comodule M satisfying the compatibility condition

haymi—1 ® h)ymig = (ha) »m)-1he) @ (ha)wm)),

for h € Hym € M. The category of left Yetter-Drinfel’d modules and left H-linear and
H-colinear morphisms is denoted by £YD.

The category #YD is a braided monoidal one provided H” is a Hopf algebra ([146]),
which is fulfilled when H has a bijective antipode, with braiding V: M @ N — N ® M
given by

U(m®@n) =m_1y,n & myy,

form € M,n € N and M, N € ZYD. The inverse of ¥ is given by

U (n®@m) = myg @ S~ (mp_1))y,n.

Condition b) of Theorem 6.2.4, 2) is the compatibility condition of £YD. Assuming
that YD is a braided monoidal category, we realize that the condition a) of the theorem
is nothing but the compatibility condition of the algebra and coalgebra structure of B in

BYD. If B is a bialgebra in YD, then it is an algebra and a coalgebra in yM and in
H M. Thus we obtain:

Corollary 6.2.6 Consider a Hopf algebra H with a bijective antipode and let B be a
bialgebra in 2YD. Then the biproduct B x H is a bialgebra. If also B is a Hopf algebra
in BYD, then B x H is a Hopf algebra.

For a quasitriangular bialgebra (H,R) every left H-module M belongs to %Y D with
coaction A : M — H ® M given by

A(m) =R®P@RW. m (6.2.2)

for m € M. Let us prove this. We write R = R @ R® = r(U @ r). This coaction is
compatible with the comultiplication of H, since

R AMA(m) = ® M) = Qe it
(H®XAm) =R AR ,m) =R @ r® @), (RV,m)
=R @r®c (rORL), m
(Q12) AR @RW.m = (A® M)\(m).

Furthermore, it is (¢ ® M)A(m) = ¢(R®)RW . m (822 1. The Yetter-Drinfel’d
compatibility expressed in terms of R is precisely the condition (QT3).

With the so far established structures we have that (g M, ®r) is a braided monoidal
subcategory of ( EYD, W), as

U(m@n)=myun@mg =R ,ne@RY, m=dz(mcn)

for me M,n € N and M, N € gM. In view of Corollary 6.2.6 then we may write:
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Corollary 6.2.7 If B is a Hopf algebra in g M, where (H, R) is a quasitriangular Hopf
algebra, and B is viewed as a left H-comodule via (6.2.2), then B x H is a Hopf algebra.

The process of obtaining an ordinary Hopf algebra B x H out of a Hopf algebra B in
uM as above is called bosonization by Majid. The following proposition is a simplified
version of [95, Theorem 4.2].

Proposition 6.2.8 Let H be a quasitriangular Hopf algebra and B a Hopf algebra in
uM. Consider the category p(gM) of B-modules in yM. Given M € g M the compat-
wility condition 1s

by (bym) = (ha)> ) 5 (he) ™)

for h € Hb € B and m € M. Then there is an isomorphism of monoidal categories
B(#M) = M.

Proof. We give the corresponding structures, the proof is straightforward. A module L
in p(gM) is made into a B x H-module via

(bx h)-1:=by(hy,l)
for [ € L. Conversely, on a B x H-module M we define a B- and an H-action via
b,m:=(bx1lg)-m and hy,m:=(1pxh)-m
respectively, for b € B,h € H and m € M. 0O

We now prove our observation on the extension of a quasitriangular structure in a
Radford biproduct. Hopf algebras that will be treated in Section 6.3, whose decompo-
sitions of Brauer groups we named in the introduction of this chapter, will all be of the
type expressed in the proposition.

Proposition 6.2.9 Let (H,R) be a quasitriangular Hopf algebra and B a Hopf algebra
in yM. Consider the Radford biproduct Hopf algebra B x H. Then R := (1y ® tg)(R)
is a quasitriangular structure on B X H if and only if the braiding ®r induced by the
quasitriangular structure (H,R) is B-linear in g M.

Proof. Assume that R is a quasitriangular structure for B x H. Then by Proposition 6.2.3
the category (pxuM, ®5) is a braided monoidal category. In particular, ®z is B x H-
linear. Then due to Proposition 6.2.8 its corresponding map ®x is B-linear in g M.
Indeed, for M, N € g(yM) one has that the maps ¢z : M @ N — N ® M in g,y M and
dr : M®N — N®M in (g M) are equal. For, observe that R = (13xRM)@(15xR?),
we find that

dx(m@n)= (1 x RNn@ (1g x RV)m = R¥n @ RYm = dg(m @n)

for me M and n € N.
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Conversely, in the braided monoidal category (g M, ®x) assume $r is B-linear. Sim-
ilarly as above, by Proposition 6.2.8, &7z is an isomorphism in gxyM. Moreover, &z
satisfies the two hexagon axioms for a braided monoidal category in y M and it is B-
linear. By the latter lemma then ®z satisfies the two hexagon axioms in gy g M. Thus
(BxuM, ®5) is a braided monoidal category and by Proposition 6.2.3, R is a quasitrian-
gular structure on B x H. 0

Corollary 6.2.10 Let (H,R) be a quasitriangular bialgebra so that R extends to a quasi-
triangular structure of the Radford biproduct Bx H. Then the braided monoidal categories
(B(gM), @R) and (pxuM, ®z) are isomorphic.

Proof. The monoidal category (pxpM, P5) is braided due to Proposition 6.2.3. The
other one is braided because of Proposition 6.2.9 and Proposition 2.2.3. That the two
braidings are equal we saw in the previous proposition. 0

In the next section we will deal with Radford biproducts H x L where the quasitrian-
gular structure of L extends to a quasitriangular structure of the total Hopf algebra. An
example of a Radford biproduct where this is not the case is the Taft algebra

H,» = K(g,z|g" = 1,2" =0, gx = wzg)

where n > 2 is a natural number such that char(K) is coprime to n, and w is an n-th
primitive root of unity. The structure of a Hopf algebra on H,2 is given by

Alg)=g®g, £(g)=1
Alz)=1®z+zr®g, e(x)=0
Slg)=g", S(@)=-zg".
When n = 2 note that we recover Sweedler’s Hopf algebra H,. Taft algebra is isomorphic

to a Radford biproduct
H,» = K[z]/(2") x KZ,

where L = K7, is quasitriangular, but H, is not. That the quasitriangular structure of

KZ,, given by
Zw zlgz®g
1,1=0

with 1 < s < n, does not extend to H,2, we prove by showing that the braiding in Grz,
is not K [ /(x ) linear. The Z,-gradation of K[z]/(x") is such that its i-th component is
Kz'. The structure of a Hopf algebra of K[z|/(2") in Grz, is given by

Alz)=1®z+2®1, ex)=0 and S(z)=—=z.
We first notice that the braiding induced by R, s is equal to the braiding given by

D, (M ® q) = wl9mdesDsg & m (6.2.3)
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for homogeneous elements m € M,q € @Q and M,Q € Gryz, . Indeed,

P, ,(m @ n) :%ij”“n®¢ww
le

E :wle deg(n)sl deg(m)z)n ®m
1,l=0

n—1 n—1
1 .
_ E(Z wdeg(n)sl [Z(wdeg(m)—l)z])n R m
=0 =0

— %(nwdemm)deg(n)s)n ®m

=&, (m®n)

for M, N € Gry, and homogeneous m € M,n € N. In the fourth equality we applied
that the sum in the bracket is different from zero only for [ = deg(m), when it equals n.

Let now M and @ be K[z]/(x")-modules in Gry, . Take m € M, q € () homogeneous
elements. The Z,-grading on H = K|x]/(2") is determined by deg(z’) = i. We now
compute

Oz (m @ q)) = (W@ yq)m @ 2(5)q)
= ®(w?m™m @ xq + 2m @ q)
= wieg(m)ydeg(m)deg(2q) o @ 4 deg(@m)des(@) g @ 1m
_ ydeg(m)(2+deg(@) 3 @ 4 oea(@)(1+deg(m) g @ g

and
v DM g) — w6
— wdeg(q)(deg(m)+deg($(2))x(l)q X I(Q)m
_ wdeg(q)(deg(m)+1)q ® zm + wdeg(Q)deg(m)xq X m.

Since wde9(m)(2+deg(a)) oL ydeg(9)deg(m) in general for n > 2, the braiding is not K[z]/(z")-
linear.

6.3 Beattie’s sequence as the root of the known com-
putations

In this section we deal with Sweedler’s Hopf algebra H,, Radford’s Hopf algebra H,,
Nichols’” Hopf algebra F(n) and modified supergroup algebras KG x A(V) and show
that the decompositions of their Brauer groups can be deduced from Beattie’s sequence
constructed in Chapter 5. Here K denotes a field and xM the category of K-vector
spaces.
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We will apply Theorems 5.4.3 and 5.4.4 to the particular case of a braided Hopf
algebra B in the category yM, where (H,R) is a quasitriangular Hopf algebra whose
quasitriangular structure extends to a quasitriangular structure on B x H.

Theorem 6.3.1 Let (H,R) be a quasitriangular Hopf algebra and B € gy M a finite and
commutative Hopf algebra. Suppose that L(R) is a quasitriangular structure on B X H.
Assume that for each B-Galois object A and each X in g M the braiding ®r is symmetric

on A® X. Then
BM(K,B x H,.(R)) = BM(K, H,R) x Gal(gM; B).

Proof. From Theorem 5.4.3 we obtain BM(ygM; B) = Br(gM) x Gal(gM; B). Because
of Proposition 6.2.9 and Corollary 6.2.10 we have BM(zM; B) = Br(gxuyM). Finally by
Section 2.2 it is Br(gxyM) = BM(K, B x H,(R)) and Br(zM) = BM(K, H,R). O

Similarly, applying Theorem 5.4.4 and Proposition 4.3.3 we obtain:

Theorem 6.3.2 Let (H,R) be a quasitriangular Hopf algebra and B € y M a finite and
commutative Hopf algebra. Suppose that 1(R) is a quasitriangular structure on B x H.
Then BM(K, H,R) x H*(ygM; B, K) is a subgroup of BM(K, B x H,1(R)).

The computations of the Brauer group of the above-mentioned Hopf algebras led to
the conjecture that the group of lazy 2-cocycles embeds in the Brauer group. In view of
the preceding result, there is an embedding of the second braided cohomology group of
the braided Hopf algebra into the Brauer group of the corresponding Radford biproduct.
This cohomology group coincides with the lazy cohomology group for the above Hopf
algebras. For more details on lazy cohomology we refer to [16, 40, 51].

Sweedler’s Hopf algebra is the algebra

H,= K<g,x|g2 = 17':(:2 = 0791’ = _'Tg>

It is the smallest noncommutative and noncocommutative Hopf algebra. The element
g € Hyis group-like, whereas x is a (g, 1)-primitive element, that is A(z) = l®z+2r®g and
e(x) = 0. The antipode is given by S(g) = g and S(z) = gx. A family of quasitriangular
structures on H, was proved in [114] to be

1 t
Rt:5(1®1+g®1+1®g—g®g)+5(x®x+x®gm+gm®gm—gm®x)

for t € K. As it was proved in [37], the Brauer groups of Hs-module algebras with
respect to R; are all isomorphic to the Brauer group with respect to Ry. The latter is
simultaneously a quasitriangular structure for KZ,. In [141] it was shown that there is a
direct sum decomposition

BM(K, Hy, Ro) = BW(K) x (K, +) (6.3.4)
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where BW(K) denotes the Brauer-Wall group of K and BM(K, Hy, R) the Brauer group
of Hy-module algebras with respect to Ry.

Radford constructed in [115] a family of Hopf algebras generalizing Sweedler’s Hopf
algebra. They are
HV = K<g’x|92u = 1,ZE2 = 079'@ = _$g>

where v is an odd natural number. The element g € H, is group-like, whereas z is a
(¢9¥,1)-primitive element, that is A(z) = 1® x4+ 2 ® ¢g” and ¢(z) = 0. The antipode is
given by S(g) = ¢g~* and S(x) = ¢g”x. The family of quasitriangular structures on H,, is
given by

2v—1 2v—1

]‘ —l 1 S 6 —il 1 sl+v
RS,L?:%(ZW ‘g ®9l)+2—y(zw ‘gr @ gt a) (6.3.5)

i,l=0 i,l=0

for an odd 1 < s < 2v,8 € K and w a 2v-th primitive root of unity. For » = 1 and
s = 0 one gets Sweedler’s Hopf algebra with the triangular structure Ry. As in the case
of Sweedler’s Hopf algebra, it was proved in [38] that the Brauer groups of H,-module
algebras with respect to R g are all isomorphic to the Brauer group with respect to R .
Furthermore, the authors proved that

BM(K; H,, Ryo) = Br(K; Za,,0,) x (K, +). (6.3.6)

Here Br(K; Zs,, 05) is the Brauer group of Zy,-graded algebras with respect to the bichar-
acter 0,. As we saw for Taft algebra, the braiding given in terms of 6, that is, the one
we saw in Section 6.1, is the same one as that induced by R via (6.2.1), that is,

P, (m@n) = wieatm)deg(n)s,, o )

for homogeneous elements m € M,n € N and M, N € Gry,,. The group BM(K; H,, Rs0)
is the Brauer group of H,-module algebras with respect to Rso. One has that R,y is
simultaneously a quasitriangular structure for KZ,,.

We will explain how these two decompositions come out from Beattie’s sequence.

Let us study Radford’s Hopf algebra H, and prove first that it is a Radford biproduct
of K[z]/(x?) and KZs,. Thus we will cover also Sweedler’s Hopf algebra and understand
that it is a Radford biproduct of K[z]/(z?) and KZs.

The structure of the Hopf algebra on L := KZ,, = K(g|g*” = 1) is the usual one
for a group algebra, namely, g is group-like and S(g) = g~ !. In Section 6.1 we saw that
H := K[z]/(z*) is a Hopf algebra in Grz,, , the category of Zs,-graded vector spaces.
Since the group algebra KZ,, is a self-dual Hopf algebra (provided that K contains a
primitive 2v-th root of unity), we identify Grz, with the category ;M. The L-module
structure on a Zs,-graded vector space M is given by g -m = w®9(™sm for homogeneous

m € M. Furthermore, we have that (6.3.5) determines the quasitriangular structure on
L (and Rg the one on KZ,).
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Having established that (L,R,o) is a quasitriangular Hopf algebra and that H is a
Hopf algebra in the category (; M, @z, ,), we now may consider the Hopf algebra H x L
obtained by Majid’s bosonization with the bialgebra structure from the Radford biproduct
on page 133, where H is a left L-comodule by (6.2.2). Note that for any quasitriangular
structure R,

(L. 6:22)

M) =RP @RV =RP @ e (RW)1y 1, ® 1g. (6.3.7)

Let us show that
AMz)=¢"®x. (6.3.8)

First, we note that for each primitive 2v-root of unity (, since s is odd, putting s = 2k +1
for a natural number k, we get

gsy —_ Cle/Jrz/ — Cu. (639)

Recall from page 129 that deg(1) = 0 and deg(x) = v. Then we have that the L-action
on H is determined by g -1 = w®Ws1 = 1 and ¢ -z = w5y = wr = W = —z,
because (w”)? =1 and w” # 1. We now compute

2v—1
Az) = R ®R50x = Zw”g‘”@gaz

i,l=0
2v—1

2V szlgsl® ) )

i,l=0
2v—1

— o (XD @

4,1=0
2v—1 2v—1

= (Y el en

=0 =0

= — (v
2V( vg*) @z

6.3.9
(63.9) g’ ®x.

Note that the sum in the bracket in the fourth line is different from 0 only for [ = v, when

it equals 2, because w” = w™ = —1, as we saw before.

We now establish the Hopf algebra isomorphism H, = K|z]/(2*) x KZs,. For this
purpose let us denote the generators of H, by G and X instead of g and z. Let

VU H, — Klx]/(2?) x KZq,
be the algebra morphism defined on generators by

U(GE)=1®g and ¥ (X)=z®g".
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Note that for any natural number k:
(1®g9)f=124" (6.3.10)
The morphism V¥ respects the defining relations,

U(XG) =@zeg)(log) =z - 1)og¢t =z g
= —gr®g T =—-(10g)(z®g") =¥(-GX);
U(X?) =(r®g")(z@g") =2(9"r) @ g% = (-1)"2* @ 1 = 0;

U(E) =g "E e =101

hence it is well defined. We check that it is compatible with the comultiplication. Indeed,

Apxr(V(X)) =Apxn(r®g”) = (z01)® x(2)[—1lgy) ® (x(2)[oJ ®9")

(6-3-7) v v v v
= (1®219") @ (@) +r09"®1Ryg

62 1M eEeg¢)+r0¢ @10 ¢
=1R1Rr¢+rRg¢"®1®g"

(6.3.10) 5 y y
=112z ¢+20¢" @ (1®g)
—(TRV)(1®X+XaG6)

= (Y ®¥)Ag, (X)

and

Apxu(¥(G)) =Apxu(l®g)=(1® 1[_1]g) & (1[0} ® g) (63.7)

= (TW)(E®G) = (T V)AL (G).

1®0g®1®yg

Being a bialgebra morphism, ¥ is a morphism of Hopf algebras. Moreover, it is an
isomorphism. Its inverse is given by

T '1®¢")=G" and ¥ '(z®gF) = XGF™

for k=0,...,2v—1.

The fact that R, is a quasitriangular structure both on KZ,, and H, means that
Rsp as a quasitriangular structure on KZy, extends to the quasitriangular structure of
H,. (The extension R, = (11, ® t1)(Rsp) lying in (H x L) ® (H x L) corresponds to
(U@ U N (1, @) (Rsp) = Rsp in H, ® H, by the Hopf algebra isomorphism ¥ : H,
— H x L). This, by Proposition 6.2.9, is equivalent to the fact that the braiding in Gry,,
is K[z]/(z?)-linear.

Having this, due to Proposition 2.2.3, the category of K|[z]/(z?)-modules in Gryz,,
is a braided monoidal one and we may consider its Brauer group. On the other hand,
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by Corollary 6.2.10 we obtain that this category is isomorphic to that of H,-modules as
braided monoidal category. This has as a consequence that the Brauer groups of the
two categories are isomorphic, BM(K; H,, Rs0) = Br(K; giu)/(22) (522, M), Rsp), where
we identified the categories Gryz,, and gz, M. Recalling from Section 2.2 that the latter
group is BM(Gry,,; K[z]/(x?)), we may write

BM(K; H,,R.0) & BM(Gry,,; K[z]/(z?)). (6.3.11)

The category Grz,, is a closed monoidal category. The inner hom-object [M, N] for
M, N € Gry,,, denoted by hom(M, N), has the following gradation

hom(M, N); = {f € Hom(M, N)|f|a;, : Mj — Nj1i,5 =0, ,2v — 1}

for i =0,---,2v — 1. Furthermore, gz,, M = Gry, has equalizers and coequalizers and
clearly, K[z]/(z?) is finite and commutative. Then all the assumptions of Theorem 5.4.4
are satisfied. Now by Proposition 6.1.1 and Corollary 5.4.6 we obtain the direct sum
decomposition

BM(Grz,,; K[z]/(2%)) = Br(Grz,,) x Gal(Grz,,; K[z]/(z?))

where the braiding on Gry,, is given by Rso. Applying (6.3.11) and Proposition 6.1.1 we
get
BM(K; H,, Rsp) = Br(Grz,,) x (K,+).

In the notation of [38] the Brauer group of Gry,, is Br(K;Zs,,0;). For v = 1 we obtain
the Brauer group of Sweedler’s Hopf algebra with respect to R,.

There are some other decompositions of Brauer groups of Hopf algebras which are
Radford biproducts, where the quasitriangular structure of the ordinary Hopf algebra
extends to a quasitriangular structure of the Radford biproduct. In [39] a direct sum
decomposition for the Brauer group was proved for Nichols” Hopf algebra

E(n) = K{g,z;i,7 € {1-- -n}|g2 = 1,93,2 =0, 97, = —2,9,x,x; = —T;T;,)

and the triangular structure Ry, the same one as for Hy. The element g € E(n) is group-
like, whereas z; € F(n) for i = 1,...,n are (g, 1)-primitive elements, that is A(z;) =
1®x; +2;® g and £(z;) = 0. The antipode is given by S(g) = ¢g~! and S(z;) = gz;. The
decomposition of the Brauer group has the form

BM(K, E(n),Ro) = BW(K) x (K,+)""+1/2 (6.3.12)

where BM(K, E(n), Ro) denotes the Brauer group of E(n)-module algebras with respect
to Ro and BW(K) the Brauer-Wall group of K. More precisely, the same decomposition
is proved for quasitriangular structures R 4 given in terms of any symmetric n x n matrix
A over K. Let us prove that E(n) is isomorphic to the Radford biproduct K|[z,]/(z2) x

E(n — 1), where K[x,]/(z?) is the exterior algebra generated by z,,. When a symmetric

n
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matrix A is a zero matrix, the (quasi)triangular structure R extends from E(n — 1) to
E(n). This is why we consider here the case A = 0.

We are already familiar with the Hopf algebra structure of L := F(n—1). The algebra
H := K[z,]/(x?) is an L-module via g - ¥, = —x, and z; -z, = 0,i = 1,--- ;n — 1. The
Hopf algebra structure of H in the category ;M is similar to that of K|[z]/(x?):

Alz,)=1®z,+2,®1, e(z,)=0 and S(z,) = —,.

As it was the case for K[z]/(z?), the algebra H is not an ordinary bialgebra, but it is a
bialgebra in gg,—1)M.

Applying Majid’s bosonization we obtain the Radford biproduct Hopf algebra H x L.
The left L-comodule structure of H is induced similarly as in (6.3.8) by A(z,) = g ® x,
and one has (6.3.7).

Similarly as in the case of the Hopf algebra isomorphism on page 140 it is proved that
the algebra morphism

U, : E(n) — Klz,]/(22) x E(n — 1)
defined on generators by

fori=1,...,n — 1, respects the defining relations and that it is a Hopf algebra isomor-
phism. Its inverse is given on generators by

Uilleg) =G, Yi'(lex) =X,

Ul r,®9) =X, and VU '(z,®1)=GX;X,

fori =1,...,n — 1. Here we denote the generators of E(n) by G and X;,i = 1,--- ., n
instead of g and x;,1=1,--- ,n.

Having that the triangular structure Ry of F(n — 1) extends to the one of E(n),
i.e., that the braiding in g(,—1)M is K[z,]/(x})-linear, by Proposition 2.2.3 the category
of K|z,]/(x2)-modules in g,—1)M is a braided monoidal one and we may consider its
Brauer group. As before, by Corollary 6.2.10 we know that this category is isomorphic to
the category of E(n)-modules as braided monoidal category. Hence the Brauer groups of
these categories are isomorphic, BM(K; E(n), Ro) = Br(K; g(z,)/22)(B(n-1)M), Ro). The
latter group is, due to Section 2.2, BM(g(,—1)M; K[z,]/(22)) and we may write

BM(K; E(n), Ro) = BM(p-1)M; Klza]/(27)). (6.3.13)

The category (gm-1)M, Ro) is a closed symmetric monoidal category and it has equal-
izers and coequalizers. Furthermore, K|[z,]/(z?2) is finite and commutative and we may

n

apply Theorem 5.4.3 to obtain the direct sum decomposition

BM(p(n—1)yM; K[,/ (22)) = Br(pmn-1M) x Gal(gp-1yM; K[z,]/(2}))

n
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where the braiding on gg,—1)M is given by Ry. In view of (6.3.13), we get

BM(K; E(n), Ro) = BM(K, E(n — 1), Ro) x Gal(gp-_nM; Klz,]/(22)).

n

Similarly as in Proposition 6.1.1 we have the group isomorphism
(K, +)" = Gal(pn-yM; K[za]/(x7,))

given by
(Oé,Oél, e 7an—1) = M(Oé,Oéh e ,Oén_l) = K<y|y2 = Oé>

where M(o, a1, ,a,-1) has a structure of an E(n — 1)-module by g -y = —y and
Ty = ag for i,j € {1,--- ,n — 1}, and of a right K|[z,]/(22)-comodule by p(1) =
1®1,p(y) =1®x, +y®1. Thus we may write
BM(K; E(n), Ro) = BM(K, E(n — 1), Ro) x (K, +)".
Applying this result iteratively we finally get (6.3.12).
Notice that in the previous example

Galuy(pm-nM; Klwal/(27)) = H (payM; Kz, /(27,), K) = (K, +).

Its elements are represented by M («, 0, -+ ,0) with & € K. Observe that M («,0,---,0) =
B, with B = K[z,]/(22?) and 0, : B® B — K is the 2-cocycle

oo | 11|z,
1 (1] 0
T | 0| @

Here we have an example where the morphism «( : H*(pg_1yM; Klz,)/(22), K) —
Gal(gn-1yM; K|z,]/(x2)) from Theorem 4.5.1 is not surjective. The K|[z,]/(z2)-como-
dules M(a, 1, ,ap,—1) where some «; # 0 give non-trivial elements in the group

PjCCO<E(n71)M; K[iﬁn]/(l%))

The decomposition of the Brauer group of a finite dimensional triangular Hopf algebra
over an algebraically closed field of characteristic 0 was resolved by the work of Carnovale,
[40], where the Brauer group of a modified supergroup algebra was studied. Namely, in
[62] Etingof and Gelaki proved that every triangular Hopf algebra of the above type is
the Drinfeld twist of a modified supergroup algebra. The categories of modules over the
two respective Hopf algebras are equivalent as braided monoidal categories. The Brauer
group is invariant under the braided monoidal equivalence of categories, hence the two
respective Brauer groups are isomorphic.

A modified supergroup algebra is constructed from the following data:

1. A finite group G;



6.3. Beattie’s sequence as the root of the known computations 145

2. A central element u € G with u? = 1;
3. A linear representation of GG on a finite-dimensional vector space V' on which u acts
as —1.

The action of G on V makes the exterior algebra A(V') into a K G-module algebra and
we can construct the smash product A(V)#KG. The element of KG @ KG

1
Ru:§(1®l+u®l+1®u—u®u)

is a triangular structure on KG and A(V') is a Hopf algebra in x¢M by defining
Av)=1®v+0v®1, ev)=0 and S(v)= —v.

We can construct the Radford biproduct A(V') x KG, where the elements of G are group-
like, whereas the elements of V" are (u, 1)-primitive, that is Ayv)xxe(v) = v@1+u®v,v €
V,e(v) = 0,S5(v) = wwv. The triangular structure R, extends to the triangular structure
of A(V) x KG. For the left KG-coaction on A(V') we find

1
AMv) = £2)®R£L1)U25(1®U+1®u-v+u®v—u®u-v)

1
25(1®v—1®v+u®v+u®v)
=u®.

The Hopf subalgebra of the Radford biproduct A(V) x KG which is generated by u
and by the (u,1)-primitive elements of V' is isomorphic, as a triangular Hopf algebra,
to Nichols” Hopf algebra E(n) = A(n) x KZ,, where n = dim(V'), with the triangular
structure Ry.

In [40] the author proved the direct sum decomposition
BM(K;A(V) x KG,R,) = BM(K; KG,R,) x S*(V*)C. (6.3.14)

Here BM(K; A(V) x KG) is the Brauer group of the modified supergroup algebra A(V') x
KG with respect to R,, BM(K; KG,R,) is the Brauer group of G-graded vector spaces
with respect to the braiding induced by R,, and S?(V*)¢ is the group of symmetric
matrices over V* invariant under the conjugation by elements of G. Taking into account
that the category of G-graded vector spaces is symmetric, Proposition 6.2.3, as in the
previously discussed examples, from Beattie’s sequence in Theorem 5.4.3 we obtain the
direct sum decomposition

BM(K; A(V) x KG,R,) = BM(K; KG, R,) x Gal(Grg; A(V)).

The decomposition (6.3.14) will be a consequence of Beattie’s sequence if we prove that
there is a group isomorphism

S2(V*)E = Gal(Grg; A(V)). (6.3.15)

This is a subject of current research.






Chapter 7

Cohomological interpretation of the
Brauer group of a commutative ring

The Brauer group Br(K) of a field K has a nice cohomological interpretation: it is
isomorphic to the second Galois cohomology group with respect to the separable closure
of the field. In the root of this description lies the Crossed Product Theorem relating the
relative Brauer group Br(L/K) with the second Galois cohomology group with respect to
the Galois field extension L/K. This cohomological interpretation is possible to transmit
from the relative to the full Brauer group because every central simple algebra can be split
by a Galois field extension. However, this is not the case if we consider Galois extensions
of commutative rings, not every Azumaya algebra (over a ring) can be split by a Galois
(ring) extension. Moreover, instead of the Crossed Product Theorem for the relative
Brauer group we now have a long exact sequence, known as Chase-Rosenberg sequence,
[41, Theorem 7.6]. In this chapter we recall Amitsur cohomology employed in the latter
sequence as well as the basics of the Brauer group of a commutative ring. We present how
the Brauer group is related to the Amitsur cohomology group. As commented above, this
will not lead to the cohomological description of the total Brauer group. Though, in the
next chapter we propose the Brauer group of Azumaya corings which will be isomorphic to
the full second flat Amitsur cohomology group. For this purpose we recall in this chapter
the basics of corings and develop some tool we will use in our construction.
In this chapter R will denote a commutative ring.

7.1 Amitsur cohomology

Amitsur cohomology over a field was first introduced in [6]. We present here the version
of it over a commutative ring R. Let S be an R-algebra. Tensor products over R we
write without index R: M ® N = M ®r N, for R-modules M and N. The n-fold tensor
product S ® --- ® S we will denote by S®". For i € {1,---,n + 2}, we have an algebra
map

n; : S®(n+1) — S@(n-‘r?)’

147
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given by
Ni(51 @ @8p1) =51 ® - @511 R85 Q- ® Spp1.

Let P be a covariant functor from a full subcategory of the category of commutative
R-algebras that contains all tensor powers S®" of S to abelian groups. Then we consider

n+2
(5n = Z(—l)i—lp<m) : P(s@(n—i—l)) N P(S®(n+2)).

i=1
It is straightforward to show that 6,1 0 d, = 0, so we obtain a complex

0—— P(S)i (552) On, P(5®3)A

called the Amitsur complex C(S/R). We write
Z"(S/R,P)=Keré, ; B"(S/R,P)=Imé,_;

H™(S/R,P) = Z"(S/R, P)/B"(S/R, P).

H"(S/R, P) will be called the n-th Amitsur cohomology group of S/R with values in P.
Elements in Z"(S/R, P) are called n-cocycles, and elements in B"(S/R, P) are called n-
coboundaries. Two n-cocycles v and v in H"(S/R, P) are said to be cohomologous if there
exists w € P(S®") such that uv™" = §,,_;(w).

In this and the next chapter we will mainly look at the following two examples: P =
Pic, where Pic(.S) is the Picard group of S, consisting of isomorphism classes of invertible
S-modules (we will say more about them further below), and P = G,,, where G,,(95) is
the group consisting of all invertible elements of S.

If w € S®" then we will write u; = 7;(u). Observe that u € G,,(S®?) is then a cocycle
in Z*(S/R,G,,) if and only if

uruy tuguy b =1,
Denote by u = u! @ u? @ v = U' ® U? ® U3. Writing out the form of the 2-cocycle
condition usuy = ujuz, we obtain
Weleweu®)(U'eU?eU’®1)=(1ou' @u*@u®)(U'@U* @1 U?)
which gives
WU @ U? @ u*U? @ u® = U @ u'U? @ u? @ uv*U°. (7.1.1)
We now present some elementary properties of Amitsur cohomology groups. We will

adopt the following notation: an element u € S®" will be written formally as v = u! ®
u? ® - -+ @ u", where the summation is understood implicitly.

Proposition 7.1.1 Let R be a commutative ring, and f : S — T a morphism of
commutative R-algebras. The map [ induces maps f.: H"(S/R,P) — H"(T/R,P). If
g: S — T is a second algebra map, then f, = g, (forn >1). 0
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Proof. The first statement is obvious. For the proof of the second one, we refer to [80,
Prop. 5.1.7]. O

The following result is obvious.
Lemma 7.1.2 Ifu,v € Z"(S/R,G,,), then
uRv=wo) o) @ W v") e Z"(S®S/R,G,,).
Ifu,v € B*(S/R,G,,), then u®wv € B"(S ® S/R,G,,).

Corollary 7.1.3 If u € Z"(S/R,G,,), then [u® 1] = [1 @ u], and [u @ u™'] = 1 in
H"(S® S/R,G,,).

Proof. Apply Proposition 7.1.1 to the algebra maps n;,7m2 : S — S®r S, m(s) =1® s,
n2(s) =s® 1. 0

Lemma and Definition 7.1.4 Tuke a cocycle u = u! @ u> @ u3 € Z?(S/R,G,,). |u| :=
u'v?u? € G,,(S) is called the norm of u, and

u' @ ul Pt = 1@ 1 = |u] et @ vt

Proof. Denote by v = u! =v'®@v?*®1?® = V@ V2® V3. The 2-cocycle condition (7.1.1)
then becomes

WUV @ UV @ uPUP? @ VP = 101911, (7.1.2)
Multiplying the second, third and fourth tensor factors above we get
WUV @ w|UV2AAUP VAP = o @ ju] u® = 1@1

which is the first equality that was to prove. The second one is obtained similarly, after
multiplying the first three tensor factors in (7.1.2). 0

A 2-cocycle u is called normalized if [u] = 1. As we had in Section 4.1, in the case of
Amitsur cohomology over a commutative ring we have:

Lemma 7.1.5 FEvery cocycle u is cohomologous to a normalized cocycle.

Proof. First observe that §;(Ju|™ ® 1) = 1 ® |u|™' ® 1. The cocycle ud;(Ju|™ @ 1) =
u' @ |u|7'u? ® ud is obviously normalized and cohomologous to w. O

Now we consider the Amitsur complex C(S®S/R®.S). We have a natural isomorphism

~

(S @ §)Pnest —y SEOHD (51 @ 1)) Qres - Qros (50 @ ln) = 51 @ - @ 8y @by -ty
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The augmentation maps (i = 1,2, 3)
ni: (S ® S)¥res? s (§ ® G§)¥res?

can then be viewed as maps
n; . 8% — 5¥1

and we find, for u € Z?(S/R,G,,) and i = 1,2,3 that n;(u) = u;. Consequently, u ® 1 =
Uy = upuy uz = 01 (u) € BA(S® S/R® S, G,,).
Lemma 7.1.6 Ifu e Z*(S/R,G,,), thenu®1 € B*(S®S/R® S,G,,).

In the sequel we study Amitsur cohomology with values in Pic, i.e. in the category of
invertible modules, first constructed in [143]. We start by the definition of an invertible
module. The proof of the following lemma can be found in [80, Lemma 6.4].

Lemma and Definition 7.1.7 Let I be an R-module. The following statements are
equivalent.

1. I is finitely generated and projective of rank one;
2. the evaluation map evy : I g I* — R, ev;(x ® z*) = (x*, z) is bijective;
3. there exists an R-module J such that I ®g J = R.

If one of the above conditions is fulfilled we say that I is an invertible R-module.

The category of invertible R-modules and R-module isomorphisms is denoted by
Pic(R). It is a symmetric monoidal category (Pic(R), R,®g). The set Pic(R) of iso-
morphism classes in Pic(R) is an abelian group under the operation induced by the
tensor product ®p, and is called the Picard group of R. In other words, Pic(R) is
the Grothendieck group KoPic(R). The inverse of [I] € Pic(R) is represented by [* =
Hompg(I, R). If I € Pic(R), then the evaluation map ev; : I®I* — R is an isomorphism,
with inverse the coevaluation map coevy : R — I ® I*. If coev;(1) = 3. e; ® e, then
{(es,ef) | i=1,---,n} is a finite dual basis for I.

Let S be a commutative R-algebra. For every positive integer n, we have a functor

(Snfl . @(S@n) — Q(‘S@(?Hl))a
given on I € Pic(S®"), and an isomorphism f of S*"-modules by
577,—1(]) = ]1 ®S®(’ﬂ+1) [; ®S®(n+l) ce ®S®(n+1) Jn_l,_l

and
Sn-1(f) = f1 ®gamin (f3) ™ Qgomin ++ Qgemen) (Gns1)™
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respectively, with J = [ or I*, g = f or f* depending on whether n is even or odd.
Here I; = [ ®gen S®" where S®"t is a left S®"-module via n; : S®" — S®! (see
Section 7.1). We easily compute that

n+2 j—1

5n5n71(1> = ® ®<[1j ®S®<”+2> IZ)?

j=1 i=1
so we have a natural isomorphism

n+2 j—1

A = ®®ev1ij D 0l (1) — Gen+2)

j=1 i=1

Let Z"'(S/R,Pic) denote the category with objects (I,a), where I € Pic(5%"), and
@ 01 (1) — S®0*+ is an isomorphism of S®+1-modules such that d,(a) = A;.
A morphism (I,a) — (J, ) is an isomorphism of S®"-modules f : I — J such that
Bo6,-1(f) = a. We have that Z"'(S/R,Pic) is a symmetric monoidal category, with
tensor product (I,a) ® (J,8) = (I @gen J, @ @gom+n B) and unit object (S, SEM+1)),
Every object in this category is invertible in the obvious way, and we can consider

Koén_l(S/Rvi) = Zn_l(S/Rag)
We have a strongly monoidal functor
dng: Pic(S%" V) — Z"7'(S/R, Pic),

given on J € Q(b@(”’l)) and an isomorphism f of S®"~U-modules by d,_s(J) =
(6p—2(J), Ay) and d,,_o(f) = 6,_2(f), respectively. Consider the subgroup B"~!(S/R, Pic)

of Z"'(S/R,Pic), consisting of elements represented by d,_o(.J), with J € @(5’@”_:1).
We then define
H™(S/R, Pic) = Z"~"(S/R, Pic)/ B"~\(S/ R, Pic).

This definition is such that we have a long exact sequence (see [143]):

0 — H'(S/R,G,,) — Pic(R) — H°(S/R, Pic) (7.1.3)
— H*(S/R,G,,) — H'(S/R,Pic) — H'(S/R, Pic)

— H"Y(S/R,G,,) — H"(S/R,Pic) — H"(S/R, Pic)
_) .

The following result can be viewed as an analog of Lemma 7.1.6.
Lemma 7.1.8 Let (I,a) € Z'(S/R,Pic). Then
I®S,a®S)=d(l) in Z'(S®S/R® S,Pic),
and consequently [(I ® S,a® S)] =1 in H'(S® S/R® S,Pic).
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Proof. The isomorphism « : [} @ges [; @ges I3 — S induces an isomorphism
B:l3=1®85 — 1] ®ges [, = (SR I)* ®(585)@res(S®S) (S®1I).

The fact that d5(ar) = A; implies that § is an isomorphism in Z'(S ® S/R® S, Pic).

We next prove a version of Proposition 7.1.1, where a covariant functor P ending in
the category of abelian groups is now replaced by Pic.

Proposition 7.1.9 Let f : S — T be a morphism of commutative faithfully flat R-
algebras. f induces group morphisms f. : H"(S/R,Pic) — H"(T/R,Pic). Ifg: S — T
1s a second algebra morphism, then f. = g..

Proof. The morphism f : S — T induces a functor f: Z"(S/R,Pic) — Z"(T/R, Pic),
given by _
f([, Oé) = (I X gon+1 T®n+1, O Qgon+2 T®n+2)

for (I, ) € Z"(S/R,Pic). On the cohomology groups f induces maps f, : H"(S/R, Pic)
— H™(T/R, Pic).

Morphisms f and ¢ induce maps f, and g, between the exact sequence (7.1.3) and its
analog with S replaced by T'. We have seen in Proposition 7.1.1 that these maps coincide
on H"(S/R,G,,) and H"(S/R,Pic). Now from the five lemma we obtain that they also
coincide on H"(T'/ R, Pic). 0

It follows from Proposition 7.1.9 that we have a functor
HI(O/R,Q) : R-Alg — Ab

from the category of R-algebras to that of abelian groups.

7.2 The Brauer group of a commutative ring and co-
homology

The Brauer group of a field was introduced by Richard Brauer in 1929. It is related to
the classification of finite dimensional division algebras. In order to have a proper group
structure in the Brauer group, the problem of classification of finite dimensional division
algebras is shifted to that of classification of finite dimensional central simple algebras over
a field K. A K-algebra of this type is isomorphic to a matrix ring over a finite dimensional
division algebra with center K, due to the Wedderburn theorem. Hence considering the
equivalence relation on finite dimensional central simple algebras “A ~ B if and only if
A = M,(Dy) and B ~ M,,(Ds) and D; = D,” assures that each equivalence class is
determined by a unique finite dimensional central division algebra and subsequently that
classifying finite dimensional central simple algebras up to isomorphism we would resolve
the original task. This reformulation of the problem was necessary, because the tensor
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product of two division algebras is not in general a division algebra, whereas this is always
the case for central simple algebras. The above equivalence classes form an abelian group,
the Brauer group, with the product induced by the tensor product over the field K, unit
element is given by the class of K and the inverse for the class of an algebra A is given by
the class of its opposite algebra A°. As we saw in Example 2.1.5, the Brauer group of a
field K is the Brauer group of the symmetric monoidal category of vector spaces over K.

The Brauer group of a field was generalized by Auslander and Goldman in 1960 to the
Brauer group of a commutative ring R. Central simple algebras are replaced by central
separable algebras, also called Azumaya algebras. An algebra A is termed separable if it is
projective over A @z A?. That A is an Azumaya algebra then means that it is faithfully
projective over R and that the morphism A ® A®? — Endg(A),a ® b — (¢ — acb) is
an isomorphism. (Note that Definition 2.1.1 generalizes this definition to a categorical
setting and that, by the paragraph below that definition, we mention only one morphism
in the case of Azumaya R-algebras, since the category of R-modules is symmetric). New
equivalence relation on central simple algebras over rings now takes the form “A ~ B if and
only if there exist faithfully projective R-modules P and ) such that A ® g Endg(P) =
B ®r Endg(Q) as algebras”. These equivalence classes form a group with the group
structure as in the case of the Brauer group of a field, K is now replaced by R. If R is
a field, then a central separable algebra is central and simple and Endg(P) = M, (R) for
some n. In this sense the Brauer group of a commutative ring generalizes the one of a
field. Further equivalent formulation for the equivalence relation of Azumaya algebras is
that “A ~ B if and only if for the unique simple A-module M and for the unique simple
B-module N it is Ends(M) = Endg(N) as algebras”. In particular one has that the
Brauer and the Morita equivalence relations coincide. For further reference on Azumaya
algebras we refer to [28, 54, 80].

Ifi: R — S is a morphism of commutative rings, then we have an associated abelian
group map

Br(i) : Br(R) — Br(S), i[A] =[A® S].

The kernel Ker(Br (7)) =: Br(S/R) is called the part of the Brauer group of R split by S,
and the Azumaya algebras in this kernel are called Azumaya algebras split by S.

We will now present the known cohomological interpretations of the Brauer group
of a field and a commutative ring. By the Crossed Product Theorem for a Galois field
extension L/K with the Galois group G we have an isomorphism

Br(L/K) = H*(G,L").

As every central simple algebra can be split by a Galois field extension this implies for
the full Brauer group
Br(K) = H*(Gal(K*P/K), K¥P*),

where K®P is the separable closure of K. Amitsur in [6] introduces Amitsur cohomology
(with values in units, i.e., invertible elements) and proves the isomorphism

Br(L/K) = H*(L/K,G,,),
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the right hand-side denoting Amitsur cohomology. Considering Amitsur cohomology over
commutative rings in [117] was proved that the above isomorphism holds when S/R is a
commutative faithfully projective ring extension and Pic(S) = Pic(S ® S) = 0. This was
also studied in [80, Proposition 2.1] and [79, 7.5] using descent theory. These additional
conditions on S can be weakened putting the morphism H?(S/R,G,,) — Br(S/R) into
the seven-term exact sequence

0 — H'(S/R,G,,) — Pic(R)— H°(S/R, Pic) — (7.2.4)

—+ H2(S/R,Gy,) — Br(S/R) —— H'(S/R, Pic) — H3(S/R,Gy,).

This was proved by Chase and Rosenberg in [41, Theorem 7.6]. Still, S has to be faithfully
projective. Not every Azumaya algebra can be split by a faithfully projective extension
of R, so we do not have that the full group Br(R) is the colimit of the groups Br(S/R)
where S/R is faithfully projective. When Pic(S) = Pic(S®S) = 0, the above 0th and first
cohomology group with values in Pic vanish, recovering the Crossed Product Theorem.
When Pic(R) is trivial, then one recovers Hilbert’s Theorem 90, namely H'(S/R,G,,) is
trivial.

In [143] Villamayor and Zelinsky provided a more general picture. For any commuta-
tive ring extension S/ R they introduced the group H'(S/R, Pic) (in their notation H?(.J))
which replaces Br(S/R) in the above exact sequence, and furthermore, they define higher
order groups H"(S/R,Pic) so that these fit into the infinite exact sequence (7.1.3), we
presented in the previous section. As the authors prove in [143, Theorem 5.2], if S/R is
faithfully flat, then we have an embedding Br(S/R) < H'(S/R,Pic). This embedding
is an isomorphism if S is faithfully projective as an R-module. Moreover, from [143,
Theorem 6.14] we know that

H'(S/R,Pic) = Ker(H*(Rq,G,,) — H*(Sa, Gy)) (7.2.5)
and )
H'(Ry, Pic) := colimH' (e/R, Pic) = H*(Ry, G,y,). (7.2.6)

Here H?(Ry,G,,) denotes the second right derived functor of the global section functor.
Consequently, for S/R faithfully flat, composing the above embedding with (7.2.6) we get
an embedding

Br(S/R) — H*(Rg,G,,).

Since every R-Azumaya algebra can be split by a faithfully flat extension of R, we may
consider the full Brauer group Br(R) and we have an embedding

Br(R) — H*(Rg,G,,).

In particular, every R-Azumaya algebra can be split by an étale covering, hence H?(Rg, G,,,)
can be replaced by H?(Ry,G,,) in the two formulas above. If R is a field, or, more gen-
erally, if R is a regular ring, then we have an isomorphism

Br(R) = H*(R, G,,).
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In general, we do not have such an isomorphism, because the Brauer group is torsion, and
the second cohomology group is not (see [68]). Gabber ([66], see also [81]) showed that

BI‘(R) = HQ(Retg Gm)tors>

for every commutative ring R. Taylor [134] introduced a Brauer group Br'(R) consisting
of classes of algebras that not necessarily have a unit, but satisfy a weaker property.
Br'(R) contains Br(R) as a subgroup, and we have an isomorphism [116]

Br'(R) 2 H?(Rey, Gy).

The proof is technical, and relies on Artin’s refinement Theorem [9]. It provides no explicit
description of the Taylor-Azumaya algebra that corresponds to a given cocycle.

7.3 Corings

Corings appeared in the literature for the first time in [128]. It was not until 25 years later
that they gained again and increasingly in interest with the appearance of [25], followed
by new applications of the concept.

Corings extend the notion of a coalgebra over a commutative ring to a bimodule over
a noncommutative base ring. Let S be a ring. An S-coring is a coalgebra in the monoidal
category (sMg, S,®g) of S-bimodules. This means that € is an S-bimodule, together
with two S-bimodule maps A¢ : € — € ®Rs € and g¢ : € — 5, satisfying the usual
coassociativity and counit conditions:

A A

¢ R CE ¢ ¢
A A®C A ¢ C®e
- and ~
(O CoA CRERC ¢ Y SREZCEERS.

A? will be a shorter notation for (A @z €)o A = (E®r A)o A. For ¢ € €, we use the
following version of the Sweedler-Heyneman notation:

Agle) = ) ®s ey, Agle) = ) ®s c) Ds €(3)-
Summation is understood implicitly. The counit property can then be expressed as follows:
e(cwy)e@) = coelee) = ¢

for all c € €.
A morphism between two S-corings € and ® is an S-bilinear map f : € — ® such
that

Agof=(f®sf)oAgand ego f = cg.
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A right €-comodule M is a right S-module together with a right S-linear map p: M
— M ®g € such that the following diagrams commute:

M P M @5 € M—Pr L Mese
P M ®s A o M ®ge
M ®gs € M®sERs € and M ®g S.
®s €

We say that € coacts on M, and call p a right €-coaction on M. p? is a shorter notation
for (M ®r A)op=(p®g €)op. For m € M, we use the notation

p(m) = mp) @r mp), p*(m) = mp) @r mp Or M-

A morphism between two right €-comodules M and N is a right S-linear map f : M
— N satisfying
pn o f=(f®s &) opu.

We then say that f is right €-colinear. The category of right €-comodules will be denoted
by M¢. Left €-comodules can be introduced in a similar way. The category of left
¢-comodules is denoted by M.

Consider two S-corings € and ©. A (€, ®)-bicomodule is a triple (M, A, p), where M
is an S-bimodule with a left €-coaction A\ and a right ®-coaction p, such that the following
compatibility relation is satisfied:

ARsD)op=(C€Rgp)o.
For m € M, we write
(A®s D)o p)(m) =mp_1] ®s Mg Qg M.

If € is an S-coring, then its left dual ¢ Hom(¢,S) is an S-ring. This means that
s Hom(€,S) is a ring, and that we have a ring morphism j : S — ¢Hom(€,S). The
multiplication on ¢ Hom(&, S) is given by the formula

(g#f)(c) = flcayglcw))- (7.3.7)

The unit is e¢, and j(s)(c) = e¢(c)s, for all s € S and ¢ € €. In a similar way, Homg(€, S),
the right dual of €, is an S-ring. The multiplication is now given by the formula

(f#9)(c) = f(g(cq))c))- (7.3.8)

For a detailed discussion of corings and their applications, we refer to [27].

Let S be a commutative R-algebra. Consider the functor G : Mge2 — Mg that
makes M € Mge2 an S-bimodule by s-m -t :=m - (s®t) with m € M,s,t € S. From
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st ®rt =s®grt for any r € R we get with s =t =1 that an S-bimodule M lies in the
image of G if M® = M, that is, rm = mr, for all m € M and r € R.

We can view Mgz2 as a monoidal category with tensor product ®g¢ and unit object
S. A coalgebra in this category will be called an S/R-coring. Thus an S/R-coring € is
an S-coring, with the additional condition that ¢¥ = €.

Example 7.3.1 A coalgebra over a commutative ring R is an R-coring, but the converse
is not true, for the left and right actions of R on the coring may be different.

Example 7.3.2 Take an invertible S-module I. Then [ is finitely projective as an S-
module, and we have a finite dual basis {(e;, f;) € I x I* | i = 1,--- ,n} of I. Then
Y, e®sfi=1€l®gI*=S5. We have an S/ R-coring

Cang([;S) =I"®r I,
with structure maps
A: T"Qpl - (I"@p ) @s (I"QrI) 2 T"QrS®p I
e: I"Qprl — S

given by

A(f®$)=Zf®6i®sfi®x:f®1®x and e(f ®@z) = f(z).

We call I* ®p [ an elementary coring. If I = S, then we obtain Sweedler’s canonical
coring, introduced in [128]; in general, I* ®p I is an example of a comatrix coring, as
introduced in [61]. We also compute

sHom(I" ®xr I,S) = pHom(I,I) = g End(]),
where the isomorphism comes from the adjunction
I"®r —: pM — s M : sHOIn(I*, —).

It is given by ¢ — (z — e;p(fi ® z)) for ¢ € sHom(I* ®g I,5),x € I with the inverse
0— (f@xz— f(B(x)) for 8 € gEnd(I,I) and f € I*. This defines also an S-ring
isomorphism

S HOII](I* (S ], S) = REDd([>Op (739)

where r End(7) is an R-algebra (under composition) and an S-ring.

Lemma 7.3.3 Let S and T be commutative R-algebras. Then we have a strongly monoidal
functor

H=—-@rT: Msgps — Mo (seorr) = MsersanT-
Consequently, if € is an S/R-coring, then H(€) = € R T is an S @r T /T -coring. We
say that € @ T occurs as a base extension of € by T'.
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Proof. H(M) = M®gT is an S®@gT-bimodule, via (s®t)-(m®t")-(s'@t') = sms' Qtt"t’
and T acts on it the same way from both left and right. The functor H is strongly monoidal
since H(S) =S ®r T and

H(M @5 N)= (Mg N)@zT
= (MerT)®sopr (N@rT)=H(M) @sgpr H(N).

Example 7.3.4 Let I be an invertible S-module. Then

H(CanR(I; S)) = (]* ®R I) ®R T (I* ®R T) ®R®RT (I ®R T)
2 (I®rT) Qrepr I @rT)=Cany(I @rT;S®rT).

7.4 Some adjointness properties on bimodules

In this section we will develop some tool that will show up to be very useful in the
construction of Azumaya corings. We start with the following elementary observation.
For any morphism n: R — S of rings, we have an adjoint pair of functors

F=—QrS: Mp Mg G.

F is called the induction functor, and G is the restriction of scalars functor. For every
M € Mg, N € Mg, we have a natural isomorphism

Hompg(M,G(N)) = Homg(M ®r S, N).

f: M — G(N) and the corresponding f: M®grS — N are related by the following
formula:

f(m®gs) = f(m)s. (7.4.10)

Now assume that R and S are commutative rings, and consider the ring morphisms
ni: S®rS — S®rS®rS (i =1,2,3) introduced at the beginning of Section 7.1.
The corresponding adjoint pairs of functors between Mge2 and Mges will be written as
(Fi,Gi). An object M € M ge2 will also be regarded as an S-bimodule, and we will denote
M; = Fi(M). For m € M, we write

m; = (M @ge2 7;9%%) (m).
In particular, m3 =m ® 1 and m; = 1 ® m.
Lemma 7.4.1 Let M € Mge2. Then we have an S-bimodule isomorphism
Go (M3 ®ges My) = M @5 M,
and an isomorphism

SHOIHS(M, M ®g M) = HOHlS@S(MQ,Mg R gw3 Ml)
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Proof. The map
a: M3 M, — M®sM, a(mM®s)® (t®n))=tm®gns
with s,t € S, m,n € M induces a well-defined map
a: M;®ges My — M ®g M.
Indeed, for all m,n € M and s,t,u,v,w € S, we easily compute that

a((mes)ue@vew) @ (t®n)) =a((umv @ sw) ® (t@n))
tumv Qg nsw = utm Qg vnws
= a((m®s)® (u®nw)) =a((m®s)® (uevew)(t®n)).

The map
B: MM — M;Rges My, S(m®@n)=mgzQgss ng

for m,n € M induces a well-defined map
B: M®sM — M;Qges M.
Indeed, for all m,n € M and s € S we have

Bims®@n) =(ms®1) Rges (1®@n)
=mR11®s®1)®ges (1@n)
=(m®1)Rss (10s®1)(1®n)
=(mMm®1)®szs (1®sn) =HG(m sn).

It is clear that o and  are inverse S-bimodule maps. Finally, the adjunction cited above
tells us that

S HOH]S(M, M Xg M) = H0m5®2(M, gg(Mg ®S®3 Ml)) = Hom5®3(M2, M3 ®S®3 Ml)
U

Analogously as in (7.4.10), we can write an explicit formula for the map f : M,
— M3 ®ges My corresponding to f: M — M ®g M. To this end, we first introduce the
following Sweedler-type notation:

f(m) =may ®s ma),

where summation is understood implicitly. Then we have

f(my) = B(f(m)) = m(1)z ®ses M(2)1. (7.4.11)
Fori=1,2,3,4 and j = 1,2, 3, we now consider the ring morphisms
mij=mnionj: SOrS — SRrS®rS S

and the corresponding pairs of adjoint functors (F;;, G;;) between the categories M go2
and Mges.
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Lemma 7.4.2 Let M € Mge2. Then we have a natural isomorphism of S-bimodules
Gas(Msy @gea My Qges Mig) = M @s M g M,
and an isomorphism
s Homg(M, M ®s M ®g M) = Homge(Maz, M3y @ges My Qgea Mis).

The map f corresponding to f € g Homg(M, M®@sM®gM), with f(m) = m@)@sm)®g
mysy 1s giwen by the formula

f(mgg) = m(1)34 ®S®4 m(2)14 ®S®4 m(3)12. (7412)
Proof. The map
a: Msy @geos My @ges Mg — M @5 M ®@g M

and
B: M®s Mg M — My @ges My @goa Mo

given by the formulas
a ((m Rs®t) Rges (§ @ @) Rges (8" @' ® p)) = s"s'm @g t"ns @g ptt’

and
B(m ®sn Qg p) = mss Qges Niy Dges P12

are well-defined inverse S-bimodule maps. Verification of the details goes precisely as in
the proof of Lemma 7.4.1. Then, using the adjunction from the beginning of this section,
we find

s Homg (M, M @g M ®g M) = Homge2(M, Gaz(Mszs @ge1 Mg @ger Mis)
= Homges(Maz, Mss @gea Myy @ges Mis).

Again, analogously as in (7.4.10), we find that f(mes) = B(f(m)), and (7.4.12) then
follows easily. 0

Let S be a commutative R-algebra. We have an algebra morphism m : S®* —
S, m(s; ® -+ ®8,) = $1---8,. Between monoidal categories (Mgen, S ®@gen) and
(Ms, S, ®g) it induces the functor

—®S®nS:|—‘2 Mgen — Mg,
which is strongly monoidal since |S®"| = S, and

|M R gen Nl = (M R gen N) Rgen S = (M ®gen S) ®S®"®S®n5 (N K gen S)
= (M ®gen S) ®s (N ®gen S) = [M| ®s |N]|.
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Recall from [11, IX.4.6] that an R-module M is faithfully projective if and only if there
exists an R-module N such that M ® N = R™ for some natural number m.

We then have that | — | sends faithfully projective S®"-modules to faithfully projective
S-modules, for if M ®gen N = (S®™")™ then

(M ®gen S) ®s (N ®gen S) = (M ®gan S) Q5@ 4en S (N ®gen S)
= (M ®gen N) @gen S = (S")™ @gan S = 5™,

Similarly, | — | sends invertible S®"-modules to invertible S-modules.
Lemma 7.4.3 Let My, -, M, € Mg. Then
|M1®"'®Mn|ng®S"'®SMn-

Proof. The natural epimorphism 7: M; ® --- ® M,, — |M; ® --- ® M,| factors through
M, ®g - ®g M,, since

Mm@ - @sm®@--@my) =M Qsm; Q-+ Qmy) Qgen 1
— (M@ QM@ @ my) Dgon S
=M@ Qsmj Q- Qmy) Vgon 1
:W(m1®"‘®3mj®"'®mn)7

for all 4, j, so we have a map
a: My ®g- Qs M, — |M; @+ ® M,|.

In a similar way, the quotient map M; ® --- ® M,, — M; Qs - - - ®g M, factors through
|M; ® - -+ ® M,|, so we have a map

B: | Mi®--@M,| = M Qg Qg M,,

which is inverse to a. 0O






Chapter 8

The Brauer group of Azumaya
corings

As we discussed in Section 7.2 every Azumaya algebra over a ring R can be split by a
faithfully flat extension of R. This enables one to consider the full Brauer group Br(R),
which is the colimit of the groups Br(S/R) where S/R is faithfully flat. In this chapter
we construct the Brauer group Br¢(S/R) for faithfully flat extensions S of R. It will be
certain quotient of the set of isomorphism classes of Azumaya corings, which we define
in the first section below. The definition is such that, in the case where S/R is faithfully
projective, the left or right dual of an Azumaya coring with respect to S is an Azumaya
algebra split by S. We will then construct the full Brauer group, Br¢(R), which will be the
colimit of the groups Br°(S/R), as it happens in the case of Br(R). The above-mentioned
splitting property for Azumaya algebras provided by faithfully flat extensions was the
motivation to define the Brauer group Br¢(S/R) of Azumaya corings, taking extensions
of R that are faithfully flat. The full group Br¢(R) will be isomorphic to the full second
flat Amitsur cohomology group and the isomorphism is given explicitly.

8.1 Azumaya corings and the relative Brauer group

In this section we introduce Azumaya corings and define the relative Brauer group of
Azumaya corings. The lemma that we prove now will be crucial in the characterization
of Azumaya corings.

Lemma 8.1.1 Let S be a commutative R-algebra, and I € Pic(S ® S). Consider an S-

bimodule map A : I — [®slI, and assume that its corresponding map A: I, — L®ges])
(cf. Lemma 7.4.1) in Mges is an isomorphism. Then we have an isomorphism of S©3-
modules

at= (A R ges3 [;) o coevy, : 53 I ®ges I; — I3 Rges [} Qges [;. (8.1.1)
A is coassociative if and only if (I,a) € Z'(S/R, Pic).

163
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Proof. We have the following isomorphisms of S®*-modules:

Al 2 Iy = 1y — I3 Qgea I = 114 Qgea 1h9;

A2 2 Iy = oy — I3 @gwa L1 = Iog Qges I12;
Ay Iz — Iy Rgoa 113 = I34 @gea I13;
A4 2 Ioy — Iy X ge4 4.

(I,a) € Z'(S/R,Pic) if and only if the composition

[23 ® COGUITS

I3 ~ [93 ®ger I13 @gea 113

As@ Iy @ Ay

- I3y @goa 113 Qgea I73 Qges Iy @gos 112
Iss @ evy,, ® 11y @ Iig

~ I34 ®gea 14 @goa I1o
equals the composition

coevy,, ® I
I3

- Ioy @gos 15, @goa Ia3
Ay® 5, ® A,

- I34 ®goa 114 Qgea Iy, Rges Iog @gea 1o
I3y ® 1y @ evyy, @ Iz

- [34 ®ge1 [14 @gen 11
Let {(e;,ef) | i =1,---,n} be a finite dual basis of I. For all ¢ € I, we compute

(<[34 ® evr,; @ Iy ® [12> ° (Ag ® I3 ® A1> o ([23 ® 606011*3)) (c23)

= (<[34 ® evr,, @ I1; ® [12) o (As R I3 ® A1>> (Z Co3 ® €513 ® €i13)

= <]34 ® evy,, @ I1; @ 112> <Z C1)34 ® C(2)13 @ €13 @ A1(@'13))

= Z C(1)34 @ AI((<C(2)7 e;)ei)is) = C(1)34 @ 51(0(2)13)
= C(1)34 @ C2)(1)14 @ C(2)(2)125

and
<<Ig4 ® 114 ® evry, ® [12> o (AN4 ® Iy ® 32) o (COEUIQ,, ® ]23)>(023)

= <<I34 ® 114 ® evy, ® ]12> o (AN4 ® Iy ® A~2>) (Z €z ® gy @ C25)

= ([34 ® 114 ® evry, & [12> <Z A4(61‘24> ® €j9; ® C(1)24 ® 0(2)12)

= Ay(cayea) @ cayiz = caymyse @ ¢1)2)14 @ C2)12-
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From Lemma 7.4.2, it follows that (I,a) € Z'(S/R,Pic) if and only if the maps in
Homge1 (Iog, [34 Rgea I14 Rgea I1o) associated to (A ®g I) o A and (I ®g A) o A in
sHomg(I,I ®g I ®g I) are equal. This is equivalent to the coassociativity of A. 0

Observe that the map A can be recovered from o : I3 Qges I} @ges I} — S®3 using
the following formula

A = ([3 Rges [1 Qges 6?)[2) o (0571 Rgws [g). (8.1.2)

Remark 8.1.2 Let J € Pic(S). Then do(J) = J1®ge2J5 = J*®J = Cang(J; S) with the
coassociative comultiplication we presented in Section 7.3. Observe that the isomorphism
(J*®J)3Rge3 (J*@J)1 =(J*R@JRF) Rges (SRS @) Z T @SQJ=(J"®J)
involves evy and that A : (J*®J)y — (J*®.J)3@ges (J*®@J)1 = (J*®.J), is the identity.

Furthermore, it is
6100(J) = do(J)1 ®ses 6o(J)3 @ges do(J*)2
J11 ®ge3 ng ®Rge3 J13 Qges J;S R ge3 JfQ Rgw3 Jag
= Ji2 Qges Ji3 Qges Ji13 Qges Jys Qges Jiy @ges Jag

and A\; = evy, @gas evyy, @ges evyy,. Putting A in the formula (8.1.1), we realise that
a: 8100(J) — S®3 is nothing but ;.

Elementary corings can be characterized by the next lemma.

Lemma 8.1.3 Let I, A, A, « be as in Lemma 8.1.1, and take J € Pic(S). Then we have
an isomorphism of bimodules with coassociative comultiplication I = Cang(J;S) if and
only if (I, ) = do(J) in Z'(S/R, Pic).

Proof. Set A’, A’ and « for the corresponding morphisms for Cang(J;S) = do(J). By
Remark 8.1.2 we know that o’ = A ;. There is an isomorphism ¢ : I — do(J) of bimodules
with coassociative comultiplication if and only if ¢ is S-bilinear and the following diagram
commutes:

I A I®s1
¥ ¢ ®s ¢
0(J) B 60(7) 5 8u(.7). (8.1.3)

By the adjunction isomorphism from Lemma 7.4.1 this is equivalent to commutativity of
the diagram

I

Is ®ges I

P2 p3 Qse3 P1

So(J)s —B v §o(J)3 Dges Go(J)1 (8.1.4)
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where ¢ is S-bilinear. This, in turn, is equivalent to commutativity of the right square in
the next diagram

I} ®ges A
§®3 CoeuI, I3 ®ges Iy 2 @se2 I3 @ges Iy @ges Iy
_ (03) " ®ses 02 (05) 7" ®ges @3 Vg3 1
. Coev ) . 6o(J)s @gos A/ *
583 LR 5 (11 s o)y ST B AL e s o)y D505 (T, (815)

The left square is automatically commutative. Commutativity of the full diagram is
equivalent to o’ o §;(¢) = «, meaning that (I,a) = (d(J),As) = do(J). Note that

by Remark 8.1.2, A’ is an isomorphism, then so becomes A and we may consider the
isomorphism a. 0O

Theorem 8.1.4 Let S/R be faithfully flat, € a faithfully projective S ® S-module, and
A: € — €®gC an S-bimodule map. We consider the corresponding map A : &,
— €3 Rge3 €1 in Mges (cf. Lemma 7.4.1). Then the following assertions are equivalent.

1. A is coassociative and A is an isomorphism in Mges;
2. € € Pic(S®?) and (€, a) € Z'(S/R,Pic), with o defined by (8.1.1);

3. € € Pic(S®?) and € ® S is isomorphic to Canggs(€; S ® S) as bimodules with
coassociative comultiplication;

4. there exists a faithfully flat commutative R-algebra T' such that (€ Qg T,A Qg T)
is isomorphic to Cany(I; S @ T), for some I € Pic(S® T), as a bimodule with a
coassociative comultiplication;

5. (€, A) is a coring and A is an isomorphism in Mges.

Proof. 1) = 2). From the fact that A is an isomorphism, it follows that €, 2 €5 Qges €;.
Applying the functor | — | : Mges — Mg, we find that |€| = |€| ®s|€|. By the comment
before Lemma 7.4.3, since € is a faithfully projective S ® S-module, |€]| is a faithfully
projective S-module. Its rank is an idempotent, so it is equal to one, and |€| € Pic(S).
Now switch the second and third tensor factor in €, & €3 ®ges €1, and then apply | — |
to the first and second factor. We find that |€] ® S = € ®gs2 7(€) as S-bimodules, with
7(€) equal to € as an R-module, with newly defined S ® S-action c< (s ®t) = ¢(t ® s)
with ¢ € € and s,t € S. Since |€| € Pic(S5), then |€| ® S € Pic(S ® S), and by the
above isomorphism € ®ge2 7(€) € Q(S_(X) S). This implies that also € is an invertible
S ® S-module, € € Pic(S ® S). Now by Lemma 8.1.1 we obtain (€, a) € Z'(S/R, Pic).
2) = 3). It follows from Lemma 7.1.8 that (¢ ® S,a ® S) = dy(€) in Z'(S® S/R®

S, Pic). From Lemma 8.1.3, it follows that € ® S = Canggs(€; S ® S) as bimodules with

coassociative comultiplication.
3) = 4) is obvious.
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4) = 1). After faithfully flat base extension (by T') A becomes coassociative, and A
becomes an isomorphism, by Remark 8.1.2. Since € is faithfully projective over S, it is
faithfully flat over S, and so is €953 = € @g € ®g €. Being S faithfully flat over R, we
then get that €®s3 is faithfully flat over R. The injective ring map ¢ : R — T leads now
to the injective map k1= €®$3@pi: €¥3 @z R — €¥3 @z T. Coassociativity of A@g T
yields in particular ((c(1))) ®s (c)) ) ®s ¢2)) ®@r 11 = (ca) ®s (c2) (1) ®s (¢2))(2)) ©r 17
for every ¢ € €, which is k((A ®s €)A(c)) = k(€ ®s A)A(c)), hence the coassociativity
of A. By faithful flatness of 7' we have that A itself is an isomorphism.

1) = 5). We have an isomorphism of S®-modules o : €} @ges € Qgos €5 — 53
from (8.1.1). Applying the functor | — |, we find an isomorphism of S-modules |a| : |€]
— S. Now we consider the composition ¢ = |a] o7m : € — S. In the situation where
¢ = Cang([; 5), we have by Remark 8.1.2 that o = Ay, hence || : [§o(Cang(I;S))| — S
acts as evpr : [*®g I — Sand e(d_, fi ® x;) = >, fi(x;). Consequently, ((I* @r ) ®g
AR, fi®r m) = 3, ;(fi ®r ej)e(e] ®@r i) = 32, fi @r (3, e5ej(i)) = X2, fi ®r i
and similarly the counit property from the other side is fulfilled. For general &€, by
4) there is an S ® T-bimodule isomorphism ¢ : € ® T" — Cang(/; S ® T') for some
faithfully flat commutative R-algebra 7. Then from the proof of Lemma 8.1.3 we know
that A\; 0 d1(p) = a® T, hence |Af| o |p| = |a] ® T. Now all the diagrams in

neT la|@T

CoT ¢|®T S®T

commute, yielding €r+g,; © ¢ = €egr = €¢ ® T'. The counit property of e+g,; transmits
now to the counit property of ¢ ® T, since ¢ is an isomorphism. Since Aggr = A @ T’
and T is faithfully flat, it follows that ¢ has the counit property, too. Thus (€, A ¢) is a
coring.

5) = 1) is obvious. O

If (€, A, e) satisfies the equivalent conditions of Theorem 8.1.4, then we call € an Azu-
maya S/R-coring. Note that for an Azumaya S/R-coring € the counit is given implicitly
once we know that its codiagonal is coassociative and that the correpsonding map A is
an isomorphism.

Example 8.1.5 From the definition is clear that elemenatry corings Cang([;S) = I*"®gl
are Azumaya corings, with J € Pic(S).

The connection to Azumaya algebras we will discuss in the following section. We next
characterize isomorphisms of corings.
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Theorem 8.1.6 Let (€, A) and (&', A’) be Azumaya S/R-corings, and consider the cor-
responding (€,a), (€, a/) € Z'(S/R,Pic). Let f : € — € be an isomorphism in
Pic(S ® S). Then f is an isomorphism of corings if and only if f defines an isomor-
phism in Z'(S/R, Pic).

Proof. The proof is analogous to that of Lemma 8.1.3 with [ = €,d¢(J) = €' and ¢ = f.
Note that at the end of the proof the isomorphisms a and o are well established, because

A and A’ are isomorphisms, since they are so after the faithfully flat base extension, being
¢ and ¢’ Azumaya corings. O

Let Az°(S/R) be the category of Azumaya S/R-corings and isomorphisms of corings.
Proposition 8.1.7 (Az°(S/R), ®ge2, Cang(S; S)) is a symmetric monoidal category.

Proof. Take two Azumaya S/R-corings (€, A) and (€', A"). The corresponding maps A
and A’ are then isomorphisms. Let D be the following composition

A® A

(€ Rge2 @)y = € Rgas & - €3 Qges €] Rges € Qgas €]

€3®T®Q:,1

€3 Rges @g Rgz3 € Qg3 @/1

- (€ ®ge2 )3 Qgus (€ Qge2 €.

Clearly, D is an isomorphism. The comultiplication on € ®ge2 € is the corresponding
map
D: € Rge2 ¢ — ((’: Qg2 (’:/) Qs ((’: R g2 Q:,).

Observe that the S-bimodule structure on € ®ge2 €’ is given by the formulas
s(c ®ge2 ) = s¢ Rge2 ¢ = ¢ Rge2 ¢ and (¢ ®gez )t = ¢ Rgee 't = ¢t Rge2
for s, € Sand c € €, € €. Applying (7.4.11) to A and A’ we find
D(c®se2 )y = (1) ®se2 cyy)s Dgo) (c(z) Rse2 )1
Now applying (7.4.11) to D we get
D(c®ge: ') = (c) ®se2 ¢(qy) Bs (c2) @se2 ¢(g))-
It is then easy to see that D is coassociative, and that
€ ®gez Cang(S;S) = € = Cang(S; S) ®ge: €.

We clearly have € ®ge: € = €' ®ge2 € as S-bimodules, so Az°(S/R) is a symmetric
monoidal category. O

From all the above we can now claim:
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Corollary 8.1.8 We have a monoidal isomorphism of categories
A Az°(S/R) — él(S/R,@)
determined by )
(€, A) =~ (€, (A))

and
f=17
with a(A) from (8.1.1).
Consider the subgroup Can®(S/R) of the Grothendieck group KoAz

“
of isomorphism classes represented by an elementary coring Cang([; S
Pic(S). The quotient

S/R) consisting
) for some I €

Bi*(S/R) = KoAz'(S/R)/Can“(S/R)

is called the relative Brauer group of Azumaya S/R-corings. In view of Lemma 8.1.3 and
(7.1.3) we now get:

Corollary 8.1.9 We have an isomorphism of abelian groups
Br(S/R) = H'(S/R,Pic),  [€] = [(€, a(A))).
Consequently, we have an exact sequence

0 — HYS/R,G,,) — Pic(R) — H°(S/R,Pic) (8.1.6)
—s H*(S/R,G,,) - Br*(S/R) — H'(S/R, Pic)
— H*(S/R,G,,)...

Let f: S — T be a morphism of faithfully flat commutative R-algebras. Then we
have a functor f: Az°(S/R) — Az°(T/R) such that the following diagram commutes

Az (S/R) —A— Z(S/R. Pic)

7| K

AZ(T/R) —A—~ Z(T/R,Pic).

Here f(€) = € Q@ge2 (T ® T), with comultiplication Ag @ge2 A, where A is the comulti-
plication on the canonical coring Cang(7; 7). This induces a commutative diagram

>~

Br¢(S/R)

i

Br‘(T/R)

H'(S/R, Pic)

E
= . HY(T/R,Pic).
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In other words, the isomorphisms in Corollary 8.1.9 define an isomorphism of functors
Br‘(e/R) = H'(e/R, Pic) : R-Alg — Ab.
Consequently, applying (7.2.6), we have

colimBr(e/R) = H'(Ry, Pic) = H*(Ry, G,y,). (8.1.7)

8.2 Azumaya corings versus Azumaya algebras

In the previous section we have established Azumaya S/ R-corings and we have constructed
the relative Brauer group Br¢(S/R) of Azumaya S/R-corings. We now investigate which
relation exists between Azumaya S/R-corings and Azumaya algebras. For this we recall
(80, Lemma 4.1].

Lemma 8.2.1 Let A and B be R-algebras, M, M’ modules over A and N, N' modules
over B. The canonical morphism

Hom (M, M") ® Homp (N, N') — Homugp(M @ N, M' @ N')

induced by the R-bilinear application (f,q) — f ® g, is an isomorphism in the following
cases:

1. M (resp. N) is finitely generated and projective over A (resp. B);

2. M and M’ are finitely generated and projective over A, A is flat over R and N is
of finite presentation over B.

Proposition 8.2.2 Let S be a faithfully projective commutative R-algebra, and € an
Azumaya S/ R-coring. Then ¢ Hom(€,S) and Homg(C, S) are Azumaya R-algebras split
by S.

Proof. Using the above lemma, Theorem 8.1.4 and (7.3.9), we find the following isomor-
phisms of S-algebras:

s Hom(€,S) ® S = g Hom(€, S) ® ¢ Hom(S, S) & ggs Hom(€ ® S, S ® 5)
= S®S Hom(CanR®g(€; S ® S), S (%9 S) = R®S EHd(@)Op.
[

Let us describe the map € : H?*(S/R,G,,) — Br°(S/R) from the sequence (8.1.6).
It will provide us with further examples of Azumaya corings. Take a 2-cocycle u €
Z*(S/R,G,,) and consider the coring

(S ® 9), = Cang(S; ).,
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which is equal to S ® S as an S-bimodule, with comultiplication
Ay: SRS = (8295 (SRSESRI®S, Asdt)=su'@u*®@u’t. (8.2.8)
The coassociativity is equivalent to the 2-cocycle condition:

(A ®s (S @ S)u)Au(s ®@t) = (A ®s (5 ® S5)u)((su' ® u?) ®s (1@ u’t))
= (su'U' ® U?) ®s (1 @ Uu?) ®g (1 @ u’t)
= sulU! @ U? @ Uu? @ ut
LY ol @ w20 @ U? @ U3
= (su! @ u?) @5 (U @ U?) ®@g (1 @ Uudt)
=((S®9), ®s Ay)Au(s@t).
Recall from Lemma 7.1.4 the norm |u| of a 2-cocycle u. The counit € of (S ® S), is given
by the formula
cu(s @) = |u| tst. (8.2.9)
The counit property follows from Lemma 7.1.4:
(5®5)u®s eu)(Buls @) = ((S®5)u @s ca)((su' ®u?) @5 (1© w’t))

= su' @ u?|u|tut
L.7.14
= st

(eu ®s (S®8)u)(Au(s @) = |(€T ®s (S ®5),)((su' ®u?) ®g (1 @ u’t))
= |ultsutu? @ udt
L2l oo,

Note that if u is normalized, then the counit of (S ® 5), coincides with the counit in
Cang(S;9).

In virtue of Lemma 7.1.6 we have (S® 5), ® S = (S® SR S)ue1 = 5%, 50 (S®S).,
is an Azumaya coring.

Example 8.2.3 Analogoulsy as in the above construction we may twist the coring struc-
ture of an elementary coring Cang([;S) = I*®g I by a 2-cocycle u to obtain an Azumaya
coring (I* ®g I),.

Lemma 8.2.4 The map & : H*(S/R,G,,) — Br(S/R),[u] — [(S ® S).], is a well-
defined group map.

Proof. Let u and v be two cohomologous 2-cocycles with uv™! = §,(2) = 22, ‘23 for
some z € G, (S ® S). We define an S-bilinear morphism ¢ : (S ® S), — (S® 5), by
p(1®1)=2"'=w'@w?=W!'® W2 Now we find for s,t € S

(P @) Au(s®t) = (pep)((su! ®u*) ®s (1®u’t))
= (su'w! @ wu?) @g (W @ W2ut)
= suzl_lz;lt

szglvt

= (sw'v! ® v?) ®5 (1 @ v3w?t)

= A, (sw! @ w?t)

= A,p(s®t).
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This proves that ¢ is an isomorphism in Br¢(S/R) and that &([u]) = £([v]).

We prove that £ is a group map by proving that for [u],[v] € H?*(S/R,G,,) the
comultiplications A, and A, of the S-bimodules {([uv]) = (S ® )y and &([u]) @gez
E(v]) = (S ®85), ®ge2 (S ®S),, respectively, are equal. For s,t € S we find

Aup(s @t) = (su'v! @ u®v?) ®g (1 @ uv?).
Observe that
Ay 1 (S®9), Qg2 (S®8)y = [(S® ), ®gez (S®S),] Rgez [(S®5), ®ge2 (S®9),).

The codomain of A, is isomorphic to [(S ® S), ®s (S ® 5),] @ [(S® S), ®s (S ® S),],
which is the tensor product of the codomains of A, and A,. Then is clear that we have

Aun((5® 1) Dgoa(1 1)
= [(su' ® u?) @ge2 (v ®v?)] Dge2 [(1 @ u?) ®ge2 (1 @ v71)]
(sulv! @ u*v?) ®g (1 @ udv3t)
Aup(s®t)
Aup((s®1) ®ge2 (1 ®1)).

O

Let us compute now the right dual Homg((S ® S),,S). As an R-module, it is
Homg((S ® S)4,S) = Homg(S ® S,S) = Endg(S). We transport the multiplication
from Homg((S ® S),,S) to Endg(S) using the right version of the isomorphism in (7.3.9)
with I = S. We obtain that for ¢,9 € Endg(S) the corresponding morphisms f,g €
Homg (S ® S, S) are given by

fs®t)=p(s)t and g(s®t)=1(s)t.

Applying the definition of the right version of the isomorphism in (7.3.9) with I = S, and
then (7.3.8), we find for the multiplication in (Endg(S5),)%:

(W xp)(s) = (fH#9)(s @ 1) = f(¥(su)u® @ u’) = p(d(su')u®)u’.

Then in Endg(S), we have:
@ * 1 = udpupul, (8.2.10)
In a similar way, we find for the left dual that ¢ Hom(S ® S, S) & g End(S), with twisted

multiplication
@ x 1 = ulpudoud.

If S is faithfully projective as an R-module, then it is well-known that there exists a
morphism

¢: H*(S/R,G,,) — Br(S/R).
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More precisely, to any 2-cocycle u € Z%(S/R,G,,) we can associate an Azumaya algebra
A(u). The construction of A(u) was given first in [117, Theorem 2]. It is explained in [80,
Proposition 2.1] and [79, 7.5] using descent theory. Let us summarize the construction

of A(u), following [80]. Take a cocycle u = u! @ u?* @ u* = U' ® U? ® U? with inverse

u ™t =0 ® 0?2 ®0?, and consider the map

given by
P(s@t® @) = su'v' @ udlpr® @ tu®v?
for s,t € S, € Endg(S). Then

A(u) ={z € SR Endg(9) | z®1=o(1®x)}.

It will be convenient to use the canonical identification Endg(S) = S* ® S, given by
© = fi @ p(e), for ¢ € Endg(S) and the dual basis {(e;, f;) | i = 1,--- ,n} of S, with
the inverse f ® v — (s — xf(s)), for f € S*,x,s € S. This isomorphism is S-bilinear
with the S-bimodule structures of Endg(S) and S* ® S given respectively by

(spt)(x) = sp(tx) and s(f @ z)t = ft® sz
for s,t€S. Thenz =) .5 ®t; @t € S®S*® S lies in A(u) if and only if
Z 5Vt LR1= Zulvl ® t;‘vg @ u3t; @ uvs;,
or
Zsi RIRQLIRt; = Zulvl ® u*v?s; @ v @ uty,
or
Ty = TiUsU; " OF Tolly = TiUs. (8.2.11)

Let Endg(S), be equal to Endg(5), with twisted multiplication given by (8.2.10). We
know from Proposition 8.2.2 that Endg(5), is an Azumaya algebra split by S.

Theorem 8.2.5 Let S be a faithfully projective commutative R-algebra, and take u €
Z*(S/R,G,,). Then we have an isomorphism of R-algebras Endg(S), = A(u).

Proof. We define v : Endg(S)., — A(u) by the following formula:
Y(p) =u' @ uipu?,

or
Yt ®t) =u' @t'u @ u’t.
We have to show that x = y(t* ® t) satisfies (8.2.11). Indeed,

TolUyg = (1 ® 1 ® t* ® t>U2U4 = (1 ® ]_ ® t* ® t)U1U3 = Tr1Uus.
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Let us next show that ~ is multiplicative. We want to show that

(@) * () = (Y * »)

or
wUr @ P PpuUPpU? = Ut @ UPuPpuou U
It suffices that
VU@ P @U@ U? = U @ Ud® @ u? @ utU?,

or, after permuting the tensor factors,
WUt e U? @U@’ = U @ u'U? @ u? @ Ud®.

This is precisely the 2-cocycle condition (7.1.1).
The inverse of v is given by

7_1(2 $iQ L ®1;) = Z tiv? @ v'o’sit;,

forallz =Y. s ®t;®t; € A(u) and u™* = v! ® v2 ® v*. We compute that

(v (x)) = ’Y(Z tro? @ v'dsity) = u' @ tHv?u? @ vt st

It follows from (8.2.11) and the 2-cocycle condition that

Ty = x1u3u11 = x1u2u1_1 =yt &® sivl &® tfu2v2 &® tiu3v3.

Multiplying the second and the fourth tensor factor, we obtain that
Yy H2)) = vt @ v @ udvtedsit; = o
Finally

Yt @) =y e @ tu? @ ut) = tue? @ viotulut =t @t

8.3 The normal basis property on bimodules

Let S be a faithfully flat commutative R-algebra. We say that an S ® S-module with
coassociative comultiplication has a normal basis if it is isomorphic to S ® S as an S-
bimodule. Examples are the Azumaya S/R-corings Cang(S; S),, with u € Z*(S/R,G,,),
as considered above. Assume S is faithfully flat. The category of S/R-corings (resp.
S ® S-modules with coassociative comultiplication) with normal basis will be denoted
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by g”b(S/R) (resp. BiMod™(S/R)). Categories (gnb(S/R),@)S@z,CanR(S; S)) and
(BiMod™(S/R), ®ge2, Cang(S; S)) are monoidal categories, and the corresponding sets

of isomorphism classes Cor™(S/R) and BiMod"(S/R) are monoids. Let Az"(S/R) be
the subgroup of Cor™(S/R) consisting of isomorphism classes of S/R-Azumaya corings
with normal basis. We have inclusions

Az"(S/R) C Cor™(S/R) C BiMod™(S/R).

We will give a cohomological description of these monoids.

Take u = u'@u?®u? € S¥3. As usual, summation is implicitly understood. We do not
assume that u is invertible. We call u a 2-cosickle if u1us = uouy. If, in addition, v'u? ®u?
and u' ® u?u® are invertible in S®?, then we call u an almost invertible 2-cosickle. This
implies in particular that |u| = w'u?u® is invertible in S. Almost invertible 2-cosickles
have been introduced and studied in [70]. Let Sick®(S/R) be the set of 2-cosickles and
Sick?;, . (S/R) the set of almost invertible 2-cosickles. Sick*(S/R) and Sick?;, ,(S/R) are

multiplicative monoids, and we have the following inclusions of monoids:

B*(S/R,G,,) c Z*(S/R,G,,) C Sick?, (S/R) C Sick*(S/R) c S®.

We consider the quotient monoids
M"*(S/R) := Sick*(S/R)/B*(S/R,G,,)

and
M?*(S/R) = Sick?

ainv

(S/R)/B*(S/R, G).

M?(S/R) is called the second (Hebrew) Amitsur cohomology monoid. The subgroup con-
sisting of invertible classes is the usual (French) Amitsur cohomology group H?(S/R,G,,)
(the Hebrew-French dictionary is explained in detail in [70]). We obviously have the fol-
lowing inclusions:

H?*(S/R,G,,) C M?*(S/R) ¢ M"*(S/R).

Theorem 8.3.1 Let S be a commutative faithfully flat R-algebra. An S ® S-module with
coassociative comultiplication and normal basis is an Azumaya S/R-coring if and only if
it represents an invertible element of BiMod™(S/R). Furthermore

BiMod™(S/R) = M'*(S/R),  Cor"™(S/R) = M?(S/R)

and

Az"(S/R) = H*(S/R,G,,).

Proof. We define a map (' : Sick?(S/R) — BiMod™(S/R) as follows: 8'(u) = [(S®.5).],
for u € Sick®(S/R), with comultiplication given by (8.2.8). The proof that ' is a map
of monoids is the same as in Lemma 8.2.4.
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To prove that 3 is surjective take [¢] € BiMod™(S/R). We identify ¢ = S ® S,
because € has a normal basis. Let Ag be a coassociative comultiplication and take

u=u'@u'u’ =A(1®1) € (S®S5) s (S® ) = 5%,

(It ¢ : S® S — € denotes an S-bimodule isomorphism, then A¢(1 ® 1) = (¢! ®s
(YA (1 ®1).) From the coassociativity of A, it follows that wyuz = usuy, by the
computation preceding (8.2.9). Hence u € Sick*(S/R), and clearly we have 5'(u) = [€].

Take u € Ker 5'. We then have a comultiplication preserving S-bimodule isomorphism
p: SRS = (S®S),. Put p(1®1) =v =v' ®v* € S¥2. From the fact that ¢ is an
automorphism of S®? as an S-bimodule, we have 1 ® 1 = ¢ ' (v! @ v?) = vl (1 ® 1)v?,
sov ! = (1®1). Let A; denote the comultiplication of S ® S. Since ¢ preserves
comultiplication, it follows that

v = (P R5 ) (AL(1®1)) = Au(p(l ®1)) = Ay(v) = v'u! @ u? ® u*v? = vyu,

hence v = 6;(v) € B*(S/R,G,,). From the surjectivity of the map 3’ the isomorphism
BiMod™(S/R) = M'*(S/R) will follow if we show that B*(S/R,G,,) C Ker(8'). Take
u € B%S/R,G,,). Then for some v € G,,,(S ® S) it is u = §;(v) = v1v; 'v3. This means
that u is cohomologous to 1. From the fact that the map £ from Lemma 8.2.4 is well-
defined it follows [(S ® S),] = [S ® 5] in BiMod™(S/R), hence u € Ker(8'). With this
we have proved that BiMod™(S/R) = M"*(S/R) as monoids.

Let us now consider u € Sick?,  (S/R). As we commented above, |u| is then invertible
and we have §'(u) = [(S®S),], where (S® S), has a counit given by (8.2.9). Conversely,
let [¢] € Cor™(S/R), and take u = £ ~'([¢]), as defined above. We know then that
uiuz = uguy. ldentifying € = S ® S as above, put v = g¢(1 ® 1). Using the counit
property and the fact that ¢ is a bimodule map, we then compute that

1®1=ce(u' ®u®) @u’ =u'vu® @u?;

1®1=u"®c(v’ @u?) = u' @ u*vu’.

It follows that u'u® ®u?® and u! @ u*u? are invertible, and that v = |u|™!, by Lemma 7.1.4.
Hence u € Sick?,,,(S/R), and it follows that 3’ restricts to an epimorphism of monoids

ainv

B: Sick%, (S/R) — Cor™(S/R).
As above, B?(S/R,G,,) = Ker 3 and it follows that M?(S/R) = Cor™(S/R).

If we Z*(S/R,G,,), then 8'(u) = [(S ® S).], where (S ® S), is an Azumaya S/R-
coring. Thus f restricts to a monoid map 8" : Z*(S/R,G,,) — Az"(S/R). Clearly,
Ker 3" = B?*(S/R,G,,), so we get a group morphism ¢ : H*(S/R,G,,) — Az"(S/R),
which is the factorization of the map ¢ from Lemma 8.2.4 through Az"(S/R). The
map ¢ is injective. Indeed, assume &([u]) = &£([v]) and let ¢ : (S ® S), — (S ® 9),
be an isomorphism of S/R-corings. As we saw above, the element z = ¥(1 ® 1) is
then invertible. Applying the compatibility of ¢ with comultiplications to 1 ® 1, we
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obtain 20v = 2123u, i.e. vu™' = §;(z), so [u] = [v]. We now prove the surjectivity
of . Let ¢ be an Azumaya S/R-coring with normal basis, and u € £~ '([¢]). Take
v = #7'([¢*]). Since € and €* have normal basis, we may identify them with (S ® S),
and (S ® S), respectively. Having that € and €* are inverses of each other in Br¢(S/R),
we get (S ® )y = (S®9)y ses (S®S5), 2 S ®S. By injectivity of £ we conclude
that [u] = [v]7' in M?(S/R), meaning that uv € B*(S/R,G,,). Since every element in
B?(S/R,G,,) is invertible in S®3 it is wvvw = 1 ® 1 ® 1 for some w € G,,(S®?). Then in
particular, u € G,,(5%?), and u € Z%(S/R,G,,). Clearly, £([u]) = € and we have proved
that H*(S/R,G,,) = Az"(S/R). O

8.4 The full Brauer group of Azumaya corings

In this section we construct the full Brauer group and prove that it is the colimit of the
relative Brauer groups Br¢(S/R). Moreover, we will prove that the full group is isomorphic
to the full second flat Amitsur cohomology group.

An Azumaya coring over R is a pair (S, ), where S is a faithfully flat finitely pre-
sented commutative R-algebra, and € is an Azumaya S/R-coring. A morphism between
two Azumaya corings (S, €) and (7,D) over R is a pair (f, ), with f: S — T an al-
gebra isomorphism, and ¢ : € — ® an R-module isomorphism preserving the bimodule
structure and the comultiplication, that is

p(scs’) = f(s)o(e) f(s') and Ag(p(c)) = p(cq)) @1 lcr),

for all s,s" € S and ¢ € €. The counit is then preserved automatically. Let Az°(R) be the
category of Azumaya corings over R.

Lemma 8.4.1 Suppose that S and T are commutative R-algebras. If M € Mgg,s and
N e MT®RT7 then M @r N € M(S®RT)®R(S®RT)'

If € is an (Azumaya) S/ R-coring, and ®© is an (Azumaya) T/ R-coring, then € Qg © is
an (Azumaya) S ®g T/ R-coring.

Proof. Tt is easy to see that M ®r N € M sg,1)0r(Sorr) With the structure given by
(men) (s@t)@(s@t) =sms @tnt’, for s,s" € S;t,t' € T and m € M,n € N.

Also, it is easy to verify that € ® g © is an S ®g T'/ R-coring with the comultiplication
and counit determined by

Newpo  CORD — (CRRD) Rsp,r (CRRD) = (CRsC) Qg (D D)

Aggro(c®d) = (ca) ®s c2)) @r (d1) ®s d(2))

and
Ee®RD - @@R@ — S@RT

e(c®d) = €eg(c) @R €n(d).
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Let us show that € ®p ® is an Azumaya S ®pg T/ R-coring if € is an Azumaya S/R-
coring, and © an Azumaya T/ R-coring. We have

CORDQRSQrT =CRRSQrD T

CanS(I;S®R S) ®CanT(J;T®RT) = (I* XKg ]) KRR (J* K7 J)
= (I"®grJ") ®ser (I ®@g J) = Canggr(I @g J; S Qr T @r S ®rT).

Il

Let (€,A) be an Azumaya S/R-coring, and consider the corresponding (&, «)
Z'(S/R,Pic). Its inverse in Z'(S/R,Pic) is represented by (€, (a*)™'), with €*
Homg(€, S). The corresponding coring will be denoted by (€*, A).

m 0O

Proposition 8.4.2 Let € be an Azumaya S/R-coring. Then € ® € is an elementary
coring.

Proof. Consider A(€) = (€,a) € Z'(S/R,Pic), where A is the functor from Corol-
lary 8.1.8, and the maps ny,75: S — S ® S. It follows from Proposition 7.1.9 that

(€, )] = (8% ® €, S @ a)] = [12(€, )] = [(€® 5%, 0 @ §))]

in H'(S® S/R, Pic). Consequently, with A, denoting the group isomorphism from Corol-
lary 8.1.9, we get

(A (€, 0))] = [(S® ) ® €] = [A] (14(€, )] = [€@ (S @ )]
in Br¢(S ® S/R). Note that because of
(S®9)®E) Rger (SR RE) 2 IR IR (€ Rgee €) =2 5

the inverse of [(S® S) ® €] in Br¢(S ® S/R) is represented by (S ® S)® €*. This together
with the above implies that

(CR(S®SI9)) Rset (S®I)RC) 2ER
is an elementary coring. 0

Let (S,€) and (7,9) be Azumaya corings over R. We say that € and © are Brauer
equivalent (in notation: € ~ ®) if there exist elementary corings €; and &, over R such
that € ® ¢&; 2D ® &, as Azumaya corings over R. This relation is trivially reflexive and
symmetric. For the transitivity suppose that € ~ 0 and ® ~ § with €® ¢; =2 D ® &,
and ® ® €3 = § ® &, for some elementary corings &y,..., ;. We then have

CRE REEZDREIREEZFTR EL R Ey.

Since the tensor product of two elementary corings is elementary, we have that ~ is an
equivalence relation. Let Brg(R) be the set of equivalence classes of isomorphism classes
of Azumaya corings over R.
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Proposition 8.4.3 Brj(R) is an abelian group under the operation induced by the tensor
product g, with unit element [R).

Proof. That the product is well-defined is supported by Lemma 8.4.1. By Proposition 8.4.2
the inverse of [(€, A)] is [(€*, A)]. O

The group Brg(R) is called the Brauer group of Azumaya corings over R.

The Brauer equivalence relation on Azumaya corings over R leads to the Brauer equiv-
alence relation in the Brauer group of R on the dual algebras, and thus also to the Morita
equivalence relation. Let € be an Azumaya S/R-coring and © an Azumaya T/ R-coring.
If € ~ D, then there are elementary corings €, = Cang(/;U) and &, = Cang(J; V) for
some faithfully flat R-algebras U and V, so that € ® ¢ = D ® &,. If we now take the
S®U-, ie., T ®V-dual of this isomorphism, using Lemma 8.2.1 we obtain

¢* @ Cang([; U)" 2 D" ® Cang(J; V).

By (7.3.9) this gives
C* ® Endg(1)”? =29 @ Endg(J)”

Knowing from Proposition 8.2.2 that €* and ©* are Azumaya R-algebras, we obtain

¢ ~ ®* in Br(R).

Lemma 8.4.4 Let €, € be Azumaya S/R-corings, and assume that & = Cang(J;S) is
elementary. Then the Azumaya corings € Qgz2 € and € are Brauer equivalent.

Proof. Let A(€) = (€, «). By Remark 8.1.2 we have A(&) = (J*® J, A\;). Since
CRs2 ERee2 € E2CRee CFReeCEE=J"®QJ= 50(J)

and
o Qg3 )\J X503 (a*)_l = )\J,

we have

(€ ®@s92 €, a ®ge3 Ay)] = [(€, )]
in H'(S/R,Pic). From Proposition 7.1.9, it follows that

[m(, )] =[((S®95) ®€, 5% ®a)] = [1.(C Dge2 €, Dges )]
(CRs22 €)@ (S®S), (@ ®@ges Aj) ® S®3)]

in H'(S ® S/R,Pic). Applying A" to both sides, we find that
(5 8)® € = [(Casm ) ® (S S)

in Br¢(S ® S/R). Since the inverse of [(S ® §) ® €] in Bre(S® S/R) is [(S® S) @ €*], we
obtain from the latter expression that

[(S®S) ®C") ®ges (€ Rge2 €) @ (S ®9))] = [(CRge2 €) @] =1
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in Br‘(S ® S/R). Consequently, (€ ®g22 €) ® €* = § is an elementary coring, and
(CRs2 )R RE=FRC.

We have seen in Proposition 8.4.2 that €& €* is elementary. Then we conclude €®gz2 & ~
¢ 0

Lemma 8.4.5 Let f: S — T be a morphism of faithfully flat commutative R-algebras.
If € is an Azumaya S/R-coring, then € ~ f(€) = € ®ge2 (T ® T), where f is the one
from page 169.

Proof. As before, let A(€) = (&, ). Consider the maps ¢,1: S — S ® T given by
p(s) =1®@ f(s) ; v(s)=s®1L
Applying Proposition 7.1.9, we find that

[p(€, )] = [(€@ge2 (S @ T, a @ges (S @ T)%%)]
= [(S*? ® (€ ®ge2 T%?), s ® (@ @ges T?))]
= [(€ )] = (€T a0 T%)

in H'(S ® T/R, Pic). Consequently,
(A (€, 0))] = [(S® 8) ® (C@gex (T T))] = [AS (¥-(€, )] = €@ (T @ T)]

in Br‘(S®T/R,Pic). The inverse of [€® (T'®T)] in Br’(S®T/R,Pic) is [€*® (T @ T)],
and it follows that

(CTR(TRT)) Rsgserer (S®S) QR (ERgez (TRT)))ZC R (CRse2 (TRT)) =€
for some elementary S ® T'/ R-coring €. We then have
CRCR(CRs (TRT)) 2R E.

We know from Proposition 8.4.2 that € ® €* is elementary, so we can conclude that

¢~ f(€) =Cse: (TRT). O

Proposition 8.4.6 Let S be a commutative faithfully flat R-algebra. We have a well-
defined group monomorphism

is: Br’(S/R) — Bri(R), is([€]) = [€].

If f: S — T is a morphism of commutative faithfully flat R-algebras, then we have a
commutative diagram
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Proof. Let us first make sure that ig is well-defined. For that purpose take [€] = [D]
in Br¢(S/R) = KoAz°(S/R)/Can®(S/R). That means that for an elementary S/R-coring
¢ we have € ®ge2 D* = ¢. Multiplying this in the Brauer group Bré(S/R) by D, i.e.,
tensoring the equation over S ® S by ®©, we obtain € = © ®gz2 €. By Lemma 8.4.4
this is Brauer equivalent to ® in Brg(R), thus ig is well-defined. Let us show now that
is is a group homomorphism. Consider two Azumaya S/R-corings € and © as above.
Then by Proposition 8.4.2 the S ® S/R-coring €* ® € = &, and clearly the S/R-coring
¢ ®ge2 € = E,, are both elementary. From Lemma 8.4.4, it follows that

CRD ~ (CRD) Qg (€' )
= (CRg2 €)@ (D Qg2 €)
>~ (S®S)® (D @gee €)
~ D Rgez €= CRge2D.

Consequently, in Brj(R) we have
is([€ ©ge2 D)) = [€© D] = i5([€])is([D])

proving that ig is a group map. It is clear that ¢g is injective. R
Finally, it follows from Lemma 8.4.5 that i5([€]) = [€] = [€Rge2 (T'RT)| = (irof)([€]).

O

Theorem 8.4.7 Let R be a commutative ring. Then
Br§(R) = colim Br(e/R) = H*(Ry, G,,).

Proof. 1t follows from Proposition 8.4.6 and the definition of the colimit that there is a
unique map

i: colimBr¢(e/R) — Br(R).
Suppose that A is an abelian group, and suppose that we have a collection of maps
ag @ Br(S/R) — A such that X
ar o f = Qg,
for every morphism of faithfully flat commutative R-algebras f : S — T. Take x €
Br(R). Then z is represented by an Azumaya S/R-coring € for some S. We claim that

the map
a: Brg(R) — A, ax) = as([€])

is well-defined. Take an Azumaya 7'/ R-coring © that also represents x. Then
CRMITRT)~C~rD~DR(S®Y)

and from the injectivity of iggr (see Proposition 8.4.6) we obtain that [€® (T ® T)| =
D ®(S®S)] in Bre(S® T/R), hence

as([€]) = aser([€@ (T @ T)]) = aser([D @ (S © 5)]) = ar([D]),
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as needed. We have constructed « in such a way that the diagrams

Br(S/R) is Br(R)

e

A

commute. To prove that « is unique with such a property, assume there exists  : Brjj(R)
— A with fig = ag for all faithfully flat commutative algebras S. Let x € Brg(R). As
above, x is then represented by an Azumaya S/R-coring € for some S. We then have
B(x) = Pis([€]) = as([€]) = ais([€]) = a(z), hence f = «. This means that Bri(R)
satisfies the required universal property of a colimit. Finally, apply (8.1.7). 0
Corollary 8.4.8 Let S be a faithfully flat commutative R-algebra. Then
Ker(Brj(R) — Brg(S)) = Br(S/R).
Proof. Applying Corollary 8.1.9, (7.2.5) and Theorem 8.4.7, we find

Bre(S/R)

H'(S/R, P
Ker(H?*(Rg, G,,) — H*(Sg,G,,))
Ker(Bri(R) — Brg(9)).

1%

12

O

All our results remain valid if we replace the condition that S is faithfully flat by
the condition that S is an étale covering, a faithfully projective extension or a Zarisky
covering of R (see e.g. [80] for precise definitions). It follows from Artin’s Refinement
Theorem [9] that the (injective) map

H2(Ret, Gm) — HQ(Reta Gm)

is an isomorphism, where H?*(Re,G,,) := colimH?(e/R,G,,) and H?*(Rg,G,,) is the
second right derived functor of the global section functor. We will now present an algebraic
interpretation of H?(Ry,G,,) independent of Artin’s Theorem. Consider the subgroup
Bri™(R) of Brg(R) consisting of classes of Azumaya corings represented by Azumaya
corings with normal basis.

Theorem 8.4.9 Let R be a commutative ring. Then

Br{™(R) = H?*(Ry, G,,).
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Proof. Let S be a faithfully flat commutative R-algebra, and consider the diagram
Br¢(S/R)

g

HA(S/R, )~ H(S/R, Pic

H*(Ry,G,,) << H?*Ry,G,).

The map v is the one from Corollary 8.1.9, and 3 : H*(S/R,G,,) — H'(S/R,Pic) maps
the equivalence class of a 2-cocycle v into [(S ® S, m(v))], where m(v) : S®° — S’ is the
multiplication by v. The other two vertical arrows are limit maps (recall (7.2.6)). Let €
be an Azumaya S/ R-coring with normal basis. Identifying € = S® S, put u = Ag(1®1).
Using (7.4.11) we realize that A¢(s®1®t) = (su! @1u2®1)R 43 (1@ 1@U) = sul @u?@u’t.
Thus A¢ = a~! = m(u), applying identification ¢ = S ® S in (8.1.1). This means that
v([€]) = [(€,a)] = [(S® S, m(u""))] and hence v([€]) € Im (B). So the image of Im(7) in
H?(Rg,G,,) lies in the subgroup H?(Rg, G,,). It follows that we have a monomorphism
K Bri™(R) < H?*(Rg,G,,) such that the following diagram commutes:

Bri™(R) —  Bri(R)

J J”

H?(Rq, G,,) — H*(Rg, G,,).
The map & is surjective: for [u] € H?(Ry,
(5 ®5)

G,,) there is a faithfully flat R-algebra S so
that [u] € H*(S/R,G,,), then k(| =

[u]. O

)






Chapter 9

Cohomology over commutative
bialgebroids

Bialgebroids generalize bialgebras, which are modules over a commutative ring, to bimod-
ules, in the similar way as corings generalize coalgebras. In our work we are interested
in commutative bialgebroids. The commutativity of the algebra structure of a bialge-
broid simplifies the structures involved in the definition of a bialgebroid (see [130]). Over
this simplified structure we introduce a cohomology in this chapter and call it Harrison
cohomology. In special cases of a commutative bialgebroid this cohomology reduces to
well-known cohomologies, as we will show. We prove that Harrison cohomology over a
commutative bialgebroid fits into an infinite exact sequence a la Villamayor—Zelinsky. In
the last section of this chapter we study the zero cohomology group with values in the cat-
egory of Picard modules. We start with a preliminary section with some useful properties
of localized rings and invertible modules.

9.1 Some properties of invertible modules

In the first section of the third part of the thesis we establish some basic tool we will use
throughout. In this and Section 10.2 we will make use of Zarisky topology and local rings.
For this purpose we first collect the basic properties from the topics. For more details
we refer to [80] and [54, Section 1.4]. In this section R will be a commutative ring if not
otherwise specified.

The collection of all prime ideals of R is denoted by Spec (R). On Spec (R) we have
Zariski topology, where closed sets are defined as V(L) = {p € Spec(R)|L C p} for
every subset L of R. The open sets are then the complements, and their basis is given
by D(a) = {p € Spec(R)|a ¢ p} for every a € R. The topological space Spec(R) is
quasi-compact, so in particular every covering of it can be reduced to a finite one.

Let S C R be multiplicatively closed. On R x S the relation defined by “(r,s) ~ (1, s)
if and only if there exists ¢ € S so that tsr’ = ts'r” is an equivalence relation. A
localization of R with respect to S is the quotient S™'R := R x S/ ~ whose elements
are denoted by r/s := (r,s). It is a commutative unital ring where the addition and

185



186 9. Cohomology over commutative bialgebroids

multiplication are defined by the usual formulas for fractions. If p is a prime ideal of R,
then R\ p is multiplicatively closed. The localization S™'R for S = R\ p we denote
by R,. Analogously, for any R-module M one defines its localization M,. It turns out
that M, = M ®gr R, as R,-modules. For a further R-module N one can show that
(M ®r N), = M, ®r, Np.

One has that R, is a local ring (meaning that it has a unique maximal ideal) and
flat as an R-module. A finite extension of a local ring is a semilocal ring, that is, it has
finitely many maximal ideals. Local rings have some properties similar to fields. The most
interesting one is that a finitely generated projective module over a local ring is free. The
same holds for semilocal ring. We will use this in the proofs of the claims to come, as well
as a local-global principle that we illustrate below. We first recall [54, Proposition 1.4.10]
and (80, Lemma 1.3.2]. For any a € R we write R, for the localization of R determined
by the multiplicatively closed subset of R consisting of non-negative powers of a.

Lemma 9.1.1 Let M be a finitely generated projective R-module and p a prime ideal in
R. There exists f(p) € R\ p with M ®@p R(sppy) = M) free as an Ry -module.

Lemma 9.1.2 A ring extension R — S s faithfully flat if and only if S is flat over R
and for every prime ideal p of R there is a prime ideal q of S such that gN R = p, in
other words the induced map Spec (S) — Spec (R) is surjective.

Fixing a prime ideal p of R we have that R — R, is a flat extension. It is now easy
to see that Spec (R) is covered by {D(f(¢))|l¢ € Spec(R)}, where f(q) are chosen like
in Lemma 9.1.1. From this covering we can take a finite collection so that Spec (R) =
U1 D(f(:)). Put

S = Rf(g)) X -+ X Rip(qp))- (9.1.1)

In this situation the induced map Spec (S) — Spec (R) is surjective, so by Lemma 9.1.2
we have that R — S is faithfully flat.

Corollary 9.1.3 For every I € Pic(R) there is a faithfully flat extension S of R so that
I ®rS =S as S-modules.

P?“OOf. Let S be like in (9.1.1). Then [®R S = ([ XRpr R(f((]l))) X -0 X ([ KRR R(f(%))) =
Lg%+ - - X1 ($(g,)), Where each I(f(q,) is free over Rf,)) fori =1,... k, by Lemma 9.1.1.
Since R(y(4))’s are local rings and I € Pic(R), we get that I(f,)’s are free of rank one
over Rf)’s, hence I(p4)) = Rfq) for alli=1,... k, and we get the claim. 0
Remark 9.1.4 Let M be any R-module. With S asin (9.1.1) it is M ®p S = M(4(4,)) X
X My(qy)), Where each Ms,)) is free over R,y for i = 1,...,k, as in the above
proof. Take m,n € M. If m®g 1lg =n ®r 1lg in M ®z S, then in each free component
M (4 we have m ®r 1; = n ®p 1;, yielding m = n in M.
If we prove that m ®p 1 =n ®x 1 in M ®x R, for any prime ideal p of R, then we
would clearly have m®prlsg = n®pglgin M ®z .S with S as above, and hence it will follow
m =n in M. We will use this local-global principle in some of the forthcoming proofs.
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We now develop some tool we will use in the treatment of invertible modules over a
commutative ring R.

Recall from Section 7.1 that Pic(R) denotes the category of invertible R-modules
and R-module isomorphisms, and Pic(R) the corresponding Picard group of R. In the
sequel we will consider the right version of the evaluation map ev; : I*®r I — R,
evr(z* ® z) = (z*, z). We have:

Lemma 9.1.5 Let I,J,K € Pic(R), and f,g: I — J R-linear maps. Then f ®p K =
gRr K : IQr K — JRr K if and only if f = g.
Lemma 9.1.6 Take x1, 75 € I, with I € Pic(R). Then 11 ® 1o = 13 @ x1 in [ Qg 1.

Proof. In view of Remark 9.1.4 it suffices to show that the formula holds after we localize
at an arbitrary prime ideal p of R. Since R, is local and I € Pic(R), we have that I, is
free of rank one over Rz, so we can write I, = R,e for some e ETP. Localization of I ®p I
is (I ®r 1), = I, ®r, I, = Rye ®r, Rye and then the formula is obvious. O

Let I, J € Pic(R) and consider the invertible R-modules I/ @z [ ®r J and [ ®p J Qg 1.
Permutation of the tensor factors yields two switch map isomorphisms

fiofo: IQrlI®rJ = IR J Qg1
given by
f1<$1®x2®y):$1®y®$2 and f2($1®x2®y):l'2®y®xl

for 1,29 € I and y € J. It follows from Lemma 9.1.6 that f; = fo. We will identify
I®rI®grJand I @ J Qg I using fi or fy, and we will refer to this identification as the
switch map identification. More generally, given Iy, - - - , I,, € Pic(R), and o a permutation
of {1,---,n}, we will identify I) ®p - -- ®r I,, and I,1) ®r .- Qg Io(ny-

Lemma 9.1.7 Let I1,--- ,I, € Pic(R), and g : Iy — I, fi: I; — ILiy1 R-linear maps,
fori=1,--- ,n—1. Then

fl(ml) ® f2($2) @ fnfl(xn71> =220 T3Q - QTp_1 & g(l’l), (912)
forallzy € I, - ,x,_1 € I,_1 if and only if
g = fa-10fag0---0 fi. (9.1.3)

Proof. We will prove the lemma in the case where n = 2, the generalization to the
arbitrary case is easy. Take I, J,K € Pic(R)and f: I — J,g: J — K, h: I —» K.
Suppose f(r) ® g(y) =y @ h(z), for all z € T and y € J. Let {(e;,ef) |i=1,---,n} be
a finite dual basis for J. Then

hx) =Y (e ephix) =) (fx).e)gler)

% %

= 9 (@) e = (go ().

%
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Conversely, if (9.1.3) holds, then it suffices that (9.1.2) holds after we localize at an
arbitrary prime ideal p of R (Remark 9.1.4). As in the above proof we have that I,
Jp and K, are free of rank one over R,. It then suffices to show that the implication
(9.1.3) = (9.1.2) holds in the case where I = Ra, J = Rb and K = Rc are free. There
exist unique r, s € R such that f(a) = rb and g(b) = sc, and we find that f(a) ® g(b) =
rb®sc=b®rsc=0b® g(f(a)), as needed. O

Remark 9.1.8 Equation (9.1.2) can be restated as follows: the maps f1® fo® -+ ® f,_1
and I, ® --- ® I,_1 ® g are equal, up to a permutation of the tensor factors. Up to the
switch map identification, we can rewrite this as

[if® - Qfi1=L® - ®,_1®g.

Lemma 9.1.9 Let I,J, K, L,M,N,P € Q(R), and consider isomorphisms f : J —
K®RL,gZ ]®RK—>M®RN,]€I N®RL—>P,hZ ]®RJ—>M®RP Then

h=(M®Ek)o(g®L)o(I® f) (9.1.4)

if and only if
fReg®ek=K®L®N®h, (9.1.5)

up to the switch map identification.

Proof. By Lemma 9.1.7, equation (9.1.4) is equivalent to
(@ f)(X1) ® (9@ L)(X2) @ (M ®k)(X3) = X2 @ X3 ® h(X)

for X; € I®J XQ €eI®K®Land X3 € M ® N® L. Denote Xy = .z @y,
Xo=) @ ® 2; ® u X3 =Y, u®@w ®ui. The above equation can then be rewritten as

(Z:E%@f yi)) Zg ' ® 2j) Quj) Zvl®k‘(wl®ul2))
Z:l?j®zj®u Zvl®wl®ul (Zh(xf@yl))
J ;

Let 717 and 736 be the automorphisms of I@ KQ LM N ® LRI ® J switching the first
and the seventh tensor factor and the third and the six tensor factor, respectively. Apply
them both to the right hand-side in the above equation before the map h is applied. Then
apply h. By Lemma 9.1.6 the above expression is then equivalent to

O wlefu) e Zg @z oul)® (Y uekw o)
7 l

(sz ® 2z Qui ® v Q@ w @ uj ® h(x ).

i7j7l
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Now by Lemma 9.1.5 (“dropping” the first and sixth tensor factor) this is equivalent to

fly) ® (Z 9(z; ® 2j)) @ (Z u ® k(w ®w)) = sz QU U Quw ® h(r; ®Yy)
J l gl
in KILOMRNR@M® P, where y € J, Zj r;®z; € IQK and ), y,@u@w € MONQL.
Let now 735 denote the automorphism of K @ L ® M ® N ® M ® P switching the third
and the fifth tensor factor. By Lemma 9.1.6 the above expression is equivalent to

fly) ® (Z 9(z; ® 2j)) ® (Z v ® k(w @ w)) = 7350 (Z 2 Qu v QW h(z; ®y))
J ! al

By Lemma 9.1.5 (“dropping” the fifth tensor factor), this is equivalent to (9.1.5) up to
the switch map identification. 0O

Consider a morphism f: I — J in Q(R) We can construct three other isomor-
phisms:

[f={U"®gevy)o(I" R fRpgJ*) o (coevy g J*) : J* — I7;
g:ff’l)J*O(f@RJ*)I ]®RJ*—>R,
h=(I"®g f)ocoev;: R— I"® J.

Given one of these four maps, we can reconstruct the three other maps. We will use the
same notation f for all four maps. Basically, this comes down to identifying I* ® g [ with
R using the evaluation and coevaluation maps. This second identification will be called
the duality identification.

We now set some basic notation we will use throughout. Let R and S be associative
rings with unit. Mg (resp. gM, rRMg) will denote the category of right R-modules
(resp. left R-modules, R-S-bimodules).

Lemma 9.1.10 Leti: R — S be an injective ring morphism. If M € rM is finitely
generated and projective, then we have, for allm € M :

15®Rm:OinS®RM = m=0.

Proof. Take m* € pHom(M, R). Applying S @ m* to the identity 1¢ ®p m = 0, it
follows that 1g(m*,m) = i((m*, m)) = 0, hence (m*, m) = 0 since i is injective. Take a
finite dual basis {(e;,ef) | i=1,--- ,n} of M € gRM. Then m = > (ef,m)e; = 0. 0

Let f: R— S and f': R’ — S be morphisms of commutative rings, and M a right
S-module. ;M will denote the (R, R')-bimodule equal to M as an abelian group, with
action

r-m-r' =mf(r)f'(r).
If g : S — T is another morphism of commutative rings, and M € M, then we obviously
have the following isomorphism of left R-modules:

15 @g oM 22 jop M. (9.1.6)



190 9. Cohomology over commutative bialgebroids

9.2 Commutative bialgebroids and Hopf algebroids

Let S and A be commutative rings, and consider two ring homomorphisms o, 7: S — A.
Then A is an S-bimodule, with left and right action given by the formula

s—a~—t = o(s)7(t)a, (9.2.7)

for all s,t € S and a € A. The maps ¢ and 7 are called the source and target maps.
Assume that A : A — A®g Aand ¢ : A — S are ring maps and S-bimodule maps
such that (A, A,¢) is an S-coring. Then we call A = (A,S,0,7,A,e) a commutative
bialgebroid.

Now assume that S: A — A is an S-bimodule anti-homomorphism, that is,

S(s—a+t) = t—S(a)+s,

or

S(o(s)7(t)a) = o(t)r(s)S(a) (9.2.8)

for all s,t € S and a € A. It follows from (9.2.8) that we have well-defined maps
fig: A®s A — A, given by f(a ®¢b) = S(a)b and to g(a ®g b) = aS(b) for a,b € A.
Indeed, for all s € S we have

f((a=—s) ®sb) = f(aT(s) ®sb) = S(a7(s))b = S(a)o(s)b
= S(a)(s—b) = fla®s (s—b))

and
g((a—s) ®g b) = at(s)S(b) = aS(c(s)b) = aS(s—b) = g(a ®g (s—b)).

We also assume that
S(aqy)ae) = (toe)(a) and an)S(ap) = (0 oe)(a) (9.2.9)

for all @ € A. Then we call A = (A, S,0,7,A,¢,S) a commutative Hopf algebroid. The
map S is called the antipode.

It is easy to see that a commutative bialgebroid is a left bialgebroid in the sense of
Lu [89], or, equivalently, a xg-bialgebra in the sense of Takeuchi [130]. We refer to [26]
for a discussion of the equivalence of the various notions of bialgebroid that appear in the
literature.

A commutative Hopf algebroid is a special case of a Hopf algebroid in the sense of
Bohm [19] in the following way: let A = (A,S,0,7,A,&,S) be a commutative Hopf
algebroid. Then Ay = (A, S,0,7,A,¢) is a left bialgebroid, and Ar = (A, S, 7,0,A¢) is
a right bialgebroid. Then A = (A, Ag,S) is a Hopf algebroid in the sense of [19]. A nice
survey of the theory of Hopf algebroids is given in [20]. The following results are then
special cases of results in [19]; we give a short proof in our particular situation.

Proposition 9.2.1 Let A = (A, S,0,7,A,¢,S) be a commutative Hopf algebroid. Then
the antipode S is a ring morphism.
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Proof. Since A(1) =1®g 1, we have 1 = (0 o¢)(1) = 1S(1) = S(1).

Note that a € A can be written in the forms
a = aqy—<¢(ap)) = aq)(toe)(ap) and a=c(ap))—ap) = (0 o¢)(any)aw).(9.2.10)

We will use this repeatedly. We now compute

9.2.10)

S(ab) "= S((0 0 €)(aqy)a) (o o €) (b)be)

In the fourth equality we applied that A is a ring morphism, while in the fifth one, that
so are o and ¢. 0

It follows from (9.2.8) that we have a well-defined map h : A ®s A — A R®g A,
h(a ®g b) = S(b) ®s S(a), for a,b € A,

h((a*—s) ®s b) = h(at(s) ®s b) = S(b) ®s S(at(s)) = S(b) ®s o(s)S(a)

= 5(b) @s (s—8(a)) = (S(b)*=s) @5 S(a) = S(b)7(s) ®s S(a)

for s € S.

Proposition 9.2.2 Let A= (A,S,0,7,A,¢,S) be a commutative Hopf algebroid. For all
a € A, we have

A(S(a)) = S(ag)) ®s S(aq)), (9.2.11)

and

£(S(a)) = £(a). (9.2.12)
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Proof. Bearing in mind that A is an S-bilinear ring morphism we find

(928)

A(S(a)) = A(S((UOE)(())W))) A((roe)(aw))S(ag))

= A(S(a@)—<(aq
= (1®s(rto¢)
= (1®sS(a@))(ooe)(aw)am)A(S(aw)))

= A( (a(2 ))51 XRg (7’ e} 6)(&(1)))
(1 @ S(aw)ae)AS(a))

Note that, since € 4 is S-bilinear, we have e 4 o 7 = €4 0 0 = idg. Then applying that ¢ is

a ring morphism we obtain

ela) = (coooe)(a)*2

Proposition 9.2.3 Let A be a commutative Hopf algebroid. Then S? =

Proof. From Proposition 9.2.1 and (9.2.9) we have
§*(a)S(a@) = S(S(a))a) = S((r 0 €)(a)) = (7 0 €)(a)

hence
amS(a))ae) = aq)(Toe)(ae) = a
equals

amS(a@);

S?(aq))S(ae))a@) = S*(aw) (T 0 €)(aw) = S(S(aq)) (o o €)(aw)))

)
= S*(aq)y(T oe)(a@)) = S*(a).
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Proposition 9.2.4 Let A be a commutative Hopf bialgebroid, and let M be an S-module.
Since S is commutative, we can view M as a left or right S-module. Then A ®g M =
M ®s A as abelian groups. Consequently, A is (faithfully) flat as a left S-module if and
only if A is (faithfully) flat as a right S-module.

Proof. Themap f : AQsM — M®g.A given by f(a®sm) = m®gsS(a) form € M,a € A
is well defined, since f(at(s) ®sm) = m ®s S(at(s)) = m s o(s)S(a) = ms ®s S(a) =
fla®g sm) for s € S. It is an isomorphism because S is bijective. 0

Example 9.2.5 A commutative R-bialgebra (resp. Hopf algebra) is a commutative bial-
gebroid (resp. Hopf algebroid) for which the source map ¢ : R — H,o(r) = rly and the
target map 7: R — H,7(r) = lyr for r € R, coincide.

Example 9.2.6 Let R — S be a morphism of commutative rings, A = S ®z S, o(s) =
s®1,7(s) =1®s, A(s®t) = (s®1)Rs(1®1), e(s®@t) = st, S(s®@t) =t X s.
Then (A, S,0,7,A,¢,S) is a commutative Hopf algebroid. We show here that (9.2.8) and
(9.2.9) hold. Fora=s®t € A, st € S we have

S(e(s)7(t)a) =S(s's@tt') =t't @ s's = o (t')7(s")S(a);

S(any)ap =1®s)(1®t) =1® st =7(st) = (T oe)(a).
The other equality is proved in a similar way.
Example 9.2.7 Let R be a commutative ring, and H a commutative Hopf algebra over
R, with comultiplication d, counit ¢ and antipode s. Let S be a commutative right

H-comodule algebra, and A = S ®r H. We use the Sweedler notation for the right
H-coaction on S, namely

p(s) = 510 @ sp)-
Defineo,7: S — A, A: A—-ARs A, e: A— SandS: A — A as follows:

o(s)=s®1 ; 7(s)=p(s) = sj ® spy;
A(s®@h) =(s® h(1)) ®s (1® h(g));
£(s ® h) = se(h);
S(s @ h) = sp) ® spys(h).

Then (A, S,0,7,A,¢,S) is a commutative Hopf algebroid. (9.2.9) is shown as follows: for
a=s®he A, we have

S(aqy)ae) = (50 @ sps(ha))(1® he)) = s @ spis(hay)he)
= 5100 @ spje(h) = 7(s)7(e(h)) = 7(se(h)) = (7 0 €)(a);
awyS(a@) = (8®hw)(1®s(hg)) =s@e(h)ly = se(h) ® 1y = (0 o¢)(a).
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9.3 Harrison cohomology over commutative bialge-
broids

In this section we define a cohomology over a commutative bialgebroid A, which becomes
Harrison cohomology for A =S ®r H, as in Example 9.2.7.

Let A= (A,S,0,7,A, ¢) be a commutative bialgebroid. We adopt the notation

A®5A®s"'®sA=A(n).

For n =0, let
A0 = 3.
For n € Nand i € {0,--- ,n+ 1}, we define ring morphisms
er s AW — A0
as follows:
eq =T Qg AW Cnil = A g o,
e = A ®Rs A Rg A(n_i),

fori=1,--- ,n. In other words:

(a1 ®s - Vs ap) = 14®sa1 Vg -+ Qg an;

ef (a1 Qg+ Vs a,) = a1 Qs Qs A(a;) Vg -+ Qg an;

eni (a1 ®g - Rga,) = a1 Qg Qg 0y D La.

We now have:

Lemma 9.3.1 Fori>je{0,1,--- ,n+ 1} it is

eftloel =eltloell. (9.3.13)
Proof. For i = j € {1,--- ,n} the cliam is a consequence of the coassociativity of A. For
all other choices of 7 and j the proof is straightforward. 0

Let Cs be the category with objects (T, 0, 7), with T a commutative ring, and o, 7 : S
— T ring homomorphisms. A morphism (7,0,7) — (T”,0’,7') is a ring homomorphism
f: T — T such that ¢’ = fooand 7/ = fo7. Let P: Cg — Ab be a covariant functor
ending in the category of abelian groups. For each n € N, we consider

6,1 P(A™) = P(AMY 5, = i(—l)iP(en).

i=0
Lemma 9.3.2 We have a complex

0 - P(5) %, P(A) o, P(A®) N P(A®) s . (9.3.14)
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Proof. We have to show that 6,,,1 09, = 0. We find

n+2 n+1 n+2 n+1

ni00n = D (=P 0 P(e) = 30 D (~1) P o)
j=0 i=0 j=0 i=0
n+2 j—1 n+2 n+1
- ()Pt oel) + 3 Y (-1 TP(e; o)
j=0 i=0 Jj=0 i=j
n+2 j—1 n+1 n+1
OSSP o) + 3 S (1P o el)
j=1 i=0 Jj=0 i=j
n+2 j—1 n+1 n+1
S D SCILVCARFINS 3) SEIETERt
7=1 =0 =0 j=1t
n+2 j—1 n+l J
_ Z ( 1)1+]P n+l g _|_ Z Z z+]P ;lj_-ll o 6?)
7=1 =0 7=0 =0
n+2 j—1 n+2 k—1
— ( 1)1+]P( n+1 oel ) =+ ( 1)z+k 1P( n+1 61) —0.
j=1 i=0 k=1 i=0

We now define the Harrison cohomology groups of A with values in P as follows:
Keré, = Z"(A,P) ; Imé,_, = B"(A, P);

H"(A, P) = Z"(A, P)/B"(A, P).

As we commented in Section 7.1, as we did in the previous two chapters, in the sequel
we will mainly consider the case when P = (G,,, and P = Pic.

Note that if A =5 ®gr H as in Example 9.2.7, the above defined cohomology reduces
to Harrison cohomology, see [28, Section 9.2]. Indeed, we have

.A("):£S®H)®s(S®H)®s“'®s(s®HZ§S®H®”

n

and for a; ®g -+ Qs =51 QM Q- h, € S®H® and i € {0,--- ,n+ 1} we find
(510 @ Qh,) =(TRs(SRH®))(51@h1 &R hy)
=7(51) @M @ @hy =p(s1) @h1 @+ @ hy;
(5@ Qhy) =510 @ @Ar(hi) ® -+ @ hy;

(510 ®---®h,) =(SOH)Rs0)(51QM @@ hy)
= (519 ®--®h,) s (15 @ 1p)
=510 @ ®h,®1g.
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This is why we call the above constructed cohomology over a commutative bialgebroid A
Harrison cohomology.

In the sequel we study Harrison cohomology with values in Pic, i.e. in the category of
invertible modules over tensor powers of the commutative ring A.

Let A = (A, S,0,7,A,¢) be a commutative bialgebroid. Recall from the beginning
of Section 9.1 that for a left R-module M and a morphism of commutative rings f : R
— S the notation ;M alludes to the left S-module structure of M. Fori=0,--- ,n+1,
consider the induction functors

E!: Pic(A™) — Pic(A™Y)

with EX(I) = I; = I @ g0 ep A and EP(f) = fi = [ @ 400 en ATV for every object I
and morphism f in @(A(”)). Then we consider the functor

0n + Pic(AM) — Pic(AMTY)
given by
(1) = I @ gns1) IT @ gnr1) ++ @ g1y Jns1

and
5,(f) = fo @qmen (f1) 7" @amn) -+ @ gty (Frgn)™

with J,41 = I,41 or I}, depending on whether n is odd or even. We used the duality
identification (see Section 9.1): the transposed map of f is also denoted by f.

Lemma 9.3.3 For i > j € {0,1,--- ,n+ 1} and I € Pic(A™), we have a natural
isomorphism

Proof.
Ly = (I®um e?A(TH-l)) ® A1) 67+1A(n+2)
(©.16) 9.3.13
g I ®A(n) (eﬂ+1oen)A(n+2)( pr— )I ®A(n> (67}4»1067.1)'/4(”—"_2)
(9.1.6) i i+1 °¢

(I ®A(n) 6;}./4(”4*1)) ®A(n+l) e?:llA(n+2) = I](’H'l)

O

Computations similar to the computations in the proof of Lemma 9.3.1 then show that

n+2 j—1

(5n+1 © 5n)(l) = ® ®Iz*g & g(n+1) Iij'

j=1 i=0
Therefore, we have a natural isomorphism

n+2 j—1

Ar=Q Q) evr, : (Gusrs 06.)(1) — A2, (9.3.16)

j=1 i=0
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Using the duality identification, this isomorphism can be identified with the identity. Let
2" (A, Pic) be the category with objects (I, ), with I € Pic(A™) and a: 6,(1) — A"TY
an isomorphism of AM™*Y-modules such that §,;(a) = A;. A morphism (I,a) — (J, 3)
is an isomorphism of A™-modules f : I — J such that 30 6,(f) = a. We have that
Z"(A, Pic) is a symmetric monoidal category, with tensor product

(I,a) ® (J, ) = (I @) J, ¢ @ gn41) ()

and unit object (A™, AM+)). Let Z"(A, Pic) be the Grothendieck group of Z"(A, Pic),
i.e., the group of isomorphism classes inT(A, Pic). For n > 1, we have a strongly
monoidal functor B o

dyo1 t Pic(A"Y) — Z"(A, Pic),
given by d,,—1(J) = (0p—1(J), Ay) and dy,—1(f) = d—1(f) for every object J and morphism
f in Pic(A™~Y). Consider the subgroup B"(A, Pic) of Z"(A, Pic) consisting of elements
represented by d,_1(J), with J € Pic(A™™Y), and define

H'(A, Pic) = 2(A, Pic) /B (4, Pic).
For n = 0, we define H°(A, Pic) = Z°(A, Pic).

Note that for A = S ® S as in Example 9.2.6 we have
A = (S® 5) @5 (S®8) @y -+ ®s (S @ ) = 52+,

- i
g

n

Accordingly, in the case of Amitsur cohomology from Section 7.1 we had that J €
Z"'(S/R,Pic) is an object in Pic(S®"), whereas in the case of Harrison cohomology
over a commutative bialgebroid A if I € Z"(A, Pic), then I € Pic(A™).

We collect a few elementary properties that will be used in the proof of Theorem 9.3.5.

Lemma 9.3.4 For x € G,,(A™), let m(z) be the isomorphism of A™) given by multi-
plication by x. Put 6,(x) := Y1 (=1)'G,,(e}). Then

5n(m(x)) = m(d,(x)). (9.3.17)

Proof. The claim is to expect, but we prove it here because the technicality of the
computation makes the proof not easy to imagine. Denote z = a; ® a; ® ... ® a,. We
then have

m (6, (z)) = m(15™ @an 1) @ geusn) - @ gy m(ar @ ... Aay) ... @ ay) D)

®A(n+1) R ®A(n+1) m((x ®.A" 152”L+1))(_1)n+1>

= (m(z) ®an GSA(nH)) QA+ « - @ gty (M(T) @ gn e;?A("Jrl))
®A(n+l) e ®A(n+1) (m(a;') ®.An 62+1A('ﬂ+1))

_1)¢ _1\n+1
— m(2)o @ 4ot - - - D gy M) @ gty - @ grny mlz) Y

= On(m(z)).



198 9. Cohomology over commutative bialgebroids

Similarly as in the above proof one shows for I € Q(A("))
Ont2(Ar) = s, (1)- (9.3.18)
Observe that if I € Pic(R), and a: I — R is an isomorphism, then
(@) @a)(m” @m) =m"(a”(=))a(m) = m*(a” (a(m))) = evy(m" @ m)

for m* € I* and m € I, so ev; = (a*)™! ® a. From this and (9.3.16) it follows that for an
isomorphism «a : I — A™ we have

Ar = (0py1 0 6,) (). (9.3.19)

In particular, taking for o the identity map of A™ we find
A gy = A, (9.3.20)
Theorem 9.3.5 Let A be a commutative bialgebroid. Then we have a long exact sequence

1 — H'YA,G,) =% H°(A,Pic) 25 HO(A, Pic) (9.3.21)
s H*(A,Gy) 2 H'Y(A,Pic) 2 H'(A, Pic)

ez,

Proof. Definition of a,. Take © € Z"(A, G,,). Then (A"~Y m(z)) € Z"'(A, Pic), since

5(m()) L m (5, (x)) = m(1) = AmDEEON

If 2 = §,_1(y) for some y € G,,(A" D), then

(AT, m(d-1(y)))

Indeed, m(y) : A™ D — A®D i an isomorphism between (A™Y m(6,_1(y))) and
(A=Y AM) since we have a commutative diagram

A — 5n71(-’4(n71)) M A — 5n71(A("71))

/

by (9.3.17). This shows that «,, is well-defined, if we put

12

(.A("’l), .A(")).

m(8u-1(y))

A

an([a]) = [(A"Y, m(2))].
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Definition of 3,. We define 5,,[(I, o)] = [{].

Definition of ~,. Take [I] € Z"'(A, Pic). Then there exists an isomorphism « : 8, 1(I)
— A™ of A™_modules. The composition A\; o §,(a)~": A®+D — AP+ is an isomor-
phism of A™*Y-modules, so it is equal to m(z) for some x € G,,(A" V). We have

(gn;gggglg» = pi1(m(2)) = Gg1(Ar) © (341 0 8,) () ™!
-3.19,9.3. )\5n_1([) o )\(s—nl_l([) — A(TH—Q),

80 Ops1(z) =1, and z € 2" (A, G,,,).

Let o : 0,_1(I) — A™ be another isomorphism of A™-modules, and let A; o
Sn(a)~t = m(a’) for some 2’ € G,,,(A™)). Then o/ oa~! is an A™-module isomorphism
of A™ 50 o/ oa™t =m(z71), for some z € G,,(A™). Then

m(z') = Ap o 6,(a)) ™t = Ao, ()t o, (m(2)) = m(x0,(2)),

hence 2/ = 20,(2), and [z] = [2] in H"*'(A, G,,). This shows that we have a well-defined
map Z"" (A, Pic) — H"(A, G,,) mapping [I] to [z].

This map induces a map v, : H" ' (A, Pic) — H"™(A,G,,). Indeed, let [I] €
B" (A, Pic) with I = §,_5(J) for some [J] € Pic(A™~?). Then we have an isomorphism
of A™-modules \;: 6, 1(I) — AM™ and for some y € G,,(A"D)

m(y) = Ao du(A) " = Ao ASt ) =m(1),

(/)
soy=1.

Exactness at H"~'(A,Pic). It is clear that £, o a,, = 1.
Take [(1,)] € H"'(A, Pic) such that 3,[(1,a)] = [[] = 1in H" (A, Pic). Then we can
assume that I = 8, 5(J) for some J € Pic(A™ ). The composition

)\;1 o : (571—1 o 5n—2)(<]) — (571—1 o 5n—2)(<])

is an isomorphism of A™-modules, so it is given by multiplication by some x € G,,,(A™).
Then x is a cocycle, for

m(6,(x)) = 6, (Ny) Lo dn(a) = A1 oA = AP,

dn—2(J)
Since [(0,—2(J*), As+)] = 1 in H* '(A,Pic), we have
(1, )] = [(0n—2(J"), Aso)][(1, )]
(1 @i L, (AT @0 @)] = [(A"Y,m(2))] = an([2]),

where we used the fact that Ay = (A\%)7! and ev; : I* @ -1 [ — A1) ig an
isomorphism
(I @ gn-) I, (N5) ™ @ gy @) — (A(”_l),m(x)).
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Indeed, similarly as in (9.3.17) we have 6,,_1(evr) = evs, (1) and the diagram

evs, (1
67171([*) ®_A(n) 57171(]) o ( ) A(n)

(A5) ' @ ()

A@)
commutes, since
(X5) ! @ aem @) (" @ u) = ((XF) " (u*), o(u))
= (u, (/\j1 oa)(u)) = (u*, zu) = m(x)evs, (U @ gm ©)

for all u € §,,_1(1) and u* € §,,_1(I*).
Exactness at H"~'(A,Pic). Take [(I,a)] € H"'(A,Pic). Then £,[(I,a)] = [I]. In

order to compute 7,([1]), we choose the isomorphism a : §,_1(1) — A™. Then

Sn(@) o ATt = Ao At =m(1),

50 (yn 0 Bn) (1, )] = 7 ([1]) = L.

| =
Take [I] € H" (A, Pic), and assume that v,([I]) = 1. There exists an isomorphism
a: 6,1(I) — A™. Then 6,(a) o \;' = m(x), with z € B"*Y(A,G,,), so = ,(y),
with y € G,,,(A™). Then take the 1som0rphlsm

\/\-

/

o =m(y HNoa: 6,1(I) — A™

Now y
du() o ATt = u(mly ™)) o m(z) = m(0u(y ")) o m(z) = A™HY,
hence (I,0/) € Z" (A, Pic), and [I] = B,[(1, /)]
Exactness at H""™ (A, G,,). Take [I] € H" (A, Pic), and choose an isomorphism « :
Sn_1(I) — A™. Then 7,([I]) = [#], with m(z) = A\; 0 §,(a)", and

(a1 0 7a)([1]) = [(A™, Ar 0 6,() 7).
We claim that o defines an isomorphism
(a1 (1), A1) = (A™ Ar 0 8, (@) 7).
Indeed, we have the commutative diagram

5n(05)

(5n o 571,—1)(1) A(n+1)

Ar
Ar oo, (CY) -1
Am+1)
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It follows that (A™, A; 0 6,(a)"!) € B"(A,Pic), and a1 07y, = 1.
Now take z € Z"™ (A, G,,), and assume that
a1 ([a]) = [(A™, m(z))] = 1,
that is,
(A", m(2)) 2 dur(T) = (8u1(J), As),

for some J € Pic(A™~Y). Then we have an isomorphism of A™-modules o : §,_1(J)
— A™ gsuch that the diagram

(62 0 61)() (@) A

As \ ()
Aln+1)

commutes. Then m(z) = \; o d,(a)~!, proving that [x] = v, ([J]).

1 is injective. Take z € Z'(A,G,,), and assume that oy([z]) = [(S,m(x)
[(S,m(1))]. Then there exists an automorphism « : S — S such that m(z) = m(1)ody(a).
o is given by multiplication by some y € G,,(S), and it follows that z = dy(y) €
BY(A,G,,). 0

9.4 The Picard group of invertible A-comodules and
the first Harrison cohomology group

In this section we study invertible A-comodules and provide an interpretation of the
middle term in the first level of Sequence (9.3.21). Troughout this section A will be a
commutative Hopf algebroid.

Since S is a commutative ring, a right S-module is also a left S-module, where the
two actions coincide, and (Mg, ®g,S) is a symmetric monoidal category.

A comodule over a bialgebroid A is a comodule over the underlying coring structure
of A. Let M# and M be the categories of right, respectively left A-comodules.

Lemma 9.4.1 The categories M* and *M are isomorphic.

Proof. Note that an object M € M-, being a right comodule over the underlying
coring A, is in particular a right S-module. We define the functor F : M4 — AM by
F(M,p) = (M, )), with s—=m := m+s and A(m) = S(mp;)) ®gmyg for m € M and s € S.
Let us check if X is left S-linear. For m € M and s € S we have:

s)\(m) = (s—=m_1]) ®s My = 0(s)m[_1) ®s Mg = 0(5)S(mp)) ®s My
S( W7(8)) @5 mp) = S(mpy—s) @s mjo) = S((ms)p)) @s (ms)p
A(m

s) = Alsm)
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since p is right S-linear. We now check the left A-comodule property,

(A®s A)A(m) = (A©@s A)(S(mp)) @s mp)) = S(mgg Qs S(mpy) @s my
(9.2.11)

= A(S(mpy)) ®s my

and
(9.2.12)
(e @s M)A (m) = e(S(mp)))mp) =" e(mp)myg = me(mpu)) =m

by the definition of the left S-module structure on M € MA.
By Proposition 9.2.3 the functor F is an isomorphism of categories. 0

Lemma 9.4.2 (M%, ®g,S5) is a symmetric monoidal category.
Proof. Take M, N € M*, and define a right A-coaction on M ®g N as follows:
p(m Xg n) = mjo] @s Njo] &s M N[ (9.4.22)

for m € M,n € N. Right S-actions on M ®¢ N and M ®g N ®g A are induced by those
of N and A, respectively. Then p is well-defined and right S-linear since for every s € S

p(ms @g n) = my @s nj @s munp(s) = p(m Qg ns) = p(m s n)s.

The coassociativity and counit property can be proved in a straightforward way. They
work the same way as for vector spaces. On S, we have the following right .A-coaction:

p: S —=95®sA, p(s)=1®g7(s), (9.4.23)
for s € S, since
(pRs A)p(s) =1Rs 1 Rs7(s) =1R®s1 Qg (15) = 1 @5 A(1)7(s) = (S ®s A)p(s)

and p is clearly right S-linear.
The well-defined isomorphism f : M ®s N — N ®g M, m ®gn — n Qg m, in Mg
making this category symmetric is also a morphism in M, since A is commutative,

(Pnesm) f(m ®sn) = ng ©s mig) @s npymp) = njo) Os mig) s My
= (f ®s A)pmgsn(m @sn).

O

Let @A(S ) be the category with right A-comodules that are invertible as S-modules
as objects, and A-comodule isomorphisms as morphisms.

Theorem 9.4.3 Let (I,p) € Pic*(S). Then there exists a right A-coaction on I* such
that I ®g I* = S as right A-comodules. In other words: a right A-comodule that is
invertible as an S-module is also invertible as an A-comodule.
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Proof. Let {(e;,ef) | i =1,--- ,n} be a finite dual basis of I as an S-module. Then for
all m € I we have m = ZZ ez< ¥, m), hence

mig ®s mpy = > _ €0 ®s equ({e], m)). (9.4.24)

i

We define a right A-coaction on I* as follows:
= Z 6,? Xg S(eim)T((m*, 640])) (9425)

Clearly, it is right S-linear. It is coassociative, since

((p®s A) o p)( Zp Sei)7((m*, i)

= > e ®sS(ejp)T({el, ej)) @s Slein)T((m”, i)
i

= ) el @9 S(es) ®@s a((e], ejo))Seqy) T((m", eqo))
i

= > e ®sS(ejp) ®s S(emr({ef, e50))T((m”, i)
i

= Z 6; XKs S(@j[z]) Rs S(ej[l])7(<m*, 6j[0}>)
J
(9.2.11)

=7 ) el @5 A(S(em))T((m", ej0)))

J

= ((I"®sA)op)(m?).

The compatibility with the counit is satisfied as well, since
9 2.12)
(I"®s¢e)op)(m Ze e(S(eip))) (m*, eio)) Ze e(em))(m”, eio))
Ze m*, e;e(ein))) Ze m* e;) =

The formula (9.4.22) delivers a right A-coaction p’ on I* ®g I. Using the isomorphism
evy, we can transport this coaction to a coaction p” on S, by requiring that the diagram

/

Fosl—L  (IFes) oA

evr evr ®g A

S m S®s A
P
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commutes. We then have, for all m € I and m* € I*:

p//(<m*’m>) = (61}[ XRg A)(m[*m s mpg) Dg m[*l]mm)
= > (e mpg) ®s S(ea)T((m", eqo))mpy

i

= 1@s (Y o(e], mp)Seim)T((m*, i) )mpy

= 1®s (Z S(esr({e;, m))))T((m", ei))))mp

(0424 ®s S(mp))7T((m”, myg))myy
=  1®s(roe)(mu)T((m", mg))) =1®s7((m*,m)),

so this coaction on S coincides with the coaction (9.4.23). This means that [ ®g [* = S
as right A-comodules. O

Lemma 9.4.4 Let I € Pic(S). Then we have an isomorphism
Homg(/, I ®s.A) = Homy(A ®s 1,1 ®s A).

Proof. Take p € Homg(I,I ®g A), and write p(m) = mp ®g mp). Then we define
p: ARs I — I ®g A by

pla®sm) = mp) g amp) = p(m)a

for a € A and m € I. This morphism is clearly A-linear and it is well-defined, since for
s € S we have

plas @sm) = mp @s ampT(s) = (ms)g @ a(ms)y = pla @s ms)

where we consider, as announced at the beginning of this section, that the left and right
S-actions on [ are the same.
For ¢ € Hom4(A ®g I, ®g A), we define

o: I —-1®s A ¢(m)=e(lxsm).
Then ¢ is right S-linear, since

p(ms) = p(1@gms) = ¢(7(s) ©s m) = (1 @s m)7(s) = $(m)+=s.

It is obvious that p = p for p € Homg(/, I ®g .A). Furthermore, we have

pla®sm) = g(m)a = p(l ®sm)a = pla®sm)

for ¢ € Homy(A®g I,I ®g A). O
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Lemma 9.4.5 Assume that the map 7 is injective. Let I € Pic(S), andp: I — [ ®5A
a coassociative right S-linear map. Then the following assertions are equivalent.

1. p satisfies the counit property;
2. p is an isomorphism;
3. p 18 a monomorphism.

Proof. 1) = 2) Assume that (I, p) is a right A-comodule. We define A : 1®s A — A®g1
as follows:

Am ®s a) = S(mpyy)a ®s myg

for m € I,a € A. Then X is well-defined, since for all s € S
Ams Qg a) = S(mp7(s))a ®s mpy = S(mpj)o(s)a @g mp) = Mm ®g o(s)a).
Furthermore, it is A = 5!, since

(e pla®sm) = A(myo) ®s ampy) = S(mp)amiz @s myg

=" (toe)(mp))a®smy) = a ®g (mp))myg = a g m;
(poM)(m @s a) = pS(mm)a ®s mp) = mpg) @s S(miz)ampy
=" my ®g (0 0¢)(mpuy)a = mpe(mp)) ®s a =m g a.

The implication 2) = 3) is obvious.
3) = 1) Assume that p is injective. Then

p(1®s m[g]s(m[l})) = m[) Qs m[l](r oeg) (m[g]) = Mg @s mp) = p(1 ®sm)

implies 1 ®g mpje(mp)) = 1 ®g m. It follows from Lemma 9.1.10 and the fact that 7 is
injective that myye(mp)) = m. 0

We will now examine how the coassociativity of morphisms p € Homg(/,I ®g A)
reflects on the behaviour of the corresponding morphisms p € Homy(A ®g I, I ®g A).
Recall that A® = S. Hence for I € Pic(S) we have do(I) = Iy ®4 I}, where Iy = A®g [
and I, = I ®g A. For a morphism f : I — J in Pic(S) we have 6o(f) = fo @4 (ff)~1,
with fy = A®g f and f, = f ®s.A. Note that this 0-level of Harrison complex (with
values in Pic(A(®)) is defined in the same way as that of Amitsur complex (with values

in Pic(9)), see Section 7.1.

Lemma 9.4.6 Let I € Pic(S), and p € Homg(I,I ®g.A) such that p is an isomorphism.
Then the following assertions are equivalent

1. p 1s coassociative;

2. pr=1p20p0: Ioo — Lia;
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3. (I,p) € Z°(A,Pic).

Proof. Before proving the equivalence, we will first compute the maps pg, p1 and ps. Note
that Jog = (A®g1)o = ARsA®sI, Ing = (A®g])s = (ARs])®sA = ARs(I®sA) = L
and I15 = (I ®s A)y = (I ®s . A) ®g A. Due to (9.3.15) we also have isomorphisms

Ipy = (A®g ) ®Ae%(~A®S~A> — Iy =ARs A®Rg I
(a®@sm) @y (b®gc)— (Ala))(b®g ¢) ®g m;

Iy =(I®sA) ®Ae}(A®SA) — Iy =1Rs ARs A
(m®ga) @4 (bRgc)—mes (Ala))(b®s c).

Let us now compute the maps gy, p1 and ps. Since p : [y — Iy, for a,b € A and m € [
we have

po: Too — Iig = Iz, pola®@sb®@sm) =a®gsp(b®sm)=a®smp Vs bmpy;

P2 log — Lz, pa(a®@sm®gb) = pla®@sm) Rg b =mp Qg amp) Qg b;
(P2 © po)(a ®s b @sm) = mygj0) ®s amp)) s bmpy = mpjjo) s (M) Os mpy)(a s b).

We view p; as the composition of the isomorphisms
Ioo = Iy — 11 = Lo
we explained above. This composition maps a ®s b ®g m € Iy, subsequently as follows:

Tp2a®@sb®@sm = (1®sm) @4 (a®gsb) € I
— (mig) ®s myy)) @4 (a®gb) € Iy
— myg) ®s A(mp)(a ®sb) € L.

Hence
/31 (CL Rg b XRg m) = m[o} Rg A(m[l])(a Rg b)

The equivalence 1) <= 2) now follows immediately. Now, 2) is equivalent to
pr' o 2o po = Ino.
From Lemma 9.1.7, it follows that this is, up to switch map identification, equivalent to
fo ®ae) P2 D pr = id,

the identity of Ipg ® 42 lo2 @ 42 [12. This is precisely the cocycle condition, up to duality
identification. 0
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Theorem 9.4.7 Let A be a commutative Hopf algebroid, and assume that 7 : S — A is
injective. Then we have an isomorphism of monoidal categories

Pict(5) 2 2°(A, Pic).
Consequently we have an isomorphism of abelian groups
Pic?(S) = H(A, Pic).

Proof. We define a functor F : Pic?(S) — Z°(A, Pic) as follows. Take (I, p) € Pic*(9).
It follows from Lemma 9.4.5 that j is an isomorphism, and from Lemma 9.4.6 thatTf ,p) €
Z°(A,Pic). We then define F(I,p) := (I,p). Let f: I — J be an isomorphism in
Pic*(S). This means that it is an isomorphism of S-modules and that it is right A-
colinear. The latter condition is equivalent to the commutativity of the diagram

I P1 I ®s A

/|

J ) J ®s A.

f®sA

This in turn because of Lemma 9.4.4 is equivalent to the commutativity of the diagram
pr
A®g I I ®s A
Jo fi

A@SJLJ@)S.A.

This up to duality identification is equivalent to

pr@a(I®s A" = (py@a (] s A))(fo@a (f1)7),
which up to duality identification, together with f being an isomorphism of S-modules,

means that f is a morphism in éO(A, Pic).
We have that F is strongly monoidal, since

FL,pr)@s F(J,ps) = (L, p1) ®s (J,ps) = (I ®s J, pr ®@a ps) = F(I @5 J, preg)-
Indeed, we have that the diagram

(Aws ) @4 (Aws J) —LLEAPT | ([ oo A) @, (] ©5 A)

o~ o~

A®s (I®sJ) —L185T | (10g]) 05 A
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commutes, because for a,b € Aand m € I,n € J it is

(P1 ®4 p1)((a ®sm) ®4 (b®sn)) = pr(m)a®aps(n)b
= (mp) ®s mpja) ®4 (no) @s npb)
= (mjo) ®s 1) s mpjanpyd
= (myo) ®s npo)) @s mpynypyad
= press(m @sn)ab = pregs(ab @s (m @gn))
= prgss((a®sm) @4 (b®sn))

by the commutativity of A.

Conversely, let (I, p) € Z°(A, Pic). Using the duality identification, we view p as a map
Iy — I,. The corresponding map p: I — I @5 A (see Lemma 9.4.4) is coassociative by
Lemma 9.4.6 and satisfies the counit property by Lemma 9.4.5. We define G(I, p) := (1, p).
Similarly as above, one shows that G : Z°(A,Pic) — Pic*(S) is a strongly monoidal
functor. Finally, it is clear that F and G are inverse to each other. 0

Remark 9.4.8 If 7 is injective, then o is also injective, since ¢ = S o 7. The same
arguments as in the proof of Theorem 9.4.7 then show that “Pic(S) = H°(A,Pic). The

fact that “Pic(S) = Pic*(S) also follows from Lemma 9.4.1.

Recall Sequence (9.3.21) from Theorem 9.3.5. In view of Theorem 9.4.7 we obtain
that there is a map oy : H'(A,G,,) — Pic*(S). Before giving an explicit description of
this map, let us compute H°(A,G,,) and H'(A,G,,). The subalgebra of A-coinvariants
of Sis

R:=5°" = {s€S5|p(s)=s®s1a}
= {seS[7(s)=als)}

where we applied (9.4.23). Then

HY(A,G,) = {5€G,(9)|14®s5=25Rg14}
= {s€Gu(S) [7(s) = o(s)}
= Gun(R).

Lemma 9.4.9 Let g € A be such that A(g) = g ®s g. Then g is invertible if and only if
e(g) = 1.

Proof. 1f €(g) = 1, then ¢ is invertible, since

98(9) = (0 oe)(g) =o(1) =1 and S(g)g = (1o¢)(g) = 7(1) = 1.

If g is invertible, then

lu=glg=9"(e(g)—g) =g (coe)(g)g = (coe)(g),
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hence
e(g) =(eoooe)(g) =e(la) =1

O

Recall that g € A is called grouplike if it satisfies the conditions A(g) = g ®g ¢ and
e(g) = 1. Let G(A) denote the set of grouplike elements of A. From Lemma 9.4.9 we
have that G(.A) is a multiplicative group.

Corollary 9.4.10
7Y A G,,) = G(A).

Proof. Since e}(g) = 1®s g, €1(g9) = A(g) and ei(g) = g ®5 1, it follows that g € A is an
element of Z'(A, G,,) if it is invertible and satisfies A(g) = g ®g g, which is equivalent to
g being grouplike, by Lemma 9.4.9. 0O

We now proceed to define the map oy : H'(A,G,,) — Pic*(S). Consider the map
v: G(A) — Pic’(S), where v(g) = [(S, p,)] for g € G(A), with

pg: S —=>9®s A, py(s) =1Rgg7(s).

S is a right A-comodule by p, precisely because g is group-like, so v is well-defined. If
g=10(t) = (14 ®st)(t @5 14)"t = a(t71)7(t), for some t € G,,(S), then m(t~) : (S, p1)
— (S, pg), the multiplication by ¢!, is an isomorphism in Pic*(S). Indeed, m(t™') is
clearly S-linear, and it is right A-linear, since

pem(t™")(s) = py(t's) =1 @5 g7(t7's) = L@s ot )T(t)7(t"s)
= 1@so(t™)r(s) =t @s7(s) = (m(t™") @5 A)(1 @5 7(5))
= (m(t™) @s A)pi(s)
for every s € S. We have proved that if g € B'(A,G,,), then y(g) = 1 in Pic*(S)

(note that B'(A,G,,) C G(A) by Corollary 9.4.10). Knowing from Corollary 9.4.10 that
HYA,G,,) = G(A)/6(G,,(S)), we get that v induces the map

oy : HY(A,G,,) — Pic*(9)

given by
ax([g]) = [(S; py)]-

Let us now observe the sequence

do

1 — Gp(R)— G (S) —2 G(A) —~ PicA(S) — Pic(S). (9.4.26)

As we saw, by Corollary 9.4.10 we have the map Jy : G,,(S) — G(A). It is a group map,
since 8o(t) = o(t~1)7(t) for t € G,,(S). For the map v : G(A) — Pic?*(S) we find that

Y(g)v(h) = [(S, pg)II(S; pr)] = [(S, pg @5 pn)]
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where p, @g pp 1 S ®s S — (S ®gA) @4 (S ®s A) = 5 ®g A is given by

(g @5 pr)(s @5 ) = py(s) @4 pu(t) = (1 @5 g7(s)) @ (1 @5 h7(t))
= 1®g ght(st) = pgn(st)

for every s,t € S. This means that 7 is a group map. It is obvious that Ker(dy) = G,,(R),
hence the above sequence is exact at G,,(.S). Assume g € Ker(y). As all isomorphisms of
S-modules are given by a multiplication by an invertible element of S, we have

pem(x) = (m(z) @s A)py
for some = € G,,(S). This means that for all s € S

1 ®gg7(1s) =2 ®57(5) = 1 @5 0(2)7(s) = 1 @5 o(x)7(x 1) 7(2)7(5)
= 1®go(@)r(z Hr(ws).

Multiplying this by 7(zs)~! we obtain
g=o(x)r(z™") = d(z) € Im(d).

With this we have proved the exactness of Sequence (9.4.26) at G(A). It is clear that
Im(v) C Ker(Pic*(S) — Pic(S)), the latter map given by [(I, p)] + [I]. Finally, assume
(I, p1)] € Ker(Pic*(S) — Pic(S)). Then there is an isomorphism of S-bimodules ¢ : I
— S and we define p: S — S®gAas p:= (pRsA)pre L. From the fact that p; makes
I an A-comodule and that ¢ is an isomorphism follows that p makes S an A-comodule.
Right S-linearity of p : S — S ®g A = A implies that it is completely determined by
p(l) =a € A (p(s) = as). The coassociativity and the counit property of p yield that a
is a group-like. Thus we have proved that (9.4.26) is an exact sequence of groups.

In the situation where A = A ® H, as in Example 9.2.7, the exact Sequence (9.4.26)
was already discussed in [34, Prop. 2.1].

We conclude this section with the following remark. Lemmas 9.4.4 and 9.4.6 can be
seen as analogues of Lemmas 7.4.1 and 8.1.1 for corings. Nevertheless, while Lemma 8.1.1
led to the cohomological description of the Brauer group, Br’(S/R) = H'(S/R,Pic) in
the second level of Villamayor-Zelinsky sequence (8.1.6), here Lemma 9.4.6 leads to the
cohomological description Pic*(S) = H(A, Pic) in the first level of Sequence (9.3.21)
from Theorem 9.3.5. In the next chapter we will generalize Lemmas 7.4.1 and 8.1.1 to
commutative bialgebroids, and these will lead to an interpretation of the group H'(A, Pic)
in the second level of the latter sequence. o



Chapter 10

The group of (Galois coobjects

The major goal of this chapter is the interpretation of Harrison’s first cohomology group
over a commutative Hopf algebroid A with values in the category of invertible modules.
For this purpose we define A-module corings and relative Hopf modules in this setting. We
introduce A-Galois coobjects and prove in the second section that they induce a group.
We will then show that this group is isomorphic to Harrison’s first cohomology group.
Finally, we study Harrison cohomology in some special cases of commutative bialgebroids.

10.1 A-module corings and Galois coobjects

In this section we introduce A-module corings over a commutative bialgebroid A. For
a Hopf algebroid A and an A-module coring € we define relative (A, €)-Hopf modules
and prove for them a Schneider type theorem in its dual version (Schneider’s Structure
Theorem for Hopf modules, [123, Theorem 1]). This gives rise to the notion of an A-Galois
coobject which is characterized by the latter theorem. At the end of this section we will
prove that every A-Galois coobject is invertible as an A-module.

Let A= (A,S,0,7,A,¢) be a commutative bialgebroid. A module over a bialgebroid
A is a module over the underlying ring structure of A. Every right A-module M will be
regarded as an S-bimodule by restriction of scalars:

s—m+—t = mo(s)7(t).

Note that this S-bimodule structure differs from the one we used in Section 9.4 (here the
left and right S-actions differ). Let M4 denote the category of right A-modules. We
have that (M4, ®g,S) is a monoidal category. For M, N € M4, the object M ®g N is
an A-module via

(m ®g n)a = many @s na)

form € M,n € N and a € A, because for any s € S we have

((ms) ®sn)a = (m7(s) ®g n)a =m7(s)an) @g na) = ma) Vs no(s)ag)
= (m ®g (s—n))a.

211
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We consider S as an A-module via
s-a=se(a).

Let F : M4 — sMg denote the restriction of scalars functor. For M € M 4 and
m € M, let m denote the element of F(M) € ¢Mg. Noting that for s,t € S it is
Ao(s)1(t)) = A(s—14t) = 0(s) ®g 7(t), we find

sm ®g nt = (m g n)o(s)7(t) =mo(s) ®snr(t) = sm Qg it = s(Mm Qg N)t.

This means that F is a strongly monoidal functor.

Let € € My, and consider an A-module map Ag : € — € ®g € satisfying the
coassociativity condition

(€ ®s Ag) 0 Ag = (Ae ®5 €) 0 Ag.

We call A¢ a coassociative comultiplication on €. As before, we will use the Sweedler
notation

Ag(c) = ) @s C(2)-
Let Ay be a coassociative comultiplication on €, and let e¢ : € — S be an A-linear map
satisfying
C(g)d(S@(C(l))) = C= C(]_)T(EQ:(C(Q))),
for all ¢ € €. Being right A-linear via the restriction of scalars functor F, the maps Ag
and g¢ become S-bilinear. In particular, € is an S-coring and we will say that (€, A¢, &¢)
is a (counital) A-module S-coring.

If a counit ¢ exists, then it is unique: assume that e is another counit map, then for
all c € &

ee(c) = eelcoleelcw))) = (C(a)ff(%( 1)) = eeley)eel(c)
= eelcT(ee(cw)) = ee(c) (10.1.1)
where in the third equality we applied that e¢ is right A-linear, and in the fourth that so

s /
IS E¢.

Remark 10.1.1 This has as a consequence that two .A-module S-corings (&€, A, €¢) and
(D, Ap,ep) are isomorphic if there is an isomorphism of A-modules ¢ : € — © which is
compatible with comultiplications. For if we define €} := g o ¢, we then have

(D ®5e0)(P®s¢) = (P Vsen)(€®s ) = P(€Rsep)(C Vs ) = V(€ ®s £¢)
and hence
o= (DRsen)lpop=(DRsee)(p s ) Ae = 9(€ Vs £¢)Ac.

Being ¢ an isomorphism, this yields ide = (€®gex)A¢. The left hand-side counit property
for € is similarly verified. Now from uniqueness of counits we get ¢ = £, and by definition
of the latter ¢ is compatible with the counits.
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Let € be an A-module coring, and M € M 4. Assume that p : M, — M, ®g €,
p(m) = my ®s mpy is a right €-coaction on M. If p is right A-linear, that is, p(ma) =
mio)a) ®s mpja), for all m € M and a € A, then we say that (M, p) is a right relative
(A, €)-Hopf module. An A-linear €-colinear map f: M — N is called a morphism of
relative Hopf modules. The category of relative right (A, €)-Hopf modules is denoted by
M,

In a similar way, a left relative Hopf module is a left A-module together with an
A-linear left €-coaction A : ,M — € ®g ,M. The A-linearity means that

Alam) = agym(-1 ®s a)my,

where we now viewed € also as a left A-module. The category of relative left (A, €)-Hopf
modules is denoted by M.

We call (M, p,\) a two-sided relative Hopf module if M is an A-bimodule and a €-
bicomodule, (M, p) € MY, (M, ) € YM, and

A(ma) = mi_y ®s mpa, plam) = amjg @ myy,

foralla € A and m € M.

Note that in the definitions of relative Hopf modules A was only a commutative bial-
gebroid. Nevertheless, in most of the constructions with relative Hopf modules A will be
a Hopf algebroid.

Let A be a Hopf algebroid and € an A-module coring. We have a well-defined switch
map
T: €T®SUQ:—)Q:J®ST€, T(C@Sd) :d®SC

with ¢ € €,d € ®. Indeed, for s € S we have

T((c=s) ®sd) =T(c7(s) ®sd) = d g c7(s) = d ®g (s—¢)
= (d—s)®sc=do(s) ®sc=T(c®sdo(s)) =T(c®s (s—d)).

Let €°°P := € as an abelian group, with a left A-action defined by
a-¢=cS(a) (10.1.2)
for a € A, c € € and the corresponding ¢ € €“°P. Then ,€°P = €, as S-bimodules, for
s—c—t = o(s)1(t)e = cS(o(s)7(t)) = c7(s)o(t) = t—c—s
with s,¢ € S, and we have a well-defined coassociative A-module map
AP Py € @6 €, AP(E) = ¢z @y (1) = LA(C)

for ¢ € € and the corresponding ¢ € €°P. Then (€°P AP ¢) is an A-module coring,
called the co-opposite coring of €.
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Remark 10.1.2 Note that in order that T" be well-defined we had to consider €, ®g €
for the codomain (not €, ®g ,& as we usually assume). For the same reason the usual
switchmap 7 : A, ®g , A — A, ®g 5A is not well-defined and we can not speak about a
“cocommutative bialgebroid”.

Lemma 10.1.3 With notation as above, the categories M4 and ?j‘”’/\/l are 1somorphic.

Proof. Take M € MY, and let MP := M as an abelian group, with left A-action
a-m =mS(a) for a € A,;m € M and the corresponding m € M°P. Then the map

A M — EP g MP, A(m) = mp ®s my
is a left coaction on M°P, because
(CP ®g M)A M) = myy ®s mp) @s mp) = A“P(Mp)) @ M = (AP ®@g MP)\(m).
This coaction is left A-linear and hence S-bilinear, since
Aam) = (mS(a))p ®s (mS(a))o = mpS(a)e) @s mgS(a)a)
= mpS(aq)) ©s mpS(a) = aq)mp) s a@)mjg) = aA(m).

This proves that (M<P \) € M. The functor in the other direction is defined sym-
metrically, providing an isomorphism of categories, because the antipode S is bijective.

O
On € ®s ,A4,, we define left and right A-actions and €-coactions as follows:
b(c ®g a)b' = cbqy ®s b(z)aS(b');
ple®s a) = ¢y ®s a@) Os ¢2)S(an));
AMe®s a) = cpy ®s ) Vs a,
for all a,b,b/ € A and ¢ € €. On ,A, ®s €, we define left and right A-actions and
C-coactions as follows:
b(a ®@s c)b' = S(b)abjy) @s cbiy);
Aa ®s ¢) = cySlag) @s aq) s ¢2);
pla ®s ¢) = a s ) Vs C2).-

Proposition 10.1.4 Let A be a Hopf algebroid and € an A-module coring. Then . A, Qg€
and € ®g A, are isomorphic two-sided relative (A, €)-Hopf modules.

Proof. Let us first show that € ®g ,.A, is a right relative Hopf module. It is clear that
¢ ®g oA, is a right A-module. The map p is right A-linear since

plc®g aS(b)) = cqy ®s a@)S(b)2) s ¢2)S(an)yS(b)))
) ®s a@S(b)) ®s c@)S(aw))be)
= (c) ®s a2))ba) ®s c)S(aq))be)
= (c®sa)ba) Os (¢ s a)uibe).
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p 1s coassociative since

(€ ®s 0 A,) ®s Ae)p(c ®s a) = ¢y ®@s az) s ¢2)S(au)) 1) @s ¢3)S(aw)) )
= 1) ®s ap) s c)S(a@) ®s c3)S(aq)) = (p ®s €)p(c ®s a).

The counit property is verified as follows:

(€ %gﬁ) o) Qg ee)plc®s a c) Os a(Q))T(sg(c(g)S(a(l))))

) =
= (e ®s a@)7(ee(c@))T(alow))

)
= <)®s a@)S(7(ee(c2))))S(T(eala)))

= 1) ®s a@)o(ee(ce))o(ealany))

= C(l (€¢(C<2 ) ®s a@yo(ealan))) = c®s a

where in the third equation we applied the right A-module structure of € ®g ,A,. It is
straightforward to show that € ®g ,A, is a left A-module and a left €-comodule. It is
then a left relative Hopf module, because A is left A-linear,

)\(Cb(1) Rs b(g)a) = C(l)b(l) Qs C(g)b(g) ®s b(g) (C Rg a) b(1 Rs b(g)(c Xg a)[o}.
It is obvious that € ®g ,A, is an A-bimodule. It is a €-bicomodule, as

(A ®s C)p(c®g a) = M) ®s ) s c2)S(any) = cqy s ¢2) Vs ap) s ¢3)S(an))
= (1) ®s plee) ®s a) = (€ Qs p)A(c ®s a).

To compute the compatibility between the right A-action and left €-coaction is straight-
forward. We compute here the compatibility between the left A-action and the right
¢-coaction:

a)@2) ®s (b)) @2)S((b)a)m))
@b@)S(b@)an))
(0 0¢)(b2))S(aq))

p(cbay ®s bya) = (cbay) ) ®s (b2
= ( (4)%( )

( (3)4( (2)

(1) @5 bzya) (o o) (b ) ®s ¢2)S(aq))
( (2)%(

)

|
o
=
o
=
&
%
o
=
<
>
¥ ® =

S C(2
SC

Note that in the fourth equation we applied the right S-module structure in ,.A4,. Hence
CRgsqsAy is a two-sided relative Hopf module. In a similar way, we can show that , A, ®g€
is a two-sided relative Hopf module.

Now consider the map

fi: A Q€ —€Rg,A,, f(a® )—CS( )®SS( ()) (10.1.3)
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with a € A, c € €. It is well-defined, since for every s € S
flat(s) ®s ¢) = S(a@)7(s)) ®s S(an)) = co(s)S(aw) @s S(aq)) = fla®s co(s)).

A direct computation shows that f preserves the left and right actions and coactions:
f(bla®s ) = [(S(b)a ®s c)

= bmS(a@) ®s be)S(aw)) = bf(a O

f((a®s C)b)

9}

);
= f(abuy ®s cbray) = cbez)S(a(2))S(b2y) ®s S(any)S(b)
S(a@) (70 &)(be) ®@s S(aq))S(ba))
cS(ae)) ®s S(aq))S(ba) (1 o €)(bw))) = f(a ®s c)b;
A f(a®s C)) = /\(CS( 2)) ®s S(aq)))
= c1)S(ag@) ®s c2)S(a2) ®s S(aq))

(€®s )lcaySla) ®s apy @s cm)
(€®s f) o A)(a®s c);
p(f(a ®sc)) p(cS(ag)) @s S(agqy))
(1) ®s S(a@))2) ®s c@)S(
®s S(a()) (G(S)
®s S(a)) ®s c)(0 0€)(ae ))
®s S(aq))

s S(aq(

a@ ) S(S(aw))))

(2)

)

(a@2) ®s c)
T O 8) a(g))) XRs C(2)
= sS(aw)) @s c2)

= (f®s Q) a ®S cy ®s ¢2))

= ((f®s€)op)(a®sc)

for b € A. Note that in the fifth equation of the last computation we applied the right
S-module structure in ,.4,. The inverse of f is defined by the formula

[ He®s a) = S(a@)) @s cS(ag)).

3)
(
f)
S(
)(
)
)
)
) ®
(2) @
(

Indeed,

(f o Nla®se) = fH(S(aw) ®s S(aw)))
= S(S(a@))2) ®s S(awe)S(S(aq))q))
= aq) ®s cap)S(ag) = aq) s c(oo)(ag)
any(Toe)(ap) ®sc=a®g ¢
(c®sa) = f(S(ag)) ®@s cS(aq)))
cS(aq))S(S(ae)) @) ®s S(S(awe)))
cS(aqy)ae) ®s ag) = (7 o €)(aq)) s ap)
c®g (0 o¢)(any)ap) = c®s a.

(fof™

~—
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Proposition 10.1.5 Let A be a commutative bialgebroid and € an A-module coring. We
have a pair of adjoint functors (F = —®45,G = — ®g €) between the categories MG and
Mg. For N € Mg, the A-action and €-coaction on N ®g € are given by the formulas

(M®scla=n®gca ; p(n®gc)=n®gca) Ds Co)
forme N,ce € anda € A.
Proof. Using (9.1.6), we have, for M € MY:
GF(M) =M ®4 S @5 €=M @4 goc, €.

The map
§: M —M®aS, {(m)=m®4ls

with m € M is right S-linear, since for s € S
E(mt(s)) =m7(s) ®als =m®4(c407)(s)lsg = m g s.
We can therefore consider the map
v = E®RsCop: M — GF(M)=M R4 goe , €,

given by
M (m) = mio) @4 1s @s mp) = mig) ®4 my
for every m € M. It is clear that 7, is right A-linear and right €-colinear.
For N € Mg, the map
en: FGIN)=NR®Rs€®4S — N, eny(n®gc®4s):=nee(c)s,
is well-defined for all n € N,c € € and s € S, since for every ¢t € S it is

en(nt ®s c®4 s) = nteg(c)s = nee(c)ea(o(t))s
= neg(co(t))s =en(n ®g co(t) @4 s);
en(n ®s ca®as) =nee(c)ea(a)s = en(n ®s c®@aca(a)s).

It is clear that e is right S-linear, and it is straightforward to see that € and n are natural
transformations. We are done if we can show that

Gen) ongvy = G(N) and exan o F(nm) = F(M),
for all M € MG and N € Mg. Let n € N,c€ €, m € M and s € S. Then
(G(en) o mg(v))(n ®@s ¢) = Glen)(n ®s cay ®a ls Vs c(z))
= neg(c(l))lg ®s o) =N Qg C(Q)O’(gg(C(l))) =N Qg C;
(eran © F(nar))(m @4 5) = exny(mig) ®a 1s ®s mpy @4 )

= My ®a lsee(mp))s = mp) @4 (€40 T oee)(mp)s
= my(Toee)(mp)) ®as=m®4s.
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From now until the end of this section we will assume that A is a Hopf algebroid.

We saw in Proposition 10.1.4 that € ®5 ,.A, € M. We define
can = Negga : C®s Ag — € Qg As DA 50e , € = C®g C.

We compute that can is given by

o~

¢y ®s c2)(0 0 €)(a))S(aq))

can(c ®s a) = c1y Ds a2) @4 c2)S(a))
— o) s cS(a) (10.1.4)

= ) Qs C(Q)S(a(l)(T og) ((1(2)))
for c € € and a € A. The map can := nggg 4, lies in MG with the codiagonal A-module
structure on € ®g As ® 4 soe , €, Which comes down to the structure of a right .A-module
on € ®g € given by ¢ ®s d-a = ¢ ®g da. We also compute easily that for all ¢ € € and

s € S we have
es: FG(S)=C®R45 — 5, es(c®4s)=ce(c)s.

If (F,G) is a pair of inverse equivalences, then, obviously, can and g are isomorphisms.
Our aim is to show that the converse is also true if € is flat as a left S-module. Remark
that € is flat as a left S-module if and only if it is flat as a right S-module. This is due
to Proposition 9.2.4 and the fact that € inherits its S-bimodule structure from A.

Proposition 10.1.6 The transformation ¢ is a natural isomorphism (equivalently, G is
fully faithful) if and only if €5 is an isomorpism.

Proof. This follows immediately from the fact ey = N ®g eg, for all N € M. 0

Let can’ = cano f: A®s€ — €®g €, with f asin (10.1.3). Then

can’(a ®s c) = can(cS(a()) ®s S(aq))) = cySlam)) @s c@)S(aw)aq)
= c)S(ag)) ®s ce)(ooe)(awy) = cyS((aoe)(aw)aw) ®s ¢
= c(l)S(a) Xs C(2)-

Since f is an isomorphism, can is an isomorphism if and only if can’ is an isomorphism.
Lemma 10.1.7 Consider the map
v ARsCRs € — CRsCRs C, ’y(CL Rs €cRg d) = cS(a(g)) Rg d(l)S(a(l)) Qg d(g)

with a € A, c,d € €. If can is bijective, then v is also bijective.
Proof. Note that

s+ can'(a ®s ¢) = Ao (s))(c1)S(a) ®s cz)) = cayo(s)S(a) ®s cpz)
= cyS(7(s)a) ®s c2) = can'(7(s)a Vs ),
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hence can’ is a left S-linear map A, ®s € — € ®g €. Thus we can consider the map
CRgcan’: €Rg, A Qs€ — C®s € Qg C.
We also have a well-defined right S-linear map
ke €Rg A = A Qs 0€,, K(c®ga) = anq) Qg ca),

where now € ®g A, has a structure of a right S-module by c ®4 a-s=c®y ar(s), and
similarly A, ®g ,&,. Indeed,

r(er(s) ®g a) = aq) ®s capT(s) = Kk(c ®g at(s)) = k(c g a)7(s).
Since can is bijective, so is can’ by the above argument. Now we claim that
7= (k®g €) o (€ ®g can’ ).
This may be seen as follows. First take c ®gd ®ge € € ®g € ®g €, and let
n T (dese) =) a;®sf; € ARsC.

Then
CCLTL/(Zai Ks fz Zfz CLZ R fz(?) —d®56

i

and we compute
(vo(k®s€) o (C®scan’))(c®s d®se)
= (vo(k®s @)(ZC ®s a; s fi)

%

= Zai ®s Caiz) Ds fi)

= sz (ai) ®s FiwSlain) ®s fiey
= Z (T oe)(aie)) ®s finySlainy) @s fie)
= Zc®s FinS(aiy (0 ) @) s fia

= Z c®s fi1)S(a;) ®s fie) = c®sd Xg e.
For a ®s c®sd € A®s € R®g €, we have
((k @5 €) 0 (€@ can’™) 0 y)(a @ ¢ @g d)
= ((k®s€)o (€@ can’ ")) (cS(aw) @s dnS(aqy) @s d)
= ( K ®g @)(CS( ) ®s a) Ps d)
= a@) ®s CS(CL(S))CL@ ®s d
= a(l) ®g c(ooe)(apw) ®s d
a ®S C ®S d
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O

Proposition 10.1.8 Assume that € is flat as a (left) S-module. Then n is a natural
isomorphism (equivalently, F is fully faithful) if and only if can is an isomorphism.

Proof. Assuming that can is an isomorphism we will prove that 7 is a natural isomorphism
dividing the proof in six steps. The sequences we will consider in this proof are in Ab.
Let M € M.

1) We have an exact sequence

0 ML Mese M ®g € Qg C. (10.1.5)

M ®s A
It is clear that (10.1.5) is a complex. If

Z mijo] ®s My Ps ¢; = (p s @(Z m; ®g ¢;)

= (M ®s A)(Z m; ®g ¢;) = Z m; Qs Ci1) s Ci(2),

p(z me(c;)) Z msjo) @5 M) (T 0 €)(¢5) Z m; ®g 1) (T 0 €)(ci2 Z m; Qg ¢.

This proves exactness of (10.1.5) at M ®g €.
2) We have a second exact sequence

00— Ms®a5 Ms®4 € Ms @4 (€ ®g €). (10.1.6)

2

¢ is viewed as a left A-module via ac = ca for all a € A, c € € The map ¢ is defined by
the formula

p(m @4 5) = mp) @4 muT(s)
for m € M and s € S. It is well-defined, since for every a € A

p((m—a) @4 s) = p(mS(a) ®a s) = (m ( ))[01 ®a (mS(a))m7(s)
mpS(a)) ®a mpS(an))T(s) = (mpj—a) @4 mpS(aw))7(s)
= mjg @4 mpS(an))aeT(s) =my ®A mp (7 0 €)(a)T(s) = m @4 mp7(e(a)s)
= p(m®ac(a)s).

Let us prove that ¢ is injective. Suppose

P(Y_mi ®asi) = ) mig @amip(si) = 0.
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Then

Z m; Qa8 = Zmz‘ ®aca(t(s:))
= Z Mii[o] (T o €€)<mi[1]) XA EA(T(Si))
= Z myo T (ee(mip))si) ®a lg

= Zml[o](T o 8@)(771,’[1]7’(81')) ®A 15 = O

The maps fi, fo: Ms®@4€ — Ms ®4 (€ ®g €) are defined by the formulas

film @ac) =mp @4 (mp ®sc) 5 falm®@ac)=mea(ca) s ).

It is clear that fs5 is well-defined. The map f; is well-defined, since

fi(mS(a) ®.a ¢) = mS(ae) @i (mpS(an)) ®s c)
mio) @4 (mS(aq))ae) ®s ca))
= myo) ®a (mp(7 0 €)(an)) ®s car)
= myp) ®a (mp) Vs c(o o e)(aw))a)
= fi(m®4ca).

Furthermore, fip(m®.4s) = fi(mg@amu7(s)) = mp@ampu@smp7(s) = fap(m®as).
For the exactness of (10.1.6) at M ® 4 € we suppose

Z m; @4 (Ci) ®s Ci2)) = fQ(Z m; @4 ¢) = fl(z m; @4 ¢;) = Myjo] @4 (Mip] Vs ¢;).

Applying e¢ to the third tensor factor, we get
Zmi XA Ci = Zsz] XA Tnz[l](To8 Cz Zmz ®A5 Cz

and it follows that (10.1.6) is exact.

3) Since € is flat as left S-module, it follows that the sequence

¢ fi®s €
Y Os MsR4C€CRq €

0— Ms®R45®g5C Ms®,4(€®s€)®g€.

(10.1.7)
is also exact. Note that in M ®4 .S for all m € M,a € A and s € S it is mS(a) ®4 s =
m @4 4(S(a))s = m@yea(a)s = ma®ys. Hence the map x : M @45 — Ms®4 S
given by m ® 4 s — m ®4 s is a well-defined bijection. This has for a consequence that
we have an isomorphism GF (M) = M @4 S ®s €= Ms®4 5 ®s € = Ms® 4 €. The map

2 ®g &
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¢ ®g € can then be regarded as a map ¢ ®g € : GF(M) — Ms @4 € ®g €.

4) The map
k: Ms®@4sARs € — M®s€, k(m®ya®sc)=maRgc

is a well-defined isomorphism for all m € M,a € A,c € €. The map k is well-defined
since for all b € A and s € §

kE(m-b®4a®g5c)=k(mS(b) @4a®sc)=mS(b)a®@sc=k(mR4b-ag:c)
and
k(m ®4a7(s) ®s ¢) = mat(s) ®s ¢ =ma Qg co(s) = k(m @4 a g co(s)).

The inverse of k is given by the formula k= (m ®gc) = m @414 ®gc. Clearly, ko k™! =
M ®g €, and
(k™ ok)(m®4a®sc) =k (ma®sc)=ma®y14Rgc
= m-S(a)@q1la®sc=mR4S(a) 1g®sc=m®R4aRg c.

Consequently, we have an isomorphism
h=(M®scan’)ok™: M ®s€ — Ms®4¢€Rg¢€,
and we easily compute
h(m ®gc) =m ®4 cay D ().

5) In a similar way, the map
ki Ms®4sARsCRs5€C — M Qg€ Qg €, l?:(m@ALL@Sc@Sd) =ma RgcRgd

is a well-defined isomorphism, with inverse 15*1(m Rsc®Rsd) =m®g1ly®sc®gd.

The isomorphism v from Lemma 10.1.7 is left A-linear when viewed as a map
AR5 (€ERs€) — (CRg €) ®g €, where the domain and codomain are left A-modules by
the structures of the left tensor factors,

V(b=a @ c®s d) = S(ag)S(b) @s dwyS(aw)S(ba)) s de)
= (cS(a) ®s dmyS(any)) ®@s di2=S(b) = b—(a ®s c Qg d).

So we can consider the composition

h=(M®ay)ok™: MRs€Rs5C — Ms®@4(€®R5¢) ®s C.

It follows from Lemma 10.1.7 that & is an isomorphism. We easily compute that

h(m XRg Qg d) =m &y (C XRg d(l)) XRg d(g).
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6) We collect the exact sequences (10.1.5) and (10.1.7) in the diagram

p p®s €
0 - M M ®gq € T Ms R €CRs €
M ®g A
\”M h 3
¢ fi®s €
0—GFM) EE5S My, €05 € s My @4 (€5 €) @g € (10.1.8)

Ja®s €
and we claim that it commutes. Indeed,

(hop)(m) =mp @ampu @5 my
= (p®s ) (Mg ®a ls @smp)) = ((¢ ®s €) onar)(m);
(il o (p®s Q))(Z m; g ¢;) = B(Z Mmijo] ®s Mif1] s )

= Z mifo] @4 (Mip) ®s Ci1)) Ps Ci2)

(2

= (fi®s Q:)(Z mi ® A Ci1) s Ci2))

= ((i®s€)o h)(zmi ®s ¢i);

)

(71 o (M ®s A))(Z m; Qg ¢;) = 71(2 m; Qg Ci(1) Qs Ci(2))
= Z m; ®s (Ci1) ®s Ci2)) Ps Ci(3)
= (fa®s Q:)(Z m; @4 i1y Ds Ci(2))

= ((2®s€)o0 h)(Zmi ®s ;).

Now (10.1.8) is a commutative diagram with exact rows. The maps h and h are isomor-
phisms, so it follows from the five lemma that n,, is an isomorphism. 0O

We will next examine when the pair of functors (F,G) establish an equivalence of
categories. For that purpose consider the A-bimodule C := A ®g € with actions

bla ®s c)b' = baby) ®s cbiy).

Notice that the left A-action is not the same as in Proposition 10.1.4. We will use this
A-bimodule structure only in Lemma 10.1.9 and Theorem 10.1.10. Consider the maps

D: C—-C®uC and F: C— A
defined by the formulas

D(a®sc) = (a®scu))®a(la®sca);
Ela®sc) = a(roe)(c).
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Lemma 10.1.9 (C = A®s€, D, E) is an A-coring, and the categories M® and MY are
1somorphic.

Proof. 1t is clear that D and E are A-bimodule maps, and that D is coassociative. The
counit property can be shown as follows:

(E®4C)oD)(a®sc)=a(roc)(cn))(la®s )

= a(Toe)(cqy) Vs ey =a®s (0 0¢)(cay)ce) =a®
(C®aE)oD)(a®sc)=(a®scuy)(Toe)cm))

= a®scuy(toe)(ce) =a®ec,

where we used the fact that A(7(s)) =1 ®@g 7(s).
Note that we have an isomorphism &' : M ®4C — M ®g € for every M € M 4. Then
we define inverse functors

d: MG — M and T: ME — MY

by
O(M,p)=(M,K " op) and U(N,R)= (N, K oR)

respectively, with M € M4 and N € M®. 0

In [60] was proved that an A-coring € is flat as a left .A-module if and only if the
category of right ¢-comodules M¢? is abelian, and the forgetful functor M% — M4 is
exact. In this case, we can speak about exact sequences in M% and by the nature of the
forgetful functor we have that a sequence in M¢ is exact if and only if it is exact in M4
if and only if it is exact in Ab.

Observe that if € is an A-module coring over a commutative Hopf algebroid A which is
flat as a left S-module, then C is flat as left A-module. Then it follows from Lemma 10.1.9
that a sequence in M is exact if and only if it is exact in Ab. This is used in the proof
of our next theorem.

Theorem 10.1.10 Let A be a commutative Hopf algebroid, and € an A-module coring,
which is flat as a left (or right) S-module. Then the following assertions are equivalent:

1. (F,G) is a pair of inverse equivalences between the categories MG and Msg;
2.can: CRsAs - CRgC andeg: €R4 .5 — S are isomorphisms;
3. can s an isomorphism and € is faithfully flat as a left S-module.

Proof. 1) = 2) has been observed in the comments preceding Proposition 10.1.6.
2) = 1) follows from Propositions 10.1.6 and 10.1.8.
1) = 3). Let
0—=N —-N-—>N"—0 (10.1.9)
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be a sequence in Mg, and assume that
0—=G(N)=N®s€ —=G(N)=N®s€ —G(N")=N"®5€ — 0

is exact in Ab. Since € is flat as a left S-module, we have by the above comment that
this sequence is also exact in M. Since (F,G) is an equivalence of categories, it follows
that (10.1.9) is exact in Mg. This shows that € is faithfully flat as a left S-module.

3) = 2). Consider the map

a=e@RsC—CRse: CRsC—E€ alc®sd) =d(ooe)(c)—c(roe)(d)
for ¢, d € €. We claim that the sequence
CRsCHES S —0 (10.1.10)
is exact. Since € € ¢ M is faithfully flat, it suffices to show that
CosCos € B Crse ¢ -0

is exact. The map € ®g € is surjective since ¢ = (0 0 €)(ca))c(2), for all ¢ € €. It is clear
that (e¢ ®s €) o (@ ®g €) = 0. Assume now that

(®s ©)(D i ®sdy) =di(o0¢e)(e;) = 0.

Then

(a®s€)(—2q®sd ®s di(2))
= —Zd (ooe)(e) ®g diga +ZczToe i) ®s diga
= _ZA (cdoe)(e)) +ZCZ®S ()(005)(di(1))
Zc,@sd

We are now able to prove that eg : €®45 — 5, es(c ®4 s) = €(c)s is an isomor-
phism. From the exactness of (10.1.10), it follows that € is surjective, implying that eg
is surjective. Observe that . c; @48 =Y . ¢; Qa4 (c00)(s) =D ;¢ @ (0(s;)—1g) =
Yo GT(si) ®als = c®4 1g for some ¢ € €. Suppose eg(c ®4 1g) = €(c) = 0. From the
exactness of (10.1.10), it follows that there exists ) . ¢; ®g d; € € ®g € such that

c=a(d ¢ @sd) =Y di(ooe)(e) —ci(roe)(dy).
Now take
Z e; Qg a; = can_l(z ¢ s d;) € CRg As.

J 7
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Then
Z ¢ ®g d; = Z ej() Os €j(2)S(ay)
i J
and
¢ = ) ejS(a;)(ooce)(ejn)) — ey (T o ge)(ej2) (T 0 4 0S)(ay)
J
= > ;S(a;) —ej(roca0S)(ay),
J
SO
c®ylsg = Zej ®aca(S(a;) —ej@a(eacoToeq08S)(a;) =0
J
proving that ¢ is injective. 0

We call an A-module coring € an A-Galois coobject if € is flat as a left S-module and
satisfies the equivalent conditions of Theorem 10.1.10.

Example 10.1.11 Suppose that A is flat as a left (or right) S-module, see Proposi-
tion 9.2.4. Then A is an A-Galois coobject. In particular, it follows that A is faithfully
flat as a left (or right) S-module. (Observe that these results are analogous to Proposi-
tion 3.2.5 and Proposition 3.1.6.) Indeed, the canonical map cany : A®s As — A®g A
is given by

cana(a ®sb) = ap) g a@)S(b)

and we have
(cany o cany)(a ®g b) = can(an)y @s a@)S(b)) = an) s aw)S(a@ES(b))
aqy ®s aS(as)b = ag) ®s (0 0 €)(awe)b
= a) Bs (e(a@)—b) = (apy—e(ae)) @sb=a®sb.
The map e5: A®4 S — S becomes the canonical isomorphism. Hence condition (2) of

Theorem 10.1.10 is satisfied.

Example 10.1.12 Previous example can be generalized as follows. Take J € Pic(S), and
let {(e;,ef) |i=1,---,n} be a finite dual basis for .J. The object A(J) = J @g A ®g J*
is a right A-module:

(m®sa®sm*)b=m®gab®gm”*,

and, by restriction of scalars, an S-bimodule:
s(m®gsa®sm™)t =m g o(s)ar(t) ®sgm”™ = sm g a @g m*t

for m € Jm* € J*,a,b € Aand s,t € S. Now A(J) @5 A(J) = J Qs ARs J* Q5 J Qg
ARsJ* 2 JRs AP ®g.J*. We define the comultiplication and counit on A(J) as follows:

AA(J)(m ®s a®gm*) = Z m Qg any Qg e; Vg e; Vg a2y Qg m*=m®gs Al(a) s m™;
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cany(m®ga®@sm”™) = (m*, mea(a).

These maps are well-defined, and make A(.J) into an .A-module coring. The coassociativity
is clear, and the counit property can be seen as follows.

((g.A(J) Xs A(J)) o AA(J))(m Rg a Xg m*) = <€f7m>€,4(a(1))ei ®s ag) Ds m*
= m®g (0oe)(am))ap ®sm" =mRga@gm”.

If A is flat as a left S-module, then A(J) is also flat as a left S-module, since J and J*
are flat S-modules. The map can : J ®g A®g J* ®g As — J @5 A®? ®g J* is given by
the formula

can(m ®g a ®gm* g b) =m g ap) Qg a2)S(b) ®g m™.

Its inverse is given by
can”' (m ®s a ®s b ®sm*) = m ®g aq) ®sm* ®g a@S(h).

We conclude that A(J) is an A-Galois coobject, and we call it an elementary A-Galois
coobject.

Our next aim is to show that an A-Galois coobject € is invertible as an .A-module.
First we need a lemma.

Lemma 10.1.13 Let € be an A-module coring. We have a well-defined map ¢ : € ®g
Ay ®s e A — € Rg Ay ®s €, defined by the formula

((c®sa®sb) =cuy Qs ae) s ¢2S(aq))S(b)
with ¢ € €, a,b € A. If can : € ®s As — € Rg € is bijective, then C is also bijective.

Proof. The map ( is well-defined since for all s € S

((e1(s) ®s a®sb) = cay ®s ap) @s ¢2)7(5)S(an))S(b)
c1) s a(2) Qs €(2) S(o(s)a 1))8(()) =((c®s 0(s)a®g b)
= cu) ®s ap) Vs c2)S(an))S(o(s)b) = ((c ®s a ®g o(s)b).

Now assume that can is bijective. We use the following formal notation
can ' (c®g d) = Ye(c ®g d) ®g a(c ®g d)
for ¢,d € €. Since can : € ®g As — € ®g € is right A-linear, so is can™:
Yc(e®g da) ®s a(c ®g da) = 3e(c ®g d) ®s alc ®g d)S(a).
In particular,

Yc(er(s) ®s d) ®s aler(s) ®s d)
= Yc(c®gdo(s)) ®s alc®g do(s))
= Yc(c®gd) s alc®gd)7(s). (10.1.11)
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Now we claim that the map
(5 . Q:@SO—AU ®SQ: — Q:@SUAG' ®SUA07

5(0 XRg a KRg d) = ZC(C XRs d) Xs a2) s a(c KRg d)S(a(l))
is well-defined. Indeed

d(cT(s) ®g a ®g d)(loéu)Zc(c ®Rs d) ®g ap) s alc®s d)7(s)S(an))
Yc(e®s d) ®g ap) @s alc®@g d)S(o(s)a))
= J(c®so(s)a®gd)
and (10.1.11)
d(cr(s) ®sa®sd) = "0(c®Rga®gdo(s)).
Observing that
ccm(c XRs a(l)b) = C1) ®g C(Q)S(a(l)b), (10.1.12)
we find
(00¢)(c®ga®gb) =d(cq) Os a@) ®s c)S(b)S(aq)))
10.1.12
W2 e aw s abS(ae)
Qs a2 Qg (oo e)(a(l))b
= c®g (0 o¢e)(an))ap) Rsb=c®sa®sgb.
Finally

(Cod)(c®s a®sd) = ((e(c@s d) @ ap) Bs alc@s dS(a) )

= c(c®s d)q) Vs a@) ®s c(c Vs d)@S(alc ®s d))am)S(aew)

10.1.12
(10.112) € Qs a2) Qg d(o o 6)(&(1))

= c®Xs (008)(a(1))a(2) Rsd=cR®sa®gd.

O

Proposition 10.1.14 Let A be a Hopf algebroid and assume that it is flat as a left S-
module. If € is an A-Galois coobject, then € € M 4 is invertible. Its inverse is s, which
equals € as an abelian group, but with A-action ¢ -a = cS(a).

Proof. Let ¢ : € ®g5.As — € be the (right A-linear) map given by (¢ ®s a) = ¢S(a) for
c€ € a€ A Then we have an exact sequence

Y Rg S

CRs Ay, ®s S RS ——C®R45——0
CRgey Vg S
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by the definition of the coequalizer € ® 4 S. By assumption, e¢ ® 4.5 : €®45 — S is an
isomorphism, then because of € ®g ; A4, g S = € Rg A, and € ®g S = € we obtain an
exact sequence

Y
€ Qg oA, ¢ g0
C®seqa
Since A is flat, we have an exact sequence
Y Rs A
CRs,A, ®s A S C®s S €€®SA‘A 0
CRseq®s A

Now consider the (left S-linear) map
0: A, s € — € pla®sc)=ca.

Then we have an exact sequence

Y Rg €
CRs A, Qg € T lRsE——Cs®y €
C®sp
by the definition of the coequalizer €5 ® 4 €. With ( as in Lemma 10.1.13, we then have
the following commutative diagram with exact rows:

0

P Rg A
> ey AL A )
CRsey g A
¢ can

P Rg €
CRs A, Rg € T CReE——Cs R4 C
CRsp

CRs A R A

0.

Indeed,
(4 @5 €) 0 ()(c @5 a @5 b) = c1)S(ag) s c2)S(a))S(b)
= can(cS(a) ®s b) = (cano (Y s A))(c ®s a ®g b);
((€®@s ) 0 ()(c®s a®sb) = cay s ¢)S(aq))S(b)ag)
= (1) ®s c@)(Toe)(a)S(b) = can(c(T o €)(a) ®g b)
= (cano (C®seq4®s A))(c®gsaRgb).

From the five lemma it now follows that A = €5 ® 4 €. 0

10.2 Galois coobjects and the second Harrison coho-
mology group

In this section, we prove that the set of isomorphism classes of A-Galois coobjects form
a group. We will also give an interpretation of H'(A, Q), the fifth term in Sequence
(9.3.21).
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Let A be a commutative bialgebroid. Let M € M 4. Asin Section 9.3, we can consider
the A®-modules M;, for i =0, 1,2. Clearly

My=A®sM, M =M®4aA%, My=M ®s A

In M, we have
ma®y (b®gc) =m R4 (a(1)b Xs a(2)0)7

for all m € M, a,b,c € A. The functor
Fi= —®AA.A(2) My — Mye

has a right adjoint G;. This is the restriction of scalars functor: G;(N) = N with right
A-action given by n - a = nA(a). Observe that we have an isomorphism

G1(Ms ® 420 My) = M @g M.
Using the adjunction (Fi,G;) we have a natural isomorphism
HOIHA(M, M XRg M) = HOHl_A(z) (Ml, M2 ®_A(2) Mo) (10213)

Take a right A-linear map D : M — M®gM, and write D(m) = m)®gm(q). As always,
summation is implicitly understood. The corresponding map D : M; — Ms ® 42y My is
then given by the formula

D(m XA (a Xg b)) = (m(l) Xg b) X ) (CL Xg m(g)) =mam)a Qg m(g)b. (10.2.14)

Qonversely, for f € Hom 4 (My, My ® 42 M), we have that the corresponding map
f € Homy (M, M ®g M) is given by

~

fm) =Gi(f(m®a(1®s1))). (10.2.15)
Now observe that
Moy = Moy = A® @s M 5 My = Moz = M @5 A
Moz = My = A®s M ®g A;

Moy = Mg = A®Rs My ; Mg = My = M ®g A.

Applying (9.1.6), and the fact that A? = e? o e] = €3 o e}, we find that

My = (M®4aA?) @40 aA® = M @4 p2 AP
(M ®_A e%A@)) ®A(2) e%A(?’) = M12.

I
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Take an A-linear map D : M — M ®g M, and the corresponding D: My, — My® 42 M.
We then compute that

Do: My = A®g M; — May ® 4 Moo = (AR5 M @5 A) @ 45 (A? @5 M)
Do(l Rg (m XA (1 Qg 1))) = (1 ®sm) Qs 1) S (1 Res1l®g m(g));
Dy i Myy — My @4 Mor = (M @5 A) @40 (A(2) ®g M)

Dl(m R4 (a Rsb®g C)) = ((m(l) QA (1 Rs 1)) Rg 1) S (CL ®Rsb®g m(g)c);

Dy My = Myy — Mas ® 430 Moz = (M ®g A(2)) ® 43 (A ®@g M)

Dy(m @4 (a ®sb®s c)) = (muya ®@s b ®s ) @40 (1 s (Mz) @a (1 ®51)))
Dg : Mz =M, @ A — My ® 430 Mos = (M Qg .A(Q)) S (.A ®Rs M Qg .A)

D3((m®4(1®s1)) ®s1) = (mu) ®s1®s1) @40 (1 @smz) ®s1).
In M ®4 A2 AP we have
ma®a (b®s c®sd) =m@a(am)b s ap)c ®s az)d)
with m € M, a,b,c,d € A. The functor
Fii=— @4 22A0 0 My — Mye

has a right adjoint Gy;. It is given by Gy (N) = N, with right A-action n-a = nA%(a). It
is easy to see that we have an isomorphism

G11(Mas ® a3 Moz ® ) Moo) = M @5 M ®g M.
Applying the adjunction (Fj1,Gi1), we obtain a natural isomorphism

Hom 4 (M, M ®s M ®g M) = Hom 4@s) (M1, Masz @ 43 Moz @ 43 Moo).

Lemma 10.2.1 Let I € Pic(A), and consider an A-module map D : I — I ®@g I, such

that D (from the adjunction (Fy,Gy)) is an isomorphism. Let a = D' up to switch map
identification. Then D is coassociative if and only if (I,o) € Z'(A, Pic).

Proof. Consider the compositions

I ® D)o D ~
{252 ®A<(3)) Iog ODZ 2 o= Lo — Tos @) Loz @y Ion =1 @51 ®g 1.
3 @13 o1 1

Using the above formulas, we compute that
((Ing ® 4 Do) 0 Dy)(m @4 (a ®gb®g c)) = m)a ®s m2y1)b ®s M2y 2)¢,

(D3 @ 49 Io1) © D1)(m ®4 (a ®s b @5 ¢)) = maynya @s mayab @s meac.
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It follows that D is coassociative if and only if
(Ina @ 40 Do) © Dy = (D3 ® g Io1) © Dy,

or, equivalently
g 0 (Izg ® 43 ) 0 (a3 @ 40 Lor) 0 o' = Iy

By Lemmas 9.1.7 and 9.1.5, this is equivalent to
2 @@ To2 @ 4 0 Qa3 @0 Tt @ae oyt = oo @ 4 Io1 @ g0 id

and
1 1 .
Qo @ 43) O @ »3) O3~ D g3) A = id,

up to switch map identification. Up to duality identification, this last formula is precisely
the cocycle condition. 0

Let M, N € M4, and consider A-linear maps Ay : M — M ®¢ M and Ay : N
— N ®s N. View M and N as A-bimodules with same left and right actions. For
i=0,1,2, we have isomorphisms of A®-modules

M; @ g Ny = (M @4 N);,
so we obtain a map
A: (MR4N), = (MR&4N)y @42 (M R4 N)y= (MR4N)®g (M4 N),

given by the formula

A((m ®@an) ®a(a®sb)) = (ma) @anma) ®s (M) @aneb).
Using (10.2.15), we find the corresponding map
A:AM@)AN: M®AN_> (M®AN)®S(M®AN)7

A(m XA TZ) = (m(l) XA n(l)) XRs (m(g) XA n(g)).

Clearly A is coassociative if Ay, and Ay are coassociative.
Now assume that € and © are A-module corings, and consider the map

Eepgn : C®sD — 5, cegen(c®ad) =cee(c)en(d).
Lemma 10.2.2 With notation as above, (€D, A¢g 0, e o) IS an A-module coring.

Proof. The maps Agg o and e¢g o are clearly right A-linear. We have seen above that
Agg o is coassociative; it is clear that e¢g o is well-defined. The left counit property can
be easily verified:

(C(g) ®A d(Q))(O’ O €¢®A@)(C(1) ®_A d(l)) = (C(Q) ®_A d(g))(O’ o EQ)(C(l))(O' o E@)(d(l))
= 0(2)0(€¢(0(1)>> XA d(Q)O'(E-I@ (d(l))) =Cc®» d
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(we view € and ® as A-bimodules with same left and right actions). The right counit
property can be handled in a similar way. 0O

From now until the end of the section assume that A is a commutative Hopf algebroid,
flat as an S-module. Recall from Example 10.1.11 that this implies that A is faithfully
flat. Our next aim will be to prove that A-Galois coobjects induce a monoid. For this we
will need some lemmas.

On M ®g As, we consider the following A®-module structure:

(m ®s a)(b®g ) = mbu) Qs abz)S(c)

for allm € M, a,b,c € A. It is well-defined, because m7(s)b1y®gab) = mba)®@so(s)ab)
and b() ®s b 7(s)S(c) = by ®s byS(a(s)c) for every s € S. It makes M ®g Ag an A3)-
module, since A4 and S are ring maps.

Lemma 10.2.3 Let M € M 4. Then the A® -modules M ®g As and M; = M @4 o AP
are isomorphic.

Proof. The maps
fi M®@sAs — M@4aA?, f(m®ga)=me4(1®sS(a));
g: M@saA® = M &5 As, g(m @4 (a®sb)) =maq) ®@s aeS(b)

are well-defined, since

f(m7(s) ®s a) =m7(s) @4 (1 ®s5S(a)) =m @4 (1 ®@sS(a)7(s))
= m®4(1®sS(ac(s))) = f(m®s o(s)a);
9(m @4 (a(yya ®s afy)b)) = majyyan) s ajma@)S(a(b)
ma'(l)a(l) Rs (O o 8) (a/(2))a(2)S(b)
= mapy) (7 0 €)(afy)aq) ®s a@S(b)
= md'an) Qs ap)S(b) = g(ma' @4 (a s b)).

A straightforward computation shows that ¢ is A®-linear. So is f, for

fim®sa-(b®c)) = f(mb(l) Ks ab(z)S(C)) = mb(1) ®a (1®s S(@b(Z))C>
= m®4 (bn) ®s b2)S(a)S(bm))c) =m @4 (b ®s S(a)c) = f(m ®s a)(b® c).

Finally, f and g are inverses of each other, since

(f 0 g)(m @4 (a®sb)) = f(man) ®s a@S(b))
mag) Qa4 (1®s S(a(z))b)
= m®a(am) Os a@)S(a)b)
= m®4(aq) ®s (00o¢e)(a@)b) =m 4 (a®gb);
(go fl(m®sa)=g(m®4(1®sS(a))) =m®s a.
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Lemma 10.2.4 Let M € My, and consider a right A-linear map D : M — M ®g M,
and the corresponding D : My, — My ® 420 My in M 4. Then Do f = can, with

can: M ®sAs — M ®@g M, can(m ®g a) = ma) @g mzS(a).

Consequently can is bijective if and only if D is bijective.

Proof. We have

(Do f)(m®sa) =D(m®4(12sS(a)) =mau ®sm@eS(a).

We can now prove:

Proposition 10.2.5 Assume that A is flat as a left S-module. If € and ® are A-Galois
coobjects, then € @4 D is also an A-Galois coobject.

Proof. € ®4® is an A-module coring, by Lemma 10.2.2. € is faithfully flat as a left
S-module, and, by Proposition 10.1.14, © is faithfully flat as a left A-module, hence
C®4 9 is faithfully flat as a left S-module. cane and cang are 1som0rphlsms SO A¢ and
Ayp are also isomorphisms in view of Lemma 10.2.4. This implies that A¢® L@ is also an
isomorphism, and so is caneg ,o- 0

Proposition 10.2.6 If¢ is an A-Galois coobject, then €R4A = € as A-Galois coobjects.

Proof. 1t suffices to show that the natural isomorphism ¢ : €® 4.4 — €, p(c®4a) = ca
is an isomorphism of corings. This is straightforward:

((p®s ) 0o A)(c®aa) = cayan) Os cz)ap) = Ae(ca) = Ae(p(c @4 a));

(cop)(c®aa) =ce(ca) =ce(c)ea(a) = ceg alc ®a a).
O

Let €,¢, ¢"” be A-Galois coobjects. It is easy to see that the natural isomorphism
(CR4C) R4 =ZCRH(C ®4¢") is an isomorphism of A-module corings. So it follows
that the set of isomorphism classes of A-Galois coobjects, Gal(A), is a monoid under the
product induced by ® 4. The neutral element is [A].

Theorem 10.2.7 For a commutative Hopf algebroid A we have a monomorphism of
monoids 3 : Gal(A) — Z'(A,Pic).

Proof. Let (€, Ag,c¢) be an A-Galois coobject. Consider the map A : ¢ — € @ @
¢y corresponding to Ag : € — € ®g €. It follows from Lemma 10.2.4 that A is an
isomorphism. Hence we may consider a : 6,(¢) — A® as in Lemma 10.2.1, and from

there we conclude that (€, a) € Z'(A, Pic). We define 8[(€, A, £¢)] = [(€, ).
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Let us prove that 8 does not depend on the choice of a representative of a class in
Gal(A). Due to Remark 10.1.1, two .A-module S-corings (&€, Ag,e¢) and (D, Ap,ep) are
isomorphic if there is an isomorphism of A-modules ¢ : € — © such that the following
diagram commutes:

¢ Ac CRsC
) Y Rs @
D Ao D g D.

By the adjunction (Fj,G) this is equivalent to commutativity of the diagram

A
& € v @ @40 €

1 P2 @4 ¥o

A
D) 2+ Dy @40 Do

This, in turn, is equivalent to commutativity of the right square in the next diagram

. CF ® 40 Ag
A® ol ¢ Qe € 124G e, ¢ @ ue € Q@ 0 €
:\ (¥1) ! ®ae ¢ (1) ®am P2 @ > Po
. D@0 A
A® L @ Dy AN TR D1 @ 40 Do @4 Do (10.2.16)
The left square is automatically commutative. Commutativity of the outer diagram is
equivalent to agp o d1(¢) = ag. This means that [(€, ae)] = [(D,ap)], ie. [ is well-
defined.

For two A-Galois coobjects (€, Ag, e¢) and (D, Ap, €9 ), the comultiplication on €® 4D
is constructed in such a way that the map A¢®A@ C(CRAD) — (CRAD)2® 42 (CRAD)o
corresponding to Agg o is Ae® A2 Ag up to switch map identification. This implies that
[ preserves the multiplication.

The map Ay 0 A®4aA® =2 A® — Ay ® 40 Ag = A® is the identity on A®,
for a @4 a(1 @5 1) = an) ®s ap) = (an) @s 1) O (1 Bs a@)) = ag) Bs ag), s
B(A, Ay, e)] = [(A AP,

We finally show that /3 is injective. Assume that S[(€, A¢,e¢)] = [(A, A?®)]. Then €
and A are isomorphic as A-modules, let f : A — € be an A-module isomorphism. By
assumption we have Agl 0d1(f) = A;ll = A This means that Agl o (fo® @ 1 ® 4
f2) =A@ or equivalently Ag' o (fo @ f2) = fi, e (fo @0 f2)Aa = fo@ue fo =
Ag o f1, since Ay is the identity. By the adjunction (Fi,G;) this is equivalent to saying
that f is compatible with comultiplications A¢ and A 4. From (10.1.1) we obtain now
that f is compatible also with the counits ¢ and € 4. 0O
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Remark 10.2.8 A natural question to ask is whether /8 is surjective. Take (€, ) €
Z'(A, Pic), and consider the corresponding isomorphism A: ¢ =6 4@ €, and then
the corresponding map A¢ : € — € ®g €. It follows from Lemma 10.2.1 that A¢ is
coassociative. The problem is that we have no counit e¢. If we can construct a counit e¢
on €, then (€, Ag,e¢) is an A-Galois coobject: from Lemma 10.2.4 we would have that
can is bijective, and being an invertible A-module, € is faithfully flat over it. Then clearly

Bl(€, Ae, ¢)] = [(€, )],

We will discuss some sufficient conditions for the existence of a counit ¢ on € in
Propositions 10.2.10, 10.2.14 and 10.3.6. In general, we have the weaker property that
the comultiplication A¢ is cofirm. Let Ay : € — € ®g € be a coassociative A-module
map. Then we can consider the cotensor product €0¢€ = Ker(Ag ®5 € — € ®g Ag), i.e.,
the equalizer

1 —CO¢ —C ¢

CRs € Rg .

C®s A
Because of the coassociativity, Ag factors through €0,€. We say that Ay is a cofirm
comultiplication if the induced map Ay : € — €0 is an isomorphism, and then (€, A¢)
is called a cofirm A-module S-coring. Obviously, corings with a counit are cofirm.

Proposition 10.2.9 Take (€,a) € Z'(A,Pic). The comultiplication A¢ : € — € @5 €
constructed above is cofirm.

Proof. Let us show first that A, is surjective. Take ), ¢; ®g ¢; € €0e€. From the fact
that A is surjective, it follows that there exists > . d; ®.4 (a; ®s bj) € €®4 AA® such

that
Z C; ®S C; = A(Z Clj ®A (aj ®5’ bj)> = Z dj(l)&j ®S dj(z)bj
i J J

in € ®g €. Since A¢ is an isomorphism, the map

Af = (Ae®5€) 0 (Ae @00 AP) 0 € @4 a2 AP = (€ @4 2 AP) @ 40 2pga AP
— (€ ®R5€) @40 rpgad® = (€242 AD) @5 €
— CRsCRsC

is an isomorphism, too. We easily compute
A%(C Q4 (a®sd ®gad")) = caya ®g cpya’ g c@a”.

From the fact that ), ¢; ®g ¢ € €0¢C, it follows that

> diwajn) ®s diaje) ®s digby = Y djn)a; s dibia) ®s dis)bie),

J J

or

A (Z dj ®4 (a;1) ®s aj2) ®s bj)) = A (Z dj ®4 (a; ®s bja) ®s bj(z))> )

J J
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and, since A2 is bijective:

Zd ®.4 (@) ®s aj2) Qs b; Zd @4 (a; ®sbj) ®s bj2))- (10.2.17)

J J
The map A ®g A Qg ¢ : a2 A®) — A AP is left A-linear. Indeed,

(A®s ARse)(bla®sd ®sa”)) = (ARs A®s e)(baya Qs beya’ ®s ba”)
b(l)CL Rs b(g)a,(T o 6)([)( ) b 1) g b( 2)a (7‘ o 6)(&”)
= b((A®5A®s€)(a®sa ®g a” )

Now apply € ® 4 (A ®s A Rg €) to both sides of (10.2.17). We then obtain

ZdaJTos V@4(1@s1) =Y dj@aA(a;)(roe)(b) = d; ®4(a; Ds b))
J J
hence
ch@)sc—A@ZdCZ]TOE ) @4 (l®s1) ZdaJToe ;)

in €Og4C, as Aq(c R4 (1 ®s 1)) = ca) Qg c) = Aelc) € COE for every ¢ € €. This
shows that A is surjective. To show that A¢ (and, a fortiori, Ay) is injective, we argue
as follows. Since € is invertible as an A-module, it is also flat as an A-module. Ay : A
— A® is injective, since A has a counit. Therefore

CRUAL: CRUAZE = ER aAY
is injective. If A¢(c) = 0, then
Ae((€®4A4)(0)) = Ae(c @4 (1®5 1)) = Ae(e) =0,

hence (€ ®4 A4)(c) =0, as Ag is an isomorphism, and then it follows ¢ = 0. 0O

In Propositions 10.2.10, 10.2.14 and 10.3.6 we will give examples of elements in
Z'(A, Pic) that lic in the image of 8. Recall from Remark 10.2.8 that (€, o) € Z'(A, Pic)
lies in the image of 3 if we find a counit for €.

In the proof of Theorem 9.3.5 we have seen that we have a map

ay: Z*(A,Gp) — Z'(A,Pic), u s (A m(u)).

Proposition 10.2.10 Take u € Z*(A,G,,). Then ds(u) € ITm ().
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Proof. We are going to prove that B([A, Ay, e.]) = [(A,m(u))], where A, and ¢, are a
comultiplication and a counit on A twisted in some way by u. Write u = u! ®g u? =
Ul 05 U?, and u™! = v! ®g0v? = V! ®g V2. From the fact that uu™ = 140, it follows
ul(toe)(u?)vl(Toe)(v?) =14 and (o oe)(u)u?(ooe)(vt)v? = 14.

As we have seen in the proof of Theorem 10.2.7, the corresponding map A, of the
still to be computed comultiplication A, on A is a map A® — A® and clearly so is
m(u). Setting m(u) = A;! yields A,(1 ®s1) = v! ®sv?. From (10.2.14) we obtain
o' @g vt = A(1®s1) = Ayl ®a (1 ®s1)) = 1) Qg Lz), hence A,(1) = o' ®g v?
and Ay(a) = apyv' ®s apyv? for a € A. We know from Lemma 10.2.1 that A, is a
comultiplication on A. We are done if we can show that this comultiplication has a
counit. We apply A ®g e ®g ¢ to the 2-cocycle relation

(1A Xg ul Xg ’LL2><A(’U1) Xg 1)2)(U1 Rg A(UQ))(Vl ®g V2 ®Xg 1.A>
= 14Qsl4®Rs1y (10218)

to obtain
Ig = (roe)(u'u®)v! (1 oe) (W)U (T 0e)(UH V(1 0e)(V?) = (1 o) (u'u?v?)v'.
Applying € ®g € ®g A to (10.2.18), we find, in a similar way
(o oe)(u'v v?)u? = 14,

and from here, replacing u by u™!,

(0 0e)(wrutu?)v? = 14.

Now the map
cu: A— S, e,(a) = e(u'u?a) (10.2.19)

is a counit. Indeed,

((eu ®s A) o Ay)(a) = (eu ®s A) ((l(l)Ul s a(z)UQ) =(co¢) (u1u2a(1)v1)a(2)02 =aq;

(A®ge,)0Ay)(a) = (ARg 5u)(a(1)v1 ®g CL(Q)U2) = a(l)vl(r o 8)(u1u2a(2)v2) = q.

In the sequel we will adopt the following notation: A, = (A, Ay, &y).
As an application of Proposition 10.2.10, we will show that Gal(.A) is an abelian group.
Let € be an A-Galois coobject. Recall from page 213 that we have a well-defined map

T @@SQ:—)Q:g,@SQ:S, T(C@Sd):d®5€

and that the co-opposite coring € := (€, AP ¢¢) of € is an A-module coring with
P = €, as S-bimodules.
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Proposition 10.2.11 If € = (&€, A¢,e¢) is an A-Galois coobject, then € is also an
A-Galois coobject.

Proof. We have that €g is faithfully flat as an A-module, since S is bijective and € is
faithfully flat as an A-module. Finally

cang 1 € g A — € @5 €SP, cang(c ®g a) = cp) ®g caya
is bijective, since cang = T o can’ o g, with
g: P RsA— ARs€, g(c®ga)=S(a)®s c,

and g, T and can’ are bijective (see the observation preceding Lemma 10.1.7). 0O

Theorem 10.2.12 For a commutative Hopf algebroid A the monoid Gal(.A) is an abelian
group.

Proof. Let € be an A-Galois coobject. We have seen in Proposition 10.1.14 that €g® 4 & =
A as A-modules. We transport the comultiplication on €s ® 4 € to a comultiplication A’
on A. Let v = v! ®g v? = A’(14). From Proposition 10.2.11, Proposition 10.2.5 and
Lemma 10.2.4 we obtain that the corresponding map A for €5 ®4 € is an isomorphism.
From the adjunction (Fi,G;) and the definition of A’ we then get that A’ is an isomor-
phism, too. We note that it is given by m(v), hence v is invertible. From the fact that A’
is right A-linear, it follows that A’'(a) = vA4(a), for all a € A. Since A’ is coassociative,
we have A'(v!) ®gv? = v! ®g A’(v?), which is vA4(v!) @5 v? = v! @5 vVAL4(v?), meaning
that v is a 2-cocycle. Then A’ = A, with v = v™! and €5 ®4 ¢ = A, as A-module
corings. Now clearly €s @4 € R4 A, =2 A, @4 A, = A as A-module corings. 0O

We say that a Galois coobject € has normal basis if € = A as a right A-module. Let
Gal,p(A) be the subset of Gal(A) consisting of isomorphism classes of Galois coobjects
with a normal basis. The following result can be viewed as the normal basis theorem for
a commutative Hopf algebroid.

Proposition 10.2.13 Gal,;(.A) is a subgroup of Gal(A), and is isomorphic to H*(A, G,,).

Proof. 1t is clear that the tensor product €® 4 €’ of two Galois coobjects with normal basis
has the normal basis property. Let € be a Galois coobject with normal basis. Identify
¢ and A as right A-modules, and consider A¢(1) = u € G,,(A@). It is straightforward
to show that u € Z*(A,G,,), and that € = A, as A-module corings. This shows that
the map f : Z%(A,G,,) — Gal,(A), f(u) = A, is surjective. It is a multiplicative
map, since the canonical isomorphism A ® 4 A = A defines an isomorphism of .4-module
corings A, @4 Ay, = Ay, for all u,v € Z*(A, G,,). A straightforward computation shows
that Ker(f) = B*(A,G,,). 0
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Take J, K € @(S ). For elementary A-Galois coobjects determined by J and K we
find

A(J) @4 AK) = (J s ARgs J*) @4 (K @5 A®gs K*)
= (JRs A®sJ") Qspganss (K s A®s K*) = JRs K ®s A®s J" ®@g K*
= A(J ®s K)

via the well-defined isomorphism of A-module corings
f(m®sa®sm™) @4 (nRsbRsn*) =mRsn g ab@sm”* Qg n*

with m € Jm* € J*n € K,n* € K* and a,b € A. Hence the set of isomorphism
classes of elementary A-Galois coobjects forms a subgroup of Gal(.A). Let us denote it

by Gal?(A).

Proposition 10.2.14 The map B restricts to an isomorphism Gal®(A) = B'(A,Pic).
Consequently, B'(A, Pic) C Im ().

Proof. We will show that $(A(J)) = do(J), for all J € Pic(S). First observe that
S(J)=(J®sA) @4 (ARs J") =2 JRs ARg J* = A(J).

Now
A(J) = J @5 (AR g AA(Q)) ®s J =2 JRg A® ®g J*

and

A(J)2 @ 400 A(J)o = (J ®s A®g J* @5 A) @40 (A®s J @5 ARg J*)
Y JRARs S RsJ Rg ARg J* = J®s./4(2) ®g J*.

The map A : A(J); — A(J)2 @ 4 A(J)o corresponding to A is the identity on J ®g
A® @ J* up to the duality identification (it involves coev;) and its inverse is equal to
AJ, up to the duality identification. This proves that S(A(J)) = (0o(J), As) =do(J). [

10.3 Base extension for commutative bialgebroids

In this section A is a faithfully flat commutative Hopf algebroid over S. Let T/S be
a faithfully flat commutative ring extension, and consider the commutative ring Ay :=
T ®s A®gT. We then have ring homomorphisms o, 7 : T — Ar given by

O'T(t) =1t Rg 1A ®g 17 and TT(t) =1r ®g 1A Rg t.
Consider the maps

Ar: A > Ar Q7 Ar 2T Rs AR T ®g A®g T,
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ep: Ap =T and Sp: Ap — Ap
given by the formulas
Ar(t®sa®st) =t Qg an) ®s 1y ®g a) Qs t';
er(t®sa®st) =c(a)tt! and Sr(t®sa®st) =t ®sS(a)Rgt.
Lemma 10.3.1 (A7, T, 01, 71, Ar,er,Sr) is a commutative Hopf algebroid.

Proof. The maps Ar and ep are clearly T-bilinear and (Ar, Ar,er) is a T-coring. Tt is
also clear that Sy is a T-bimodule anti-homomorphism. Let us verify (9.2.9):

Sr(t ®s aqy ®s 17)(1r Qs a@) Qs t')

(1r ®s S(an)) ®s t)(1r Rg a@) s t')

1r ®g S(a(l))a(Q) XRg tt = 1y ®g (T o 8) (a) XRg tt’
= 1y ®s1la®@se(a)tt = (rroer)(t ®sa®gt').

The other identity for St is proved similarly. 0O

Lemma 10.3.2 Let € be an A-module coring. Then € :=T Qs CRsT is an Ap-module
coring. If € is an A-Galois coobject, then &p is an Ap-Galois coobject.

Proof. € becomes an Ar-module in the following way:
(tRsc@st)(u®sa®@su) =tu®gca®gt'u'.

The comultiplication and counit on €7 are defined in a similar way as the comultiplication
and counit on Ap. Being comultiplication and counit on € right A-linear, so are the
respective maps for €. Suppose € is an A-Galois coobject. Then it is faithfully flat over
S. Hence €7 is faithfully flat over T'®¢ S ®s T = T ®g T. Since T'/S is faithfully flat,
then so is T'®s T /T, and by transitivity of faithful flatness we obtain that € is faithfully
flat as a left T-module. Observe that € @1 Ar = (T Rs €®sT) @7 (T s A®s T) =
TRCRsTRgARST and CrQpEr = (T@SQ:@ST)@T(T@SQ:@ST) E2TRCERTRERT.
The map
cant : TQR®sCRsT R ARsT - T RsCRsT ®s € Rg T

is given by the formula
cany(t @s c @st' Qg a®st") =t ®g cpy Qs t’ @s c@S(a) ®s t'.

It is clear that canr is an isomorphism if can is an isomorphism. This proves that € is
an Ap-Galois coobject. O

Proposition 10.3.3 The map Gal(A) — Gal(Ar) mapping [€] to [€r] is a group homo-
morphism.
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Proof. We have an isomorphism
Cr@ua,Dr = (TRsCRsT) rgganst (T ®sDRsT) 2T R5(CR4D)RsT = (CRUD)r
of Apr-module corings. 0
Now observe that

AN 2T Qs ARsT®s AR T ®s - Q5 AR5 T.

We have morphisms of commutative rings 7, : AM™ — A? ) given by
Tt ®s -+ Qs ap) = 17 ®s a1 ®s 17 Qs - Vs 17 @5 ap @5 11
for a; € A,i=1,...,n. From the definition of o7, 7 and A7, it follows easily that
Tni1 0 € = €lpOTy ! A(Tn) — A(Tnﬂ).

Here we use the notation introduced in Section 9.3. The map €7 : A(Tn g Agl =
is defined as e}, but with A and S replaced by Ar and 7. Let P be a functor from

the category of commutative rings to that of abelian groups. With §, 1 : @(Agb ))
— @(.Agfl ™) defined analogously as 4, we find

n+1 n+1
Onr o P(rn) = Z(_l)ip(eZT ory) = Z(_lyp(rn-i-l oe;) = P(rny1) 0 0y
=0 =0

This proves the following:

Proposition 10.3.4 The maps r, define a morphism of complezes r* : C*(A, P) —
C*(Ar, P). As a consequence, we have group homomorphisms Z"(A, P) — Z"(Ar, P),
B"(A,P) — B"(Ag, P) and H"(A, P) — H"(Ar, P).

We have a similar statement for cohomology with values in the category of invertible
modules.

Proposition 10.3.5 We have group homomorphisms H" (A, Pic) — H"(Ar, Pic).

Proof. The map r, induces a functor R, : Pic(A™) — Q(A(Tn )). Then we have a
natural isomorphism of functors

RosioB" = B o R,
with B Q(A(Tn ) — Q(Agﬁ +1) ), and consequently,

Rn+1 o 671 = 5n,T o Ry.
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Then we proceed as in Proposition 10.3.4. An alternative proof can be given by writing
down the exact sequence (9.3.21) for A and Ar. By Proposition 10.3.4, we have group
morphisms H"(A,G,,) — H"(Ar,G,,) and H"(A,Pic) — H"(Ar,Pic). By the five
lemma, we then have morphisms H"(A, Pic) — H"(Ar, Pic). 0

The map
58{‘) c AM 5 59{’)(611 Rg -+ g an) =calar) ---calay)
is an algebra map; consider the corresponding induction functor
Fo: Mumy — Mg, Fo(M) =M @ 4 6%)5.
It is monoidal, since

Fn(M) @5 Fu(N) = (M & 400 5) @5 (N @ 40 5)
= (M ®4m S) ®A(">®A(n)5 (N @ S) = (M @400 N) @ g0 S = Fn(M @40y N).

Let (M 4 )7 denote the category with objects My := T®gF,(M)®sT for M € M 4
and morphisms 7' ®g F,,(f) ®s T for morphisms f in M 4. We define a functor

For: (MA(n))T — Mrp by fn,T(MT) = ﬁT(T ®s Fn(M) @5 T)

for M € M 4 and similarly for morphisms, where Vr is the multiplication on T up to
the flip map.

Proposition 10.3.6 Let (€, a) € Z'(A,Pic). If there exists a faithfully flat extension T
of S such that € = Ar as Ap-modules, then (€, a) € Im (5).

Proof. Observe that
Fo(C) =C®4y e}(A ®s A) @ apqa 695 2C®a 0 = Fi(€),

since 552) oel =¢ey, for i =0,1,2. This implies that we have an isomorphism

i =

Fala) : F2(01(€)) = Fa(&s) @5 Fa(€)) ®s Fa(&o)
>~ Fi(€) @g F1(€*) @g Fi(€) = Fi(€) — Fo(AP) = 5.

Let m: € — Fi(€), m(c) = c®4 1g be the canonical epimorphism, and consider the map
e =F(a)or: € —S.

In the situation where € = A, with u € Z*(A,G,,), we have ¢ = &,, the counit of
A, given by (10.2.19). Indeed, in this situation @« = m(u), and we easily compute that
JT'-Q(OJ) . AR e ag)s ~ G 5 A® & 4 5542)5 >~ S is given by

Fola)(s) = Fola) (14 ®s 14) @42 8) = (u' @5 ug) @ 42 5 = ea(u'u?)s.
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Now for a € A, we get eq,(a) = Fo(a) o w(a) = Fola)(a @4 1s) = Faa)(eq(a)) =
ea(uru)eq(a) = eu(a).

If T is a faithfully flat extension of S such that there is an Ap-module isomorphism
© : € — Ap, then €, viewed as an Ap-module coring, has normal basis, hence € =
(A7)z for some cocycle @ € Z?( Az, G,,). Since P is Ap-linear, we have = T ®g ¢ @5 T
for some A-linear map ¢ : € — A, and @ = 17 ®gu®g 17 for some u € Z?(A,G,,). Then
¢r inherits a counit given by @T(T Rs e, s T)op:Cp —T.

We define m¢, :=T ®@g e R T : € — Fir(€r) and

Eep 1= (.FQJW(O!@T) o 7T¢T) : Q:T — fl,T(Q:T) — T.

We will show now that the from (A,)r inherited counit on €r equals e¢,.. In Dia-
gram (10.2.16) in the proof of Theorem 10.2.7 replace € by €r and © by (Ar),. Then
the outer diagram in Diagram (10.2.16) yields oa,), © d1(¢) = ae,. We apply to this
equation the functor Fy 1 to get For(oqay).,) © Fi(w) = For(ae,). This, together with
the fact that 7 is obviously a natural transformation implies that the two trapezes in the
diagram

f
¢ Ter fl(Q:T) 2,T(Oé¢T) T
]:1(90)
AT u

A/ \4T
V(T ®s e, @5 T)

commute. The lower triangle also commutes, since by the previously discussed case for
A, we have g, = Fo(A,) o : A, — F1(A,) and hence

V(T @s e, @5 T) = V(T @5 Fa(Ay) @5 T) o (T @57 @5 T) = For(Q(ar)e ) T(ar).-

The commutativity of the outer diagram now proves that our candidate for the counit,
¢y, 18 the counit V(T ®ge, ®sT) 0P, indeed. From the counit property of this map on
¢ and faithful flatness of 7'/S one deduces that ¢, = Fa(ag) o me is the counit on €.

Corollary 10.3.7 Let (€, a) € él(A, Pic). If there exists a faithfully flat extension T of
S such that (Cr, Ar) € B'(Ar,Pic), then (€, ) € Im j.

Proof. Assume that €7 = J* @7 (T ®s A®sT) @71 J as Ar-modules, for some J € Pic(T').
Take a faithfully flat extension U of T such that J ®7 U = U as an U-module, see
Corollary 9.1.3. Then

2@ =2Ur J @rTRs ARs T @p J @r U
~ UrTRs ARs TR0 U = (Ar)y = Ay

as Ap-modules and it follows from Proposition 10.3.6 that (€, «) € Im f. O
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Corollary 10.3.8 Let A be a commutative Hopf algebroid faithfully projective as an S-
module. Then (: Gal(A) — Z'(A,Pic) is an isomorphism.

Proof. Take (€, a) € Z'(A,Pic). Let p be a prime ideal of S, and let S, be the localization
of S at p. Since A is projective of finite rank as an S-module, AQg S, as a finite extension
of the local ring S, is a semilocal ring. Because of this, and since € € Pic(A), we get that
C®g S, is free of rank one as an A®g S,-module. Similarly as in Lemma 9.1.1, one shows
that there exists f(p) € S\ p such that €®g S(s()) is free (of rank one) as an A ®g S¢f(p))-
module. Thus €RgS(¢p)) = ARsS(f(p)) a5 ARsS(f(p))-modules for every prime ideal p of S.
Now, asin (9.1.1) we have that 7" = S(y(p,)) X - - - X S(s(p,)) 18 a faithfully flat extension of S.
Then €@ T = (€@ Ss(q1))) X - - - X (€5 5(5(0))) = (AR S(s(q1))) X -+ X (A@55(5(q0)) =
A®sT as A®gT-modules. This further implies €7 = T Rs€RsT =X T R ARsT = Ar
as Ap-modules, and we obtain from Proposition 10.3.6 that (€, «) € Im §. 0

In terms of Proposition 10.2.14 we obtain:

Corollary 10.3.9 Assume A is flat as a left S-module. Then we have a group monomor-
phism _
B : Gal(A)/ Gal”(A) — H'(A,Pic).

If A is faithfully projective as a left S-module, then B is an isomorphism.

This gives an interpretation of the middle factor in the second level of Sequence (9.3.21)
of Theorem 9.3.5 in terms of Galois coobjects over a commutative bialgebroid A.

10.4 Some special cases

In this final section we will study some special cases that one gets from Sequence (9.3.21)
and Corollary 10.3.9. In particular, we recover Corollary 8.1.9 for corings. We also relate
Sequence (9.3.21) with that of Section 4.5 for the category of R-modules.

Let S be a faithfully flat commutative R-algebra and consider the commutative Hopf
algebroid A = S ®z S from Example 9.2.6. We have
AW 22 595
Bearing in mind that the comultiplication on S®g S is given by A(s®s) = (s®1)®g(1®1t)
for all s,t € S, we get that

n+1

el SO 5 SR (5@ @ Sps1) =51 @ ®Lg @ ® Spyt,

fori=0,--- ,n+ 1, where 1g appears in tensor position ¢ + 1. So the complex (9.3.14) is
now the Amitsur complex from Section 7.1 and the Harrison cohomology groups of S®zS
with values in P coincide with the Amitsur cohomology groups:

H"(S @ S, P) = H"(S/R, P).
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From the Faithfully Flat Descent Theorem , [33, Proposition 2.5], we have that the ca-
tegories Mp and MS®rS are equivalent. The equivalence is strongly monoidal, and this
implies

Pic(R) = Pic®®7%(S) = H(S ®x S, Pic). (10.4.20)

The second isomorphism follows from Theorem 9.4.7. Now it is clear that our Sequence
(9.3.21) with A = S ®g S recovers the Villamayor-Zelinsky sequence (7.1.3).

An S ®g S-module coring is an S-coring € satisfying the additional property that
xc = cx, for all ¢ € € and z € R. This is an S/R-coring by Section 8.1. The map
can : €R5(S®rS) — €®g¢€ from (10.1.4) is given by can(c®g(a®b)) = ¢y Rsc@)(b@a)
for all ¢ € € and a,b € 5, and it can be rewritten as can : €®r S — €Rg €, can(c@b) =
ca) Qg begy. Note that the isomorphism (10.2.13) generalizes that of Lemma 7.4.1, and
that Lemma 10.2.1 generalizes Lemma 8.1.1 for corings.

Proposition 10.4.1 € is an Azumaya S/ R-coring if and only if € is an S ®r S-Galois
coobject.

Proof. Let € be an S ®p S-Galois coobject. Then it is an S/R-coring which is faithfully
flat as a left S-module and for which the map can : €Rr S — € ®g € is an isomorphism.
By Lemma 10.2.4 then A is an isomorphism as well. Moreover, € € Pic(S ®g 9), see
Proposition 10.1.14, hence it is faithfully projective as an S ®g S-module. This proves
that € is an Azumaya S/ R-coring in the sense of Theorem 8.1.4, 1).

Conversely, let € be an Azumaya S/R-coring. Then A is an isomorphism, Theo-
rem 8.1.4, and so is can (Lemma 10.2.4). Furthermore, € is faithfully projective over
S ®g S, and S/R is faithfully flat, hence S ®g S/S is faithfully flat. This implies that €
is faithfully flat as a left S-module. Now from Theorem 10.1.10, 3) we obtain that € is
an S ®pg S-Galois coobject. 0

Take I € Pic(S). We find for an elementary S ®p S-Galois coobject (S ®@g S)(I) =
I ®sS®RrS®sI* = I*"®prI. From all the above we may write

Gal(S ®@p S) = Can’(S/R), Gal(S ®r S) = KoAz°(S/R),

Gal(S ®x S)/ Gal’/(S ®x S) = Br’(S/R).

In Corollary 8.1.9 we have showed that Br®(S/R) = H'(S®z S, Pic). If we substitute this
and the isomorphisms (10.4.20) into the exact sequence (9.3.21) for A = S®zS, we recover
Sequence (8.1.6). If S is faithfully projective as an R-module, then Br¢(S/R) = Br(S/R),
and we get the Chase-Rosenberg exact Sequence (7.2.4).

Note that an S ®g S-Galois coobject with normal basis is an Azumaya coring with
normal basis. Then Proposition 10.2.13 reclaims the Normal Basis Theorem for Azumaya

corings, Az"*(S/R) = H?*(S/R,G,,) from Theorem 8.3.1.

Let us now consider the case A = H where H is a commutative Hopf algebra over a
commutative ring S with an antipode S. In Example 9.2.5 we discussed its structure of
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an S-bialgebroid. Then
R:=8°"={scS|o(s)=7(s)} = S.

In this situation, Harrison cohomology with values in G,,, was considered in [43]. Observe
that ) =7 =0 = €Y, so Z°(H, P) = 1, for every covariant functor P from the category
of commutative rings to that of abelian groups. From Theorem 9.3.5 we get

H'(H,G,,) = H°(H,Pic).

Take J € Pic(S). Then H(J) = J®r H ®r J* = H, hence Gal®(H) = {[H]} is trivial.
In a similar way, we find that B'(H, Pic) =1, and

H'(H, Pic) = Z'(H, Pic).

Observe that an H-module coring is nothing but an H-module coalgebra, since o = 7.
An H-Galois coobject is then a right H-module coalgebra C' which is faithfully flat as a
left R-module and for which the map can : C ®g H — C ®g C given by can(c ® h) =
ca)y ® ¢2)S(h) is an isomorphism. We have that C°? is a left H-module coalgebra, with

left H-action given by
h-c=cS(h).

The map can : C ®pr H — C ®g C is given by the formula
can(c @ h) = ¢1) @ ¢2)S(h) = (1) @ h - ¢z)

Let T be the switch map. The map 6 =T ocano T : H®r C — C ®p C is then given
by
5(h (%9 C) =h- C(2) & C(1)-

0 is precisely the map considered in [28, Theorem 8.7.6] (with C' replaced by C°°P).
Comparing Theorem 10.1.10 to [28, Theorem 8.7.4], we see that C' is an H-Galois coobject
in our sense if and only if C°? is an H-Galois coobject in the sense of [28, Sec. 8.7].

From now on, assume that H is finitely generated and projective as an R-module.
Then
Gal(H)  7'(H, Pic) = H'(H, Pic),

by Corollary 10.3.9. Since H is commutative, H* is a cocommutative Hopf algebra, and
Harrison cohomology for H is isomorphic to Sweedler cohomology for H*:

H"(H, P) = H},(H', P), H"(H,Pic) = Hg,(H",Pic),

see for example [28, Prop. 9.2.3]. As we pointed out in Section 4.1, where we studied
Sweedler cohomology in a braided monoidal category, Sweedler cohomology was originally
introduced by Sweedler in [126], see also [28, Sec. 9.1].

Let J be a (cocommutative) Hopf algebra over R, and A a right J-comodule algebra.
Recall from [28, Theorem 8.7.6] that A is called a J-Galois object if A is faithfully flat as an
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R-module and the map v: A®r A = A®pJ, v(a ®b) = abg ® by is an isomorphism.
If J is finitely generated and projective, then every J-Galois object A is also finitely
generated and projective (see [42] or [28, Theorem 8.3.1]; note that we generalized this
result to braided monoidal categories in Proposition 5.2.5). The set of isomorphism classes
of J-Galois objects forms an abelian group under the operation induced by the cotensor
product over J. Following [58], we will denote this group by A(J) in order to avoid the
confusion in notation we used in Chapter 10 and Chapters 3-6 (A(J) was denoted by
Gal(Mepg; J) in the first part of the thesis, where Mp is the category of R-modules).

Let C' be an H-Galois coobject (in the sense of [28, Sec. 8.7]). Then C' is faithfully
flat as an R-module, and C* is a left H*-module algebra. Duality arguments imply
immediately that v = %, so C* is an H*-Galois object. In a similar way, if A is an
H*-Galois object, then A* is an H-Galois coobject. We can conclude that

A(H*) 2 Gal(H).

Writting out Sequence (9.3.21) with A = H* we realize that our sequence generalizes
and continues the Early-Kreimer sequence

1 — H*H*G,,) — A(H) — H'(H*,Pic) — H*(H*,G,,)
from [58, Theorem 3.3]. Note that this is a longer version of
1 — H*H*G,,) — A(H) — Pic(H")

constructed in [46, 102]. Taking into account the duality between the Harrison and
Sweedler cohomology, we see that the above sequence is the one we studied in Section 4.5
for the category of R-modules. Thus our Sequence (9.3.21) for A = H* is an infinite
version of the above ones.

Theorem 10.4.2 Let J be a cocommutative finitely generated Hopf algebra over R. Then
we have an exact sequence

0 — H§,(J,Gn) — HE,(J,Pic) — H,(J,Pic) =1
— H: (J,G,,) — A(J) — Hg,(J,Pic)
— H: (J,G,)...

Observe that H-Galois objects with normal basis from A(H) are H*-Galois coobjects
with normal basis in Gal(H*). Thus with A = H* we have that Proposition 10.2.13
recovers the Normal Basis Theorem stated in Proposition 4.3.3 for the category of R-
modules.
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