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Introduction

The essence of Galois” achievements in modern algebra was to associate to
a given polynomial equation f(x) = 0 over a field K a finite group, called
Galois group, and to show that the equation can be solved by radicals if
and only if its Galois group is solvable. In the same spirit, the fundamental
theorem of Galois theory states that the subfields of a finite separable and
normal field extension K C L are in one-to-one correspondence with the
subgroups of the automorphism group Aut(L/K). This concept of gaining
information about an algebraic system by considering a group that acts on
it, is widely applied in today’s mathematics.

Let X be a set that is endowed with an action of a group G. The action is
called simply transitive if for each pair of elements in X there exists a unique
element in the group G taking the first element to the second. In this case, X
is called a principal homogeneous space under the action of G. Equivalently,
one could also require that the canonical map

a: X xG—XxX, (2,9) (v,2-9)

be an isomorphism. This map appears also in the definition of a principal
homogeneous space in algebraic geometry. An action of an affine algebraic
group scheme G on an affine scheme X is called free, if the map « is a closed
embedding [29]. The image of « is the fiber product X xy X, where Y = X/G
is the affine quotient of X by the action of G. A principal homogeneous space
is an affine scheme X with X — Y faithfully flat and X x G — X xy X
an isomorphism [29, 48]. It is also called a torsor in a terminology that goes
back to work of Grothendieck [17] and Demazure-Gabriel [12].

Torsors in algebraic geometry possess naturally a counterpart in the theory
of Hopf algebras. Essentially, commutative Hopf algebras are the function
algebras of affine algebraic groups. Like groups their representations allow
tensor products and duals. This last property holds even for noncommutative
Hopf algebras, the function algebras of quantum groups introduced in 1986
by Drinfeld [14]. Indeed, the main feature of a Hopf algebra is a so-called
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antipode map. It can be interpreted as the noncommutative analogue of a
map which assigns an inverse to each element of a group. This property
of the antipode is part of the well-known connection between Hopf algebras
and algebraic varieties: Each affine scheme X over a field k is given as X =
Spec(A) for a commutative affine k-algebra A, and each affine group scheme
G is given as G = Spec(H) for a commutative k-Hopf algebra H. Thus, an
action X X G — X is uniquely determined by a coaction p: A — A ®; H,
and it is free if the map

B: AR A— AR H , a®br— (a® 1)p(b)
is surjective.

This map [ appeared in 1969 in lecture notes by Chase and Sweedler [10].
It was studied there in connection with Galois objects, which are essentially
torsors in the category of commutative algebras. An inspiration for this
was the Chase-Harrison-Rosenberg approach to Galois theory for groups act-
ing on commutative rings [9]. There, the finite group of automorphisms in
the classical theory is replaced by the coaction of a Hopf algebra. In 1981,
Kreimer and Takeuchi [25] gave a definition of Hopf-Galois extension that is
based on bijectivity of the map A ®g A — A ®;, H, where B C A is the set
of invariants under the coaction of H.

Ever since, Hopf-Galois extensions have been objects of fundamental inter-
est. Apart from being an important tool in the investigation of Hopf algebras
themselves, they are also studied in connection with affineness theorems for
algebraic groups [46], inseparable field extensions [16], representation theory
[47] and duality theorems [4], just to name a few.

The notion of Hopf-Galois extension comprises classical Galois field exten-
sions when H is chosen as the dual of a group algebra. Also, as expected,
the coordinate rings of affine torsors correspond precisely to the faithfully
flat Hopf-Galois extensions with respect to Hopf algebras that are coordinate
rings of affine group schemes. By analogy, noncommutative and noncocom-
mutative Hopf algebras are coordinate rings of quantum groups, and lead to
Hopf-Galois extensions that can be interpreted as noncommutative torsors.

In 1999 Kontsevich [24] suggested to use another definition of a torsor, a
non-empty set X that is endowed with a map A : X x X x X — X satisfying
the same identities as the ternary operation (a, b, c) — ab~'c in groups. This
is equivalent to the definition of a principal homogeneous space given above.
The corresponding axioms are

Ma,a,b) =b , Xa,bb)=a
AA(a,b,c),d,e) = Aa, b, Ne,d,e)) = Aa, \(d, ¢, b),e) .
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This approach is based on an old intrinsic reformulation of affine structures
that was originally suggested by Reinhold Baer [1] in 1929 under the name
“Schar”. As a consequence of these axioms, a torsor has always two iso-
morphic groups that act simply transitively on it (one from the left and the
other one from the right). They can both be recovered using a method of
Weinstein [58] which is based on the idea that to any (a,b,c) € X3 there
exits a unique fourth vertex ab~'c € X such that (a,b,c,ab"'c) forms a par-
allelogram. Weinstein’s interest in what he calls affinoid structures lies in
the study of compatible geometric structures on Poisson manifolds.

In an attempt to unify the various notions of torsor that appear in algebraic
geometry and Poisson geometry, Grunspan recently introduced the concept
of quantum torsor in [18]. His definition follows the usual procedure of using
noncommutative algebras and reversing arrows in order to obtain quantized
objects. Consequently, a quantum torsor 7" is an algebra equipped with an
algebra homomorphism p : T — T ® T’ ® T satisfying axioms dual to
those of the map A above. In dualizing the last equality, however, a difficulty
appears. This lies in the fact that although we have (¢7')~' = g for each
element of a group, this is no longer true in the quantum group case. So a
quantum torsor has as an additional data an algebra map 6 : T" — T that is
supposed to play the role of a squared inverse.

One of Grunspan’s main results is the noncommutative analogue to what
holds for Kontsevich’s torsors. It says that one can associate to each faithfully
flat quantum torsor 7" two (non-isomorphic) Hopf algebras, which both coact
on T'. Moreover, the coactions are such that, under each of them, 7" becomes
a Hopf-Galois extension.

This situation can be described with the notion of a Hopf bi-Galois extension
introduced by Schauenburg in [38]. There, it is shown that the structure
maps of each faithfully flat H-Galois extension A determine a coaction of
another Hopf algebra L, such that A becomes also an L-Galois extension. So
classical torsors and Hopf-Galois extensions really show the same behaviour:
Although one starts from just one action of a group resp. one coaction of a
Hopf algebra, there will always be another group resp. another Hopf algebra
acting as a counterpart.

In the noncommutative setting, this is also encoded in the concept of a Hopf-
Galois system due to Bichon [3]. Its data contains all the structure maps
that make A into an L- H-bicomodule algebra. In addition, there occurs one
particular map that satisfies properties similar to those of an antipode.

Each of these approaches to the concept of noncommutative torsor is based
on its own particular features. It is interesting to see, though, that in two
cases there occur maps that generalize either an antipode or its square.
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This thesis is devoted to the study of these generalized antipode maps in the
theory of noncommutative torsors. We are particularly interested in the 6-
map for quantum torsors and the generalized antipode map in a Hopf-Galois
system. The latter reveals a striking connection between the structure of
torsors and Hopf algebras. We use two different reconstruction methods due
to Tannaka-Krein [11] and Takeuchi [51], respectively, to show how torsor
structures appear in “nature”: Quantum torsors can be built up from a pair
of comodule algebras by adjoining generalized antipodes. Moreover, we an-
swer a question of Bichon [3]. Generalized antipodes are uniquely determined
and they are algebra anti-morphisms.

We also study an extended version of quantum torsor that has been sug-
gested by Schauenburg [42]. Such a B-torsor is naturally endowed with the
coaction of a Hopf algebra. But apart from this, we uncover Hopf algebroid
structures. They come together with antipode maps in the sense of Lu [26],
and those again are connected to the above 8-map. We derive Grunspan’s
axioms for the #-map from the Hopf algebroid axioms. Thus, the §-map can
be interpreted in terms of Hopf algebroid structures that are encoded in the
torsor structure map.

But what are the advantages of the intrinsic description of principal homo-
geneous spaces? We give an application of noncommutative torsors in the
extension theory of algebras: Extensions of depth two, arising from subfactor
theory [22], can be embedded into the concept of torsor. Here, the intrin-
sic definition proves to be very effective in detecting Hopf-Galois extensions
without even knowing about possible coactions of Hopf algebras. Our ap-
proach allows us to simplify proofs and extend results of [21, 22] about Jones
towers of Frobenius extensions. As a consequence, we arrive at a new gen-
eral definition of noncommutative torsor that comes along with coactions of
x 4-Hopf algebras rather than ordinary Hopf algebras.

What follows is a detailed description of the contents in this thesis:

There are three concepts of noncommutative torsor known in the literature:
Hopf-Galois extensions, Hopf-Galois systems and quantum torsors. Each
of them takes a different approach in describing the properties of a non-
commutative principal homogeneous space.

We present their definitions and main results in the first chapter. Hopf-
Galois extensions are the oldest of the three notions, defined in terms of a
Hopf algebra and a comodule algebra by requiring that a certain map be
bijective. This notion goes back to work of Chase and Sweedler in 19609.
The notion of quantum torsor as introduced by Grunspan [18] does not use
a Hopf algebra at all in the definition. The coactions are “hidden” in the
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torsor structure map. The concept of Hopf-Galois system was introduced by
Bichon in [3]. It is the most explicit one, since its data describes both the
torsor structure and the coactions of two Hopf algebras. We discuss several
examples of each of these three structures, and indicate how they are related
to each other and to the notion of Hopf bi-Galois extension [38].

By a classical result of Saavedra Rivano [36], the torsors with respect to a
commutative k-Hopf algebra H correspond to the k-valued fiber functors on
the category of finite dimensional H-comodules. A noncommutative version
of this theorem for Hopf-Galois extensions was proved by Ulbrich [54, 55].
In the second chapter, we indicate how reconstruction techniques due to
Tannaka-Krein can be applied to describe Hopf-Galois extensions as coho-
momorphism objects of two particular fiber functors. We give an example
which shows that even two arbitrary fiber functors lead to Hopf-Galois ex-
tensions.

Quite a few authors have suggested notations that allow to carry out cal-
culations with tensor products. The well-known Sweedler notation [50] is
one of them. Another one, which goes back to Penrose [34], is the graphical
notation. It has the advantage of not using “elements”, and is thus valid in
any monoidal category.

We use this graphical notation to prove that quantum torsors arise naturally
as cohomomorphism objects. We consider two arbitrary functors w,v : C
— M from a monoidal category C to a small rigid monoidal category M.
Then the cohomomorphism object cohom(v,w) from [32] turns out to be a
torsor. The construction of a f-map for cohom(v, w) requires that C be rigid.
It also shows how the #-map is connected to the antipode of a Hopf algebra
constructed in [56]. In fact, the whole construction method reveals that the
axioms of a Hopf algebra can be naturally interpreted in terms of quantum
torsor structures: If we start with functors w = v, then cohom(w,w) is a
Hopf algebra.

In the third chapter we consider total Hopf-Galois systems. They were de-
fined by Grunspan [18] as an extended version of Bichon’s Hopf-Galois sys-
tems. Their additional data is a second bicomodule algebra with structure
maps, such that there are two Hopf algebras and two bicomodule algebras
carrying all the data needed to recover two Hopf bi-Galois extensions.

Our approach to the concept of total Hopf-Galois system is different. We
show that the axioms of a Hopf-Galois system are modelled analogously to
those of a Hopf algebra. The latter is a bialgebra which has an antipode
map. So we start from a bicomodule algebra system, and add generalized
antipodes to its set of axioms. We use the crucial observation that gen-
eralized antipodes are units for suitably defined multiplications on certain
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homomorphism sets. Thus, we develop a technique to prove properties for
generalized antipodes, that correspond to those of an ordinary antipode. In
particular, we give a direct proof of the fact that generalized antipodes are
uniquely determined algebra anti-morphisms. This answers questions of Bi-
chon in [3].

We give an explicit example of a total Hopf-Galois system by computing
all the structure maps that arise out of a faithfully flat Hopf-Galois exten-
sion. Our previous results on generalized antipodes allow us to generalize
Takeuchi’s result on free Hopf algebras over bialgebras [51] to the case of total
Hopf-Galois systems. Each bicomodule algebra system possesses a universal
Hopf-Galois system. Hence, it is possible, in a certain sense, to “adjoin”
generalized antipodes to a bicomodule algebra system. The resulting total
Hopf-Galois system is universal with respect to this property.

Above, we have listed axioms for the ternary operation (a,b,c) — ab~'c in
groups. In fact, we can show that the last axiom

Aa, b, A(e,d,e)) = Ma, N(d, ¢, b),e) ,

which is responsible for the map 6 in the quantized case, can be deduced from
the first three ones. It is interesting to compare this to Schauenburg’s result
in [41]. It says that the structure of a faithfully flat quantum torsor is already
determined by those axioms that do not make use of the #-map. This allows
to extend the notion of quantum torsor to the case of an arbitrary algebra
extension B C T, leading to the notion of B-torsor with a torsor structure
map T — T ® (T ®@pT)".

We start the fourth chapter with a review of x 4-bialgebras introduced by
Takeuchi [52], and their equivalent notion of bialgebroids due to Lu [26].
These objects can be seen as a generalization of ordinary bialgebras and
have recently aroused much interest in the literature [5, 30, 44]. We com-
pare the two different concepts of x 4-Hopf algebra [43] and Hopf algebroid
[26], which both make a different approach in generalizing Hopf algebras.
For further applications we introduce the analogue of a right bialgebroid in
the terminology of X 4-bialgebras, and call it a x“-bialgebra. Furthermore,
we prove that each X 4-bialgebra that admits a Hopf-Galois extension is a
x 4-Hopf algebra.

Then we turn to the study of B-torsors and their associated algebraic struc-
tures. Each B-torsor T is endowed with the coaction of a Hopf algebra H,
that can be recovered by faithfully flat descent [42]. This makes T into an
H-Galois extension of B. We discover that, apart from this, the torsor map
induces Hopf algebroid structures. Each B-torsor T gives rise to a right
TB bialgebroid structure on the centralizer (T’ ®p T)?. The Galois map
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then induces a bialgebroid structure on the smash product algebra T5#H.
A non-finite version of Lu’s theorem on the construction of Hopf algebroid
structures for smash product algebras [26] implies that TP#H is in fact a
Hopf algebroid. It turns out that the antipode of this Hopf algebroid is closely
connected to an endomorphism of the centralizer 72. This endomorphism is
given by the same formula as the f-map of a quantum torsor, and it is also
involved in the antipode map © : (T ®p T)® — (T ®@p T)® for the Hopf
algebroid (T @5 T)P.

Now the Hopf algebroid axioms imply certain properties for © that generalize
Grunspan’s axioms. We obtain a connection between © and the torsor struc-
ture map. Another property joins O, the torsor map and the f-map. This
yields a reasonable interpretation of Grunspan’s axioms. The occurrence
of generalized antipodes resp. their squares can be understood in terms of
“hidden” Hopf algebroid structures.

What is the advantage of describing the properties of principal homogeneous
spaces in terms of torsors structures? At first, it seems like a loss of informa-
tion to hide Hopf algebras and their coactions in torsor structure maps. But
then we can look at it from the opposite direction: Assume that we are given
an algebra extension N C M. Then it might neither be obvious whether
there exists a Hopf algebra that coacts on M, nor that it makes M into a
Hopf-Galois extension of N. However, if we can find an N-torsor structure
map for M, then our previous results provide a lot of information. They
allow us to construct a Hopf algebra with a coaction on M such that the
latter becomes a Hopf-Galois extension of N.

We show in the fifth chapter how this approach indeed provides new results
for a particular type of algebra extensions. The intrinsic definition of a non-
commutative torsor is connected to a notion of depth two that has its source
in the classification of subfactors [35]. Finite depth is a property of the stan-
dard invariant of the Jones tower for a subfactor N C M [19]. Such a Jones
tower is obtained by iterating the fundamental construction described in [15].
It can be used to investigate inclusions of one finite semisimple algebra in
another. This procedure was applied on Frobenius extensions in [21] to study
Hopf algebra actions on strongly separable extensions.

Our starting-point is a notion of depth two for ring extensions N C M that
was introduced by Kadison and Szlachanyi in [22]. Their definition of a
depth two extension of algebras possesses an equivalent formulation in terms
of a quasibasis. It involves an equality that resembles one of the first two
torsor axioms. We prove that irreducible depth two extensions N C M
with trivial centralizer R := M" = k can be embedded into the concept of
N-torsor. Then previous results about torsors imply that any depth two ex-
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tension N C M is Hopf-Galois with respect to a coaction of the Hopf algebra
(M @x M)N. For this we only have to require that M be a faithfully flat
N-module.

Such an extension N C M gives rise to a generalized Jones tower for depth
two Frobenius extensions. The same reasoning as above can be successively
applied to each of its components. Even the assumption on faithful flatness
can be dropped. We obtain that the tower consists entirely of Hopf-Galois
extensions. Our approach extends results and simplifies proofs of [21] and
[22], where just the first three components of the tower were considered under
more restrictive assumptions.

We introduce the concept of A-B-torsor in order to study depth two exten-
sions that are not necessarily irreducible. It is based on an A ® B-ring with a
torsor structure map I' — T'® 4T ®p T. One example of such a structure is
given by x 4-Hopf algebras, and another by depth two extensions (which then
become R-N-torsors). We prove that an A-B-torsor 1" gives rise to a left and
a right bialgebroid. Via faithfully flat descent we can moreover recover the
coactions of both a x g-Hopf algebra and a x“-Hopf algebra on T. These are
different from the two bialgebroids we constructed at first. They coact on T’
such that it becomes a left and right Hopf-Galois extension in the sense of
a definition given in [39]. For a x 4-Hopf algebra L, this construction gives
back L itself as well as the x“-Hopf algebra L°P¢P.

We eventually apply our general concept of noncommutative torsor to the
Jones tower for a depth two Frobenius extension N C M. Again, we can
extend the results in [22], where just the first three components were proved
to carry bialgebroid coactions. It turns out that in this particular case the
previously constructed right bialgebroid is equal to the x -Hopf algebra that
coacts on T'. This yields, as our final result, a Frobenius tower consisting en-
tirely of right x®-Hopf-Galois extensions.

Hence, we see that the intrinsic reformulation of a Hopf-Galois extension as
a noncommutative torsor can be indeed of practical use. With the method
of faithfully flat descent at hand, it allows to recover principal homogeneous
spaces and coactions of quantum groupoids in cases where such structures
might not be obvious at first.

The appendix contains an exposition on some tools and notions that are used
in the main part of the text, such as faithfully flat descent and reconstruc-
tion theorems for cohomomorphism objects. We give a short introduction to
the theory of braided monoidal categories and inner hom-functors. We also
explain the main features of the graphical notation that is used in the second
and third chapter.
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Introduction




Chapter 1

Three Concepts of
Noncommutative Torsor

1.1 Preliminaries

In this section we fix some notations concerning Hopf algebras and their
modules and comodules. A detailed discussion of the theory of Hopf algebras
can be found in the literature, see for example [28], [23], [49] and others.

Throughout, k£ will denote a commutative ring. In some specific cases we will
work over a field, which we then denote by K. Unless otherwise mentioned,
will write M = M, for the category of k-modules, and ® = ®, for the
tensor product over k. If no confusion can arise, we denote for two k-modules
M,N € M by Hom(M, N) = Homy(M, N) the k-module of k-linear maps
M — N.

Some of our results are also valid in monoidal categories resp. braided monoi-
dal categories. The basic definitions concerning these are given in the ap-
pendix, where also an introduction to graphical calculus in monoidal cate-
gories can be found.

Let R be a ring. Recall, for instance from [6], that a right R-module M is
called flat over R if, whenever

N/ f N 9 N// (].].)
is an exact sequence of left R-modules, then the sequence
M®RN’M>M®RN M»M@)RN” (1.2)

is also exact. A right R-module M for which (1.2) is exact if and only if (1.1)
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is exact, is called faithfully flat over R. Another equivalent characterization
of faithful flatness is that M is flat and M ®r N = 0 implies N = 0 for each
left R-module V.

Flatness and faithful flatness for left R-modules is defined analogously. If M
is an R-bimodule, then we use the expressions right faithfully flat resp. left
faithfully flat over R to distinguish faithful flatness of M as a right R module
from faithful flatness of M as a left R-module.

It is well-known that projective modules are flat and that free modules are
faithfully flat. More examples of flat and faithfully flat modules can be found
in [6]. Faithfully flat modules have a property that is known as faithfully flat
descent. This mechanism is explained in the appendix.

We will always denote the multiplication and unit map of a k-algebra A by
V:A®R A — Aand n:k — A, and the comultiplication and counit of a
k-coalgebra C by A: C —- C®C and e: C — k.

By definition, a k-bialgebra H is both an algebra and a coalgebra over k such
that A and e are algebra morphisms. Equivalently, one could also require V
and 1 to be morphisms of coalgebras. We note that a k-bialgebra H which
is flat as a k-module, is already faithfully flat over k. This follows from the
observation that k is a direct summand of H because of en = idy, which
holds since ¢ is an algebra morphism.

Let A be a k-algebra, and M € 4 M a left A-module. We will usually denote
the left action of A on M by am or a-m, but if necessary, we also use symbols
like a > m or a » m for a € A and m € M.

For a k-coalgebra C' and a right C-comodule N € MY, we use Sweedler
notation (see [49]) to write the comultiplication of C' as A(c) = ¢(1) ® ¢(g) for
c € C, and the coaction § : N — N ® C as 0(n) = ng) ® np) forn € N.
Then the comodule axioms (6 ®id¢)d = (idy ®A)J and (idy ®e)d = idy can
be expressed as §(n()) ® nay = n) ® nay @ ney and nge(na)) = n for all
n € N. For a left C-comodule N’, the notation is 6(n') = n/(_1) ® n'( for
n' € N'.

Let H be a bialgebra over k. A right H-comodule algebra A is by definition an
algebra in the monoidal category M of right H-comodules. This means that
Ais both an algebra and an H-comodule such that the multiplication V : A®
A — A and the unit n : kK — A are H-colinear maps, where A ® A becomes
an H-comodule via the codiagonal action d(a ® b) := a() ® by ® a(1)b) for
a,b € A, and k has the trivial comodule structure induced by the unit of H.
In other words, we then have d(ab) = (ab) () ® (ab)n) = a(0)bo) ® an)bu) for
a,be A, and 6(1) = 1) ® 11y = 1 ® 1. Equivalently, one could also require
that the comodule structure map 6 : A — A ® H be an algebra morphism.
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For any right H-comodule M we let
Mot .= {me M | M) ® mp) =m 1}

be the set of H-coinvariant elements of M. It is easy to see that for an
H-comodule algebra A, the set A is a subalgebra of A. The set of H-
coinvariant elements for a left H-comodule N is defined by

“HIN:={neN|n_)®ngp=1@n}.

Now let H be a Hopf algebra. This means by definition that the identity
map idy : H — H is convolution invertible in Hom(H, H), i.e. there exists
a k-linear map S : H — H, the so-called antipode of H, such that S xidyg =
ne = idy *S. The convolution is an associative and unitary (with unit ne)
multiplication on Hom(H, H), defined by (f * g)(h) := f(ha))g(hew)) for
f,g € Hom(H,H) and h € H. Consequently, the antipode S satisfies the
equation
S(hay)h) = ()1 = ha)S(he)

for all h € H. It is a basic result in Hopf algebra theory that the antipode, if
it exists, is an algebra morphism S : H — H*“P and uniquely determined
by the other structure morphisms of H.

If a bialgebra H possesses an antipode S, then it is also an antipode for the
opposite coopposite bialgebra HP“P. The opposite bialgebra H and the
coopposite bialgebra HP become Hopf algebras if and only if the antipode
of H is invertible. Then S~! is an antipode for both H° and H?.

1.2 Hopf-Galois Extensions

Hopf-Galois extensions were introduced by Chase and Sweedler [10] in the
commutative case and by Kreimer and Takeuchi [25] for the case of finite
dimensional Hopf algebras. Their properties dualize the axioms of a G-
torsor when H is chosen as the coordinate ring of an affine group scheme
G = Spec(H). The same definition is also valid in the noncommutative case
and leads to the first concept of noncommutative torsor:

Definition 1.2.1 Let H be a k-bialgebra.
A right H-comodule algebra A is called a right H-Galois extension of B :=
AH if the Galois map

B A®p A — AR H , 2@y — 1Y) ® Ya)
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is a bijection.
A left H-comodule algebra A is called a left H-Galois extension of B := “H A,
if the Galois map

B A®pA—HRA, 2@y x1) Qx0)Y

is a bijection.

By [42] and references therein, a k-flat bialgebra that admits a faithfully
flat Hopf-Galois extension is a Hopf algebra. This can be proved by taking
advantage of a connection between the Galois map (3, and the map By in the
following example. It shows that every k-Hopf algebra H can be characterized
as bialgebra H that becomes an H-Galois extension of k£ in a natural way.

Example 1.2.2 Let H be a k-Hopf algebra with antipode S. Then H is
naturally a right H-comodule algebra.

It is clear that k € H*" = {z € H | 21y ® z(2) = 2 ® 1}. For z € H" we
have * = (e®id)A(x) = &(z) 1 € k, and thus the coinvariants are H®” = .
The Galois map is given by

B HOH — H®H , h®gw— hga) ® ge) -

It follows from the antipode axioms that this map is bijective with its inverse
given by By '(h®g) = hS(9a)) ® g(2)- This implies that H is an H-Galois
extension of k. a

Let H be a k-bialgebra and A a right H-comodule algebra. Whenever A is
faithfully flat over B, then bijectivity of 5, : A ®p A — A ® H implies that
AcH >~ B This is shown for the special case B = k in [55]. Moreover, we see
that then also H is faithfully flat over k, since A @ H =2 A ® A is faithfully
flat over A.

Definition 1.2.3 Let H be a k-flat bialgebra, and A a right H-Galois ex-
tension of k. If A is moreover a faithfully flat k-module, we will call it an
H-Galois object.

Example 1.2.4 The notion of Hopf-Galois extension generalizes the classi-
cal notion of a Galois extension of fields, see also [28]:

Let K C F be a field extension and let G be a finite group that acts on F
via a group homomorphism p : G — Aut(F) with p(g)(z) := g - x for all
g € Gand z € F. Let H := K[G]* be the dual of the group ring K[G|
with the canonical K-basis (e4)sec. The the action of G determines an H-
comodule structure on F' by §(z) = > 9 T ® e, for all z € F. Let
R={zeF|g-x=aVgeqG}
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Assume that F' is an H-Galois extension of R, that is, the Galois map [ :
FerF —>FQH, 2@y~ q2(9 y) ®eyis an R-linear isomorphism.
We have Im(p) = Aut(F/R) by definition of R, and the induced map p: G
— Aut(F/R) is surjective. But we really have |G| = | Aut(F/R)|, since the
assumption | Aut(F/R)| = [F : R] =: m # n := |G| implies dimg(A ®r A) =
m? # nm = dimg(A ® H) in contradiction to 8 being bijective. Hence, it
follows that R C F'is a Galois field extension with Galois group G.

Conversely, assume that R C F is a Galois field extension. Then we have
[F: R] = |G| and the Galois map is given by §: FQrF — FQH , xQy
dogec (g y) ®eg If Y 2 @y € Ke(fB), then 37 2i(g - yi) = 0 for all
g € G. Now Dedekind’s lemma on independence of characters implies that
the matrix (g - ;); 4 is invertible. This means that z; = 0 for all ¢ and so (3
is injective. Since F' @i F' and F' ® H have the same dimension over R, it
follows that (3 is bijective. Therefore, F' is an H-Galois extension of R. O

Let A be a right H-Galois extension of B. For calculations with the inverse
of 3., we use the notation

g '1on) =reohd c Ao A .
Then we have by definition
IR gy @ Py =1@h (1.3)

for all h € H, and the following formulas hold for g,h € H,a € Aand b € B
by [47]:
h[l] B h[2}(0) ® h[Q](l) — h(l)[l] ®B h(l)[z] ® h(Q)
h[l](o) ®B h[2] ® h[l](l) = h(2)[1] ®B h(z)[z] ® S(h(l))
AR = 2(h)14
(gh)m ®p (gh)m = plgl @5 gPIpA
phlt ®p pl2l — plil ®p K2l
U es1egh2 = h(l)[ll Q5 h(l)[Q]h(z)[l} Q5 h(2)[2]
apyam" @ ap? =1®pa (L.

_ ~ —~ —~ —~ —~
—_ = = = =
© 00 N O Ut

—_ — Y ~— Y —

We note for further applications that in case the antipode S of H is invertible,
also the equality

S_l(a(l))[l] & S_l(a(l))p]a(o) =a®1 (111)
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holds in A ®p A, as can be seen by applying the isomorphism 3, to both
sides, and using (1.4):

Br (S a@)M @ 57 (aw)Plag) =
= 5" a@)"S ™ (ap)® g aw ® S aw)? a0 =

_ 1] o— (2] -
=S5 a)w STHa)a) e © ST ae) @ =
= S‘l(a(g))mS_l(a(g))[2]a(o) X S_l(a(g))a(l) =
=a®l=0(a®1).

The following definition is taken from [38]:

Definition 1.2.5 Let L and H be Hopf algebras. An algebra A is called an
L-H-bi-Galois extension of k, if A is both a left L-Galois extension of k& and
a right H-Galois extension of k£ such that the two comodule structures make
it an L-H-bicomodule.

The following result of [38] says that each right H-Galois object A is in fact
a Hopf-bi-Galois extension:

Theorem 1.2.6 ([38/) Let H be a Hopf algebra and let A be a faithfully flat
H-Galois extension of k. Then L := L(A, H) := (A ® A)®°" where the H-
comodule structure on A® A is the codiagonal one, is a subalgebra of A® AP
and has the structure of a Hopf algebra with the comultiplication, counit and
antipode given by

A(Z T ®Y;) = Z Ti(0) @ 352‘(1)[1] ® %’(1)[2] X Yi
5(2 T ®y;) = Z%% € A =k
S(Z T @ y;) = Z Yi(o) @ yi(l)[l]xiyi(l)m :

A becomes a left L-Galois extension of k under the left L-coaction
6L,A TA—-LR®A , @ a) X a(l)[l] (029 a(l)p] ,

such that A is an L-H-bi-Galois extension of k.

Moreover, L(A, H) satisfies the following universal property: For any bialge-
bra B and left B-comodule structure dp 4 on A that makes A a B-H-bi-Galois
extension, there is a unique isomorphism of bialgebras ¢ : L — B such that
dpa=(p®A)LA.
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If H is cocommutative and A is a faithfully flat right H-Galois extension
of k, then L(A, H) = H by [38]. Starting from a left L-Galois object A, it
is possible to construct a Hopf algebra R := R(A, L) such that A becomes
an L-R-bi-Galois extension of k. Applying the construction L(A, —) again
yields L(A, R(A, L)) = L.

Hopf-Galois extensions have an interesting connection to the braided monoi-
dal category of Yetter-Drinfeld modules introduced in [60].

We recall from [60] or [28] that a right-right Yetter-Drinfeld module M €
VDL over a Hopf algebra H is a right H-module and right H-comodule
satisfying the compatibility condition

mo) < ha) @ mayhe) = (m < he)o) ® hay(m <he)a (1.12)

for all m € M, where < denotes the right H-module structure of M. Mor-
phisms in YD are the H-linear and H-colinear maps.

The category VDY is monoidal with the tensor product of the underlying
category M, and prebraided by

o MIN —NIM, mnr ng @m<ngq) . (1.13)

This morphism is invertible if the antipode of H is bijective, and in this case
the inverse is given by

o n@m) =m < Sy (nay) @ ny
for m € M, n € N, and so the category YD is braided.
One can also define the category g VDY of left-right Yetter-Drinfeld modules

over H. Its objects are left H-modules and right H-comodules M satisfying
the condition

h(l) > mg) ® h(g)m(l) = (h(g) > m)(o) X (h(g) > m)(l)h(l) (1.14)
for all m € M and h € H, which can easily be shown to be equivalent to
hz) B> mo) ® haymay S~ (hay) = (h>m) e @ (h>m)q) - (1.15)

Left-right Yetter-Drinfeld modules can be interpreted as right-right Yetter-
Drinfeld modules over the opposite Hopf algebra H°P.

Let H be a Hopf algebra with bijective antipode and A a right H-Galois
extension of B. We denote by

AP ={ac Alab=ba V¥V be B}



20 Chapter 1. Three Concepts of Noncommutative Torsor

the centralizer of B in A, which is clearly a subalgebra of A. The Miyashita-
Ulbrich action of H on AP is defined by

a <1 h = hi¥an? (1.16)

for a € AP and h € H, and makes A® into a right H-module.

It was shown in [13] that the right Miyashita-Ulbrich action and the restricted
right coaction of A make A® into a Yetter-Drinfeld module. Moreover, A?
is a commutative algebra in the category YD with respect to the braiding

(1.13).

1.3 Hopf-Galois Systems

We have seen in the previous section that a k-faithfully flat right H-Galois
extension A of k always comes together with another Hopf algebra L that
makes it into a left L-Galois extension of k. This behaviour is naturally de-
scribed in the following notion of a Hopf-Galois system introduced by Bichon
in [3]:

Definition 1.3.1 A Hopf-Galois system consists of four non-zero algebras
(L,H,T,Z) such that

e L and H are bialgebras
e T'is an L-H-bicomodule algebra

e There are algebra morphisms pp : L - T ® Z and py: H — Z QT
such that the following diagrams commute:

or,T

T ’ LeT

0T, H pr®id

TOH g TQ®ZOT
L o1 L®L H =X H®H
PL id®pr PH pH®id
T®Z LoT®Z Z®T Z@T®H

6L,T®id id ®6T,H
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e There is a linear map S : Z — T such that the following diagrams

commute:
L—*t 7" . H— 7 "™ .7
PL Vr PH Vr
T®Z T®T ZT T®T

id®Sz Sz®id

It turns out that a Hopf-Galois system contains exactly the data needed in
order to obtain a Bi-Galois extension:

Theorem 1.3.2 (/3]) Let (L,H,T,Z) be a Hopf-Galois system. Then T is
an L-H-bi-Galois extension. The inverse for the Galois map § : T @ T
— T ® H is given by

BUTRQH —-TT, "= (Vr®idy)(idr ®S ® idr)(idr ®pp) -

We note that the above definition of a Hopf-Galois system can be stated
in any braided monoidal category. In particular no assumptions on faithful
flatness have to be made in order to prove Theorem 1.3.2.

Bichon [3] showed that one can also go in the opposite direction by using
reconstruction methods due to Tannaka-Krein: Given an H-Galois extension
A over a field K, one can recover a Hopf-Galois system from it.

The existence and properties of the algebra Z in a Hopf-Galois system can
be understood as follows:

It is shown in [38] that all faithfully flat Hopf algebras form a category H with
morphisms the isomorphism classes of faithfully flat bi-Galois extensions of
k. More precisely, the morphism set Mory (L, R) of two Hopf algebras L and
R consists of the isomorphism classes of all L-R-bi-Galois extensions. Let L,
H and R be faithfully flat Hopf algebras and A a faithfully flat L- H-bi-Galois
extension of k and B a faithfully flat H-R-bi-Galois extension of k. Then the
composition of morphisms in H is given by the cotensor product A ®y B,
that is the equalizer

A®SH, B

AOyB A®B A9H®B,

0A,H®B
and A®py B is shown to be a faithfully flat L- R-bi-Galois extension of k. The
inverse for A with respect to this composition is given by A= := (H ® A)H
which is a left H-subcomodule-algebra of H ® A° and a faithfully flat H-L-
Bi-Galois extension of k. If the antipode of H is bijective, it turns out that
Al > A% The algebra Z in a Hopf-Galois system (L, H,T, Z) plays the
role of T
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1.4 Quantum Torsors

We now arrive at the definition of our main subject of investigation, namely
quantum torsors.

Let X be a principal homogeneous space under the action of a group G. By
Kontsevich’s definition in [24] it is possible to encode the action of G on X in
amap X x X x X — X which satisfies certain “parallelogram” axioms. The
group G can then be reconstructed from this structure map. In the noncom-
mutative setting, we have seen above that both definitions of Hopf-Galois
extension and Hopf-Galois system made use of the coaction of one resp. two
bialgebras. The concept of quantum torsor presents a way, dual to Kont-
sevich’s approach, to formulate these properties in just one structure map.
This map has the advantage of “hiding” the coactions of both Hopf algebras.
Consequently, it allows to write down the properties of a Hopf-Galois exten-
sion without having to know about the coaction of a Hopf algebra. This was
worked out by Grunspan in [18]:

Definition 1.4.1 A quantum torsor over k is a k-algebra (T, V,n) together
with algebra morphisms

T —-TRTPRXT and 0:T —T

that satisfy the axioms

1) (Veid)p=n®id

2) (ideV)u =iden

3) ([deideu)p = (p®id®id)u

4) ([d®id®f ®id®id)(p®id®id)p = (id u” @ id)u

5) (0®0®0)p=mpob,

where u° := 113 o u is defined as the composition of p with the twist o3 :
TRITRT -TRITRKT , rRQyR2z+— 2Ry that interchanges the first
and the third tensorand.

The torsor T is called commutative, if its underlying algebra structure is
commutative. If g = p°, then the torsor is said to be endowed with a
commutative law.
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Clearly, the notion of quantum torsor could also be defined in any braided
monoidal category. In My, we use generalized Sweedler notation to write

pt) =tV @t et® e ToTPeT

for each t € T'. Since p is required to be an algebra morphism, we have for
t,seT

u(ts) = (ts)V @ (ts)? @ (ts)® = tWs) @ st 133

Furthermore, we have p°?(t) = t® @t @t for all t € T, and so the axioms
of a quantum torsor read as
tV@ 21® =11t
tV@t@® =t e1
10 @ 1) @ {BW) g 1B g (BB _ 1) g D@ g {1 g 1) g 1O
LD @ 1) g GO g 1) g 13 — 41) g OB g {AE@ g (A g 1)
0t @ 0t @ 0(t®) = 0t)M @ 0()® @ 6(1)® .

Axiom 3) is a “coassociativity” condition on u, and hence it is well-defined
to introduce the notation

+) ® +(2) ® +3) ® e ® $5) . — (D) ® +(1D2) ® +(B) ® +(2) ® +3)
=1t ©¢t@ B0 3@ g 3G

It is shown in [18] that the map @ is fully determined by p and the algebra
structure of T', and given by the formula

9(25) — 2B (2)(2)$(2) (1) 4B) — (1) $(4)4B3)(2)4(5) (1_17)

forallteT.

Example 1.4.2 ([18]) Let H be a Hopf algebra with antipode S. Then the
algebra morphisms

[/,HZH—>H®HOP®H, hl—>h(1)®5(h(2))®h(3)

and
Oy : H— H , h S*(h)

make H into a quantum torsor.
By the antipode axioms we have h()S(he)) ® hs) = 1 ® h and hg) ®
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S(h@))h@) = h ® 1, which yields axioms 1) and 2). It is obvious that pg
satisfies the coassociativity axiom 3). For the properties of 0, we get
A @ h® @ 52 (h®) @ AW @ A
= hay ® S(he) ® $*(hs) ® S(h) @ hs)
= ha) ® S(h)e) © S(S(h@)@) @ S(he)a) © hs)
— ) @ OO @ O g RO g LG

and
S%(hay) @ S*(S(hz)) ® S*(h) = S*(h) @) @ S(S*(h)2)) © S*(h)) ,

showing 4) and 5). Grunspan calls this example the trivial torsor of a Hopf
algebra. O

Remark 1.4.3 Given a quantum torsor 7" with structure maps u and @,
the opposite algebra T°P becomes again a quantum torsor with the structure
maps
pigor == p® TP RT QT | t— t® @t @M
and
Orop : TP — TP | t— 0O(1) .

From the axioms of a quantum torsor it is quite obvious what morphisms of
quantum torsors should be:

Definition 1.4.4 ([18]) Let 7" and R be two quantum torsors. An algebra
morphism f : T — R is called a morphism of quantum torsors if it satisfies
the equations

pro f=(f®f® fur (1.18)
Opof=fobr. (1.19)

According to this definition, the map 6 from Definition 1.4.1 can be consid-
ered as a morphism of quantum torsors 6 : T' — T

The main result of [18] can be summarized as follows:

Theorem 1.4.5 ([18]) Let T' be a quantum torsor with the structure maps
i oand 6. Assume that T is a faithfully flat k-module. Then

H(T):={> 2,0y €T?®T |
Z 7 @0y ") @ y,® @y = Z$i(3) @z @z @y}
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1s a subalgebra of TP @ T and becomes a Hopf algebra with the coalgebra
structure maps

A:H(T) — H(T)® H.(T) , Zl‘z QY — Z% ® ) © 4 ©y®

e H(T)—k, Z%@%HZ%%

and the antipode

S H(T) — H(T) , Yz @y > 0(y;) @i .

Symmetrically, also

H(T):={) 2@y cTaT"|
Y 2V or? 0@ ey => ney®oyu® ey}

becomes a Hopf algebra, and both these Hopf algebras coact on T such that'T'
is an (H)(T), H.(T))-bicomodule algebra.

Moreover, T is a left H)(T')-Galois extension of k and a right H,.(T)-Galois
extension of k, which makes T an (H,(T), H,(T))-bi-Galois extension.

Hence, each faithfully flat quantum torsor is in fact a Hopf-Galois extension,
and the Hopf algebras coacting on the left resp. right are uniquely determined
by the torsor structure map. The converse is also true, as Schauenburg has
shown in [40]:

Theorem 1.4.6 Let H be a k-faithfully flat Hopf algebra with antipode S,
and let T be an H-Galois object. Then T is a quantum torsor with the
structure maps given by

(@) = x(0) @ 33(1)[1] ® 56(1)[2} (1.20)
0(x) = S(wu))[ux(O)S(ﬂ?(l))[Q] . (1.21)

If the antipode of H 1is invertible, then also 0 is invertible with the inverse
given by
Qfl(m) = 572(l‘(l))[I]SC(O)S*%I'(I))[Z} . (1.22)

This theorem allows us now to construct torsor structure maps for Hopf-
Galois extensions. We show explicitly in the following example how one
object can carry two different quantum torsor structures. They arise from
coactions of two different Hopf algebras.
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Example 1.4.7 We consider the field extension Q@ C Q(v/2), that was
also studied in [16]: Although it is not classically Galois (this is because
| Aut(Q(+/2)/Q)| = 2, but [Q(v/2) : Q] = 4), it is a Hopf-Galois extension of
Q for two different Hopf algebras. Let w := v/2.

We consider H := Q[c, s]/(c* + s? — 1, ¢s), the so-called circle Hopf algebra,
with the coalgebra structure given by A(c) = c®c—s®s, A(s) = cRs+sRc,
e(c) =1, e(s) = 0, and antipode S(c) = ¢, S(s) = —s. This Hopf algebra
acts on Q(w) by the following table that can be found in [28]:

. ‘ 1 w w w
cll 0 —w? 0
The action of H is such that Q(w) becomes an H*-Galois extension of Q.
As was shown in [16], there exists also an action of the Hopf algebra K :=
Qla, b]/(b* — 2a*® + 2,ab) on Q(w) such that Q(w) becomes an K*-Galois
extension of Q. The structure maps of K are Afa) =a®a— b @b, A(b) =
a®@b+b®a,cla) =1, eb) =0, S(a) = a and S(b) = b, and its action on
Q(w) is given by

. ‘ 1 w  w? w3
all 0 —w? 0
b0 W 0 2w

The Hopf algebras H and K are not isomorphic and lead to two different
Hopf-Galois extensions Q(w) over @Q. So the above theorem says that we
should get two different quantum torsor structures on Q(w). In fact, we
obtain by a tedious calculation that the H*-Galois extension induces the
torsor structure

1
pr(w) = swe e’ @w,

on Q(w), while the action of K leads to the torsor structure map

1 1
pr(w) = Z(w®w®w3+w®w3®w—l—w3®w®w) — §w3®w3®w3 :
We note that it is sufficient to define the respective maps p : Q(w) —
Q(w) ® Q(w) ® Q(w) on the algebra generator w, since p is supposed to be
an algebra morphism. O

In [41] Schauenburg made the key observation that each algebra T', for which
there exists an algebra morphism p: T'— T ® TP @ T satisfying the proper-
ties 1), 2) and 3) from Definition 1.4.1, gives rise to a descent data on T'® T
Then he proved the following result using faithfully flat descent.
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For the sake of simplicity, we abuse notation below, and denote elements in
the subset of a tensor product as if they were decomposable tensors.

Theorem 1.4.8 ([41]) Let T' be a k-faithfully flat algebra with an algebra
morphism i T — TRTPRT, p(t) :=tM @t @tO) such that 1), 2) and
3) in Definition 1.4.1 hold. Then

1s a Hopf algebra. The algebra structure is that of a subalgebra of TP @ T,
and the comultiplication and counit are given by

A(JZ ® y) = ® y(l) ® y(2) ® y(3)
fr®y)=uay .

The algebra T is a right H-Galois object under the coaction

dz)=2V 2P e® cTeH .

This yields together with Theorem 1.4.6, that the existence of i as in Defini-
tion 1.4.1 already implies that the map 6 given by (1.17) satisfies the axioms
4) and 5). Hence, for faithfully flat torsors, the existence of the map 6 can
be dropped from the set of torsor axioms.

As proposed in [41], we are going to call the algebra endomorphism 6 : T
— T from Definition 1.4.1 the Grunspan map of the quantum torsor 7.

At this point we can observe a similarity between quantum torsors and com-
mutative torsors. We recall that by a definition of Kontsevich’s in [24], a
torsor is a non-empty set X that is endowed with a map A : X x X x X
— X satisfying the identities

for all a,b,c,d,e € X. These are the properties of the ternary operation
(a,b,c) — ab~lc in groups [1, 8]. The axioms of a quantum torsor are such
that they dualize these identities. The Grunspan map 6 is actually needed
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for stating a noncommutative analogue to equality 4). But we can prove that
this equality can already be derived from the first three axioms as follows:

Aa, Md, ¢,b), e) = Aa, \(d, ¢, b), \(d, d, e))
= Ma, A(d, ¢, b), \(d, ¢, \(c, d, €)))
= Ma, Md, ¢,b), M(d, ¢, \(b, b, M(c, d, €))))
- )\(a,/\(d ¢,b), A(A(d, ¢,b),b, Xc, d, e)))
(
(

So in this context, it is not such a great surprise that a definition of quantum
torsor can really do without the existence of a Grunspan map. Nevertheless,
such a map is always there.



Chapter 2

Torsor Structures in “Nature”

2.1 Fiber Functors and Cohomomorphism
Objects

Let H be a k-flat Hopf algebra. As was shown by Ulbrich in [54] and [55],
the H-Galois extensions of k£ are in one-to-one correspondence with so-called
fiber functors from the category of left H-comodules to the category of k-
modules. This is a noncommutative version of a result for classical torsors
shown by Saavedra Rivano and Deligne-Milne.

We recall the definition of fiber functor from [55]. It is the noncommutative
analogue to the notion of fiber functor for commutative Hopf algebras as
introduced in [36].

Definition 2.1.1 Let H be a k-flat Hopf algebra. A k-linear functor w : ¥ M
— M, from the category of left H-comodules to the category of k-modules is
called a fiber functor, if it is monoidal, faithful, exact and preserves colimits.

Let H be a Hopf algebra over a field K. Then a K-linear functor w : # M;
— K-Vec from the category 7 M of finite dimensional H-comodules to the
category of K-vector spaces is called a fiber functor if it is monoidal and
exact.

It is shown in [55], that for a field K each fiber functor on # M is faithful and
takes values in the category of finite dimensional K-vector spaces. Moreover,
due to the finiteness theorem for comodules, the restriction functor induces
a category equivalence between the category of fiber functors on # M and
fiber functors on ¥ M.
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Now let H be again a k-flat Hopf algebra over a commutative ring k. Together
with morphisms the monoidal natural transformations, the fiber functors w :
HM — My, form a category. The main results from [55] can be summarized
as follows, see also [38]:

Theorem 2.1.2 ([55]) Let H be a k-flat Hopf algebra. There is a bijection
between isomorphism classes of fiber functors w : TM — M, and isomor-
phism classes of faithfully flat right H-Galois extensions A of k.

The functor wy : TM — M,, corresponding to a right H-Galois extension
A is given by wa(M) := AOy M for M € T M.

The H-Galois extension corresponding to a fiber functor w : TM — My, is
given by A == w(H).

In [55] Ulbrich points out another way of determining an H-Galois extension
A from the fiber functor w: M — M, , M +— AOyzM :

Let v : #M — M|, denote the forgetful functor. Then the k-module A turns
out to be the representing object of the functor M +— Nat(w, M ® v), where
the latter denotes the set of all natural transformations w — M ® v with
(M ®@v)(N):=M@v(N) for all N € ? M. The corresponding isomorphism
p : Hom(A, M) — Nat(w, M®v) is given by p(f) (O a;@m;) = f(a;)@m;
for all >~ a; @ m; € ADgM = w(M) and f € Hom(A, M).

At this point we have to recall the definition and properties of cohomo-
morphism objects from [32] or the appendix (where their main features are
summarized). Then we see immediately that A is the cohomomorphism ob-
ject of the functors w and v, that is A = cohom(v,w). This implies that
there is a structure of coend(w)-coend(r)-bicomodule on A.

Since w, v : "M — M, are monoidal functors, it moreover follows that A is
a right coend(v)-comodule algebra. By Tannaka duality we have coend(v) =
H, since v : T M — My is the forgetful functor.

The following theorem from [38] shows the role of the bialgebra coend(w) in
this context:

Theorem 2.1.3 (/38]) Let A be an L-H-bi-Galois extension of k. Then the
fiber functor wy : "M — M, , M — AOygM induces an equivalence of
monotidal categories

Fi:OM>Mw— AOyM € *M

and we have
coend(wa) = L .
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In particular, every fiber functor w : * M — M, factors as w = vF, where
v: M — M, is the underlying functor with L a Hopf algebra, and F is an
equivalence.

Schauenburg [38] calls two k-bialgebras H and F' monoidally co-Morita equiv-
alent, if the monoidal categories # M and ¥ M are equivalent as monoidal
k-linear categories. We state a consequence of the previous theorem, also
from [38]:

Corollary 2.1.4 ([38]) Let H and F be k-flat Hopf algebras. The following
are equivalent:

1) H and F are monoidally co-Morita equivalent.

2) There exists a faithfully flat F-H-bi-Galois extension of k.

As a motivation for the next section, we investigate the properties of the
H-Galois extension A arising from a fiber functor:

Let H be a k-flat Hopf algebra, and let P, @ be two faithfully flat right H-
Galois extensions of k. By Theorem 2.1.2, P and @) give rise to two fiber
functors

w IM — My, M — POgM

wy : TM — My, M — QOyM .

We apply Theorem 2.1.3 to see that there exist equivalences F;, F» such that
the diagrams

HM Fi Coend(wi)M
Wi 13
M,
commute for i = 1,2, where v; : ©™@IA — M, denotes the respec-

tive forgetful functor. Since F; is an equivalence, there exists a functor
G, : ©mdw) A — H A such that Fi1G; = Id and GiF; = 1d, and we can
immediately conclude that coend(w;) = coend(ws) through the equivalence
F2G1.
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On the other hand, we know that each such equivalence of comodule cate-
gories is given as

¢A : coend(wl)M N coend(uz)M ) M — ADcoend(w1)M

for some faithfully flat coend(ws)-coend(w; )-bi-Galois extension A of k. Let
v : HM — M, denote the underlying functor. As shown above, we have
A = cohom(vq, ¢4), P = cohom(v,w;) and @ = cohom(v, w,).

We now claim that A 2 cohom(wy,ws). Let wy : ©PE@I M — M, be the
functor that arises through the equivalence ¢4 by defining w4 := 9¢ 4. Then
we have

wWaF1 = 1apaF1 E FG1F1 E ) =w; .

The following diagram describes the relations between the functors that arise
in this situation:

F1
coend(wl)M DN HM L Cohom(wg)M
g1
wA 121 w1 w2 Vo

k

Since A is a right coend(w,)-Galois extension, we have A = cohom(vy,wa).
Using that the functor F; is an equivalence, we obtain by Corollary D.7 and
the formulas above that

A = cohom(vy,wa) = cohom (v Fr, waF;) = cohom(wy, ws) .

Corollary 2.1.5 The cohomomorphism object cohom(wy,ws) describes the
category equivalence ¢, : "IN — cond@) A that is induced by the
functors wy and ws. Consequently, the quasiinverse of ¢ is given by ¢ -1
with A~ 2 cohom (ws, w; ).

What we have just seen is that not only cohomomorphism objects
cohom(v,w) with v the forgetful functor and w a fiber functor carry the
structure of a bi-Galois extension. On the contrary, it is also possible for an
arbitrary choice of functors w; and ws to create a cohomomorphism object
cohom(wy,wsy) that possesses a structure of bi-Galois extension. So we will
keep this generality in the next section, where we construct quantum torsor
structures on arbitrary cohomomorphism objects.
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2.2 Quantum Torsor Structures on
Cohomomorphism Objects

The main result from Ulbrich in [56] is a reconstruction theorem for Hopf
algebras. Given any monoidal functor w : C — M,/ from a small monoidal
category C into the category of finitely generated projective k-modules, one
can always reconstruct a bialgebra structure on coend(w). Ulbrich’s theorem
says that in case the category C is rigid, there exists an antipode map for
coend(w) such that it becomes a Hopf algebra.

Bichon showed in [3] that the same assumption on rigidity of C allows to
reconstruct a Hopf-Galois system from two functors F,G : C — K-Vec.

In this section, we recover quantum torsor structures on cohomomorphism
objects. We use essentially the same reconstruction methods as Ulbrich, but
apply graphical calculus for the proofs. Apart from being very intuitive,
graphical notation has the advantage of providing results that are valid in
any monoidal category. This is because the calculations are carried out on
the objects of the category and do not use their “elements”. So we con-
sider to following (most) general situation (see also the appendix) in which
reconstruction is possible:

Let (C,®, I¢) be a small (right) rigid monoidal category, and let (M, ®, L)
be a small symmetric monoidal abelian category, which is cocomplete such
that colimits commute with tensor products. We consider two monoidal
functors

w:C— M and v:C— M

that both factor through the full subcategory My of objects in M that have
right duals. As explained in the appendix, this implies that both coendo-
morphism objects coend(w) and coend(v) as well as both cohomomorphism
objects cohom(v,w) and cohom(w, v) exist.

Recall that by Proposition D.3 there exist comultiplication maps on the co-
homomorphism objects, compatible with the algebra structures, such that
the diagram

B coend(w) ® cohom(v, w)

cohom (v, w)

Ay A®id

cohom(v, w) @ coend(v) —2E22+ cohom(v, w) @ cohom(w, ) ® cohom (v, w)
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commutes. Let pp = (ild ®A)A, = (A ®id)A, be the resulting map
fo = cohom(v, w) — cohom(v, w) ® cohom(w, v) ® cohom(v,w) .
It is clear that pg is an algebra morphism and coassociative in the sense that

(1o ® id ®id) o = (id ® id ®p0) tto-

Since we assume that the category C is rigid, there exists by definition a
contravariant functor C — C , X — X* assigning to each object X € C its
right dual X* € C.

The dual basis db : I — X* ® X in C gives rise to a map

dby(X) : Iy 2 w(le) —2 T (X ® X) — 5 w(X*) @ w(X) |

where £ is the natural isomorphism belonging to the monoidal functor w.

The image w(X*) of a right dual X* € C under the functor w is naturally a
right dual for w(X) in M by the natural isomorphism

dby, ®@w(X)* w(X*)®ev

K(X) : w(X)* - w(X*) @w(X) ®@w(X)* w(X*) -

We are going to use the graphical notation

wyx Wx*

ev, = , db,, =

Wx* Wx

for the induced duality morphisms ev,, : w(X) ® w(X*) ¥ w(X @ X*) —
w(le) = Iy and db, : Iy — w(X*) @w(X) in M. The natural isomorphism
¢ is omitted in the notation.

To avoid overlapping labels;, we use symbols like wy that stands for w(X).
In the same manner, we use the labels wy« for w(X*) and w¥ for w(X)*.
Cohomomorphism objects cohom(v, w) will be denoted simply by (v,w).

So the above isomorphism (X)) is given by

with inverse



2.2. Quantum Torsor Structures on Cohomomorphism Objects 35

It is clear that we have a similar map for the functor v, which shall we also
call k.

For each M € M and X € C we have the canonical isomorphism

U : Hom(v(X), M @ w(X)) —— Hom(w(X)*, M & v(X)*) ,

wWx vx

U(f):= t with inverse U l(g) =

Hence, we can define a map
Nat(w, M @ v) — Nat(v, M Qw) , v+— 7 (2.1)

as follows: For v € Nat(w, M ® v) we let ¥(X) € Hom(v(X), M ® w(X)) be
the preimage of the map

M®/~i)_(l

Y(X) rw(X) " (X)) e M @ v(XF) M@ uv(X)*
under the isomorphism W. This means that
vx
vx
— TX* — Yx*
M wx
M wx
The square
p(X) —25 M @w(X)
v(f) Mew(f)
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commutes for all X, Y € C and f € Hom¢(X,Y), since

(M ®w(f))oy(X) =

M wy
vx vx
w ()
Yx*
Vf*
v v
M wy M wy

by naturality of v and the symmetry in M, and the definition of the trans-
posed morphism f* : Y* — X*. Thus, 7 is a natural transformation in
Nat(v, M ® w).

We observe that 7*(X) : w(X)* — M ®v(X)*, which is the image of 4 under
v, is given by

wWx

THX) = n : (2.2)

"
M Vx

for each X € C. It is also a natural transformation.

By the Yoneda Lemma and the universal property of the cohomomorphism
objects cohom(rv,w) and cohom(w,v), we obtain that the mapping v — 4
from (2.1) is uniquely determined by a morphism

S : cohom(w, v) — cohom(v,w) (2.3)

such that the diagram
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Nat(w, M ®@ v) il Nat(v, M ® w)

1%
1%

Hom(S,id)

Hom(cohom (v, w), M) Hom(cohom(w, v), M)

commutes. We can now insert cohom(r,w) instead of M into this diagram
and use the fact that the natural transformation d,,, : w — cohom(v,w) @ v
is induced by the identity id : cohom(r,w) — cohom(v,w). This implies
Swj = (S®id)0d,,, which is

vx vx
G (X) = m :@/ . (2.4)
|
(Vzw) wx (V,W) wx

Applying the isomorphism ¥ to ¢ yields the following formula for 6* from
(2.2). It can be considered as an induced comultiplication on w(X)*.

wi wi
2,(X) = - @ . (25)
) vx (vw) vx

(vw) vy

Now we can express 9, ,(X*) as

W x*

W x*
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Proposition 2.2.1 The morphism S : cohom(w,v) — cohom(v,w) in (2.3)
15 an algebra anti-morphism.

Proof. We know from Corollary D.15 that there is an isomorphism
Nat® (v, cohom(v,w)? @ w) = Alg(cohom(w, ), cohom(v, w)%)

and that the image of & under this isomorphism is S. So we have to show
that d,, € Nat(v, cohom(r,w) ® w) is a monoidal natural transformation
when cohom(v,w) is endowed with its opposite algebra structure. In other
words, we have to check that the diagram

v(X)ouvY) X&), cohom(v, w) ® cohom(v,w) @ w(X) @ w(Y)
3 VoL
V(X ®Y) oY) cohom(v,w) @w(X ®Y)

commutes, where £ denotes in either case the isomorphism that belongs to
the monoidal functor w resp. v. With formula (2.4) we get

vx Vy

BX)@(Y)(VF®E) =

(v,w) WXQY

vVx Vy

(vw)
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using naturality of the duality morphisms and the fact that ¢ is a monoidal
natural transformation. Hence, the diagram commutes and we obtain that
S is an algebra anti-morphism. O

Now that we have constructed an algebra morphism between the cohomo-
morphism objects cohom(w, v) and cohom(v,w), we can define an algebra
morphism

i : cohom (v, w) — cohom(v,w) ® cohom(v,w)? ® cohom(v,w)

by i = (id ®S ® id) uo.
It is obvious that p inherits the coassociativity property from gy and hence
satisfies the coassociativity axiom 3) in Definition 1.4.1.

For further calculations we note that u is induced via the universal property
of cohom(v,w) by

wx wx wx

H = = /4 ) (2'7)
i il

(va) (ll,w) (Vuw) vx (V’w) (va) (z/,w) vx (ll,w) (V’w) (va) vx

as follows from Proposition D.3.

Proposition 2.2.2 The coendomorphism object cohom(v,w) becomes a
quantum torsor with the torsor structure map p and the Grunspan map
0 := SoT, where T is constructed analogously to S with the roles of w
and v interchanged.

Proof. We verify that (cohom(v,w), i, 6) satisfies the five axioms of a quan-
tum torsor in Definition 1.4.1. We have already noted that axiom 3) holds.

Axiom 1) will follow from the equality

Al

(va) (Vv""') vx

(va) (va) vx
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since these are the maps that induce, via the universal property of
cohom(v,w), the maps (V ® id)u resp. n ® id. By naturality of § applied
to the evaluation map, the diagram

w(X) ®@w(X™) He I
Sx @0 x
cohom (v, w) ® cohom(v,w) @ v(X) @ v(X*) dr=n
V®id®id
cohom(v,w) ® v(X) @ v(X*) Mdoevy cohom (v, w)

commutes. This means that we have

wx W x*
wyx Wx*
(v,w) (vw)
and thus
wx wx o
j - | 2N = )
©)
(vw) (vw) vy (vw) (vw) vx (v,w) (vw) vy
wx
wx
%
(rw)(rw) vy (vw)(vw) vy
(vw) (vw) vx

using the relation (2.5) in the second equality. The axiom 2) is proved simi-
larly by using naturality of § with respect to the dual basis:
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I dbe w(X*) @ w(X)
Sx+®0x
r=n cohom(v, w) ® cohom(v,w) @ v(X)* @ v(X)
V®id®id
id ® dby,

cohom (v, w) cohom(v,w) ® v(X*) @ v(X)

The resulting equality

(vw)vxvx

implies
wx
wx —
=
w)i w
/4 ®©
©)
(v,w) (vw) 1/;
(vw)(v,w) vy
(v,w)(v,w) x
wx
=
w wx
wx
( ’ )(V,w) vx (V’w)(va) vx

(va)(va) vx



)

42 Chapter 2. Torsor Structures in “Nature’

and this proves axiom 2).

We claim that the Grunspan map for cohom(v,w) is given by 0 := S o T,
where T : cohom(v,w) — cohom(w, v) is constructed analogously to S with
the roles of v and w interchanged.

The following diagram commutes by definition of pyg :

w(X™) Oxe (v,w) ® v(X*)
Sxx
(r,w) ® v(X™) po®id
id @6 x =
id ®id ®6

(v, w) @ (w,v) ® w(X7) (v, w) @ (w,v) © (v, w) @w(X7)

Therefore, we obtain

W

\h

@
I

(va)(va) (va)(l’vw)(va) wx

(va)(va)(va) (va) (va) vx
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wx
YEPR
©)
- (va)(uvw)(va)(va) (va) vx
(vw)(rw)(v,w)(v,w) (vw) vy
wx
//:
pu— p— @

i

(er) (V’w) (va) (er) (va) vx (va) (va) (va) (V’w) (va) vx

which shows that the maps inducing
(id ®013 ®1d) (id ® id ®0 ® id ® id) (id ® id @p)

resp.
(id ®u ®id)p

are equal. This means that axiom 4) holds.
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For X € C we denote by X** the right dual of X*. In the category M, there
is an isomorphism between w(X) and w(X**) given by

id ® dby, (X*)

w(X) w(X) @ w(X*) @ w(X*) —22

e (X)) @ w(X) @ w(X) 2 (x|
that is
wx
W xx*

Of course, there is an analogous isomorphism v(X) = v(X**). We note that
such relations between an object X and its bi-dual X** require the existence
of a braiding in the respective monoidal category.

Now we observe that

W Xk W x*ok
W xx* @J
& =]
©)
(V,(A)) Vxxx ‘
(l/,w) U x*ok (l/,u}) Uk

This means that we can express (X ™) in terms of §(X) by

(va) vx
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Hence we have

(V7w) (va) (va) Vx

proving axiom 5).

Altogether we have seen that cohom(v, w) carries the structure of a quantum
torsor with the Grunspan map 6 = S oT. Analogously, we can conclude
that also cohom(w, ) becomes a quantum torsor with the Grunspan map
0=ToS. O
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Remark 2.2.3 Applying the same method to the special case v = w yields
antipodes S, : coend(w) — coend(w) and S, : coend(rv) — coend(v) for the
bialgebras coend(w) and coend(r). This is Ulbrich’s result in [56].

While constructing the quantum torsor structure on cohom(v, w) in the pre-
vious proposition, we have in fact shown that the map S : cohom(w,r)
— cohom (v, w)makes (coend(w), coend(v), cohom(v,w), cohom(w, v)) into a
Hopf-Galois system. This generalizes Bichon’s result in [3].

We note that the torsor structure map for cohomomorphism objects from
the previous proposition resembles, and in fact generalizes, the trivial torsor
structure of a Hopf algebra in Example 1.4.2. So in “nature”, Hopf algebras
really appear as a special case of quantum torsors (namely when v = w).
The Grunspan map 6 can thus be interpreted as a generalized square of the
antipode.

Remark 2.2.4 We address the question, whether there are situations in
which # = S oT = id holds. By the formula (2.8) for S o T" in the proof of
axiom 5) and the construction of S and 7', we see that 6 = id is equivalent
to

wx
ox C
(e) vx 0
(va) vx

In order to have a connection between X and X** in the category C, we
assume that the category C is braided with a braiding 7. Then each X € C
is isomorphic to X** in C via the obvious natural isomorphism

X X**
o(X) = :i with inverse 0 H(X) = ;:
X b
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By naturality of § : w — cohom(v,w) ® v we then have

W x ok

w(7)

v(7)

(l/,u}) U xkox

So we could obviously derive the above equation if the diagram

WX ®Y) : w(X) @ w(Y)
w(T) o
w(Y ® X) : - w(Y) @ w(X)

and an analogous one for the functor v were commutative. This diagram says
that the functors w, v have to map the braiding 7 of C onto the symmetry o

in M.

Obviously, the condition that w and v preserve braidings is a quite restrictive
one, and not necessarily satisfied. We give an example for the case of fiber
functors that we discussed in the previous section:

Example 2.2.5 Let K be a field and let H be a K-Hopf algebra. Then the
category C := M of finite dimensional H-comodules is rigid and monoidal
(see also the appendix). Let A be a finite dimensional H-Galois extension
of K. Then the fiber functor w : #M; — K-Vec , M — AOxM and
the forgetful functor v : " M; — K-Vec both take values in the category
of finite dimensional K-vector spaces, and satisfy our general conditions.
Hence, by our results above, both cohom(v,w) = A and cohom(w,v) = A~!
are quantum torsors.

It is well-known, see for instance [28], that the category M is braided and
monoidal with the tensor product from the underlying category K-Vec iff H
is a coquasitriangular Hopf algebra. The induced braiding in ¥ M is equal to
the symmetry of K-Vec if H is commutative. Then, of course, the forgetful
functor v maps it to the symmetry of M. In this case, the braiding is also
preserved by the fiber functor w, and so we obtain # = id by what we have
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shown above. But if H = coend(v) is commutative, then the square of its
antipode is the identity, and we can observe that § = S o T inherits this
behaviour. O



Chapter 3

Antipodes in Hopf-Galois
Systems

3.1 Total Hopf-Galois Systems and
their Properties

A Hopf-Galois system as defined by Bichon in [3], see Definition 1.3.1, car-
ries exactly all the data needed for constructing a Hopf bi-Galois extension
from it. Let L and H be k-flat bialgebras and let A be a faithfully flat L-H-
bi-Galois extension. Out of this setting, Schauenburg [38] has constructed
another algebra A~! that is an H-L-bi-Galois extension of k. So the corre-
sponding Hopf-Galois system (L, H, A, A1) seems to encode even more data,
namely the structure maps of another Hopf-Galois system (H, L, A A).
This connection became also obvious in the previous chapter, where the
cohomomorphism objects cohom(v, w) and cohom(w, v) showed a similar be-
haviour.

Bichon’s definition was extended by Grunspan in [18] to the notion of a total
Hopf-Galois system. The latter contains the complete set of data that arises
from the two Hopf-Galois systems that can be associated to an L- H-bi-Galois
extension A.

Recall from the previous chapter that the natural quantum torsor struc-
ture on cohom(v,w) was really based on a bicomodule algebra structure.
Then, under a rigidity assumption, we constructed maps S : cohom(w, )
— cohom(v,w) and T' : cohom(v,w) — cohom(w,v) that allowed us to de-
fine the torsor structure maps on cohom(v,w).

We are going to put emphasis on this two-step construction that we also
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know from Hopf algebras: A Hopf algebra is a bialgebra which possesses an
antipode map. Keeping in mind that the map S : Z — T in a Hopf-Galois
system (L, H, T, Z) has properties that are similar to those of an antipode, or
more concretely seem to generalize them, we start from a bicomodule algebra
system. We define it such that it can be seen as the underlying object of a
total Hopf-Galois system. Then we develop methods that uncover a striking
similarity between Hopf algebras and total Hopf-Galois systems.

We mainly use graphical notations in this section. While all the definitions
and results clearly also make sense in any symmetric monoidal category, we
are mainly interested in the category M, of modules over a commutative
ring k.

Definition 3.1.1 A bicomodule-algebra system (L, H,T, Z) consists of

e bialgebras L and H with comultiplication Ay resp. Ay and counit €,
resp €y.

e an (L, H)-bicomodule algebra 7' with comodule structure maps oz, r
and 67y and an (H, L)-bicomodule algebra Z with comodule structure
maps 0p,z and 0z r.

e algebra morphisms py : L - T ® Zand pyg: H — Z T,

such that the following diagrams commute:

5LT 5HZ

T : LT A . H®Z
or, H (B1) pr®id 07,1 (B2) pr®id
ToH—g—T®Z&T  ZOL—go——Z20T®Z
L Ar L®L H =X H®H
T®Z g LOT®Z 28T —5 o~ HRZRT
H i HeH L Ar L®L
PH (B5) pr®id oL (B6) prL®id
20T g Z0T@H T@Z e ToZ3L
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We note that the axioms (B1), (B3), and (B5) are also a part of Bichon’s
Hopf-Galois system in Definition 1.3.1. The three diagrams in the right
column are their counterparts with respect to the algebra Z.

For calculations in M, we introduce the notation
pr() =) (" =(""cT®Z
for all ¢ € L, and analogously
pu(h) =R’ hl c ZxT

for h € H.
Then for instance, the diagrams (B3) and (B6) read as

Ceny@llo@t? =y @y @le?

and
@t tn =1Ly @y’ L ,

which implies the equation
Ty ® L0 @0 @70 =Ly ® L) @l ®Ls

for all £ € L. This can also be derived via graphical calculus as

I L L L
[er]
PL
B6) [pr]| (BY _ (3.1)
>\ [ rr] [ rr]

LTZL  Trz71 T1TTZL LTZL

We deduce some more equalities for further applications: By (B2), (B6),
(B3) and (B1) we get

(3.2)
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The axiom (B1) yields an algebra morphism \p : T — T Z® T

Ap = (PL X id)(sL’T = (id ®pH)5T,H )

T T

N s NN
i

Tz2zT TZT

~
N
~

It satisfies
(iId®@id @A) Ar = (A\r @ id @ id) Ay

by the axioms (B5) and (B1) :

T T
T >\
AT PH
(id®@id @A) A = = = |
[ A ]
[ px | Nz
TZTZT
TZTZT TZTZT
T
T T /4
\ 7c]
:i _ /4 PH | _
[pa | pa] [ pL] /4
NN
TZTZT TZTZT
TZTZT
T
Ar
= = (M ®id®id)Ar .
[ A |

T2T7ZT

Analogously, replacing T' by the algebra Z, we arrive at an algebra morphism
Ay Z — Z QT ® Z, that is also coassociative in the above sense.
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Now we define morphisms of bicomodule algebra systems. Of course, they
have to be compatible with the axioms in Definition 3.1.1.

Definition 3.1.2 Let (L,H,T,Z) and (L', H',T",Z") be two bicomodule-
algebra systems. A morphism of bicomodule-algebra systems

(¢, h, f,9): (L,H,T,Z) — (L',H',T', Z")

consists of bialgebra morphisms ¢ : L. — L', h : H — H’' and algebra
morphisms f : T — T', g : Z — Z' such that the following diagrams
commute:

L £ I H h H
oL (M1) pL PH (M2) P
!/ ! ! I
T07——T®7 Z87—————7'aT
T ! T 7 g 7
5L,T (M?’) 6L/,T/ 51—172 (M4) ‘;H/,Z’
L®T o rer H®Z T H®Z
T ! - 7 z ‘ A
6T,H (MB) 6T/,H’ 5Z,L (MG) 5zl’L/
T®H ot T"® H' Z®L ooh Z'@ L

Now that we have defined our base category, we can write down generalized
antipode axioms.
An antipode S for a bialgebra H is defined as the convolution inverse of the
identity in Hom(H, H). This can be expressed by requiring that S satisfy
the two equations

S(hayh@y =ne(h) ,  ha)S(he) = ne(h)

for all h € H.

Since there is no obvious convolution algebra for a bicomodule algebra sys-
tem, we define our generalized antipodes in terms of similar equations. This
leads to Grunspan’s definition of a total Hopf-Galois system from [18].
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Definition 3.1.3 A total Hopf-Galois system
(L7 H7 Tv Zv SLv SH7 STa SZ)

is a total bicomodule-algebra system (L, H, T, Z) endowed with the following
additional data:

e [ and H are Hopf algebras with antipodes S, resp. Sg.

e there exist maps Sy : T' — Z and Sy — T, that make the following
diagrams commute:

L €L I nr T H EH ] nz Z
PL (Al) Vr PH (AQ) Vz
T8 —ag—TOT  Z0T o 20Z
H EH I nr T L €L ] nz Z
PH (A3) Vr PL (A4) Vz
20T o TOT T@®Z g~ 20Z

We call Sp and T the generalized antipodes of the total Hopf-Galois
system.

We define a morphism of Hopf-Galois systems to be a morphism of the un-
derlying bicomodule-algebra systems.

Remark 3.1.4 Given a Hopf-Galois system (L, H,T,Z, Sy, Sy, St,S7), we
can endow L and H with their opposite coopposite bialgebra structures to
obtain the Hopf algebras L°P°°P and H°P°?. The opposite algebras TP and
Z°P can be considered as (H°PP, L°PP)- resp. (L°PP HPP)-bicomodule
algebras with the comodule structures o o 9. We denote these bicomodule
algebras as T°P°P resp. Z°P°°P. Then the algebra morphisms

. Jopcop PL T opcop ® 7/0pcop o 770pcop ® Topcop

pLopcop

P Heopcop H epcop __PH 7/ opcop ® r[epcop o Topcop ® opcop

make (LoPeP HOPeor zopeor Topcor Sy Sp S, Sr) into a total Hopf-Galois
system.
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Proof. The axioms for (LoPeP HoPP ZoPeoP ToPP) can all be deduced
from the properties of the Hopf-Galois system (L, H,T,Z). For instance,
the axiom (B1) follows from the commutative diagram

Z b2z Z®L o L®Z

§H,Z (BQ) id®pr, pr®id

HoZ 9 | sore7 2% . 179707

0ZQT,Z o®id

Z®H Z®Z®TT®G>Z®T®Z

id ®py
and (B6) follows from
L = LeL : LeL
PL (B6) id®pr, pr®id
Towz—2"  LeTeZ— """ .TgZeL

OLQT,Z o®id

Z®TT6LT’Z®L®T deo Z®T®L

The remaining axioms for a bicomodule-algebra system can be shown sim-
ilarly. The generalized antipode axioms can be shown via diagrams of the

following kind:
L—*—1—"%—7

PL (A4) Vz
T®Z——gor—— 207
20T —as—— 20 7
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The antipode of a Hopf algebra H is defined as the convolution inverse of
the identity on H. It is therefore uniquely determined by the structure
morphisms of the underlying bialgebra. Since the generalized antipodes of
a total Hopf-Galois system are not defined through such a property, but via
axioms that generalize those of an antipode, it is not clear whether they are
uniquely determined.

We are going to show that a generalized antipode always plays the role of
the unit in a suitably chosen associative multiplication. A unit element in a
monoid is uniquely determined by the monoid structure. This implies that
generalized antipodes are unique.

Proposition 3.1.5 The generalized antipodes of a Hopf-Galois system are
uniquely determined by the structure morphisms of the underlying bicomo-
dule-algebra system.

Proof. Let (L,H,T,Z, Sy, Sy, St,S7) be a total Hopf-Galois system. We
define an associative multiplication on the set Hom(T', Z) by

*x: Hom(T, Z) ® Hom(T, Z) — Hom(T,Z) , p@q+— p*q,

- AR
Pri=0 0= |0 0| @
Z 7 7

Associativity of this composition follows from coassociativity of Ay and as-
sociativity of Vz. We show that S; : T'— Z is a left and right unit for this
multiplication. Let p € Hom(T, Z). Then we obtain

T
=
7o
Srxp= @—@gp
T = @: :L:’
Qz
A
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using the generalized antipode axiom (A4). Similarly, we get by axiom (A2)

that
T

T =
T
R E T
T
U 3
A
A

Z

So it follows by uniqueness of the unit element in a monoid that the gen-
eralized antipode St is uniquely determined. The same follows for S, by
applying the above multiplication on Hom(Z, T'). O

Recall that the antipode of a Hopf algebra is an algebra anti-morphism. The
proof of this result is based on the fact that the antipode is a convolution
inverse. Keeping this in mind, we can apply our technique to show that
the generalized antipodes of a total Hopf-Galois system have an analogous

property:
Proposition 3.1.6 Let (L,H,T,Z, Sy, Sy, Sr,Sz) be a total Hopf-Galois

system. Then the generalized antipodes are algebra morphisms St : T — Z°P
and Sz : Z — T°P.

Proof. We introduce an associative multiplication on Hom(7T' ® T', Z) by

x: Hom(T @ T,Z) @ Hom(T ® T, Z) — Hom(T @ T,Z) , f®g— fxg,
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Associativity of * follows from coassociativity of Ay and associativity of the
multiplication on Z. A unit for this multiplication is given by

Vzop(ST & ST) =Vy OU(ST (059 ST> € Hom(T@T, Z) ,

since we have for f € Hom(T' ® T, Z)

T T
| |
| l‘ Ar | [ A |
©)
(Vzoo(Sr®S5r)) f= = ® =
A
T T
T
M ]
T T
14 TT
R ]
= = = =[7)=f

Z

by axiom (A4). Similarly, we obtain also f * (Vo (S ® Sr)) = f. On the
other hand, using that py is an algebra morphism, we can show that SpoVr
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also acts as a unit:

r T
TT
||
= F1=07r]=f.
AV
Z
Z

Now uniqueness of the unit element implies that Sr o Vi = Vo (Sr ®
St), which means that Sr is an algebra anti-morphism. The proof for the
generalized antipode Sz : Z — T is analogous. O

The antipode S of a Hopf algebra H is being preserved by bialgebra mor-
phisms. This means that a morphism of Hopf algebras can be defined as
a morphism of the underlying bialgebras. We have already defined what a
morphism of total Hopf-Galois systems should be. Now we show, that such
a morphism is really compatible with the generalized antipodes:

Proposition 3.1.7 Let ((,h, f,q): (L,H,T,Z) — (L', H',T", Z") be a mor-
phism of total Hopf-Galois systems. Then the following diagrams commute:

St A 7 Sz

T

T

T (3.3)

This means that the generalized antipodes are preserved by morphisms of
bicomodule-algebra systems.

! !/ /
T Sy Z Z S,
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Proof. We define an associative multiplication on Hom(7', Z’) by

x : Hom(T, Z") @ Hom(T, Z') — Hom(T,Z') , a®@ f—a x [,

Z/
where the algebra morphism ¢g : Z — Z’ comes from the given morphism of
Hopf-Galois systems. It is clear that this multiplication is associative. The
unit is given by Sy o f, since we get for o« € Hom(7T, Z')

T T T
’4
EEva ® T
o A g4
L’ l
(T/of>xa—%@@ PO = ‘b= @=0=a,
® ® | @ 1
U Yoz
A
Z/ Z/ Z/

using property (M1). On the other hand, we see that g o Sy also acts as a
unit since g is an algebra morphism:

T
—T
@
U

Z/

NJ—@H =

o
@)
S
Il
©®
®
®
Il
®
®
I
O
N\pc@jq <

Thus, we obtain goSy = Sypro f by uniqueness of the unit element. This shows
that the first diagram commutes. Commutativity of the second diagram can
be proved analogously. a
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The antipode S of a Hopf algebra H is initially just defined as a linear map
S : H — H. Then its properties imply that it is really an algebra anti-
morphism and a coalgebra anti-morphism, that is, a bialgebra morphism
S : H — H°P_ This fact has a generalization for total Hopf-Galois systems:

The antipodes and generalized antipodes of a Hopf-Galois system (L, H, T, Z)
give rise to a morphism of Hopf-Galois systems

(St,Su,St,S7z) : (L,H, T, Z) — (L°PP  HOPCP ZoPP TPOP)

This follows from the next proposition.

Proposition 3.1.8 The antipodes and generalized antipodes of a total Hopf-
Galois system (L, H,T,Z, Sy, S, S, Sz) are related in the following way:

L o L H o H
T®Z T®Z Z®T Z®T
ST®5x\ / SZ®5N\ /
Z®T T®Z (3.4)
T or Z Z i T
aLT\ \su a\ \aﬂ,
L®T Z®L HZ T®H
m\ / SH®ST\ /
L®Z H®T (3.5)
T or Z Z 5z T
am\ \5 au\ \a”
ToH HeZ Z®L LeT
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Proof. For the first diagram, we define an associative multiplication * on
the set Hom(L,T ® Z) by

«: Hom(L, T ® Z) ® Hom(L, T ® Z) — Hom(L, T ® Z) , u® v — uxv

The unit for this multiplication is given by py o S, since py is an algebra
morphism:
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But (Sz ® St) o0 o py, also acts as a unit, as follows from the equation (3.2)
and axioms (B2), (A3) and (A4) :

((SZ X ST)O'pL) *U =

~
N

So it follows by uniqueness of the unit element that the maps oo py 0SSy and
(Sz ® St) o pr, are equal. This means that the first diagram commutes.
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In order to prove the equality o 0§z o Sy = (S, ® S7)dL 7, we define an
associative multiplication x on Hom(7', Z ® L) by
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using that Z is an L-comodule algebra, and

L

by equation (3.1).
Commutativity of the remaining diagrams can be proved similarly by con-
sidering suitable multiplications. O

Remark 3.1.9 It is straightforward to show that a total Hopf-Galois system
(L,H,T,Z) gives rise to a quantum torsor structure on both 7" and Z. The
structure maps are given by pr := (T® Sz QT)A\r and py := (ZQSrQZ) Ny
respectively. Similar to the construction for cohomomorphism objects, the
Grunspan maps are given by 6p := Sz o Sy resp. 05 := Sy o Sy. The fact
that they are morphisms of quantum torsors follows from the properties of
the generalized antipodes in Proposition 3.1.8.

Since St and Sz have properties that generalize those of an antipode, the
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Grunspan map € can be interpreted as a generalized square of the antipode.
This is consistent with the fact that the torsor arising from a Hopf algebra
in Example 1.4.2 has the Grunspan map S2.

Examples for bicomodule algebra systems can be found easily in “nature”. As
we have already mentioned, we have implicitly considered the bicomodule al-
gebra system (coend(w), coend(v), cohom(v, w) cohom(w, v)) in the previous
chapter.

To give a concrete example, we compute all the objects and structure maps
of the total Hopf-Galois system that arises from a faithfully flat Hopf-Galois
extension. For this, we recall from Section 1.2 the notation “AY @ AP for
the inverse of the Galois map.

Proposition 3.1.10 Let H be a k-Hopf algebra and let A be a right H-Galois
extension that is faithfully flat over k. This gives rise to a total Hopf-Galois
system (L, H, A, Z), whose structure maps are given as follows:

o L:=(A® A)°H is a subalgebra of A ® A° and a Hopf algebra by

AL(Z TR Y;) = Z Zi0) ® $i(1)[1] ® 951‘(1)[2] ® Y
er() wi@y) = wmiyi € AN =k
SL(Z T @ Y;) = Z Yi(o) @ yz‘(1)[1]$iyi(1)[2]

o A is a left L-comodule algebra by

5L7A(CL) = a() ® a(l)[” & a(l)[Q]

o 7 = A"l = (H® A is a left H-subcomodule algebra of H @ AP
with the (H,L)-bicomodule algebra structure given by

5H,Z(Z hi ® a;) = Z hi1y @ hiz) @ a;
5Z,L(Z hi @ a;) = hi) @ by @ hiny® @

o The algebra morphisms pp and py are given by

pr: L — AR Z in®yi'—>zl’i(0)®xi(1)®yz‘
pp-H—Z7RA, h— h(1)®h(2)[1] ®h(2)[2}
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e The generalized antipodes are given by
SA A — 7 , @ a(o)SH(a(l))[Q]SH(a(Q)) ® SH(a(l))[l]
SZ L — A y Zhl X a; — ZEH(}ZZ)G@

e [f the antipode Sy of H is invertible, then both generalized antipodes
S and Sz are invertible with inverses

it Z— AL hi@ai— Y e(h) Sy (ai)Maie) Sy (aiq)?
SEI A — 7 , at— S;Il<a(1)) X a(0)

Proof. We know from [38] that L is a Hopf algebra and that A becomes an
L-H-bi-Galois extension via d; 4. There, it was also proved that there exists
a right L-comodule structure on A~! =: Z turning it into an H-L-bi-Galois
extension. Moreover, the isomorphism of left L-comodule algebras

b ADH(H(X)A)COH — L, Zai®zhij®bij — Zai®5(hij)bij

from [38] is such that ADyZ is an L-L-bi-Galois extension isomorphic to the
trivial L-L-bi-Galois extension L. The inverse of ¢ is given by ¢ (> a; ®
b)) =>" a;(0) @ ai(1) @b;. So we can determine the right L-comodule structure
on AOyZ, which is induced by Z, via the commutative diagram

A7 ¢ L
) Ar
AOpyZ Q@ L vy L®L

as
5(2 a; ® Z hij @ b;;) = (Cb*l ®@L)oApo ¢(Z a; @ Z hij @ bij)
=(¢7'® L)(Z ai)e(hij) @ ainyM @ aiy? @ byj)
=Y ai(his) © ain) ® ay !V © ain)® @ by)
=D ai ® hija) ® hij)" @ hijy? @ by

The last equality is deduced from the property of the cotensor product
A0y Z. So the comodule structure must be

5Z,L . Z — Z® L s ZhZ ®(1,Z' — th(l) & hl(Q)m X hz(g)p] X a; ,
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and it is straightforward to see that this map is well-defined, and makes Z
into an L-comodule algebra.

The map pr : L — A® Z in the statement of the proposition is given by the
same formula as the inverse of ¢ : A0y Z — L. Thus, it follows that py is
an algebra morphism, and we moreover have pr(L) C AOgxZ.

In order to show that the map py is well-defined, we recall that for two right
H-modules V' and W the space (V @ W)°H consists of those >_v; ® w; €
V ® W that have the property

Then we see that the map ppy is well defined, since we have for h € H
(Brean @id)pr(h) = (Srpan ©id)(hay ® h @ hey)
= hay @ hey! g ® hiyh) ) ® by
= ) @ by @ by S(hz) @ by
=hy ® hoy © 1@ by

by property (1.5), which implies py(H) C (H ® A)*" @ A = Z @ A by
faithful flatness of A. It is clearly an algebra map, and we moreover have
pu(H) C ZOL A, since
(Z@01,4)pu(h) = (Z ® 61,4)(ha) @ byl @ hn)
(1]
=hoy @ he' @ he? ) @b )T @ he? )
= hy ® h)'! ® he)? @ he @ b
= (020 ® A)(ha) ® h)" @ hp)®)
= (02, @ A)pu(h)
for all h € H by (1.4).

It can now be easily be seen that (L, H, A, Z) satisfies the axioms of a bico-
module algebra system from Definition 3.1.1.

2]

One can easily check that the generalized antipode maps Sy and Sy are well-
defined. We finally show that they satisfy the axioms for a total Hopf-Galois
system in Definition 3.1.3: Axioms (A1) and (A3) follow from

Va(A® SZ)PL(Z T ®Y;) = Z Ti0) e (Ti1))Yi = Z TilYi =
= naeL(d 7 @ yi)
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and
Va(Sz @ A)pr(h) = ex(ha)heMhe™ = naeu(h)

for Y x; ®y; € L and h € H by (1.6). We use properties (1.4) and (1.7) for
axiom (A2)
Vz(Z ® Sa)pu(h) =
- h(l h [2}(O)S(h(z)[2](1))[2}S(h(2)[2] ) ® S(h [2](1))[”11(2)[1] =
= hyhe P S(h) P S (hay) @ S(he)Mhe!"

= hy(haS(h))PS (hay) © (h(z)S( @)

(
(

The axiom (A4) follows by applying (3.7) and (1.10):

V2(S4® 2)pr(Y_mi @) = D w0 S(wi) S (i) i © 9iS (win) !
=Y i) S (i) ® S (i)
= Zmzyz i(0)Yi(1 )[ ]
= inyi ®1

= 772€L(Z T ® Y;) -

3.2 Universal Hopf-Galois Systems

Takeuchi has shown in [51] that every bialgebra B can be mapped into a uni-
versal Hopf algebra H(B). This can be done such that each bialgebra mor-
phism from B to an arbitrary Hopf algebra H factors uniquely over H(B).
By the analogy between bialgebras and Hopf algebras on one side and bi-
comodule algebra systems and total Hopf-Galois systems on the other, we
can hope to obtain a similar result for bicomodule algebra systems. This
would answer the question whether one can “adjoin” antipodes and gen-
eralized antipodes to a bicomodule algebra system to obtain a total Hopf
algebra system from it. Such a result would be particularly interesting, since
we have seen in the previous chapter that bicomodule algebra systems ap-
pear naturally as quadruples (coend(w), coend(v), cohom(w, v/), cohom(v, w))
for functors v,w : C — M (without having to require that the category C be
rigid).
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We have seen in the previous section that a total Hopf-Galois system con-
tains just the data needed for encoding two “inverse” bi-Galois extensions
inside it. If we take a closer look at the six diagrams in Definition 3.1.1, we
realize that two particular diagrams one might hope for are missing. We can
in fact formulate two more compatibility constraints as follows:

Let (L, H,T,Z) be a bicomodule algebra system. Then we define the prop-
erties (B7) and (B8) as

L PL T®Z H pH 7T
PL (B7) id®dm, z PH (B8) id®dL,
T@Z g TOH®Z ZQT —5—aq—2®LOT

Commutativity of diagram (B7) is clearly equivalent to the image of p, lying
in the cotensor product of 7" and Z, i.e. pr(L) C TO.Z. If (B8) holds, then
we have py(H) C ZOyxT, and this implies that the equation

h? ) ®@h?qy @ h' 1y @ kT o) = h¥(0) @ h? 1y @ h? 9y @ B (3.8)

holds for all h € H.

It follows from the coassociativity axiom of a coalgebra that the trivial Hopf-
Galois system (H, H, H, H) that arises from a Hopf algebra H satisfies the
properties (B7) and (BS).

The same holds for the bicomodule algebra system (coend(w),coend(v),
cohom(w, ), cohom(rv,w)). This follows directly by construction of the re-
spective comultiplications in Proposition D.3.

Surprisingly, also the total Hopf-Galois system arising from a faithfully flat
Hopf-Galois extensions has this additional property, as we have seen in the
proof of Proposition 3.1.10.

These examples indicate that, although we do not include these properties in
the definition of a Hopf-Galois system, it still makes sense to consider them.
If we assume that a bicomodule algebra system satisfies these additional
properties, then we can show that it admits a universal Hopf-Galois system,
generalizing Takeuchi’s result for bialgebras. So then it is possible to “adjoin”
generalized antipodes as in the sense of the following theorem.

In this section, we work in the base category K-Vec.
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Theorem 3.2.1 Let (L, H,T,Z) be a bicomodule-algebra system that has the
additional properties (B7) and (B8). Then there exists a Hopf-Galois system
(H(L),H(H),H(T),H(Z)) and a morphism of bicomodule-algebra systems

(LL,LH,LT,Lz) . (L, H, T, Z) — (H(L),H(H),H(T),H(Z))

such that the following universal property holds:

For every Hopf-Galois system (U,V, X,Y) and every morphism of bicomod-
ule-algebra systems ((,h, f,g) : (L,H,T,Z) — (U,V,X,Y) there exists a
unique morphism of Hopf-Galois systems

(€,h, f,9): (H(L),H(H),H(T),H(Z)) — (U,V,X,Y)

such that the following diagrams simultaneously commute:

L L H(L) H &d H(H)
U 1%

T z H(T) Z Z H(Z)
X Y

The proof of this theorem requires the following two results from [33].

Lemma 3.2.2 ([33]) The category K-Alg of K-algebras has arbitrary co-
products.

Lemma 3.2.3 ([33]) The category K-Bialg of K-bialgebras has arbitrary co-
products.

We also need the following lemma:

Lemma 3.2.4 Let B and C be K-bialgebras. Then the category of (B,C)-
bicomodule algebras has arbitrary coproducts.

Proof. Let (P;);en be a family of (B, C')-bicomodule algebras and let P be
their coproduct in K-Alg with the injections ¢; : P, — P. By the universal
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property of the coproduct there exist algebra morphisms g : P — B ® P
and d¢ : P — P ® C such that the diagrams

PL' Li P PL Li P

5 0B 9 do

B® P B®P PeC ~-P®C

id ®u; id ®u;

commute. Now it is straightforward to see that dg and d- define a bicomodule
algebra structure on P. O

Proof of Theorem 3.2.1. We consider the following families of bialgebras
resp. comodule algebras taken from the given bicomodule-algebra system
(L,H,T,Z): For i € Ny let

Fy ==L Foipq = LoPe?
Goi = H Gojp1:= HPP
Ay =T Agiyq = ZPP
By =7 Bojyq = TP

where (LoPeP | HOPeoP  7opeop TPeoP) ig the opposite bicomodule-algebra sys-
tem described in Remark 3.1.4.

Let F' := [, F; be the coproduct of the family (F;);en, with the injections
ti + F; — F. By Lemma 3.2.3, F' is a bialgebra, and the same holds for
G =1, G

The following maps define an (F, G)-bicomodule algebra structure on each
of the algebras A;, i € Ny:

Ay =T 2 L®Tﬂ>F®A2i

Ay =T " o ToH 1%, 4y 0G

00071, L2i41®id
Agjq = ZoPeop Lopeop @ gopcop P | B Agi1
A — Jopcop 0005, 7 70pcop [ opcop 1d®t2i41 A G
2i+1 — & — A1 ®

Hence, when defining A := [[, A; in the category of K-algebras, we get by
Lemma 3.2.4 that A is an (F,G)-bicomodule algebra. In the same way we
obtain a (G, F)-bicomodule algebra structure on B := [, B;.



3.2. Universal Hopf-Galois Systems 73

Proposition 3.2.5 (F,G, A, B) is a bicomodule-algebra system.

Proof. The family of algebra morphisms

Pry,  Foi =L PL T®Z = Ay ® By,

) _ oop, —
PPy Fripn = L s ZOPP @ TPV = Agiy @ Baiga

for all 7 € Ny, gives rise to an an algebra morphism pp : F — A ® B such
that the diagram

PF; PF

A; ® B; A® B

Li Q4
commutes. Similarly, we construct an algebra morphism pg : G — B ® A.
In order to show that pp and pg together with the previously constructed
structure morphisms make (F, G, A, B) into a bicomodule-algebra system, it
suffices to show that this holds for each component (F;, G;, A;, B;). But for
even indices, this is just the given bicomodule-algebra system, and for odd
indices the opposite bicomodule-algebra system from Remark 3.1.4. O

In order to construct antipodes and generalized antipodes, we define the
following four maps through the universal properties of the respective co-
products:

Li
id Sk
( FOPCOP ) opcop __ FOPCOP FOI?COP (3 . 9)
i — ta4l Lit1
Li
G, i G
id Sa
(Cmymer = G e G (3.10)
i+1
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Aj L A
id s
( A?pcOp ) opcop __ Bfﬁclop = Bopcop ( 3.11 )
B; i B
id St
( B Z?Pcop ) opcop __ Asiclop T’ Aopcop (3 12 )

Let Ir be the two-sided ideal of F' generated by the set
{(Spxid—ne)(z:) , (d*Sp —ne)(x:) | 2; € 1i(F;), i € No}

where * denotes the convolution in Hom(F, F'). It is shown in [33] that I is
a biideal of F'. In the same way we get a biideal /5 of G. Then the quotient
bialgebras H(L) := F/Ir and H(H) := G/Is become Hopf algebras with
antipodes Sy (1) and Sy gy which are given as the obvious factorizations of
S resp. Sg.

It is clear that A becomes an (H(L), H(H))-bicomodule algebra via

On(L),A + A A FA- ¥ H(L)® A

and

Sanmy : A—2C LA G MO | AgH(H),

where we denote both residue class morphisms F' — H(L) and G — H(H)
as 7. In the same way, B becomes an (H(H ), H(L))-bicomodule algebra.

Proposition 3.2.6 Let 14 be the two-sided ideal in A generated by the set
{(VA(id ®Sp)pr — nagr)(@:) , (Va(Sp @id)pa — naga)(yi) |
| z; € 1i(Fy),ys € 1i(Gh),1 € No} .

Then 0xry,a(La) € H(L) ® 14 and 04 pmy(1a) € 14 @ H(H), which means
that 14 1s a sub-bicomodule of A.
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Proof. The following two diagrams commute by the definition of the mor-
phisms S” above:

L
B; : B
id Sk
opcop opcop
Ai-‘rl Lit1 A
(S,L‘Jrl 5F,A

F?PCOP ® AOPCOP [ropcop ® Aopcop

i+l i+l ®ig
L
B; B
0; 0B,F
id®id Sp®SF

opcop opcop opcop opcop
i+1 ® i+1 Lit1®lit1 ®

Since the maps on the left hand sides are equal up to a twist o, it follows by
the universal property of the coproduct B that

5F,A o SIB = O'(Sjg &® S}w)(SB,F .
So we get

(0p,a ® 0p,4)(id @S)pr o 1i(z) =
= (0p,a ® 0(Sp ® Sp)op,r) (i ® L) pr,(T) =
= ((d®id@o(Sp © 57))(0ra ® 0p r) (1i(z™) @ 1(z™)) =
(id®id ®0(Sh ® Sp)) (Li(x™) (1) @ (2 (0) @ t:(25) () ® ti(zP) (1))
(id@id ©@0 (S5 © Sp))(L(zh (1) @ (™ () @ 1z ) @ 1z 1))
= (Id®id ®c (S ® Sp))(ti(za)) @ ti(z@™) @ 4z ) @ tulze))

for = € F;, applying the equation (3.1) for h € L

h <1y @ h' (o) ® B? (o) ® hZ (1) = hy © heay" @ hny” @ hyg) .
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This yields for = € F;

0r,A(Va(id®@Sp)pr)ui(z) =
= (Vp®V4)(id®o ®id)(0pa ® dpa)(id @SE)pr o ti(x) =
= (Vp @ V)(id®c @ id)(id ® id @0 (S @ S4))
(ti(za)) @ ti(ze)™) @ (™) @ ulre)) =
= 1i(2)Sp(ti(x3)) @ L)) Sp (L) ™)) =
= 1i(2(1))Spti(z3)) @ (Vaid @SE)pr)ti(r(2)

which implies

0ra(Va(id®Sp)pr — nacr)ti(r) =
= 1i(7))Srti(3) ® (Va(id @SE)pr)ti(T2)) — Oranacrii(r) =
= (1)) Spti(3) ® (VaA(Id@SE)pr — nacr)ti(z2)+
+ ti(2))SrLi(r(3) @ Nagrti((2) — Or anacpii(z) =
= (1)) Spti(3) @ (Va(Id@SE)pr — nacr)ti(z )+
+ ti(21))SELi(T2) ®na(l) — nrepti(z) @na(l) =
= 1;(2(1))Spti(z) ® (Va(id @Sp)pr — nacr)ui(r)+
+ (id %Sy — nrep)ti(x) @ na(1)
CFRIx+Ip®A.

So we obtain that

5H(L),A(VA(id ®S’B)pF — T}Asp)bi(l‘) Q H(L) (024 IA .

To prove that ds )4 maps also elements of the form (V4(Sz ® id)pe —
nagc)(yi) to H(L) ® 14, we first calculate for y € G;

(0pa ® 0pa)(Sp ®@id)pg o 1i(y) =
= (0(Sp ® S) ®id®id)(dp,r ® 5FA)P (y) =

= (0(S5 ® Sp) ®@id@id) (4 (y") o) @ t:(¥") 1) ® ti(y™) 1) @ L(y™) ) =
= (0(S5 ® S%) ®id ®id) (1 (y") o) ® 1i(y”® )(1) ® Lz'(yB’)(z) ® u(y™))

where the last equality is deduced from (3.8) and hence requires the addi-
tional property (B8) of the bicomodule-algebra system (H,L,T, 7). With
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this formula we get

dra(Va(Sy ®id)pe)u(y) =
= (Vrp® Va)(id®o ®1d)(0pa ® 0p,4)(Sp @ id)pati(y) =
= (Vi ® V1) (id®c ®id) (0 (S, ® Sh) @ id ®id)
(ti(y") 0 © L") @) @ Ly™) @ @ Luly™)) =
= Sp(ti(y") )W) @) © Spu(y") o)uly™) =
= (Sp *1d)(1(y") 1)) @ Sp(Li(y™)0))ea(y™) -

Finally, we have

0rA(Va(Sp ®@id)pe — naca)u(y) =
= (S5 *1d)(1(y") 1) @ Sp(Li(y")0)ei(y™) — dpalnacau(y)) =

= (Sp *id —nper) (1Li(y™) o) © Spuy™)o)uly™)+
+nrepti(y™) ) @ Sp(u(y™) 0)i(y™) — dna(nacati(y)) =

= (Sp *id —npep) (1(Y™) 1)) @ Sp Ly ) o))u(y™)+
+nr(1) @ Sp(L(y"))u(y™) —ne(1) @ naceuly) =

= (Sk *id —nper) (Ly™) o) © Spuy™)o)uly™)+
+nr(1) @ (Va(Sp @id)pe — naca)ui(y)

Clr @A+ F®1,,
and thus

d1(1),a(Va(Sp ®id)pe — nage)uy) € H(L) @ L .

The proof for the right comodule structure d ) is similar. O

Of course, the statement in Proposition 3.2.6 holds also for the analogously
defined biideal Iz of B. For this we need the property (B7).

Now we can define the quotient algebras H(T) := A/l and H(Z) := B/Ip,
and because of Iy C Ke((m®7)dr4) and 4 C Ke((m®@7)d4,¢), which we just
proved, we get the following bicomodule algebra structure maps for H(7'),

A" CH(T)=A/l, AT ~HT)=A/L,

6F,A 5A,G
FeA Sr(L),m(T) ARG Sn(T) H(H)
TR TR

H(L) @ H(T) H(T) ® H(H)
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and for H(Z) respectively.
It is clear that (H(L), H(H), H(T'), H(Z)) is a bicomodule algebra system.

We show that S’ can be factored over H(T') as
A = H(T)= A/l

S
Bopcop Syr)

™

H(Z)opcop _ (B/]B)opcop
i.e. that Iy, C Ke(nwS’). Since Ke(w) = I, we just have to show that
S (I4) C Ig. Let x € F;. Then we have
SA(Va(ld@Sp)pr)u(x) = Vo (Sy @ S4Sp) (i ® ui)pr,(x)
= Vpo(id®5))(tit1 ® tit1)pr ()
= V5(5) ®id)(tit1 ® tit1)opr, (2)
= V(54 ®id)(ti+1 ® tiy1)pr,, (T)
= V(S ®id)prtiyi(z)
and
Su(naerui(z)) = Sy(Vei(x) = np(L)ein (x) = npepti(z)
which implies
S1(Valild®@Sp)pr — nacr)ui(z) = (Vp(Sy @ id)pr — npep)tin(z) C Ip .

Together with similar computations we obtain the desired factorization.

Proposition 3.2.7 The morphism Syr) and the analogously constructed
morphism Sy(zy : H(Z) — H(T) are generalized antipodes for the bicomo-
dule-algebra system (H(L), H(H), H(T), H(Z)).

Proof. By a generalization of [23], Proposition I11.3.6, it obviously suffices
to test the antipode property on algebra generators. For instance, we get for
r € F;
Vi) (id @Sw(z)) prrymei(®) = Vayr) (T @ Spzym)pri(x)

= V) (7 @ m)(id ®Sp)prui()

= 7V a(id®Sp)pri(z)

= macrti(T)

= NnmEnr)mhi(z)

and the other equalities can be shown similarly. a
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So far, we have constructed a total Hopf-Galois system
(H(L), H(H), H(T), H(Z))

such that setting (v, tq, ta, ) := (7o, Tig, Lo, TLo), We obtain a morphism
of bicomodule-algebra systems

(¢rytaytases) s (L H, T, Z) — (H(L), H(H), H(T), H(Z)) .

It remains to be shown that the universal property is satisfied.
So let (U, V, X,Y) be a total Hopf-Galois system and let

(6h, f9) - (L, H, T, Z) — (U,V, X,Y)

be a morphism of bicomodule-algebra systems. We define recursively the
following families of bialgebra resp. algebra morphisms for all ¢ € N :

bo:=1 livr = Sul;
ho :=h hit1 := Syh;
fo:AO:Tgf’X go:By=2—-"2+Y
fi: Ay = Zopeor I, yopcop Sy X
g1 : By =T°PP _ S, xopeop __5x v
Jiv1 = Sy gi Giv1 = Sx [i

This means in fact that we have morphisms of bicomodule-algebra systems
(i hi, fiy9:) = (Fy, Gy, Ay By) — (U, V, X,Y) for each i € Ny. The reason
for this is that (Sy, Sy, Sx,Sy) is a morphism of Hopf-Galois systems by
Proposition 3.1.8 and thus each (¢;, h;, f;, g;) is a composition of bicomodule-
algebra morphisms.

By the universal property of the coproduct, the above families define bialge-
bra morphisms ¢ : I — U with ¢'v; = ¢;, h' : G — V with h't; = h; and
algebra morphisms f': A — X with f'i; = f;, ¢ : B — Y with ¢’1; = g; for
all 7 € Ny.
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Now we see that I, C Ke(f’), since we get for z € F;

f(Va(id®Sg)pr)i(z) = f(Va(id®@SE) (1 @ 1i)pr,(2))

= ['Va(t; ® Spti)pr, ()
= f'Va(ti ® tiy1)pr,(z)
= Vx(f'ti ® f'tiv1)pr,(7)
= Vx(fi ® fiy1)pr, ()
= Vx(fi ® Sygi)pr, ()
= Vx(id®@Sy)(f; ® g;)pr,(x)
= Vx(id ®@Sy)puli()
= nxeuli(v)
= nxer, (z)
= f'(nacrui(z))

using the properties of a morphism of bicomodule algebra systems. By a

similar calculation we have the same result for the other part of I, .

Hence, f’ factors over H(T), i.e. there exists a unique algebra morphism
f:H(T) — X such that the diagram

A; A—"— H(T)

commutes for for all 7+ € Ny, and so in particular the diagram

T T H(T)
N
X

commutes. As before, we get the corresponding results for the other three
morphisms, such that there exists a map

(€,h, f,9) - (H(L), H(H),H(T), H(Z)) — (U, V. X, Z) ,

that makes the four diagrams in the statement of the proposition commute.
We still have to verify that (¢, h, f,g) is in fact a morphism of Hopf-Galois
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systems. For the axiom (M1) we consider the diagram

Zl

H(L)

F U

™

PR PH(L) PU

TR f®§
/®g/

that commutes with the possible exception of the right hand square. But «
is surjective and so the last square must commute, too. The axiom (M3) can
be deduced in the same way from

f/

A = H(T) X
Or,A OH(L),H(T) du,x
T ®f
FoA H(LE) @;H(T) U X
/® !

as well as the other diagrams.

Finally, the uniqueness of the morphism (¢, h, f,g) follows from the fact, that
l, h, f and g are already uniquely determined as morphisms of algebras by
the universal property of the coproduct in K-Alg. O
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Chapter 4

Bialgebroids and Hopf
Algebroids for B-Torsors

4.1 Bialgebroids and x 4-Bialgebras

The following is a well-known fact in the theory of Hopf algebras: The cat-
egory of modules over a k-algebra H is monoidal with the tensor product
of the underlying category of k-modules, if and only if H has a bialgebra
structure. This means that the forgetful functor yM — M is monoidal.

Let A be a noncommutative ring. For two A-bimodules M, N € 4 My, one
can consider the tensor product M ® 4 N over A. Then, as was shown in [39],
an algebra whose modules form a monoidal category with the tensor product
®4 has the structure of a x 4-bialgebra. The definition of a x 4-bialgebra,
and that of the equivalent notion of A-bialgebroid, is based on a new tensor
product “x 4”7, and generalizes the notion of a bialgebra over a commutative
ring k.

The notion of x 4-bialgebra was introduced by Sweedler [50], and later gen-
eralized by Takeuchi [52]. Motivated by studies of Poisson groupoids, the
same objects were introduced again under the name of bialgebroids by Lu in
[26]. There exists a side-reversed version to these bialgebroids, called right
bialgebroid in [22].

In [26] Lu also defined an antipode for bialgebroids, which was supposed to
generalize antipodes for Hopf algebras. This definition requires the existence
resp. choice of a section for the canonical projection of the tensor product
over k to the tensor product over A. To avoid this quite technical and un-
natural approach, several other authors have given other definitions of Hopf
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algebroids resp. x 2-Hopf algebras based on categorical properties. One of
them is Schauenburg’s concept of x 4-Hopf algebra [43].

We are going to review the definitions of X 4-bialgebra and A-bialgebroid.
Both left and right bialgebroids arise naturally with the generalized versions
of quantum torsors that we are going study in the next section. We give a
definition of x“-bialgebras. These are right bialgebroids in the terminology of
x 4-bialgebras. This translation of axioms allows us then to give a definition
of x“4-Hopf algebras based on categorical properties analogous to those of
Schauenburg’s x 4-Hopf algebras in [43]. We show that x 4-bialgebras that
admit a Hopf-Galois extension are x 4-Hopf algebras.

We follow Takeuchi’s and Schauenburg’s descriptions of x 4-bialgebras in [52]
resp. [43]:

Let A be a k-algebra. We denote the opposite algebra by A := A°? and
let A > a— a € A be the obvious anti-isomorphism of k-algebras. We
abbreviate A° := A ® A for the enveloping algebra, where A and A are
considered as subalgebras in the obvious way.

Let M, N € 4eM 4. Using a notation due to MacLane, we let

/&M®(1N

be the quotient submodule

M®N/ <am®@n—m®®an|ac€ Ame M,ne N >,

/ M&®Na

be the submodule of M ® N consisting of

and

For two left A°-modules M, N we set
MON::/C—LM@)GN.

This is again a left A°-module with the left A-module structure induced by
the structure of N, and the left A-module structure induced by the structure
of M. Tt is easy to see that the category (4M, o) is monoidal and naturally
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isomorphic to the category (4 M4, ®4).

For two A°-bimodules M, N we set

b
MXAN:://QM}_,@aNba

which is the submodule of M ¢ N consisting of
{Zmi@)ni C MoN| Zm,-d@ni :Zmi@)niaVaE A} .

It is again an A®bimodule with A acting on the left and A acting on the
right tensor factor as (a ® b)(m ® n)(c ® d) := ame ® bnd for a,b,c,d € A
and m®n € M x4 N. Thus, x 4 defines a product on the category se M 4e,
which, however, must neither be associative nor unitary.

A triple X 4-product for M, N, P € 4e M 4e is defined as

c,d
MXAPXANZZ/ / aMe: ® 3P g ® pNg -
a,b

There exist associativity maps

a:(MxsgN)xaP— MxaNxyuP
O/IMXA<NXAP)—>MXANXAP

that are both given by m @ n @ p — m ® n ® p on elements. They are
Af-bimodule maps, but need not be isomorphisms.

The endomorphism ring End(A) inherits the A°-bimodule structure from A.
For every M € se M 4e, the following are A°-bimodule maps:

VM xaEnd(A) = M, mef— f(I)m
¢ End(A) xa M — M, f@m— f(1)m

Now we are ready to introduce the notion of x 4-coalgebra.
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Definition 4.1.1 A X 4-coalgebra is an A°-bimodule L together with a co-
multiplication A : L — L x 4 L and a counit € : L — End(A), both of which
are A°-bimodule maps, such that the following diagrams commute:

L = Lx,L
A Lx A
LxalL Lxs(Lxal)
AX oL o
(LxaL)xalL — LxAL'xAL
L 2 LxaL L 2 Lx,L
id LX g€ id exal
L 5 L x4 End(A) L = End(A) x4 L

We use generalized Sweedler notation to denote the comultiplication map of
a x s-bialgebra L by A(f) =: £y ® {2y € L x4 L. Note that one has to be
very careful when applying the coassociativity axiom on this notation, since
both o and o need not be isomorphisms (see [43] for details).

An A¢-ring (or an algebra over A°) is defined as an algebra L equipped with
an algebra map iy, : A° — L. A map of A°rings is an algebra map that
commutes with the respective maps from A€.

An Af-ring L becomes an A°bimodule in a natural way, namely by left
and right multiplication with the image of ¢;. For two A®rings L and K,
L x 4 K is an algebra with componentwise multiplication and an A°-ring via
ipx ik ARA—=Lxs K, a®briy(a)®ig(b).

Definition 4.1.2 A X 4-bialgebra L is an A°-ring that has the structure of
a X g-coalgebra such that the comultiplication A and the counit ¢ are maps
of A®-rings.

The category of left modules over a x 4-bialgebra L is a monoidal category:
The tensor product M ¢ N of two left L-modules M, N € ;M becomes a left
L-module with the diagonal module structure

ED(m@n):€(1)>m®€(g)>n,
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and the unit object A becomes an L-module via the A®-bimodule map
e : L — End(A). This means that the underlying functor [T M — 4M
is monoidal.

Remark 4.1.3 Let L be a x 4-bialgebra with the A°-ring structure iy : A° =
A® A — L. Then L can be naturally considered as an A° = A ® A-ring
via the algebra morphism j;, : A® A — L, jo(@a®b) :=ir(b®a). The
resulting A-resp. A-module structures on L are such that they correspond to
the original A-resp. A-module structures given by i;. This means that we

have .
LXAL://aLb(@aLE.

Given two L-modules M, N € ; M, the symmetry M @ N — N ® M in M,
induces an invertible map

TM,N3M<>N—>/GN®5M.

Hence, composing the comultiplication map A: L — L x4 L C Lo L, {+—
L1y @ L2y with 77, 1 is well-defined and yields a map

b
ACOp::TL7LoA:L—>/ /aLb®aL5:L><AL.

We denote by ¢? : L — End(A) the obvious A°-ring map induced by the
counit ¢ : L — End(A). Now it is straightforward to see that the A®-ring L
together with the maps AP and £°? satisfies the axioms of a x z-bialgebra.
We call this x z-bialgebra the coopposite bialgebra of L, and denote it by
LCOp‘

The category rcop M of left L°P-modules is monoidal with the tensor product
of the underlying category Mz given by

MSN ::/aM(X)aN

for M, N € pcop M. The LP-module structure on M&N is given by (> (m ®
n) = 6(2) >meE 5(1) > n.

Hopf algebras over a commutative ring k can be characterized through the
following property: A k-bialgebra H is a Hopf algebra if and only if the cate-
gory of its finitely generated projective comodules is rigid [56]. Schauenburg
has given a definition of x 4-Hopf algebra in [43] that demands x 4-Hopf al-
gebras to do something similar for their categories of modules. It is shown
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in [43] that a x 4-bialgebra L satisfies the property in the following defini-
tion if and only if the underlying functor ;M — 4 M preserves right inner
hom-functors.

Definition 4.1.4 A x 4-Hopf algebra L is a X 4-bialgebra such that the map
B:LRzL—LoL, {@m {1 & ~Laym

is a bijection.

We now state the definition of Lu’s bialgebroid [26], which we shall call left
bialgebroid. Actually, the axioms in Lu’s original definition look somewhat

different but were proved to be equivalent to those in the following definition
by Xu in [59], see also [7].

Definition 4.1.5 A left bialgebroid H over R consists of:

e k-algebras H and R, called the total resp. base ring

algebra morphisms s : R — H , t: R°? — H, called the source resp.
target map such that
s(r)t(r') = t(r')s(r)

for all r;7’ € R, giving rise to an (R, R)-bimodule structure on H by
r = s(r)t(r')z

(R, R)-bimodule maps A : H — H ®z H and € : H — R such that
(H,A,¢) is an R-coring, that is a comonoid in g Mp.

the following identities for r € R and z,y € H:

1) A)(1 @ s(r) = Al)(t(r) 1)
2) Alzy) = Alx)A(y)

3 Al) =11

1) elws(e(y))) = elay) = e(wt(=(y)))
) e(1) = lr

ot
™

We note that H ®r H does not necessarily possess a well-defined algebra
structure. Thus, the properties 1) and 2) can not be expressed by demanding
that A be an algebra map.

It is shown in [7] that the notions of x p-bialgebra and left R-bialgebroid are
equivalent. In the above definition, one can define an alternative bimodule
structure on H by multiplying with the source and target maps on the right.
This leads to the notion of right bialgebroid as given in [22]:
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Definition 4.1.6 A right bialgebroid H over R consists of:

e k-algebras H and R, called the total resp. base ring

e algebra morphisms s : R — H , t : R — H, called the source
resp. target map such that

for all r, 7" € R, giving rise to an (R, R)-bimodule structure on H by

rex-r = xs(r)t(r)

e (R, R)-bimodule maps A : H — H ®g H and ¢ : H — R such that
(H,A,¢) is an R-coring.

e the following identities for r € R and x,y € H:

1) (s(r)®@1)A(z) = (1@t(r)Ax)
2) Afzy) = A(z)Ay)

) A(l)=1®1

4) e(s(e(x))y) = e(zy) = e(t(e(z))y)
5) (1) =1g

Remark 4.1.7 Given a left bialgebroid (H, R, s,t, A, ) with total ring H,
the opposite algebra H° becomes a right bialgebroid over R with the struc-
ture maps s? :=t: R — H? t? :=s5: R? — H? and A? .= A, e? :=¢.
This relation between left and right bialgebroids can be understood by pass-
ing from left H-modules to right H°’-modules and requiring that they form
a monoidal category with the underlying functor to the category of R-bi-
modules.

Definition 4.1.8 Let H and K be two bialgebroids over the base ring R.
An algebra morphism f : H — K is called a morphism of bialgebroids if it
is an R-bimodule morphism and compatible with both comonoid structures
such that

Agof=(f®rf)oAy , exof=c¢ny

Lu has given the following definition of Hopf algebroid in [26]. It is not
equivalent to Schauenburg’s definition of a x 4-Hopf algebra.
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Definition 4.1.9 A left bialgebroid H over R is called a Hopf algebroid if
there exists an algebra anti-automorphism ¢ : H — H, called the antipode,
such that

e ot=3s
e Vc®id)A=tocog

e there exists a linear section v : H g H — H ® H for the natural
projection such that V(id ®¢)yA = soe.

Note that writing down the second property is well-defined because of the
first one. The section v is really needed for the third property, since an
expression like V(id ®¢)A might not be well-defined.

Some interesting examples of Hopf algebroids are discussed in [26], along
with a construction method for Hopf algebroids that we will study later on.
The following example from [26] is called the trivial Hopf algebroid:

Example 4.1.10 Let A be a k-algebra. Then H := A ® A is a left bial-
gebroid over A with the source map s : A — A® A? | a — a® 1 and the
target map t : A — A® A? | a — 1 ® a. The A-ring structure on H is
given by A : AQ AP - AQAP R4 ARA? |, a®b—a®1®1®band
e ARAP? - A, a® b ab.

The bialgebroid H becomes a Hopf algebroid with the antipode ¢ : H
— H |, a®b+— b® a, where the section v : H @4 H = A® AP @ A%
— HH=A® A’ A® A° can be chosen as a®b QR c— aR@bR1® c.

Lu’s definition of Hopf algebroid has one disadvantage. In cases where the
structure maps of the bialgebroid do not have such a simple form as in the
previous example, it can be quite difficult to construct a suitable section.
Nevertheless, Lu’s Hopf algebroids will turn out to be useful for us in the
next section. They arise naturally with B-torsors and provide a generalized
Grunspan map for them.

Lu has shown in [26] that an antipode for a left Hopf algebroid H over R
always comes along with a particular endomorphism of R:

Proposition 4.1.11 (/26]) Let H be a Hopf algebroid over R. There exists
an algebra morphism ¥ : R — R such that o s =1to1.

Proof. Since A is an (R, R)-bimodule morphism, we have A(s(r)) = r -
A(1) = s(r) ® 1 for r € R. Applying the identity V(id ®¢)A =toecog to
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s(r) yields toeogos(r) = V(c®id)(s(r) ® 1) = ¢ o s(r). Now we see that
the map ¥ := ¢ o ¢ o s satisfies the above property. O

It is shown in [7] that the notion of x 4-bialgebra is equivalent to the notion
of left bialgebroid. So it is clear that the properties of a right bialgebroid
can be expressed by a structure that is modelled analogously to that of a
X 4-bialgebra. Later we will encounter these right versions of x 4-bialgebras,
arising naturally from torsor structures. Therefore, we have to work out their
structure explicitly. It is based on a new product “x4” that we define as
follows:

We denote by A, := A® A the opposite algebra of A¢ and define for M, N €
AMa,

MAN::/MG@)N,I

b
MxAN::/ /bMa®bNa.

For M,N € My, M A N is again a right A,-module by letting A act on
the first tensorand and A on the second. It is obvious that the category
(M., &) is monoidal and isomorphic to the category (4Ma, ®4). Since we
just reversed sides and replaced a’s by @’s, it is clear that the product x4 has
properties analogous to those we have listed above for x 4. We denote the
obvious associativity morphisms by « resp. /. In particular, the product
H x4 K of two A.-rings H and K is again an algebra by componentwise
multiplication and an A.-ring by igyax : AR A — HxA K , a®@b—
ig(a) ®ig(b).

The endomorphism ring of A becomes an A.-bimodule via the right A.-
module structure on A, that is ((a®0b)- f)(«) := f(aab) and (f-(a®b))(«a) :=
af(a)b for f € End(A) and o € A. This means that the opposite algebra
End(A)° is an A.-ring via ipnqa)r : AQ A — End(A) , a®@b — (a — aab).
We define two A.-bimodule maps for each M € 4, M4, by

and

C:Mx?End(A) - M, m®f — mf(l)

¢ End(A) x*M — M, fom —mf(l).

Definition 4.1.12 A x“-coalgebra is an A.-bimodule H together with a
comultiplication A : H — H x“? H and a counit ¢ : H — End(A), both of
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which are A.-bimodule maps, such that the following diagrams commute:

b4 2 H x4 H
A HxAA
HxAH H x4 (H x* H)
AxAH o
(HxAH) x4 H - H><A}'I><AH
H & HxAH big 2 Hx4H
id HxAe id exAH
H : H x* End(A) H C, End(A) x4 H

Definition 4.1.13 A x“-bialgebra H is an A.-ring that has the structure of
a x“-coalgebra such that the comultiplication A : H — H x4 H and counit
e: H — End(A)° are maps of A.-rings.

In order to show that this is the correct definition, we prove that the notions
of right bialgebroid and x“-bialgebra are equivalent:

Theorem 4.1.14 For an algebra H the following are equivalent:

1) A right A-bialgebroid structure (H,s,t, A, ¢).
2) A x“-bialgebra structure (H, A, €).

Proof. Let (H,s,t,A,¢) be a right bialgebroid. The A-bimodule structure
on H imposed by the definition is equivalent to a right A.-module structure
h-(a®b):= ht(a)s(b). The algebra H becomes an A.-ring via the algebra
map iy : Ae — H,ig(a®b) :=t(a)s(b), and the corresponding A.-bimodule
structure on H is given by the right A.-module structure above and the left
A,-module structure (@ ® b) - h :=iy(a ® b)h = t(a)s(b)h.

With these structures we have H A H = (H® H)/ <h-a®g—h®g-a >=
(HRH)/ < hs(a)®@g—h®@gt(a) >= H®, H, and thus H x*H = {h®g €
HAH|a-h®g=h®a g} ={h®ge HR,H |s(a)h®@g=h®t(a)g} =
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{h®@ge H®,H | (s(a)®1)(h®g) = (1®t(a))(h®g)}. Hence, the identities
1), 2) and 3) in Definition 4.1.6 imply that A induces an A.-ring map A’ : H
— H x4 H. Tt is clear that coassociativity of A implies coassociativity of
A’ in the sense of Definition 4.1.12.

We use the counit ¢ : H — A to define a map ¢’ : H — End(A) by
g'(h)(a) = e(s(a)h) = e(t(a)h) for h € H and a € A The last equal-
ity holds, since we have e(s(a)) = a = (t(«)) by identity 5) and right
Ae-linearity of e, and this implies e(s(a)h) = e(ses(a)h) = e(tes(a)h) =
e(t(a)h) by identity 4). Obviously, the map &’ is right A.-linear since ¢
is, and it is left A.-linear since £'(a - h)(a) = (s(a)s(a)h) = e(s(aa)h) =
g'(h)(aa) = a- (e'(h))(a) and €'(a - h)(a) = e(t(a)t(a)h) = e(t(aa)(h) =
g'(h)(aa) = a-€'(h)(a) by definition of the A.-bimodule structure on End(A).
By identity 4) we get €'(g)e’(h)(a) = €'(g)(e(s(@)h)) = e(s(e(s(a)h))g) =
e(s(a)hg) = €'(gh)(a), which shows that ¢’ : H — End(A)% is an A.-ring
map.

Finally, we have ¢ o (H x4 &) o A’(h) = hye(h2))(1)
¢'o(e x4 H)oA'(h) = hy - 6/(h(1))< ) = E(h(l))h =

= he(h(z)) = h and
hforalthH

Conversely, let H be a x“-bialgebra with comultiplication A and counit &.
We define the source map by s : A — H , a+— ig(1l®a) and the target map
byt:A— H, a~ ig(a® 1), where iy : A, — H is the algebra map that
gives the A°-ring structure on H. Obviously, the images of s and ¢t commute
in H and the induced A-bimodule structure is a-h-b = hs(b)t(a) = hig(a®b),
which corresponds to the natural right A.-module structure on H.

We have HQ,H = (H®H)/ < hs(a)®g—h®gt(a) >, and since hs(a)®g =
hig(l1®a)®@g=ha®gand h® gt(a) =h® gig(a® 1) = h® ga, it follows
that H A H = H ®4 H. Hence, the comultiplication A : H — H x4 H
induces a map A’ : H — H A H = H ®4 H in My,. The counit € : H
— End(A) induces amap e’ : H — A, h— e(h)(1) in M4, . It is clear
that A’ and ¢’ make H into an A-coring.

Moreover, identity 1) for a right bialgebroid corresponds to the fact that
A'(H) C H x* H, as follows from (s(a) ® 1)A'(h) = (in(1 @ a) @ 1)(ha) ®
hiz)) = ahq) ® hz) and (1 ® t(a))A'(h) = (1 ®ig(a ® 1))(ha) ® he) =
h() ® ah(s). The identities 2) and 3) hold because A : H — H x4 H is an
Ae-ring map. The counit satisfies 4) and 5), since ¢ : H — End(A) is an A,-
ring map and hence £'(s(e'(9))h) = e(s(e(9)(1)h)(1) = (e(9)(1)) - e(h)(1) =
e(h)(e(g)(1)) = e(gh)(1) = €'(gh) and £'(t(e'(9))h) = e(t(e(g)(1)h)(1) =
e(g)(De(h)(1) = e(h)(e(g)(1)) = e(gh)(1) = £'(gh). =
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Let H be a x4-bialgebra. For M, N € My, we define a right H-module
structure on M A N by (m®n) <h :=m<hqy@n<hp forme M,ne N
and h € H. It is well-known (see [39]) that an A°-ring L is a X 4-bialgebra if
and only if the category (1M, ¢) is monoidal such that the underlying functor
M — 4e M is strictly monoidal. Of course, a corresponding property holds
for right modules over x“-bialgebras:

Theorem 4.1.15 The following are equivalent for an A.-ring H:

1) A x“-bialgebra structure on H.

2) The structure of a monoidal category on My such that the underlying
functor My — My, is strictly monoidal.

This theorem explains why the counit of a x“-bialgebra H has to be an A,-
ring map € : H — End(A)°%: The category (M4,, A) is monoidal with unit
object A. So for the underlying functor My — M4, to be monoidal, A has
to be made into a right H-module. This is done via an algebra morphism
H°? — End(A).

Now we are looking for the correct categorical definition of x“4-Hopf algebra.
Recall that a x s-bialgebra L is called a x 4-Hopf algebra if the underlying
functor ;pL M — 4e M preserves right inner hom-functors (see the appendix for
a definition of inner hom-functors). Since we are considering right modules
over x“-bialgebras, we have to switch to left inner hom-functors:

Proposition 4.1.16 Let H be a x“-bialgebra. The category (M, A) is left
closed with inner hom-functor homp,,, (N, P) = Hom_g(N A H, P).

Proof. Let N be a right H-module. There is an H-bimodule structure on
N A H with the left H-module structure induced by H. We have for all
M € My a well-defined isomorphism

NAMS Moy (NAH) , n@me—men®1
with inverse m ® (n ® h) — n ® m - h. So the hom-tensor adjunction yields

Hom_y(N Ao M, P) = Hom_y(M @y (N A H), P)
= Hom_y(M,Hom_g(N A H, P)) .

This shows that the functor P +— Hom_g(N A H, P) is right adjoint to the
functor M — N A M. a
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The category (My,, A) is left closed, since the category (4Ma, ®4) is closed
with left inner hom-functor hom , o, (N, P) = Homu4 (N, P). This means that
the left inner hom-functor in M 4, is given as hom,, (N, P) = Hom_4(N, P)
with the right A.-module structure (f - (a ® b))(n) = f(na)b.

Now we can prove, similarly to [43]:

Theorem and Definition 4.1.17 Let H be a x“-bialgebra. Then the fol-
lowing are equivalent:

1) The underlying functor My — M 4, preserves left inner hom-functors.
2) Themapy: H®;H— HAH , h®g+— hg) @ gy is a bijection.
If these equivalent conditions hold, we call H a x*-Hopf algebra.
Proof. We note that if v is a bijection, then so is the map
W N®iH—=NAH,n®@h—n-hq ® hg)

for all N € My, since vy can be identified with N ®p .

Let N, P € Mpy. The evaluation map for the left inner hom-functor in My
is given by

ev: N AHom yg(NAHP)—P,ev(n®f)=fnel).

The left inner hom-functor Hom_ 4(N, P) in My, can be identified with
Hom_gx(N ®; H,P) via Hom_yg(N ®; H,P) > f — (n — f(n®1)) €
Hom_ 4(N, P). Under this identification the evaluation map is given by

ev': NAHom_ y(N®@zH,P)— P, ev'(n®f):=f(nx®1l).
Then the unique map
¢ :Hom_g(N A H,P) — Hom_g(N ®; H, P)

that satisfies ev = ev/(IN A ¢), and exists by the universal property of
Hom_ 5(N, P), is given by
e(f)in@h)=¢(f)n®@l)-h=f(n®l) h=[f(n®1)-h)
= [(nha) ® h) = flyn(n @ h)) -

Now we get by the Yoneda Lemma that ¢ is bijective for all P if and only if
vn is bijective. O
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Now that we have determined how x“-bialgebras are related to x 4-bialge-
bras, it is clear that all the results that are known for x 4-bialgebras hold
in a similar way for x“-bialgebras. It is necessary to have both these con-
cepts, though, especially if we want to consider left and right Hopf-Galois
extensions.

Schauenburg has shown in [39] that x 4-bialgebras occur naturally with Hopf-
Galois extensions over non-trivial sets of coinvariants:

Let T be a left faithfully flat H-Galois extension of B and assume that T’
is flat as a k-module. Then there is a structure of X pg-bialgebra on L :=
{Z Ry, €T T ’ Z i @ Yi0) @ Yi1) = Z Zi(0) @ Yi & S(:Ei(l))}. It makes
T into a left L-comodule algebra in sense of the following definition:

Definition 4.1.18 Let L be a xp-coalgebra. A left L-comodule is a B-
bimodule M together with a map 6 : M — L xp M of B-bimodules such
that the following diagrams commute:

M 0 ~LxpgM
4 Lxpgé
LxgM Lxp(LxgM)
AxpM o
(LxpL)xgM - L><BL'><BM
M 0 LxgM
id expM
M o End(B) x5 M

It is proved in [39] that the category LM of left comodules over a X p-
bialgebra is monoidal with the tensor product over B.

Definition 4.1.19 Let L be a xp-bialgebra and let T be a B-ring that is
also a left L-comodule. Then we call T a left L-comodule algebra if the
comodule structure map 0 : T'— L xg T is an algebra map.

Note that this definition makes sense, since we have seen that L x5 T really
possesses an algebra structure.
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For the above situation of a left faithfully flat H-Galois extension T" of B, it
was shown in [39] that the left action of the x g-bialgebra L is such that T
becomes a left L-Galois extension of k. Hopf-Galois extensions with respect
to X 4-bialgebras are defined as follows, see [39]:

Definition 4.1.20 Let L be a x g-bialgebra and let T" be a left L-comodule
algebra. Let C':= “LT :={z € T | §(x) = 1, ® x}. Then T is called a left
L-Galois extension of C' if the map

B:TRcT —LoT , 1@y +— x_1)QT0)Y
is an isomorphism, and restricts to an isomorphism

TRcT?P2LxpT.

It is well-known that a k-bialgebra that admits a Hopf-Galois extension is a
Hopf algebra. We prove that the same statement holds for x g-bialgebras.
The following generalizes a proof of Takeuchi, see [42]:

Lemma 4.1.21 Let L be a Xpg-bialgebra and let T be a left L-Galois ex-
tension of C' = LT that is faithfully flat as a left B-module. Then L is a
x g-Hopf algebra.

Proof. The xpg-bialgebra L is xg-Hopf algebra if the map 3y : L ®5 L
— LoL , L®@m — Ly @ {m is bijective. By assumption, we have a
bijection 87 : T ®c T — LoT , 1 ®y r x1) ® r0)y. We consider the
following diagram

T®cT ®c &T fract LoT®cT

T®chr

T®c (Lo.T) Lofr
Bis

(LegL)oT 5T LoLoT

where the map (13 : T ®¢ (Lo.T) — (L®g L) oT is given by applying Or to
the first and third tensorand and leaving the middle tensorand untouched,
that is fis(z ® L ® y) = 2(—1) ® L @ x(g)y. The left C-module structure on
L ¢ .T is induced by the left C-module structure of 7.
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In order to show that 5 is well-defined, we first consider the map (i3 :
TRLRT) — (LegL)eT , 2@y x(_1) ®{® x0)y. We have for
be B

B3 (x @ L @ by) = 2(_1) @ L ® x(0)by
= 2nb @ L@ Ty

since r(_1) @ v(0) € L xp T', and

Bis®(x @bl @ y) = x(_1) ® bl @ z(0)y
=2-b ® L@ T(0)y

in (L®pL)oT, which shows that there exists a factorization 313" : T® (LoT)
— (L®pg L)oT. Now we get for c € C = LT

Bis’(ze @ L@ y) = (zc)(—1) © L@ (x¢) )y
= Z(-1)¢(-1) © £ @ T(0)¢(0)Y
=21 @ L O T()cy
=83z @0 ®cy) ,

and therefore 3,3° factors over T ®¢ (Lo.T) as (313. It is clear that (33 is an
isomorphism. It is straightforward to see that the other maps in the diagram
are also well-defined and bijective with the possible exception of the map
Br o T. But the diagram commutes, since

(LoBr)Br@cT)(z®y®z)=(Lopfr)(z-1) @ r0y® 2)
= Z(-2) @ T(-1)Y(-1) @ T(0)Y(0)?

and

(BroT)Bi3(T @c fr)(x @y @ 2z) = (6L @ T)Pis(r @ y—1) @ Y0)2)
= (B @5 T)(z(—1) @ Y(-1) ® T(0)Y(0)%
= T(-2) @ T(—1)Y(-1) @ T(0)¥Y(0)Z

forall rt®@y® 2z €T ®cT ®cT. We conclude that the map ([ ¢ T must
also be bijective. Since the left B-module structures on both (L ®5 L) and
Lo L can be identified with a right B-module structure (and hence ¢ can be
interpreted as ®p), we can conclude by left faithful flatness of 7" over B that
the map 3 is bijective. O

It is straightforward to find the correct definition of right comodules over a
x“-bialgebra H via the analogy in the definitions of x 4-bialgebra and x“-
bialgebra. Then one can consider H-comodule algebras and right H-Galois
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extensions. We conclude that the previous proposition has a x“-version for

right H-Galois extensions, saying that a x“-bialgebra that admits a faithfully
flat right Hopf-Galois extension is a x“-Hopf algebra.

4.2 B-Torsors and associated
Hopf Algebroids

Let H be a k-Hopf algebra and let A be a right H-Galois extension of B
such that B is not isomorphic to k. Then the model of quantum torsor as
defined by Grunspan is obviously no longer sufficient to encode both the right
coaction of H and the left coaction of the x g-bialgebra that we described in
the previous section. Nevertheless, one can still find a way to “hide” both
coactions in just one map. Such a structure was defined by Schauenburg in
[42] under the name of B-torsor:

Definition 4.2.1 Let B be a k-algebra, and B C T an algebra extension,
with T" a faithfully flat k-module.

The centralizer (T ®5T)® of B in the (B, B)-bimodule T ®p T is an algebra
by (a®@b)(z®@y) =raxby fora®bz®yc (TozT)".

A B-torsor structure on T is an algebra morphism p: T — T @ (T @5 T)?
satisfying the axioms

WP @0 =19r €T T
VR0 =01 €eTT

1
2

)
3) ub)=b®1®1 VbeB

)
)
) w
4) pzM)@2® @z® =2V @@ @ue®) eTeTepTO®T@sT
where io(z) := 2 ® 2 @ 2 is the notation for the induced map g : T
—TRTgT.

We note that the composition of maps in axiom 4) is well-defined because of

axiom 3).

With the observation that also in this more general case, the torsor structure
map p defines a descent data from 7" to k on T'®p T, Schauenburg proves
the following theorem in [42]. It generalizes Grunspan’s results on quantum
torsors in [18] and establishes, under certain assumptions on faithful flatness,
an equivalence between B-torsors and Hopf-Galois extensions of B.
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In order not to become confused with too many sums and indices, we will
abuse notations in this section and denote elements in a subset of a tensor
product as if they were decomposable tensors.

Theorem 4.2.2 Let T be a B-torsor, and assume that T is a faithfully flat
right B-module.
Then the subalgebra of (T ®p T)?

H = {fE@yGT@BT\wy(1)®y(2)®y(3) —1®z®y}
1s a faithfully flat Hopf algebra with structure maps

Azoy) =22y oy® y?
er®y)=ay .

The algebra T is an H-Galois extension of B under the coaction 6 : T —
T®H, 6x) = pa) = 20 1@ @20, The Galois map is given by
Bz @y) =y @ y® @ y©.

Let H be a faithfully flat Hopf algebra and T a right faithfully flat H-Galois
extension of B CT. Then T is a B-torsor with

p:Tar-arg@zpeorn?eTe (TepT)?,

where W @ W .= p~Y(1®@ h) € T @ T for all h € H with respect to the
Galois map B:T T — T ® H.

In case B = k, we know from [18] that the Grunspan map 6 of a quantum
torsor 1" is uniquely determined by the other structure maps. It has a prop-
erty that links the torsor structure map of 7" with the structure map of its
opposite torsor T°P. Using the theory of faithfully flat descent, it was shown
in [41] that the existence of the map 6 and its properties do not have to be
included in the definition of a quantum torsor in case it is faithfully flat. We
have also shown at the end of the first chapter that the parallelogram axiom,
which was in fact responsible for the appearance of 6 in the quantized case, is
redundant. Nevertheless, a Grunspan map always exists, and starting from
a faithfully flat H-Galois extension A of k, it is given by the formula (1.21).

In this section we will show that in the more general case of a B-torsor T,
we can still recover a remainder of the Grunspan map as an endomorphism
of the centralizer T2. This is because a map that is given by the formula
(1.22) appears in the context of a particular Hopf algebroid that arises with
B-torsors.

We start by showing that we can associate a right T®-bialgebroid to each
B-torsor:
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Proposition 4.2.3 Let T' be a B-torsor, and assume that the centralizer
(T @5 T)® is faithfully flat over k.

Then (T @ T)? is a right bialgebroid over T® with the following structure
maps:

o source map s:T8 — (T@pT)? , r—1®7r
o target map t: TP — (T@pT)? , r—rel
e comultiplication

A:(TepT)? — (T®pT)? @ (T®sT)?

o counit ¢: (T@pT)? = TP v @y zy

Proof. We show that the bialgebroid axioms in Definition 4.1.6 are satisfied.
It is easy to see that the base ring T2 is a subalgebra of 7. The total ring
(T ®5 T)® becomes an algebra by (a®b)(z®@y) =ra®@by for a@ b,z @y €
(T ®pT)P. With this algebra structure on (T’ ®pT)?, it follows that s is an
algebra morphism and ¢ is an algebra anti-morphism satisfying s(r)t(r’) =
lerirel)=rer=rel)(1er)=1t")s(r).

The resulting T2-bimodule structure on (T' ®p T)P is

re(@@y) ' =(@ey)s()tr) = (@ey)(ler)(rel)=reyr.
In order to show that A is well-defined, we first consider the map
Ay:T@pT =TT T T2, u@v—uev® @v® gv® .

This map is well-defined, since we have ub@v® @v® @v® = b V@ @
v =u® ()Y @ () @ (bv)® for b € B and u,v € T by the B-torsor
axiom 3). Now we can show that Ag((T ®pT)?) C (T ®pT)? @ (T @5 T)E:
Let 1@y € (T®pT)? and b € B. Then Ag(bz ®@y) = Ag(z ® yb) and hence

br @y @y @y =z ey e (y1)? © (yb)?
— 2@y b @ by g 4@
—Ir® y(l)b ® y(2) ® y(3)
by axiom 3). The claim follows by faithful flatness of (7' ®p T)? over k.

The map A is obtained by composing Ay with the canonical residue class
morphism (T @5 T)2 @ (T @ T)? — (T @ T)? @rs (T @5 T)".
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The counit map ¢ is well-defined, since for r @y € (T ®pT)?,b € B we have
bry = zyb and thus (T ®p T)%) C TP.

We check that A and e are (T2, T5)-bimodule morphisms. Let » @ y €
(T ®@p T)P and r € TP. Then

A(r-(z@y)) =Arz@y) =re @y @y® oy =
=r-(zoy) e @? oy?)=r-Aroy)
and
A((r®y) 1) =Azoyr) =2 yn)" e yr)® e (yn)® =

— 2y VD) @ r@y@ gy 3,6)
— sy @ rr@y@ gy 3,6)
:g;@y(l) ®y(2) ®y(3)7~ =Az®y)-r,

where we used u(r) € T? @ (T @5 T)?, which follows from p(br) = brl) ®

r@ @ r® and p(rb) = r'b @ r® @ r® and faithful flatness of (T’ ®p T)E.

For the counit we get e(re @ y) =rey =r-e(x ® y) and e(x @ yr) = xyr =
er®y)-r.

Coassociativity of A follows from coassociativity of ;4 and the counit axioms
follow from (¢ ® id)A(z ® y) = 2y @ y@ @ y® = 1 @ 2yVy® @ y©® =
1®r@y2r®y,since ryV @y @y® € TP @ (T ®@p T)P, and (id ®e)A
(r®y) =210y @yPy® =r@y®1 =2 ®y. This means that A and ¢
make (T ®p T)? into a comonoid in ;s Mryps.

The proof of the first identity 1) requires the following lemma:

Lemma 4.2.4 The map
V: (T®pT)? @ (T®pT)? - (T@pTpT)?
TRQUYRKXIURAW— TR YV Q@ W
15 bijective.
Proof. We claim that the inverse of ¢ is given by
¢: (TopT@pT)? — (T T)? @5 (T @pT)"
x®y®z>—>m®yz(1) ® 2% ® 8

It is easy to see that both ¢ and ¢ are well-defined. They are inverse to each
other since

po(zRyRveWw) =dx®yv@w) =1 yw? @w? @wd®
:x®y®vw(1)w(2)®w(3):x®y®v®w,
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where we used that v @ w? @ w® € TP @ (T @z T)E, and
Yopz®@yRz2) =¢Y(rRy:Y @Y%) =20y:Y:Pe:% =y 2.

O
Now we obtain for r @ y € (T ®p T)? and r € T® that

MeleAlzey)=1erelel)(zey" oy® ay®)
— 20y @ y? @ y®

1@1etr)Azey) =(1e1ere)(zey® @y ey®)
vy ©yOr ey

Applying the map v to both terms yields

1/,@ ® ry(l) ® y(2) Q y(3>) —r® 7ﬁy(1)y(2) & y(g) —rQTrQy=
=z @yVyPrey? =y ey oy®rey?),

and so it follows by bijectivity of ¢ that (s(r) ® 1@ 1)A(z®y) = (1®1®
t(r))A(z ® y), which is 1).

The remaining identities are proved by direct calculation:

Identity 2) holds, since A((z ® y)(v ® w)) = A(ve ® yw) = vz @ (yw)V @
) @ (yw)® = vz © YWl @ w@y® @ PO — (z oW @ y@ @
Yy (v @ w @ w?® @wd®) = A(r ® y)A(v ® w), and we have 3) since p is
an algebra morphism.

Finally, also 4) and 5) hold, since e(s(e(x @ y))(v @ w)) = e(s(zy)(v @ w))
e(1exy)(vew)) = €(v®$yw) = veyw and e((z®@y)(vOwW)) = e(vrYw) =
veyw and also e(t(e(z®y))(vOw)) = e(t(zy)(vOW)) = e((zy @ 1) (VRW))
e(vry ® w) = vryw, and of course (1 ® 1) = 1.

ol

From now on let T" be a B-torsor that is right faithfully flat over B, and
assume that (T ®@pT)? is a faithfully flat k-module. With these assumptions
we have the results of Propositions 4.2.2 and 4.2.3 at hand.

We denote the right H-comdule structure on 7" by

5(t) =t @ty =tV otP et CTeH CT® (T ®sT)"

Now we are going to derive a result that can be found in [20] for finite
dimensional Hopf-Galois extensions.
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We know by Theorem 4.2.2 that the Galois map for the B-torsor T is given
by
B:TepT -ToH, 2y — zyV @ y? @y®

This is an isomorphism of (7, B)-bimodules, where the (7, B)-bimodule
structure on T'® H is induced by T and the structure on T' ®p T' comes
from the obvious (7, T)-bimodule structure. By restriction, both T'®p T
and T'® H become (B, B)-bimodules, and hence the Galois map induces an
isomorphism

B:(TepT)? 2 (ToH)?=T 9 H .

So the algebra structure of the T2-bialgebroid (T ®p T)? from the previous
proposition can be transfered to T2 @ H, turning 8 : (T ®@pT)? — TP @ H
into an algebra morphism.
Recall the properties of the expression Al @ A2l = 371 (1®@h) for h € H from
Section 1.2. By (1.3) we have 3~ '(r@h) = rh @Al for all r@h € TP @ H.
Letr,s€TPandh=h1®@hy, g=q ®¢gs € HCT®pT. We determine
the induced algebra structure on T @ H as
(reh)e(s@g) =B (reh)f (s@yg))

= B((rh" @ hP)(sg!" @ g))

_ B(sgralt @ 2 g2)

— Sg[l rhtl (h[Q] [2]) ® (h[2 2])(2) ® (h[2 2]) 3)

— g R R0 210 @ (2@ REE) g KRG e

_ gl @ g & hogPO)

since B(AM @ hi?1) = HTREIM @ AR @ h2I®) =1 @ by @ hs.
Now H-colinearity of 3 implies that
g @ g ®ge =611 g( 1) ® g2
= (id®§)p 1 ®g)
= (id®d)(g" @ g™)
= gl g g2 g g g G213
and hence
(roh)e(s®g) = sg[l]rgm(l) ® g[2](2)h1 ® h2g[2](3)
= 590 "rgy? @ gph @ hagy
= sg)rgm ™ ® hg)
= s(r < ga)) @ hge)
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where < : T8 @ H — T8, r < h := hlUrhl? denotes the Miyashita-Ulbrich
action of H on T that we introduced in Section 1.2.

Proposition 4.2.5 The Galois map [ induces a smash product algebra
structure on TP @ HP by

(r#h)(s#g) = r(hq) > s)#he) - g

where > denotes the Miyashita-Ulbrich action of H? on TP from the left
and h - g :== gh indicates the multiplication in HP.

Proof. Applying the above calculation on the opposite algebra structure of
(T'®pT)? yields the formula (r@h)e,, (s®g) = r(s<tha)) ®gh@e € TPQ H.
The right Miyashita-Ulbrich action <1: T2 ® H — TP corresponds to a left
action of H? on T'® that we denote by h>r := hllrhl2. Hence, in TP @ HP,
the formula reads (r ® h) 8., (s ® g) = r(ha)>s) ® by - g € TP ® H°, which
shows that it is in fact a smash product multiplication. O

Remark 4.2.6 We know by Remark 4.1.7 that the structure of right 75-
bialgebroid on (T @5 T)® leads to a structure of left T5-bialgebroid on the
opposite algebra ((T ®@p T)P)°P. The corresponding structure maps are

e sourcemap s:1% — (T@pT)?)? , r—rol
o target map t:TP% — (T@pT)P)? , r—1®r
e comultiplication

A (T os TYPY? — (T 95 TV ©ps (T 05 T)?)7
:L“®yl—>l‘®y(1) ®y(2)®y(3)

e comnit ¢: (T @pT)B)P —=T8  z@y+— zy

Now the algebra isomorphism 3 : (T ®p T)P)? — TB#H allows us to
transfer the left T"®-bialgebroid structure of ((T" ®p T)?)P onto TB#HP.
This will make 3 into a morphism of left bialgebroids over 75,

Proposition 4.2.7 The smash product algebra TP#HP is a left bialgebroid
over TB with the structure maps

o source map 5:1TP — TBH#H?P ri—srel

e target map t: TP — TP#H? | r—rD@r® er® =rgrq
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o comultiplication

A:TBH#HP — TPLHP @8 TPH#HP
7”®hl—>7"®h(1)®1®h(2)

o counit £:TPH#HP — TP  r®hw reg(h)

Proof. Applying the Galois map 3 to the source and target maps of ((T'®p
T)B)°P yields for r € TP

[
—~
=
~—
I
=)
—~
CDQ
S
—~
=
~—
~—
I
=)

rol)=rol
tr)=8t*r) =p1er)=rYer®er® =rgyerq,

The images of § and ¢ commute in TP#H, since 5(z)i(y) = (z ® 1)(yo)
ym) = 2y) @ ya) and Hy)3(r) = (o) @ y) (1) = Yoy (y) > 7) D)
Yo)Ya )[ Iz Y )[ ] ®y( 2) = TY(0) ® Y1) by (1 10) for all z,y € T8,

®

For the comultiplication A, we consider the diagram

(T @5 T)")» . TPHH

A A
(T ®p T)%)" @rs (T ®@p T)%)” —5g o5 TP#H" @rs TP#H?

Note that the map 3 ®ps 3 is well-defined, since the (77, 7T%)-bimodule
structure on TB#H is induced by 3. So we obtain for r @ h € TB#H

Alr@h) = (B®rs B)AB™ (r & h)
= (B @7s B)AGrhY @ K2
— (8 @ B)(rhlV @ RPW g RO g p21G))
— rRUREO o BRI g RO g RRGLEEG) g R2)6) g L)
— RURRIO o p2@) g E6) g1 @ HEG) g HAG)
=r®@ha @1 hg) .

Finally, the induced counit is given by £(r@h) = 3~ (r@h) = re~'(1®h) =
re(h @ i) = ralp2 = reg (). O
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Remark 4.2.8 The (T2, T5)-bimodule structure on the left bialgebroid
TB4#H is given by

z-(reoh)=5x)(reh)=(z1)reh)=z(l>r)®1-h=x2r®h

(7’ & h) - r = Z?(.CE)(T & h) = (ZC(O) & .T(l))(T X h) = .73(0)(23(1) > 7“) X Z(2) h =
=12 ® hzq)

for z € TP and r @ h € TP#H. The last equality follows from x (o) (z(1) >
r) = x(o)x(l)mr:ﬁ(l)[z] = rx by (1.10).

The following theorem from Lu [26] was applied by Kadison in [20] to recover
a Hopf algebroid structure on the smash product AP#H, starting from a
finite dimensional Hopf algebra H over a field K and a right H-Galois exten-
sion A of B.

Theorem 4.2.9 ([26]) Let H be a finite dimensional Hopf algebra over a
field K with antipode S, and let D(H) = H* > H be its Drinfeld double.
Let A be a left D(H)-module algebra and assume that the R-matriz R =
R'® R? of D(H) acts on A such that

(R* - y)(R' - x) = zy

for x;y € A. Then there is a Hopf algebroid structure over A on the smash
product algebra A#H and the structure maps are given by

s(a) =a®1

t(a)=> (hi-a)&h;
Ala®h) =a®ha) @1 hg)
e(a®h)=¢e(h)a
s(@®h) =) (L& Sh)H(S*(h)h) - a)

where (h;) is a basis of H with dual basis (hf) of H*, and the R-matriz of
DH)isR=> (1®h;) ® (hf ®1).

As we observe immediately, the condition in Lu’s theorem (R?-y)(R-z) = zy
for z,y € A, means that A is a commutative algebra in the category p)M
of left D(H)-modules, since the category p(z)M is monoidal and braided
with the braiding given by

o MN—-NQM, m@n—R* n®R' -m .
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We know from [28] that in case the Hopf algebra H has finite dimension over
a field K, there is a category equivalence

pnyM = g YD

where a left D(H )-module M becomes a left H-module by the restricted ac-
tion of H C D(H), and a right H°-comodule via the action of H**? C D(H),
since H**P = HP* and gor-M = MHE™ . So we have the relation f-m =
mo).f(m)) for the action of f € H*, if m() ® m() denotes the induced H-
comodule structure. The left H-module and right H-comodule structure are
such that the compatibility condition for left-right Yetter-Drinfeld modules
is satisfied. The commutativity condition translates to

mn = (R*-n)(R"-m)
= (h; - n)(hi>m)
= nyhi (n))(hi > m)
= n()(n <1>>7n)
for m,n € M.

Let H be a Hopf algebra with invertible antipode. Then the category zY D
of left-right Yetter-Drinfeld modules is monoidal and braided as follows: The
tensor product of two left-right Yetter-Drinfeld modules M, N € z YD be-
comes a Yetter-Drinfeld module via h > (m ® n) := hgpy > m ® h) >n and
d(m ®@n) == m) ® ney @ na) 1)f0rm®n€M®Nandh€H Note
that this comodule structure is the codiagonal structure with respect to the
coaction of H?. The braiding in z YD is induced by the braiding in the
category p(m)M and given by

o MN—=NIM, mnr ng Qnaqy>m .

Now let A be a left D(H)-module algebra. Then A is a left-right Yetter-
Drinfeld module, such that the two equivalent conditions

hay > a©) @ hgyaay = (he) > a)) ® (he) > a)mha)  (41)
hi) > a) © hyaw S (hay) = (h > a) @) ® (h>a)q (4.2)

are satisfied for all a,b € A. The compatibility of the algebra structure
with the D(H)-module structure means that, with respect to the induced
structures, A is a left H-module algebra and a right H°-comodule algebra,
that is

hD(ab) = (h(l) I>a)(h(2) I>b) s hl>1:8(h)1
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and
d(ab) = a@yb) @ bayaqy , 6(1)=1®1

for all a,b € A and h € H. Moreover, A is an algebra in the category y YD,
by the definition of the monoidal structure. Hence, the commutativity con-
dition

ab=V o0 O'(CL ® b) = b(o)(b(l) > a) (4.3)
for all a,b € A, says that A is a commutative algebra in the category zYD.

Since the definition of Yetter-Drinfeld modules does neither require a finite
dimensional Hopf algebra H nor to be working over a field, we rather use the
language of Yetter-Drinfeld modules than that of modules over the Drinfeld
double. This allows us to drop the assumption that H be finite dimensional
and formulate a generalized version of Lu’s theorem.

We will use the following two lemmas for the proof:

Lemma 4.2.10 Let H be a Hopf algebra with invertible antipode S and let
A be a left H-module algebra with action >: H ® A — A. The the opposite
smash product algebra (A#H ) is isomorphic to the smash product algebra
A°PHH P where A% becomes an H°P-module algebra by the action h » a :=
S~ Yh)>a forae A and h € H.

Proof. A direct calculation shows that the action » defines a left H°P-
module algebra structure on A. The map

¢ APHH?P — (A#H)” , a®@h — hg) > a® h
is bijective with inverse ¢~'(a ® h) = ha)y » a ® h(), since

¢ opla®@h)=¢ (hay>a® he)
= hg) » (ha) > a) @ he,
= (S (h@2)hay) > a ® h)
=r®h

and

po¢ Ha®h)=d(ha » a® hg)
= hiy) > (57 (hay) > a) ® hes)
= (h(2)5_1<h(1))) >a® h(g)
=a®h.
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It is an algebra morphism, since for a ® h,b ® g € AP#HP

p((a®h)- (b®g)) = ¢((ha) » bla® ghw)
= gwhe > ((hq) » b)a) @ ge)h,)
= (9mh@S ™ (hw) > b) (93 > a) @ gs)hay
= (90) > D) (9h) > @) @ g)h)

and

Pla®@h) o (b ® g) = (90) > b® gr2)) (h1) > a ® ha))
= (90) > b)(g92) > (hy > a)) ® g3)h)
= (9(1) > b)(92)h1) > a) @ ga)he) -

O

Lemma 4.2.11 Let H be a Hopf algebra with invertible antipode S and let A
be a commutative algebra in the category g YD of Yetter-Drinfeld modules.
Then the map

VY A#FH — APHH? | a®h— aq ®S(S(a(1))h)

is an algebra isomorphism with inverse =1 : APHHP — A#H | a®@ h —
a) ® a@S~ (h).

Proof. It is quite obvious that the given maps are inverse to each other.

Let a® h,b® g € A#H. Then, using the Yetter-Drinfeld condition (4.2), we
have

Y((a®@h)(b® g)) = Y(a(hq) > D) @ hag)

:( (ha)y > b)) ® S(S((a ( >b))1)h@)9)
a)(hq) > b)) ® S(S((ha ) nam)heg)
ay(hi2) > b)) ® S(S(h@bayS™ (hay)aa ) )9)
aq)(h(2) > b)) ® (S(G(l)) S(b ))9g) -

The inverse of the braiding in the category g YD is given by
TTIMON —>NQM, m@n— S(may) >n®mg) ,

and we obtain V4 = V0000~ ! = V007! from the commutativity relation
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(4.3), that is, ab = (S(aq)) > b)a() for all a,b € A. Now we have

(b®g) =

(a@) ® S(S(a))h)) - (boy @ S(S(bay)g))

aq) - (S(S(a@)h)a) » be)) ® S(S(a@)h)e) - S(S(bay)g)
= (S(a@w))@he > boy)ae @ S(S(ba))g)S(S(aq))aha))
S(aqy) & (h) > b )a<o>®5(5( 2))h1)S(ba))g

aq) (h) > b)) ® S(S(an))ha)S(ba))g)

b(a®h)-y

which shows that ¢ is in fact an algebra homomorphism. O

The following generalizes Lu’s Theorem 4.2.9 to the case of an arbitrary Hopf
algebra:

Theorem 4.2.12 Let H be a Hopf algebra with invertible antipode S and
let A be a commutative algebra in the category yYDM of left-right Yetter-
Drinfeld modules.

Then there is a Hopf algebroid structure over A on the smash product algebra
A#H and the structure maps are given by

s(a) =a®1
t(a) = a@) ® aq)
Ala®h) =a®@ha) @ 1@ hg)
e(a®h)=c¢c(h)a
s(a®@h) = S(S(am)h)a) > a@) @ S(S(aq)h)e)

Proof. Assuming that H is still finite dimensional as in Lu’s theorem, we
can determine the structure morphisms of A# H with respect to the induced
H-comodule structure on A. In particular, we get

tla) =Y (hi-a)@hi =) aghilam)® h = ag) @ aq) ,

and determine the antipode as

Sla®h) =3 (1@ S(W)H((S*(h)h) - a)
=Y (1@ S(h) t(S*(h:) > (agyhi (ay)))
(

= (1® S(h)) t(S*(aq)) > )
= (1®5(h ))((52(%) (>)(>®(52(a<1>)>a<0>)<1>)~
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The inverse of the antipode constructed in the proof of Lu’s theorem in [26]
is given by

~H(h))t(a)
() (ap) @ aq))
L)) > a) © STHR)@aq)

Hawh)=(1®S
=(1l®S
=S5

We claim that the structure morphisms stated above make A# H into a Hopf
algebroid if A is a commutative algebra in the category ypYD. So we first
check that the axioms in Definition 4.1.5 hold.

Clearly, s : A — A#H is an algebra homomorphism. The target map ¢ is
an algebra homomorphism t : A? — A4 H, since

t(a)t(b) ( ag) ® ay)(bo) ® b))
0 (a@) > b)) ® a@)bn)
b<o 0) ® a)ba)
= (ba)(o) ® (ba) )
= t(ba)

for a,b € A by the commutativity property (4.3). Similarly, we see that the
images of s and ¢ commute:

Hence, the source and target map induce an A-bimodule structure on A#H,
that is given by

b-(a®@h)-b =s)t)(axh)
= (bbgy ® byyy)(a @ h)
= b{g) (b)) > @) @ by h
= bab{y, @ ;) .

We see immediately that A and ¢ make A#H into an A-coring, and so it
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remains to check the identities. Using (4.1), we get

Alac@h)(1®1®s(0b)=(a@hn@1h)(l®12b® 1)
=a® h(l) & h(g) >b® h(g)
= (@ ®hq)) @a (he)>b) - (1@ h)
= (@®hq)) - (he)>b) @a (1@ h)
= a(h2) > b)) @ (he) > b)mha) @ 1 ® h)
= a(hq) > b)) ® h)ba) ® 1 ® h)
= (a ® h(l) 1 h(Q))(b(()) X b(l) ®R1® 1)
=Ala®h)(th)@1lxl).

The remaining identities are straightforward. The formula for the antipode
can be simplified further using the Yetter-Drinfeld condition (4.2):

s(a®h) = (1@ S(h)((S*(am)) &> a)) o) @ (S*(am)) B> a)) 1))
@)@ B a) @ S*(a@) @ e S~ (S*(a@)m)
)‘>a<)®5(@(4) )S(ag))
)Dam®8(@ﬂ)

52(%)) ©) ® S(h)2)5*(ag)

ag)) > ®S(h )52(&(2))

(Slaw)h)q) >a<o ®5(5( 0)h)e) -

We have to show that ¢ satisfies the axioms of an antipode in Definition 4.1.9.
In order to verify that ¢ : A#H — (A#H) is an algebra morphism, we
observe that the diagram

A#H (AzH )"

%

APHHP

commutes, where ¢ is the algebra morphism from Lemma 4.2.10, and v
is given in Lemma 4.2.11. So since ¢ is the composition of two algebra
morphisms ¢ o Y(a ® h) = ¢(apy @ S(S(aqy)h)) = S(S(an))h)q) > ap) @
S(S(a@y)h) @) = <sla® h), it is an algebra homomorphism itself. Since both
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¢ and v are isomorphisms, we receive an inverse for ¢ by

sHa®@h)=vtogp (a®h)

=9 (ST (ha)) > a ® h)

= (S7 (hqy) > a)i0) ® (57 (ha)) > a)1)S ™ (k)
= (57 (M) > a)o ® (S7H (M) > a)wS™ (M)
=5 l(h)(l) > a() & S~ l(h) 2)0(1)

—~

where we used (4.1). This is the same formula as in Lu’s theorem.

Finally, we check that ¢ satisfies the properties in Definition 4.1.9. We have
fora € A

sot(a) =<(ap @ aq))
= S(S(a@)awe)a) > ao) @ S(S(am))aw)e)
=a®1

= s(a) .

By the Yetter-Drinfeld condition (4.2) we compute for a ® h € A#H

tocog(a®h) =
= 1(S(S(aq)h) > a(e))
= (S(S(a@)h) > aq))©) @ (S(S(a@)h) > aw)q)
= S(S(a@)h) e > a(o ® S(S(a(g Vh)zyamySTH(S(S(a@)h) )
= S((S (a(2>)h)(2>) ® S((S(a@)h)m))an)(S(ae)h)e)
= 5(S(ag@)he) > S(S(aw@)hay)aSae)hes)
= S(S(a@)he) > a(o ®5(5(a )hy)he)
= S(S(a))ha)a) > a©) @ S(S(aq)hay)@he)

azm(S(S(ay)hay) ) > a@) ® S(S(ap))ha)) @) © 1 he)
#+i(c®id)(a @ hay ® 1 ® hg))
azr o (c®id)oA(a® h)

I
<1 4
N

which is the second property. The map

v A#H @ A#FH — A#HQAH#H , a@h®@b® g+ aboy @byh @1 ® g
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factors over the quotient A#H ®4 A#H, since for all x € A

1(a®@h)-z@ (b®g)) =7(azE @ znh @b g)
= az(0)be) ® byyzyh @ 1® g
= a(xb)) ® (#b)1)h®1® g
=v(a®h®@zb® g)
=7e®h@z-(b®g)) .
The factorization ¥ : A#H @ A#H — A#H ® A#H is a section for the
projection 7 : A#H @ A#H — A#H ®4 A#H, since
1o (a@h®b® g) =m(abe) @ bnyh @1 g)
=7m((a®h) b1 g)
—ah®b®yg.

Now

Vapn(id@)7A(a @ h) = Vapn(id©<)(a @ ha) @ 1 @ hy)

= VA#H((I (059 h(l) RI® S(h(g))

=aQ h(l)S(h(g))

=a®e(h)l

=soe(a®h),
which finishes the proof. O
We return to the case of a B-torsor 1" and the left TP-bialgebroid TP+ HeP
arising from it. It turns out that, due to T being a commutative Yetter-

Drinfeld algebra in YD the bialgebroid TP#H is actually a Hopf alge-
broid.

Theorem 4.2.13 Let T be a B-torsor and assume that the Hopf algebra H,
that coacts on T' by Theorem 4.2.2, has an invertible antipode S'.

Then there exists an antipode for the bialgebroid TPH#H and it is given by
the formula

s(r@h) =S (S (ra)))a) > re @S (RS (ray))@

where > : H?QTP — T8 | hsr .= hUrhl is the Miyashita-Ulbrich action
of H? on T?.

The associated morphism ¥ : T® — T from Proposition 4.1.11 is given by

9(r) = S7%(r)) & o) = S (ray)Mre) S (ray)?
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Proof. We note that S™! is the antipode for the opposite bialgebra H°P.
We have seen in Section 1.2 that TP is a commutative algebra in the cat-
egory YD of Yetter-Drinfeld modules, where the right H-comodule struc-
ture is given as the restriction of the right H-comodule structure on 7" and
the right H-module structure is the Miyashita-Ulbrich action. It is easy to
see that a right-right H-Yetter-Drinfeld module satisfies the left-right HP-
Yetter-Drinfeld condition (4.1) with respect to the corresponding H°’-module
and comodule structure. This implies that 77 is an algebra in the category
gor YD and is moreover commutative by commutativity of T2 in YDE.
Hence, T2 and HP satisfy the conditions of the previous theorem. The re-
sulting bialgebroid structure on T2# H is the same as the one constructed
in Proposition 4.2.7.

With respect to the opposite multiplication in H°, the formula for the an-
tipode yields

§(T X h) = S_l(hS_l(T(l)))(l) <70) @ S_l(hS_l(T’(l)))(g)

for r @ h € TB#H°. The map ¥ can now be computed via the formula in
Proposition 4.1.11 as

V(r) =ecogos(r)
=cog(r®l)
= 8(572(7“(1)) D> 70) & 572(7”(2)))
= (S7%(ry) > r(0)en (ST (1))
=S(rw) > ()
= 5_2(7‘(1))[I]T(O)S_2(r(1))[2] .

O

Proposition 4.2.14 The antipode s of the Hopf algebroid TP#H has the
muverse

S TB#H0p — TB#HOp , TR h— S(h(z)) D> 7o) ® 7”(1)5<h(1)) .
The inverse for the underlying morphism U : TP — T8 is given by
19_1 : TB — TB , T S(T(l)) > o) = S(T(l))[l]T(O)S(T(l))[Q] .

Proof. The inverse of ¢ was computed in the proof of Theorem 4.2.12, and
a straightforward computation shows that the inverse of ¥ is given by the
second map. a
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Remark 4.2.15 In Proposition 4.1.11 the underlying map 9 of the antipode
¢ is defined via the property t o =¢ o s.
Applying this on the source map s(r) = r ® 1 and target map ¢(r) = 7o) ®
ray = 6(r) of TBHHP that we determined in Proposition 4.2.7, we obtain
the equality

I(r) o ®@9(r)a) = I(re) ® S (rw)

for all r € TB.

We note that the formula for ¥ in Theorem 4.2.12 equals the formula (1.22)
for the inverse of the Grunspan map 6 of a quantum torsor, i.e. in the case
B = k. Since the Miyashita-Ulbrich action, and therefore also this formula, is
really just well-defined on the centralizer T (this is due to All@h € TepT
for all h € H), we cannot expect to have such a map defined on the whole of
T. Nevertheless, we will see that the map 6 : T? — T interacts in a Hopf
algebroid structure for the bialgebroid ((T"®p T')%)°P. This connection can
then be used to give a new interpretation for the axioms of the Grunspan
map.

We continue recovering some more Hopf algebroid structures:

By Lemma 4.2.10, there exists an algebra isomorphism ¢ between the oppo-
site algebra (TP#H°P)°? and the smash product algebra (T7)°P#H, where
(TB)°P becomes a left H-module algebra by

hw r:=S(h)>r=Sh)Wrsh)?

(here we have to use that the antipode of H is given by S™1).
Moreover, defining a right H-comodule structure on (77)° by

5(t) = teos @tars =10y ® S (ta))

we receive a smash product algebra structure of the type considered in The-
orem 4.2.12 and hence a Hopf algebroid structure on (T5)P#H:

Proposition 4.2.16 The smash product algebra (TP)P#H is a left Hopf
algebroid over (TP)°P with the structure maps

s(r)y=r®1l1

t(r) = 1) ® S~ (r))
Alr®@h)=r®ha @1 hg)
e(re@h)=c(h)r
S(r®@h) =5(S(he)ra) > re) © S(ha))re)
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Proof. We have to show that (T7)° is a commutative algebra in the cate-
gory g YD . Tt satisfies the left-right Yetter-Drinfeld condition

hay » r<os> @ hgyras = (h(Q) > 7)co> @ (h(2) | 7’)<1>h(1)
for h € H and r € (T?)°P, since

(h<2>

v

=
~—
A

0> @ (hi) » 7)c1shay =
h(g) > 7’) 0 ® STH(S(h) > )y
hi)M oy rS (he)® g ® ST2(S(he)! ) rayS(he)? ;) hay

)
)
hio) @) 70)S (h@) @™ ® S72(S(S(he)a)ra)yS (ha)e)ha
)
)

Q

h3) Wy ( )P @ S72(S%(hiwy)rayS(he))hay
hs) >7“o>®h<4)5 2(ra)S™H ) hay
W) » 70 @ hyS 2 (r))

(1) P> T<o> @ h(2)7"<1>

I
5’322 5’3

I
N

by (1.4) and (1.5), and it is obvious that (T%)° is an algebra in yYD?. As
we have already verified in the proof of Theorem 4.2.13, 77 is a commutative
algebra in the category of Yetter-Drinfeld modules, and hence rs = s(g)(s(1)>
r) for all 7,s € TB. This implies commutativity of (T%)? in g YD since

S<o> * (S<c1= B 1) = (S’Q(s(l)) > 7)5(0)

(5™ () > 7)500)

= s0)(s@) > (S (s2)) > 7))
= 50)(5 (s@)sa) > 7)

= S8Tr

=r-s

for all r,s € (T?)°P. Now we can apply Theorem 4.2.13 to obtain the struc-
ture morphisms for the Hopf algebroid (TP)P#H as stated above. In par-
ticular, the antipode is given by

s(reh)=.95(S(ras h)(l) L P S( (7’<1>)h)
= S(S(S*(ray))h) ) S(S(s 2(7’<1>)) )@)
= S(S~ 1(?“0))’%)(1) > 70 ®S(S Hra)h)e)
= S(S(he)ray) > 1) @ S(ha))re) -



4.2. B-Torsors and associated Hopf Algebroids 119

Now we can use the isomorphism
¢ (TP)PH#H — (TPH#H™)? | 1@ h hay > 1 @ Dy

from Lemma 4.2.10 to transfer the left (77)°-bialgebroid structure on
(TB)P4#H to the opposite algebra (TB#HP)? making it a left (T7)°P-
bialgebroid.

This yields a structure which is different from the canonical right 72-bial-
gebroid structure on (TP# H)° that is imposed by Remark 4.1.7.

Proposition 4.2.17 The isomorphism ¢ induces a left (T?)°P-bialgebroid
structure on the opposite algebra (TB#HP)P with the structure maps

e source map $(r)=r®1
e target map t(r) = S72(rq) > re) @ S73(re)
o comultiplication A(r @h)=r®hq) ®@1® h

e counit E(r®@h)=S(h)>r
We are going to denote this bialgebroid by °P(TB# HP).

Proof. We apply the isomorphism ¢ on the structure morphisms of
(TP)°P4H that we computed in Proposition 4.2.16, and obtain the source
map as

S(r)y=¢os(r)=¢(rel)=re1,

and the target map as

t(r)=got(r) = o(ro @S >(rq))
=S (ray) @) B> 1) ® ST (ray) @
= 5_2(7“(1)) > (o) & 8_2(7“(2))

for r € (T?)°?. As in the proof of Proposition 4.2.7, we get the comonoid
structure maps for r ® h € (TPH#H)P by

Alr@h) = (¢ @rs ¢)Ad ' (r @ h)
= (¢ @75 @) A(ha) » 7 & hz))
= (¢ @5 ¢)(h) » 7@ hzy @ 1® hz)
= h(2) > (S(ha) > 1) @ hiz) ® hay > 1@ h,
= S(ha)he) > @ hiE @1 ha)
=7r®h1®1® ha)
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and

e(roh)=o¢p ' (r@h)
E(hqy » 7@ hy)
= en(h)hay »r
=Sh)>r

O

Recall from Remark 4.1.3 how one can construct to a X 4-bialgebra L its
coopposite x z-bialgebra L®P. In the language of bialgebroids this means
that given a left A-bialgebroid L, we obtain the coopposite left A°P-bialge-
broid LP by interchanging the source and the target map and composing
the comultiplication with a twist.

We apply this construction to the left (T7)°-bialgebroid °P(TB#H):

Corollary 4.2.18 The coopposite left bialgebroid P(TP#HP)*" over T?
has the structure maps

o source map sPP(r) = S"%(rq)) > o) ® ST (rw)

target map tPP(r) =r®1
o comultiplication APP(r @ h) =1® hi) @ r & h
o counit ePP(r @ h) = S(h)>r

Remark 4.2.19 The TZ-bimodule structure on °P(TB# H)*” that is in-
duced by the source resp. the target map is given by

v (r@h)=s"%x)- (re@h)=(S"(zn) > x0) @ S (2(2)) - (r @ h)
=(re )( 22y) > 20) © ST (2(2))
T(h ( 1))>5E(0))®S_2($(2))h(2)
= (S~ ( ) 1) > 2(0) @ S 22)h)

and

(r@h) -z=tP%x) - (roh)=(x®1)-(rxh)
=(reoh)(rel)
= T(h(l) > ZL’) X h(g)

forx € TP and r @ h € TBH#H°P.
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So far we have obtained a left TP-Hopf algebroid T2# H in Proposition
4.2.13, and a structure of left T2-bialgebroid on its opposite algebra, namely
the bialgebroid °P(TB#HP)* of the previous corollary. Our next result
shows that the antipode ¢ of TP#H has a property that generalizes in a
certain sense a well-known fact for Hopf algebras: It is a bialgebroid mor-
phism from TB#HP to °P(TB# H°P)*”?. This is consistent with the fact that
¢ is by definition an algebra anti-morphism.

We need the following lemma for the proof:

Lemma 4.2.20 Let 2 ®@y € (T @5 T)B. Then
Sz Ve @yS2(ra)? €e Bep T CcT®pT .
In particular, we have S™(ra))Wre) ® S™2(rq))® € By T forr € TE.

Proof. We note that the expression is well-defined by faithful flatness of
(T ®p T)®. Applying the H-comodule structure map to the left tensorand,
we obtain by (1.5) that

(5®Bld)(s (x(l))”( ®p yS 2 (x0)?) =

2(1’(2))[1 ® S (1‘(2 )[1]( ) ( ®B yS (I(Q )[2]
S ()Mo @ S (w@))w0) @8 YS(2(3)P
2(:61 )[1 ®1®B yS~ (Sﬂ(l )[2}

1)
e(T® )®BTCT®BT.

Since T is a faithfully flat right B-module and T°" = B, we conclude that
S72(za)) Mz @ yS2(z1)? € BegT. O

Proposition 4.2.21 The antipode of the Hopf algebroid TB#H® is a bial-
gebroid morphism

¢ TPHH™ — P (TPHHP)™
r®h— Sil(hsfl(r(l)))(l) <7T0) @ S’l(hS’l(r(l)))(Q) .
Proof. By Definition 4.1.8 we have to show that ¢ is a 7-bimodule mor-

phism that is compatible with both comonoid structures. With respect to
the bimodule structures described in Remark 4.2.8 resp. 4.2.19, we obtain
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forx € TP and r ® h € TBH#HP

= STHASTHrw))a) &> (1) (S (z ) > 2(0))®
® S (x2) ST (hSTHrw)) @) =
=5 (hS (7‘(1 ))( 1y > (T‘(O)S_Q(x(l))m:E(O)S_Q(x(l))m)®
® S (2() ST (RS (re)) @) =
= SRS (ry) & (S (x) Maoyro S (za))P
® 57 (x(2) ST (hSH(r <1>>><2> =
S72@)STHRS T r)) ) B (20)7(0) ® ST (w2)) ST (MS™ (ry))2)

= S7THhS Hzyry)) o) B (@) © STHRS T @a)rm))e)
=S” 1(h5*1((377’)(1>))(1>|>(fv7”)(o>®5 HASTH (@) ) ) =
=s(ar®h)=¢(z-(reh)),

using Lemma 4.2.20 for the fourth equality. Letting z € TP act on the right,
we have

S((r@h)-z)=S(rze @ hrp))) =

= S_l(h:r 2)5_1(7“(1)1‘(1)))(1) D> T0)T(0) @ S_l(hx(z)s_l(T(l)fE(l)))@)

= ST ST rw) ) B roe @ STHAS T (rwy))e)

= (STHRSTHry)) o) B r@)(STHRSTHra) @) B> 2) @ STHRS T () )
=¢s(r®h) z.

This shows that ¢ is a morphism of T2-bimodules. Finally, we prove com-
patibility of ¢ with the comonoid structures of T2#H and (TP #H)”.
We have

ePPog(r®@h)= S( ( ( @) > SRS ra)a) & 7o)
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and

(c @75 )A(r®@h) = (@5 <)(r®hn ®1® hp)) =
=(r®ha) @15 (he) =
= S‘l(h(l)S‘l(r(l)))(l) > 1) ® S_l(h(l)S_I(T(l)))(g) 1R S_l(h(g)) =
= (1S (he)S™ (rw))) 1) ©1® S (he) =
= 1@ 5 (h@yS™ (ray)) @ ey - (1© S (h)) =
=1® S (ha)S™ (@) ® S (ra)S ™ (he)n) & ro®
® S (r@)S ™ (he)w =
=1®@ S5 (hwyS™ (1)) @ S (h@ ST (ry) > 7(0) @ S (RS (re)) =
=15 1 (hS™ (rw)) e ® STHAS T (rey)) @) > 7o) @ STHAS T Hrwy)) @) =
=APPog¢(r®h) .

This proves the claim. O

We could now expect the antipode ¢ to be also an antipode for the bialgebroid
P(TB#HP)*” But although it is easy to show that ¢, considered as a
map ¢ : P(TBH#HP) P — P(TBHHP)P satisfies the first two axioms
in Definition 4.1.9, there seems to be no good candidate for a section 7 :
Op(TB#Hop)COp Qs op(TB#Hop)COP _ OP(TB#HOP>COP ® op(TB#Hop)COP of
the canonical projection such that the third property would hold.
Nevertheless, we can now return to the left T5-bialgebroid ((T @p T)?)°P
that is isomorphic to TB#H via the Galois map 5. The antipode ¢ of
TB#H can be transfered back to ((T'®p T)?)% as follows:

Proposition 4.2.22 The left TP -bialgebroid ((T ®p T)P) is a Hopf alge-
broid with the antipode given by the algebra morphism
(T epT)P)? — (TesT)?, e@yr S (zn) eey ® S (za)? .
The underlying map of the antipode < is given by

9:T8 =T r— 5_2(7"(1))[1]7“(0)5_2(7”(1))[2] =(r) .

Proof. Since the bialgebroid structure of TBP# H was constructed such
that the Galois map (3 became a bialgebroid morphism, we obtain an antipode
S for ((T ®@p T)®)? such that the diagram

B

(T @5 T)P) TR Hr
(T ©5T)" ; (TP H)r
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commutes. Hence, we can calculate ¢ for z @ y € (T @5 T)P)% as

Blocoplz@y) = 0" oc(zyo @ y(l)) =
= ﬁ_l(5_1(y(2)5_1(fﬂ(1)y(1)))(1) > l‘( 0 ® Sy S™ (rym))e) =
= B7H(S7 (zw)y > y®5 “(z))@) =
_ _ 2
= (S7(z) ) > z©)y)S (fv(l))(z) ® Sz =
= S (xw) weySEn)n S En)e) | @ S @ww)e) " =
= S (x)roy @ S72(z)?
using (1.9). Since [ is an isomorphism of bialgebroids, it is clear that ¢
should satisfy the axioms of an antipode. The first two axioms can be easily
checked by
Sot)(r)=¢(1®r)=r®l=s(r)
for all r € TP, and
VP ®id)A(r @ y) = VP ®id)(z @y @ y? @ y®)

— VOP(S ( ) Z(0) 1) ® 5—2(90(1))[2] ® y(2) ® y(?’))
2@ )[l]x(o)y( )y( ® y(3)5—2(x(1))[2}
S () Mwg) @ yS™2 (1))

:1®sz(x<1)> ©YS~*(za)P
= t(S72 () (o)yS (x(n)”)
=(tocod)(z®vy)

forall z @y € (T @p T)?)? by Lemma 4.2.20.

A section for the canonical projection ((T' ®p T)P)? @ (T @ T)P)P —
(T@sT)?)? @78 (T ®5T)P)% is given by y(z@y®@vow) = z@yvwM ®
z® @ w®, and so we have

VP (id ©5)7A(z @ y) = VP (id @) (z @ vV @ ¢y @ y®)
— vr(id 06) (z @ y Ny @y @D g @ g yB6)
= V?(id 2¢)(z @ yV @ y@ @ y®))
= V*(id @3)(z ® yo) ® yo) ® yo)?)
= VP ® ) ® S (wl)m( Iy oy © Sy, )P)
= 25 (yu) My My © ST ya)) Py
=25 (ym) @ S~ (ya))my( 0)
=zy®1
=soc(x®y)
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by (1.5) and (1.11). So indeed, ((T'®@5 T)?)% is a left TP-Hopf algebroid. O

This result shows that the coaction of a Hopf algebra on each B-torsor leads
to an antipode for the bialgebroid ((T ®p T')?)°.

We observe that the formula for the antipode ¢ of ((T'®pT)?) is such, that
applied to r @ s € (T ®p T)? with r,s € TP, we have

S(r@s) =57 (ra)Mreys © S (r))?
= 5572 (ry)Mr) © 57 (rw))®
= 5® 52 (ra))re, S~ (ry)?
=s®UY(r)

by Lemma 4.2.20. So in this special case the expression (1.22) appears as a
part of the antipode ¢. Moreover, this formula resembles very much the form
of the antipode for the Hopf algebra H,(T) of a quantum torsor 7' (in the
case B = k) in Theorem 1.4.5. We are going to investigate this relationship
in the following section.

4.3 Grunspan Axioms for B-Torsors

We keep the assumptions of the previous section and let T be a B-torsor
that is right faithfully flat over B and assume that (7' ®p T)P is faithfully
flat over k.

In the previous section we have seen that the underlying map of both an-
tipodes ¢ for TP#H and < for ((T ®p T)?)° is given by ¥ : TP — T&.
This map has the same formula (1.22) as the inverse of the Grunspan map 6
for a quantum torsor. The reason why we obtained a formula for the inverse,
rather than of the Grunspan map (1.21) itself, was that we had to consider
the coaction of the opposite Hopf algebra HP.

But it turns out that the formula (1.21) plays a role in a Hopf algebroid struc-
ture on the right T-bialgebroid (T ®p T)? that we originally constructed
in Proposition 4.2.3.

Proposition 4.3.1 The right T?-bialgebroid (T @p T)P that is associated
with each B-torsor by Proposition 4.2.3 is a right Hopf algebroid. Its antipode
s given by the algebra morphism

O:(TepT)? — (TesT)?)”, 2@y Sya)" @ 2y S(yu)? ,
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where S is the antipode of the Hopf algebra H C (T ®p T)? from Theorem
4.2.2. The underlying map of the antipode © 1is

9. T8 — T8 , T S(T(l))[l]’r‘(o)S(T(U)[Q} .

Proof. By the axioms in Definition 4.1.9 and the analogy between left
and right bialgebroids, it is clear that we should call (T ®p T)? a right
Hopf algebroid, if there exists an algebra anti-morphism © : (T'®@p T')?

(T ®p T)P such that ©@ ot = s, V(id ®O)A =t o 0 © and if there exists a
section v : (T ®@p T)? @8 (T @ T)? — (T @5 T)? @ (T @ T)? for the
canonical projection such that V(0 ® id)yA = s o € holds.

We note that the expression S(yu))™ @ 2y)S(ya))? is well-defined. The
first property is obviously Satlsﬁed and we obtain the second one as

V(id®O)A(zr ® y) = V(id0)(z @ yV ® y@ @ y@)

V(z ® y(l) ® g( )[1] ® y( )y( )( )S(y(3)(1))[2])
S( ) Ur® y( )y( )y(3)( )S(y(?’)(l))m

S(yu)) z @ Y0)S (1))
S
(t

(3/(1)) SCZ/(O)S( )H®1
ocof)(x®y),

using that S(y(l))[l]x ® y(O)S(y(l))m €T ®p B CT®pT by a proof similar
to the one in Lemma 4.2.20.

A section v : (T ®@pT)? @8 (T @pT)? — (T @ T)? & (T @ T)P for the
canonical projection is given by y(z @ y @ v@w) = r @ yvw @ w® @ w®,
and we have

VO ®idyA(z®y) = V(O ® id)( RV ey?® y“”))
= VSV )M @ zy™ Sy )P e y® @ y®)
— @50 )Y @ 2y g Sy ) By
=y S (y)" © 2y S (y)) Py ?

= (S(?/(l))y(z))[ll ® 959(0)(5(9(1))9(2))[2]
=1®uxy
=soe(z®y),

which proves the claim. a
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Remark 4.3.2 The map ¢: (T ®p T)?)? — (T ®p T)? from Proposition
4.2.22 is inverse to the algebra morphism ©. This follows from a straightfor-
ward calculation and is in accordance to the fact that the underlying maps
¥ and 6 are each other’s inverses. So we rename ¢ =: O~ and ¥ =: §~! for
the rest of this section.

In the special case B = k, the above proposition says that T°? ® T' is a Hopf
algebroid with the antipode

Oz ®y) = S(ya)M ® 2y©)S(ya)? = S(ya) My Sya)? @z =0(y) @«

for z,y € T, using that S(ya)™ @ yo)Sya)? € T®k C T®T by
[40]. The Grunspan map 0 : T — T" can be isolated from the antipode
as f(x) =0 O(1 ® x).

We note that this yields a structure of Hopf algebroid on the canonical bial-
gebroid T'® TP that is different from the trivial Hopf algebroid structure on
T ® T° we would obtain by Example 4.1.10.

We can now show that the properties of the Grunspan map in Definition
1.4.1 can be derived from the way the expression (1.22) interacts in the Hopf
algebroid structures that we recovered in the previous section.

Let T be a quantum torsor with torsor structure map p: 7 — T QTP R T.
We recall that the Grunspan map 6 : T — T is an algebra map that satisfies
the two properties

(id®id®0 ®@id®id)(id ®id @u)p = (id @u”? @ id)u (4.4)
0R0R0)u=pob . (4.5)

The first equation can be understood better by expressing in in terms of the
inverse ~'. We then have the conditions

t0) 1@ 010 @A) BB — 1) 51B) g1 (D) M 1B (4.6)
Ot N @0 (t?D) 20 ) =0tV oot )P oo 1) (47)
forallt € T.

We claim that for a B-torsor 7', the map © : (T'®p T)? — (T @5 T)?
resp. its inverse ©~! satisfies the equation

HD @ 1) @ (B0 g 1B g OB _ 41 g O 1(12C) g (DB g (BN g 4G
inT®(TepT)?@(T®pT)? for all t € T, and that
0 (rMN e 2P er®) =0 ()W et ()P ot (r)®
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in TP @ (T'®@pT)® for all r € TB. These are obviously generalizations of the
properties above, and indicate how they really arise in this context.

We gather some consequences of results in the previous section:

Remark 4.3.3 Commutativity of the diagram in the proof of Proposition
4.2.22 means that © 1o 37! = B~ o¢, and so we can derive the equality

o '(h & hl?y =

S—Q(h[l}(l))[llh[l} (o)h[z] ® 5—2(h[11(1))[21
=5

—1(h)[1] ® S‘l(h)m
in (T®@pT)? forall h e H? C ((T ®pT)?)*
We moreover have the following implicit formula for the antipode of H:
Proposition 4.3.4 The antipode =071 : (T @5 T)?)? — (T @5 T)? of
the Hopf algebroid ((T @5 T)B)P restricts to the antipode of the Hopf algebra
H C (T®pT)P)?. That is

S_l(;p (02 y) — @_1(;[ ® y) — S_Q(h[l](l))[l]hm h[g] ® S~ (h[l )[ ]
forallz @y e H?P.
Proof. We use the fact that the restricted Galois map

B:((T@pT)”)? = TP#H?  z@y— oy @ y® @ y®

maps elements 1@y € H? C ((T®pT)P)? to 1oz®y € TP@H, as follows
from the definition of H = {z @y € T®pT | 2yV @y? @y® = 1®2r®y} in
Theorem 4.2.2. Then the commutative diagram in the proof of the previous

proposition yields for xr ® y € H

Sﬂx®w—5”ﬂ®5*(®w)

=03"os(1®r®Y)
=3 oc(ay @ y® @ y®)
ﬁ ocof(x®y)

= S (@) Mzoy @ S (xq)? .
Now the claimed formula for the antipode of H is obvious. a

Now we arrive at a proof of the first of the above equations. It can be seen
as an analogue of the property (4.6) for the general case of B-torsors:
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Proposition 4.3.5 Let T be a B-torsor with the torsor structure map
p:T —-TR(TepT)? , t—tVet®et®. Then the algebra mor-
phism

@_1 . (T ®B T)B —_ ((T ®B T)B)Op , T (024 Y = S_Q(x(l))mx(o)y & S_Q(I(l))m
satisfies the equation

1D @ 40) @ {0 @ 1B g {OB) — 1) g 911D g 1)) g 42I1) g 43)
inT @ (TepT)?@(T®pT)? forallteT.

Proof. We have to show that the expression on the right hand side of the
equation is well-defined. Consider the map

a:TRT - (TesT)P@TepT, ty— 2P 020 sV ey .

Since a(2b®y) = 2P @20 @2rWbey = 22 @20 @ 2M @by = a(r @ by) for
all b € B, it factors over the quotient T®@pT as a. Now let x®y € (T®T)P.
Then a(br ® y) = a(r @ yb), and hence 22 @ 2 @ b2V @y = 2 @ 2% ®

U ® yb which implies that the image of & lies in (T @ T)? @ (T @5 T)?
by faithful flatness of (T ®p T)? over k. Applying ©~! ® id yields

1d)( ()®$()®$(1)®y>

' idirg,me)a(z®@y) = (07
=06 ( )®x(3))®x()®y.

So the right hand side of the equation can be expressed as the composition
of well-defined maps

([d®O™" @id(re,ms)(id@a)u(t) =
= (idee™! @id)(idea)(tV @ t? @ t®)
— t(l) ® e (t(2 (2) ® t( )(3 )) ® t(2)( ) ® t(3) ,

for all € T, and is therefore well-defined. Using that the torsor structure
map is given by u(t) =t @ t® @ t® =t @ty @ t(1y!? with respect to
the induced H-comodule structure on 1T', we obtain for t € T'

0 (tP @t etV =07ty e tn?) @t
=57t ® 57 tw)? @t
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by the formula in Remark 4.3.3. Hence we have by (1.5) and (1.4)

) & @ 1(HD@ g DO @ (D) g 48)
=t ® @_1(t(1)[1](1)[1} ® t(1)m(1)m) ® t(l)m(o) ® t(l)[ﬂ

=ty ® S~ (t ) @ ST )P e tw) ) @t

= t0) ® ST (St @ STHS (b)) @ o) @ t()?

=t @ tm @ ty? @t @ te)?

=ty @ty ety © t(1>[2](1)m ® t(l)m(l)[z]

10 @ 12 @ (B0 g 1B g (BB

which is the claimed property. a

Finally, we can also deduce the analogue to (4.7), which says that the Grun-
span map 6 is a morphism of quantum torsors. Recall that we have shown in
Remark 4.2.15 that 6 0 07! (r) = 67! (r()) ® S~2(rq)) for all r € T?. By the
result in Proposition 4.3.4, we can express the antipode S~ of H° in terms
of ©7! and obtain S7%(z ® y) = ©7%(z ® y). This implies the following:

Corollary 4.3.6 The morphism 0~' : TP — TP satisfies the equation
(0 ®@0 ) op=pod™,
that 1is
9*1(7.(1)) ® 972(70(2) ® r(?’)) — (971(,0)(1) ® 9’1(7”)(2) ® 9*1(70)(3)
in TP @ (T ®p T)? for allr € TP.

Altogether we can interpret the two properties (4.6) and (4.7) of a Grunspan
map as follows:

The first property is due the particular way the Hopf algebra H coacts on
T. It is essentially determined by the inner structure of H, which is such
that 0'(2z? @ @)@tV @y = @ yP @ y®@ @ y® for al z @y €
H C (T'®p T)P. The second property follows directly from the connection
between the antipode of the T2-Hopf algebroid (T'®pT)? and its underlying
morphism.

Even though we are not able to recover a Grunspan map for B-torsors, we
still have an endomorphism 6 : T2 — T® of the centralizer and an implicit
formula for the antipode of the Hopf algebra H. They both give rise to
generalized Grunspan axioms as derived above.



Chapter 5

A-B-Torsors and Depth Two
Extensions

As we have seen so far, faithfully flat Hopf-Galois extensions can be com-
pletely described within the concept of quantum torsor and its more general
version of B-torsor. This is done such that the coaction of the Hopf algebra
is encoded in the respective torsor structure map. In this chapter, we show
that one can also go in the opposite direction: We uncover torsor structures
on extensions of depth two. Then our previous results imply that there are
actions of Hopf algebras that lead to Hopf-Galois extensions.

Inspired by this, we introduce the notion of A-B-torsor as the most general
concept of a noncommutative principal homogeneous space.

5.1 B-Torsors and Irreducible Depth Two
Extensions

The notion of depth two comes from the theory of invariants and subfactors.
Finite depth is a property of the standard invariant of the Jones tower for a
subfactor [19]. Jones towers can be used to investigate inclusions of semisim-
ple algebras and Frobenius extensions [21]. We use the following definition of
depth two for ring extensions as was introduced by Kadison and Szlachanyi
in [22]:

Definition 5.1.1 A ring extension N C M is called left depth two or left
D2, if the canonical (N, M)-bimodule yM ®y My, is isomorphic to a direct
summand of the free module @™ y M), for some positive integer m.
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A ring extension N C M is called right depth two or right D2 if the canonical
(M, N)-bimodule ;M @y M y is isomorphic to a direct summand of the free
module " y; My for some positive integer n.

An extension N C M is called depth two or D2 if it is both left depth two
and right depth two.

Depth two extensions are characterized by a quasibasis property. In the
sequel, we shall concentrate on right depth two extensions. The following
proof is outlined for left D2 in [22]:

Lemma 5.1.2 A ring extension N C M 1is right depth two if and only if
there exist ¢; = ¢t ® 2 € (M @y M) and v; € End x My, called a right D2
quasibasis, such that

Z’yi(m)ci1 Re;=1m (5.1)
i M &y M for allm e M.

Proof. Let N C M be a right D2 extension. Then, by definition, there
exists a split epimorphism 7 : @" yMy — yM @x My with a section
o: M @n My — @" yrMy such that moo = idyg,yn- Let {e;}; be the
standard basis of the free module @" ,y M, and let p; : " My — My
denote the standard projections.

We define ¢; := m(e;) for all i = 1,...n, and obtain ¢; € (M @y M)" since
m € End yyMy. Now we consider the map ¢ : y\My — yM Qn My ,m +—
1®m, and let v; :== pjoo ot € End yMy. Then (¢;,7;) is a right D2
quasibasis, since

L@m=(m)=mocoum)= W(ZP@- oo ou(m)e) = W(Z vi(m)e;)
— Z%(m)w(ei) = Z%(m)c} ®c

Assume now that there exists a right D2 quasibasis (¢;, ;)i for the ring
extension N C M. As above, let {e;}!; be the standard basis of the free
module " ;y M, and define two (M, N)-bimodule maps 7 : @" y My —
M &n My by mw(e;) == ¢ for all i = 1,...n, and 0 : yM @y My —
D" uMy , @y = zv(y)e



5.1. B-Torsors and Irreducible Depth Two Extensions 133

Then we have

mToo(r®y) = W(Z i (y)e:) = Z i (y)m(eq)
= Zx%(y)cz = Zx%‘(y)c} ®c=r®y,

which shows that ;M ®y My is isomorphic to a direct summand of the free
module @" yyMy. Hence, N C M is right D2. 0

Various examples of depth two extensions, such as centrally projective ring
extensions and H-separable extensions, are discussed in [22]. It is shown
in [20] that each Hopf-Galois extension B C A with respect to a finite-
dimensional K-Hopf algebra H is depth two. The finiteness condition on H
allows to explicitly construct a quasibasis. However, this does not work for
arbitrary Hopf algebras.

We observe that the quasibasis property of Lemma 5.1.2 looks very much
like the first axiom for an N-torsor M in Definition 4.2.1. So we are going to
investigate whether there exists a connection between depth two extensions
and torsors.

For the rest of this section, we let A := End yMy and B := (M @y M)V. As
in the previous chapter, the algebra structure on the centralizer B is given
by (z@y)(2' @y)=2z@yy forr @y, 2’ @y € (M @x M)V,

We will sometimes abuse the notation, and treat elements in subsets of tensor
products as if they were decomposable tensors.

We state a main theorem for depth two extensions from [22], which shows
that a left D2 extension always comes along with a Morita context.

Theorem 5.1.3 (/22]) If N C M is a left D2 extension, then R := M~ and
C := End n(M ®@x M)y are Morita equivalent rings with invertible bimod-
ules c Br and rAc. In particular, Br and rA are finitely generated projective
generators with the following isomorphisms:

e BOrA=C,b@a— (me@m — ba(m)m))
e By — Hom(zA, gR)g , b="b" @b — (o — a(b")b?)

BRrM = M®y M, b@m — bm

M @y M = Hom(pA, gM) , m@m/ — (o — a(m)m’)

C = End Bg, via ¢ — (b ¢(D))
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o C = EndgA via ¢ — (a — Vy(a ® idy)cry), where 11 : M —
MM, m—m®l1.

Of course, a corresponding version of the above theorem holds also for right
D2 extensions. This implies, in particular, the following statement:

Lemma 5.1.4 Let N C M be a right D2 extension with the quasibasis
(¢iy7i). There is an isomorphism of (M, N)-bimodules

pM@R(M(@NM)NE)M@NM

given by p(m ® >, x; ® y;) = Y ;mx; ® y; with inverse pHr ®y) =
ity ® e @

Proof. Obviously, both p and p=! are (M, N)-bimodule maps. Let 1@y €
(M @y M)N. Then we have nx ® y = x ® yn for all n € N, and therefore
nzy;(y) = xvi(yn) = z7y;(y)n for all i, showing that z,;(y) € MY = R. Now
we get

plopmer@y)=> may(y) ®c @

=Y meryy)d @
=mMmrRy

and
poptz@y) = vy ed=10y,

which proves the claim. O

Since the B-torsor axioms in Definition 4.2.1 are somewhat symmetrical, we
will have to work with right depth two extensions that have an additional
property. It turns out that the following restriction is sufficient:

Definition 5.1.5 A k-algebra extension N C M is called irreducible if the
centralizer R := MY of N in M is trivial, i.e. R = k.

Lemma 5.1.4 now allows us to establish a connection between depth two
extensions and torsors:

Proposition 5.1.6 Let N C M be an irreducible right D2 algebra extension
with M faithfully flat over k. Then M is a right N-torsor.
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Proof. Let (¢;,v;) be a right D2 quasibasis for the extension N C M. We
claim that the map

p:M— M (Mey M ,mHZ% Rc; ®c?
defines an N-torsor structure on M. Since R = k, we have the isomorphism

prMe(MeyMN S Moy M, meYy wey— Y my oy,

J
from Lemma 5.1.4. Let m, m’ € M. Then we have

p(mm') =y _y(mm) @ ¢ @ cf

m') = <Z 7i(m) ® ¢} ® c?)(Z (M) @ ¢ @ )
= Z% ® c c ®c c .

We apply the the isomorphism p to both expressions and obtain

p(O_vilmm) @ cl @ ¢)) =) y(mm')el @ ¢ =1@mm!

Z% ) @ cie; ® cich) = Z vi(m)e; @ cim’ = 1@ mm' .

Hence, we can conclude that p(mm') = pu(m)u(m’). Applying the quasibasis
property to the unit 1 € M yields 1® 1 =Y, ¢! ® ¢? and therefore u(1) =
1®Y . ct®c=1®1®1. So p is an algebra morphism. We prove that u
satisfies the properties of an N-torsor map in Definition 4.2.1:

1) The first N-torsor axiom mMm® @ m® =1 ® m is exactly the right
D2 quasibasis property.

2) The qua81ba81s property implies Y. y;(m)cic? = m for all m € M.
Since ¢jc? € R = k for all 4, it follows that

mD @mPm® =3 "qi(m) @ clcf = qilm)cj @1l =m®1

for all m € M.
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3) Let n € N. Then p(n) =Y, %(n)@c¢ @ci =Y, ny(l) @t @ ¢ =
n®l®Il.

4) Let f € End yMy. Then we have 1 ® f(m) = >, vio f(m)c; @ ¢
for all m € M by the right quasibasis property. On the other hand,
by applying id®f to the quasibasis equation, we get 1 ® f(m) =
>ivi(m)el @ f(c?). Under the isomorphism p this equality implies

Z%‘Of(m)@)czl@%z:Z%(m)@’d@)f(c?),

and hence

pmM @m® @m® =3 "y 0nm)eciedecded

0]
= Z%‘(m) ®C; ®%’(C?) Rc; ®c?
1,7

— m(l) ® m(2) ® ,u(m(?’)) .
O

The assumption that M be faithfully flat over £ was not needed for the
proof, but really just included to meet the requirements of Definition 4.2.1.
It is clear that, as in the original definition of a quantum torsor, one could
formulate a definition of B-torsor without the assumption of faithful flatness.

But on the other hand, we rather keep this assumption to see that the rela-
tion between irreducible depth two extensions and torsors has the following
immediate consequence:

Corollary 5.1.7 Let N C M be an irreducible right depth two algebra ex-
tension and assume that M is both faithfully flat over k and right faithfully
flat over N.

Then M 1is a right Hopf-Galois extension of N, where the Hopf algebra that
coacts on M is H := (M @y M)N = B.

Proof. Since M is an N-torsor by Proposition 5.1.6 and faithfully flat as a
right N-module, we can apply Theorem 4.2.2. It says that M is an H-Galois
extension of N with the Hopf algebra H given by

H={zeyeMayM|zyPeoy?Poy® =122y} .

With respect to the torsor structure defined in Proposition 5.1.6, we get

ryV @y® @y = vy @ c @

1
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and
1®x®y:Z%(az)c§®c§®y

for all r ® y € M ®y M. The isomorphism p from Lemma 5.1.4 yields with
Rk that Y, 27i(y)c @ =2z @y =Y, vi(z)cl? ®y. Hence, the defining
condition for elements x ® y € H holds for all elements of (M @y M)™. This
implies that H = (M @y M)N = B. O

Remark 5.1.8 We note that in the above situation the Galois map is of
course given by the map pt : M @y M — M @ (M @y M)V | 2@y —
Yoy @c e =22y @y? @y® from Lemma 5.1.4.

We have just seen that irreducible depth two extensions N C M can be
considered as a special case of N-torsors. It turns out that also the converse
holds true if we impose a finiteness condition on M:

Proposition 5.1.9 Let N C M be an irreducible algebra extension such that
M is finitely generated and projective as a left N-module. If there exists an
N-torsor structure u : M — M @ (M @yx M)N on M, then N C M is a
right depth two extension.

Proof. We know by the dual basis lemma that yM being finitely gen-
erated and projective is equivalent to the existence of a dual basis f; €
Homy (M, N), p; € M such that m =", fi(m)p; for all m € M.

Now the N-torsor axiom 1) yields 1 ® m = mMm® @ m® € M @y M for
all m € M, and we obtain on the other hand that 1@m =1® >, fi(m)p;, =
S fim) @ pi = X, film)piWp,® @ p;®. For all i there exist elements
Tij, Yijs Zij € M such that ,u(pz) Zj Tij @ Yij @ 245 € M® (M XN M)N

We claim that a right quasibasis for N C M is given by (ci;,7ij)i; with
ci; @ ¢ =i @ 2z € (M @y M)N and v;;(m) := fi(m)x;; for all m € M.

We have
D> i(m)e szz Mgy © 2
’ = Zf m ijyj ® 2ij
_Zf ) g p,®
:Zfi m) ® pi = 1®Zfi(mp

=1@me My M
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by what we have shown above.

It remains to be proved that 7,;; € End yMpy. It is clear that v;; is left N-
linear, since f; is. For right N-linearity of ~;;, we show that for all m € M,
n € N and ¢,j we have fi(mn)z;; ® yij @ zi; = film)z;ny;; ® z;. This
follows via the isomorphism p: M @ (M @y M)Y — M @y M from Lemma
5.1.4, since p(}_ filmn)z;; @ yi; ® 2i5) = > filmn)x;;y;; ® z;; = 1 @ mn and
p(>_ film)zin ® yij ® zi5) = 3. film)ziny; ® zi; = film)wiy; © zyn =
1 ® mn. O

We are now going to show that the theory of N-torsors can be used to prove
and generalize results from [22] and [21] about Frobenius towers for depth
two extensions.

Let N C M be an algebra extension. We recall the following definitions, see
for instance [22]:

Definition 5.1.10 A ring extension N C M is called a Frobenius extension
if there exist (a so-called Frobenius homomorphism) E € Homy (M, N) and
(so-called dual bases) x;,y; € M such that

Z Mz EXy;) = idy = ZP(%)EP(%) ;

where A and p denote the left resp. right multiplication on M.

Definition 5.1.11 Let N C M be an algebra extension. Then M becomes
naturally a left End My-module by f-m = f(m) for m € M, f € End My.
The right N-module My is called balanced if the left endomorphism ring of
End My M is naturally anti-isomorphic to N : Endgpan, M = N.

In [22] Kadison and Szlachanyi prove that an irreducible Frobenius extension
N C M of depth two is a B = (M ®x M)V -Galois extension, provided My is
balanced. This result is a corollary of a number of propositions that involve
quite a lot of work. Replacing Frobenius and balanced by a faithful flatness
assumption, we arrived at a similar statement in Corollary 5.1.7 above, using
just the theory of N-torsors.

Let N C M be a Frobenius extension with dual bases z;,y; € M and a
Frobenius homomorphism £ € Homy y(M, N). We recall the construction
of a generalized Jones tower for Frobenius extensions from [22]. It is based
on the fundamental construction described in [15].

Proposition 5.1.12 (/22]) Let N C M be a Frobenius extension. Then
there is an isomorphism End My = M @n M |, f+— > f(x;) @ y; with the
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inverse given by m @ m' — A(m)EX(m'). Moreover, End My is a Frobenius
extension of M.

We denote by M; := M ®yx M the ring with the multiplication induced by
the isomorphism End My =2 M ®xy M. Then M is a Frobenius extension of
M.

The centralizer M;™ of N in M is isomorphic as an algebra to A = End yMy
via a +— >, a(z;) ® y;. Note that the multiplication on MY = (M @y M)V
differs from the algebra structure on B = (M @y M)Y in Proposition 5.1.7.

Now that M; is a Frobenius extension of M, this construction can be iterated

to obtain a tower
NCM— M — My — .. (5.2)

where also My = M; ®y M; is a Frobenius extension of M7, and so on.

We use the following results from [22] in the sequel:

Proposition 5.1.13 (/22]) If N C M is a left D2 Frobenius extension, then
it 15 also right D2.

Proposition 5.1.14 (/22]) If N C M is a left D2 Frobenius extension, then
My 1s a right D2 Frobenius extension of M.

We can now show that for the higher components M;, Ms, ... in the general-
ized Jones tower (5.2), the assumption on faithful flatness which we needed
in Proposition 5.1.7 can be dropped.

Proposition 5.1.15 Let N C M be an irreducible left depth two Frobenius
extension with M faithfully flat over k.

Then My is a right Hopf-Galois extension of M. The Hopf algebra that coacts
on M1 18 H1 = (Ml R Ml)M

Proof. We first compute the centralizer of M in M;. Recall that we have an
isomorphism End My = M; by Proposition 5.1.12. The endomorphism ring
End My is a natural M-bimodule with (m - f)(z) = mf(z) and (f-m)(x) =
f(mx). Hence, the centralizer of M in End My consists of the right M-linear
endomorphisms f € End My, i.e. (End My)™ = Endy; My. Since End yy M
becomes an N-bimodule by (n - f)(x) = f(zn) and (f - n)(x) = f(z)n, the
same reasoning shows that End My = (End y, M )N , and we obtain

MM = (End My)™ = Endy; My = (Endy, M)Y =2 MY =R,

Thus, MM = R = k, since we assumed N C M to be irreducible.
Now N C M is a depth two extension and so, by definition, (M @y M),
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is isomorphic to a direct summand of the free M-module " My, for some
positive integer n. It is therefore flat over M.

In order to show that M ®y M is right faithfully flat over M, we let 0 # X
be a left M-module. We have to show that M @y M ®3; X # 0. By Theorem
5.1.3 there is an isomorphism of (N, M)-bimodules B® M = M ®@x M, and
B = (M ®y M)" is a finitely generated projective generator in the category
M, of k-modules (since R = k). So B is a faithfully flat k-module, and we
have

MOINMIpyuXEZBIMu X=ZBRX#0,

which proves that M; = M ®y M is right faithfully flat over M. We can also
deduce from the above isomorphism that M; is a faithfully flat k-module,
since both B and M are faithfully flat over k. Altogether we arrive at the
situation that M C M; is a k-faithfully flat irreducible right D2 Frobenius
extension with M; faithfully flat as a right M-module. By Corollary 5.1.7
then H, = (M; @y M;)™ is a Hopf algebra, and M; is a right H;-Galois
extension of M. a

Remark 5.1.16 Above we have proved that M; is a faithfully flat M-module
using a property of B. In fact, M is isomorphic to a direct summand of M,
since themapst: M — M;, m—m®landp: M; — M , m@m' — mm/
satisfy p ot =1idy,.

We can now successively apply the Proposition 5.1.15 to each of the higher
components My = My @y My, Ms = My ®)y, M,, etc. in the Jones tower
(5.2). This leads to the following result:

Theorem 5.1.17 Let N C M be an irreducible right depth two Frobenius
extension with M a faithfully flat k-module.
Then in the generalized Jones tower for Frobenius extensions

NCMI:M0‘—>M1<—>M2°—>...

Y

each component M; is an H;-Galois extension of M;_1, and the Hopf algebra
H; that coacts on M; is given by H; := (M; @y, M;)Mi-1.

We remark again that the algebra structure on H; in the above theorem
is not equal to the algebra structure on M, 1™~ which is induced by the
isomorphism M; ; = End M;,, .

It was proved in [22] that M, = B as algebras via the composition of
isomorphisms
My™ = Endy, My = (M ®n M)N )



5.1. B-Torsors and Irreducible Depth Two Extensions 141

using that N C M is a Frobenius extension. So we can apply the same
isomorphism to the Frobenius extension M C M; and get

MM = (M @y MM = Hy |

as well as

MM 2 (M @,y Mia)Mi? = Hiy
for the higher components of the Jones tower (5.2)

We summarize a few more results from [22]: The authors show that for an
arbitrary depth two extension N C M, the algebra A = End y My has the
structure of a left R-bialgebroid and the algebra B = (M ®@x M)V is a right
R-bialgebroid. This bialgebroid structure on B is actually the same as the
one we constructed in Proposition 4.2.3 on the centralizer (M @ M)Y for an
N-torsor M.

One main result from [22] says that A and B possess dual left and right
R-bialgebroid structures. This refers to a definition of left and right duals
for bialgebroids, that generalizes the notion of left and right dual for finitely
generated projective k-bialgebras. So B is isomorphic as R-bialgebroids to
both the left and right bialgebroid dual of A. In case R = k, that is for
an irreducible D2 Frobenius extension N C M, we can conclude that the
bialgebra A is the dual of B, i.e. A* = B. Note that A and B both possess
duals since they are finitely generated projective k-modules by Theorem 5.1.3.

Using that A = M;" and B = M, we obtain by iteration
A MY =2 (MM = MM =

and
B = MM = (Mz")* = MM~

as bialgebras. Hence, we conclude that the Hopf algebras H; in Theorem
5.1.17 are given by

Anggﬂgg... and BgHQgHzlg

In the paper [21] of Kadison and Nikshych, which is a predecessor of [22],
only the first three components of the Jones tower are considered under more
restricted conditions than ours. One of them assumes k£ to be a field, and
another one requires My to be balanced. The authors prove that M /N and
M, /M, are B-Galois extensions and that M7 /M is an A-Galois extension. We
replace the condition that My be balanced by a faithfully flatness assumption
on My as before, and get a result as follows:
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Theorem 5.1.18 Let N C M be an irreducible depth two Frobenius exten-
sion with M faithfully flat over k. Then in the generalized Jones tower for
Frobenius extensions

NCMZ:M();)Ml%MQQ...

the odd numbered components Ms; 1 are A-Galois extensions of Moy; and the
even numbered components Msy; 1o are B-Galois extensions of Ms; 1 for all
1> 0.

Moreover, if M s a faithfully flat right N-module, then M is a B-Galois
extension of N.

This theorem is of course a direct consequence of what we have shown above.
Nevertheless, we can give another proof of the last statement, which indicates
where exactly the faithful flatness assumption is needed. We use the following
theorem that is stated in [28] (Theorem 8.3.3) in case k is a field, but holds
also for a commutative ring k, as in the original proofs of [25] and [53].

Theorem 5.1.19 Let H be a finitely generated projective Hopf algebra over
k and let M be a left H-module algebra.

Then M is a right H*-Galois extension of M = {m € M | h-m =
e(hym ¥ h € H} iff M is a finitely generated projective right M -module
and the map

7 M#H — End(Mys) , m® h— (m' — m(h-m'))
1s an algebra isomorphism.
Here is the alternative proof of Theorem 5.1.18:

Proof. It remains to be shown that M is a B-Galois extension of N. Now
B is finitely-generated by Theorem 5.1.3, and M becomes a left A-module
algebra via evaluation. The set of invariants M4 = {z € M | a(z) =
a(l)z V o € End yMy = A} clearly contains N. We also observe that
a(l) € MN = k for all @ € A, and hence a(1)m = ma(1) for all m € M.
This implies together with the quasibasis property (5.1) that we have for
r e M4

lor=) w@ded=) wlred=) ml)ged=101

in M ®y M, and hence x € N by faithful flatness of M over N. So we have
MA = N, and M is a finitely generated projective right N-module, since
N C M is a Frobenius extension.
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By [22] Corollary 8.2., M is isomorphic to a smash product algebra M#A =
My, m®aw— Y mo(r;) ®y. Composing this map with the isomor-
phism M; = End My , m @ m' — A(m)EX(m’) from Proposition 5.1.12,
we obtain m ® a +— > Ama(z;))EX(y;) and Y, AMma(z;))EXy;)(m) =
Yo ima(z)E(ym') = >, ma(x; E(y;m’)) = ma(m'). This shows that there
is an isomorphism

M#A S End My , m® o — (m' — ma(m')) .

Since B = A*, it follows by Theorem 5.1.19 that M is a B-Galois extension
of N. O

Remark 5.1.20 The condition that My be balanced in [22] was really just
needed to show that M4 = N. We used faithful flatness for this part. So it
might be interesting at this point to compare these two conditions that do
not seem to be linked at first sight.

We let H be a finitely generated projective Hopf algebra over k and N C M
an H*-Galois extension with M finitely generated and projective as a right
N-module. Then we obtain by Theorem 5.1.19 an isomorphism M#H =
End My. This means that the canonical left End My-module structure on
M is determined through the action of M# H on M. We have End ,,M = M,
and so the endomorphisms of M that are simultaneously left M-linear and
left H-linear can be identified with the centralizer M. So we see that for
this extension End gnqary M = End pypgM = M H — N, which means that
My is balanced according to Definition 5.1.11. But of course, M does not
necessarily have to be right faithfully flat over V.

So our faithful flatness condition is really somewhat stronger than that of My
being balanced. Nevertheless, faithful flatness allows us to use the theory of
N-torsors which provided the above results with significantly less effort than
the methods used in [22] and [21].

5.2 A-B-Torsors and x 4-Bialgebras

We have seen in the previous section that the notion of B-torsor is only
applicable to irreducible depth two extensions. In order to cover depth two
extensions without this restriction, we introduce the more general notion of
A-B-torsor. It generalizes the notion of quantum torsor and that of a B-
torsor. Moreover, it has the advantage of having a torsor structure map that
is symmetric with respect to the roles of A and B.
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Recall from Section 4.1 that given two k-algebras A and B, an A ® B-ring T’
is a k-algebra T together with an algebra map i : A® B — T'. This induces
an A ® B-bimodule structure on 7' via multiplication with the image of ir.
We are going to denote the image ir(a ® 1) € T of a € A simply as a € T,
and similarly, b =ir(1®0b) € T for b € B.

Definition 5.2.1 Let A and B be k-algebras, and let T" be an A ® B-ring.
An A-B-torsor structure on T is a map

p:T —TRsaTRRT, z— 2V ®1® @O ,
that satisfies the following properties:
azM @ 2 @ 20 =20 @ 2@q @ @) forallae A

2D @bx@ @10 =20 023 2®p forallbe B

=

(zy) = 2WyV @ y@P23 @ 23yB) for all x,y € T

V2@ 220 =1r e TR T

(a)=1®1®a forallac A

)
)
)
)
5 tW @220 =201 ¢ T T
)
) pb)=b®@1®1 forallbe B
)

T T E

(M) 2P @20 =20 @20 @ua®) eTOsTRT®4sTRpT

We note that the composition of maps in axiom 8) is well-defined because
is a (B, A)-bimodule map by the axioms 6) and 7).

Remark 5.2.2 The fact that 7" is an A ® B-ring in the definition implies
that the images of a € A and b € B in T have the property ab = ba.

If we consider A and B as subalgebras of T via ir : A® B — T, then the
centralizer (T'®4 T)#, which becomes an algebra with the structure induced
from T®T, possesses a natural B-bimodule structure. Similarly, (T®@pT)?
with multiplication induced from T ® T becomes an A-bimodule.

So the conditions 1) and 2) in the above definition imply that we have simul-
taneously Im(u) C (T ®4 T)* ® T and Im(p) C T ®4 (T @5 T)P. Hence,
axiom 3) could be also expressed in requiring that the map pu be an alge-
bra morphism with respect to the corresponding algebra structure on Im(pu),
which is then induced by T'®@ TP @ T'.
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We have seen in Example 1.4.2 that each k-Hopf algebra carries the structure
of a quantum torsor. It turns out that this relation holds in an analogous
way for x 4-Hopf algebras and A-A-torsors. This provides an example for our
definition of A-B-torsor. We first recall some facts about x 4-Hopf algebras
from [43]:

Let L be a x 4-Hopf algebra. Then, by definition, the map
B:LezL—LoL, {@mw ly)®Lgm
is bijective and we denote
(L@l =0 (tol)e Lo L

for each ¢ € L. This expression has the following properties that were de-
duced in [43].

Proposition 5.2.3 Let L be a X,-Hopf algebra. Then we have

€+(1) X f.,_(g)f_ =/{®lelLsl (53)

Lyt @ Lyt =l®1e L®sL (5.4)
b

£+ ® g_ S / /bLﬁ ® (_ZLI; (55)

Lol =101 (5.7)

cd
iy @ Ly @4 = L1y @ L)y @l € / / ale ® gL ®3Lg  (5.8)
ab

cd
bRy @l =Ly RL_®LL_ € / / La ®@3L; @ vaLlaz  (5.9)
ab

Cie(l)(1) =4 (5.10)
00 =¢e(0)(1)
With some of these properties we can now show:

Proposition 5.2.4 Let L be a x o-Hopf algebra. Then L is an A-A-torsor
with the torsor structure map

M:L—>L®AL®AL, él—>€(1)+®f(1)_®€(2).

Proof. Lisan A*=A® A-ring by definition, and it can obviously also be
considered as an A ® A-ring.
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In order to show that the map p is well-defined, we have to verify that the
composition of the comultiplication A : L — L x4 L , £ +— {1y ® L)
with 7 (—®1)®id : L® L — L®; L ® L followed by the canonical
projection onto L ® 1 L ® 4 L is well-defined. The latter maps f@m € L ® L
toly ®0_®m € L®; L ®y L, and factors over L o L. This is because
i, ®a- =" a®1)=F"(1®a)=1®a for a € A, and so we have

(@), @ @) @m=al, @l a_ @dm=~>0, R0 a®@m=_0,Q(_Qam

for ¢ @ m € L o L by the property (5.6) above. Hence, p is well-defined. We
check that p satisfies the axioms of Definition 5.2.1:

1) We have aly+ @ Lay- @ L) = L)+ @ Lay—a @ L) for all a € A by the
property (5.5).
2) Since A(L) C L x4 L implies {1y ® {30 = Lya & £(2), we get
€(1)+ & E(l), (9 E(Q)G = (é(n&).,. &® (f(l)d)_ & 5(2)

D4y @ a_liy- @ L

=/ + & aE(l)_ ® f(g) ,

(
(1
using again that a;, ® a_ = 1®a for all a € A.
3) For the multiplicativity property we obtain
p(tm) = (Im)ays ® (fm)a)- ® (fm))
= (Laym)+ @ (Layma))- @ Lzym)
= Layrmay+ ® may-La)— @ Lzymz)

for all £, m € L by (5.6).

4) By the x 4-coalgebra axioms, we have /(e x4 L)A({) = ({1y)(1){(2) =
¢, and hence

Ly lay- ® Ly = (L)) (1) ® Lo
=1®e(lm)(1)l)
=1®(e L®y L

using property (5.11).
5) The equation {1y ® {1yl =L ®1 € L®; L is exactly (5.4).

6) We have u(a) = p(al) =1, ®1_®a=1®1®a by (5.7) and the fact
that A is an A°-ring map.
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7) Because of f(a ® 1) = a ® 1, we have p(a) = (al); ® (al)- ® 1 =
a;®a_®1=a®1®1 for all a € A.

8) By (5.8) we get

1(lay+) @ Lay- @ Lizy = Lay+ay+ @ Laya)- @ Layre) @ Lay- @ L)
=L+ @ Luyw)- @ L)@+ @ Laye)- @ L)
=L+ @ La)- @ Lo+ @ Lo- @ L)
= L)+ @ L)- @ L)1)+ @ L2)1)- @ Li2)2)
= 5(1)4_ ® 6(1)— ® ,u(f(g)) .
Here, we applied coassociativity of A. It reads £(1y1) ® £1y2) ® £(2) =
6(1) & 6(2)(1) & f(g)(g) as elements of Lo L o L.

O

The definition of A-B-torsor is symmetric with respect to the roles of A
and B. We compare this situation to that of a B-torsor T" in Section 4.2.
In Proposition 4.2.3 we recovered a bialgebroid structure on the centralizer

(T @5 T)B. So now we can expect to obtain bialgebroid structures on both
(T®4T)* and (T @5 T)® for an A-B-torsor T.

Proposition 5.2.5 Let T be an A-B-torsor and assume that (T @4 T)" is
right faithfully flat over B with respect to the natural B-bimodule structure.

Then there is a left T*-bialgebroid structure on (T @4 T)* with the structure
maps

o source map s: T4 — (TR, 1), r—rel
o target map t: T4 — (TRAT)*, r—=1®r
e comultiplication
A:(TRAT) = (TRAT) @pa (T @4 T)A
0y 20 @ gr® gy
e counit ¢: (T@,T) —-T4 2@y zy

Proof. We note that, since T' is an A ® B-ring, we have ab = ba in T' for
the images of a € A and b € B. This implies B C T# and A C T®. We show
that the bialgebroid axioms in Definition 4.1.5 are satisfied.
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We define a multiplication on (T'®4 T)* by (a ® b)(z ® y) := azx ® yb for
a®bxr®yc (T®sT)* With this algebra structure on (T ®4 T)#, we see
that s is an algebra morphism and ¢ is an algebra anti-morphism satisfying
s(r)t(r')t(r')s(r) for all r,r’ € T4. The resulting T-bimodule structure on
(T ®4 T)* is given by

re(z@y)-r=srir)zoy) = (reol)(1er)(zey) =reoyr.

It corresponds to the natural T4-bimodule structure on (7' ®4 T)4.

In order to show that A is well-defined, we first consider the map Ag :
TOAT =TT RT AT, u@v—uY @u® @u® ® o, that is well-
defined by the torsor axiom 6). Now we can show that Ay((T ®4 T)*) C
(T 4 T)* @p (T ®4 T)*. This expression makes sense, since (T ®4 T)*
possesses a natural B-bimodule structure induced by B C T4. Let z ® y €
(T ®4T)* and let a € A. Then Ag(ar ® y) = Ag(r ® ya) and hence using
the axiom 6)

I(l) ® x(Q) ® am(3) ® Yy = (CLCL’)(I) ® (CLI)(Q) ® (ax)(3) ® y
=202 @20 gya .

This proves the claim via faithful flatness of (T'®4 T)“ as a right B-module
and axiom 1). The map A is then obtained by applying A, followed by the
canonical residue class morphism (T®4T)A @ (T @4 T)* — (TR4T)* @74
(T @4 T).

The counit ¢ is well-defined, since for r ® y € (T'®4 T)* and a € A we have
ary = xya and thus e((T'® T)4) C TA.

We check that A and e are T-bimodule morphisms. Let 1@y € (T @4 T)4
and r € TA. Since ra = ar for all a € A, and thus 7™V @ r® @ ar® =
r) @ r® @ rBq, it follows by right faithful flatness of (T ®4 T)* over B
that u(r) € T @4 T ®p T*. This leads to

Alr-(z@y)) =Alrz@y)
= (ro)V @ (r2)? @ (re)P @ y
— ) @ @) g 130 g
_r020) @ 2,0 @ 1) g
=rzlV @@ 1% ey
=r-Alz®y) .

Multiplying on the other side gives A((z®7y)-r) = A(z@yr) = 2 @2?) @
2@ @yr = A(x ®vy) - r. For the counit we get e(rx @vy) = roy =r-e(z @y)
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and e(z@uyr) =zyr =c(x ®@y) - r.

Coassociativity of A follows from coassociativity of . The counit axioms are
(e®id)A(z®y) = 2W2P 20 @y = 1920y = 2@y and (id ®e)A(zy) =
2V @ 2@ @20y = 200 © 2026y © 12 ¢ © y since 2 @ 2 @ 26)y €
(T @4 T)A @pa TA.

The proof of the first identity 1) in Definition 4.1.5 requires the following
lemma:

Lemma 5.2.6 The map
YV (TRAT)* @pa (TRAT)* = (TRAT@4T)"
TRYRXKURIUW =T R Yv K W
15 bijective.
Proof. We claim that the inverse of ¢ is given by
¢ (TRaT@aT) — (T@4T)* @pa (T ®4T)"
x®y®zl—>x(1)®x(2)®x(3)y®z .

It is easy to see that both ¢ and ¢ are well-defined. They are inverse to each
other since po(z @y W) = p(r Ry w) = M @2? @Oy ew =
M RrPzrB8)yuew = r®y@uew, where we used that 2 @2® @By €
(T @aT)* @p T4, and Yo dplz @y @ 2) = Y @ 2 @ 2Oy @ 2) =
M @220 @ 2 = TRYRK Z. O

We have Az @ ) (1 ® s(r) = PV @20 10 @yl lerel) =
rVRrPer®)rey and A(zey)(t(r)®l) = (tWerPes®y)(1ere1el) =
MV @rz® @1® @y for r@y e (T @aT)A.

Applying the isomorphism ¢ to both expressions yields (2™ @ 2® @ 2®)r @
Y) =2V ®2P0ry=20r®yand (W @ r2® @20 ®y) = 20 @
re?z® ®y = 2®r®y. This proves that the identity 1) holds. For identity 2)
we compute A((z@y) (v@w)) = A(zv@wy) = (2v) V@ (2v) P @(2v) B @uy =
2 WM 2@ 2@ 2233 guy = (@0 @@ ©2® ) (v @@ @ @w) =
A(z®@y)A(v@w). We clearly have A(1®1) = 1®1®1®1, since u is an algebra
morphism. Finally, we obtain 4) and 5) since £((z ® y)se(v @ w)) = e((x ®
Y)(vw @ 1)) = e(zvw @ y) = zvwy, e((x @ y)(v @ w)) = e(xv @ wy) = Tvwy
and £((z ® y)te(v @ w)) = e((z ® y)(1 @ vw)) = e(z ® vwy) = zvwy, and
clearly e(1® 1) = 1. O

It is obvious that we also have a symmetric version of the above proposition.
So we obtain a right TP-bialgebroid structure on (T'®p T)®, provided it is
faithfully flat as a left A-module. Altogether we have:
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Corollary 5.2.7 Let T be an A-B-torsor and assume that (T®,T)? is right
faithfully flat over B and that (T ®p T)® is left faithfully flat over A.

Then (T @4 T)* is a left T4 bialgebroid and (T @p T)® is a right TP-
bialgebroid.

Example 5.2.8 Let T be a B-torsor with (T ®p T)? faithfully flat over k.
Then (T ®p T)P is a right TP-bialgebroid, as we have seen in Proposition
4.2.3. Considering the left hand side, we recover a left T* = T-bialgebroid
structure on T' ® T', which is equal to Lu’s trivial bialgebroid T' ® TP that
we described in Example 4.1.10. a

Using the theory of faithfully flat descent as in [42], we can recover two
more bialgebroids from the structure map of an A-B-torsor. They are in
fact xp resp. x“-bialgebras, and in general different from the bialgebroids
constructed above. Moreover, we obtain that they are xp-resp. x“-Hopf
algebras inducing left and right Hopf-Galois extensions.

We start by observing that each A-B-torsor gives rise to two descent data.
This generalizes a fact shown for B-torsors in [42]. A brief explanation of
faithfully flat descent can be found in the appendix.

Lemma 5.2.9 Let T be an A-B-torsor. Then a left descent data from T to
AonT®gT is given by

D :TRpT —T,TRpT, r@y— oy @y? oy® .
It satisfies (T @4 D))p(z) = 20 @ 1@ 2? @ 23,

Proof. The map D; is well-defined by the A-B-torsor axiom 7) and obvi-
ously left T-linear. The composition (T'® 4 D;)p is well-defined and we obtain
forzeT

(T @ D))p(x) = D Dl(x@) ® :v(3))
= (0 0 £@,B)1) g ()2 g ,3)3)
= (0D & W@ DG & 1) g )
=1 ®101:% @20

by the axioms 8) and 5). Now we have

(T @4 D)Dy(z @ y) =2y @ Dy(y® @ y¥)
— Ve 1ey® @ y®
=(TRsnR4TRpT)D)(x®y)
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and
(VerT)Di(z@y) =2yVy® 0y? =z oy
by axiom 4), which proves the claim. O

We note that Dy(T ®@pT) C T ®4 (T ®@pT)" by axiom 2). If we assume that
T is right faithfully flat over A, then this implies ?(T' ®@p T) C (T @5 T)Z,
where /(T @pT) = {z @y | Di(z®@y) = 1 ® 2 ® y}, as defined in the
appendix.

It is obvious that the map
D, :TQRuT —-TR,TRpT, x®yr—>x(1)®x(2)®x(3)y

defines a right descent data from 7" to B on T'® 4'T" with properties analogous
to those described in the previous Lemma.

Now we can generalize Schauenburg’s proof of Theorem 4.2.2:

Theorem 5.2.10 Let T be an A-B-torsor. Assume that T is both left and
right faithfully flat over A and B. Then the following hold:

1) The B ® B-bimodule
G := (T®AT)DT ={zRQyeT 4T | I(l)®x(2)®x(3)y:x®y®1}

15 faithfully flat over B, and has the structure of a X g-Hopf algebra.
The algebra T is a left G-Galois extension of A under the G-coaction
dg: T — G xpT given by dg(x) = p(x).

2) The A® A-bimodule
H="TepT)={z@yeTesT|2yVe2y? 2y® =102y}

is faithfully flat over A, and has the structure of x“-Hopf algebra.

The algebra T is a right H-Galois extension of B under the H-coaction
S : T — T x* H given by 6y (z) = pu(z).

Proof. We recall from Section 4.1 that we defined xZ-bialgebras to be right
versions of X g-bialgebras. Thus it is clear that part 2) of the theorem can
be proved analogously to part 1).
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We first observe that G is indeed a subalgebra of (T'®4 T)#. We have for
rRy,vw e

Dr((z @ y)(v @ w)) = Dp(zv @ wy)
— (@20) & (20)® & (0)uy
_ 200 @ @@ g 2Oy @y
— 20y @ wa® @ 2@y
= @uwy 1
=(rey)veuw)el,
and thus (7 ® y)(v ® w) € G. The natural B* = B ® B-ring structure on G

is given by i : B* 2 b® ¢ — b® c € G (note that this is well defined because
of axiom 7)). It induces the B°-bimodule structure

be)>(zy) =y , (z2QyY)<(b®c) =2bRcy

on GG. With this structure we have

GoG:/bG®bG:
b

=(G®G)/ <bg®@h—g®bh|g,heG,be B>
=(@ea)<d'dbah@h? —g¢' ®@¢* bh' @ h* > |

and so we can identify G ¢ G with G ®p G, the “standard” tensor product
over B. Then we obtain

GxBG:/ /chmGC
b

={g@heGopG|gh@h=gohbVbec B}
={y®0heG®pCG|g @b’ @h' @h*=g'® g @h'b@h’} .

The algebra T" becomes naturally a B-bimodule via its A ® B-ring structure.
This means that

GOTZ/bG®bT
b

=(G@eT)/<¢d 2fbt—g'®@¢@ bt |gcGbe B>
:G®BT,

and
GxpT={g2tcGepT|¢d"'@b*>t=g¢"®g¢* b} .
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We check that the coaction of G on T' is well-defined. By left faithful flatness
of T over B, G ®p T is given as the equalizer

D,®@pT

TR4aT ®pT T'aTRpT®pT .
T®AT®pn®BT

Note that we have (D, @ T)u(z) = (T @4 T ®pn ®p T)u(z) by the right
symmetric version of Lemma 5.2.9. Moreover, we have (Y @ bz® @ 2 =
+W @ x? @ 2®)p for all b € B and x € T by axiom 2). Hence, we see that
u(T) C GxpT. Then d¢ is an algebra map since pu is, and it is right A-linear
by axiom 6).

It follows by faithfully flat descent that the map
D, :TR,T—GpT, x®y|—>x(1) ® x? ®x(3)y
is an isomorphism. Of course, D, is also the potential Galois map. Faithful

flatness of T" over both A and B implies that G is faithfully flat over B.

We claim that G becomes a x g-coalgebra with the comultiplication
A:G—-GxpG,z0y—tVerPe:® ey
and the counit

e:G—End(B), @y~ (b— zby) .

The map Ag : T4 T — GRpT 4T, 20y — 2P @20 @20 @y
is well-defined since p is right A-linear. To prove that A is well-defined, we
first show that Ay(G) is contained in G' ¢ G, which is by faithful flatness of
G over B the equalizer

G@BDT'

GRpT 4T GRpT 4T R@sT .
GRBTRAT®RN

But this is true, since we have for r ® y € GG

(G ®p D)A(z®y) = (Gop D) (@ @ @2 0y)
= 20 @ 2@ g 20 g ;OO g LB,
= pu(zW) @ z? @ 23y
= (@A T@pT)D(z®y)
= (psaTRpT)(z®@y®1)
= (Ao ®5n)(z®Y)
=(GRpT@4TRn)A)(z®Y) .
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By axiom 2) the image of A has moreover the property
$(1) ® bZL'(Q) ® SE(3) Ry = [B(l) ® $(2) ® $(3)b Ry

for all b € B, and so we obtain A(G) C G xpG. Coassociativity of A follows
from axiom 7) for the A-B-torsor T'. It is straightforward to see that A is a
B*-bimodule map.

We observe that for x ® y € G and b € B we have z ® by € G, since
V@@ @2r3by = 20 @b2® @20y = r@by®1 by axiom 2). This implies
that the counit map is well-defined, since 1®@zby = t(M2® @G by = 2by® 1
in T"®p T, and hence zby € B by faithful flatness of 7" over B. The map ¢
is clearly a B®-bimodule map.

Compatibility of A and ¢, as required in the definition of a X g-coalgebra,
follows from

V(G x5 e)A(x @ y) = (®y)(zV @ 2?)
= 20 @ @50y

and

I (e xp G)A(r®y) = (2V2@) (2 @ y)
= (0 @220) 5 y
=r®y.

Moreover, A an algebra map since p satisfies axiom 3), and it is a map of
B¢-rings since it commutes with the respective maps from B€:

Aociglb®c)=Ab®c)
=Y 2@ 28 g
=bhR1®1®c
= igxzc(b®E) .

The same holds for the counit ¢, since
e((z@y)(v@w))(b) = e(zv @ wy)(b) = zvbwy = e(z @ y) o e(v @ w)(b)
for b € B, and

eoi(b®c) (V) = bbc = ipnam)(b® (V) .
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Altogether we see that the given maps define a X g-bialgebra structure on G.
It is obvious that T becomes a left G-comodule algebra.

The set of coinvariants ST := {t € T | §(t) = 1®1®t} contains A by axiom
6). Each t € ©CT has the property 1 @t =t1 @t =t @1 T o, T.
This implies t € A by faithful flatness of T over A. Hence, we have “¢T = A.

So the Galois map for the left G-comodule algebra T" is given by
B:TosT —GoT x®y+—>x(1)®m(2)®x(3)y,

and it is an isomorphism by faithfully flat descent.
We have T4 TP = {> 2,y € TRAT | Y0 Qby; = > ;@b V b € B}
by faithful flatness of T over A. Applying the Galois map [ yields
and
Bz @yb) =2Y @2 @ 2®yb .
This means that 3(T @4 T?) =G xpT.

Hence, T is a left G-Galois extension of A by Definition 4.1.20. Eventually,
Lemma 4.1.21 implies that G is a x g-Hopf algebra.

Although it is clear that part 2) of the theorem follows in a similar way using
the left descent data D, : T ®p T — T ®4 T ®p T, we mention a few facts
from the proof:

The algebra structure on H is given by (z ® y)(v ® w) = (vr ® yw) for
r®y,v®w € H and makes H into a subalgebra of (T'®@p T)P.
An A.-ring structure on H = P/(T ®p T) is then given by iy : A® A —
H,a®br a®b, and it induces the A ® A-bimodule structure

(@b (zrey)=ra®by , (rQRy)<(@®b)=aryb

for a®@b € A® A. This implies in particular that the map ¢ : H — End(A)
given by e(x®vy)(a) := xay, is an A.-ring map H — End(A)°, which proves
one of the axioms for a x“-bialgebra. The comultiplication on H is given by

ArH—Hx*"H, 20y—22yPay?oy®
and T is a right H-Galois extension of B with the Galois map
TRgT —T ANH, x®y»—>xy(1)®y(2)®y(3) .

By what we have shown above, it is clear that H is a x“-Hopf algebra. O
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This result generalizes both the results of Grunspan for quantum torsors
and Schauenburg’s theorem for B-torsors. If A = k or B = A = k, then
the corresponding x“-Hopf algebra is a k-Hopf algebra and T is a regular
Hopf-Galois extension.

Our result above says, that we can associate to each A-B-torsor a x g-Hopf
algebra and a x“-Hopf algebra. We apply this construction method to the
canonical A-A-torsor structure on a x 4-Hopf algebra L that we constructed
in Proposition 5.2.4.

Proposition 5.2.11 Let L be a X 4-Hopf algebra and assume that it is faith-
fully flat over A. Then L is isomorphic to the X 4-Hopf algebra

G={r®yel®;L| x(1)®$(2)®x(3)y:x®y®l}
that arises by Theorem 5.2.10 from the A-A-torsor structure
p:L —L@iLRAL, L Ly @@L DLy
on L.

Proof. We consider the map k: L — G, £ +— (. ® (_. It is well-defined
since

V@D @0 D =1 )y @y @ Lyl
— €+ ® E_ ® ]_

for all ¢ € L by property (5.3) in Proposition 5.2.3.
We use ay @ a- = 1 ®a for all a € A, to obtain k(al) = a by @ (_a_ =
(@0 a=a-(ly®(_)=ar(l) by definition of the A°-bimodule structure
on G. This shows that x is left A-linear. Now G can be considered as a right
A-module via the left A-action, and L becomes an (A, A)-bimodule via the
given left A ® A-module structure. Then the map

ERQAL: LRs L —-GRaL, m—l,Q0_Rm
is well-defined, and has the inverse
GRAL —LRsL, 2Q@y@mr xq)Q x2)ym .
This follows from £, 1) ® {1 f-m = £ ®m by (5.3), and 1)} ® )~ ®

Tym = v ® y ® m by definition of G. So we can conclude by faithful
flatness of L over A that the map « is bijective.
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It remains to be shown that « is a morphism of x 4-bialgebras. It is clearly
a map of A ® A-rings, and we get by (5.8) for all £ € L

Agok(l) = Ag(ly ® ()
=l L) @ L) @0
= Lay+ @ La)- @ L)+ @ La)-
= (kx4 r)AL(L) .

Finally we have

(ec o R)(O)(1) = ety @ €)(1) = L0 = e (£)(1)
by (5.11), showing that eg o k = €, as A°ring maps L — End(A). 0

The previous proposition is consistent with what we already know for k-Hopf
algebras: FEach x 4-Hopf algebra L that is faithfully flat over A is a left L-
Galois extension of A.

By what we have seen in Theorem 5.2.10, the A-A-torsor structure on a
x 4-Hopf algebra L also induces a x“-Hopf algebra H C (T ®; T)*. In the
sequel, we explain how it is linked to L.

Given a x 4-bialgebra L with the A®-ring structure iy, : A° = A® A — L,
we know from Remark 4.1.7 that the opposite algebra L° is a x“-bialgebra
(this expresses exactly our construction of x“-bialgebra in Section 4.1). Its
A,-ring structure is given by ipop : A® A — L iror(a®b) := i (a®b), and
consequently the right action of A resp. A on L° comes from the left action
of A resp. Aon L. The left actions are induced analogously by the respective
right actions. This implies that, as k-modules, L? A L? = fa L?, ® L,
equals [ 3L ® L = Lo L, and L ® 5 L equals [ oL ® L,.

We have seen in Remark 4.1.3 that endowing L with the coopposite comul-
tiplication

b
ACOP:LALXALL)/ /aLb®aLb7 Lo @ Ly

leads to a x z-bialgebra L¢P with the A°-ring structure i peop : AQA — LP,
ircor(a®0b) :=1ir(b® a). Here, the actions of A resp. A stay the same.

Applying both these constructions to L yields a x“-bialgebra L°P®P with
ipopeon : Ag = AR A — LoPP ipopcon(a®b) = ipcor(@®b) = ir(b®a). The A
resp. A-bimodule structure on L is such that, as k-modules, fa LoPeoP; &
Lepeor = fa oL ® G L, and LOPP ® 4 LOPP = fa al ® Lj.
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We assume now that L is a x 4-Hopf algebra, i.e.

5:L®AL—>L<>L:/(—ZL®QL, L@m — L) @ Lgym

a

is a bijective map. The symmetry in M, induces the isomorphisms
plz/aL®La —>/La®aL=L®AL, (@mi—>m®/{

and
pQ:/aL®aL—>/aL®GL, l@mr—me4{L.

The XA—bialgebra Loreor is a xA-Hopf algebra by Definition 4.1.17, if the
map

ﬁopcop DL @y PP — /Lopcop& ®@ LPP, , L@ m m(2)£ ® m()

is bijective. We obtain for { ® m € fa al ® Lg

paofBop(f@m)=pyof(meLl)=py(mau @mazl)
= m)l @ m(1) = Bopeop({ @ M) .

With the identifications we made above, it follows that bijectivity of 3 implies
that Bypeop is bijective, and so LPP is a x“-Hopf algebra.

We can now prove that this opposite coopposite XA—HOpf algebra L°PP arises
in Theorem 5.2.10, when we apply it to the A-A-torsor structure on the X 4-
Hopf algebra L.
Theorem 5.2.12 Let L be a X 4-Hopf algebra that is faithfully flat over both
A and A. Assume that L°? is a X z-Hopf algebra.
Then the x“-Hopf algebra

H={z®yeL®aL|ryn+ Qyn-Qye =102y}

that arises from the A-A-torsor structure on L is isomorphic to LoP°P.

Proof. By definition, L°? is a x 5-Hopf algebra iff the map

6cop:L®AL—>/aL®(—ZL, C@m— L @ Lym
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is bijective. We are going to denote ¢+ @ £~ := ., '({®1) € L®a L for
¢ € L. Then, as can be seen by modifying the results of Proposition 5.2.3,
the following hold:

Ty @0 Tl =(®1¢e /aL ® zL (5.12)

byt @ Loy by =L®1 eaL ®a L (5.13)

(m)T @ (Um)” =0tmt@m (- e Los L (5.14)

Foy @0y @0 =Ly @l @l € /b oL @ aLy @ L (5.15)
F@U @0 =0l (" e/ L, ®yL @ 5L (5.16)
0t =e(0)(1) "’ (5.17)

We also note that at" ® e =1®aand at ®a- =a® 1 for all a € A.

By Proposition 5.2.4, L®P becomes an A-A-torsor with the torsor structure
map
fipeor : L — L R@a L&z L, {— g(g)+ ®£(2)7 ®£(1) .

Then L is isomorphic as x 3-Hopf algebras to G := {z @ y € L ®4 L |
To)T @xe)” ®rmyy =2 ®y® 1} by Theorem 5.2.11. The isomorphism L
— G is of course given by £ — (t @ (™.

We show that the sets G and H are equal. Let z @ y € H, that is Y+ @
Y- QYo =1®r®yin L®s L ®4 L. We apply the map

ML@iLRsL—>L@sL@zL, L@m@n— lme™ @me~ ®mman
to both sides of the equation. Note that A well-defined, since we have

E(dm(g))*_® (am))~ @mayn = Lam) ™ @mz)~ @myn for a € A using that
A is an A°-module map. We obtain for r ® y € H

Mlezey)=19" @re~ @z)y

and

Mzymy+ @ Yya)— ® Y)) = 5703J(1)+.7J(1)—(2)Jr QY)-2) DY)-1)Y©2)
= DY Y- @ Y- D Ya)-Ye)
=ayy @y ®1.

Here, we use for the second equality that applying (5.9) to yq) ®y@) € Lo L
is well-defined, and derive the third equation from (5.4).
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We note that the expression y,y- T ® y_-~ € L ®4 L is well-defined, and
claim that y,y_*®y_~ =1®y € L ®4 L. This can be verified by applying
the isomorphism (., : L ®4 L — fa oL ® zL to both expressions. We have
Beop(l @ y) =1®y, and

Beop(y1y-" @ y-") = yry- "2 @ Yry-" )y~

= Y+@)¥- D Y+(1)

=1®y,
where the second equation follows from (5.12), and the third one from (5.3).
We have to verify that the second expression is indeed well-defined: We
have y, ® y. € L ®35 L and get for f ® m € L ® L and a € A that
(ta)ym™ ) ® (La)aym™ ym™ = {yam® @) @ Lym™ @ym™ = L (am)* ) &
€(1)(5Lm)+(1)(dm)’.

Returning to our previous calculation, we now have

Mzyayr @Ya)- @ ye) =2yry-" ®@y-~ @1
=rRye1.

So it follows that z ® y € H satisfies the equation z(9)4 ® T(2)- @ T1)y =

rR@yYy®1€L®yL®;L, which means that x ® y € G.

It is clear that we can show G C H by similar reasoning, such that we have
altogether H = G. This implies by the result in Proposition 5.2.11 that there
is a bijection L? — H , { — (* ® (~, and it remains to be shown that it
induces an isomorphism of x“-bialgebras & : LP°P — H.

Now £ is an algebra morphism, since (¢ -m) = £(mf) = (ml)" @ (ml)~ =
mT @0 mT = (T 7)(mT @m”) = &(()k(m) for £;m € LPP. Hence,
K is a A.-ring map. We have
Agoik(l)=Ag(lt@07)
=/t ® E_(l)Jr ® é_(l)f ® E_(g)
= ¢t ® €+—+ ® VAl QL
and
(F XA R)Apopeon(€) = (R X R) (I @ 07)
=l ®le) @ly" @y~
=ty @ty @ me .
In order to show that both expressions are equal in fa H;® H,, which can be
identified with L ®4 L ® 1 L ® 4 L, we apply the isomorphism L ®4 &4 L to
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them. This is well-defined, since 8 : L®z L — Lo L , L@m +— L) @ Lym
is left and right A-linear. We obtain

(L@aBRAL Ty @y @tfyel)=
=) @l (@l Gt ® L =
=l el @l fy e =
=0T ITTRIRI,

where the second equality follows from (5.16). This operation is well-defined,
since £ gy @0t 1y@(™ € [, o L®aLy@pL and (al)* @ (al)” @ (al)” gmen =
(r® (Ca)ay @ (Ca)om@n =Lt @ L1y @ L~ (gam @ n for all £,m,n € L
and a € A. The last equality is a consequence of (5.13) applied to (T ® (.
The other expression is mapped to

(L@ABRAL) (T @0 @0 _®7)=
=0T RUT )y QLT T =
=TIl l,

which can be deduced from (5.3), verifying that the expression in fact well-
defined: We have (@0t~ @0~ € [, L,®,;L®;L, and obtain for f@m®n €
L®L®L that (@ (am)1)®(am)42)(am)_-@n = {&am;q) @M ym_@n =
la®@mya)y@mim_@nin Lo LoL® 4L, and (@ (am),q)® (am), ) (am)-—
®n = LR@My(1)@Mmyym—_a®n = L@Mm.1)@my@ym_Qanin L&y LoL®4L.

So altogether we have proved that & : LP°? — H is compatible with the
respective comultiplications. Finally, we have

(e oR)(0)(1) =exg(tT @ €7)(1) =0T = epomcan(£)(1) .

This shows that k : L%P“? — H is an isomorphism of xA—bialgebras and
therefore an isomorphism of x“-Hopf algebras. O

5.3 A Jones Tower with Coactions of
x*-Hopf Algebras

We apply our results for A-B-torsors that we obtained in the previous section
to the theory of depth two extensions. The notion of A-B-torsor allows a
torsor structure map with tensor products over two nontrivial rings. There-
fore, we do no longer have to restrict our considerations to irreducible depth
two extensions, but have the following more general result:
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Proposition 5.3.1 Let N C M be a right depth two algebra extension and
set R:= M~ . Then M is an R-N-torsor.

Proof. Both R = M?" and N subalgebras of M with the property rn = nr
for all € R and n € N. So there exits an R ® N-ring structure on M, given
by iny: RN — M | iy(r @n) :=rn.

Let (¢;,7;) be a right D2 quasibasis for the extension N C M according to
Lemma 5.1.2. We claim that the map

w:M—MerMeN M, mHZ%(m)(@Cll@C?

makes M into an R-N-torsor. This map obviously satisfies axiom 2) in
Definition 5.2.1. Since (M @y M)¥ is a natural R-bimodule, we can treat
asamap p: M — M ®g (M @y M)N. Now, using the isomorphism

prMeg(May MY SMayM, meY a0y — Y mr; ey,

from Lemma 5.1.4, the axioms of an R-N-torsor can be proved just as in
Proposition 5.1.6 for the special case R = k. ad

We have shown in Proposition 5.2.5 that each A-B-torsor T gives rise to a left
T4-bialgebroid structure on (T ®4 T)# and a right T5-bialgebroid structure
on (T ®@p T)B. For a right D2 extension N C M, this recovers the right
R = M"-bialgebroid (M @y M)" from [22]:

Proposition 5.3.2 Let N C M be a right D2 extension and set R :== M™Y.
Then there is a right R-bialgebroid structure on B = (M @y M)V,
The structure maps are given by

e source s: R— B, r—1Qr
o targett: R? — B, r—r®l1
¢ AtB—B®rB, Y 1;@y; 3,1, @%(y;) ®ci ®@c}
ec:B— R, Zja:j®yj»—>2jmjyj
where (i, ¢;) s a right quasibasis for N C M.

Proof. The algebra M is an R-N-torsor by Proposition 5.3.1. By the right
symmetric version of Theorem 5.1.3, grB is a finitely generated projective
generator and therefore left faithfully flat over R. So the conditions of Propo-
sition 5.2.5 are satisfied and we obtain the above structure maps for the right
R-bialgebroid B = (M @y M)N. O
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Remark 5.3.3 Let N C M be a depth two extension. Then M is both an
N-R-torsor and an R-N-torsor. The resulting structure of left R-bialgebroid
on (M @y M) equals the left R-bialgebroid structure on B that arises
naturally from the right R-bialgebroid structure on B in the previous propo-
sition.

Let N C M be aright depth two extension such that M is faithfully flat over
both R and N. Then we can apply Theorem 5.2.10 and obtain by faithfully
flat descent a x y-Hopf algebra that coacts on M on the left and a x®-Hopf
algebra that coacts on the right. As in the irreducible case, it turns out that
the latter is the same as the R-bialgebroid from Proposition 5.3.2:

Proposition 5.3.4 Let N C M be a right depth two extension such that M
is faithfully flat over both R and N.

Then the right R-bialgebroid (M @x M)N from Proposition 5.3.2 is isomor-
phic as R-bialgebroids (resp. x®-bialgebras) to the x®-Hopf algebra

H:="(MeyM)={r@ye MayM|) iy oded=10zy}
from Theorem 5.2.10.

Proof. It follows by right faithful flatness of M over R that H is a subset
of (M @y M)N. Recall from Lemma 5.1.4 that we have the isomorphism
p:Mer(MeyMN — Moy M, my  r; @y — > mr;®y;. We
obtain for x @ y € (M @x M)V

PO ) @ @) = 1y ©
=p(lez®y)

by the quasibasis property. Thus, each element of (M ®y M)Y is contained
in H, and hence we have H = (M @y M)". We have explicitly shown in
Proposition 4.1.14 that the right R-bialgebroid structure on (M @y M)V
corresponds to a structure of x%-bialgebra. It is obvious that this is the
same structure as the x®-bialgebra structure on H from Theorem 5.2.10. O

Combining Proposition 5.3.1 and Theorem 5.2.10 yields the following result:

Corollary 5.3.5 Let N C M be a right depth two extension with M faith-
fully flat over both R and N.

Then B = (M &y M) is a x®-Hopf algebra, and M is a B-Galois extension
of N.
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Finally, we apply our results to the generalized Jones tower for Frobenius
extensions that we considered in Section 5.1 for the irreducible case.

Let N C M be aright depth two Frobenius extension. We consider the Jones
tower for Frobenius extensions (5.2)

NCM— M — My — ..

where M7 = M ®x M, My = M, ®p M;, and so on. We have shown in
Proposition 5.1.15 that MM = R. If we assume in addition that M is
faithfully flat over both R and N, then it follows that M; is faithfully flat
over both R and M. So M; is an R-M-torsor and we obtain as above that
(M; @y M1)™ is a xT-Hopf algebra and that M is a (M; ®y M;)M-Galois
extension of M.

This reasoning can be successively applied to each of the other components
of the Jones tower. We obtain MM 22 R for all i € N, and M; is faithfully
flat over both R and M;_;. Thus, M; is an R-M;_;-torsor with a coaction of
the x®-Hopf algebra (M; ®y;, , M;)i-1. This leads to our final result:

Theorem 5.3.6 Let N C M be a depth two Frobenius extension. Assume
that M s faithfully flat over both R and N. Then the Jones tower

Ni:M_1CMI:M0‘—>M1‘—>M2‘—>...

consists of xT-Hopf-Galois extensions.
More precisely, each M; is an H;-Galois extension of M;_1. The x®-Hopf
algebra that coacts on M; is given by H; = (M; @y, , M;)Mi-1,

This Theorem extends the results of [22], where only bialgebroid coactions on
the components M, M; and M, were established. It turns out that Schauen-
burg’s concept of a x®-Hopf algebra admits a natural generalization of the
results in Section 5.1. The Hopf algebra coactions in the irreducible case are
special cases of x-Hopf algebra coactions in the case of arbitrary depth two
Frobenius extensions. The corresponding Hopf-Galois extensions are partic-
ular cases of xf-Hopf-Galois extensions in the Jones tower.

So it turned out that the intrinsic description of noncommutative principal
homogeneous spaces in terms of torsor structures is indeed of practical use.
It allowed us to recover xf-Hopf algebras and x%-Hopf-Galois extensions
from arbitrary depth two extensions.

While principal homogeneous spaces inherit their structure from the groups
that act on them, we can draw conclusions in the other direction: A non-
commutative torsor provides information about the Hopf algebras that coact
on it.



Appendix

We give a short exposition on some tools and notions that are used through-
out the main part of the text.

A Monoidal Categories

The theory of monoidal categories, or tensor categories (as they are some-
times called), was developed in the 1960’s. References are for instance [27]
and [23].

Definition A.1 A monoidal category (C,®,a, I, \, p) consists of a category
C together with a bifunctor

®:CxC—C, (AB)—ARB,
a natural isomorphism
aspc: (A®B)®C — A® (B (),
a unit object I € C and natural isomorphisms

/\AI®A—>A
pAA®I—>A

such that the following coherence diagrams commute:
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(A®B)®C)o D — 42 (4 (BoC) oD
wasp.p 4,500,
(A2 B)® (C ® D) (B®C)® D)
® (B® (C® D))
(AR ® — ® (I ® B)
A®B

A monoidal category is called strict, if the coherence morphisms a, A and p
are identities.

The standard example of a monoidal category is the category My of modules
over a commutative ring k with the tensor product ®; over k. The unit object
is of course k, and the tensor product is clearly associative.

Another example is the category grMp of bimodules over an arbitrary ring
R together with the tensor product over R.

Let B be a bialgebra over k. Then the category g M of left B-modules is
monoidal with the tensor product ® = ®; of the underlying category M.
The tensor product U ® V' of two left B-modules U,V € gM becomes a
B-module via the diagonal module structure b- (u ® v) = b1y - u ® beay - v for
be B,ue UwveV. The left B-module structure on the unit object £ is
given as the trivial action of B via the counit €.

Similarly, the category M?¥ of right B-comodules is monoidal with the tensor
product over k. For X,Y € M?Z, the B-comodule structure on X ® Y is the
codiagonal structure, given by 6(z®y) = 2(0) @y @z 1)y forz € X,y € Y.
The unit object k has the trivial B-comodule structure 5( ) =1® 1p, that
is induced by the unit of B.

In all of the above examples, the coherence morphisms for the respective
monoidal category are trivial. In fact, as was proved for instance in [23],
every monoidal category is monoidally equivalent to a strict one. Another
result of [45] shows that each monoidal category, whose objects are sets with



A. Monoidal Categories 167

an algebraic structure, can be endowed with an isomorphic tensor product.
This tensor product is such that it makes the category into a strict monoidal
category. Therefore, one can usually omit denoting the coherence morphisms
at all, and treat all monoidal categories as if they were strict.

Definition A.2 Let (C,®,a, 1, )\, p) and (D, X, &, J, A, p) be monoidal cat-
egories. A monoidal functor F : C — D consists of a natural isomorphism

Ean: F(ARF(B) = F(A® B)

and an isomorphism
& :J = F(I)
such that the following diagrams commute:
(F(ARF(B)RF(C) L F(A® B)R F(C) —— F((A® B) ® C)
a F(a)

FA)R(F(B)RF(C)) g F(ARF(B®C) —€>]-'(A®(B®C’))

X
JRFA) — L FORFA) —— FI® A)
X FON)
F(A)
FART 2 L FARFI) — S~ FARI)

F(p)

A

F(A)
A monoidal functor (F, &, &) is called strict, if £ and &, are identities.

For a bialgebra B, the forgetful functors pM — Mj, and M? — M, are
both monoidal and in fact strict. This property can be used to characterize
bialgebras, as was shown in [31]: A k-algebra A is a bialgebra if and only if
the category 4M of A-modules is monoidal such that the forgetful functor
AM — M, is a monoidal functor.
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Definition A.3 A prebraiding for a monoidal category (C,®,a, I, A, p) is a
natural transformation

o)

B® A

oap:A®B

that satisfies 041 = 074 = id4 for the unit object I, and makes the following
diagrams commute:

A® (B () —22C ., (BC)® A

(A® B)® C B® (C® A)
WA,B@N /B(®7TA,C
(B A)®C _ B®(A®C)

A® (B®C) (C®A)®B

A®7TBN /4,0@3

A® (C® B) ——— (A2 ()@ B

A braiding for C is a prebraiding which is a natural isomorphism. A monoidal
category with a (pre-)braiding is called a (pre-)braided monoidal category.
A braiding o with the property o2 = id is called a symmetry.

The category My is braided, and in fact symmetric, with the twist
o VW —-WeV, vQQu—w®u .

The category M of modules over a bialgebra B is in general not braided.
However, one can construct a braiding that is based on the symmetry of the
underlying category My, if B is a so-called quasitriangular bialgebra (see for
instance [28]).

Another important example of braided monoidal category is discussed in this
thesis. It is the category of Yetter-Drinfeld modules over a Hopf algebra H
introduced by Yetter in [60].
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B Graphical Calculus

For computations in monoidal categories one can employ the graphical no-
tation. This way of denoting morphisms in monoidal categories goes back to
Penrose [34] and was also applied by Yetter in [60]. It has the advantage of
not using “elements” in objects, and is thus valid in any monoidal category.

Let C be a strict monoidal category, and let A, B € C. We denote a morphism
f:A— Bas

Given two morphisms f : A — C, g : B — D, we denote their tensor
product f®g: A B — C® D by

AB AB
f®g=[z0]:=[1lls] .
1L
CD CD

The symbol ® is understood implicitly by placing objects A, B next to each
other in the top and bottom row. Morphisms are denoted by boxed (or
circled) symbols that are connected with their respective domain and tar-
get. Due to the existence of coherence isomorphisms, the unit object of the
category is not denoted at all.

The composition of morphisms f: A — B, g: B — (' is expressed by
A

gof=

C

We give a few examples of especially defined morphisms:
Let (A,V,n) be an algebra in C. Then the multiplication V: A® A — A
and the unit n : I — A are denoted by

AA B
v=1_{J —and =
A A
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Associativity of V and the unit axioms read as

{{jl fi}j‘ A A A
A A A A A
Let M be a left A-module. Then the module structure map p: AQ M — M
is denoted as
A
u- S

M
and it satisfies
AAM AAM
= My
= and T< = I
— M
M M M

Let (C,A,¢) be a coalgebra in the category C. The graphical symbols for
the comultiplication and the counit are obtained by turning the symbols for
V and 7 upside down:

C C
A= and e=1
CccC

We do the same in order to obtain a notation for the comodule structure
map 0 : N — C ® N of a left C-comodule N:

N

5 =
Il
CN

For a Hopf algebra H with the antipode S : H — H, the antipode axiom

reads as
H H H
Y
@ - - E ‘
R
H H H
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In a braided monoidal category C, the braiding o4p: A® B — B® Ais
denoted by

AB B A
oap = < with inverse opa= < .
B A AB

If o is moreover a symmetry, we use the notation

AB

oA = _p<_
B A

to express the fact that the inverse of ¢ is given by the same symbol.

C Duals and inner Hom-Functors

Definition C.1 Let C be a monoidal category and X € C an object. An
object X* € C together with a morphism ev : X ® X* — [ is called a right
dual for M if there exists a morphism db : I — X* ® X such that

(X 22, X o X* @ X 22X, X)) —idy

(X* L, Xr @ X @ X+ XEN X)) = idy.

The category C is called right rigid, if each object X € C has a right dual.
The morphisms ev and db are called the evaluation resp. the dual basis.

Let k£ be a commutative ring. The category My is in general not rigid. How-
ever, if a k-module V is finitely generated and projective then we know by the
dual basis lemma that there exist elements vy,...,v, € V and v!,...,v" €
Homy(V, k) such that v = > v*(v)v; for all v € V. Then Homy(V, k) =: V*
is a right dual for V' with the evaluation map and dual basis given by

ev: V@Homg(V.k) —k, v® f— f(v)
db: k — Hom(V.k)®@V | 1r—>Zvi®U,-.

Hence, the category /\/l£ of finitely generated projective k-modules is rigid.

It follows in the same way that an R-bimodule M € g Mpg over an arbitrary
ring R has a right dual if it is finitely generated and projective as a left
R-module. The right dual is M* = Homg(M, R).
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Let H be a Hopf algebra over k., and let NV be a left H-comodule that is finitely
generated and projective over k. We declare a left H-comodule structure on
the dual N* = Homy (N, K) by 6(f) := f—1) ® fo) for f € Homy(N, K) such
that f_1)fio)(n) = S(n-1))f(n)) for all n € N. Then the evaluation and
dual basis maps are H-colinear, and N* is a dual for N in # M. In particular
it was shown in [56] that Hopf algebras can be characterized through this

property.
Let X* be a right dual for X € C. Then it is easy to see that for all Y, Z € C
the maps

Hom(X ®Y,Z) — Hom(Y, X*® Z) , f — (X" ® f)(db®Y)
Hom(Y, X*® Z) - Hom(X ®Y,Z), g (ev®Z)(X ® g)
are inverse to each other. This implies that the functorC — C, Z — X*®Z
is right adjoint to the functorC —C, YV — X ®Y.

If X € C has a right dual, then it is uniquely determined up to isomorphism.
This follows from applying the above adjunction to the unit object I € C.

Let C be a rigid monoidal category. Then we can define for each morphism
f: X — Y in C the transposed morphism

(ff V" — X)) =
(Y* db®Y™* X* ®X ®Y* X*®fRY X* ®Y ®Y* X*®ev X*) .
This gives rise to a contravariant functor C — C , X — X*, the so-called
duality functor.

Graphically, the evaluation and dual basis in a rigid monoidal category are

denoted by
X X*
ev= U  and db= "

X Xx*
Then the two equations in the definition of a right dual read as

X X
(a@@@&M@:IZIzlzmx
X X
and

X* X*
(X*@en)(dbex) = [ :I:mp.
X* X*
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The transposed morphism of f: X — Y is obtained as

Y *

= E

X*

In a rigid monoidal category C the functor C — C, Y — X ®Y is left adjoint
for each object X € C. For categories that are not rigid, this property can
be used to obtain the following weaker concept of duality:

Definition C.2 Let C be a monoidal category and let X be an object of C.
If the functor C — C, Y — X ®Y is left adjoint, we denote its right adjoint
by C — C, Y — hom(X,Y) and call it a (left) inner hom-functor.

If the functor X ® — is left adjoint for each X € C, then the category C is
called left closed.

According to this definition, a right rigid monoidal category is called left
closed. Although this might seem a bit confusing and there exist in fact also
different names in the literature, we choose this definition to be consistent
with [43].

Since an inner hom-functor is always right adjoint by definition, it comes
together with an adjunction morphism

ev: X ®@hom(X,Y) —Y

and has the following universal property: Foreach Z € Cande: X®7Z — Y
there exists a unique morphism ¢ : Z — hom(X,Y') such that the diagram

X®Z—22 . X ®hom(X,Y)

Y
commutes.

Let H be a Hopf algebra over k. Then for two H-modules M, N € g M, the
k-module Homy (M, N) of k-linear maps has an H-module structure defined
by

(h- f)(m) == ha) f(S(he)m)
for h € H, f € Homy (M, N) and m € M. Thus, applying the standard hom-
tensor adjunction, we see that Homy (M, N) defines a left inner hom-functor
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in the category y M. This is also the left inner hom-functor in the underlying
category M of k-modules. Such a situation can be expressed by saying that
the underlying functor y M — M preserves left inner hom-functors:

Definition C.3 Let F : C — D be a monoidal functor between left closed
monoidal categories. By the universal property of the inner hom-functor in
D, there exists a unique morphism

¢ : F(hom(X,Y)) — hom(F(X), F(Y))

for X,Y € C, for which the diagram

F(X) ® F(hom(X,Y))

1%
)
<

F(X ®@ hom(X,Y)) 7o)

commutes. We say that the functor F preserves left inner hom-functors if ¢
is an isomorphism for all X,Y € C.

D Cohomomorphism Objects of Diagrams

We summarize the definitions and main results about cohomomorphism ob-
jects and coendomorphism objects that are used in Chapter 2. We follow the
exposition given by Pareigis in [32].

Let M be a small symmetric monoidal abelian category with tensor product
®: Mx M — M, and assume that M is cocomplete and that colimits
commute with tensor products.

We consider two diagrams w : C — M and v : C — M, where C is another
small category. Such a diagram is called finite if it factors through the full
subcategory My of objects in M that possess duals as in Definition C.1.
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Theorem and Definition D.1 Let w,v : C — M be two diagrams in M,
and let v be finite. Then the set of all natural transformations Nat(w, M @ v)
15 representable as a functor in M.

The representing object is given as the difference cokernel of

w(f)®id

I fentor(ey w(dom(f)) ® v(cod(f))* [ xeoney w(X) @ v(X)",

idev(f)*

where dom(f) and cod(f) denote the domain and codomain of the respective
morphism f. It is called the cohomomorphism object of w and v, and denoted
as cohom (v, w).

In case w = v, the representing object of Nat(w, M ® w) is called coend(w),
the coendomorphism object of w.

We remark that the assumption on finiteness of the diagram v is really just
needed to show the existence of the cohomomorphism object cohom(v,w).
Whenever a coendomorphism exists, it will satisfy the properties that we are
going to show in the sequel even without the condition that v be finite.

If necessary, we are going to abbreviate the symbol cohom(v,w) by (v, w).

Since every representable functor gives rise to a universal problem, we obtain
that a cohomomorphism object satisfies the following universal property:

Corollary D.2 Let w,v : C — M be two diagrams and let v be finite.
There is a natural transformation § : w — cohom(v,w) ® v such that for
each object M € M and each natural transformation ¢ : w — M Q@ v there
exists a unique morphism @ : cohom(v,w) — M such that the diagram

w cohom(v,w) ® v

Muv

commutes.

Proof. The natural transformation ¢ : w — cohom(v,w) ® v arises from
the composition

L(X,X)®id

w(X) —22P L )(X) @ v(X)* @ v(X) cohom(v,w) @ v(X) .

for each X € C. Now the universal property is just a translation of the
properties of a difference cokernel. O



176 Appendiz

Proposition D.3 Let w,v,7: C — M be diagrams in M, and let v and T
be finite. There is a comultiplication

A : cohom(v, w) —— cohom(7,w) ® cohom(v, T)

which is coassociative in the sense that, given another finite diagram
¢:C — M, the square

cohom (v, w) = cohom(7,w) ® cohom(v, 7)

A A®id
cohom(s, w) ® cohom (v, ¢) 222+ cohom (s, w) ® cohom(T, <) ® cohom (v, )

commutes.

Proof. We define the morphism A via the universal property described in
Proposition D.2. It is induced by the diagram

w cohom(v,w) ® v

6 A®id

cohom(7,w) @ 7 —22° + cohom(7, w) ® cohom (v, 7) @ v
For coassociativity, we consider the following two commutative diagrams
(note that we abbreviate cohom(v,w) := (v,w)):

w 0 - (1,w) v

5 Agid
(,w) T 4o (,w)® (v, 7) @V
A®id A®id ®id

(6, w)® (1, 6) @7 1948 (6,0) ® (1,6) @ (v, 7) ® v
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w d (r,w) v
) A®id
(,w)®¢ Lk - (s,w) @ (r,5)®v

id ®0 id ® A®id

id ® id ®9

(Guw)@(re)er (Gw@(reelT)ev
By the universal property of cohomomorphism objects, we just have to show
that the morphisms on the left hand sides of both squares are equal, i.e. that
the diagram

w cohom(7,w) ® T

é A®id

cohom(¢,w) ® ¢ cohom(s,w) ® cohom(7,¢) @ 7

id ®9

commutes. But this follows from the definition of A. O

Remark D.4 If v = w = 7, then the above proposition shows that
coend(w) has a coassociative comultiplication A : coend(w) — coend(w) ®
coend(w). There also exists a counit ¢ : coend(w) — I, which is defined by

w d coend(w) ® w

IR

e®id

I ®w

such that A is counitary. Hence, coend(w) has the structure of a coalgebra. It
can easily be verified that cohom(v,w) is a (coend(w), coend(v))-bicomodule
with the following multiplications from Proposition D.3:

A, : cohom(v,w) — coend(w) ® cohom(v,w)

A, : cohom(v,w) — cohom(v,w) ® coend(v)

It can be shown that coend(w) is the universal coalgebra such that all objects
w(X) are comodules over coend(w) and all morphisms w(f) are comodule
homomorphisms.

This leads to the following reconstruction theorem:
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Theorem D.5 Let C be a coalgebra in M and let v : M — M be the
forgetful functor. Then C' = coend(v) as coalgebras.

Morphisms of cohomomorphism objects arise as follows:

Proposition D.6 Let w,v : C — M be finite diagrams and let F : D
— C be a functor. Then F induces a morphism ¢ : cohom(vF,wF) —
cohom(v, w) that is compatible with the comultiplication on cohoms described
wn Proposition D.3.

In particular, F induces a coalgebra morphism coend(wF) — coend(w).

Proof. The morphism ¢ : cohom(vF,wF) — cohom(v,w) is obtained by
the universal property of cohom(vF,wF) from

wF

cohom(vF,wF) @ vFF
0F $®id

cohom(v,w) @ vF

Its properties follow from the universal properties of the respective cohomo-
morphism objects. a

Corollary D.7 Let w,v : C — M be finite diagrams and let F : D — C
be an equivalence. Then the map ¢ : cohom(vF,wF) — cohom(v,w) is an
1somorphism.

For the rest of this section we assume that the base category M is symmetric.
This additional structure provides additional properties for the cohomomor-
phism objects cohom(v, w).

Definition D.8 Let w : C — M be a diagram in M. Assume that C is
a monoidal category and that w is a monoidal functor. Then w is called a
monotdal diagram.

Definition D.9 Let w,v : C — M be monoidal diagrams in M and let
A € C be an algebra. A natural transformation ¢ : w — A ® v is called
monoidal, if the diagrams

W(X) @ w(Y) PX)@p(Y) A9 A®v(X)®v(Y)

3 V&L

w(X ® Y) p(XR®Y)

Arv(X®Y)
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and N
— I®lI
o n®¢&o
w(I) D) A® ()
commute.

We define the tensor product of two diagrams w :C — M andv: D — M
in M by

wRr:CxD—-M, (wev)(X,Y) =wX)ov).

The tensor product of two diagrams can be viewed as the diagram consisting
of all the tensor products of all the objects of the first diagram and all the
objects of the second diagram.

For the corresponding cohoms we have:

Proposition D.10 Let w,v : C — M and ¢,7 : D — M be diagrams in
M and let v and T be finite. Then

cohom (v ® 7,w ® ¢) = cohom(v, w) ® cohom(7,<) .

Corollary D.11 Under the assumptions of Proposition D.10 there is a nat-
ural transformation

d:w®¢ — cohom(v,w) ® cohom(7,¢) VT ,

such that for each object M € C and each natural transformation ¢ : w ® ¢
— M ® v ® T there exists a unique morphism ¢ : cohom(v,w) ® cohom(, )
— M such that the diagram

w® ¢ —2— cohom (v, w) ® cohom(7,¢) @ v & T

© p®id

Merer
commutes.
Theorem D.12 Let w,v : C — M be diagrams in M and let v be finite.

Then cohom(v,w) is an algebra and ¢ : w — cohom(v,w) ® v is a monoidal
natural transformation..
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Proof. The multiplication on cohom(v,w) results from the diagram

w(X) @ w(Y) 00 cohom (v, w) ® cohom(v,w) @ v(X) @ v(Y)

3 Vel

wX®Y) d » cohom(v,w) @ v( X ®Y)

together with Proposition D.10. For the unit we consider the diagram wy : C
— M, where C; is the category with just one object J and just one morphism
id : J — J, such that wo(J) = I. Then the universal map dy : wy(J)
— coend(wp) @wy(J) is equal to the isomorphism I — I®1 and the following
diagram induces a morphism 7 : I — cohom(v,w):

I % S 1@
o n®&o
w(I) o0 cohom(v,w) ® v(I)
Now we deduce from the commutative diagram
wX)®I 250 cohom(v,w) @ I Qv(X)® I
id®id id ®n©id ® id

w(X) ® wy(J) %% cohom(v,w) ® cohom(v,w) @ v(X) ®

1%

Ve

w(X) 0 cohom (v, w) ® v(X)

that n is a right unit for V. In the same way we can see that n is a left unit
and that V is associative. Now it is clear that § : w — cohom(v,w) @ v is a
monoidal natural transformation. a

Corollary D.13 Let w,v,7 : C — M be monoidal diagrams in M and let
v and T be finite. Then the comultiplication

A : cohom(v, w) — cohom(7,w) ® cohom(v, T)

from Proposition D.83 and the counit € : cohom(v,w) — I from Remark D.}
are algebra morphisms.

Thus, if w is finite, coend(w) and coend(v) are bialgebras and cohom(v, w)
is a (coend(w), coend(v))-bicomodule algebra.
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It turns out that the universal property of cohomomorphism objects holds
even with respect to comodule algebras and algebra morphisms:

Corollary D.14 Let w,v : C — M be monoidal diagrams and let v be
finite. There is a monoidal natural transformation ¢ : w — cohom(v,w) ® v
such that for each algebra A € M and each monoidal natural transformation
v :w — AU there exists a unique algebra morphism ¢ : cohom(v,w) — A
such that the diagram

w—-o> "+ cohom(v,w) @ v
2 @
A®v

commutes.

Altogether we conclude:

Corollary D.15 For diagrams w,v : C — M, with v finite and M € M,
there 1s a natural isomorphism

Nat(w, M ® v) = Mor(cohom(v,w), M) .

If the diagrams are monoidal and A € M 1is an algebra, then there is a
natural isomorphism

Nat®(w, A ® v) = Alg(cohom(v, w), A) .

The essence of these results lies in the Tannaka-duality from Theorem D.5.
It says that if all representations of a coalgebra resp. bialgebra are known,
then the coalgebra resp. bialgebra itself can be recovered:

Theorem D.16 (Tannaka duality) Let C be a coalgebra in M and let
v: MY — M be the forgetful functor. Then C = coend(v) as coalgebras. If
moreover C' is a bialgebra and v is a monoidal functor, then C = coend(v)
as bialgebras.
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E Faithfully Flat Descent

We give a brief overview of the mechanism of faithfully flat descent for ex-
tensions of noncommutative algebras. We following [41], which itself refers
to [2]. Below, we concentrate on left descent data. In the main part of the
text we will also apply their right version.

Definition E.1 Let n : R C S be a ring extension. A (left) descent data
from S to R is a left S-module M together with an S-module homomorphism
D: M — S ®gr M making the diagrams

M D S®p M M—L +S@yM
D S®rD id m
S®r M SORTOni SQRrS®r M M

commute, where the map m : S®r M — M is induced by the left S-module
structure on M.

Descent data (M, D) from S to R form a category. If N is a left R-module,
then the map

D:S%N — SRS N, s@dni—sx1n

defines a left descent data on the induced S-module S ®z N. This leads to
a functor from zrM to the category of descent data from S to R.

Theorem E.2 (Faithfully flat descent) Let n: R C S be an inclusion of
rings such that S is faithfully flat as a right R-module.

Then the canonical functor from rM to the category of descent data from S
to R is an equivalence of categories. The inverse equivalence maps a descent

data (M, D) to
PM:={meM|D(m)=12m} .

In particular, for every descent data (M, D), the map
f:S@rMP — M, s@m— sm

is an isomorphism with inverse induced by D. That is f~'(m) = D(m) €
S@prMP CS®r M.
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