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1 Introduction

Hopf-Galois extensions were introduced by Chase and Sweedler [8] (in the com-
mutative case) and Kreimer and Takeuchi [25] (in the case of finite dimensional Hopf
algebras) by axioms directly generalizing those of a Galois extension of rings, re-
placing the action of a group on the algebra by the coaction of a Hopf algebra H;
the special case of an ordinary Galois extension is recovered by specializing H to be
the dual of a group algebra. Hopf-Galois extensions also generalize strongly graded
algebras (here H is a group algebra) and certain inseparable field extensions (here
the Hopf algebra is the restricted envelope of a restricted Lie algebra, or, in more
general cases, generated by higher derivations). They comprise twisted group rings
R x G of a group G acting on a ring R (possibly also twisted by a cocycle), and
similar constructions for actions of Lie algebras. If the Hopf algebra involved is
the coordinate ring of an affine group scheme, faithfully flat Hopf-Galois extensions
are precisely the coordinate rings of affine torsors or principal homogeneous spaces.
By analogy, Hopf-Galois extensions with Hopf algebra H the coordinate ring of
a quantum group can be considered as the noncommutative analog of a principal
homogeneous space, with a quantum group as its structure group. Apart from this
noncommutative-geometric interpretation, and apart from their role as a unifying
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language for many examples of good actions of things on rings, Hopf-Galois ex-
tensions are frequently used as a tool in the investigation of the structure of Hopf
algebras themselves.

In this paper we try to collect some of the basic facts of the theory of Hopf-
Galois extensions and (see below) bi-Galois extensions, offering alternative proofs
in some instances, and proving new facts in very few instances.

In the first part we treat Hopf-Galois extensions and discuss various properties
by which they can, to some extent, be characterized. After providing the necessary
definitions, we first treat the special case of cleft extensions, repeating (with some
more details) a rather short proof from [38] of their characterization, due to Blat-
tner, Cohen, Doi, Montgomery, and Takeuchi [15, 5, 6]. Cleft extensions are the
same as crossed products, which means that they have a combinatorial description
that specializes in the case of cocommutative Hopf algebras to a cohomological
description in terms of Sweedler cohomology [46].

In Section 2.3 we prove Schneider’s structure theorem for Hopf modules, which
characterizes faithfully flat Hopf-Galois extensions as those comodule algebras A
that give rise to an equivalence of the category of Hopf modules M# with the
category of modules of the ring of coinvariants under the coaction of H. The
structure theorem is one of the most ubiquitous applications of Hopf-Galois theory
in the theory of Hopf algebras. We emphasize the role of faithfully flat descent in
its proof.

A more difficult characterization of faithfully flat Hopf-Galois extensions, also
due to Schneider, is treated in Section 2.4. While the definition of an H-Galois
extension A of B asks for a certain canonical map 5: A g A — A® H to be
bijective, it is sufficient to require it to be surjective, provided we work over a field
and A is an injective H-comodule. When we think of Hopf-Galois extensions as
principal homogeneous spaces with structure quantum group, this criterion has a
geometric meaning. We will give a new proof for it, which is more direct than
that in [44]. The new proof has two nice side-effects: First, it is more parallel to
the proof that surjectivity of the canonical map is sufficient for finite-dimensional
Hopf algebras (in fact so parallel that we prove the latter fact along with Schneider’s
result). Secondly, it yields without further work the fact that an H-Galois extension
A/B that is faithfully flat as a B-module is always projective as a B-module *.

Section 2.5 treats (a generalized version of) a characterization of Hopf-Galois
extensions due to Ulbrich: An H-Galois extension of B is (up to certain additional
conditions) the same thing as a monoidal functor 7 M — g Mp from the monoidal
category of H-comodules to the category of B-bimodules.

In Section 2.6 we deal with another characterization of Hopf-Galois extensions
by monoidal functors: Given any H-comodule algebra A with coinvariants B, we
can define a monoidal category 4, M of Hopf bimodules (monoidal with the tensor
product over A), and a weak monoidal functor from this to the category of B-
bimodules. Again up to some technical conditions, the functor is monoidal if and
only if A is an H-Galois extension of B.

In Section 2.8 we show how to characterize Hopf-Galois extensions without ever
mentioning a Hopf algebra. The axioms of a torsor we give here are a simplified

ISince the present paper was submitted, the new proof has been developed further in joint
work with H.-J. Schneider, in particular to also prove some results on Q-Galois extensions for a
quotient coalgebra and one sided module of H; this type of extensions will not be considered in
the present paper.
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variant of axioms recently introduced by Grunspan. A crucial ingredient in the
characterization is again the theory of faithfully flat descent.

The second part of the paper deals with bi-Galois objects. This means, first
of all, that we restrict our attention to Galois extensions of the base ring k rather
than of an arbitrary coinvariant subring. Contrary, as it were, to the theory of
torsors that can do without any Hopf algebras, the theory of bi-Galois extensions
exploits the fact that any Hopf-Galois object has two rather than only one Hopf
algebra in it. More precisely, for every H-Galois extension A of k there is a uniquely
determined second Hopf algebra L such that A is a left L-Galois extension of A
and an L-H-bicomodule. We will give an account of the theory and several ways
in which the new Hopf algebra L can be applied. Roughly speaking, this may
happen whenever there is a fact or a construction that depends on the condition
that the Hopf algebra H be cocommutative (which, in terms of bi-Galois theory,
means L = H). If this part of the cocommutative theory does not survive if H
fails to be cocommutative, then maybe L can be used to replace H. Our approach
will stress a very general universal property of the Hopf algebra L in an L-H-
Galois extension. Several versions of this were already used in previous papers, but
the general version we present here appears to be new. The construction of L was
invented in the commutative case by Van Oystaeyen and Zhang to repair the failing
of the fundamental theorem of Galois theory for Hopf-Galois extensions. We will
discuss an application to the computation of Galois objects over tensor products,
and to the problem of reducing the Hopf algebra in a Hopf-Galois object to a
quotient Hopf algebra (here, however, L arises because of a lack of commutativity
rather than cocommutativity). Perhaps the most important application is that
bi-Galois extensions classify monoidal category equivalences between categories of
comodules over Hopf algebras.

Some conventions and background facts can be found in an appendix. Before
starting, however, let us point out a general notational oddity: Whenever we refer to
an element £ € V®W of the tensor product of two modules, we will take the liberty
to “formally” write £ = v®w, even if we know that the element in question is not a
simple tensor, or, worse, has to be chosen from a specific submodule that is not even
generated by simple tensors. Such formal notations are of course widely accepted
under the name Sweedler notation for the comultiplication A(c) = ¢(1)®c) € C®C
in a coalgebra C, or §(v) = v(g) ® v(y) for a right comodule, or 6(v) = v(_1) ® v(0)
for a left comodule.

For a coalgebra C and a subspace V. C C we will write V* = V N Ker(e).
C°°P denotes the coalgebra C' with coopposite comultiplication, A°P the algebra A
with opposite multiplication. Multiplication in an algebra A will be denoted by
V:A® A — A.

2 Hopf-Galois theory

2.1 Definitions. Throughout this section, H is a k-bialgebra, flat over k. A
(right) H-comodule algebra A is by definition an algebra in the monoidal category
of right H-comodules, that is, a right H-comodule viad: A 3 a — a()®a(;) and an
algebra, whose multiplication V: A® A — A is a colinear map, as well as the unit
n: k — A. These conditions mean that the unit 14 € A is a coinvariant element,
Loy ® 1qy = 1 ® 1, and that 6(zy) = z(0)y) ® r1)y@a) holds for all z,y € A.
Equivalently, A is an algebra and an H-comodule in such a way that the comodule
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structure is an algebra homomorphism §: A - A® H. For any H-comodule M we
let M := {m € M|§(m) = m ® 1} denote the subset of H-coinvariants. It is
straightforward to check that A°°# is a subalgebra of A.

Definition 2.1.1 The right H-comodule algebra A is said to be an H-Galois
extension of B := A®H | if the Galois map

ﬁ:A%ABx@nyy(o)®y(1)€A®H

is a bijection. More precisely we should speak of a right H-Galois extension; it is
clear how a left H-Galois extension should be defined.

We will use the term “(right) Galois object” as shorthand for a right H-Galois
extension A of k which is a faithfully flat k-module.

The first example that comes to mind is the H-comodule algebra H itself:

Example 2.1.2 Let H be a bialgebra. Then H is an H-comodule algebra,
with H°H = k. The Galois map 3: H ® H — H ® H is the map T'(id), where

T: Hom(H, H) — End; (H © H)

is the anti-isomorphism from Lemma 4.4.1. Thus, H is a Hopf algebra if and only if
the identity on H is convolution invertible if and only if the Galois map is bijective
if and only if H is an H-Galois extension of k.

The notion of a Hopf-Galois extension serves to unify various types of exten-
sions. These are recovered as we specialize the Hopf algebra H to one of a number
of special types:

Example 2.1.3 Let A/k be a Galois field extension, with (finite) Galois group
G. Put H = k%, the dual of the group algebra. Then A is an H-Galois extension
of k. Bijectivity of the Galois map A ® A — A ® H is a consequence of the
independence of characters.

The definition of a Galois extension A/k of commutative rings in [9] requires (in
one of its many equivalent formulations) precisely the bijectivity of the Galois map
A®A — A®kC, beyond of course the more obvious condition that k be the invariant
subring of A under the action of a finite subgroup G of the automorphism group of
A. Thus Hopf-Galois extensions of commutative rings are direct generalizations of
Galois extensions of commutative rings.

Example 2.1.4 Let A = @geG A, be a k-algebra graded by a group G. Then
A is naturally an H-comodule algebra for the group algebra kG, whose coinvariant
subring is B = A., the homogeneous component whose degree is the neutral ele-
ment. The Galois map A ®p A — A ® H is surjective if and only if AjA), = Ag
for all g,h € G, that is, A is strongly graded [10, 52]. As we shall see in Corollary
2.4.9, this condition implies that A is an H-Galois extension of B if k is a field.

We have seen already that a bialgebra H is an H-Galois extension of k if and
only if it is a Hopf algebra. The following more general observation is the main
result of [34]; we give a much shorter proof that is due to Takeuchi [51].

Lemma 2.1.5 Let H be a k-flat bialgebra, and A a right H-Galois extension
of B := A®H which is faithfully flat as k-module. Then H is a Hopf algebra.
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Proof H is a Hopf algebra if and only if the map Bg: H®@ H > g ® h —
gh1y ® h(g) is a bijection. By assumption the map 84: A ®p A 3 Q@ y
Y0y @ Y1) € A® H is a bijection. Now the diagram

AopAopA—200  AopAeH
o]
(A H)®p A Ba®H
(mmi
AoHoH AoH®H

A®BH

commutes, where ((4)13 denotes the map that applies B4 to the first and third
tensor factor, and leaves the middle factor untouched. Thus A® By, and by faithful
flatness of A also By, is a bijection. O

The Lemma also shows that if A is an H-Galois extension and a flat k-module,
then A°P is never an H°P-Galois extension, unless the antipode of H is bijective.
On the other hand (see [44]):

Lemma 2.1.6 If the Hopf algebra H has bijective antipode and A is an H-
comodule algebra, then A is an H-Galois extension if and only if A°P is an H°P-
Galois extension.

Proof The canonical map A°P? ®pgor AP — A°P ® H°P identifies with the map
B A®p A— A® H given by §'(x ® y) = z(0)y ® £(1). One checks that the
diagram

Aep A—">AeH
X la
A®H
commutes, where a: A® H 3 a®h — a(g) @ a(1)S(h) is bijective with a ™' (a®@h) =
a) ® S_l(h)a(l). O

Lemma 2.1.7 Let A be an H-Galois extension of B. For h € H we write
1 @h)=hUehn?. Forg hc H,be B and a € A we have

h[l]h[2](0) ® h[Q](l) =1Qh (2.1.1)

W @ r® g @ 3 1) = hyH @ hy @ @ g (2.1.2)
g @ h3 @ hl 1) = by @ higy@ © S(ha)) (2.1.3)
AR = e(h)14 (2.1.4)

(gh)M @ (gh) = plilgll @ gl2R2 (2.1.5)

vl @ B2l = R & pl2p (2.1.6)

a(o)a(l)m ® a(l)[z] =1®a (2.1.7)

We will omit the proof, which can be found in [45, (3.4)].
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Definition 2.1.8 Let H be a Hopf algebra, and A an H-Galois extension of
B. The Miyashita-Ulbrich action of H on the centralizer A® of B in A is given by
x+—h=hUzhP for x € AP and h € H.

The expression hllzh[? is well-defined because = € AP, and it is in A® again
because Al @hl?2l € (A @ A)P. The following properties of the Miyashita-Ulbrich
action can be found in [52, 16] in different language.

Lemma 2.1.9 The Miyashita-Ulbrich action makes AP an object ofyDg, and
thus the weak center of the monoidal category M of right H-comodules. AP is
the center of A in the sense of Definition 4.2.1.

Proof It is trivial to check that AP is an subcomodule of A. It is a Yetter-
Drinfeld module by (2.1.3) and (2.1.2). Now the inclusion A® — A is central in the
sense of Definition 4.2.1, since a () (z < a()) = a(o)a(l)mxa(l)[Q] =zaforalla e A
and z € AP by (2.1.7). Finally let us check the universal property in Definition
4.2.1: Let V be a Yetter-Drinfeld module, and f: V' — A an H-colinear map with
aqyf(v = aqy) = f(v)a for all v € V and a € A. Then we see immediately that f
takes values in A®. Moreover, we have f(v) «— h = Al f(v)h!@ = RIRE) o f(v —
R ) = f(v + h) for all h € H by (2.1.1). O

Much of the “meaning” of the Miyashita-Ulbrich action can be guessed from the
simplest example A = H. Here we have hl!l ® h®) = S(h(1)) @ h(s) € H ® H, and
thus the Miyashita-Ulbrich action is simply the adjoint action of H on itself.

2.2 Cleft extensions and crossed products. Throughout the section, H
is a k-bialgebra.

Definition 2.2.1 Let B be a k-algebra. A map —: H® B — B is a measuring
if h — (bc) = (hqay = b)(hz) = c) and h = 1 =1 hold for all h € H and b,c € B.

Let H be a bialgebra, and B an algebra. A crossed product B#,H is the
structure of an associative algebra with unit 1#1 on the k-module B#,H := BRH,
in which multiplication has the form

(b#g)(c#h) = b(g1) — c)a(g(2) @ hq))F#9i3)he)
for some measuring —: H ® B — B and some linear map c: H ® H — B.

We have quite deliberately stated the definition without imposing any explicit
conditions on . Such conditions are implicit, however, in the requirement that
multiplication be associative and have the obvious unit. We have chosen the defi-
nition above to emphasize that the explicit conditions on ¢ are never used in our
approach to the theory of crossed products. They are, however, known and not
particularly hard to derive:

Proposition 2.2.2 Let H be a bialgebra, —: H ® B — B a measuring, and
0: H® H— B a k-linear map. The following are equivalent:

1. A= B#H := B® H is an associative algebra with unit 1#1 and multipli-
cation

(b#£g)(c#th) = b(g) = €)a(g(2) @ ha))#9I@) he)-

2. (a) — is a twisted action, that is (ga) — (ha) — b))o(ge) ® h)) =
a(g9(1) ® h())(geyh@) — b) and 1 — b = b hold for all g,h € H and
beB.
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(b) o is a two-cocycle, that is (f1y — o(g9(1) ® hy))o(f2) ® ge)h()) =
o(fay®gay)o(fe) ®ge ®h) and o(h® 1) =o(1 ®@h) =1 hold for
all f,g,h € H.

Not only are the conditions on ¢ known, but, more importantly, they have a
cohomological interpretation in the case where H is cocommutative and B is com-
mutative. In this case a twisted action is clearly simply a module algebra structure.
Sweedler [46] has defined cohomology groups H®(H, B) for a cocommutative bial-
gebra H and commutative H-module algebra B, and it turns out that a convolution
invertible map o as above is precisely a two-cocycle in this cohomology. Sweedler’s
paper also contains the construction of a crossed product from a two-cocycle, and
the fact that his second cohomology group classifies cleft extensions (which we shall
define below) by assigning the crossed product to a cocycle. Group cohomology with
coefficients in the unit group of B as well as (under some additional conditions)
Lie algebra cohomology with coefficients in the additive group of B are examples
of Sweedler cohomology, and the cross product costruction also has precursors for
groups (twisted group rings with cocycles, which feature in the construction of ele-
ments of the Brauer group from group cocycles) and Lie algebras. Thus, the crossed
product construction from cocycles can be viewed as a nice machinery producing
(as we shall see shortly) Hopf-Galois extensions in the case of cocommutative Hopf
algebras and commutative coinvariant subrings. In the general case, the equations
do not seem to have any reasonable cohomological interpretation, so while cleft
extensions remain an important special class of Hopf-Galois extensions, it is rarely
possible to construct them by finding cocycles in some conceptually pleasing way.

We now proceed to prove the characterization of crossed products as special
types of comodule algebras, which is due to Blattner, Cohen, Doi, Montgomery,
and Takeuchi:

Definition 2.2.3 Let A be a right H-comodule algebra, and B := A®H,

1. A is cleft if there exists a convolution invertible H-colinear map j: H — A
(also called a cleaving).
2. A normal basis for A is an H-colinear and B-linear isomorphism ¢: BQH —

A.

If j is a cleaving, then j(1) is a unit in B, and thus j(h) = j(1)~'j(h) defines
another cleaving, which, moreover, satisfies j(1) = 1.

It was proved by Doi and Takeuchi [15] that A is H-Galois with a normal basis
if and only if it is cleft, and in this case A is a crossed product A = B#,H with an
invertible cocycle o: H ® H — B. Blattner and Montgomery [6] have shown that
crossed products with an invertible cocycle are cleft.

Clearly a crossed product is always an H-comodule algebra with an obvious
normal basis.

Lemma 2.2.4 Assume that the H-comodule algebra A has a normal basis
Y: B H — A satisfying »(1®1) = 1. Then A is isomorphic (via 1) to a crossed
product.

Proof In fact we may as well assume B ® H = A as B-modules and H-
comodules. Define h = b= (B®e)((1®h)(b®1)) and o(g® h) = (B®e)((1®
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9)(1 ® h)). Since multiplication is H-colinear, we find

(I@g)(cxl)=(BoeaH)(BeA)(1®g)(c®1))
=BReoH)(1®90)021)®g@2) =90) = b® g2,

(l®g)(leh)=(Beea H)(B®A)((1®g)(1®h))
=(Boe@ H)((1®g1)(1®ha) @9 he) = o(ga) @ ha) @ g@)he),
and finally

b@g)(cah) =0b21)(12g9)(c21)(1eh) =(b®1)(ga) — c® @)l h)
=b(g9(1) — ©)a(9(2) ® h1)) ® g@3)h(2)-

O

To prove the remaining parts of the characterization, we will make heavy use of
the isomorphisms T from Lemma 4.4.1, for various choices of algebras A and
coalgebras C'.

Lemma 2.2.5 Let j: H — A be a cleaving. Then there is a normal basis
Y: B H — A with j =g @ H). If j(1) =1, thenyp(1® 1) = 1.

Proof We claim that : B H 3 b® h+— bj(h) € A is a normal basis.
Since the comodule structure §: A — A® H is an algebra map, 07 is convolution
invertible. Moreover §j = (j ® H)A by assumption. For a € A, we have

Thon(67)(6(a)i™ (o)) © a@)) = Thgr (67)Thex (05~ (0(aq)) ® aq))
= a0 (aw)i(a@) ® @) ® ag) = Tagn (1@ H)A)(a@)i " (aq) ® 1@ ag),
hence 6(a)j ' (aq))) ® a@) = @)~ (a@)) @ a(2), and further §(ao)j = (a))) =
a0 M(a@y) ® 1. Thus A 3 a — agyj~ ' (ap)) ® a2) € B® H is well defined and

easily checked to be an inverse for 1. O

Lemma 2.2.6 Let A be an H-comodule algebra with a normal basis. Put
B := A®H_  The following are equivalent:

1. A is an H-Galois extension of B.
2. A is cleft.

Proof We can assume that A = B#,H is a crossed product, and that j(h) =
1® h.

The map a: BRH®H - A®p Awitha(b®g®h)=009g®1®his an
isomorphism. For b € B and g,h € H we have

Baa(b®g@h) =Ba(b®g®@j(h)) = (b®g)j(ha)) ®he) =TH(H) (bR g h),

that is Baa = T4 (j). In particular, B4 is an isomorphism if and only if T (j) is,
if and only if j is convolution invertible. O

In particular, if B is faithfully flat over k, then cleft extensions can only occur if H
is a Hopf algebra. If this is the case, we find:

Theorem 2.2.7 Let H be a Hopf algebra and A a right H-comodule algebra
with B := A . The following are equivalent:

1. A is H-cleft.
2. A is H-Galois with a normal basis.
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3. A is isomorphic to a crossed product B#,H such that the cocycle o: H ®
H — B is convolution invertible.

Proof We have already shown that under any of the three hypotheses we can
assume that A >~ B#,H = B® H is a crossed product, with j(h) = 1 ® h, and we
have seen that (1) is equivalent to (2), even if H does not have an antipode.

Now, for b € B, g,h € H we calculate

T () (b®g®@h) =bj(g)i(ha)) @ hey = ba(ga) ® ha)) ® g@h@) © he)
= (B® Bu)(ba(gn) ® ha)) @ g2) @ hay) = (B®@ Bu)TH " (0)(b® g & h)

that is, 7% (j) = (B @ Bu)TH®" (o). Since we assume that By is a bijection, we

see that j is convolution invertible if and only if T4 (j) is bijective, if and only if

Tg ®H () is bijective, if and only if o is convolution invertible. O

The reader that has seen the proof of (3)=(1) in [6] may be worried that we
have lost some information: In [6] the convolution inverse of j is given explicitly,
while we only seem to have a rather roundabout existence proof. However, we see
from our arguments above that

Jt = (@) T (T (o) (B @ By)
that is,
= (AT (e (Be B ) (1@1®h)
=(A®e)TH*" (e7h)(1 ® S(h(1)) ® hz))
= (A® )07 (S(he) @ hez) ® S(hay) @ b))
=0 " (S(h 2)) @ hs))#S(hey).
2.3 Descent and the structure of Hopf modules.

Definition 2.3.1 Let A be a right H-comodule algebra. A Hopf module M €
M is a right A-module in the monoidal category of H-comodules. That is, M
is a right H-comodule and a right A-module such that the module structure is an
H-colinear map M ® A — M. This in turn means that d(ma) = mg)ya ) @m)a()
holds for all m € M and a € A.

For any comodule algebra, one obtains a pair of adjoint functors between the
category of Hopf modules and the category of modules over the coinvariant subal-
gebra.

Lemma 2.3.2 Let H be a k-flat Hopf algebra, A a right H-comodule algebra,
and B = A°H . Then the functor

ME s M — M©H e Mp

is right adjoint to
Mp>N— N 2 Aemi

Here, both the A-module and H-comodule structures of N ®@pg A are induced by
those of A. The unit and counit of the adjunction are

Non—n®le(NgA°!
B

MYt @ A>m®@ar—maeM
B
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If the adjunction in the Lemma is an equivalence, then we shall sometimes say
that the structure theorem for Hopf modules holds for the extension. A theorem of
Schneider [44] characterizes faithfully flat Hopf-Galois extensions as those comodule
algebras for which the adjunction above is an equivalence. The proof in [44] uses
faithfully flat descent; we rewrite it to make direct use of the formalism of faithfully
flat descent of modules that we recall in Section 4.5. This approach was perhaps
first noted in my thesis [32], though it is certainly no surprise; in fact, one of the
more prominent special cases of the structure theorem for Hopf modules over Hopf-
Galois extensions that is one direction of the characterization goes under the name
of Galois descent.

Example 2.3.3 Let A/k be a Galois field extension with Galois group G. A
comodule structure making an A-vector space into a Hopf module M € M. is the
same as an action of the Galois group G on M by semilinear automorphisms, i.e.
in such a way that o - (am) = o(a)(o - m) holds for all m € M, a € A and 0 € G.
Galois descent (see for example [23]) says, most of all, that such an action on M
forces M to be obtained from a k-vector space by extending scalars. This is (part
of) the content of the structure theorem for Hopf modules.

Remark 2.3.4 Let A be an H-comodule algebra; put B := A As a direct
generalization of the Galois map 5: A g A — A® H, we have a right A-module
map

/BM:M%ABmQ@aHma(O)@a(l)EM.®H.

which is natural in M € M 4. Of course, the Galois map is recovered as 3 = (4.
Note that Bj; can be identified with M ® 4 B4, so that all Gy, are bijective once
(4 is bijective.

Lemma 2.3.5 Let A be a right H-comodule algebra, and B := A%,
For each descent data (M,0) € D(A | B), the map

5= (MiM@Aﬁ—M>M®H>
B

is a right H-comodule structure on M making M € MH.
Thus, we have defined a functor D(A | B) — M.
If A is an H-Galois extension of B, then the functor is an equivalence.

Proof Let : M — M ®p A be a right A-module map, and § := G0. Of
course ¢ is a right A-module map, so that M is a Hopf module if and only if it is a
comodule.

Now we have the commutative diagrams

A
M*Q>M®BA@>M®BA®BA

S@pA
X lBM\ iﬁM@BA

M®H (M® H)®p A

Son iﬁ]\l@H

Me@H®H
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using naturality of 8 with respect to the right A-module map §, and

ML>M®BAL>M®BA®BA

Men®pA
x iﬁMM lﬁ]&l@BA

MeH (M@ H)®pg A

MR iﬁM@H
M®H®H

using Sygr (Me1Ra) = (m®1)a(0)®a(1) = ma(g)®a1)Paz) = (MQA)Bp (m®a).
Moreover

M—t>MogA—Lsy

M®H
also commutes. Thus, if 0 is a descent data, then § is a comodule.

Conversely, if g is bijective, then the natural transformation [j; is an iso-
morphism. In particular the formula § = 8,60 defines a bijective correspondence
between A-module maps 0: M — M ®p A and §: M — M. ® H.. The same
diagrams as above show that ¢ is a comodule structure if and only if 6 is a descent
data. O

Schneider’s structure theorem for Hopf modules is now an immediate conse-
quence of faithfully flat descent:

Corollary 2.3.6 The following are equivalent for an H-comodule algebra A:

1. A is an H-Galois extension of B := A and faithfully flat as left B-
module.

2. The functor Mp > N — N ®@p A € MU is an equivalence.

Proof (1)=(2): We have established an equivalence D(A | B) — M# and it
is easy to check that the diagram

D(A | B) = MI (2.3.1)

(—)° % H

Mp

commutes. Thus the coinvariants functor is an equivalence by faithfully flat descent.

(2)=(1): Since (—)°": MH — My is an equivalence, and 3: A ®@p Al —
A.® H. is a Hopf module homomorphism, 3 is an isomorphism if and only if 5 #
is. But

ﬁco H

AgA(X)ACOH—)A@HCOH%A
B

is easily checked to be the identity. Thus, A is an H-Galois extension of B. It is
faithfully flat since (—) ®p A: Mp — M is an equivalence. O

To shed some further light on the connection between descent data and the Galois
map, it may be interesting to prove a partial converse to Lemma 2.3.5:
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Proposition 2.3.7 Let H be a bialgebra, A a right H-comodule algebra, and
B = ACOH.

If the natural functor D(A | B) — M is an equivalence, then the Galois map
08: A®p A— A® H is surjective.

If, moreover, A is flat as left B-module, then A is an H-Galois extension of B.

Proof By assumption there is an A-module map 60 = 0y;,: M — M ®p A,
natural in M € MH such that the H-comodule structure of M is given by dp; =

BarOar.

3 Specializing M = V' ® A. for V € M we obtain a natural A-module map
Oy: VoA —V A ® A, which, being an A-module map, is determined by
ov:V =V ®AR®pg A. Finally, since ¢y is natural, it has the form

v (v) = vy @ vy @ vy
for the map v: H 3 h — k@ hl¥ € A @p A defined by v = (e ® A @ A)¢u.
In particular we have 0y (v ® a) = v(g) ® v(l)[l] ® v(l)ma, and hence, specializing
V =H and a = 1:
h(l) ®1® h(2) =dggpa(h® 1)
= Brealnga(h ® 1)
= Baea(ha) ® h) U h(2)[2])
1 2 2
= ha) ® heyMhey P o) ® hey P
= hay ® Ba(ht @ Al
for all h € H, and thus 8(ah™ ® hl2)) = a ® h for all a € A.
If A is left B-flat, then 0y;(m) € MY ®p A € M°H ®p A implies, in particu-
lar, that a) ® a(l)[” & a(l)m € (A ® A)COH ®p A, and thus a(o)a(l)m ® a(l)[z] S
B ® A. Hence f~'(a ® h) = ahl! @ hP? is actually (not only right) inverse to
B by the calculation 8~!8(z ® y) = ﬂ_l(wy(o) ®ya)) = xy(o)y(l)[l] ® ?J(l)[2] =
@ yoynMyn? =zey. O

2.4 Coflat Galois extensions. A faithfully flat H-Galois extension is easily
seen to be a faithfully coflat H-comodule:

Lemma 2.4.1 Let H be a k-flat Hopf algebra, and A an H-Galois extension of
B. If Ag is faithfully flat and A is a faithfully flat k-module, then A is a faithfully
coflat H-comodule.

Proof If Ap is flat, then we have an isomorphism, natural in V € ¥ M:

AR (ADV)2 (AR ADV=(A0H) OV =AQV.
B H B H H

If Ap is faithfully flat and A is faithfully flat over k, then it follows that the functor
A Opg — is exact and reflects exact sequences. O

The converse is trivial if B = k, for then any (faithfully) coflat comodule is
a (faithfully) flat k-module by the definition we chose for coflatness. This is not
at all clear if B is arbitrary. However, it is true if k£ is a field. In this case much
more can be said. Schneider [44] has proved that a coflat H-comodule algebra A
is already a faithfully flat (on either side) Hopf-Galois extension if we only assume
that the Galois map is surjective, and the antipode of H is bijective. We will give
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a different proof of this characterization of faithfully flat Hopf-Galois extensions.
Like the original, it is based on Takeuchi’s result that coflatness and injectivity
coincide for comodules if k is a field, and on a result of Doi on injective comodule
algebras (for which, again, we will give a slightly different proof). Our proof of
Schneider’s criterion will have a nice byproduct: In the case that k is a field and
the Hopf algebra H has bijective antipode, every faithfully flat H-Galois extension
is a projective module (on either side) over its coinvariants.

Before going into any details, let us comment very briefly on the algebro-
geometric meaning of Hopf-Galois extensions and the criterion. If H is the (com-
mutative) Hopf algebra representing an affine group scheme G, A the algebra of an
affine scheme X on which H acts, and Y the affine scheme represented by A H
then A is a faithfully flat H-Galois extension of B if and only if the morphism
X — Y is faithfully flat, and the map X x G — X Xy X given on elements by
(z,9) — (z,xg) is an isomorphism of affine schemes. This means that X is an affine
scheme with an action of G and a projection to the invariant quotient Y which is
locally trivial in the faithfully flat topology (becomes trivial after a faithfully flat
extension of the base Y). This is the algebro-geometric version of a principal fiber
bundle with structure group G, or a G-torsor [11]. If we merely require the canon-
ical map A® A — A ® H to be surjective, this means that we require the map
X x G — X x X given by (z,g) — (x,zg) to be a closed embedding, or that we
require the action of G on X to be free. Thus, the criterion we are dealing with
in this section says that under the coflatness condition on the comodule structure
freeness of the action is sufficient to have a principal fiber bundle. Note in par-
ticular that surjectivity of the canonical map is trivial in the case where H is a
quotient Hopf algebra of a Hopf algebra A (or G is a closed subgroup scheme of an
affine group scheme X), while coflatness in this case is a representation theoretic
condition (the induction functor is exact). See [44] for further literature.

For the rest of this section, we assume that & is a field.

We start by an easy and well-known observation regarding projectivity of mod-
ules over a Hopf algebra.

Lemma 2.4.2 Let H be a Hopf algebra and M, P € g M with P projective.
Then .P® .M € gM is projective. In particular, H is semisimple if and only if
the trivial H-module is projective.

Proof The second statement follows from the first, since every module is its
own tensor product with the trivial module. The diagonal module .H ® .M is free
by the structure theorem for Hopf modules, or since

.H®M9h®mn—>h(1)®h(2)m€.H®.M

is an isomorphism. Since any projective P is a direct summand of a direct sum of
copies of H, the general statement follows. O

If H has bijective antipode, then in the situation of the Lemma also M ® P is
projective.
For our proof, we will need the dual variant. To prepare, we observe:

Lemma 2.4.3 Let C be a coalgebra and M € M. Then M is injective if and
only if it is a direct summand of V @ C* € M for some V € My,. In particular,
if M is injective, then so is every V@ M* € MY for V.€ M.
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Lemma 2.4.4 Let H be a Hopf algebra and M, I € MY with I injective. Then
M* @I € M is injective.

Proof Since [ is a direct summand of some V ® H", it is enough to treat the
case I = H. But then

M @ H' 9m®h»—>m(0)®m(1)heM®H'

is a colinear bijection, and M ® H" is injective. O

We come to a key property of comodule algebras that are injective comodules,
which is due to Doi [13]:

Proposition 2.4.5 Let H be a Hopf algebra and A an H-comodule algebra
that is an injective H-comodule. Then every Hopf module in M is an injective
H-comodule. If H has bijective antipode, then also every Hopf module in 4 MM is
an njective H-module.

Proof Let M € M. Since the module structure u: M* ® A* — M is H-
colinear, and splits as a colinear map via M 3 m+— m® 1 € M ® A, the comodule
M is a direct summand of the diagonal comodule M ® A. The latter is injective,
since A is. The statement on Hopf modules in 4 M follows since H°P is a Hopf
algebra and we can identify , M with MT.). O

Lemma 2.4.6 The canonical map By: AR A — AR H is a morphism of Hopf
modules in 4 M if we equip its source and target with the obvious left A-module
structures, the source with the comodule structure coming from the left tensor factor,
and its target with the comodule structure given by (a ® h)) ® (a ® h)q) = a@) @
h(2y ® aqyS(hy). The latter can be viewed as a codiagonal comodule structure, if
we first endow H with the comodule structure restricted along the antipode. Thus
we may write briefly that

Bo: A" ®A— A" @ H®
is a morphism in 4 M™.

Proposition 2.4.7 Let H be a Hopf algebra, and A a right H -comodule algebra;
put B := A“H_ Assume there is an H-comodule map v: H® — A° ® A such
that B(y(h)) = 1 ® h for all h € H (where we abuse notations and also consider
v(h) e A®p A).

Then the counit M°H @5 A — M of the adjunction in Lemma 2.3.2 is an
isomorphism for every M € M. Its inverse lifts to a natural transformation
M — M*°H @ A (with the tensor product over k).

In particular A is an H-Galois extension of B, and a projective left B-module.

Proof We shall write y(h) =: hl @ hl2l. This is to some extent an abuse of
notations, since the same symbol was used for the map H — A ®pg A induced by
the inverse of the canonical map in a Hopf-Galois extension. However, the abuse
is not so bad, because in fact the map we use in the present proof will turn out
to induce that inverse. Our assumptions on 7y read h(gy!l @ k) ® S(h(1)) =
A oy @ b2 @ Y ) and KRR o) @ W2 () = 1@ h € A® H for all h € H. The
latter implies in particular that hUAR = g(h)1 4.
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It follows for all m € M € MY that mympM @ m)2l € M @ A; indeed
p(mym) ™) @ mu P = meyme !t @ ma)Sme) ©@me P =memute1e
m(l)p].

Now we can write down the natural transformation ¢: M 3 m — m(o)m(l)m ®
m(l)m € M°H® A, and define 9: M — M°H @5 A as the composition of ¢ with
the canonical surjection.

We claim that ¥ is inverse to the adjunction map ¢: M°? @z A — M.

Indeed

$9(m) = p(mymm ™ © may®) = myma)Hme)® = m
and
Yp(n®a) = ¢ *(na) = na(o)a(l)[l] ® a(l)m =n® a(o)a(l)[l]a(l)[Q] =n®a,

using that a(o)a(l)[l] ® a(l)[Q] € B® A.
Since the adjunction map is an isomorphism, A is an H-Galois extension of B.
The instance ¥ 4: A3 a +— a(o)a(l)m ® a9 '€ B® A of 4 splits the multipli-
cation map B® A — A, so that A is a direct summand of B ® A as left B-module,
and hence a projective B-module. O

Corollary 2.4.8 Let H be a Hopf algebra and A a right H-comodule algebra
such that that the canonical map By: AR A — A® H is a surjection.

Assume in addition that fo: A" ® A — A* @ H® splits as a comodule map for
the indicated H-comodule structures. Then A is a right H-Galois extension of B
and a projective left B-module.

In particular, the assumption can be verified in the following cases:

1. H is finite dimensional.
2. A is injective as H-comodule, and H has bijective antipode.

Proof First, if 3y splits as indicated via a map a: A* ® H® — A" ® A with
Boa = id, then the composition

v=(H 25 A H S A 4)

satisfies the assumptions of Proposition 2.4.7.

If A is an injective comodule, and H has bijective antipode, then every Hopf
module in 4, M is an injective comodule by Proposition 2.4.5. Thus the (kernel
of the) Hopf module morphism [y splits as a comodule map. Finally, if H is finite
dimensional, then we take the view that [y should split as a surjective H*-module
map. But H® is projective as H*-module, and hence A ® H?® is projective as well,
and thus the map splits. O

As a corollary, we obtain Schneider’s characterization of faithfully flat Hopf-Galois
extensions from [44] (and in addition projectivity of such extensions).

Corollary 2.4.9 Let H be a Hopf algebra with bijective antipode over a base
field k, A a right H-comodule algebra, and B := A . The following are equiva-
lent:

1. The Galois map AR A — A® H is onto, and A is injective as H-comodule.

2. A is an H-Galois extension of B, and right faithfully flat as B-module.

3. A is an H-Galois extension of B, and left faithfully flat as B-module.

In this case, A is a projective left and right B-module.
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Proof We already know from the beginning of this section that 2=-1. Assume
1. Then Corollary 2.4.8 implies that A is Galois and a projective left B-module, and
that the counit of the adjunction in Lemma 2.3.2 is an isomorphism. By Corollary
2.3.6 it remains to prove that the unit N — (N ®@p A)°" is also a bijection for all
N € Mp. But N ®p A is defined by a coequalizer

N®BRA=ZN®A—-N®A—DO,
B

which is a coequalizer in the category MH . Since every Hopf module is an injective
comodule, every short exact sequence in Mf splits colinearly, so the coinvariants
functor M — M is exact, and applying it to the coequalizer above we obtain a
coequalizer

N®B®A=N@B— (N A)*"
B

which says that (N @5 A)°? =~ N @5 B~ N.

The equivalence of 1 and 3 is proved by applying that of 1 and 2 to the H°P
comodule algebra A°P. O

2.5 Galois extensions as monoidal functors. In this section we prove the
characterization of Hopf-Galois extensions as monoidal functors from the category
of comodules due to Ulbrich [53, 54]. We are somewhat more general in allowing
the invariant subring to be different from the base ring. In this general setting,
we have proved one direction of the characterization in [35], but the proof is really
no different from Ulbrich’s. Some details of the reverse direction (from functors
to extensions) are perhaps new. It will turn out that in fact suitably exact weak
monoidal functors on the category of comodules are the same as comodule algebras,
while being monoidal rather than only weak monoidal is related to the Galois
condition.

Proposition 2.5.1 Let H be a bialgebra, and A € M coflat.
If A is an H-comodule algebra, then

£: (AgV)@(AgW)9(x@v)@(y@w)Hmy®v®weAg(V®W)

and &y k> a— 1®a € A Dy k define the structure of a weak monoidal functor
on AQy —: AM — M.

Conversely, every weak monoidal functor structure on A Oy — has the above
form for a unique H-comodule algebra structure on A.

Proof The first claim is easy to check. For the second, given a monoidal
functor structure &, define multiplication on A as the composition

AA=(ADH)®(ADH) S AD(HoH) 22Y A0~ A
H H H H
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By naturality of ¢ in its right argument, applied to A: H — "H ® H, we have a
commutative diagram

(AOy H)® (A Oy H) < AOy (He H)
ADHH®ADHAl iADH(H®A)
(ADy H)® (A Oy (H® H)) ADy (H® H® H)

(AOy H)® (ADy H)yo H 2" (Ao, (HeH) o H
In other words, {: (A Uy H)®@ (AOy H) - AQy (H® H") is an H-comodule
map with respect to the indicated structures. Similarly (though a little more com-
plicated to write), {: (AUy H)® (AUOy H) — AOy (H' ® H) is also colinear,
and from both we deduce that : (AOy H')® (ADOy H) - AOy (H @ H") is
colinear. Hence the muliplication on A is colinear. Associativity of multiplication
follows from coherence of &, so that A is a comodule algebra. O

Corollary 2.5.2 Let H be a bialgebra, A a right H-comodule algebra, and
t: B— A®H g subalgebra.

Then for each V€ T M we have A Oy V € gMp with bimodule structure
induced by that of A (induced in turn by ¢). The weak monoidal functor structure in
Proposition 2.5.1 induces a weak monoidal functor structure on A Oy (—): HM —
BMp, which we denote again by

&: (AEV)%(AEIW)9x®v®y®wn—>xy®v®w€Ag(V®W)

and £: B> b—b®1 € A Oy k. If A is a (faithfully) coflat H-comodule, the
functor is (faithfully) exact

Every exact weak monoidal functor "M — gMp commuting with arbitrary
direct sums, for a k-algebra B, has this form.

Proof Again, it is not hard to verify that every comodule algebra A and
homomorphism ¢ gives rise to a weak monoidal functor as stated. For the con-
verse, note that a weak monoidal functor M — Mg can be composed with the
weak monoidal underlying functor pMp — M, to yield a weak monoidal functor
HM — M,. The latter is exact by assumption, so has the form V +— A Oy V
for some coflat H-comodule A by Lemma 4.3.3, and A is an H-comodule algebra
by Proposition 2.5.1. One ingredient of the weak monoidal functor structure that
we assume to exist is a B-B-bimodule map &,: B — A Oy k with &(1) = 1,
which has the form &,(b) = ¢(b) ® 1 for some map ¢: B — A that also satisfies
t(b) = 1. By coherence of the weak monoidal functor, the left B-module structure of
A Op V, which is also one of the coherence isomorphisms of the monoidal category
of B-B-bimodules, is given by

Bo(ADV) 22 40k @ (A0V)S ADV.
B H H B H H
Thus b (x @ v) = ¢(b)r @ v holds for all b € B and x ®@v € A Oy V. If we
specialize V' = H and use the isomorphism A Oy H, we see that ¢ is an algebra
homomorphism, and for general V' we see that A Oy V has the claimed B-B-
bimodule structure. O
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Theorem 2.5.3 Let H be a k-flat Hopf algebra, and B a k-algebra.

1. Every exact monoidal functor F: HM — gMp that commutes with arbi-
trary colimits has the form F(V) = A Oy V for some right coflat H-Galois
extension A of B, with monoidal functor structure given as in Corollary
2.5.2.

2. Assume that A is a right faithfully flat H-Galois extension of B. Then the
weak monoidal functor A Oy — as in Corollary 2.5.2 is monoidal.

If we assume that k is a field, and H has bijective antipode, then a Hopf-Galois
extension is coflat as H-comodule if and only if it is faithfully flat as right (or left)
B-module. Also, if k is arbitrary, then a Hopf-Galois extension of k is faithfully
coflat as H-comodule if and only if it is faithfully flat as k-module. Thus wes have:

Corollary 2.5.4 Let H be a Hopf algebra and B a k-algebra. Assume either
of the following conditions:

1. k is a field and the antipode of H is bijective.
2. B=k.

Then Corollary 2.5.2 establishes a bijective correspondence between exact monoidal
functors T M — pMp and faithfully flat H-Galois extensions of B.

Closing the section, let us give two curious application of the monoidal functor
associated to a Galois object.

If H is a Hopf algebra, then any V € ¥ M that is a finitely generated projective
k-module has a right dual object in the monoidal category ¥ M. Monoidal functors
preserve duals. Thus, whenever A is a right faithfully flat H-Galois extension of
B, the B-bimodule A Oy V will have a right dual in the monoidal category of
B-bimodules. This in turn means that A Oy V is finitely generated projective as
a left B-module. We have proved:

Corollary 2.5.5 Let A be a right H-Galois extension of B and a right faithfully
flat B-module. Then for every V€ M which is a finitely generated projective k-
module, the left B-module A Oy V is finitely generated projective. If H has bijective
antipode, the right B-module A Oy V is also finitely generated projective.

The corollary (which has other proofs as well) has a conceptual meaning when
we think of A as a principal fiber bundle with structure quantum group H. Then
A Opg V is analogous to the module of sections in an associated vector bundle
with fiber V', and it is of course good to know that such a module of sections is
projective, in keeping with the classical Serre-Swan theorem.

Definition 2.5.6 Let H be a k-flat Hopf algebra, and B a k-algebra. We
define Galg(H) to be the set of all isomorphism classes of H-Galois extensions of
B that are faithfully flat as right B-modules and (faithfully) flat as k-modules. We
write Gal(H) = Galg(H).

Proposition 2.5.7 Galg(—) is a contravariant functor. For a Hopf alge-
bra map f: F — H between k-flat Hopf algebras, the map Galg(f): Galg(H) —
Galg(F) maps the isomorphism class of A to that of AOg F.

Proof In fact, f defines an exact monoidal functor ¥ M — ¥ M, which com-
poses with the monoidal functor A Oy (—): #M — pMp defined by A to give
the functor (AOy F)Op — since AOg V=A0y (FOp V)2 (A0Oyg F)OpV
by k-flatness of A. This implies that A Oy F' is a right F-Galois extension of B.
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It is faithfully flat on the right since A is, and for any left B-module M we have
A®p (AOy F)@p N2 (A®p A) Oy F) @ N~ (A® H Oy F) @ N =
A®p N® H. O

2.6 Hopf bimodules. Let A be an H-comodule algebra. Since A is an algebra
in the monoidal category of H-comodules, we can consider the category of bimodules
over A in the monoidal category M. Such a bimodule M € ,M% is an A-
bimodule fulfilling both Hopf module conditions for a Hopf module in M and
4 M. By the general theory of modules over algebras in monoidal categories, the
category 4 M is a monoidal category with respect to the tensor product over A.
Now without further conditions, taking coinvariants gives a weak monoidal functor:

Lemma 2.6.1 Let A be an H-comodule algebra, and let B C A°H be a sub-
algebra. Then
M s M — M©H ¢ pMp

is a weak monoidal functor with structure maps

§0:MC°H®NCOH9m®nn—>m®n€(M(§N)C°H
B

and £y: B — A the inclusion.

The proof is straightforward. The main result of this section is that the functor
from the Lemma is monoidal rather than only weak monoidal if and only if A is an
H-Galois extension. The precise statement is slightly weaker:

Proposition 2.6.2 Let H be a Hopf algebra, A a right H-comodule algebra,
and B 1= A®H,

If A is a left faithfully flat H-Galois extension of B, then the weak monoidal
functor from Lemma 2.6.1 is monoidal.

Conversely, if the weak monoidal functor from Lemma 2.6.1 is monoidal, then
the counit of the adjunction 2.3.2 is an isomorphism, and in particular, A is an
H-Galois extension of B.

Proof If A is a left faithfully flat H-Galois extension of B, then £ is an iso-
morphism if and only if £ ® g A is. But via the isomorphisms

M®N§MC0H®A®N%’MCOH®N%MCOH®NCOH®A
A B A B B B
and (M ®4 N)COH @ A= M ®4 N, the map £ ®p A: M°H @p N°H g
A— (M @4 N)°" @5 A identifies with the identity on M ®4 N.

Conversely, if £ is an isomorphism, we can specialize N := .A. ® .H. € 4 M.
We have N°H = A, In , M we have an isomorphism

ATQH =2.A®.H5a® b= a@) @ ayh.

Thus we have an isomorphism
M(%)N%’M%(.A'®H')%M'®H';m®a®h'—>ma(o)®S(a(1))h.
composing with M*@H" > m®h — my@muyh € MQH" yields the isomorphism
M(%N%M®H';m®a®h'—>m(0)a®m(1)h.

Thus we find that
£

McoH %AgMCOH %NCOH AN (M%N)COH ) (M®H')COH ~ )\
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maps m ® a to ma, hence is the adjunction counit in question. O

2.7 Reduction. We have already seen that Galg(—) is a functor. In partic-
ular, we have a map Galg(Q) — Galg(H) for any (suitable) quotient Hopf algebra
Q of H. In this section we will be concerned with the image and fibers of this map.
The question has a geometric interpretation when we think of Galois extensions as
principal fiber bundles: It is then the question under what circumstances a prin-
cipal bundle with structure group G can be reduced to a principal bundle whose
structure group is a prescribed subgroup of G.

The results in this section were proved first in [37] for the case of conormal quo-
tients @ (i.e. normal subgroups, when we think of principal homogeneous spaces).
The general case was obtained in [20, 21]. The proof we give here was essentially
given in [43]; we rewrite it here with (yet) more emphasis on its background in the
theory of algebras in monoidal categories. We begin with a Theorem of Takeuchi
[49] on Hopf modules for a quotient of a Hopf algebra. We prove a special case in
a new way here, which we do not claim to be particularly natural, but which only
uses category equivalences that we have already proved above.

Theorem 2.7.1 Let H be a k-flat Hopf algebra, and H — Q a quotient Hopf
algebra of H which is also k-flat and has bijective antipode. Assume that H is a
left Q-Galois extension of K := “°RH, and faithfully flat as left as well as right
K-module.

Then ML > M — M/MK* € M@ is a category equivalence. The inverse
equivalence maps N € M@ to N Oq H with the K-module and H-comodule struc-
tures induced by those of H.

Remark 2.7.2 As we learned in Corollary 2.4.9, our list of requirements on
the quotient H — @ is fulfilled if k is a field, @ has bijective antipode, and H is a
coflat left @Q-comodule.

Proof By the structure theorem for Hopf modules over a Hopf-Galois exten-
sion, we have an equivalence F: Mg — “M, given by F(N) = N ®x H,
with quasi-inverse F(M) = ©@M. We claim that F induces an equivalence
F: M — @ME. Tndeed, if N € M, then N @k H is an object of @ M
when endowed with the diagonal right H-module structure (which is well-defined
since K is an H-comodule subalgebra of H). Conversely, if M € Q./\/lg, then
€ @M is a right H-subcomodule of M and in this way a Hopf module in MZ.
It is straightforward to check that the adjunction morphisms for F and F~! are
compatible with these additional structures.

Next, we have the category equivalence M 22 M., which induces an equiv-
alence G: “M — @M. Indeed, if V € @M, then V ® H € M with the
codiagonal left Q-comodule structure, and conversely, if M € QM then M H is
a left Q-subcomodule of M. Now consider the composition

T .= <MQ LomGoma I Mfé)

where the first functor is induced by the inverse of the antipode. We have 7 (V) =
©0Q(VS @ H) = V Oy H. We leave it to the reader to check that the module
and comodule structure of 7 (V') are indeed those induced by H.

Since it is, finally, easy to check that the M% 3 M — M/MK*+ € M@ is left
adjoint to 7, it is also its quasi-inverse. O
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Let H and @ be k-flat Hopf algebras, and v: H — @ a Hopf algebra map.
Then K := “°QH is stable under the right adjoint action of H on itself defined
by x < h = S(h@))zhe), since for x € K we have v((z — h)q)) ® (z ~—
h)@y = v(S(he))rmha) @ S(hay)z@ha = v(S(he)he) @ S(hay)zha) =
1 ® S(h())zh(g) for all h € H. Thus K is a subalgebra of the (commutative)
algebra H in the category y@ﬁ of right-right H-Yetter-Drinfeld modules, which in
turn is the center of the monoidal category M of right H-comodules.

As a corollary, the category ML is equivalent to the monoidal subcategory
S C ML of symmetric bimodules in M¥| that is, the category of those M €
ML for which am = mg)(z  m() holds for all m € M and # € K. The
equivalence is induced by the underlying functor KM% — M% Since now the
source and target of the equivalence in Theorem 2.7.1 are monoidal functors, the
following Theorem answers an obvious question:

Theorem 2.7.3 The category equivalence from Theorem 2.7.1 is a monoidal
category equivalence with respect to the isomorphisms

5:(VgH)%(WgH)Bv®g®w®h»—>v®w®gh€(V®W)SH

Proof We have already seen (with switched sides) in Section 2.5 that & makes
(—) Og H: M®? — g My a monoidal functor. Quite obviously, V Og H has the
structure of a right H-comodule in such a way that V Og H € KMII}[, and £ is an
H-comodule map. Thus, we have a monoidal functor (—) Og H: M% — M.
Fort =v®h €V Og H we have 1t = v®@xh = v®@ h1)(z — h2)) = toy(x — t(1)),
so that the monoidal functor (—) Og H takes values in the subcategory S. Observe,
finally, that it composes with the underlying functor to ML to give the equivalence
of categories from Theorem 2.7.1. From the commutative triangle

(—)BeH

of functors, in which we already know the slanted arrows to be equivalences, we
deduce that the top arrow is an equivalence. O

Corollary 2.7.4 Assume the hypotheses of Theorem 2.7.1.

The categories of right Q-comodule algebras, and of algebras in the category
ML are equivalent. The latter consists of pairs (A, f) in which A is a right H-
comodule algebra, and f: K — A is a right H-comodule algebra map satisfyig
f(@)a = aw) f(x —aq)) forallz € K and a € A.

Suppose given an algebra A € MIEL, corresponding to an algebra A € MEC.
Then the categories of right A-modules in ML and of right A-modules in M@ are
equivalent. The former is the category of right A-modules in MIL, so we have a
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commutative diagram of functors

ME MY
()cox %COQ
Mp

where B = A®H = 49
Corollary 2.7.5 Assume the hypotheses of Theorem 2.7.1. Then we have a
bijection between

1. isomorphism classes of left faithfully flat Q-Galois extensions of B, and

2. equivalences of pairs (A, f) in which A is o left faithfully flat H-Galois exten-
sion of B, and f: K — AP is a homomorphism of algebras in yDg. Here,
two pairs (A, f) and (A', f') are equivalent if there is a B-linear H-comodule
algebra map t: A — A’ such that tf = f'.

Proof We know that Q-comodule algebras A correspond to isomorphism classes
of pairs (4, f) in which A is an H-comodule algebra and f: K — A an H-comodule
algebra map which is central in the sense of Definition 4.2.1. Since faithfully flat
Galois extensions are characterized by the structure theorem for Hopf modules,
see Corollary 2.3.6, the diagram in Corollary 2.7.4 shows that A is faithfully flat
Q-Galois if and only if A is faithfully flat H-Galois. But if A is faithfully flat
H-Galois, then every central H-comodule algebra map factors through a Yetter-
Drinfeld module algebra map to A® by Lemma 2.1.9. O

The preceding corollary can be restated as follows:

Corollary 2.7.6 Assume the hypotheses of Theorem 2.7.1. Consider the map

m: Galp(Q) — Galg(H) given by m(A) = AOg H, and let A € Galg(H). Then
m 1 (A) = AlgT (K, AP)/ At (A),
where Aut (A) acts on Alg" 2 (K, AP) by composition.

2.8 Hopf Galois extensions without Hopf algebras. Cyril Grunspan [19]
has revived an idea that appears to have been known in the case of commutative
Hopf-Galois extensions (or torsors) for a long time, going back to a paper of Rein-
hold Baer [1]: It is possible to write down axioms characterizing a Hopf-Galois
extension without mentioning a Hopf algebra.

This approach to (noncommutative) Hopf-Galois extensions begins in [19] with
the definition of a quantum torsor (an algebra with certain additional structures)
and the proof that every quantum torsor gives rise to two Hopf algebras over which
it is a bi-Galois extension of the base field. The converse was proved in [41]: Every
Hopf-Galois extension of the base field is a quantum torsor in the sense of Grunspan.
Then the axioms of a quantum torsor were simplified in [42] by showing that a
key ingredient of Grunspan’s definition (a certain endomorphism of the torsor) is
actually not needed to show that a torsor is a Galois object. The simplified version
of the torsor axioms admits a generalization to general Galois extensions (not only
of the base ring or field).
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Definition 2.8.1 Let B be a k-algebra, and B C T an algebra extension, with
T a faithfully flat k-module. The centralizer (T ®p T)® of B in the (obvious)
B-B-bimodule T ®p T is an algebra by (z ®y)(a®b) =arQ@ybfor zQy,a @b €
(T ®p T)".

A B-torsor structure on T is an algebra map p: T — T®(T ®p T)P; we denote
by pio: T — T ®T ®p T the induced map, and write po(z) = () @ 22 @ 2(3),

The torsor structure is required to fulfill the following axioms:

WP @20 =10reToT (2.8.1)
B

V@B —ze1eT®T (2.8.2)

pd)=b®1®1 YbeB (2.8.3)

pEMN @2?P 0s® =W 0@ @ue®) eTRTRTRTOT  (2.84)
B B

Note that (2.8.4) makes sense since p is a left B-module map by (2.8.3).

Remark 2.8.2 If B = k, then the torsor axioms simplify as follows: They
now assume the existence of an algebra map p: T — T ® T°? ® T such that the
diagrams

T TRTPRT
i# J{T®T°p®u
pRTPRT
TRTPRQT ————=TRTPRXTRXTPRT
T
T®n i nT
o

commute.

The key observation is now that a torsor provides a descent data. Here we use
left descent data, i.e. certain S-linear maps 0: M — S ®g M for a ring extension
R C S and a left S-module M, as opposed to the right descent data in Section 4.5.
For a left descent data 6: M — S ®gr M from S to R on a left S-module M we
will write M := {m € M|0(m) =1 @ m}.

Lemma 2.8.3 Let T be a B-torsor. Then a descent data D from T to k on
T ®@p T is given by D(z ®@y) = zy™M @ y? @ y®). It satisfies (T @ D)u(z) =
M e1z? @6,

Proof Left T-linearity of D is obvious. We have
(T @ D)p(x) = 2V @ D(=® © 2®))
=W e VeTel)(z? e pu®))
=ToVRTT)(uzM)z?® @az®)
— M ®1® 22 ® 23
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and thus
(T® D)D(z @ y) =2y @ D(y? o y®)
— W e1ey® oy®
=TeneTT)Dx®y).
Finally (VR T e T)D(z @ y) = ryMy® @y =2z 4y. O
Note that D(T ®p T) C T® (T ®p T)®. Since T is faithfully flat over k, then
faithfully flat descent implies that (T @p T) C (T @5 T)E.

Theorem 2.8.4 Let T be a B-torsor, and assume that T is a faithfully flat
right B-module.

Then H := P(T ®@p T) is a k-flat Hopf algebra. The algebra structure is that
of a subalgebra of (T ®@p T)®, the comultiplication and counit are given by

Aoy =2y oy® ey?,

e(z@y) =y
forx ®y € H. The algebra T is an H-Galois extension of B under the coaction
6: T —T®H given by §(x) = u(x).

Proof H is a subalgebra of (T ®p T)? since for r ® y,a ® b € H we have
D((z ® y)(a ® b)) = D(azx @ yb)

= az(yb)V © (yb)? @ (yb)®

= azyMpM @ pPy? g yB)pB)

=ab® @ bPz @ yb®

=1®ax®yb

=1®@@y)(a®b).
To see that the coaction § is well-defined, we have to check that the image of u is
contained in T'® H, which is, by faithful flatness of T', the equalizer of

T®D

TRTepT TRTRXT T .

TNRXITRXT

But (T®D)u(z) = (Tene®T @p T)u(x) was shown in Lemma 2.8.3. Since u is an
algebra map, so is the coaction §, for which we employ the usual Sweedler notation
§(x) = w0y ®x(1). Note that (2.8.3) implies that §(b) = b@1 for all b € B; in other
words, ¢ is left B-linear.

The Galois map 8: T ®p T — T ® H for the coaction ¢ is given by f(z ®y) =
TY0)®Y(1) = ryM @y? @y®) = D(z®y). Thus it is an isomorphism by faithfully
flat descent, Theorem 4.5.2. It follows that H is faithfully flat over k.

Since ¢ is left B-linear,

AN:ToT320y—2y PV ey?Pey® eToToH
B B

is well-defined. To prove that A is well-defined, we need to check that Ag(H) is
contained in H ® H, which, by faithful flatness of H, is the equalizer of
D®H

TepT®H ITTepT®H .
nTRTRH
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Now for z ® y € H we have
(D@ H)Ag(z®y) = (D@ H)(z @y 0 y? oy®)
— 2y DD g M@ 5 VB g @) g G
=2y 2 y? @ uy®)
=Te®T®uDxy)
=TeTeop(lerey)
=10 A¢(z®y)

A is an algebra map since pu is, and coassociativity follows from the coassociativity
axiom of the torsor T'.

For t @y € H we have zy ® 1 = 2yV) @ y®y®) = 1 @ xy, whence zy € k by
faithful flatness of T'. Thus, € is well-defined. It is straightforward to check that
¢ is an algebra map, that it is a counit for A, and that the coaction J is counital.
Thus, H is a bialgebra.

We may now write the condition §(b) = b® 1 for b € B simply as B C T,
Conversely, z € T implies 2 ® 1 = 2M2® @ 2() =1 ® 2 € T ®p T, and thus
x € B by faithful flatness of T' as a B-module. Since we have already seen that the
Galois map for the H-extension B C T is bijective, T' is an H-Galois extension of
B, and from Lemma 2.1.5 we deduce that H is a Hopf algebra. O

Lemma 2.8.5 Let H be a k-faithfully flat Hopf algebra, and let T be a right
faithfully flat H-Galois extension of B C T. Then T is a B-torsor with torsor
structure

p:T 3 x— x ®.T(1)[1] ®$(1)[2] eT® (T % T)B,

where W @ b2 = 3~Y(1 @ h) € T @5 T, with : T @ T — T @ H the Galois
map.

3 Hopf-bi-Galois theory

3.1 The left Hopf algebra. Let A be a faithfully flat H-Galois object. Then
A is a torsor by Lemma 2.8.5 By the left-right switched version of Theorem 2.8.4,
there exists a Hopf algebra L := L(A, H) such that A is a left L-Galois extension
of k. Moreover, since the torsor structure p: A — A® A°P ® A is right H-colinear,
we see that A is an L-H-bicomodule.

Definition 3.1.1 An L-H-Bi-Galois object is a k-faithfully flat L- H-bicomodule
algebra A which is simultaneously a left L-Galois object and a right H-Galois ob-
ject.

We have seen that every right H-Galois object can be endowed with a left
L-comodule algebra structure making it an L-H-Bi-Galois object. We shall prove
uniqueness by providing a universal property shared by every L that makes a given
H-Galois object into an L-H-bi-Galois object.

Proposition 3.1.2 Let H and L be k-flat Hopf algebras, and A an L-H-bi-
Galois object.
Then for all n € N and k-modules V.W we have a bijection

® := Oy, Hom(V @ L, W) = Hom (V@ A", W @ A)
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(where A®™ carries the codiagonal comodule structure), given by ®(f)(v®z1®...®
Tp) = fORTy) @ .. @ Tp(—1)) @ T1(0) * * Tp(0)-

In particular, for every k-module we have the universal property that every right
H-colinear map ¢: A — W ® A factors uniquely in the form ¢ = (f ® A)dy as in
the diagram

Ao ILeA L

QA
RN
Wo A W

Proof Note first that the left Galois map Gp: A° ® A, — L ® A’ is evidently
a map of Hopf modules in M# with the indicated structures. We deduce that for
any M € MH we have

M QLP"@A. 2 M QLM VoA @A M @A @ LMV g A.
in M| and hence by induction
VROL® A2V e (A)®" e Al ¢ MI

We can now use the structure theorem for Hopf modules, Corollary 2.3.6, to com-
pute

Hom(V @ L®", W) = Hom | (V@ L®" @ A1, W ® A)
=~ Hom_ 4 (V& (A)®" @ AL, W @ A)) 2 Hom (V@ A®™, W ® A).
We leave it to the reader to verify that the bijection has the claimed form. O

Corollary 3.1.3 Let A be an L-H-bi-Galois object, B a k-module, f: L — B,
and A= ®(f): A— B® A.

1. Assume B is a coalgebra. Then f is a coalgebra map if and only if \ is a
comodule structure.

2. Assume B is an algebra. Then f is an algebra map if and only if A is.

3. In particular, assume B is a bialgebra. Then f is a bialgebra map if and
only if X is a comodule algebra structure. In particular, the bialgebra L in
an L-H-bi-Galois object is uniquely determined by the H-Galois object A.

Proof We have Af = (f ® f)A: L — B® B if and only if ®(Af) = o((f ®
fIA): A - B® B® A. But ®(Af)(a) = (A ® A\, and ®((f ® f)A)(a) =
(fef)Ala1))®a@) = fla—2)@f(a1))®ap) = fla1))@(a)) = (B&A)A(a),
proving (1).

We have V(f® f) = fV: L& L — Bif and only if ®(V(f® f)) = ®(fV): A®
A— B®A But &(V(f® f))(x®y) = f(z-1))f(W-1)) ®T©0)y0) = AM@)A(y) and
S(fV)(z®@y) = f(z-1)y-1)) ® T(0)Y(0) = A(zy), proving (2).

(3) is simply a combination of (1) and (2), since L as a bialgebra is uniquely
determined once it fulfills a universal property for bialgebra maps. O

Corollary 3.1.4 Let A be an L-H-bi-Galois object. Then
Alg(L,k) 2 ¢ = (a — p(a-1)a()) € Aut~(4)

is an isomorphism from the group of algebra maps from L to k (i.e. the group of
grouplikes of L* if L is finitely generated projective) to the group of H-colinear
algebra automorphisms of A.
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If H is cocommutative, then every H-Galois object is trivially an H-H-bi-Galois
object, so:

Corollary 3.1.5 If H is cocommutative and A is an L-H-bi-Galois object,
then L = H.

It is also obvious that L(H, H) = H. There is a more general important case
in which L(A, H) can be computed in some sense (see below, though), namely that
of cleft extensions:

Proposition 3.1.6 Let A = k#,H be a crossed product with invertible cocycle
o. Then L(A,H) = H as coalgebras, while multiplication in L(A, H) is given by

g-h=0(90) ® hw))g@ b (96) @ he)-

We will say that L(A,H) := H? is a cocycle double twist of H. The con-
struction of a cocycle double twist is dual to the construction of a Drinfeld twist
[17], and was considered by Doi [14]. We have said already that the isomorphism
L(k#,H,H) = H° computes the left Hopf algebra in case of cleft extensions in
some sense. In applications, this may rather be read backwards: Cocycles in the
non-cocommutative case are not easy to compute for lack of a cohomological inter-
pretation, while it may be easier to guess a left Hopf algebra from generators and
relations of A. In this sense the isomorphism may be used to compute the Hopf
algebra HY helped by the left Hopf algebra construction. This is quite important
in the applications we will cite in Section 3.2.

We will give a different proof from that in [33] of Proposition 3.1.6. It has the
advantage not to use the fact that H? is a Hopf algebra — checking the existence
of an antipode is in fact one of the more unpleasant parts of the construction.

Proof of Proposition 3.1.6 We will not check here that H? is a bialgebra.
Identify A = k+#,H = H, with multiplication goh = o(g(1) ® h(1))g2)h(2). Then it
is straightforward to verify that comultiplication in H is an H?-comodule algebra
structrure A — H? ® A which, of course, makes A an H?-H-bicomodule algebra.
One may now finish the proof by appealing to Lemma 3.2.5 below, but we will stay
more elementary. We shall verify that H? fulfills the universal property of L(A, H).
Of course it does so as a coalgebra, since the left coaction is just the comultiplication
of H. Thus a B-H-bicomodule algebra structure \: A — B®A gives rise to a unique
coalgebramap f: H? — B by f(h) = (B®e)A(h) = h—1)e(h()). We have to check
that f is an algebra map:

Flg-h) = o(g) @ha) f(9@)h@)o " (9 @ ha) = flaa)yohw)o ™ (9e) @ he)
= (B®e)(Mgay)Ahm)o (92 @ he)
= 9 (-0 h1)(=nE91)©0) © h) )7 (92) © he)

e ° 901 90y @) © ho @) = 9=nh-nego  ho)

= 9(-1e(9))h-nelho)) = f(g)f(h) O
Remark 3.1.7 Let A be an L-H-bi-Galois object. The left Galois map
Be: A" ® A° — L ® A" is right H-colinear as indicated, and thus induces an iso-
morphism (A ® A)*°* =~ (L ® A)*°" =~ L, where the coinvariants of A ® A are

taken with respect to the codiagonal comodule structure. Let us check that the
isomorphism is an algebra map to a subalgebra of A® AP: f z @y, 2’ @y € AQA



28 Peter Schauenburg

are such that z(_1) @ zyy = £ ® 1 and 2'(_) @ 2’ (qyy = £’ ® 1 for £,{' € L, then
Be(za' @ y'y) = 1)@’ (1) @ 2y (Y'Y = vl @xO)y = @ 1.

3.2 Monoidal equivalences and the groupoid of bi-Galois objects.
Let H be a Hopf algebra, and A an L-H-bi-Galois object. Then the monoidal
functor (A Oy —,&) considered in Section 2.5 also defines a monoidal functor
AOyx —: HM — M. If B is an H-R-bi-Galois object, then A Oy B is an L-H-
bicomodule algebra, and since the functor *M 3V — (A Oy B)Or V € M is
the composition of the two monoidal functors (B Or —) and A Oy —, it is itself
monoidal, so that A Oy B is an R-Galois object by Corollary 2.5.4. By symmetric
arguments, A Oy B is also a left L-Galois and hence an L-R-bi-Galois object.
Thus, without further work, we obtain:

Corollary 3.2.1 k-flat Hopf algebras form a category BiGal when we define a
morphism from a Hopf algebra H to a Hopf algebra L to be an isomorphism class
of L-H-bi-Galois objects, and if we define the composition of bi-Galois objects as
their cotensor product.

On the other hand we can define a category whose objects are Hopf algebras,
and in which a morphism from H to L is an isomorphism class of monoidal functors
HpM — M.

A functor from the former category to the latter is described by assigning to an
L-H-bi-Galois object A the functor A Oy —: HM — M.

The purpose of the Corollary was to collect what we can deduce without further
effort from our preceding results. The following Theorem gives the full information:

Theorem 3.2.2 1. The category BiGal is a groupoid; that is, for every
L-H-bi-Galois object A there is an H-L-bi-Galois object A~' such that
A Oy A= =2 L as L-L-bicomodule algebras and A~' O; A = H as H-
H -bicomodule algebras.

2. The category BiGal is equivalent to the category whose objects are all k-flat
Hopf algebras, and in which a morphism from H to L is an isomorphism
class of monoidal category equivalences M — L M.

If k is a field, there is a short conceptual proof for the Theorem, in which the
second claim is proved first, and the first is an obvious consequence. If k is arbitrary,
there does not seem to be a way around proving the first claim first. This turns
out to be much easier if we assume all antipodes to be bijective. We will sketch all
approaches below, but we shall comment first on the main application of the result.

Definition 3.2.3 Let H, L be two k-flat Hopf algebras. We call H and L
monoidally Morita-Takeuchi equivalent if there is a k-linear monoidal equivalence
HpM — M.

Since the monoidal category structure of the comodule category of a Hopf al-
gebra is one of its main features, it should be clear that monoidal Morita-Takeuchi

equivalence is an interesting notion of equivalence between two Hopf algebras,
weaker than isomorphy. Theorem 3.2.2 immediately implies:

Corollary 3.2.4 For two k-flat Hopf algebras H and L, the following are
equivalent:

1. H and L are monoidally Morita- Takeuchi equivalent.
2. There exists an L-H-bi-Galois object.
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3. There is a k-linear monoidal category equivalence M — ME.

As a consequence of Corollary 3.2.4 and Proposition 3.1.6, Hopf algebras are
monoidally Morita-Takeuchi equivalent if they are cocycle double twists of each
other (one should note, though, that it is quite easy to give a direct proof of this
fact). Conversely, if H is a finite Hopf algebra over a field k, then every H-Galois
object is cleft. Thus every Hopf algebra L which is monoidally Morita-Takeuchi
equivalent to H is a cocycle double twist of H.

In many examples constructing bi-Galois objects has proved to be a very prac-
ticable way of constructing monoidal equivalences between comodule categories.
This is true also in the finite dimensional case over a field. The reason seems to
be that it is much easier to construct an associative algebra with nice properties,
than to construct a Hopf cocycle (or, worse perhaps, a monoidal category equiva-
lence). I will only very briefly give references for such applications: Nice examples
involving the representation categories of finite groups were computed by Masuoka
[27]. In [28] Masuoka proves that certain infinite families of non-isomorphic pointed
Hopf algebras collapse under monoidal Morita-Takeuchi equivalence. That paper
also contains a beautiful general mechanism for constructing Hopf bi-Galois objects
for quotient Hopf algebras of a certain type. This was applied further, and more
examples of families collapsing under monoidal Morita-Takeuchi equivalence were
given, in Daniel Didt’s thesis [12]. Bichon [4] gives a class of infinite-dimensional
examples that also involve non-cleft extensions.

Now we return to the proof of Theorem 3.2.2. First we state and prove (at least
sketchily) the part that is independent of k and any assumptions on the antipode.

Lemma 3.2.5 Let L and H be k-flat Hopf algebras. Then every k-linear
equivalence F: # M — LM has the form F(V) = A Oy V for some L-H-bi-Galois
object A.

More precisely, every exact k-linear functor F: HM — LM commuting with
arbitrary colimits has the form F(V) = A Oy V for an L-H-bicomodule algebra
that is an H-Galois object, and if F is an equivalence, then A is an L-Galois object.

Proof Let B be a k-flat bialgebra, and F: #M — M an exact functor
commuting with colimits. We already know that the composition Fo: T M — M,
of F with the underlying functor has the form Fo(V) = A Oy V for an H-Galois
object A. It is straightforward to check that F has the form F(V) = A Oy V for a
suitable L-comodule algebra structure on A making it an L-H-bicomodule algebra
(just take the left L-comodule structure of A = A Oy H = Fy(A), and do a few
easy calculations). Conversely, every B-H-bicomodule algebra structure on A for
some flat bialgebra B lifts Fy to a monoidal functor G: #M — BM. If F is an
equivalence, we can fill in the dashed arrow in the diagram

HMLLM

l U
S
BM$M]€

by a monoidal functor. To see this, simply note that every L-module is by assump-
tion naturally isomorphic to one of the form A Oy V with V € ¥ M, and thus it
is also a B-module. Now a monoidal functor M — B M that commutes with the
underlying functors has the form f M for a unique bialgebra map f: L — B. We
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have shown that L has the universal property characterizing the left Hopf algebra
L(AH). O

Now what is left of the proof of Theorem 3.2.2 is to provide a converse to
Lemma 3.2.5.

In the case that k is a field, we can argue by the general principles of reconstruc-
tion theory for quantum groups, which also go back to work of Ulbrich [55]; see e.g.
[31]. Assume given an H-Galois object A. The restriction A Of —: My — M,
of the functor A Oy — to the category of finite-dimensional H-comodules takes
values in finite dimensional vector spaces (see Corollary 2.5.5). Thus there exists a
Hopf algebra L such that the functor factors over an equivalence 7 My — L M;; by
the finiteness theorem for comodules this also yields an equivalence "M — M.
By Lemma 3.2.5 we see that this equivalence comes from an L-H-bi-Galois struc-
ture on A, and in particular that cotensoring with a bi-Galois extension A is an
equivalence T M — FAH) A4,

The general technique of reconstruction behind this proof is to find a Hopf
algebra from a monoidal functor w: C — M} by means of a coendomorphism coal-
gebra construction. More generally, one can construct a cohomomorphism object
cohom(w, v) for every pair of functors w,v: C — My, taking values in finite di-
mensional vector spaces. Ulbrich in fact reconstructs a Hopf-Galois object from
a monoidal functor ¥ M; — M, by applying this construction to the monoidal
functor in question on one hand, and the underlying functor on the other hand. It
is clear that the left Hopf algebra of a Hopf-Galois object A can be characterized
as the universal Hopf algebra reconstructed as a coendomorphism object from the
functor A Oy —. Bichon [3] has taken this further by reconstructing a bi-Galois
object, complete with both its Hopf algebras, from a pair of monoidal functors
w,v: C — My taking values in finite dimensional vector spaces. He also gives an
axiom system (called a Hopf-Galois system, and extended slightly to be symmetric
by Grunspan [19]) characterizing the complete set of data arising in a Bi-Galois
situation: An algebra coacted upon by two bialgebras, and in addition another
bicomodule algebra playing the role of the inverse bi-Galois extension.

In the case where k is not a field, reconstruction techniques as the ones used
above are simply not available, and we have to take a somewhat different approach.
If we can show that BiGal is a groupoid, then the rest of Theorem 3.2.2 follows: The
inverse of the functor A Oy —H M — LM can be constructed as A= O;: LM —
H M when A1 is the inverse of A in the groupoid BiGal.

Now let A be an L-H-bi-Galois object. By symmetry it is enough to find a
right inverse for A. For this in turn it is enough to find some left H-Galois object
B such that A Oy B = L as left L-comodule algebras. For B is an H-R-bi-Galois
object for some Hopf algebra R, and A Oy B is then an L-R-bi-Galois object.
But if A Oy B = L as left L-comodule algebra, then R = L by the uniqueness
of the right Hopf algebra in the bi-Galois extension L. More precisely, there is an
automorphism of the Hopf algebra L such that A Oy B = L7, where L’ has the
right L-comodule algebra structure induced along f. But then A Oy (B/ 71) =L
as L-bicomodule algebras.

We already know that L = (A® A) a subalgebra of A ® A°P. From the
way the isomorphism was obtained in Remark 3.1.7, it is obviously left L-colinear,
with the left L-comodule structure on (4 ® A)*° H induced by that of the left tensor
factor A. Thus it finally remains to find some left H-Galois object B such that
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AOp B (A® A)COH. If the antipode of H is bijective, we may simply take
B := A°P, with the left comodule structure A > a — S‘l(a(l)) ®@ a(py. If the
antipode of H is not bijective, we can take B := (H ® A)“ H, where the coinvariants
are taken with respect to the diagonal comodule structure, the algebra structure
is that of a subalgebra of H ® A°P, and the left H-comodule structure is induced
by that of H. By contrast to the case where the antipode is bijective, it is not
entirely trivial to verify that B is indeed a left H-Galois object. We refer to [33]
for details at this point. However, it is easy to see that the obvious isomorphism
AOy B=A0y (Ho A" 2 A0y Ho A" =~ (A0 A" is a left L-
comodule algebra map.

3.3 The structure of Hopf bimodules. Let A be an L-H-bi-Galois object.
We have studied already in Section 2.6 the monoidal category A/\/lﬂ of Hopf bimod-
ules, which allows an underlying functor to the category My which is monoidal.
The result of this section is another characterization of the left Hopf algebra L:
It is precisely that Hopf algebra for which we obtain a commutative diagram of
monoidal functors

~

AMQI LM

(R / (33.1)

My,

in which the top arrow is an equivalence, and the unmarked arrow is the underlying
functor.

Theorem 3.3.1 Let A be an L-H-bi-Galois object. Then a monoidal category
equivalence LM — 4 M is defined by sending V € ;M to V ® A with the obvious
structure of a Hopf module in MH, and the additional left A-module structure
r(v®yY) = r(_1) v®x)y. The monoidal functor structure is given by the canonical

isomorphism (V@ A) @4 (VR A) =V W A.

Proof We know that every Hopf module in M has the form V ® A for some
k-module V. It remains to verify that left A-module structures on V ® A making it
a Hopf module in 4, M are classified by left L-module structures on V. A suitable
left A-module structure is a colinear right A-module map p: AQV® A -V ® A,
and such maps are in turn in bijection with colinear maps 0: AV — V ® A.
By the general universal property of L, such maps ¢ are in turn classified by maps
po: L&V — V through the formula o(a®v) = a(_1)-v®a), with po({®@v) =: £-v.
Now it only remains to verify that pg is an L-module structure if and only if g,
which is now given by pu(z ® v ® y) = 2(_1) - v ® 2(0)y, is an A-module structure.
We compute

r(y(v ®2)) = (Y—1) v @ Y0)2) = T(~1) - (Y(=1) " V) @ T()Y(0)%
(zy)(v ® 2) = (2Y)(—1) - v @ (2Y) (0)z = (T(-1)Y(-1)) - ¥ D T(0)Y(0)

so that the associativity of p and pg is equivalent by another application of the
universal property of L. We skip unitality.

We have seen that the functor in consideration is well-defined and an equiva-
lence. To check that it is monoidal, we should verify that the canonical isomorphism
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fVOWRA— (VeA) @4 (WRA) is aleft A-module map for V,W € L. Indeed

flalvewey)) = flzy (Veow) @zgy) = f(@-2) v z-1) W T(0)Y)
=29 V@11 - wRT(Y =T(—1) VR 1Rz (WwRY)
=21 VT ®(wey) =2zwe])®ley=zftew®y)
forall z,y € A,v eV and w e W. O

Corollary 3.3.2 Let A be an L-H-Bi-Galois object. Then there is a bijection
between isomorphism classes of

1. Pairs (T, f), where T is an H-comodule algebra, and f: A — T is an H-
comodule algebra map, and
2. L-module algebras R

It is given by R := T°H, and T := R#A := R® A with multiplication given by
(r#tx)(s#y) = r(z1) - 8)F#x0)Y-

Note in particular that every T as in (1) is a left faithfully flat H-Galois extension
of its coinvariants.

Remark 3.3.3 If A is a faithfully flat H-Galois extension of B, then , M# is
still a monoidal category, and the coinvariants functor is still a monoidal functor to
BMp. It is a natural question whether there is still some L whose modules classify
Hopf modules in the same way as we have shown in this section for the case B = k,
and whether L is still a Hopf algebra in any sense. This was answered in [35] by
showing that L = (A ® A)®" still yields a commutative diagram (3.3.1), and that
L now has the structure of a x g-bialgebra in the sense of Takeuchi [48]. These
structures have been studied more recently under the name of quantum groupoids
or Hopf algebroids. They have the characteristic property that modules over a x g-
bialgebra still form a monoidal category, so that it makes sense to say that (3.3.1)
will be a commutative diagram of monoidal functors. The X g-bialgebra L can step
in in some cases where the left Hopf algebra L is useful, but B # k. Since the
axiomatics of x g-bialgebras are quite complicated, we will not pursue this matter
here.

3.4 Galois correspondence. The origin of bi-Galois theory is the construc-
tion in [18] of certain separable extensions of fields that are Hopf-Galois with more
than one possibility for the Hopf algebra. The paper [18] also contains information
about what may become of the classical Galois correspondence between subfields
and subgroups in this case. In particular, there are examples of classically Galois
field extensions that are also H-Galois in such a way that the quotient Hopf al-
gebras of H correspond one-to-one to the normal intermediate fields, that is, to
the intermediate fields that are stable under the coaction of the dual Hopf algebra
kS of the group algebra of the Galois group. Van Oystaeyen and Zhang [56] then
constructed what we called L(A, H) above for the case of commutative A (and H),
and proved a correspondence between quotients of L(A, H) and H-costable inter-
mediate fields in case A is a field. The general picture was developed in [33, 36].
We will not comment on the proof here, but simply state the results.

Theorem 3.4.1 Let A be an L-H-Bi-Galois object for k-flat Hopf algebras
L, H with bijective antipodes.
A bijection between
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e coideal left ideals I C L such that L/I is k-flat and L is a faithfully coflat
left (resp. right) L/I-comodule, and

o H-subcomodule algebras B C A such that B is k-flat and A is a faithfully
flat left (resp. right) B-module

is given as follows: To a coideal left ideal I C L we assign the subalgebra B :=
©AL/I. To an H-subcomodule algebra B C A we assign the coideal left ideal
ICL>(A® A" such that L)1~ (A®p A)°".
Let I C L and B C A correspond to each other as above. Then
1. I is a Hopf ideal if and only if B is stable under the Miyashita- Ulbrich action
of H on A.
2. I is stable under the left coadjoint coaction of L on itself if and only if B is
stable under the coaction of L on A.
3. I is a conormal Hopf ideal if and only if B is stable both under the coaction
of L and the Miyashita-Ulbrich action of H on A.

As the special case A = H, the result contains the quotient theory of Hopf
algebras, that is, the various proper Hopf algebra analogs of the correspondence
between normal subgroups and quotient groups of a group. See [50, 26].

3.5 Galois objects over tensor products. Let Hi, H> be two Hopf al-
gebras. If both H; are cocommutative, then Gal(H;) are groups under cotensor
product, as well as Gal(H; ® Hy). If both H; are also commutative, then we
have the subgroups of these three groups consisting of all commutative Galois ex-
tensions. If) in particular, we take both H; to be the duals of group algebras of
abelian groups, then H; ® Hs is the group algebra of the direct sum of those two
groups, and the groups of commutative Galois objects are the Harrison groups. It
is an old result that the functor “Harrison group” is additive. This means that
Har(H; ® Hy) = Har(H;) ® Har(H2) as (abelian) groups. The same result holds
true unchanged if we consider general commutative and cocommutative Hopf alge-
bras. However, the same is not true for the complete Gal(—) groups. A result of
Kreimer [24] states very precisely what is true instead: For two commutative co-
commutative finitely generated projective Hopf algebras, we have an isomorphism
of abelian groups

Gal(Hl) D Gal(Hg) D HOpf(HQ,Hf) — Gal(H1 ® HQ),

where Hopf(Ha, Hy) denotes the set of all Hopf algebra maps from Hs to Hy, which
is a group under convolution because Hj is cocommutative and H} is commuta-
tive. The assumption that both Hopf algebras H; are commutative is actually not
necessary. One can also drop the assumption that they be finitely generated projec-
tive, if one replaces the summand Hopf(Hs, Hy) by the group (under convolution)
Pair(Ho, Hy) of all Hopf algebra pairings between Hs and Hy; this does not change
anything if H; happens to be finitely generated projective.

One cannot, however, get away without the assumption of cocommutativity:
First of all, of course, we do not have any groups in the case of general H;. Secondly,
some of the information in the above sequence does survive on the level of pointed
sets, but not enough to amount to a complete description of Gal(H; ® Hs).

As we will show in this section (based on [39]), Bi-Galois theory can come to the
rescue to recover such a complete description. Instead of pairings between the Hopf
algebras H;, one has to take into account pairings between the left Hopf algebras
L; in certain H;-Galois objects.
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Lemma 3.5.1 Let Hqi,Hy be two k-flat Hopf algebras, and A a right H-
comodule algebra for H = Hy ® Hs.

We have Ay := A2 >~ A Oy Hy and Ay := AT =~ A Oy H,.

A is an H-Galois object if and only if A; is an H;-Galois object for i =1, 2.

If this is the case, then multiplication in A induces an isomorphism A1#As —
A, where the algebra structure of A1#As is a smash product as in Corollary 3.3.2
for some La-module structure on Ay, where Lo := L(As, Hy); the H-comodule
structure is the obvious one.

Proof It is straightforward to check that A<Hi =~ A Oy H; for i # j. We
know from Proposition 2.5.7 that A; are Hopf-Galois objects if A is one.

Now assume that A; is a faithfully flat H;-Galois extension of k for i = 1,2. By
Corollary 3.3.2 we know that multiplication in A induces an isomorphism A;# A, —
A for a suitable Ly-module algebra structure on A;. We view the Galois map
A® A — A® H as a map of Hopf modules in Mff Its Hy-coinvariant part is
the map A® Ay — A® H; given by © ® y — zy(0) ® y(1), which we know to be a
bijection. Thus the canonical map for A is a bijection, and A is faithfully flat since
it is the tensor product of A; and As. O

To finish our complete description of H; ® Hy-Galois objects, we need two more
consequences from the universal property of the left Hopf algebra:

Lemma 3.5.2 Let A be an L-H-bi-Galois object, and let R be an L-module
algebra and F-comodule algebra for some k-flat bialgebra F. Then R#A as in
Corollary 3.3.2 is an F ® H-comodule algebra if and only if it is an F-comodule
algebra, if and only if R is an L-F-dimodule in the sense that (£-7)y ® (£ 1)) =
C-r) @71y holds for allr € R and £ € L.

Proof Clearly R#A is an F ® H-comodule algebra if and only if it is an F-
comodule algebra, since we already know it to be an H-comodule algebra.

Now (ignoring the unit conditions) R#A is an F-comodule algebra if and only
if

r(0)(Z(-1) - ) #LY @ (1) (Z(-1) - ) )
r)(Z(-1) - $©@)#T Y @ TS

agree for all r,s € R and x,y € A. By the universal property of L, this is the same
as requiring

r(0)(€-5)(0) @)+ s)a) =7T(0) (L 50)) @T(1)S(1)

for all r,s € R and ¢ € A, which in turn is the same as requiring the dimodule
condition for R. O

Lemma 3.5.3 Let A be an L-H-bi-Galois object, B a k-module, and y: B ®
A — A an H-colinear map. Then p = ®(7), that is, u(b®a) = 7(b @ a(_1y)a(y for
a unique 7: B® L — A. Moreover,

1. Assume that B is a coalgebra. Then u is a measuring if and only if 7(b ®
tm) = 7(by ® £)T(b2y @ m) and 7(b® 1) = €(b) hold for all b € C and
f,me L.

2. Assume that B is an algebra. Then p is a module structure if and only if
T(be®l) = T(b®L(2))T(c® (1)) and T(1® L) = £(£) hold for allb,c € B and
le L.
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3. Assume that B is a bialgebra. Then p makes A a B-module algebra if and
only if T is a skew pairing between B and L, in the sense of the following
definition:

Definition 3.5.4 Let B and L be two bialgebras. A map 7: B® L — k is
called a skew pairing if

(b ® Im) = 7(b(1) @ £)T(b2) ® m), Tb®1)=¢(b)
T(be®€) = 7(b® L2))T(c ® £(1y), T1®L) =)

hold for all b,c € B and ¢,m € L. Note that if B is finitely generated projective,
then a skew pairing is the same as a bialgebra morphism L°°P — B*

Proof We write u(b® a) = b-a. We have p = &(7) for 7: BQL — k as a
special case of the universal properties of L.
If B is a coalgebra, then

b+ (zy) =7(b®2(—1)Y(-1))T(0)Y(0)
(bay - @)(be2y - y) = 7(b1y @ (1)) T(b2) ® Y(~1))T(0)Y(0)
are the same for all b € B, z,y € A if and only if 7(b® ¢m) = 7(b(1) ® £)T(b2) @ m)
for all b € B, £,m € L, by the universal property again. We omit treating the unit

condition for a measuring
If B is an algebra then

(be) - = 7(bc ® 2(_1))T(0)
bcox=7(c@x_1))b-T0) = T(c®2_2))T(b® T(_1))7(0)
agree for all b,c € B, x € A if and only if 7(bc ® £) = 7(c @ £(1))7(b ® £(2)) holds
for all b,c € B and £ € L. Again, we omit treating the unit condition for a module
structure.

Since a module algebra structure is the same as a measuring that is a module
structure, we are done. O]

Now we merely need to put together all the information obtained so far to get
the following theorem.

Theorem 3.5.5 Let Hy, Hy be two k-flat Hopf algebras, and put H = Hy ® Hs.
The map

T Gal(H1 ® HQ) — Gal(H1> X Gal(H2>,A = (A g Hl,A }DI HQ)

is surjective. For A; € Gal(H;) let L; := L(A;,H;). The Hopf algebra automor-
phism groups of L; act on the right on the set of all skew pairings between L, and
Lo. We have a bijection

SPair(Ly, Ly)/ Colnn(L;) x Colnn(Ly) — m~ 1 (Ay, As),

given by assigning to the class of a skew pairing T the algebra A1#,As == A1 ® As
with multiplication (r#x)(s#y) = r7(5(—1) ® T(_1))S0)H#Z(0)Y-
In particular, we have an exact sequence

CoInn(H;) x Colnn(Hy) — SPair(Le, L1) — Gal(H; ® Ha) — Gal(H;) x Gal(Hs)
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Proof Since 7(4; ® A3) = (A1, As), the map = is onto. Fix A; € Gal(H;).
Then the inverse image of A; ® As under 7 consists of all those H-Galois objects
A for which A Oy H; = A;. By the discussion preceding the theorem, every such
A has the form A = A;#As, with multiplication given by an Ls-module algebra
structure on A, which makes A; an Lo-H;-dimodule, and is thus given by a skew
pairing between L, and Ls.

Assume that for two skew pairings 7, 0 we have an isomorphism f: A;#, A —
Ay#5As. Then f has the form f = f;® fo for automorphisms f; of the H;-comodule
algebra A;, which are given by fi(x) = wu;(w_1))z(o) for algebra maps u;: L; —
k. The map f is an isomorphism of algebras if and only if f((1#z)(r#1)) =
f(Q#x) f(r#1) for all r € A; and x € As. Now

F(A#z)(r#1)) = 7(r(—1) @ 2—1)) f () #(0))
= 7(r(—2yur(r(-1)) ® T(—2yu2(x(-1)))7r(0) #2(0)
and on the other hand

SUFE) f(r#1) = ua (r(—2))ua(w(—2))T(r(—1) @ T(—1))7(0)#T(0)

These two expressions are the same for all r, x if and only if 7 and o agree up to
composition with coinn(u;) ® coinn(us), by yet another application of the universal
properties of Ly and Ls. O

3.6 Reduction. We take up once again the topic of reduction of the struc-
ture group, or the question of when an H-Galois extension reduces to a Q-Galois
extension for a quotient Hopf algebra @ of H. We treated the case of a general base
B of the extension in Section 2.7. Here, we treat some aspects that are more or
less special to the case of a trivial coinvariant subring k, and involve the left Hopf
algebra L.

We start by a simple reformulation of the previous results, using Corollary
3.1.4:

Corollary 3.6.1 Assume the hypotheses of Theorem 2.7.1. Consider the map

m: Gal(Q) — Gal(H) given by m(A) = A Og H, and let A € Gal(H). Then
71 (A) = Hom (K, A)/ Alg(L, k), where L = L(A, H).

The criterion we have given above for reducibility of the structure quantum
group (i.e. the question when an H-Galois extension comes from a Q-Galois exten-
sion) is “classical” in the sense that analogous results are known for principal fiber
bundles: If we take away the Miyashita-Ulbrich action on AZ, which is a purely
noncommutative feature, we have to find a colinear algebra map K — A, which is
to say an equivariant map from the principal bundle (the spectrum of A) to the
coset space of the structure group under the subgroup we are interested in. Another
criterion looks even simpler in the commutative case: According to [11, III §4, 4.6],
a principal fiber bundle, described by a Hopf-Galois extension A, can be reduced if
and only if the associated bundle with fiber the coset space of the subgroup in the
structure group admits a section. In our terminology, this means that there is an
algebra map (A ® K)®% — B of the obvious map B — A; alternatively, one may
identify the associated bundle with A°Q =~ (A® K)™¥ see below. As it turns
out, this criterion can be adapted to the situation of general Hopf-Galois extensions
as well. In the noncommutative case, there are, again, extra requirements on the
map A®°®@ — B. In fact suitable such conditions were spelled out in [7, Sec.2.5],
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although the formulas there seem to defy a conceptual interpretation. As it turns
out, the extra conditions can be cast in a very simple form using the left Hopf
algebra L: The relevant map A% — B should simply be L-linear with respect
to the Miyashita-Ulbrich action of L. Since the result now involves the left Hopf
algebra, it can only be formulated like that in the case B = k; we note, however,
that the result, as well as its proof, is still valid for the general case — one only has
to take the x p-bialgebra L, see Remark 3.3.3, in place of the ordinary bialgebra L.

Theorem 3.6.2 Assume the hypotheses of Theorem 2.7.1, and let A be an L-
H-Bi-Galois object. A% C A is a submodule with respect to the Miyashita-Ulbrich
action of L on A.

The following are equivalent:

1. A€ Gal(H) is in the image of Gal(Q) > A AOg H € Gal(H).

2. There is an L-module algebra map A®® — k.

Proof The inverse of the Galois map of the left L-Galois extension A maps L
to (A® A)COH7 so it is straightforward to check that A°°@ is invariant under the
Miyashita-Ulbrich action of L.

We have an isomorphism fp: A — (A® H)™" with 6(a) = aq) ® S(a) and
05 (a®h) = ae(h). One checks that y(a) € (A ® K)°™ if and only if a € A°?, so
that we have an isomorphism 6: 4°Q — (4 ® K)“ given by 6(a) = a)®S(ag)).
It is obvious that 6 is an isomorphism of algebras, if we regard (A ® K )COH as a
subalgebra of A ® K°P, but we would like to view this in a more complicated
way: Since K is an algebra in the center of M, we can endow A ® K with the
structure of an algebra in M* by setting (a ® z)(b® y) = ab) ® (x — ba))y. If
t®ac (A0 K)°", then (a@z)(b®y) = aby ® (x = b))y = aby @ y(o)(z ~—
byyay) = ab @ yx, so (A® K)®* is a subalgebra of A ® K°P.

Now the obvious map A — A ® K is an H-colinear algebra map, so A ® K is
an algebra in the monoidal category 4 M# and hence (A ® K)°* is an L-module
algebra by Corollary 3.3.2. Writing ¢(V) @ ¢() for the preimage of ¢ ® 1 under
the Galois map for the left L-Galois extension A, we can compute the relevant
L-module structure as (1> (a ® z) = (M (a ®@ )@ = (Dal® ) @ x — (@) ). Tt
is immediate that #~! is L-linear.

Now we have a bijection between H-colinear maps f: K — A and H-colinear
and left A-linear maps f: AQK — Agivenby f(z) = f(1®z) and f(a®2z) = af ().
Let us check that f is a right H-module algebra map if and only if f is an A-ring
map in M* . First, assume that f is an H-module algebra map. Then

fll@a@2)(b®y)) = flabe) ® (x = buy)y)
= abo) f(z — b)) f(y)
= ab)(f(z) = ba))f(y)

af(@)bf(y) = fla®z)f(b®y),

and f (1®a) = a. Conversely, assume that fisan A-ring morphism in M*. Then
f is trivially an algebra map, and

f(z)a= f(1oa)f(a®l) = f((102)(@®l)) = fla@®z — am) = a@) f(@ = aq))
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for all @ € A and x € K implies that f is H-linear.
Finally, we already know that A-ring morphisms f: A® K — A in MH | that is,

coH
—

algebra maps in 4 M | are in bijection with L-module algbra maps g: (A ® K)
k. O

If we want to reduce the right Hopf algebra in an L-H-bi-Galois extension, it
is of course also a natural question what happens to the left Hopf algebra in the
process:

Lemma 3.6.3 Assume the situation of Theorem 2.7.1. Let A be a Q-Galois
object, and A the corresponding H-Galois object. Then for any V € MH the map

(VoA (v ®Z)COQ induced by the surjection A — A is an isomorphism.

Proof It is enough to check that a: (V @ A)®°" — (V ®Z)COQ is bijective
after tensoring with A. We compose a® A with the isomorphism (V' ® Z)COQ ®RA —
V ® A from the structure theorem for Hopf modules in M% and have to check that

coQ

VoA "egd-VeAd) " eAd-Ved va®b—veab

is bijective. But this is the image under the equivalence M2 — M@ of the iso-
morphism

VoA°"RA-V®A v0a®b—v®ab

from the structure theorem for Hopf modules in M. O

Theorem 3.6.4 Assume the situation of Theorem 2.7.1, let A be an H-Galois
object, f: K — A a Yetter-Drinfeld algebra map, and A = AJAf(K™T) the corre-
sponding Q-Galois object.

Using the identification L := L(A,H) = (A® A)COH, the left Hopf algebra of
A is given by

L(4,Q) = (Ag A",
K
where the K-module structure of A is induced via f.

Proof We have to verify that the surjection A — A induces an isomorphism
(Ao AT - (Z@Z)COQ. Since (—)°": MH — M, is an equivalence, this
amounts to showing that we have a coequalizer

Ao Ko A" = (A0 AP  @AeAd) -o.
Using Lemma 3.6.3 this means a coequalizer
A KoD°?=2 UeD)? - @D 0.

Since (—)COQ: ./\/l% — My, is an equivalence, we may consider this before taking

the Q-coinvariants, when it is just the definition of A = A/Af(K™) tensored with
A. O
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4 Appendix: Some tools

4.1 Monoidal category theory. A monoidal category C = (C,®,®,1, )\, p)
consists of a category C, a bifunctor ®: C x C — C, a natural isomorphism ®: (X ®
Y)Y Z - X® (Y ®Z), an object I, and natural isomorphisms A: I ® X — X and
p: X ® I — X, all of which are coherent. This means that all diagrams that one
can compose from ® (which rearranges brackets), A, p (which cancel instances of
the unit object I) and their inverses commute. By Mac Lane’s coherence theorem,
it is actually enough to ask for one pentagon of ®’s, and one triangle with A, p, and
®, to commute in order that all diagrams commute. A monoidal category is called
strict if &, A, and p are identities.

The easiest example of a monoidal category is the category My of modules
over a commutative ring, with the tensor product over k£ and the canonical isomor-
phisms expressing associativity of tensor products. Similarly, the category rR Mg of
bimodules over an arbitrary ring R is monoidal with respect to the tensor product
over R. We are interested in monoidal category theory because of its very close
connections with Hopf algebra theory. If H is a bialgebra, then both the category
of, say, left H-modules, and the category of, say, right H-comodules have natu-
ral monoidal category structures. Here, the tensor product of V,W € g M (resp.
V,W € M) is V. ® W, the tensor product over k, equipped with the diagonal
module structure h(v ® w) = h)v ® hw (resp. the codiagonal comodule struc-
ture d(v ® w) = v(g) ® Wy ® v1yw(r). The unit object is the base ring & with the
trivial module (resp. comodule) structure induced by the counit € (resp. the unit
element of H). Since the associativity and unit isomorphisms in all of these exam-
ples are “trivial”, it is tempting never to mention them at all, practically treating
all our examples as if they were strict monoidal categories; we will do this in all
of the present paper. In fact, this sloppiness is almost justified by the fact that
every monoidal category is monoidally equivalent (see below) to a strict one. For
the examples in this paper, which are categories whose objects are sets with some
algebraic structure, the sloppiness is even more justified [40].

A weak monoidal functor F = (F, ¢, &): C — D consists of a functor F: C —
D, a natural transformation {: F(X) ® F(Y) — F(X ® Y) and a morphism
&o: F(I) — I making the diagrams

(FX) @ F(V) @ F(Z) 2> F(X @ V) @ F(Z) ——= F(X 2Y) ® Z)

él if@

FX)@(FY)@F(2) g7 FX)@FY @ 2) — > FX @ (Y ®2))

commute and satisfying

FNE(E ®id) =X I @ F(X) — F(X)
F(p)§(id @ &) = p: F(X) @ I — F(X).

A standard example arises from a ring homomorphism R — S. The restriction
functor gMg — rMEp is a weak monoidal functor, with £&: M ®g N - M ®g N
for M, N € s Mg the canonical surjection.

A monoidal functor is a weak monoidal functor in which ¢ and &, are isomor-
phisms. Typical examples are the underlying functors g M — M;, and M7 — M,
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for a bialgebra H. In this case, the morphisms &, £, are even identities; we shall
say that we have a strict monoidal functor.
A prebraiding for a monoidal category C is a natural transformation oxy: X ®
Y - Y ® X satisfying
oxyez =Y ®oxz)(oxy®Z): XQYRZ-YRZX
oxevz=(0xzY) X ®oyz): XY ®Z—>Z0XQY
ox;=o0rx = dx
A braiding is a prebraiding that is an isomorphism. A symmetry is a braiding with
oxy = U;i(. The notion of a symmetry captures the properties of the monoidal
category of modules over a commutative ring. For the topological flavor of the
notion of braiding, we refer to Kassel’s book [22]. We call a (pre)braided category
a category with a (pre)braiding.
The (weak) center construction produces a (pre)braided monoidal category

from any monoidal category: Objects of the weak center Zy(C) are pairs (X,0x )
in which X € C, and oxy: X ® Y — Y ® X is a natural transformation satisfying

O’X,Y®Z=(Y®sz)(O'XY®Z):X®Y®Z—>Y®Z®X

forall Y, Z € C, and ox; = idx. The weak center is monoidal with tensor product
(X,0x—)® (Y,ov—) = (X ®Y,0xgy,—), where

oxev,z =(0xz@Y) (X ®0oyz): XY Q®Z—-Z03XQY

for all Z € C, and with neutral element (I,0; ), where o7z = idz. The weak
center is prebraided with the morphism oxy as the prebraiding of X and Y. The
center Z(C) consists of those objects (X,o0x_) € Z(C) in which all oxy are
isomorphisms.

The main example of a (pre)braided monoidal category which we use in this
paper is actually a center. Let H be a Hopf algebra. The category Zo(MH)
is equivalent to the category yDg of right-right Yetter-Drinfeld modules, whose
objects are right H-comodules and right H-modules V satisfying the condition

(v = h)) ® (v =)y = v) = hez) @ S(haay)vayhes
for all v € V and h € H. A Yetter-Drinfeld module V' becomes an object in the
weak center by
ovw(v@w) = w() @ v — w()
for all v € V and w € W € M. It is an object in the center if and only if H has
bijective antipode, in which case oy 3, (w @ v) = v S Hwq)y) ® w)-

4.2 Algebras in monoidal categories. At some points in this paper we
have made free use of the notion of an algebra within a monoidal category, modules
over it, and similar notions. In this section we will spell out (without the easy
proofs) some of the basic facts. It is possible that the notion of center that we
define below is new.

Let C be a monoidal category, which we assume to be strict for simplicity. An
algebra in C is an object A with a multiplication V: A A — Aand aunitn: [ — A
satisfying associativity and the unit condition that A =~ A® T 224 Ag A L A
(and a symmetric construction) should be the identity. It should be clear what
a morphism of algebras is. A left A-module in C is an object M together with a
module structure p: A ® M — M which is associative and fulfills an obvious unit
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condition. It is clear how to define right modules and bimodules in a monoidal
category.

An algebra in the (pre)braided monoidal category C is said to be commutative
if Va=Vao: A® A — A. Obviously we can say that a subalgebra B in A (or an
algebra morphism ¢: B — A) is central in A if

VA(L®A)ZVAO'AA(L(X)A):VA(A@L)O’BA: B A— A.

Since the last notion needs only the braiding between B and A to be written down,
it can be generalized as follows:

Definition 4.2.1 Let A be an algebra in C. A morphism f: V — A in C from
an object V € Zy(C) is called central, if VA(f® A) = VA(A® flova: VR A — A.

A center of A is a couniversal central morphism c: C — A, that is, an object
C € Zy(C) with a morphism ¢: C' — A in C such that every central morphism
f:V — A factors through a morphism g: V' — C in Z,(C).

It is not clear whether a center of an algebra A exists, or if it does, if it is a
subobject in C, though this is true in our main application Lemma 2.1.9. However,
the following assertions are not hard to verify:

Remark 4.2.2 Let A be an algebra in C, and assume that A has a center
(C,0).
1. Any center of A is isomorphic to C.
2. C is a commutative algebra in Zy(C).
3. If Ris an algebra in Zy(C) and f: R — A is central and an algebra morphism
in C, then its factorization g: R — C is an algebra morphism.

Let A and B be algebras in the prebraided monoidal category C. Then A ® B
is an algebra with multiplication

A9 B® Ag B A%7E488 4o A9 Bo B Y29V, Ao B

Again, this is also true if we merely assume B to be an algebra in the weak center
of C.

If B is a commutative algebra in the weak center of C, then every right B-
module M has a natural left B-module structure

BoMZE Mo B M

which makes it a B-B-bimodule.
Provided that the category C has coequalizers, one can define the tensor product
of a right A-module M and a left A-module N by a coequalizer

M®AIN=M®N — M®®N.
A

If M is an L-A-bimodule, and N is an A-R-bimodule, then M ® 4 N is an L-R-
bimodule provided that tensoring on the left with L and tensoring on the right
with R preserves coequalizers. The extra condition is needed to show, for example,
that L ® (M ®a4 N) - M ®4 N is well-defined, using that L ® (M ®4 N) &
(L® M) ®4 N, which relies on L ® — preserving the relevant coequalizer.

Some more technicalities are necessary to assure that the tensor product of
three bimodules is associative. Assume given in addition an S-R-bimodule T" such
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that T®— and S ® — preserve coequalizers. Since colimits commute with colimits,
T ®g — also preserves coequalizers, and we have in particular a coequalizer

T%(M®A®N):;Tg(M@N)HT%(M%N).
To get the desired isomorphism

TOMeN)2(T®M)® N,
L A L A

we need to compare this to the coequalizer
(T§>M)®A®N:§(T@M)@NH(T%M)(%N,

which can be done if we throw in the extra condition that the natural morphism
TesM)X —-T ®s (M ®X) is an isomorphism for all X € C.

4.3 Cotensor product. To begin with, the cotensor product of comodules is
nothing but a special case of the tensor product of modules in monoidal categories:
A k-coalgebra C' is an algebra in the opposite of the category of k-modules, so the
cotensor product of a right C-comodule M and a left C-comodule N (two modules
in the opposite category) is defined by an equalizer

QHMENHM@@N:;M@C@N.

We see that the cotensor product of a B-C-bicomodule M and a C-D-bicomodule
N is a B-D-bicomodule provided that B and C are flat k-modules. Since flatness of
C is even needed to make sense of equalizers within the category of C-comodules,
it is assumed throughout this paper that all coalgebras are flat over k.

A right C-comodule V is called C-coflat if the cotensor product functor V O¢
—: “M — My, is exact. Since V O¢ (C®@ W) =V ®@W for any k-module W, this
implies that V is k-flat. If V is k-flat, it is automatic that V Og — is left exact.
Also, V Og — commutes with (infinite) direct sums. From this we can deduce

Lemma 4.3.1 IfV is a coflat right C'-comodule, then for any k-module X and
any left C-comodule W the canonical map (V Oc W)@ X -V Oc (W ® X) is a
bijection.

In particular, if D is another k-flat coalgebra, W is a C-D-bicomodule, and U
is a left D-comodule, then cotensor product is associative:

(VOW)oU==vVoWou).
C D C D

Proof The second claim follows from the first and the discussion at the end of
the preceding section. For the first, observe first that cotensor product commutes
with direct sums, so that the canonical map is bijective with a free module k()
in place of X. Now we choose a presentation k(") — k(/) — X — 0 of X. Since
V O¢ — commutes with this coequalizer, we see that the canonical map for X is
also bijective. O

It is a well-known theorem of Lazard that a module is flat if and only if it is
a direct limit of finitely generated projective modules. It is well-known, moreover,
that a finitely presented module is flat if and only if it is projective. If k is a field,
and C a k-coalgebra, every C-comodule is the direct limit of its finite dimensional
subcomodules. Thus the following remarkable characterization of Takeuchi [47,
A.2.1] may seem plausible (though of course far from obvious):
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Theorem 4.3.2 Let k be a field, C a k-coalgebra, and V' a C-comodule. Then
V is coflat if and only if C is injective (that is, an injective object in the category
of comodules).

We refer to [47] for the proof.

In Section 2.5 we have made use of a comodule version of Watts’ theorem
(which, in the original, states that every right exact functor between module cat-
egories is tensor product by a bimodule). For the sake of completeness, we prove
the comodule version here:

Lemma 4.3.3 Let C be a k-flat coalgebra, and F: © M — M, an exact addi-
tive functor that commutes with arbitrary direct sums.

Then there is an isomorphism F(M) = A Oc M, natural in M € M, for
some comodule A € M which is k-flat and C-coflat.

Proof We first observe that F is an Mj-functor. That is to say, there is an
isomorphism F(M ®@V) = F(M)®V, natural in V' € My, which is coherent (which
is to say, the two obvious composite isomorphisms F(MQV QW) 2 F(M)VeW
coincide, and F(M ® k) = F(M) ® k is trivial). We only sketch the argument: To
construct ¢: F(M)®@V — F(M @ V), choose a presentation k() 2 k() — v,
The map p can be described by a column-finite matrix, which can also be used to
define a morphism p: F(M)U) — F(M)) which has both F(M)®V and (since F
commutes with cokernels) F(M ®V) as its cokernel, whence we get an isomorphism
¢ between them. Clearly ¢ is natural in M. Naturality in V is proved along with
independence of the presentation: Let k) — k(&) — W be a presentation of
another k-module W, and f: V — W. By the Comparison Theorem for projective
resolutions, f can be lifted to a pair of maps fi: (/) — k(X) and fo: k(D) — k(K.
Since the maps of free k-modules can be described by matrices, they give rise to a
diagram

F(M)D) —— F(M))

i |

F(M)E) —— F(M)L)

which can be filled to the right both by F(M) ® f: F(IM)®@V — F(M) W
and by FIMQ@ f): FIM@V) - F(M@W). If W =V and f = id, this proves
independence of { of the resolution, and for a general choice of W and f it proves
naturality of (. Coherence is now easy to check.

The rest of our claim is now Pareigis’ version [30, Thm. 4.2] of Watts’ theorem
[57]. For completeness, we sketch the proof: Put A := F(C). Then A is a C-
comodule via
F(A) .
A=FC)— F(C(O)2FC)eC=AxC.

The functors F and A Og — are isomorphic, since for M € “M we have M =
C O¢ M, that is, we have an equalizer

M—-"CoM=3'CeCe®M,
which is preserved by F, and hence yields an equalizer

FM) =AM = ARC® M.
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Finally, let us note the following associativity between tensor and cotensor
product:

Lemma 4.3.4 Let C be a coalgebra, A an algebra, M a right A-module, N
a left A-module and right C-comodule satisfying the dimodule condition (am) gy ®
(am)qy = amy@my) for alla € M and c € C; finally let W be a left C-comodule.
There is a canonical map

M®a(NOcgV)—> (M ®s N)OcgV, given bym @ (n®@v) — (m®n) @v.

If M is flat as A-module, or V is coflat as left C'-comodule, then the canonical
map is a bijection.

In fact, if M is flat, then M ® 4 — preserves the equalizer defining the cotensor
product. If V is coflat, we may argue similarly using Lemma 4.3.1.

4.4 Convolution and composition. Let C' be a k-coalgebra and A a k-
algebra. The convolution product

frg=Valf®g)Ac:C—a

defined for any two k-linear maps f, g: C' — A is ubiquitous in the theory of coal-
gebras and bialgebras. It makes Hom(C, A) into an algebra, with the k-dual C* as
a special case. A lemma due to Koppinen (see [29, p.91] establishes a correspon-
dence of convolution with composition (which, of course, is an even more ubiquitous
operation throughout all of mathematics):

Lemma 4.4.1 Let C be a k-coalgebra, and A a k-algebra. Then
T=T: Hom(C,A) > p s (a@c s ap(cay) ® c(z)) € End;“(A®0)
is an anti-isomorphism of k-algebras, with inverse given by T~1(f) = (A®ec) f(na®
).
In particular, ¢: C — A is invertible with respect to convolution if and only if
T(p) is bijective.

The assertions are straightforward to check. Let us point out that bijectivity
of T is a special case of the following Lemma, which contains the facts that A® V'
is the free A-module over the k-module V, and W ® C is the cofree C-comodule
over the k-module W:

Lemma 4.4.2 Let A be a k-algebra, C a k-coalgebra, and V a right C-
comodule, and W a left A-module. Then we have an isomorphism

T: Hom(V,W)3 ¢ (a@v +— ap(v()) ®vay) € HomC(A® V,W & C)

4.5 Descent. In this section we very briefly recall the mechanism of faithfully
flat descent for extensions of noncommutative rings. This is a very special case of
Beck’s theorem; a reference is [2].

Definition 4.5.1 Let n: R C S be a ring extension. A (right) descent data
from S to R is a right S-module M together with an S-module homomorphism
0: M — M ®pr S (also called a descent data on the module M) making the
diagrams

M 6 M &g S M—t>Meps

ie lmRS \ "
MRrnNRRrS

M®@rS————MQ®rS®rS M
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commute (where m is induced by the S-module structure of M). Descent data
(M, 0) from S to R form a category D(S | R) in an obvious way.

If N is a right R-module, then the induced S-module N ® S carries a natural
descent data, namely the map 0: N g S2n®s—n®1®s e N Qr S ®r S.
This defines a functor from Mg to the category of descent data from S to R.

Theorem 4.5.2 (Faithfully flat descent) Let n: R C S be an inclusion of
TIngs.

S is faithfully flat as left R-module if and only if the canonical functor from
MR to the category of descent data from S to R is an equivalence of categories. If
this is the case, the inverse equivalence maps a descent data (M, 0) to

MY = {m e M|f(m) =m® 1}.

In particular, for every descent data (M, ), the map f: (M%) @ S > m®s —
ms € M is an isomorphism with inverse induced by 6, i.e. f~1(m) = 0(m) €
MP@rSCM®gS.
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