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Introduction

The theory of Hopf-Galois extensions centers around special kinds of extensions of unital k-algebras
F C X over, say, a field k. They are of the following form: There should exist a Hopf algebra (A, A)
over k and a coaction o : X — X ®y A of (A, A) on X, such that F is the set of coinvariant elements
for o, and such that the map

XX —>X®A:xQy - x® Da(y)
F k F

is a bijection. Coactions satisfying this last condition are called Galois coactions. In special situations,
one can associate a canonical (A, A) and « to such an extension [14], but most of the time one takes
some (A, A) and « as part of the data. In case X and A are commutative, one may regard X as
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the function space of a bundle over the spectrum of F, with the spectrum of A acting freely and
transitively on every fiber.

An interesting situation arises when F reduces to the scalar field k. In this case (X, «) is called a
Galois object for (A, A). The most famous instance of this is the case where X is a finite field extension
of k and A is the function algebra (w.r.t. k) of a finite group G: then a coaction « of (A, A) on X will
make (X, «) into a Galois object for (A, A) if and only if k € X is a Galois extension with G as its
Galois group (by a result of Chase, Harrison and Rosenberg).

An important aspect of Hopf-Galois extensions is that they provide equivalences of certain cate-
gories, see e.g. [24] for an overview. As for Galois objects, their isomorphism classes are in one-to-one
correspondence with the isomorphism classes of monoidal equivalences from the category of comod-
ules of (A, A) to those monoidal categories which are the category of comodules for some Hopf
algebra (see Theorem 3.2.2 of [24] for the more precise statement).

In the operator algebra framework, the same objects appear under a different name. In [1] a cer-
tain class of ergodic coactions of compact quantum groups on C*-algebras was created, for which
there exist, in certain cases, a spectral subspace containing the corresponding irreducible corepresen-
tation of the quantum group with a multiplicity strictly greater than the (classical) dimension of this
corepresentation (which is impossible for an ordinary compact group, or even a compact quantum
group of Kac type). These constructed coactions were named ‘of full quantum multiplicity’, which is
precisely the condition that the coaction comes from an associated Galois object (when restricting
all C*-algebras to natural dense *-subalgebras). However, the authors made use of the particular na-
ture of the dual of a compact quantum group, which consists of a direct sum of matrix algebras, and
also of some analytic machinery, which is somewhat in contrast with the techniques from the Hopf
algebra approach.

Motivated by this, we try to develop in this paper a theory of Galois objects which comprises
both the compact quantum group theory, and the Hopf-algebraic theory in case the Hopf algebra has
integrals. Namely, we will consider the structure of Galois objects for algebraic quantum groups. These
latter objects were developed by Van Daele in [26], motivated in turn by finding the right infinite-
dimensional generalization of a finite-dimensional Hopf algebra which still allows for a dual object of
the same kind, and in providing a purely algebraic framework for the study of some of the aspects of
locally compact quantum groups. The main differences with a general ordinary Hopf algebra are the
possible lack of a unit in the algebra, and the existence of a non-zero left invariant functional.

A first study of the general Hopf-Galois theory for algebraic quantum groups appeared in [27],
whose main result is a Morita context between F and the smash product X #A for an (A, A)-Galois
extension F C X by an algebraic quantum group (A, A). As already said, our Galois objects will spe-
cialize this to the situation in which F =k, the ground field.

We come to the specific content of this paper. In the first part, we study the further algebraic
structure of a Galois object (X, «w) over an algebraic quantum group (A, A). The main results are the
following. There are two distinguished functionals ¢x and ¥x on X, with ¥x invariant with respect
to the action «. They are related by an invertible element 8x inside the multiplier algebra M(X) of
X, namely @x(-38x) = ¥x. They also satisfy the weak K.M.S. condition: if w is a functional on X,
we say that it satisfies this condition if there exists an algebra automorphism o, of X such that
w(yo,(x)) =w(xy) for all x, y € X. We call a functional satisfying this condition a modular functional.
It is interesting to see this structure, much used in the theory of von Neumann algebras, appear
in a natural way in a purely algebraic (non-finite-dimensional) setting. There also is a distinguished
automorphism 60x on X, which plays the réle of the antipode squared. Finally, we associate a scaling
constant to X, and show that it equals the scaling constant of A. Thus (X, «) is almost as rich in
structure as (A, A). We also show that when working with a well-behaving *-structure on X and A,
all these maps become simultaneously diagonalizable. We end this part by considering what happens
when (A, A) is of a special type, namely compact or discrete.

In the second part, we construct a new algebraic quantum group (C, Ac), starting from a Galois
object (X, «) for an (A, A). This (C, Ac) also comes with a left coaction y on X, commuting with «
and making (X, y) into a (left) Galois object. Then (X, «, y) can be called an A-C-bi-Galois object.
Note that when (A, A) is of compact type (in particular, a Hopf algebra), there is also a Hopf algebraic
method to obtain a new Hopf algebra from a Galois object (see [22]). This new Hopf algebra will then
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coincide with the algebraic quantum group (C, Ac) we construct (by uniqueness), but we want to
emphasize that in our situation, the Hopf algebraic construction has to be supplemented with the
construction of an invariant functional on the new Hopf algebra. After this, we briefly show how A,
X and C can also be grouped together inside an even bigger structure, which can be seen as a (very
special kind of) ‘algebraic quantum groupoid’. Next, we show the connection between bi-Galois objects
and monoidal equivalence of module categories, spending some more time on the *-algebraic case.
(We have not investigated if this monoidal equivalence of module categories actually characterizes
bi-Galois objects.) In our calculations, we make essential use of a natural subspace of the dual of X.

In the third part, we examine a concrete example, which will allow us to construct new examples
of algebraic quantum groups of compact type. It illustrates how duality can be used to find in a fairly
easy way the structure of a reflected quantum group. Although we do not leave the Hopf algebraic
framework in this example, we do feel that our approach has some novelty to it.

In Appendix A, we repeat some notions concerning multiplier algebras and algebraic quantum
groups.

We now set down conventions and notations. We work over a fixed field k, i.e. all algebras are
k-algebras. Moreover, all algebras appearing are non-trivial (0 ## 1) and non-degenerate (which means
that sending an element to the map ‘left (resp. right) multiplication with it’ is injective). We denote
the multiplier algebra of an algebra X as M(X), and identify X with its image inside M(X) whenever
convenient. We also identify k with its image k-1 in M(X) when convenient. We denote the tensor
product over k by ®. Whenever it is harmless, we will use the elementary tensor notation x® y for a
general element of a tensor product (in particular, we use this convention together with the Sweedler
notation). We mostly work with a fixed algebraic quantum group (A, A) over k (note that the theory
in [26] is developed in the case k = C, but everything works just as well in the general case). We
denote its antipode with S and its counit with £. We denote by ¢ a non-zero left invariant functional,
positive if A is a *-algebraic quantum group. As a right invariant functional we choose ¥ = ¢ o S. We
denote the modular element by §, and the modular automorphisms of ¢ and by respectively o
and o’. We take the algebraic convention for the coproduct A3 on the dual A of A: it is determined
by Az(w1)x®y) =wi(xy) forall x,y € A, w1 € A (when properly interpreted). The left integral ¢3
of A is given by @3 (¥ (a-)) = &(a). For the further theory of algebraic quantum groups, we refer the
reader to [26] and Appendix A.

1. The structure of Galois objects
1.1. Definitions

We begin by recalling some definitions concerning coactions for algebraic quantum groups.
Let X be an algebra. Let « be a right coaction of our fixed algebraic quantum group (A, A) on X:
it is an injective homomorphism X — M(X ® A) satisfying

(i) a(X)1QRA)=X®A,
(i) 1 ®A)a(X)=X® A, and
(iii) (@ ® Da = ® A)a,

where the third property can be made sense of for example by using the unique extensions of (@ ®t)
and (t ® A) to homomorphisms M(X ® A) > M(X ® A® A) (which exist by the first two conditions).
The maps X ® A — X ® A given by

T1:xQa— ax)(1®a),

Ty:x®a— (1Q®a)a(x)

are then well-defined bijections, their inverses determined by
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71y ®@Sb) — ®9)((1@ba(y)),
T, y@S7 ') — (1® S (a1 ®b)).

The injectivity of o implies that (t ® €)(c(x)) = x for all x € X (where a priori the left-hand side has
to be treated as a multiplier).

The coaction is called reduced if in addition (X ® 1a(X) € X ® A. The other inclusion
a(X)(X®1) € X® A follows from this (see the remark after Proposition 2.5 in [27]).

We can extend o to a map M(X) - M(X ® A), using the bijections T1 and T»: if z € M(X), we can
define ¢ (z) by the identities o (2)(x(¥)(1 ® a)) = a(zy)(1 ®a) and (1 @ ) (¥)x(z) = (1 Q a)x(yz)
for y € X and a € A. The algebra of coinvariants F C M(X) is then defined as the set of elements f in
M(X) such that a(f) = f ® 1. Remark that it is a unital algebra.

The following terminology comes from [27]: the coaction « is called Galois, if it is reduced and if
the map

VX@X—>X®A:Xx®Y — x® Da(y)
F F

is bijective. In fact, the bijectivity already follows from the surjectivity of this map (see Theorem 4.4
in [27]). Also, the map

W:X@X»X@A:x%yaa(x)(y@l)
is then bijective, with the inverse map given by
W lxea=v"((1®S@)xw).
We can now give a definition of our main object of study:

Definition 1.1. Let o be a right Galois coaction of an algebraic quantum group (A, A) on a non-
degenerate algebra X. Then (X,«) is called a right Galois object for (A, A) if the algebra F of
coinvariants is the scalar field k.

Sometimes, we also use the expression ‘A-Galois object’ instead of ‘Galois object over (A, A),
although this is less precise.

Let (X,«) be an A-Galois object. For a € A, we denote by S(a) the element in M(X ® X) which
satisfies

x@ D@ =V"'x®a),
B@(1®y) =W (y®S@).

Using the formula for W1 in terms of V1, it is not difficult to see that 8(a) is indeed a well-defined
multiplier on X ® X for each a € A.
We will show later that also the maps

x®@a— B@x®1)

and

x®@a— (1Q®x)B(a)
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are bijections from X ® A to X ® X (see Corollary 1.14). This will allow us to regard 8 rather as a map
A — M(X°P ® X), which is really the better viewpoint.

For computations we will use the Sweedler notation, denoting o(x) as xy ® X(1) and B(a) as
a1 ® al?]. Then by definition we have the identities

11,12 2
xala? ) @a? | =x®a,

al gaPx@dV ;) =x® S(@),

for all x € X,a € A. Applying ( ® &, we obtain the formula

xagl?! = e(a)x.

We want to remark and warn however that the use of the Sweedler notation here is more delicate
than for Hopf algebras. Indeed, when doing computations with Sweedler notation, it is crucial that all
expressions are covered. We refer to [9] for a careful analysis of this technique, and to Appendix A for
the more intuitive approach.

In the following subsections, we will work with a fixed Galois object (X, ) for the algebraic
quantum group (A, A).

1.2. The existence of the invariant functionals

For any functional w on X, we can interpret (w ® ¢)(c¢(x)) in a natural way as a multiplier of A.
By an invariant functional on X we mean a functional w on X such that (w ® t)(a(x)) = w(x)1 for all
x € X. By a §-invariant functional we mean a functional w on X such that (w ® t)(x(x)) = w(x)é for
all x € X (where we recall that § € M(A) denotes the modular element of (A, A)). For the following
proposition, recall also that ¢ denotes a left invariant functional on (A, A).

Theorem 1.2. There exists a faithful §-invariant functional ¢x on X such that

t® @) (a®)=9px®]1
forallx e X.
(The notion of faithfulness is recalled in the second paragraph of Section 4.3.)

Proof. Take x, y € X and a € A. Denote z for (t ® ¢)(x(x)) € M(X). Then we compute in detail, using
the definition of the extension of a to M(X), of (¢ ®t) to M(A ® A), and the defining left invariance
property of ¢:
a@)(x(y)(1®a)=a(zy)(1®a)
=a(t®)(a@yen))d1ea)
=@ (@ev(e®myen)(1®ad)
=eep)((@e(@)(@y®1)(1®a®1)
=1®LRY)(t® M) (X)) (Yo ®yma®1))
=@ (@ N(a®yo®D)1®ynmad D)

=X0)Y0) ® @) (AXa)(Y1ma® 1)
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=X0)Y0) ® ¢X1))y1)a

=ze (a1 ®0a),

where the reader should make sure for himself that these expressions are all well-covered. By the
non-degeneracy of the algebra X ® A, it follows that z = (¢t ® ¢)(c(x)) is coinvariant: ¢ (z) =z ® 1.
So z = @x(x) for some scalar ¢x(x), since (X, «) is a Galois object. It is clear that ¢x then defines a
linear functional on X.

We show now that this map @y is §-invariant: for x,z € X and a € A, we have

©x(X0))Z ® X(1)a = X(0)Z @ P (X(1))X(2)a
= X(O)QO(X(l))Z ® da

=px(X)z® da,

where we used that (¢ @ t)(A(b)) = ¢@(b)s for b € A.
Finally, we prove faithfulness. Suppose x € X is such that ¢x(xy) =0 for all y € X. Then

@(X(]))’(]))X(o)y(o)l =0 for all MRS X.

Using the Galois property, it follows that

exma)xey =0 forall ye X andaeA.

The faithfulness of ¢ implies that x)y ® x(1) =0 for all y € X, hence x = 0. Likewise ¢x(yx) =0 for
all y € X implies x=0. O

Corollary 1.3. The algebra X has local units: for any finite set of x; € X, there exists y € X with yx; = x;y = X;
foralli.

Proof. The proof is the same as the one of Proposition 2.6 in [10], and will be omitted. O
Theorem 1.4. There exists a non-zero invariant functional ¥x on X.

Proof. Choose y € X and put

U (%) = x X))V X))

It is easy to see, using the right invariance property of ¢ w.r.t. A, that this functional is invariant.
Suppose that w}é is zero for all y € X. Then ¢x(x)y¥ (a) =0 for all x € X and a € A, which is impossible.
So we can choose as ¥x some non-zero w}é. O

We prove a uniqueness result concerning the invariant functionals. We can follow the method of
Lemma 3.5 and Theorem 3.7 of [26] verbatim.

Proposition 1.5. If w}( and 1//)2( are two invariant non-zero functionals on X, then there exists a scalar c € k
such that ¥} = cyr.
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Proof. First, we show that if {x is a non-zero invariant functional on X, then

lox(-x) [ xe X} ={yx(-x) |xe X}.

Choose x, y,z in X. Then

aEe ) =) akw)(1®a)

1

for some w; € X, a; € A. Likewise starting with x, w € X, a € A, there exist y;, z; € X with

@y ®1) =aaw)(1®a).

1

If we apply ¥ x ® ¢ to these expressions we obtain respectively the equalities
PxNYx(2) =Y Ux(xw)p(ap),
i

> ox(xy)¥x(zi) = Yx (xw) ().
i

Choosing either z with ¥x(z) =1 or a with ¢(a) =1, we get respectively C and 2.

Suppose now that w}( and w)z( are invariant. Choose y, z1 € X with ¢x(yz1) =1 and take z; € X
with w}(( -Z1) = w)z(( - 22). Choosing x € X, applying !0;( ® ¢ to (x® a(yz;) and writing this last
expression as Zj(l ® aj)a(w;z;) for certain w;j € X, aj € A, we see that w}((x) = wx(yzz)w)z((x),

proving that all invariant functionals are scalar multiples of each other. O

1.3. The existence of the modular element

Let ¥ x be a non-zero invariant functional on X. We prove the existence of a modular element §y,
relating the functionals ¢x and v x. We first prove an important proposition, which is a kind of strong
right invariance formula. (It is easily seen, looking at the proof, that this formula is valid for any right

coaction that has an invariant functional.)

Proposition 1.6. For all x, y € X we have

S((Wx @ (@ Da(y))) = Wx @ V()Y ® 1)).

Proof. Choose a < A and x, y € X. Pick z; € X and b; € A such that

(@)= z®bi

Then by the formula for TZ’] given in the beginning of this section, we have

y@S@=) a@)(1®Sh)).

1

If we denote w = S((¥x ® 1)((x® 1) (y))), then
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wS(@) =) ¥x(xz)S(by)
i

= Z Yx (X0)Zi0))X(1)Zi(1) S (bi)
i

= Yx (X0 ¥Y)X1)S(@).

Since a was arbitrary, the formula is proven. 0O
Theorem 1.7. There exists a unique invertible element §x € M(X) such that ¢x (x§x) = ¥x (x) forall x € X.

Proof. We show first that for all x € X:

Yxx)=0 = ¥ (xa)xo =0.

We know that ¥x(x) =0 implies ¥y (x) =0 for all w € X, i.e. ¥ (xq))@x(X©oyw) =0 for all w € X. So
¥ (X(1))x0) = 0 by the faithfulness of ¢x.
This means that v (x(1))X(0) = cx8% for some multiplier &} € M(X) and some number cy € k. Now
X — cy is easily seen to be a non-zero invariant functional, and replacing vx by this invariant func-
tional, we obtain ¥ (x(1))x0) = ¥x (X)8%.
Now we show that &% has an inverse 8x, and that ¢x (x8x) = ¥x (x). Choose y € X with yx(y) =1,
then
Yx (x8%) = ¥x(xy )@ (S 1))
=¥x (XY xa)
= @x(X).

Since furthermore {@x(-x)} = {¥x(-x)}, we have that for any x € X there exists y € X with y8} =x.
To show that also left multiplication is surjective, we use another argument. Take x € X and a € A
with ¥ (a) = 1. Write x® a as )_; pi)qi ® pi(1y for certain p;,q; € X, and put y =) "; ¥x(pi)qi. Then
8%y =2 v (Pi)) Piqi = v (@x =x.

Hence we obtain the formula

Yx(x) =px(xsx) forall xe X.
By the faithfulness of ¢y, this uniquely determines 8x. O
The faithfulness of ¢x then also establishes the following corollary.
Corollary 1.8. Any non-zero invariant functional is faithful.
1.4. The modularity of the invariant functionals

We first prove some identities. The first one is yet again a variant on the notion of strong left
invariance for an algebraic quantum group.

Proposition 1.9. For all x € X and a € A, we have

(i) laxa))xo) = ex@?x)all,
(i) @(x(1)S(@)x0) = @x (xa)al?].
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Proof. The first equation follows from
p(ax)zxo = (! g xa))zatMa) g x o)
= ox(a?x)zalV,
for all a € A and x, z € X. The second follows from
go(x<1)5(a))x(0)z = QO(X(])a[l](1)))((0)(1[1](0)(1[2]2
=px (xa[”)a[z]z,
forallace Aand x,ze X. O

Lemma 1.10. Forall y, p,q € X and a € A, we have

ox(a®y)px(palq) = ox (yb!")ex (pb'lq),  whereb = (57'0)(@).
(Recall that o denotes the modular automorphism for (A, A).)

Proof. Using the identities of the previous lemma, we get

ox (yb")ex (pb?lq) = ¢ (y1y0 (@) @x (pY©0)9)
= @(aya)ex(py 09
=px(a®y)px(palllg). O

We show now that ¢x is modular.

Theorem 1.11. There exists an automorphism ox of X such that

ex(yox(®) =@x(xy) forallx,y e X.
Furthermore, px o 0x = @x.

Proof. Choose x € X, and write x as a sum of elements of the form @x(pat'lg)a! with p,q e X
and a € A. Define w as Y x(pb?lq)b!! with b = (S~1o)(a). Then the previous lemma shows that
ox(yw) =px(xy) for all y € X.

It is clear that w is uniquely determined by this property, so we can denote w = ox(x). Stan-
dazrd arguments imply that ox is indeed an algebra automorphism. It will leave ¢y invariant because
X =X. O

Remark. As for algebraic quantum groups, the concrete way in which oy is constructed is not so
important. What is important is its modular property, which makes up for the fact that ¢x does not
have to be tracial.

Corollary 1.12. The functional vrx is modular with modular automorphism

ox(x) = 5xax(x)8)_(1 .
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1.5. Formulas

In this section and the next, we collect some formulas. They strongly resemble the formulas which
hold in algebraic quantum groups, and also their proofs are mostly straightforward adaptations. Nev-
ertheless, it is remarkable that Galois objects carry as rich a structure as the algebraic quantum groups
themselves. These results, together with the ones of the following section, show that one can really
consider these Galois objects as a kind of hybrid (algebraic) quantum groups.

Proposition 1.13. For all a € A, we have

(i) dooy=(03®S5S ) oa,
(ii) (S7'o) @M @ (S7'o) (@) = ox(@!?) @ al'l.

Proof. Choose x, y € X and a € A. Then

Wx ®9)((y @ e (05 (X)) = ¥x (Y0, ox®)e(as™ (va))
=¥x(xyo)¢(as ' (yay))
=Yx(x0)y)@(aS*(xa)))
=vx(yo'(x0)e(aS > (xq))).

applying Proposition 1.6 twice. As ¢ and ¥ x are faithful, the first identity follows. The second formula
was essentially proven in Lemma 1.10. O

Corollary 1.14. The maps

x®@a— Ba@)x®1),
x®a— (1®x)B()

are bijections from X @ Ato X ® X.
Proof. This follows from the second formula. O

Note that this fact is not at all clear at first sight. It allows us for example to construct the
Miyashita-Ulbrich action in this context: A acting on the right of X by x-a = all!xal?l, mak-
ing it a Yetter-Drinfel'd module together with «. It also allows us to regard B rather as a map
B:A— M(X° ® X). More precisely: denote by Sxo» the canonical map X°? — X sending x°P to
x for x € X (where °P is really just some isomorphism of vector spaces from X to a vector space copy
X of X, with X°P then endowed with the multiplication which makes °P an anti-isomorphism of
algebras. Also, the reason for writing this as if it were an antipode will become clear later on). Then
indeed g = (S)’(Jp ® t)B will be a map with the range M(X° ® X). If however we were ignorant of
the previous corollary, we would only know that B(a) is a left multiplier of X°P ® X. Now as is the
case for Galois objects over Hopf algebras, the map # will be a homomorphism. The argument for this
is simple: choose x € X and a,b € A, and write xb'"1 ® b! = 3", p; ® q; for certain p;,q; € X. Then
Y i(pi ® ®a(qi) = x @ ab. Applying V~1 (where V was introduced in the beginning of this section),
we obtain Y; pia! ® allg; = x(ab)!"! ® (ab)[?!, so xb!!laM ® al?1p!2! = x(ab)!'! @ (ab)!?!. This proves
that 8 is a homomorphism.

Definition 1.15. We call 8 : A — M(X°P ® X) the external comultiplication on A.
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We will also use a Sweedler notation for this map now: B(a) = a1 ® apz; for a € A.
The following proposition collects some formulas concerning the modular elements.

Proposition 1.16. The following identities hold:
(iii) ar(8x) = 8x ®3,
(iv) B(8) = 8xop ® 8x (ith Sxop = (85 1)°P),

(v) ox(x) =Tt 18x,

where in the last formula T denotes the scaling constant of A.

Proof. First note that for any x, y € X we have

exxXy0)Y1) = Px X0 ¥)S ™ (x1))8,

which is proven in the same way as Proposition 1.6, using the §-invariance of ¢x. Then if x,y € X,
we have

Px (x(¥8x)0)) ¥8x) (1) = ox (X0 ¥8x)S ™ (X(1))8
= Yx (xS (X1))8
=vYx(xy©0)yms

= @x(xy©0)0x)Y(1)0.

By faithfulness of ¢x we have a(ySx) = a(y)(6x ® §), hence a(§x) =dx ® § by definition of o on
M(X).

For the second formula, we have to prove that x(as)!"! ® (a8)? = x5y 'al!l ® al?l5x for all a € A
and x € X. This follows immediately by applying V (which was introduced in the beginning of this
section) and using the previous formula.

As for the final formula, we have for any x € X that

©x(8xX) = @(8x(1))8xX(0)
=T p(x1)8)8x (X(0)8x)8y '
= T71<P((X5x)(1))5x(x<3x)(0)5}1
=7 ox (x8x),
which means exactly that ox(§x) =7 18x. O

Corollary 1.17. If ¢, is another §-invariant functional, then there exists ¢ € k with ¢, = cox.

Proof. This follows immediately by the uniqueness of an invariant functional and the fact that
@ (- 8x) is invariant. O
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1.6. The square of no antipode?

On X there is a natural unital left ﬁ—mog\ule algebra structure defined by w1 - x = (t ® w1)a(x) for
x € X and w1 € A. The unitality means that A- X = X. It allows us to extend the action to a left action
of M (’A) on X.

Consider then the map

Ox : X —> X:x— 0x(83 - X),

where &3 is the modular element of the dual (ﬁ, A3). It is a bijective homomorphism, which can be
shown using the module algebra structure and the fact that 65 is grouplike. This 6x plays the role of
‘the square of the antipode’ for X. Indeed: in case X = A and « = A, then 0y is exactly S2. We can
use Ox to complete our set of formulas.

Proposition 1.18. The following identities hold:

(Vi) xoox=0x®0)oaq,
(vii) @ 00x = (0x ® S?) o,

)
i)
(viii) @ 0Oy = (ox ® 0’ Hoa,
(iX) ox 0o0x =0x o0y,
(x) Ox(8x) = 8x,
)

(xi) ox 00x = Px(8x' - 8x) = TPx.

Proof. We first make some remarks. The vector space M (’A) can still be seen as a subspace of the
vector space dual A* of A. As such the element §; corresponds with ¢ o o l=go0’~1 (see Propo-
sition 5.14 in [16]). Thus we can also write x(x) = &(c ! (x(1)))ox (X(0)). Also, the above formulas are
known to hold in case X = A and o = A. We will use them in the course of the proof.

Take x, y € X and a € A. Then

Px (¥9x (x0) @ @0 (x1))) = ¢x (85 - X0)) ¥) @ X (1)a)
= pxxoY)e(0' ™ () x@)
= pxxoV¢(a" (ST xa))a)
=px(xy) ¥ (@S (yay)
=ox(y0ox®)¥(aS ' (yay)
= ox(yox(®) )@ (aox X))

which proves the equality in (vi). The equality in (vii) then follows by the previous one, and the fact
that 64 = S? in case X =A and o = A.
Further,
VX (y9x(X(0)))¢(52(X(1))a) = px(yox(x0))83 (x(1))1//(52(x(2))a)
= wx(yax(X(O)))S(G/_l(X(1)))1//(SZ(X(Z))G)
= px (yox (x©))¥ (o' " (xaya),

which together with (vi) proves (viii).
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The commutation in (ix) is clear. As for (x) we have 0x(8x) = ox(8x)e(o ~1(8)), which equals §x
by the formula (v). The same formula (v) also shows immediately the validity of (xi). This concludes
the proof. O

Recall that we already constructed a map Sxor : X°P — X, which was just a given formal isomor-
phism between the underlying vector spaces.

Definition 1.19. We call the map

Sxop : XP — X :x°P — x

the antipode on X°P. We call the map

Sx: X — XP:x— 6x(x)°P
the antipode on X.

Then indeed, Sxor o Sx =60y, so that 6x can be considered to be ‘the square of the antipode’!... If
the reader feels cheated at this point, we urge him to read on.

For example, the following formulas should give a more direct connection with the defining prop-
erty of an antipode. We will also write Oxop (X°P) = 0x (x)°P for x € X.

Proposition 1.20. For all x, y € X and a € A, we have

(xiii) S(@)1 ® S(@21 = Sx(ap)) @ Sxer (ap1y),
(xiv) yPSx (X)X ® Xy =yP ®x,
(xv) y°Paj1;Sx(ap) =e@y°P,

(xvi) B o S2 = (Oxor ® Ox) o B,

(xvii) Boo = (Oxp ® %) 0 B.

We use here the Sweedler notation for the external comultiplication 8, introduced in the previous
subsection.

Proof. Applying (¢ ® ¢x(-x)) to Ox(a?!) ® alll and using formula (vi), we get

ox(aMx)ox (@) = ox (o5 a6y (')
=¢(ox 01 S@)0x (05 W)
=¢(0 7 (x1))S@)x()
= ¢(S@x))x0)
=ex(S@PX)s @™,

so that S(@)" ® S(a)?! = 0 (al?) @ a!l. This is easily seen to be equivalent with the first formula.
As for the second formula, we have to show that for all z€ X we have

(7% (X(l)lzll)x(um@x (%0)y = px(x2)y.
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This reduces, by Proposition 1.9(i), to proving that

©X1)Z21)Y 0)0x X))y = ¢x(x2)y.

This follows again by formula (vi) and the defining property of ¢x.
The last formulae are a direct consequence of the first (using Proposition 1.13(ii) for the last
one). O

Note that the second identity in the last proposition shows that

XPRX—>XPRA:yPRx— y0p5x(X(o)) ® X(1)

is the inverse of the map

XPRA—> XPRX: yOP ®Xa— y°pa[1] ® apz,

which correspond to the exact same formula for a (multiplier) Hopf algebra if we replace X°P and X
by A, Sx by S and § by the comultiplication map. More directly, we also have that Sxo» (appag =
&(a)1 =arSx(ap)) (where the unit in the middle is really in different algebras for the left and right
expression). If the reader is still not convinced at this point that Sx and Sxopr are to be treated as
antipodes, we point him to the third subsection of the third section.

However, we want to give a little warning at this point, as the situation could get a bit confusing
when we consider (X, o) = (A, A) (which is evidently a Galois object for (A, A)). For then we have an
antipode S for the algebraic quantum group (A, A), which will be an anti-isomorphism A — A, but we
also have an antipode Sx for the Galois object (A, A), which will be an anti-isomorphism A — AP,
In some sense, for an algebraic quantum group the antipode contains extra information, which is not
present in its square. But for a Galois object, the antipode is really just a formal construction using its
antipode squared.

We want to remark that the notion of an ‘antipode squared’ on a Galois object for a Hopf algebra
was considered more or less in [11], but in a different set-up. Also, the antipode squared there was
a part of the axiom system. The connection with Galois objects and the redundancy of having this
‘antipode squared’ in the axiom system, was established in [23]. The notion of an antipode for a Galois
object was considered explicitly first in [2] (although it differs somewhat from our construction). As
a final remark, note that we can easily get into Griinspans framework of quantum torsors, by means
of the quantum torsor map

(®Pa: X —>MX®XP®X).

However, we have not developed an independent theory for such ‘algebraic quantum torsors’ (which
seems very plausible to exist).

1.7. Concerning *-structures

We now look at the case k=C.

Definition 1.21. Let X be a *-algebra and (A, A) a *-algebraic quantum group. If & : X - M(X ® A)
is a coaction making (X, o) into a Galois object for (A, A) (when neglecting the *-structure), we call
(X, ) a *-Galois object if o is *-preserving, and if X satisfies the following non-degeneracy condition:
if Zx;“xi =0 for certain x; € X, then x; =0 for all i.
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By saying that X is a *-algebra, we mean that X is equipped with an involutive anti-linear anti-
multiplicative map *. The fact that « is *-preserving means that x:‘o) ® x:‘l) = (X")(0) ® (x*)1) for all
x € X (where we note that the *-operation can be easily extended to the multiplier algebra level). If
we want to say anything interesting about *-Galois objects, it seems that we really have to put the
extra non-degeneracy condition on the *-algebra (although I do not know of any examples where it
is not satisfied automatically), for example to be able to arrive at the following statement:

Proposition 1.22. Let (X, o) be a *-Galois object for a *-algebraic quantum groups (A, A). Then the functional
ox = (L@ @) is positive.

Proof. We have to show that px(x*x) > 0 for all x € X.
Take non-zero x, y € X, and write a(x)(y ® 1) = Y_ p; ® q; for certain p; € X and q; € A. Then

ox X0y y =09 ((@®y®D) (e@(y®n))

= o(diq)p}pi.

i.j

By positivity of ¢, the matrix (<p(q7q,-)),<,j will be positive-definite, so that we can write px (x*x)y*y =
> iZ/z; for certain z; € X. Then @x(x*x) must necessarily be positive, or else we would violate the
non-degeneracy property of X. O

Remark. We could also have started with a weaker non-degeneracy condition on X, namely the
existence of a non-zero positive functional w on X. Then choosing y in the above proof such that
w(y*y) =1, it is easy to conclude that we still have that ¢x is positive. Now by using a local unit
argument for X, one also has that ¢x(x*) = ¢x(x) for x € X. This means that (x, y) = ¢x(y*x) defines
a pre-Hilbert space structure on X. Then by the Cauchy-Schwartz inequality and the faithfulness
of @x, we see that ¢x(x*x) =0 implies x = 0. Hence, automatically the stronger non-degeneracy
condition on X is satisfied.

We show that {x can be chosen to be positive. As for *-algebraic quantum groups, this is a non-
trivial statement. In that case, the first proof of this statement consisted of establishing an analytic
structure on the *-algebraic quantum group (see [17]). In [6], we found an easier way to arrive at
this, in the meantime showing something more about the structure of *-algebraic quantum groups.
Namely, almost all structure maps on A are diagonalizable, i.e. there exists a basis of simultaneous
eigenvectors for o, S? and left and right multiplication with 8, which implies for example that the
scaling constant is 1. We prove now that also all structure maps on X are diagonalizable.

For instance, take x € X and choose w € X with @x(w) = 1. Write x® w as a sum of yalll ® al?!
for certain y € X and a € A. Write a = ) _a; with the g; eigenvectors for left multiplication with 8.
Then

x8% =Y ox(a?)yalsk

= > x40 ™)y (577"

€ Span{w(al[z])yalm | we x*},
showing that Span{xs% | n € Z} is finite-dimensional. The same technique shows that Span{s}x |n € Z}
and Span{f} (x) | n € Z} are finite-dimensional. Since the left action of §; is diagonalizable, we also
have that Span{o}(x) | n € Z} is finite-dimensional. As in [6], all these operations can be shown to
be self-adjoint with respect to the scalar product (x, y) = ¢x(¥*x) on X (possibly after multiplying
the invariant functional, and hence the modular element with a scalar), and since they commute, we
obtain:



K. De Commer / Journal of Algebra 321 (2009) 1746-1785 1761

Theorem 1.23. There exists a basis {x;} of X such that all x; are eigenvectors for ox,0x and multiplication
with 8x to the left and to the right.

It follows also by the same methods as in [6] that then all these maps have positive eigenvalues

(again, possibly after multiplying the invariant functional with a scalar). In particular, this shows that
8x is of the form (8}/2)2 for some self-adjoint invertible element 6}/2 € M(X). If we then choose z € X

with wx((s;l/zz)*agl/zz) =1, we have for any x € X that

Px (%) = Yx (x*x)ox (2*85 ' 2)
= px(2"%{o) X0y 2) ¥ (X{1 X1y)

20,
showing
Corollary 1.24. The functional vx is positive.

We also have a nice formula relating A and *. However, we have to choose the good *-operation
on X°P for this: (x°P)* = 0x(x*)°P. It is not so hard to see that this is again a *-algebra, using that ¢x
is faithful and 0y is diagonalizable with positive eigenvalues. Now 0x (x)* =6y T(x*): this follows from
the definition of 6, using that ox(x)* = a)zl(x*) for x € X (and likewise for o and x € A), which
follows easily from the fact that @y is faithful and @x(-*) = ¢x(-), and using that 63 = co~! with
also &(-*) = &(-). From this, it follows that Sxor (x°P)*) = (Sy ' (x°P))*, and Sx (x*) = (Syop (X))*.

Proposition 1.25. For all a € A, we have
B@* = p@.
Proof. For any x € X, a € A, we have

@(axa))x) = px (a?x)a",

by Proposition 1.9(i). Applying *, we see that
(xS (S@*))xfp, = px (x*a2*)al 1,

Since the left-hand side equals @x (x*(S(a)*)['1)(S(a)*)™! by Proposition 1.9(ii), we get that (a!')* ®
@?h* = (S(@* @ (S(@*)M by the faithfulness of @x. Using the identities just before the statement
of the proposition, this becomes S;(]((a[l])*) ® (ap)* = (S@)*)21 ® Sxoo ((S(@)*)17)- Applying Sx to
the first leg and using the identity (xiii) in Proposition 1.20, we arrive at the identity stated in the
proposition. O

We want to end this subsection with a remark. As we had said before, X°P was really just some
copy of X as a vector space. Still working in the *-algebra setting, let 9)1(/ % be the square root of
Ox, seen as an operator on the pre-Hilbert space X: since 6x is diagonalizable with positive eigen-
values, this makes sense. Then 9;(/2 will again be an automorphism on X. Now take X°P = X as a
vector space, and define x°P = 9;1/2()(). We get that the *-operation on X°P becomes to the original
*-operation on X. Also, the formulas for the antipodes become Sx = 9}(/2 = Sxop, Which are a bit
more symmetric, and which really make 0x the square of the antipode now! The fact that Sx coin-
cides with 0)1(/ 2 may seem strange, but we refer again to the discussion in the penultimate paragraph
of the previous subsection.
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1.8. Concerning compactness and discreteness

Definition 1.26. A non-degenerate algebra X is called of compact type if X has a unit. It is called of
discrete type if every subspace of the form xX or Xx, with x € X, is finite-dimensional.

Remark. This terminology is not standard, and we use it solely in this subsection.

Theorem 1.27. Let (X, o) be a Galois object for an algebraic quantum group (A, A). Then the algebra X is of
compact type iff A is an algebraic quantum group of compact type. The algebra X is of discrete type iff A is an
algebraic quantum group of discrete type.

Proof. If A is compact, then o(x) € X® A for any x € X. Choosing x € X with ¢x(x) =1, we have that
(t®@)a(x) € X is a unit of X.

If X is compact, then (x ® 1) (1) € X ® A for all x € A. Choosing x with ¥x(x) =1, it is again a
small exercise to check that (¥x ® 1)((x® 1)a(1)) € A is a unit in A.

Now suppose that A is an algebraic quantum group of discrete type. Choose a non-zero left coin-
tegral h € A, so ah = g(a)h for all a € A. We can scale h so that ¢(h) = 1. Then for all x,y € X, we
have @xx(S~1(h)M(S~1(h)2ly = ¢(x(1)h)x0)y = xy by Proposition 1.9(ii). This shows that Xy is
finite-dimensional. Also yX is finite-dimensional, by a similar reasoning.

Conversely, suppose that X is an algebra of discrete type. Take a € A and x # 0 fixed in X. Write
xa'®a?! as 3", p; ® g;, and choose y € X such that p;y = p; for all i (Corollary 1.3). Then

dim(Aa) =dim{x @ ba | b € A}

= dim{Zpiyb[” ® blg; ‘ be A}
i

< dim span{Zp,w@zqi w,ze X}
i

< oQ.

We show that this is sufficient to conclude that (A, A) is an algebraic quantum group of discrete type.

First, applying S, we see that also all aA are finite-dimensional. Choose a € A with g(a) = 1. Write
I = AaA, which is a finite-dimensional ideal. Because ¢ is faithful, we can choose some w = ¢(-b) € A
such that w; = &|;. Take e € A with ae =a. Then for all x € A, we have

@(xab) = ¢(xaeb)

= wy(xae)

=&(x).
Hence ¢ € A, and A is an algebraic quantum group of discrete type. 0O

Note that the proof above shows that the terminology we used is consistent: an algebraic quantum
group is of discrete type (in the sense of [26]) iff its underlying algebra is of discrete type (as defined
in Definition 1.26). Also note that if k= C and X is a *-algebra, the condition ‘X is of discrete type’ is
equivalent with X being a direct sum of finite-dimensional matrix algebras.

Proposition 1.28. If (A, A) is an algebraic quantum group of discrete type, and (X, «) a Galois object
for (X, @), then X is a Frobenius algebra in the sense of [29]: there exists a left X-module isomorphism
L: XX* — X, where X* is the dual space of X.
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Here XX* denotes functionals of the form x-w = w( - x) for w € X* and x € X.

Proof. Let p be the right cointegral of A, so that pa =¢(a)p for all a € A. We assume p normalized,
so that ¢(p) = 1. We show then that

x®@1)B(P)=L(P)1X)

for all x € X.
Take x, y € X and apply (t ® px(-y)) to B(p)(1 ® x). Then we find

t®9x) (B (1 ®@xy)) = @x(p?xy)p!"!
= @P(PXDHYM))X©0)Y(0)
=&(X1)Y1))X©0) ¥ ©0)
=xy
=0 (Py1)xy o)
= ox(p"y)xp!!
=) (x@DEPIA®Y)).

As @y is faithful, this implies (x® 1)8(p) = B(p)(1 ®x) for all x € X.
Consider then
L:XX* = X:0— (@) (B(D)),
K:X— XX*:x— ox(-x).

Then L and K are seen to be X-module morphisms, using the above identity. Moreover, they are each
others inverse: choose x € X and w € XX*, then
ox(v- @) (B(P)) = ex(yp"w(p?)
=y S(p)wy©)
=9(S(p)o)
=@(pdw(y)
=w(y),

showing that KL is the identity. The fact that LK is the identity follows from @y (p?!x)p!!l = x for all
xeX. O

2. Reflecting an algebraic quantum group across a Galois object

It is known that if (A, A) is an algebraic quantum group of compact type (or more generally a Hopf
algebra) and (X, ) a Galois object for it, then a second Hopf algebra (C, Ac) can be constructed from
(A, A) and (X, o) (see [22]). Moreover, this (C, Ac) has a left coaction y on X, and (X, «, y) will be
what is termed a A-C-bi-Galois object: it is at the same time a left C-Galois object and right A-Galois
object, with the two coactions commuting. We show that the same holds in our setting. Our approach
is based on duality: we first construct the dual (6, Ag), which seems to be more natural here.
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A remark concerning notation: we will always denote elements in the dual X* of X by
w,', ", ... and the elements in the dual A* of A by w1, s, ws,... When elements of X* are
indexed by some set I, we will put the index in superscript, so then these elements take the form w'.

2.1. The dual of a Galois object

Definition 2.1. Let (X, &) be a Galois object for an algebraic quantum group (A, A). The restricted dual
of X is the vector space X = {px(-x) | x € X} inside the dual X* of X.

We have shown that then
= {ox(x-) [xe X}

={yx(-x |xe X}
{vxx-)|xeX}

in Theorems 1.7 and 1.11.

Let (X, o) be a Galois object for (A, A). Let (A A3) be the dual of (A, A) (where we st111 identify
A with a space of functionals on A). As already mentioned at some point, we have a left A-module
structure on X, induced by «, by putting @ -x= (¢ ® w1)(x(x)) for x€ X and w; € A This leads to a
right A-module structure on X* by putting (w - w1)(X) = w(w1 - X) for w € X*, w1 € A and x € X. This
will restrict to a natural right A-module structure on X. More concretely, we have

Yx (- %) - 01 = w1 (Sxa))¥x(-X@), forallxe X, w €A,

by using Proposition 1.6.
We can dualize the multiplication on X to a map

Ag:?—) (X ® X)*.
We denote the image of @ by w'” ® w'®. While we cannot say that this element is ‘in MX ® Xy,
since X has no multiplication, we do have that expressions such as oV ® (a)(2> -w1) with w € X and

w1 € A define elements of X ® X, and that this provides bijections between X®A and X ® X. For
example, the map

VEXRA- XX 0w — oV ® (0@ - w1)
is just the dual of the map V, introduced at the beginning of the previous section:
(Vi@eon)xey) =@ w)(VEey).

Again in more concrete terms, we have VI((px(-x) @ p(a-)) = px(-allx) ® px(@?!.) for xe X, a € A,
by using Proposition 1.9(i).
The space X also carries a natural A-valued k-bilinear form, determined by

[0, 0'13(@) = (@®)(B@), w & X, acA,

where g is still the map introduced just after Definition 1.1. If we then let A act on the left of X by
wwi=w- SA (wq) for weX and w1 €A, we have
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Proposition 2.2. The form [, -]5 is A-bilinear, i.e. forallw, o' € X and w1 € A
[0, 0 - olz =[w o';- o,
(w1 w0 ;= [, d];.

Proof. This is just a reformulation of the formulas 2.1.2 and 2.1.3 of Lemma 2.7 in [24]. To proof the
linearity on the right for example, note that if w = @x(x-), then

(@, @'13(@) = ¢(x1)S(@) @ (x(0)).
using the second formula of Proposition 1.9. Then
([w, @17 - w1) (@) = @(x1)S(aq))) @ (x0)@1(a2)

=@ (x2)S@)' (x@©) w1 (X))

=[w, 0" w113 @).
The other identity can be proven in the same way. O
The following formula shows how the bracket behaves with respect to the left action:

Lemma 2.3. For w, o', 0" € X, we have
[w7 w,]ﬁ . (,()” — w// . [92—1(0)/)’ a)]:47
1 —1
with b5 (@)= 00y ".
Proof. This follows from formula (xiii) of Proposition 1.20. O

2.2. Construction of the reflected algebraic quantum group
In this subsection, we construct a new algebraic quantum group (C Ag), given a Galois object
(X, ). (We use the™=notation smce C plays the same role as A. )

Consider the vector space c spanned by the linear maps [w, ®'l¢ on X, where @, ' € X, defined
by the identity

(w00 =0 [0, 0"z, oo 0" € X.
This will be an algebra: because of the right linearity of [-,-]; we have
b-lw,olg=[b w1z forbe C.
This also makes the maps of C on X commute with the action of A. Moreover, if wq € A then
[w-wi, o'l =[w, 0o,
which follows from the left Z-linearity of [, -13. This provides a canonical map 7 from ?@;5(\ to C.

Lemma 2.4. The map S¢ : C—C: o, o'l¢ = [03 (o), wl¢ is a well-defined bijection.
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Proof. Choose arbitrary x, y € X, and suppose [w, ']z = 0. Then

([fx (@), @]z - ox (- %)) (1) = @ (0x (¥ (0))) @ X(0)) @ (¥ (1)X(1))
:a)(x(O))w/(UX(}’)(O))(/)(X(U(UX(J’))(1))
=(lw, 'lg - ox (¥ ))®)
=0,

hence [03 ('), w]g =0. O

This allows us to define a right action of ConX by setting w - b = Sgl (b) - o for w € B, since by
Lemma 2.3 we have 0" - [0, @]z = [0", 0]; - @

Corollary 2.5. The maps [, -1¢ and [-, -1; make X into a strict Morita context between C and A.
Remark that this can be used to show that C is a non-degenerate algebra.
Lemma 2.6. For any finite collection o' € X there exists b € C withb - ' = '.

Proof. Put o' = @x (- y;). Then we have to prove that there exist @'/ and "/ € X such that for any
xeX

Zw'j(X<o>)w”j(}’i(0))§0(x<1>yl‘u)) = px(xyi).
J

Choose z € X with gx(2) = 1. Put w = ¢x (- z) and choose w € A such that 01(Yi1))YiZ ® Vi) =
ViZ® yicn for alli. Put } . 0’ @ ") = w'” ® (0'¥ - w1). Then we have
) @) foralli. P i & '] D@ (@ ). Thi h

Zw/j(X(O))a)//j(yi(O))w(x(l)Yi(l)) = w(X0)Yi0)P X Yi2)®1 (Vi)
J
= w(X0)Yi©0)P XD Yi1))

=ex(xy)). O
Proposition 2.7. The projection 7 : X ®3 X—Cis bijective.

Proof. Suppose 7 (Y ;w' ®; w'") =0. Let b= Zj[a)”j, "] be a local unit for the w'. Then
a)i®w/i: b-a)i®w’i
Xi: A X,: A
_ Z(w//j . [a)///j7 wi]ﬁ) %wn
ij
_Zw//]® ///]w] /i)
_Zw//](g) Zai [w o' ]f)

ij
=0. O
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In the following, we will identify X ®§Y with C.
We can define a right action of C on X by

X- [a), a)/]f = a)(x(g))a)/ (X(])[l])X(U[Z],
and then (b - w)(x) =w(x-b) for all b e C. We can then construct a map
V%:E@}?—) XoX:bow—b oV ew?,
and it will be a bijection. Its inverse is given by
(V%)_1 (W) =|w, a)/(l)]E Qw?,

where the first factor is covered by A-balancedness and a local unit argument. Note that a same
kind of expression can be used for the inverse of V! (which was introduced in the paragraph before
Proposition 2.2), we have

(Vt)71 (@eo)=0"®[o?, o];.

Now we define a comultiplication on C. We first provide some formal intuition. Note that on X, we
have

Az (@ - w1) = Az(w) - Az(@1).
Also, using (ab)!M ® (ab)[?! = pg!"l @ al21p[2] for a, b € A, we have
Mx(lo. @'1z) = [0, o' V] @ [0V, o @];.
If we then want Ag¢(b) - Ag(w) = Ax(b - w), we are led to
Ae(lo. ') = [0V, 0/ P]e ® [0, ' V]
We now show that this is a well-defined comultiplication.

Remark that m = [0V, 0’ @z ® [0?, ' (V]¢ automatically has a well-defined meaning as a mul-
tiplier, using f—linearity of [, -J¢. In fact, for c € c any of the expressions (1 ® c)m, (c® 1)m, m(1 ® ¢)
and m(c® 1) are elements of C ® C. Since the action of C is unital (i.e. C.X= ?), we can let m act
on the left of X ® X.

Lemma 2.8. For all 0", " € X, we have
m- ((1)” ® C()///) — Vt(b ® ])(Vt)*l (w// ®w///)’

where b = [w, ®']¢.

Proof. We have to show that for all ®” € X and w; € A, we have

Vt(b 'Ct)” ®w]) -m- (w//(l) ®a)//(Z) . w]).

Choose ¢  C. Then
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((C® 1)m) . (a)//(l) ®(1)//(2) . w]) [C w(1) w/(z)] o' D ® [a)(z)’ w/(l)]E . (w//(Z) . a)l)
= (- 0™) . [0@. 0" V] ®0? [0/ " . w];
=(c-o (1)®u)(2))'(AZ([U)/»‘U”]K)O(X)CU]))
=(®1)- (A3 [0, 0"3) - 1@ wr))

=D (Vb o ®w)).

As c was arbitrary, the lemma is proved. O

It is then immediate that if we define
Ae(l0. 1) = [0, 0P & [0, o/ V],
then Ag is a well-defined multiplicative comultiplication C—> MC®O).
Now we show that (C Ag) is an algebraic quantum group. We will do this by explicitly construct-

ing its counit, its antipode and its left invariant functional. This is sufficient by Proposition 2.9 in [26].
Define by &¢ the map

ge:C— k:i[w, oIz » oo ().
Lemma 2.9. The functional e¢ is well defined, and satisfies the counit property with respect to Ag.
Proof. The well-definedness is immediate. Choose c € a w, 0 € X. Then
(t®ep)((c®Dag(lw, @'le)) =0 (D PV D)[c- 0V, o @]z
=C-|w,w ]g.
The other half of the counit property is proven similarly. O
Lemma 2.10. The map S¢ defined in Lemma 2.4 satisfies the antipode property.
Proof. For one half of it, we have to prove the following identity: for any w, @’ € X and ceC,
[63(0' @), 0V ]z [0P, 0P -]z = w(Da' (D).
But the left hand expression equals [[6 (' ?), 0]z - 0@, @' D . c]z. Now for w” € X we have
[0, w(”]f 0% =,

by using Lemma 2.3 and formula (xiv) of Proposition 120, so the first expression reduces to
w0z @' @), ' D . cls. Using formula (xv) of Proposition 1.20, we find that for ” € X

[0x(0/ @), 0/ D]z - 0" = ' (D,

proving the identity. The other half of the antipode property follows similarly. O

-~

Now we show that C has a non-zero left invariant functional. Denote by

R the map
X— X:y¥x(-x) —>X.
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Lemma 2.11. The functional
(pg:f—>k:[a)/,a)]g—>w/(6)
is well defined and left invariant.
Proof. If x € X and w; € }A,Athen Yx (- x) - w1 = w1(Sx1))¥x (- X©)). Hence if w = ¥x(-x), then
@1 -@=w; - . If also ' € X, then (@' - w1)(®) = w' (@7 - ®). This proves that @¢ is well defined on

C=X®;X.
We prove that ¢¢ is left invariant. First note that the expression

t®pp) Az (0, wle)

makes sense as a multiplier of C. As the action of C on X is unital, also the expression

(t®pp)ae(le, @) - )

is meaningful for w” € X and x € X. Since the action of M(?) is faithful, it is enough to prove that
this expression equals «’(®)w” (x). Define

Ewx:C—okib— (b-0")Xx).

By unitality we have that (£, x ® 1) Ag(b) € C for any b € C, and a small calculation yields that for
= [, wl¢ we have

(Eawrx ® DA (D) = 0 (x1) ) [0 (x0)). (- x1)™) 2

If we then apply ¢z and write @ = ¥x( - y), we obtain o' (x(l) h o' (x(0yxy™y), which reduces to
o' (@’ (x). O

We have proven
Theorem 2.12. Together with the map Ag the algebra Cisan algebraic quantum group.
2.3. X as a bi-Galois object
We still assume that (X, «) is a Galois object for an algebraic quantum group (A, A). We use

notation as in the previous subsection.
Denote by C the vector space X ®; X. Then

CxCok:(b,w®x) = (b0

is a well-defined pairing. Now since the map X— X: Yx(-x) = x is left A-linear, we can define
a_natural bijection C—>cC by sending [w, ¥x(-X)]¢ to @ ® x. We also have a _canonical bijection
(C) —C: @e(-b)y—b for b e C, where (C) momentarily denotes the dual of (C Ag). We can use
this to identify C with (C), so that there is no conflict of notation. In the following we will denote
@ ®7 X by [w, x]c. Then multiplication in C is essentially defined by

[P ] [0, y]c =[@.x7]c.
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Also its counit, antipode and right invariant functional are easily seen to be defined, using the results
on the structure of the dual of an algebraic quantum group, by respectively

ec([w.Xlc) = w(x)
Sc([ex(-w),x]) =[exx-), w].,
Ve (lw. Xlc) = o) Px (x).

We have not found a particularly nice form for the comultiplication on C.

It is immediate that the right action of C on X makes X a unital right C-module algebra. Then
we know from [27] that there is a left coaction of C on X. If we denote it by y, then we have the
formula

t®w)y® =[w,x]c.

It is also clear that thisAcgaction makes X a left C-Galois object, since the adjoint of the Galois map is
exactly V%. As X is a A-C-bi-module, it is clear that the coactions of C and A commute. This shows
that we are in the situation of the following definition:

Definition 2.13. If (A, A4) and (C, Ac) are two algebraic quantum groups, then an A-C-bi-Galois object
consists of a triple (X, o, ), where (X, «) is a right A-Galois object, (X, y) is a left C-Galois object,
and o and y commute.

Theorem 2.14. If (C, Ac) is the algebraic quantum group, and y : X — M(C ® X) is the left coaction con-
structed from a Galois object (X, o) for an algebraic quantum group (A, A), then (X, «, y) is an A-C-bi-Galois
object. The §-invariant functional @x for a will be invariant for y, while the invariant functional yx for o will
be 5! -invariant for .

Proof. We have already shown the validity of the first statement. As for the invariance of ¢x, we
have to show that @x(x-b) = @x(x)e¢(b) for x € X and b € C. Choosing w € X, y € X, we have for all
x € X that
ox (x- [0, 0x(y ) ]e) = 0x0)@(y1)SX1)))¥x (¥ (0))
= ex(V)ex ®)w(1)
=oxWe([w. ox(y )]z)-

As for the §- 1_invariance of ¥, this follows from the fact that

Yx(01= e @) (r®).

This shows that yx bears the same relation to ¢ as ¢x did to ¢, and reasoning by duality the claim
follows. O

We give another characterization of the algebra C. When x € X, we will denote by Ry the map
‘right multiplication with x’. By Bo(X) we denote X ® X seen as finite rank operators on X in the
natural way.

Proposition 2.15. The algebra C consists exactly of those maps F : X — X which commute with the left action
of A and such that {RxF | x € X} € Bo(X)
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Proof. It is not difficult to show that every element of C satisfies this condition. For the other way,
we first show that F can be seen as an element of M (f). The commutation of F with the left action
of A lets identify F with a functional wg on C = ?@;X by sending w ® x to w(F(x)). As such, for
any c € C, we have (wr ® 1)(Ac(c)) € C and (t ® wr)(Ac(c)) €C, for if c = (px (- y),x)c, then

(wF @ 1)(Ac(0)) = WF (X(—2))Px (X©) ¥)X(~1)
= wF (><<—1>)(ﬂx(><(0>y(0>)SE1 Y1)
= ox(F®Yy©)Sc' (v-1) €€,

while

(t @ wp)(Ac(0)) = @x (X(0) V) WF (X(—1))X(~2)

= px((RyF)(x(©))X(-1) € C.

The remark before Proposition 4.3 of [26] lets conclude that wr € M (C), and hence F is the right
action by wr. As the map sending m® x € M(C) ® X to Rym is seen to be injective, and as C ® X —
Bo(X) : b ® x — Ryb is seen to be a bijection, we conclude that wrp € C. O

Corollary 2.16. If (C’', A¢/) is another algebraic quantum group making X a A-C’-bi-Galois object, then
(C, A¢) and (C', Ac) are isomorphic as algebraic quantum groups.

Proof. It is enough to prove that the dual (@, Ag) of C' is isomorphic with C. But the previous
proposition implies that n(C ) C C, with 7 the associated faithful representation of C as opera-
tors on X. Since the Galois property forces the natural map C®X—> X®X to be an isomor-
phism, we have 7r(C )= C. The comultiplications necessarily coincide, since Ag (¢)(Agx(w)(1@w1)) =
Az (0)(Az(w)(1 @ wy)) for all c e C,w € X and wq € A (having already identified C’ with C as an al-
gebra). O

In fact, it follows easily by the foregoing that the Galois coaction y’ of C’ on X will then
also be isomorphic with y (i.e. the isomorphism ¢ : C’ — C of algebraic quantum groups satisfies
(¢ ®1)y’ = y), since the comodule structure is determined by the module structure for its dual. Thus,
as in the Hopf algebra situation, there is a one-to-one correspondence between Galois objects and
bi-Galois objects.

We end this subsection with another definition:

Definition 2.17. If (A, A4) and (C, Ac¢) are two algebraic quantum groups, we call them monoidally
equivalent if there exists a (non-trivial) A-C-bi-Galois object (N, «, ).

24. Linking quantum groupoids and their duals

We want to warn that this subsection is mainly for motivation, and details are not provided.
A more systematic and independent treatment of the following notions will be given in [7] (in the
multiplier Hopf algebra case) and [8] (in the algebraic quantum group case).

We want to show that there is a nice way in which C,X,A and their comultiplications can be
put together inside a groupoid-like object. To make notation a bit more systematic, we now denote
Q11 =C, Q]z =X and sz — A. Denote by Q21 or Xop (which is for now just a formal notation!) the
vector space consisting of linear maps_ X — A of the form & — [, w]3. Then we can form a 2 by 2

matrix algebra of the form 0= ((%“ QQ“). As a vector space, this is just the direct sum of its entries.
21 K22

But the matrix notation is convenient to see how the algebra structure works: one just checks that
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if we apply the ordinary matrix multiplication rules, we always obtain a coupling between objects

of which we know a composition. For example, (8‘6’) : (g a?l) = (g“’b‘”l), while (0 o) ([w’?']ﬁ 8) =

([‘”"5”16 8) since (w-) o ([, -13) = [, ']z on X.

There is an easy comultiplication structure available on Q First, we introduce a comultiplication
on X% by putting Ags ([0, 13) = [0@, 1A ® [a)( ), 13, where the 1e range has again to be interpreted
in some generalized multiplier space M(X ® X9P), using that X is a A-C-bimodule in a natural
way. Then the comultiplication on Q is 51mply Ag (@ipij) = (A,j (wij))ij, where the entries on the
right are to be seen as elements of M(Q ® Q) again simply by using matrix multlpllcatlon rules,
and where the A” are just the natural comultiplications which we had introduced on the Q” (for
example, Aj; = As). Note however, that while Ag is a well-behaved coassociative homomorphism, it
is not unit-preserving (i.e., is not non-degenerate)!

The non-unitality of the comultiplication is the reason why (Q, Ag) should really be treated as
an algebraic quantum groupoid, although such an object has not yet been defined in an axiomatic
way. Hence, we only show that Q comes equipped with all the structure one would expect from an
algebraic quantum groupoid, drawing inspiration from [4] (where a theory of weak Hopf algebras is
developed, which are very near to quantum groupoids).

Define &3 (w) = w(1) for w € X, and exa ([w, -13) = w(1). These, and the counits for A and C, we
will then also write with the index notation as we did for the comultiplications on the Q,] Defin-
ing £ ¢ Q — k by (wjj)ij — Z, i wjj(1), we get a counit on Q satisfying the weak multlphcatmty
condition in Deﬁnltlon 2.1 of [4]. Deﬁnmg also Sy : X — X :w— [, 13, S : XP X : [w, 13 —

Oz (w), and S5 : 0 — (wij)ij = (S]l(a)ﬂ))u, we get that this last map Sg will satisfy the antipode
conditions in Definition 2.1 of [4].

Since the unit in the multiplier algebra of 0 obviously satisfies the weak comultiplicativity state-
ment of that Definition, it is clear why we can call (Q, Ag) a weak multiplier Hopf algebra. But
since we are working with algebraic quantum groups, we also expect some integral structure. Now
(Q, Agp) has to be pictured as a quantum groupoid with an underlying classical set consisting of 2

objects: this corresponds to the 2-dimensional algebra spanned by e; = ((l) g) ande;=1—e; € M(Q).

Then Q can be pictured as being the groupoid algebra of some (quantum) space of arrows between
these two objects, with (A Az) and (C, Ag) playing the role of the endomorphism groups of the
points. Since in the finite- dlmensmnal classical case, we expect invariant functionals to be given by a
balanced sum of Dirac functionals at the unit endomorphisms of the two objects (in analogy with the
group algebra case), it should seem quite natural to take ¢g : 0 —k: (ij)ij > > Pi(wji) as a left
invariant functional, where @; = ¢ and @, = @3. We omit however here the real justification for this
terminology, and refer again to [8] for more details.

Next, we sketch what the dual of this linking algebraic quantum groupoid looks like (for since
finite-dimensional weak Hopf algebras are self-dual, one should expect a duality theory for algebraic
quantum groupoids). This dual should of course be connected with X, A and C. Since now the comul-
tiplication is the dual of some kind of matrix multiplication, we expect to see expressions roughly of
the form x;; — >} Vik ® zxi. The concrete picture is as follows.

Put Q =C @ X°P @ X @ A, with the direct sum algebra structure. We write it also as Q = Q11 &
Q21 D Q12 ® Q11. We then have a natural pairing between Q and Q: for x;j € Qjj and wy € Qk,, we
put (wy, Xij) = 8,i8, jwij(xij): the only expression for which this is not yet defined then, is the one
between X°P and XOP. This is determined by ([@, -1, xP) = w(0x (%)).

This pairing then leads to eight different comultiplications on the parts of Q : We define Alk(xij) €
M(Qi; ® Q]k) for x;; € Q;j by the property that (wj; ® a)jk)(Alk(xij)) = (wjj ‘a)jk)(x,-j) for all wjj € Qj;
and a)]k cQ k- These fit perfectly with the maps we already had constructed: it is easy to check
that A 1 =4c A ]2 = y, 2 =q, A 5, = Aa and A22 = B. The map A% for example is given by
A%] (x°P) = (x(0)? ® SC (x(—1)), which gives a right coaction on X° (which makes it even into a
right C-Galois object).
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We can group these comultiplications together in one comultiplication for Q, which is then given
as Aq (xix) = A},C(ng) + A,-zk(x,-k) for xjx € Qjx. A counit is defined on Q by the formula &q (x;j) =
8 jei(xij), while an antipode is determined by putting Sq (x) = Sx(x) and Sq (x°P) = Sxop (x°P) for
x € X (our final argument for our claim that Sx and Sxer are antipodes!), and using just the ordinary
antipode maps on the C and A-parts. Then some calculations should reveal that again, this gives us
the structure of a ‘weak multiplier Hopf algebra’ on Q. Moreover, we have a ‘left invariant functional’
@q, which is now given as just the algebraic left integrals on the A and C-parts, by ¢x on X, and by
¥y o S;l on X°P. Then (Q, Aq) will be like the function algebra on a ‘quantum’ groupoid, with ¢x
the operation of integrating out along a Haar system, and then applying the counting measure on the
(finite) basis.

We want to end by remarking that this quantum groupoid viewpoint of Galois objects for Hopf
algebras appeared already in [3] (see also [12]), but in a somewhat non-symmetric way, and without
considering the dual picture (it also seems to have been implicit in earlier work by Schauenburg [22]).
It is an important ingredient in generalizing the theory to the locally compact quantum group case
(see [5]).

2.5. Concerning *-structures

Suppose now again that (A, 4) is a *-algebraic quantum group, and (X, &) a *-Galois object. Then
we know that ¢x is a positive functional on X. We can introduce on X the *-operation

w*(X) = w(x*).
Lemma 2.18. For all w € X and w1 € K, we have
(w-w)* =] -o".
Proof. Choose x € X, then
(0 - @1)* (%) = (@ - w1)(x¥)

= w("?m)wl (X?l))

= 0*(x0) (55" (@})) xay)

=(of-0*)®. O

Now consider the following *-operation on the dual C of C:

[, x]¢ = [0*, x*]c.

By the previous lemma, it is seen to be a well-defined involution. Writing elements of C in the form
(t® w)(y (%)), and using the formula

(a)*)(l) ® (w*)(Z) — (a)(Z))* ® (w(l))*’

we find that * is anti-multiplicative on C. Finally, A¢ is *-preserving, which is again easily seen by
writing an element of C in the aforementioned form and using that y is *-preserving.
Now we show that ¢ is positive. Take ¢ € C and z € X with ¢x(z*z) = 1. Write ¢ ® z as

2y x)(A®yi), then c*c =3 ;¢ ®@ ox((¥D)™ - ¥ N (¥ ((%)*x))), so

c*c= Z(‘Px((}’i)* *¥i)s ()X

ij
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Applying ¢, we get
Yoo =Y ox((*yj)vx ((x)*x))

ij
20,

since the matrices (a;,j) = (@x ((¥1)*y;)) and (b; j) = (¥x((x;)*x;)) are both positive definite. Hence

Theorem 2.19. If (X, @) is a *-Galois object for a *-algebraic quantum group (A, A), then the reflected alge-
braic quantum group (C, Ac) also has the structure of a *-algebraic quantum group.

We can also consider the corresponding *-operation on C Then we have a formula corresponding
to the one of the above lemma, namely for w € X and b € C, we have

b -w)* =w" - b*.

Remark. In some sense, this *-operation is not the right one to consider on a conceptual level: one
should rather use the (external) *-operation X — Xop (with notation as in the previous subsection),
with w*(x°P) = w(x*) (considering X as functionals on X°P). Then we see that, with this definition,
actually (Si(w))*(x) = w(x*) for x € X, which is more in line with the definition for the *-structure
on the dual of a *-algebraic quantum group. See again [7] and [8] for further discussion.

We end again by giving a definition:

Definition 2.20. Let (A, A4) and (C, Ac) be two *-algebraic quantum groups. We call them monoidally
*-equivalent if there exists a (non-trivial) A-C-*-bi-Galois object (N, «, y).

Here a *-bi-Galois object (N, «r, y) is just a bi-Galois object such that (N, «) is a right A-*-Galois
object and (N, y) is a left C-*-Galois object. One can easily show that (C, Ac) (as a *-algebraic
quantum group) is again uniquely determined by (N, «).

2.6. Monoidal equivalence
Definition 2.21. If (D, A) is an algebraic quantum group, we denote by D-Rep the monoidal category

of unital left D-modules, where a morphism between two objects V and W is a linear map V — W
which intertwines the module structure.

Note that this category is indeed monoidal by the usual tensor product of two modules, because of
the unitality assumption. (We recall that the unitality of a left D-module M means that D - M = M.)

Theorem 2.22. If (A, Ax) and (C, Ac) are monoidally equivalent algebraic quantum groups, then the cate-
gories of unital left modules for their duals are monoidally equivalent.

Proof. We construct a monoidal equivalence between X—Rep and ﬁ—Rep. This equivalence is given by
the functor F = X ®; —. This functor is monoidal with respect to the natural isomorphism

Ng: 0@V ew) = (0 ev)® (0@ ew),
A A A

where it is clear how to interpret this and how to show bijectivity (using Z@ﬁ Vv=V)
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We briefly argue how to construct the inverse, without entering into details. Using the symmetric
quantum groupmd picture from Section 2.4, we know that X°P a ’ a right C-Galois object (by the ‘comul-
tiplication part’ A 1), and we can apply on C- -Rep the functor Xop ®¢ —. Then Xop ®C(X ®7 —) is seen

to be naturally equlvalent with the identity, using first the isomorphism Xop ®AX —A: (w, ;@0 —
[w, @13, then by using that A(g),q is simply the identity. O

Suppose now again that A is a *-Galois object. We can equip the category of unital left A-modules
with an anti-linear conjugation functor Conjj; by sending (V, ) to (V, ), where V is the conjugate
vector space of V and with

T(w1) -V ="S5z(w}) v.

There is a natural isomorphism

Nconj : (Conjg o (/)Z@ —) o Conjz) — /)Z@ -,
A A

given by
0wV —0z(@HQV,
A A

where we use the *-structure on X introduced in the beginning of the previous subsection. To see
that this is well defined, we have to prove that

O (@ 1)) @V =g (@) @ Sz (i) -v
A

forall we X,w; € A and v € V. Now (w-w)* =" - SA;l(a)’{) by Lemma 2.18, and 05 (w - w1) =
oz (W) - S%(uh) by (vii) of Proposition 1.20, which proves the identity. To prove that it is a natural
transformation, we have to show that

ox((52(0%) - 0)") = b- 5@

for be C and w € X. But Oz ((Se(b*) - w)*) =05 (SA (b) - w*), so the identity follows by the ‘mirror
version’ of the identity (vii) in Proposition 1.20.

Now look at the category A- -Rep* of unital left A-modules which have a pre-Hilbert space structure
such that the resulting representation of Ais *-preserving. The morphisms in the category are now
required to have an adjoint. If V is an object in this category, we have a canonical morphism Sc:
V®V — ¢ sending v® w to (v, w). Note that we take the convention where the scalar product is
antilinear on its second argument. Using the natural isomorphisms for tensoring and conjugating, the
map Sc is sent to a map X @V)® X ®3z V) — ¢. This provides a sesquilinear form on ?@ﬁ V. We
will show in Proposition 2.23 that it equips 52@; V with a pre-Hilbert space structure. This is the
categorical approach to arrive at the induced Hilbert space structure.

We can also use a specific A-valued inner product on X to perform the induction, given by

(0,03 =", o,
again using the *-structure on X introduced in the beginning of the previous subsection. The fact that

()zisa ‘A-valued inner product means that it is a sesquilinear map with values in A, antilinear in
the first argument, such that
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L (0, ")} = (. ©)z,

2. {w, w)z > 0 with equality iff =0, and
3. (w,w )3 ={w, ')z - wq for wy € A.
Moreover, we have

4. (b -w, o)z =(wb* &)z b eC.

We will prove this below. We can then make an inner product on 32@; V by setting

WV, 0 @w)=(v, (w, o) w).
This is the C*-algebraic approach (cf. [21]). R
Finally, there is a von Neumann algebraic approach. Namely, introduce in A the inner product deter-

mined by (w1, w2) = Yz (w5w1) (ie. (p(-a), p(-b)) =@ (b*a)), and introduce in X the inner product
determined by

(oxC- ¥ ox (- %)) = px (x*y).

For @ € X, denote by L, the map A — X which sends w1 to w - w1. Then L} L,y will be left multipli-
cation with some element of A, and identifying the operator with this element, we can define

@RV, 0 @w)=(v,L}Ly - w).
Remark however that with this scalar product on X, the right or left representation of Aon X is in
general not a *-representation. This is because the left action of A on X is not an analogue of the left

multiplication of A on A.

Proposition 2.23. All three sesquilinear forms on X ®3z V coincide, providing this space with a pre-Hilbert
space structure such that the induced representation of C is *-preserving.

Proof. We first show that L¥ L, = (w,®');. This means that for all , ' € X and w1, @, € A we
have

(- 1,0 - ) = (w1, (@, 0)z02).
Writing @’ = @x(-x) and w; = ¢( - a), we have
(@ 1,0 w) =(w- o1, ox(-X0)¢(8S(xa))a))
= (@ 1) (X{p))@(a*S(x1))*8),

while

(w1, (@, @) z02) = (01, 0" x0) (- X1)) 9 (85 (x2))a))
= “)(X?O))‘/’(""*S("(Z))*‘S)“)1 (xzkl))7

which shows the equality.
Now we show the equivilence of the categorical and the C*-algebraic approach. In the categorical
approach, we have for w € X that
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@V @V, (0?0 9;1)* ®w)=F(Sc)(w® v ® w)
=w()(v,w),

where F still denotes the functor Y@; —. Since
(63" (@) 0Pz = (Ve

we are done.

From the von Neumann algebraic picture, it follows that this inner product is indeed positive
(using that the *-structure on Ais exactly the adjoint of left multiplication with respect to the stated
scalar product on ’/3). From the categorical picture, it follows quite immediately that the resulting
representation of Cis *-preserving. Finally, also the non-degeneracy of the inner product follows
from the categorical viewpoint: for the vectors of length zero in F(V) form a subobject of V, which
is sent to 0 by F~1.

The fact that the A-valued map is indeed a ‘A-hermitian product follows then in a straightforward
manner from the categorical and von Neumann algebraic viewpoint. O

So in any case, Y@g — can be lifted to a functor between the *-representation categories.
Proposition 2.24. The natural transformation ng, is unitary.
Proof. This follows by using the C*-algebraic picture, and using the identity
AE(W’ w’);) = (wﬂ), “’,(1)>2 ® (“’(2)’ w,(z))ﬁ' u

The map nconj however will only be unitary in case $% =, and moreover, if this is not the case,

no unitary intertwiner between X®V and X ® V can be constructed. We can however repair this
situation by changing the definition of the conjugation operator: now we send (V, ) to (V, ) with

T(w1)-V=Rz(w)* v,

where R is the unitary antipode for A (see [20]). As remarked already in the previous section, note

that we can take the square 9)1(/2 of the positive diagonalizable operator 6y, i.e. 9)1(/2 :X—> Xis a

diagonalizable map X — X with positive eigenvalues, and 9;(/2(9;(/2@)) = 0x(x) for all x € X. This

0;(/2 will still be a multiplicative automorphism of X.

Proposition 2.25. The map
0@V — 0 (@) ®v
A A

provides a well-defined unitary intertwiner between XeVadXeV.

Proof. To see if this map is well defined, we have to check the identity

1/2

0 (- 1)) = 05* (") - Rz (}).

with w € X, w1 € A. Using Lemma 2.18, this reduces to proving that
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1/2 1/2

012
(w-w1) =6 / (@) - 65" (@1),

where 6 = S% and 0%/ is its positive root (so that QA/Z o R4 = S3). This follows from 63 (w - w1) =
Oz (w) - S%(an), by taking w an eigenvector for 05 and w1 an eigenvector for S%.

The way to prove that this is a natural transformation is very similar, and we omit it.
Finally, to prove unitarity we have to prove the identity

-1/2 1/2
Ri(10, wlz) = [65 (). 05 % @))]5.
where o, o' € X. Applying 9%/2 and using Lemma 2.18, this reduces to proving that

1/2 1/2 _pl/2 ~
[ (@), 05 @)z =65 (lw, 0'13).
This identity is true when 9%/2 is replaced by 63 and 9%/2 is replaced by S%, using formula (xvi) of
Proposition 1.20. Again by using an eigenvector argument, it is also true as stated. O

In any case, Proposition 2.24 was already sufficient to conclude:

Theorem 2.26. Let (A, Aa) and (C, Ac) be two monoidally *-equivalent *-algebraic quantum groups.
Then the monoidal *-categories of unital *-representations in Hilbert spaces of their duals are monoidally
*-equivalent.

For the notions of *-category and monoidal *-equivalence, we refer for example to [19].
3. An example

The following examples of infinite-dimensional Hopf algebras with a left invariant functional can
be found in [26] and [28]. We slightly generalize the construction to fit them both in a family.

Definition 3.1. Let n > 1, m > 1 be natural numbers, and A € k such that A™ is a primitive nth root of
unity. Let A" ‘™ be the unital algebra over k generated by elements a, a~! and b, and with defining
relations: a~" is the inverse of a, ab = Aba and b" = 0. Then we can define a comultiplication on A" m
determined on the generators by

A@)=a®a,

Ab)=b®d"+1®b.
This makes (Ag'm, A) an algebraic quantum group of compact type.

To prove that this comultiplication is indeed well defined, we only have to use the well-known fact
that (s +t)! =s' + ¢! when s, t are variables satisfying the commutation st = qts with g a primitive
Ith root of unity (see e.g. [15]). Now (AKJ, A) is the example in [28], and with the further relation

a" =1, this reduces to the two-generator Taft algebras. The Hopf algebra (A”’z, A) is isomorphic with
the example constructed in [26].
The left invariant functional ¢ of (A, A) = (A}™, A) is defined by @(aPb¥) = 8p 08q,n—1, P € Z,
< q <n. As A is infinite-dimensional, the dual Ais necessarily of discrete type and not compact, i.e.
it is a genuine multiplier Hopf algebra. This is a difference with the Taft algebras, which are self-dual.
Remark that there can still be defined a pairing between A and itself, but it will be degenerate.
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In [18] the Galois objects for the Taft algebras were classified. It provides the motivation for the
following construction. Fix (A, A) = (Ai’m, A) as above, and assume moreover that A is a primitive
nth root of unity and m and n are coprime. The condition ‘A™ is a primitive nth root of unity’ follows
from this assumption.

Definition 3.2. Take u € k. Let X = X;:Z be the unital algebra generated by x, x! and y, with the

defining relations: x~! is the inverse of x, xy = Ayx and y" = ux™. A right coaction o of (A, A) on X
is defined on the generators by

a(X)=xQ®a,

a(y)=y®d" +1®>b.
It is again easy to show that this has a well-defined extension to the whole of X.
Proposition 3.3. (X, «) is a right A-Galois object.

Proof. First of all, we have to see if X is not trivial. We follow standard procedure. Let V be a vector
space over k which has a basis of vectors of the form e, 4 with p € Z and 0 < q < n. Define operators
X and y’ by

X -epg=e€ptig forallpeZ, 0<q<n,

V' epqg=r"Pepqi ifpeZ, 0<q<n-—1,

Y -epn-1=pr"Pepiumo ifpelZ.

Then it is easy to see that x’ is invertible and that x'y’ = Ay’x’. Also:

y"epq= ATPO=1=0) g epn—t
= puATPOTI=DR =Py e o
- /M—p(n—l—q))‘—px—pqewnm’q
=pr Plepinmg

_ /mn
=HX T -epg-

This gives us a non-trivial representation of X. Moreover, it is easy to see that this representation is
faithful. ~
Define by B: A — X°P ® X the homomorphism generated by
B@=(x")"®x
Bb)y=—(yx™P X" +1®y.

This is well defined: for example, we have

(_yxfm)“)OP ® X" 4+ I/L(l ®xmn)

Bb)" = (
((_1)nkmn(n—l)/2 + l)ﬂ(] ®xmn)
0,
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using that A™ is a primitive root of unity. Denoting S = (Sxo» ® 1) with Sxop the canonical map
X°P — X, and writing 8(c) = c[V' @ c!?) for c € A, it is easy to compute that

Z(O)Z(])[l] ® 2(1)[2] =1Q®z,

1] .[2 2
el g el | —1@c

for all ze {x,y,x"!} and c € {a,b,a™'}, and hence for all z € X, c € A. This is enough to know that
the action is Galois. O

The extension k C X will be cleft (see e.g. Definition 2.2.3 in [24]), by the comodule isomorphism
Uy :X —> A:xPy?— aPb¥, p e Z and 0 < q < n. The associated scalar cocycle 1 is given by n(aPbh? ®
a'b%) =0, except for g =s =0, where it is 1, and when g + s =n, in which case it equals ur=". (We
want to thank the referee for pointing out that this Hopf algebra is... pointed, so that any Galois
object is automatically cleft (see [13]).)

We determine the extra structure occurring in this example. First note that we have shown that
the elements of the form xPy? with p € Z and 0 < g <n form a basis. Then we have

ox(xPy?) =8qn-18p0 forpeZ, 0<qg<n,
Vx (P y?) =8q.n-18pma-mAr~ ™ forpeZ, 0<q<n,
sx =x=0m,
ox(x) = A_lx, Ox(x) =x
ox(=y.  Ox(y)=i"y,

by some easy computations (where we have used notation as in the first section). It is of course the
nature of the example which makes the structure so similar to the one of A.

Now we determine the associated algebraic quantum group (C, Ac). Note that we could determine
the structure with the help of the cocycle, but we wish to directly use the Galois object itself, since
this is easier. In particular, we exploit the pairing between (C, Ac) and its dual (f, Ap).

We first give a heuristic reasoning. We determine the algebra structure of C. We need a description
of the dual A of AK’m. It has a basis consisting of expressions e,d? with p € Z and 0 < q < n, where
ep € A and d € M(A), such that epeq =8, qep, dep = e, md and d" = 0. With ¢ = Y, A e, € M(A),
the comultiplication is determined by

Aep) = Zet ®ep_t,
t
Ad=d®c+1®d.
Now the left action of A on X is given by
es - Xpyq — 5p,s—qupyqs
d-xPyl=CexPy?™!, 0<q<n,
d-xP =0,

where Cq = ((117_):\2[])) A™@=1_ Consider the operators gs and h acting on the right of X by
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xPyl. go= Sp,fsxpyqa
XPyl h=CgxPtMy?"1 0<q<n-1,

xP.h=0.

Then it is easy to see that h and g; commute with the left action of A. We see that h - gs=8stm-h,
that gsgr = 8s.+gs and that h" = 0. The span of gsh? will form our algebra C. Now denote by up 4 the
elements in C such that (up g, erds) = 8p,r8q,s, and denote u =u_1,9, v=1ug,0 and w =ug 1. Then we
have y (x) =u®x and y(y) = v®y+w®x™ by using the action of C. Since this has to commute with
o, we find that v = 1. Using that y" = ux™ we find that & +w" = pu™", and using xy = Ayx, we get
uw = Awu. Furthermore, the fact that x is invertible gives that u is invertible. This then completely
determines the structure of C. The coalgebra structure is determined by the usual

Alu)=u®u,

AW =wu"+1Qw.
We can now make things exact.

Proposition 3.4. Let C be the unital algebra generated by three elements u, u~! and w, with defining rela-
tions: u~1 is the inverse of u, uw = Awu and (- 14+ w" = pu™. Then C is not trivial. We can define a unital
multiplicative comultiplication Ac on C, given on the generators by

Acw)=u®u,

AcW)=wu"+1Qw,

making it an algebraic quantum group of compact type. It has a left coaction y on X determined by

yX) =u®x,
Y =10y+wex™,

making it a A-C-bi-Galois object.

Proof. It is easy to see that Ac and y can be extended, that A¢ is coassociative and y a coaction,
and that y commutes with the right coaction of A. Since now C is already a bi-algebra, it follows
from the general theory of Hopf-Galois extensions that if y can be shown to make X a left C-Galois
object, then automatically C will be a Hopf algebra, hence the reflected algebraic quantum group of A.

We can again show this by explicitly constructing a homomorphism B¢ : C - X ® X°P, B¢ =
(t ® Sxov)Bc, Be(c) = cl=2 @ =11, On generators it is given by Bc(u) =x ® x~! and Bc(w) =
y®x ™ —1® yx ™. Again the same chore shows that it has a well-defined extension to C, and
that it provides the good inverse for the Galois map associated with y. This concludes the proof. O

Remarks. 1. If the characteristic of k is zero, then C will not be isomorphic to A when wu # 0. For
in A, the only group-like elements are powers of a. Thus any isomorphism would send u to a power
da of a. But then p(a™" — 1) would have to be an nth power in A, hence, dividing out by b, also in
k[a,a=1]. This is impossible.

2. As we have remarked, this example is a cocycle (double) twist construction by a cocycle n. We
have already given the 2-cocycle as a function on A ® A. But it is also natural to see it as a multiplier
of A® A. Then we have the expression
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n—1 1

=1®1+pun d @ d" 9,
7 q:zo G Mg - (I g1

with the notation for the dual as before, and where (a; z);, denotes the z-shifted factorial [15]. Now
consider the algebra generated by c and d as the fiber at A™ of the field of algebras on Cy with the
fiber in z generated by c,,d, with c, invertible, d? =0 and c,d, = zd,c,, and with the extra relation
c§ =1 if z is a primitive kth root of unity. Then we can formally write

1
=1®1 - lim ——@d 1®d)",
n 1+ u z_l)r?m Z s d; ®c;+1Q®dy)

where we take a limit over points which are not roots of unity. In this way, since c,d generate a
finite-dimensional 2-generator Taft algebra, we find back a part of the cocycles of [18]. In fact, any of
those cocycles should give a cocycle inside M (Z ® Z), hence a cocycle functional on A ® A. We have
however not carried out the computations in this general case.

3. There does not seem to be any straightforward modification of the two-generator Taft algebra
Galois objects that provides a Galois object for the dual of some Aﬁ’m. It would be interesting to see
if such non-trivial Galois objects exist.

Appendix A
A.l. Multipliers

Let A be a non-degenerate algebra over a field k, with or without a unit. The non-degeneracy
condition means that ab =0 for all b € A implies a =0, and ab =0 for all a € A implies b = 0. As
a set, the multiplier algebra M(A) of A consists of couples (%, p), where A and p are linear maps
A — A, obeying the following law:

ar(b) = p(a)b, for all a,b € A.

In practice, we write m for (A, p), and denote A(a) by ma and p(a) by am. Then the above law
is simply an associativity condition. With the obvious multiplication by composition of maps, M(A)
becomes an algebra, called the multiplier algebra of A. Moreover, if k =C and A is a *-algebra, M(A)
also carries a *-operation: for m € M(A) and a € A, we define m* by m*a = (a*m)* and am™* = (ma*)*.

There is a natural map A — M(A), letting an element a correspond with left and right multi-
plication by it. Because of non-degeneracy, this algebra morphism will be an injection. In this way,
non-degeneracy compensates the possible lack of a unit. Note that, when A is unital, M(A) is equal
to A.

Let B be another non-degenerate algebra, and f a non-degenerate algebra homomorphism A —
M(B), where by the non-degeneracy we mean that f(A)B = B = Bf (A). Then f can be extended to an
algebra morphism from M(A) to M(B), by defining f(m)(f(a)b) = f(ma)b and (bf (a)) f (m) = bf (am)
forme M(A),ae A and b € B.

A.2. Multiplier Hopf algebras
A regular multiplier Hopf algebra [25] consists of a couple (A, A), with A a non-degenerate algebra,
and A, the comultiplication, a non-degenerate homomorphism A — M(A ® A). Moreover, (A, A) has

to satisfy the following conditions:

o (ARUA=(® A)A (coassociativity).
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e The maps

TA2:ARA—> MA®A):a®b— A@(1®Db),
TiA:ARA—-> MA®A):a®b— (@a®1)A(),
Ta1:AQA—>MARA) :a®b— A(a)(b® 1),
Topn:AQA—> MARA):a®b— (1®a)A(b)

all induce linear bijections AQ A — A Q® A.

The first condition can be made sense of by showing that (A ® t) and (¢t ® A) are non-degenerate
maps A A— M(A® A® A), hence can be extended to M(A ® A). The T-maps can be used to
define a counit (which will be a homomorphism from A to k) and an antipode (which will be an anti-
automorphism). Both counit and antipode will be unique, and will satisfy the corresponding equations
of those defining them in the Hopf algebra case.

When A is a *-algebra over C and A is *-preserving, we call (A, A) a regular multiplier Hopf *-
algebra. In this case ¢ is a *~homomorphism, while S satisfies S(a*) = (S~1(a))*.

A.3. Algebraic quantum groups

An algebraic quantum group [26] is a regular multiplier Hopf algebra (A, A) for which there exists
a non-zero functional ¢ on A such that

t®p)(A@b®1D)=p@b, foralabecA.

A *-algebraic quantum group is an algebraic quantum group which is at the same time a multiplier
Hopf *-algebra, such that the functional ¢ is positive: for every a € A, we have ¢(a*a) > 0. This extra
condition is very restrictive.

For any algebraic quantum group, the functional ¢ will be unique up to multiplication with a
scalar. It will be faithful in the following sense: if ¢(ab) =0 for all b € A or ¢(ba) =0 for all b € A,
then a = 0. The functional ¢ is called the left invariant functional. Then (A, A) will also have a func-
tional ¢, such that

(¥ @ )(AW@ 1 ®b)) =y (a)b, for all a,b € A.

This map v is called the right invariant functional. If A is a *-algebraic quantum group, then ¥ can
still be chosen so that it is positive.

For any algebraic quantum group, there exists a unique automorphism o of the algebra A, satisfy-
ing ¢ (ab) = ¢(bo (a)) for all a,b € A. It is called the modular automorphism. There also exists a unique
invertible multiplier § € M(A) such that

@@ v(A@01 ®b)=p@sb,
(e ®0((1®b)A@) = p(a)bs,

for all a, b € A. It is called the modular element.

There is a particular number that can be associated with an algebraic quantum group. Since ¢ o 52
is a left invariant functional, the uniqueness of ¢ implies there exists T € k such that ¢(5%(a)) =
T@(a), for all a € k. One can also show that o (8) = t='5. If A is a *-algebraic quantum group then
T=116]
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Note that all formulas which are proven in the second section of this article were known to hold
when X =A and o = A (in which case 8 =(S®t) o A), and we have used some of them in proving
our statements.

__To any algebraic quantum group (A, A), one can associate another algebraic quantum group
(A, Az) which is called its dual. As a set it consists of functionals on A of the form ¢(-a) with
a € A, where ¢ is the left invariant functional on A. Its multiplication and comultiplication are dual
to respectively the comultiplication and multiplication on A. Intuitively, this means that

Az(w1)(@®Db) = wi(ab),

(w1 - @2)(a) = (w1 @ w2)(A(0)),

fora,be A and wy, w; € A, but some care is needed in giving sense to these formulas.
The counit on A is defined by evaluation in 1, while the antipode is the dual of the antipode of A:
if S denotes the antipode of A, then

Sz(@1)(@) = w1(S(@)),

for w; € A and a € A. The left integral ¢ of A is determined by (¥ (a-)) =¢(a).
If A is a *-algebraic quantum group, then one can endow A with the *-operation wj(a) =

wl(S(g)*) for wq € A and a € A. Then @3 turns out to be a positive left invariant functional, so that
also (A, Ay) is a *-algebraic quantum group.

A.4. Covering issues

When working with multiplier Hopf algebras, it is advantageous to use the Sweedler notation
to gain insight into certain formulas. However in this context this is not as straightforward as for
Hopf algebras. The problem is that if (A, A) is a multiplier Hopf algebra, then A(a) is an element
of M(A® A), and can in general not be written as a sum of elementary tensors. So if we denote
A(a) = Y agy ® ag, then this is purely formal, as the right-hand side is no well-defined sum of
finitely many elements. This gives problems if we want to apply a map to one of the legs of A(a).
This is the situation in which we need coverings. For elements of the form A(a)(1 ® b) with a,b € A
are finite sums of elementary tensors in A ® A, so if we denote this by > a1y ® a)b, there is no
trouble in applying a map to the first leg. We then say that ‘the variable a() is covered on the
right by b’. Although this seems simple, the situation can become quite complicated when multiple
coverings are needed (see e.g. the examples in [9]). However, in our paper the situation is not so
bad, probably because we are working with algebraic quantum groups in stead of general multiplier
Hopf algebras: mostly it is seen at first sight if an expression is well covered or not. This is why we
have opted not to emphasize the covering issues too much, since this would probably have obscured
certain proofs and statements.
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