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Inclusions from Free Actions of
Compact Quantum Groups
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Abstract

Given an action of a compact quantum group on a unital C*-algebra, one can consider
the associated Wassermann-type C*-algebra inclusions. One amplifies the original action
with the adjoint action associated with a finite-dimensional unitary representation, and
considers the induced inclusion of fixed point algebras. We show that this inclusion is a
finite index inclusion of C*-algebras when the quantum group acts freely. Along the way,
two natural definitions of freeness for a compact quantum group action, due respectively
to D. Ellwood and M. Rieffel, are shown to be equivalent.
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§1. Introduction

One of the fundamental concepts in the study of locally compact quantum groups
is the notion of ‘noncommutative principal bundles’, or free and proper actions on
‘noncommutative spaces’, the noncommutative spaces being represented by various
algebraic structures. In the C*-algebraic study of such principal bundles, it turned
out that there can be two different ways to formulate freeness of an action.

The first is a certain density condition on the coaction map, called the Ellwood
condition, introduced by D. A. Ellwood [6]. If the algebra is commutative, so that
we are back in the classical case of a locally compact group acting continuously
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on a locally compact space, this condition is equivalent to freeness in the ordinary
sense. In the purely algebraic setting, the Ellwood condition corresponds to the
notion of a Hopf-Galois extension.

The second is the notion of a saturated action, which is more suited for the
study of K-theory of operator algebras. It was introduced by M. Rieffel [14, 17]
in the setting of actions of compact groups on C*-algebras. Since it is stated as a
condition on the structure of the crossed product algebra, there is a straightforward
generalization to the case of compact quantum group actions. For example, the
case of finite quantum groups was studied by W. Szymanski and C. Peligrad [23].

It has been known that these conditions are closely related to each other. For
example, when G is a compact Lie group, C. Wahl [25, Proposition 9.8] showed
that they are equivalent.

Our first main result is that the above two notions actually coincide in the
setting of compact quantum group actions.

Theorem 1.1. Let G be a compact quantum group acting continuously on a C*-
algebra A. Then the following conditions are equivalent:

(1) The action satisfies the Ellwood condition.

(2) The action is saturated.

Our next result relates freeness of a compact quantum group action to certain
ring-theoretical properties of the associated isotypical components.

Let 7 be a finite-dimensional unitary representation of a compact quantum
group G, A a unital C*-algebra acted upon freely by G, and A, the isotypical
component of A associated to 7. In particular, the isotypical component for the
trivial representation is the fixed point subalgebra A®. Each A, becomes an A®-
bimodule thanks to the algebra structure of A.

The spaces A, can be interpreted as sections of a direct sum of copies of the
vector bundle induced by the representation . In the classical case of compact
group actions on compact Hausdorff spaces, they are known to be finitely generated
projective over the algebra of the base space. In our C*-algebraic setting, we obtain
the same result from a combination of a technique used in the proof of Theorem 1.1
and Kasparov’s stabilization theorem for Hilbert C*-modules.

Theorem 1.2. Let A be a unital C*-algebra endowed with a free action of G.
Then each isotypical component A, is finitely generated projective as a right A®-
module.

We note that, for actions of discrete group duals on general C*-algebras, this
was proven by W. Szymanski in an unpublished work. But even for compact groups
acting on general unital C*-algebras, our result seems to be new.
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Note that the conclusion in Theorem 1.2 also holds for ergodic actions of G,
i.e. actions for which A® = C. See [7] for the case of compact groups, and [4] for the
general case of compact quantum groups. Our proof of Theorem 1.2 was inspired
by the short argument for this result which appears in [16], as well as by [26] and
the first sections of [3]. Our arguments will cover both the free and ergodic cases at
once. We stress that, since we work in the C*-algebraic setting, we need to refine
some of the von Neumann algebraic techniques which appear in the above papers.

The conclusion of Theorem 1.2 is not valid for an arbitrary action: one can
check for example that the isotypical components for the action of the circle group
on the closed unit disc are not finitely generated over the fixed point algebra,
except for the fixed point algebra itself. The problem is essentially that the field
of stabilizer groups is not continuous.

Subsequent to Jones’ initial subfactor paper [8], a lot of effort has gone into
constructing von Neumann algebraic subfactors, starting from more classical sym-
metries and building up further to quantum symmetries (see e.g. [27, 29, 19, 1, 2,
12]). Motivated by this celebrated theory, Y. Watatani [28] introduced the notion
of finite index inclusion of C*-algebras. We will show that, also in the C*-algebraic
setting, the Wassermann type inclusion associated with finite-dimensional unitary
representations of quantum groups provides an example of such an inclusion. This
generalizes the case of finite groups in [28, Section 2.8| and finite quantum groups
in [23]. The key is that the above structure theorem on A, gives a finite quasi-basis
for this inclusion.

Theorem 1.3. Let G act freely on a unital C*-algebra A, and let w be a finite-

dimensional unitary representation of G. Consider A @ B(5;) with its induced

action by G. Then
! A® € (A® B(#))°

is a finite index inclusion of C*-algebras. When 7 is irreducible, the index of the

natural conditional expectation is equal to the square of the quantum dimension

of ;.

The paper is organized as follows. We gather basic facts about compact quan-
tum groups and their representations in Section 2, where we also prove a cru-
cial Pimsner—Popa type estimate on the complete boundedness of projections onto
spectral subspaces. The most technical part of this paper occupies Section 3, where
we study the adjointability of Galois maps in terms of various Hilbert C*-bimodule
structures of isotypical components. The first two of our main theorems are proved
in Section 4, based on the results of Section 3. Finally, we study the C*-algebraic
index for the Wassermann type inclusion associated with a free action and an
irreducible representation in Section 5.
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General notations. We denote the identity maps of various objects by ¢. If X is
a Banach space and E C X is a subset, we denote by [E] the closed linear span
of E inside X. Following the convention of right Hilbert C*-modules, the scalar
product of Hilbert spaces is taken to be conjugate linear in the first argument. The
complex conjugate of a Hilbert space .7 will be identified with the dual of 77 by
means of the inner product and denoted by *. The multiplier C*-algebra of a
C*-algebra C is denoted by M(C). When & is a right Hilbert C*-module over a
C*-algebra A, the algebra of (adjointable) A-endomorphisms is denoted by £(&)a
and that of compact A-endomorphisms by K(€) 4. If there is no risk of confusion
we also write £(€) and K(E).

§2. Isotypical components of quantum group actions and
associated Hilbert modules

§2.1. Compact quantum groups

In this section, we review the theory of compact quantum groups. A compact
quantum group G is represented by a unital C*-algebra C(G), together with a
unital *-homomorphism

A: C(G) = C(G) @min C(G)

satisfying the coassociativity and the cancellation properties [30, 11]. We will de-
note by P(G) C C(G) the Hopf algebra of matrix coefficients associated with G,
by S its antipode, and by ¢: C(G) — C the invariant Haar state on C(G).

Let 7 be a finite-dimensional unitary representation of G, by which we mean a
finite-dimensional Hilbert space %, together with a left C(G)-comodule structure

Op: M = C(G) @

satisfying 1 @ v*w = 6, (v)*d,(w) for all v, w € F#;, having interpreted 7 as lin-
ear operators between the Hilbert spaces C and 7. Choosing an orthogonal ba-
sis {e;} of 77, and writing 0 (e;) = >_; u;; ® e;, this means that 3, ujuj, = ;.
Consequently, >, uguy, ;= d0ij, as u is invertible. We let Irr G denote a complete
representative system of irreducible finite-dimensional unitary representations of G
up to unitary equivalence.

If 7 is a unitary representation of G, we denote by 7 the associated contragre-
dient representation. It is implemented on s with the dual comodule structure,
but we equip it with a new Hilbert space structure averaged out by means of .
More precisely, choosing an orthonormal basis e; of 7%, with d,(e;) = j Uij @e€j,
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and writing ef = (e;, - ), we define a new scalar product on 7 by

(€5 e = elumuj)ler, ef) = Y eluinujy).
k

k,l

By Woronowicz’s theory [30], we obtain an invertible positive matrix @, €
B(;) for each 7 € Irr G satisfying Tr(Q,) = Tr(Q, ') and

(er, Qrej) (er, Q7€)

: ouly) = 8, S G o all G gk L.
TI'(Qﬂ—) SO(uJukl) gl Tr(Q;l) oralle,j

(1) @(U%kjukl) = Oik

The number Tr(Q) is known as the quantum dimension of .,
dim,(#7) = Tr(Qx).

One can then define the quantum dimension of any representation of G by linearity.
See e.g. [18] for a detailed exposition.

§2.2. Actions of compact quantum groups

An action of G on a possibly non-unital C*-algebra A is given by a non-degenerate
injective *~homomorphism a: A — A ®uin C(G), satisfying the coaction property
(a®t)oa=(t®A) o« and the density condition

[a(A)(1® C(G))] = A Qmin C(G).

We denote by B = A® the C*-algebra of G-invariant elements, i.e. elements z € A
satisfying a(z) =  ® 1. Then the map Ep defined by

Ep(z) = (t®@@)a(z), z€ A,

is a faithful conditional expectation from A onto B, that is, a faithful c.c.p. idem-
potent map onto B [5, Lemma 3], [22, Section 5].

When 7 is a finite-dimensional unitary representation of G, we can consider
the vector space of ‘equivariant functions’

ADA ={2€ A® 5 | (a® 1)z = (1 ® 0r)z}.

It has a natural B-bimodule structure, as well as a right B-valued Hermitian inner
product which is characterized by the following identity in B = B ® C:

(w,2)p =w*z, w,z€ AOQH;.
We further put

An = linear span of {Lt @w)z |z € AD A, we A} C A,
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which we call the m-isotypical component of A. These A, have natural B-bimodule
structures where the right B-Hermitian inner product is defined by

(x,y)p = Ep(a"y).

They carry an (algebraic) right P(G)-comodule structure. Note that for the trivial
representation 7 = triv, we have Ay, = B. The involution on A and the conjugate
operation on the unitary representations of G are related by

We denote by P(A) the *-algebra S A

r€lrr G “ 7
If m; and 75 are two finite-dimensional unitary representations of G, we denote

their tensor product representation on J#;, ® ¢, by m X ma. One then has the
inclusion A, - Ar, € Ay o
In the following lemma, we endow 72" with its modified Hilbert space struc-

ture {(—, —).

Lemma 2.1. Let 7 be an irreducible representation of G of classical dimension n.
Then the map

br: (ADHG)© A = Ary 20w Vil ©wQ5 )z,

is an isomorphism of B-bimodules which is compatible with the B-valued inner
product.

Proof. By definition of A, this map is surjective. Thus we only need to verify
that it is compatible with the B-valued inner products of both sides.

Let z = > ,a, ® e; and w = Y, b; ® e; be elements of AOJ#;. Then, for
arbitrary k and [, we have

2)  (de(z@ep).dr(w@e))p =7 Eplajh;)(Q7 ei ex)(er, Q7' e;).
1,J
By the assumption z,w € A O %, one has
D Eplajb) @ef @ej= Y b(ul,uin)aib; @ e, @ en.
%, i,7,m,n

Using the first half of (1), Q;'Q-Q;"' = Q;"', and Tr(Qx) = Tr(Q;"), the right
hand side of (2) can be computed as

e, Q7 'ex) .
Wz%bz.

By the second half of (1), this is indeed the inner product of z®ej, and w®e;. O
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§2.3. Hilbert module structures

The above right B-modules A, and A O 7, are complete with respect to their B-
valued inner products. To see this, we first introduce the following special elements.

Definition 2.2. Let 7 be an irreducible representation of G. We define the quan-
tum character of ™ to be the unique element x, € P(G) satisfying

0 if pelrrG and p 2,

L, ifp=m.

(p(xr ) ®1)0, = {

We will also use the shorthand notation
Wr = Xn = QO(XW ) € C(G)*

For an arbitrary representation 7, we write y, for the sum of the quantum char-
acters of those irreducible representations which appear in 7 with non-zero multi-
plicity.

We note that y, is well-defined by the Peter—-Weyl theory for compact quan-
tum groups. We record the following facts about x.

Lemma 2.3. For each representation m of G, we have
S2(xx) = Xm,  S(Xx)" = Xr»  and X € C(G)q.
Consider now the bounded map
E.: A=A  a— (Quwg)ala).

The following lemma is a reformulation of (part of) [15, Theorem 1.5] (which holds
regardless of any unitality assumption on A).

Lemma 2.4. The map E is an idempotent onto A.
The following Pimsner—Popa type inequality will be crucial in what follows.

Lemma 2.5. For each finite-dimensional unitary representation w of G, there
exists c; > 0 such that for alln € Ny and a € M,(C) ® A, we have

(¢® Ex)(a)* (0 ® Ex)(a) < (. ® Ep)(a”a).

Proof. Because of the form of the assertion, it is enough to prove it for n = 1. The
general case can be obtained from it by replacing o with the amplified coaction
t®@a: M,(C)® A — M,(C)® A® C(G), because E, for the latter coaction is
precisely equal to « ® E, appearing in the assertion.
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Now, since ¢ ® ¢ is a c.c.p. map of A Quin C(G) onto A ® C, and using the
inequality ¢(x)*¢(x) < ¢(a*z) for a general c.c.p. map ¢, we find

Er(a)"Ex(a) = (1 ® 9)(1® xx)(a(a)))" (¢ @ ¢)(1 ® xx)a(a))
< (® @) ((1® xx)a(a)" (1 ® xx)ax(a))).

By the positivity of ¢ ® ¢, the right hand side is bounded from above by

Ixx1?(c @ ) (a(a*a)) = | xx|*Er(a*a).
Setting ¢ = ||xx||, we obtain the assertion. O

Corollary 2.6. (1) The right B-module A, is complete with respect to its B-
valued inner product, that is, A, is a right Hilbert B-bimodule.

(2) We have [A; - B] = A, and [A- B] = A, where the closure is with respect to
the C*-norm.

(3) For each representation , the space AQ . is a right Hilbert B-bimodule.

By a right Hilbert B-bimodule, we mean a right Hilbert B-module £ together
with a non-degenerate *-representation of B as adjointable operators on £.

Proof. By the previous lemmas, we have the Pimsner—Popa type inequalities
(@, a)5]""? < llal| < exll(a,a)]"?

for a € A;. As A is closed in the C*-algebra norm (being the image of a norm-
bounded projection), this proves the first part of the corollary.

One also easily shows that if b; is an approximate unit for B, then for each
a € A, we have ab; — a in the Hilbert module norm, and hence also in the C*-
norm. Since the linear span P(A) of all the isotypical components is norm-dense
in A by [15, Theorem 1.5], which holds regardless of the unitality of A, the second
part of the corollary is proven.

The third part then follows for 7 irreducible because A O .7, is an orthogo-
nally complemented summand of A, by Lemma 2.1. The general case follows since
A O — preserves finite direct sums. O

Notation 2.7. To distinguish the two different norms on A, we will write

A, for A, endowed with the restriction of the C*-norm of A,
A, for A, endowed with the right Hilbert B-module structure.
The natural identification map A, — A, will be denoted by A 4: A — A,.

We will also denote by A the right Hilbert B-module completion of A with
respect to (-, - )p. We then have natural inclusions A, C A.
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We can also put a right Hilbert B-I(Az)-bimodule structure on each A,
by means of the ordinary left B-module structure and the K(Az)-valued inner
product

(T, Y = Aal@®)Aaly™)"
Then we have ||(z,2)ic(a.| = [[Ep(zz*)||, which is the norm squared obtained

by considering A, as a left Hilbert B-module by means of the inner product
gl{z,y) = Ep(zy*). Hence we can extend our previous notation as follows.

Notation 2.8. We write
. for A, endowed with the right (Az)-Hilbert module structure.

We denote the natural identification map A, — @ by Ay : A, — ;. In the
same way, one defines the right Hilbert C(.A)-module completion of A by 7.

Note that ||z o, = ||7*| 4=

Lemma 2.9. The maps Ag, Ay are completely bounded. Similarly, when p is a
finite-dimensional unitary representation of G, the identity map on A, is com-
pletely bounded with respect to the A,-norm or @,-norm on the domain and the
Ap-norm on the codomain.

Proof. The boundedness for the first two maps follows from a standard calculation
using the fact that E'g is c.c.p. Furthermore, Lemma 2.5 shows that ¢ is completely
bounded for the A,-norm on the domain, with norm bounded from above by c,.
By the above remark and the general equality ||z*z| = ||xz*| for C*-norms, we
obtain an analogous cb-norm estimate of ¢ from above by ¢z for the o/;-norm on
the domain. O

§2.4. Crossed product and its corners

Let us put & = ¢(h-) € C(G)* for h € P(G), and consider the space

P(G) = {h| h € P(G)} C C(G)".

It is a (generally non-unital) *-algebra with the convolution product and the *-

operation which is determined by
w'(z) =w(S(x)*), =z P(G).

This *-algebra admits a (non-unital) universal C*-envelope C*(G), which is a C*-
algebraic direct sum of matrix algebras, the components of which are labelled
by Irr G.
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It is easily seen that we can extend « to a unitary comodule structure on A,
as: A= A®nmin C(G),

where we view the right hand side as a right Hilbert B ®min C(G)-module in
a natural way. Then to the coaction a4, we can associate the (non-degenerate)
*-representation

To: C*(G) = L(A),
where £(.A) denotes the space of adjointable linear endomorphisms of .A. The map
To is uniquely determined by

—

Ta(W)Aa(z) = Ap((t @w)a(z)) forz e A, we P(G).

Moreover,

Pr = Ta(Xr)
is the projection of A onto A,. In particular, A, is complemented in A.

If we perform this construction for the particular case of (4, @) = (C(G), A),
the space A becomes a Hilbert space, which we denote by Z?(G). It is the com-
pletion of C(G) with respect to the inner product (z,y) = ¢(x*y). In this case,
we denote the associated GNS-map by A,: C(G) — Z?(G), and we also write
ZL%(G)r = Ay(C(G),) for the finite-dimensional Hilbert space of the matrix coef-
ficients for 7. The associated representation 7 is then faithful, and we will in the
following treat 7 as the identity map, so that C*(G) C B(Z%(G)).

Consider now the right Hilbert B-module A®.¢?(G). It carries a natural non-
degenerate *-representation of A @min C(G) as B-endomorphisms (cf. [10, p. 34]).
By means of the homomorphism «, we obtain a representation of A on A®.Z?(G)
as well. Note that this representation might not be faithful as we do not assume
C(G) to be reduced. The space A®.#?(G) also carries a *-representation of C*(G),
acting by the ordinary convolution on the second leg.

The crossed product of A by G for the action « is defined as

AxG=[a(A)(1®C*G))] C LA ZLG)),

which will be a C*-algebra. One could also use the right Hilbert A-module A ®
#?(G) in the above construction, and this would give the same C*-algebra. We
define

(AxG)r =[(AxG)(1®Xx)l,

which is a closed left ideal in A x G. We similarly define
A(AXG)=(AxG);, ,(AXG)r=[(AXG);(AxG)g]
Then (A x G), is a C*-algebra.
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We state a lemma which lets us realize our Hilbert modules A and </ in terms
of this crossed product. We omit the proof which follows from a straightforward
computation. In the lemma, we will denote the unit of C(G) by xtriv for clarity.

Lemma 2.10. There ezists a wunique right Hilbert B-module structure on
(A % G)iriv such that

(Z,9)B ® Xtriv ="y for all z,y € (A % G)yiv,
and we then have a natural isomorphism
A= (A% Gy, Aula) = a(a)(1 ® Xtriv)s
of right Hilbert B-bimodules.

By the previous lemma, it follows that we can realize K(.A) as a closed 2-sided
ideal inside A x G by means of a *~-homomorphism

3) Mo: K(A) = AxG,  Aa(@)Aa(y)” = al@)(1 @ Xuiv)a(y"),

which is in general degenerate. We can interpret o/ as a right B-A x G-Hilbert
bimodule by composing its (-, - )i (4)-valued inner product with the map I1,. We
then have an isomorphism of right Hilbert B-A x G-bimodules

g — triv(A Do G)v Aﬂ(a) = (1 ® X\triv)a(a)'

Note now that we can identify A with the closure of (A4 ® A,)((A)) inside
A® £%(G). In this way A is an A x G-invariant subspace of A ® £?(G), and we
denote the resulting *-representation of A x G on A by myeq. Its restriction to A is
given by left multiplication, while its restriction to C*(G) is the representation 7.
Tt is also easy to see that meq o I1,, is the identity map on K(A).

§2.5. Galois maps

We can interpret A itself as a right Hilbert B-A-Hilbert module, the bimod-
ule structure being given by multiplication and the A-valued inner product by
(w,y)a = x*y. Further, for any representation 7, we interpret & ® £?(G), as a
right A x G-Hilbert module by means of the identification map

(1) A OLAC)n— £(AXG),  Aule) A (S() — (1® R)ala),

for x € A and h € C(G)=. It requires a small argument to show that this Hilbert
module is complete, but we will actually never use this fact.
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Definition-Proposition 2.11. The map
(5) Az Qaig P(A) = P(A) @ C(G)r, a®d + afa)(d ®1),
induces isometric maps of right Hilbert modules

Gri Ar @ A= AR L%G)r,  Gr: Ar@p A— AR L%(G),,
G A @p A — A LGy,

which are uniquely determined by (5) on the image of Ax ®ag P(A).
We shall call the above maps the m-localised C*-, Hilbert C*- and crossed
product-Galois map, respectively.

Here — ® g — denotes the interior tensor product over B (see [10]). Also, for
the first two maps, the tensor product on the right is simply an amplification of
the corresponding right Hilbert modules with the Hilbert space .£%(G),.

Proof. A trivial computation shows that the proposed formula for G, and G,
respects the A-valued, resp. B-valued inner product on elementary tensors, so
that they descend and complete to maps with domain A, ®p A, resp. A, Qp A.
The statement about ¥, follows from the following easily verified identity inside
AXG:

(1@ S~Yzw)))a(z@)) = (@)1 @ Xeriv), = € Ag,
where we used the Sweedler notation a(r) = () ® (). O

One can show that these Galois maps add up to respective isometries
A®p — = — ® £?(G) which are C*(G)-equivariant from the second to the first
leg—we will use this observation only for the cases A and A. Note that the termi-
nology ‘Galois map’ comes from the corresponding Hopf algebraic theory (cf. [20]).

§3. Adjointability of Galois maps

We keep the notational conventions of the previous section. In particular, G is
a compact quantum group acting on a not necessarily unital C*-algebra A, with
fixed point C*-algebra B. We first recall a general fact about the amplification of
morphisms of Hilbert C*-bimodules.

Lemma 3.1. Let C and D be C*-algebras, and £ and &' respectively a right
Hilbert C*-B-C-bimodule and a right Hilbert C*-B-D-bimodule. If T: & — &'
is a completely bounded B-module map, then + ® T descends to a bounded map
t®@p T of norm at most ||T||c, from F @p E to F ®@p &' for any right Hilbert
C*-B-module F.
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Proof. This is shown by a standard argument. Let z1,...,z, be elements in &,
and y1,...,Yn be in F. Then the matrix Y = ((y;,y;)B)i,; in M, (B) is a positive
element. Hence there exists b = (b; ;)i ; € M, (B) satistying b*b =Y. Then

<L ® T(Z ) xZ-),L ® T(Z Y; ® xj>>D = Z(T(fﬂi)v Y ;T(zj))p-

2,9

The norm of the above can be written as

D2 (@), b brs T | = e @ T,
i,5,k

where £ € C" ® £ is a column vector whose k-th component is equal to ), by ;.
By the complete boundedness of T', we obtain

(OEEDIELIN
i j

which implies the desired estimate ||t @ g T|| < |T||cb- O

2

)

le® TN < ITIGNEI7 = T3

The adjointability of different Galois maps are in fact equivalent conditions.

Proposition 3.2. Let G be a compact quantum group acting on a unital C*-
algebra A. Let w be a finite-dimensional unitary representation of G. The following
conditions are equivalent:

(1) The m-localized Hilbert-C*-Galois map G has an adjoint.
(2) The w-localized C*-Galois map G, has an adjoint.

(3) The m-localized crossed product-Galois map 9, has an adjoint.

Proof. Each of the implications can be argued along the same pattern: given the
adjoint of one of the Galois maps, we may restrict it to isotypical components
A, ®a1gC(G) for p € Irr G. Then Lemmas 2.9 and 3.1 imply that those restrictions
are continuous with respect to the other norms. The resulting map on P(A) ®aig
C(G), is shown to be a formal adjoint of the Galois map with respect to the
corresponding algebra-valued inner product. By the inner product characterization
of duals for Hilbert C*-modules, we conclude that this formal adjoint extends to
the actual adjoint. As an illustration, let us prove the implication (1)=(2).

Assume that (1) holds. Take a finite-dimensional unitary representation p
of G, h € C(G)r, and a € A,. We first claim that G} (A 4(a) ® A, (h)) is contained
in Ar ®p Azx,. Observe that we can write

Ar@p A= @ (A @5 Ap).

0elrr G
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Take an irreducible representation # which does not appear in 7 X p, and take
x € Ay, y € Ay. By a direct calculation, we obtain

(Gr(Aa(a) @ Ap(h)), Aa(z) @ Aa(y))
= (@ e@¢)((a(a®) @h")((a®)a(x))(aly) ©1)).

But we see that the second factor of the evaluated element only contains matrix
coefficients of the representation p x m x 6, which does not contain the trivial
representation by the assumption on 6 and Frobenius reciprocity. Hence the above
expression is zero, and the claim follows.

Combining Lemmas 2.9 and 3.1, we obtain a map A, ®pAzx, = ArQ@pAzx,-
Composing this with G, we obtain a map from A, ®a; C(G)r to Ar ®p Azxp.
Taking linear combinations, we obtain a map Fy from P(A)®a1;C(G)x to @, @p A.
We want to show that F{ is bounded, and that its closure equals G7..

Fix a € A, and h € C(G),, and take elements (2,,;)" € A, and (yn:)N7 €
Azxp for n, N, € N such that

Ny
Gr(Aa(a) @ Ay(h) = Tim > " Aa(rn) @ Aa(yn.)-

i=1
Take € A, and y € P(A). On the one hand, we have the convergence

7

Z Ep(y;Ep(@)2)y) = (Aa(2ni) ® Aa(yni), Aalz) @ Aa(y))

— (Aa(a) ® Ap(h), Gr(x @ y)) = (Ep @ ¢)((" @ h)a(z)(y @ 1)).

n—r oo
On the other hand, we also have the convergence

N’!L
(Fo(a® h),Aa(z) @y) = lim ; Yn,i BB (25 )y

Multiplying on the right with an arbitrary z € P(A), we find that
Ep((Fola ® h),Aa(z) @ y)) - 2) = Ep((Aa(a) ® Ap(h), Gr(Aa(z) ®Yy)) - 2).
As z was arbitrary, and as (-, - ) g is non-degenerate on P(A), we find that
(Fo(a® h), Aa(z) @ y) = (Aala) @ Ap(h), Gx(Aa(z) ®Y)).

From this formula, we deduce that Fy descends to a contractive map F from
A® L%*(G), to A®p A, and that F is then precisely the adjoint of G, hence we
obtain (2). O
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Elements in the algebra B act on A, as left multiplication operators, which
are adjointable endomorphisms for the right Hilbert B-module structure. We let
7y, denote the associated embedding of B into £(A,)p. The amplification of left
multiplication defines an analogous action of B on A O .J%,. By abuse of notation,
we denote this representation also by 7, (see Lemma 2.1).

Theorem 3.3. Let a be an action of G on a C*-algebra A, and let ™ be a finite-
dimensional unitary representation of G. Then the following conditions are equiv-
alent:

(1) The m-localized Galois maps are adjointable.

(2) The image of (A x G) under Tpeq lies in K(A, Ar).

(3) The image of mp,: B — L(Ay) is contained in K(Ay).

(3') The image of w,: B — L(AO ;) is contained in K(ADQ ).

Furthermore, when A is unital, these conditions are equivalent to the following:

(4) A, is finitely generated and projective as a right B-module.
(4") AO, is finitely generated projective as a right B-module.

Proof. (1)=(2) Let us identify & @ Z?(G), with (A x G) as explained above
Proposition 2.11. Let us also identify A, ® g« with the right Hilbert I(.A)-module
K(A, A;) of compact operators from A to A, by means of the natural map

Tr: Ar@p o = K(A Az),  Aa(x) @ A (y) = Aa(z)Aaly™)"

Then %, becomes the map II,, of (3).

As ¥, is adjointable, we have, for z in (A xG) ~ & @ . L%(G), (see (4)) and

y in (A, Ay),

o (%7 () y) = 2" Ia(y).
Applying myeq, we conclude that (4 (z))*y = mrea(x)*y for all y € K(A, A;), and
hence ¥ (x) = mrea(x) € K(A).

The implication (2)=-(3) is of course trivial.

(3)=(1). Take a € P(A), say a € A, for some representation p, and h €
C(G)x. Since [A,B] = A, by Corollary 2.6, the operator 7, (Sfla))a is a compact
operator in K(Azxr, Ax).

Let Yrmxp: Ax @B vy, — K(Apxn, Ar) be the restriction of Y. It is
a complete isometry. Moreover, combining Lemmas 2.9 and 3.1, we obtain an
injective bounded map 7 7%, from A, @p Hx, 10 Ar @ Azxp-

Define a map Fy from P(A) ®ag C(G), to Ar ®p A by

—

Fy(a®h) = (Frmxpo Yot )(FalS™1(R))a).

T,TXP
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Let us choose for each n € N a finite collection of pairs x,; € Ax,yni € Azx,
such that
FO(a oY h) = lim Z AA(xn,i) & AA(yn,i)'

n—roo

Then by definition of Fy(a ® h), we have the equality

—

117{11 Z Aa(@n,i)Aa(yy, )" =Ta(S7Hh))a

*

as operators from Az, to A,. Applying the *-operation to both sides, and ap-

plying these expressions to A 4(z) for some = € A, we see that
h,{nZ Aa(yn i Er(ay @) = Aa((t @ 9)((@” @ h*)a())).

In the above formula, the vectors inside A 4 belong to Az ,. Since the norms
on Azy, and Az, are equivalent, convergence still holds in Az ,. Hence if z € A,
and y € P(A), we have

(Fo(a @ h), Aa(w) @ Aaly)) =lim D Ba(y; i Pa(;,w)y)

=Ep(a"(t® p(h" ) (e(x))y)
= (Aala) ® A (h), Gr(Aa(z) © Aaly)))-

As in the proof of Proposition 3.2, we can conclude that Fj extends to a
bounded map F from A ® .Z?(G), to A; ®p A, which is then the adjoint of G.
This way we conclude that 7-localized Galois maps are adjointable.

The equivalence between (3) and (3'), and between (4) and (4'), follows from
Lemma 2.1, as those conditions on 7 are clearly equivalent to having the corre-
sponding ones for each irreducible subrepresentation of .

Finally, assuming A is unital, we show that (3) and (4) are equivalent. In fact,
if A is unital, so is B, and the third condition simply says that K(A,) is unital. In
particular, A, must be countably generated as a Hilbert module. By [9, Lemma 6.5]
and Kasparov’s stabilization theorem [10, Corollary 6.3], A, = pB™ for some
n € N and some self-adjoint projection p € M, (B), and is hence finitely generated
projective. Conversely, if A, is finitely generated projective, [9, Lemma 6.5] implies
that IC(A;) is unital. Since K(A;) is an ideal in £(A;), this completes the proof.

O

Remark. 1. Let us assume our action is ergodic, which means B = C1 (and
necessarily A unital). Then A is a Hilbert space, and as the Hilbert C*-Galois map
is then an isometry between Hilbert spaces, it is necessarily adjointable. Hence the
implication (1)=(5) of the previous result captures as a special case the fact that
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the isotypical components of an ergodic action are finite-dimensional (cf. [4]). Of
course, this special case can be proven more directly (whilst obtaining a stronger
conclusion about the minimal number of generators).

2. Let G be a classical compact group acting on some compact space X. One
can prove that the adjointability of the corresponding Galois maps is equivalent
to the following purely topological condition: if G, C G is the stabilizer group of
z € X, then the assignment x — G, is continuous, with respect to the natural
topology known as finite or Vietoris topology on the space of closed subsets of G.

We end this section with the following observation about the range projection
of Galois isometries.

Proposition 3.4. Suppose that m-localized Galois maps are adjointable. Then
G.9* is a central element inside M(,(A x G),), and

9.9 =G.Gr =G,G~.
Proof. Let us write Pr = ¢4,%". Then
PreL(d @) 2 L(AXG)) ZM((AXG),),

where M means taking the multiplier C*-algebra. Moreover, as in the proof of the
previous theorem, we can interpret ¢ and its adjoint as the maps IT, and 7yeq
respectively. Hence for z € A x G, we have Prz = 1, (mred(z)) = Iy (Trea(x*))* =
(Praz*)* = 2Py, so that Py is central.

From the ‘claim’ in the proof of Proposition 3.2, we have the inclusion

GG (Aa(P(4)) @ C(G)r) € Aa(P(A)) ® C(Gr).

And from the construction of the maps G} and ¥, there, the maps GG, G.G%
and ¢,97 coincide on P(A) ® C(G), (after applying suitable A-maps).

Finally, a simple algebraic computation, coupled with a continuity argument,
allows us to conclude that for z € (4 x G), and ¢ € A ® £?(G),, one has

(Aa®@)(@€) = 2((Aa® 1)) and  (Ay @1)(x8) = z((Aer @ 1)),

where the left (A x G),-module structure on & ® £*(G), is obtained again
by making first the identification with (A x G). It follows that G,G%: = G.G*
=P, O

§4. Freeness of compact quantum group actions

We keep the same notation as in the previous section, thus « is an action of a
compact quantum group G on a C*-algebra A.
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The action « is said to satisfy the Fllwood condition, or simply be free, if the
following cancellation property holds:

[(A)(A®1)] = A @min C(G).

This condition was introduced in [6] in a more general setting of actions of locally
compact quantum groups. It is straightforward to check that if A = Cy(X) for
some locally compact space X, and G is an ordinary compact group G, then the
above condition characterizes precisely freeness of the action of G on X.

Since the subspaces A, of A for m € Irr G are orthogonal to each other, and
similarly for the supspaces (£2(G)x)remrc in £2(G), the isometries G, and G,
add up to respective isometries G and G.

Proposition 4.1. The following conditions are equivalent:

(1) The action « is free.
(2) The Hilbert C*-Galois isometry G is unitary.
(3) The C*-Galois isometry G is unitary.

Proof. Assume the action is free. Since the natural map (A4 ® A,) from A ®min
C(G) to A® Z£%(G) is contractive, we see that the image of G is dense in its
range. As G is isometric, it then follows that it is bijective, hence unitary (cf. [10,
Theorem 3.5]).

Let us assume that G is unitary. Then all G, are unitary operators. Proposi-
tion 3.4 implies that all G, are unitary operators as well. It follows that G is a
unitary.

Finally, let us assume G is unitary. Then we have [a(A;)(A®1)] = ARC(G),
for each representation m of G. As P(A) is dense in A, it follows that the action
of G on A is free. O

Corollary 4.2 (Theorem 1.2). Let A be a unital C*-algebra endowed with a free
action of G, and let m be a finite-dimensional unitary representation of G.

(1) The space A, is a finitely generated right Hilbert B-module (and hence a
finitely generated and projective right B-module).

(2) The space AOQ A is a finitely generated right Hilbert B-module (hence finitely
generated and projective as a right B-module).

Proof. This follows from Theorem 3.3 and the previous proposition. O

Following the case of group actions, we make the following definition of satu-
ratedness.



FiniTE INDEX INCLUSION FROM FREE ACTIONS 727

Definition 4.3. We say that « is saturated if [(A X G)triv - (A X G)fyy] = A X G.

triv

Note that if A is unital, this simply says that 1 ® Xiriv is a full projection in
AxG. In general, this condition says that (A X G)y is an imprimitivity bimodule
between B and A x G.

We now prove the equivalence between freeness and saturatedness.

Theorem 4.4 (Theorem 1.1). A compact quantum group action of G on a (not
necessarily unital) C*-algebra A is saturated if and only if it is free.

Proof. Observe first that the saturatedness condition is equivalent to saying that
I, (K(A, Ay)) is equal to (A x G) for each representation 7 of G. This in turn
is equivalent to all maps ¢, having dense range, i.e. being unitaries. The theorem
then follows from Propositions 3.4 and 4.1. O

§5. Finite index inclusions of C*-algebras

Let B C C be a unital inclusion of unital C*-algebras. Following [28], we call this
an inclusion of finite-index type if there exists a conditional expectation £: C — B
and a finite set of pairs (v;,w;) € C x C, called a quasi-basis for E, such that

ZUZE(UJNU) =z = ZE(a:vz)wz (x e ).

Such a conditional expectation is itself called a conditional expectation of finite-
index type. Then, the index of E is defined as

(6) Index(FE) = Zviwi.

This does not depend on the choice of quasi-basis, and belongs to the centre of C.
An equivalent characterization of a conditional expectation of finite-index type
is the following.

Lemma 5.1. Let B C C be as above, and E: C — B a conditional expectation.
Then E is of finite-index type if and only if the right B-module C, together with
the B-valued inner product (x,y)p = E(z*y), is a finitely generated right Hilbert
B-module.

Proof. If C' is a finitely generated right Hilbert B-module in the way prescribed
above, it follows from [28, Corollary 3.1.4] and the remark following it that E is
of finite-index type.

Conversely, assume that E is of finite-index type. We know that C' is finitely
generated as a right B-module, and, by [28, Proposition 2.1.5], that there exists a
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constant ¢ > 0 such that
[E(z )| < |lz"z|| < c||E(z"z)]|.

Hence C with its B-valued inner product is complete, and becomes a finitely
generated right Hilbert B-module. This concludes the proof. O

Assume now again that A is a unital C*-algebra with an action of a compact
quantum group G, with B denoting the C*-algebra of G-fixed elements. Let us
fix a representation 7 of G with a fixed orthogonal basis {e;} for /%, and write
Or(e;) = Zj u;j @ e; with u;; € C(G).

On the one hand, we can twist the coaction o with the representation 7 to
obtain the coaction

(673 A X B(%) — (A® B(%r)) ®min C(G)7

which, using the Sweedler notation a(a) = a(p) ® a(1), is given by the formula
ar(a® eie;) = Z a@) ® exe] ® u,’:ia(l)ulj.
k.l

On the other hand, we can also consider the following left coaction of C(G)
on B(s#;):
Ady: B(7) — C(G) @ B(A7),  eiej Zuiku;l ® ege;j.
k,l
We let AO B(#;) denote the space {x € A® B(J;): (a®)(x) = (1 ® Ad;)(x)}.
The following lemma follows from a straightforward computation, which we

omit.

Lemma 5.2. The C*-subalgebras (A ® B(;))® and AQ B(4,) of A® B(s)

coincide.

Theorem 5.3 (Theorem 1.3, first part). Let A be a unital C*-algebra endowed
with a free action of G. Then the inclusion B = A® C (A® B())® is a finite-
index type inclusion.

Proof. By the previous lemma, it is equivalent to show that B C AO B(J%;) is
an inclusion of finite-index type. Let us choose a faithful Ad,-invariant state 0,
on B(#;). Then we can view B(J%;) as a Hilbert space with the inner product
(x,y) = Or(x*y), and it is immediate that this turns Ad, into a representation
of G.

Consider the map

E: AO0OB() > A, - (1®60;)z.
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First, it is faithful, being a restriction of the faithful map ¢ ® 6. Next, its image is
the intersection A® CN AO B(4;) = B. Moreover, the E-induced inner product
(x,y)p = E(z*y) on AOB(J#%) coincides precisely with the one we defined in
Section 2 (viewing B(7%;) as a Hilbert space as above). Hence, by Corollary 4.2,
AO B(5%;) is a finitely generated right Hilbert B-module. The theorem now fol-
lows from Lemma 5.1. O

We remark that, by the same proof, the theorem holds more generally for
any coaction whose associated C*-Galois map is adjointable (or indeed just its
7 ® 7-localization is adjointable).

To end, let us show that, when 7 is irreducible, the index of the above inclusion
is in fact a scalar, equal to the square of the quantum dimension of .77;. This
should not be surprising: it is the quantum analogue of the fact that if V is a
representation of a compact group G, and X a compact space with a free action
of G, the pullback of V' to X by means of the action gives a vector bundle of
constant rank the dimension of V. For more on this in a von Neumann algebraic
context, see e.g. [27], [2] and [24].

Note that the formula (6) still makes sense in case E is just a B-bimodular
map from C' to B and the ‘inclusion map’ map B — C' is not injective. We will
make use of the following lemma, whose proof is very similar to the one for the
statement that finite index is stable under the Jones tower construction (cf. [28,
Proposition 1.6.6]). It will later on allow us to tune down half of an argument
of [27].

Lemma 5.4. Let B be a unital C*-algebra, and € a right Hilbert B-bimodule
which is finitely generated as a left and as a right B-module. Assume that £ has
a left B-valued inner product g(-, ) such that € becomes also a left Hilbert B-
bimodule (with respect to the given B-bimodule structure on £). Then the map

E:K(E€)p— B, & &),

is well-defined and B-bimodular (with respect to the natural map B — K(€)p).
Choosing further a finite set of elements &;,n;,&;,7: € € such that

> &G p=¢= ZB(&&?% forall £ €€,
j :

the elements
vig =&, wi =&
form a quasi-basis for E, and hence the index of E is given by

Index(E Z@(Z 771,52 )
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To be clear, the adjoint operation is taken with respect to the right Hilbert
module structure. Note that, if the sum . (7;,&)p equals cl for some scalar c,
then Index(E) = cl.

Proof. We will only verify that half of the quasi-basis property with respect to
E is satisfied for the pairs (v;;,w;;). Note that we can restrict ourselves to the
verification of the identity T = >, .
of £, as we can obtain the same formula for arbitrary T' € (&) by linearity.

v; ;E(w; ;T) for rank 1 endomorphisms T

Suppose T = &n* for some vectors &, 7 in €. Then w;; T = I3 (n;,&) Bn*. Hence
we can compute

ZvijE(wU Zﬁﬂlzg gz 773; 37 ZEJ gz 77]7 77>*77i)*~
(¥}

Note that the inner product satisfies the symmetry g(z,y)* = p(y, ), and the
compatibility p(z,ya) = p(ra*,y) with the bimodule structure. Using these, we
may further transform the right hand side above to

ij 77]> B7£Z 771 Zf] 77]’ ij ni,§ )BNT = &N,

which proves Z v, E(wi;T)="T. O

Let us now fix a free action of G on a unital C*-algebra A. We also fix an
irreducible finite-dimensional unitary representation 7w of G. Let us also recall here
the following strong left invariance property for ¢: if g, h € P(G), then

¢(gh2)) hay = ¢(g)h) S(9(1))-
Lemma 5.5. The natural representation of AQ B(;) on AQ ;. is faithful.

Proof. Note first that we can realize K(AO.7%;) as an ideal inside AO B(J7;),
formed by the span of the elements of the form Z” Ty; ®ee; with Y z; ®e; and
> y; ® e; inside AO ;. The faithfulness of our representation is then equivalent
to this ideal being the whole of A O B(;).

Now choose an orthonormal basis e; € 7, and write d;(e;) = Z Uij @ ej.
Take z € P(A). Then, using that S(uj;) = u;; together with strong left invariance,
one finds that 3, o(uj;z(1))7(0) ®€; lies in AD 5, where we have used again the
Sweedler notation for the coaction a. Hence K(A O .77;) contains all elements of
the form

(7) Z ®Y UklfL'(l) y(l)ulj) (O)yEKO) ® ekezk.
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But we can write this in the form

> olupae)e (S @) (@) ayw;) (oY) o) © exe;
k,l

Now from the proof of Propositions 3.2 and 4.1, it follows that we can express any
a ® h with a € P(A) and h € P(G) as a linear combination of elements of the
form a(x)(y* ®1). Hence, taking the particular case a = 1, we see that (A O ;)
contains all elements of the form

Z p(uiih(2)e(S™ (h))uy) 1 @ exe;.
kol

Rewriting this slightly by means of strong left invariance, this becomes

®) Z (uph)p(uryus) 1 ® ege;.
k,l,p

Using the matrices @, from Section 2.1, the above simplifies to
dimq(%ﬁr)—l(z (€7, Quey) (p(u;ih)) 191,
P

It is clear that the sum does not vanish for some combination of 7, j and h, proving
that (A O.7;) contains the unit of AO B(J%;), and is thus equal to the latter
algebra. ]

Note that the above proof, with a slightly modified last step, works just as
well for representations which are not irreducible. Although we will not really need
it, let us make at this point the link with the theory of eigenmatrices.

Let 7 be a representation of G, and choose an orthonormal basis (e;) for ;.
As before, put 6(e;) = Zj u;; @ e;, and consider the space

Am) = {o = @i @ eji € Mu(4) | alwiy) = Y win G g } € A B(#),

ij k

which we call the space of w-eigenmatrices.

Corollary 5.6. In the above notation, we have

9) A(m)A(m)* = (A® B(#7))°.

Proof. It is easily verified that we have an isomorphism of vector spaces

(AOsG) @ ) — A(n), (Zai®ei>®e;»—>2ai®eiej.
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It follows immediately that
A(m)A(m)" = (AB A7) (AT L),
from which the corollary follows by the previous lemma. O

Peligrad [13, Corollary 3.5] showed that, for compact group actions, the con-
dition (9) is equivalent to the saturatedness of the action. These results are also
closely related to the strong monoidality of the operation AO —.

Assume now again 7 irreducible, and consider on A O %, the left Hilbert
B-module structure via

B{&m = (t®0-)&n",
where 6, is the unique Ad,-invariant state on B(J7;). It is easy to see that the
conditional expectation F: AOB(5) = K(AO#%) — B from Theorem 5.3
corresponds precisely to the one from Lemma 5.4.

Theorem 5.7 (Theorem 1.3, second part). The index of the conditional expecta-
tion (1®0,) for B C (A® B(54))C equals dim, ()2, the square of the quantum
dimension of ;.

Proof. As in Section 2.1, we identify J% with S endowed with the modified
inner product (e}, e7)) = O (eie]).

Choose an orthonormal basis (e;); (resp. (fi)i) of #; (vesp. of %), and write
6(ei) = >, uij ®ej (vesp. 6=(f;) = >_;vij ® f;. Let h and g be the elements of
P(G) satistying

(10) ‘P(Ufjh) = 0ij, @(U:jg) = 0;5.
Finally, let us choose a finite collection of xy, yx, w;, z; € P(A) such that
Za(x@(yﬁ@l):l@h, Za(wz)(zf@l):1®g.
k 1
Then xk,yr € Ar and 2z, w; € AzA%L.
Consider the vectors of A0 .7 (see the proof of Lemma 5.5) defined by
ik = Z O(UpiTh(1)) Thio) @ €py  Mik = Z (Ui Yr(1)) Yr(0) @ €p-

p p

Going through the argument from (7) to (8) and then applying (10), we deduce
that sz & k7 i, represents the identity operator on A0 J7.
When >, z; ® e, Zj y; ®ej, and Y, 2 ® ep, in AO I, we calculate

(B<in®ei’zyj®6J>sz®ek)* _ Zz;®ez<2y;‘®e;,z$f®ej>}3
i J k k J i
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Here, the B-valued inner product on the right hand side is defined on the right
B-module A0 7%, and it makes sense because ), z; ®e; is in AO J%, etc. From
this, we find that the elements &; 1, n; . and

§ig = Z‘P(Zz*u)vpi) 2oy @ fpr Mg = ZSD(wf(U”pi)wz*(o) ® fp
P P

satisfy the hypotheses of Lemma 5.4. More precisely, when v = >, c;ef €
= J, then v* denotes the vector ). Ge; in J2;.
Now the same computation as in Lemma 5.5 shows that

Z <7~h,k,g¢,k>3 = (Z fifi*) 1.
i,k i
Therefore Index(E) = (32, fiff) 1. From the way (,-)) was defined and (1), we

see that a possible choice of (f;); is

f’i = dlmq(%‘—)l/2 Z(e’h Q}T/Qek>e;:7'

k
For this choice we can compute Y, f; f; = dimy (5 )Tr(Q,) = dimg (5 )?, finish-
ing the proof. O
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