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A theory of induction and classification of tensor C*-categories
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Abstract. This paper addresses the problem of describing the structure of tensor C*-categories
M with conjugates and irreducible tensor unit. No assumption on the existence of a braided
symmetry or on amenability is made. Our assumptions are motivated by the remark that
these categories often contain non-full tensor C*-subcategories with conjugates and the same
objects admitting an embedding into the Hilbert spaces. Such an embedding defines a compact
quantum group by Woronowicz duality. An important example is the Temperley—Lieb category
canonically contained in a tensor C*-category generated by a single real or pseudoreal object of
dimension > 2. The associated quantum groups are the universal orthogonal quantum groups
of Wang and Van Daele.

Our main result asserts that there is a full and faithful tensor functor from M to a category
of Hilbert bimodule representations of the compact quantum group. In the classical case,
these bimodule representations reduce to the G-equivariant Hermitian bundles over compact
homogeneous G-spaces, with G a compact group. Our structural results shed light on the
problem of whether there is an embedding functor of M into the Hilbert spaces. We show that
this is related to the problem of whether a classical compact Lie group can act ergodically on
a non-type I von Neumann algebra. In particular, combining this with a result of Wassermann
shows that an embedding exists if M is generated by a pseudoreal object of dimension 2.
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1. Introduction

By Tannaka—Krein duality theory, a semisimple rigid tensor category admits an em-
bedding functor into the category of finite-dimensional vector spaces if and only if it
is the representation category of a quantum group. There are variants of this result de-
pending on the framework under consideration. This characterization does however
not allow one to tell whether a given tensor category admits such an embedding.

A positive result, motivated by algebraic QFT, asserts that a symmetric tensor C*-
category with conjugates M, is equivalent, after completion under direct sums and
subobjects, to the symmetric tensor C*-category of finite-dimensional representations
of a unique compact group [11]. There is a similar well-known result in the context
of algebraic geometry [8].

However, different finite groups may have equivalent representation categories
[12], [17], so the symmetry is crucial for uniqueness.

Another positive result is a theorem of [14], asserting that a semisimple rigid tensor
category with finitely many irreducibles is equivalent to a representation category of
a finite-dimensional, but not unique, weak Hopf algebra in the sense of [5], see also
[30]. However, this theorem does not say anything about whether the weak Hopf
algebras can be chosen to be a quantum group or even a group. Moreover, this
approach does not generalize easily to categories with infinitely many irreducibles,
as difficulties of an analytic nature arise.

In this paper we consider the analytic framework of tensor C*-categories with
conjugates. Now, an embedding functor is naturally required to take values in the
category Hilb of Hilbert spaces. Here, the quantum groups of the Tannaka—Krein
duality theory are compact quantum groups [50]. However, even in this case, there
are situations where there can be no such embedding.

For example, if a tensor C*-category with conjugates M has an object with an
intrinsic dimension strictly between 1 and 2, it obviously cannot be embedded into
Hilb. These cases are often related to quantum groups at roots of unity by Jones
fundamental result on the restriction of the index values [18], [48]. Ocneanu [29]
indicated that they should be understood as ‘quantum subgroups’ of the deformed
SU(2), a program developed in [19].

But other classes are known even when there are objects with intrinsic dimension
> 2. For example, consider an irreducible inclusion of II; factors N C M with finite
Jones index [M : N] and consider the tensor C*-category of N -bimodules generated
by y My . This category has conjugates and the intrinsic dimension of the generator
NMpy is [M : N], hence > 2 if the inclusion is proper, again by the restriction of the
index values. By an easy consequence of Popa’s work [38], this category cannot be
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embedded in Hilb whenever the index is not an integer and the inclusion is amenable
in the sense of Popa, see [36]. There is a similar result for an amenable object in a
tensor C*-category with non-integral dimension [22]. (The precise relation between
the two notions of amenability has not been clarified.)

On the other hand, compact quantum groups provide examples of tensor C*-
categories with conjugates that are embedded but not amenable, as the intrinsic di-
mensions of unitary representations are often not integral.

This paper addresses the problem of describing the structure of tensor C*-catego-
ries with conjugates and irreducible tensor unit. We are interested in the case where
there is a generator with intrinsic dimension > 2. No assumption on the existence of
a braided symmetry or on amenability is made.

The tensor C*-categories M arising from subfactors have as objects the tensor
powers of an irreducible selfconjugate object x, a property expressed in terms of an
intertwiner R € (¢, x ® x). The tensor *-subcategory generated by R is a Temperley—
Lieb category, admitting an embedding if d(x) > 2. All such embeddings may be
classified; they correspond to suitable compact quantum groups A, (F) of Wang and
Van Daele. In particular, if F € M,(C) these quantum groups are the quantum
SU(2) groups of Woronowicz for deformation parameters uniquely determined by
the dimension and the reality character of x. A similar result holds if the objects
of M are the semigroup with unit generated by an object x and its conjugate X, the
quantum groups involved are certain A, (F).

These remarks show that although tensor C*-categories with conjugates cannot be
embedded generically, they may contain an embeddable subcategory with conjugates.

Abstracting from the above, we start from two tensor C*-categories with con-
jugates #A and M, a tensor *-functor 7: 4 — Hilb and a quasi-tensor functor
u: A — M. We may suppose that the objects of M are tensor products of ob-
jects in the image of . By [50], T determines a compact quantum group G,. We
showed in [34] that the pair w, t canonically defines an ergodic action of G; on a
C*-algebra €. When p is the functor restricting a representation to a subgroup K of
G, this action reduces to the translation action on the quantum quotient space K\G-.

If M is not embeddable, the associated ergodic action cannot correspond to a true
quantum subgroup [33]. Borrowing a notion due to Mackey [24], we may talk of a
virtual subgroup.

The notions quasi-tensor functor and relaxed tensor functor are recalled in Sec-
tion 2, this extra generality is motivated by their role in the duality theorem for ergodic
actions of compact quantum groups, where they arise as spectral functors. (The spec-
tral functor of an ergodic action maps a representation to the corresponding spectral
space, thus, in particular, it takes values in the category of Hilbert spaces [34].) Note
that, unlike relaxed tensor functors, quasi-tensor functors may take a non-zero object
to the zero object.

One of the aims of this paper is to describe M as a category of representations of
the virtual subgroup. To handle the non-embeddable case, we introduce the notion of
a representation of a compact quantum group on a Hilbert bimodule over an ergodic
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C*-algebra. This is the noncommutative analogue of the bimodule of continuous
sections of an equivariant Hermitian bundle over a compact homogeneous space. We
show that these bimodule representations form a tensor C*-category with irreducible
tensor unit, Theorem 3.1.

Given an object of M, we construct a Hilbert bimodule representation of G, that
we regard as a representation induced from the virtual subgroup, as the associated
bimodule generalizes the bimodule of sections of the equivariant vector bundle in-
duced from a representation of a subgroup. As a right module, the induced module
turns out to be finite projective and, if u is tensorial, even free and finitely generated,
aresult generalizing Swan’s theorem to a noncommutative framework.

We show that the bimodule construction yields a full and faithful tensor *-functor,
the induction functor, from M to the category Bimody(G) of Hilbert bimodule
representations of G;. Note that this tensoriality property holds despite the fact that
1 was only assumed to be quasi-tensor, Theorems 6.2 and 6.4.

In particular, if M is generated as a tensor C*-category by a real or pseudoreal
object x of d(x) > 2, then it may be identified with a category of bimodule repre-
sentations for any one of a class of compact quantum groups A, (F'). A similar result
holds if x is not selfconjugate, Theorems 6.5 and 6.6.

We then use these abstract results to investigate the case where M is an extension of
the representation category of a compact Lie group G. We show that if the associated
ergodic C*-algebra € yields a finite type I von Neumann algebra after completion in
the GNS-representation of the unique invariant trace, then M admits an embedding
functor. In fact, we construct an explicit full tensor functor to the representation
category of a closed subgroup of G, Theorem 6.7.

This last result shows that the question of the existence of an embedding into
the Hilbert spaces is related to the open problem posed in [15] and mentioned in
the abstract on the existence of ergodic actions of classical compact Lie groups on
non-type-/ von Neumann algebras. A negative answer for G would imply that the
associated ergodic von Neumann algebra is of finite type I and hence that M is
embeddable.

This is known for SU(2) [46]. This negative result shows that if the objects of
M are generated by a single pseudoreal object of intrinsic dimension 2, M can be
embedded, and admits a full and faithful tensor *-functor to the category of represen-
tations of a closed subgroup of SU(2), Corollary 6.9. We would like to point out the
analogy of this result with the well-known classification of subfactors of index 4 in
terms of closed subgroups of SU(2).

The notion of full bimodule representation plays a role in this paper. An object of
Bimod,, (G) is full if every fixed vector for the action is central (see Section 5). This
guarantees that the left module structure is naturally compatible with that of right
module representation. We show that the induced bimodule representations are full
(Propositions 8.9 and 9.4) and use this to show the embedding result. Furthermore
we use this property to show that certain ergodic actions cannot arise from a pair
of tensor functors u, . We show for example that neither the adjoint action of a
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non-trivial irreducible representation of SU(2) nor those with full spectrum and low
multiplicity can arise, Section 11.

Here we have interpreted induction in terms of bimodule representations. How-
ever we may also induce from representations of the virtual subgroup to Hilbert
space representations of G, except that such representations need no longer be finite-
dimensional. However after completing our categories under infinite direct sums, we
show that induction and restriction are a pair of adjoint functors, Theorem 10.1.

In conclusion, we draw the reader’s attention to an incomplete list of papers where
related results may be found, although some from different perspectives, [1], [5], [7],
[91, [13], [16], [21], [26], [27], [31], [33], [42], [44].

The paper is organized as follows. Section 2 establishes notation and recalls
results that we shall need. In Section 3, we explain the notion of a representation
of a compact quantum group on a Hilbert C*-bimodule and we introduce the tensor
C*-category Bimody(G). In Section 4 we review Mackey’s induced representation
and Frobenius reciprocity from the standpoint of bimodule representations. In the
next section, we introduce the notion of full bimodule representation and discuss the
example of quantum quotients. In Section 6 we illustrate the main ideas and results of
this paper. Sections 7-9 are dedicated to the induction functor into the tensor category
of Hilbert C*-bimodules. In Section 7 we give the algebraic construction of bimodule
and introduce an inner product starting from a pair (z, u) and show positivity of the
inner product when 7 is tensorial in Section 8, leading to the Hilbert C*-bimodule
representation of the compact quantum group G, associated with 7. In Section 9 we
show that there is a unique extension of the induction functor to a tensor functor. In
Section 10 we show that if we instead define an induction functor taking values in
the category of unitary representations of G, on Hilbert spaces, then (u,Ind) is an
adjoint pair of functors. Sections 11 and 12 are dedicated to the analysis of ergodic
actions of compact groups. In Section 11 we classify full bimodule representations
of compact groups on finite type I von Neumann algebras and use the classification
in the following section to derive results on the problem of embedding into Hilbert
spaces. A few computations in an appendix conclude the paper.

2. Notation and preliminaries

2.1. Tensor C*-categories with conjugates. We shall work with tensor C*-cate-
gories defined as in [11]. By MacLane’s theorem [25], we may and shall assume that
the tensor product is strictly associative. The tensor product between objects u and
v will be denoted by u ® v and between arrows S and 7 by S ® T. The n-th tensor
power of an object u will be denoted by u”. The tensor unit, denoted by ¢, will always
be assumed irreducible:

(t,t) =C.
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An object u of a tensor C*-category « is a conjugate of u if there are arrows
Re(L,u®u), Re(,u@i)
satisfying the conjugate equations
R*®1,01,®R=1,, R*®lz01;®R = 1z.

If R, R is a solution of the conjugate equations for u, any other solution is of the form
X*'®1,0Rand 1, ® X o R, where X € (i1, ) is an invertible intertwiner. R is
uniquely determined by R.

We will always take 1, as the solution of the conjugate equations for ¢.

An object u is called real or pseudoreal if we may choose u = u (i.e., u selfcon-
jugate), and a solution of the form R = R or R = —R respectively.

We shall say that # has conjugates if every object has a conjugate. In this case,
every object is a direct sum of minimal projections. A solution of the conjugate
equations (R, R) is said to be standard if

R*ol; ® Yo R=R*oY ®1l;0R, Y € (u,u).

The X € (u,u) taking one standard solutions to another is unitary. The intrinsic
dimension of an object is defined as d(#) = ||R||?>, where R is part of a standard
solution. Equivalently, d(u) is the minimal value of ||R||||R]| for all solutions. We
refer to [22] for details.

Fix objects u, v of # and pick a solution R, R, and R,, R, of the conjugate
equations for u and v respectively, and define the associated antilinear map,

Ac(wu) > A =R'®@1;01; ®A*®@ 13013 ® Ry, € (0,11).

This map depends on the choice of conjugates: changing the solution of the conjugate
equations using invertibles X € (i) and Y € (v,7), A" becomes X 0 A* o Y !

We stress that the notation R, refers to a particular solution of the conjugate
equations for u but does not necessarily imply a choice for each object u.

Example. In the category Hilb any solution of the conjugate equations for a finite-
dimensional Hilbert space H is of the form

R = ?;sh ®j '¢n, R= %Wk Q jVk,

where j is an antilinear invertible map to another Hilbert space H and (V%) and (¢y,)
are orthonormal bases of H and H respectively. We shall use the notation jz to
emphasize that j refers to the object H. For A € (H, K), the associated « is given
by A* = jxAj;'. Inparticular, y* = jyy fory € H.
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If (Ry, Ry), (Ry, Ry) are solutions for u and v respectively, Rygy := 15 ® Ry ®
1, o Ry, and Eu@,v =1, ® R, ® 15 o Ry, is a solution for u ® v, called the tensor
product solution. Similarly, Rz := R, and R; := R, the solution for i, called the
conjugate solution.

The main properties of « are the following:

(AoB)'=A"oB*, (A®B)=B"QA4°
for the tensor product solution.

2.2. Quasitensor functors. Although all tensor categories may be assumed to be
strict, it is well known that one may meet functors preserving the tensor structure
only up to a natural equivalence. Here we need the notion of quasi-tensor functor
whose definition we recall. A *-functor : A — M is called quasi-tensor if there
are isometries fly,y € (Uy & Uy, Lugy) such that

=1, @.1)
,au,t = [LL,M = 1Mu’ (22)
ﬁ:,t)@w © ﬂu@v,w = l,uu ® llv,w o ﬂ;:’v ® lu,w 2.3)
and natural in u, v,
u(S ®T) o fiy,y = jhur, o u(S) ® u(T), (2.4)

for objects u, v, w, u’, v’ of A and arrows S € (u,u’), T € (v,v’). The above
definition was given in [34] in a different form, in connection with the study of
ergodic actions of compact quantum groups on unital C*-algebras. The equivalence
with the above definition was shown in [35]. If all the isometries fi,, are unitary,
(w, f1) will be called a relaxed tensor functor. In particular, a strict tensor functor, or
simply a tensor functor, is a quasi-tensor functor with ji, , := 1,,, &, for all objects
u, v. Note that a quasi-tensor functor may take a non-zero object to the zero object.
Examples arise from ergodic actions (cf. also Section 2.4).

Notice that, since we are dealing with isometries, (2.3) implies the associativity
property,

ﬁu@v,w o llu,v ® 1y, = ﬁu,v@w o luu ® llv,w‘

Hence both sides of this equation define the same intertwiner jiy v, € (Uy @ Uy @
Hw, Muguew)- Lterating, we get, for any finite sequence u = (uq, ..., u,) of objects
of 4, with n > 2, an unambiguous arrow

Py iy € (g @ +++ @ Mty s Mty @@y )-

We set ji,, = 1,, for a sequence of length 1. [i is a natural transformation, i.e., for
Si € (ui, vi),

/’L(Sl (24 S2 R--® Sn) Ollul,uz,.‘.,un = llvl,vz ..... vn O/'L(Sl) X I‘L(SZ) PR ®/’L(Sn)-
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We remark however that (2.3) is stronger than associativity. It also implies a cat-
egorical analogue of Popa’s commuting square condition in the theory of subfactors,
see [34] and references there. If 4 has conjugates, so do objects in the image of u.
In detail, if (u, ft): A — M is a quasi-tensor functor and if (R, E) is a solution of

the conjugate equations for u and u in 4 then R:= = ji; , o 1(R), R := ,uu u © w(R)
is a solution of the conjugate equations for p,, in M, called the image solution. In
particular, d(y,) < d(u)

Image solutions Ru, R and Rv, R associated to u and v define a map » on the
arrow space ([, Ly) in M and we have

pn(A)" = pu(A’).

If (u,it): A — Mand (v,v): M — N are quasi-tensor functors, the composi-
tion v becomes quasi-tensor with natural transformation v(fiy,y) © Yy, 0, [35]. A
composition vy of two quasi-tensor functors will always be implicitly understood as
a quasi-tensor functor with this natural transformation.

2.3. Ergodic C*-actions of compact groups. Leta: G — Aut(€) be a continuous
ergodic action of a compact group G on a unital C*-algebra €. The finiteness theorem
for the noncommutative ergodic space € and the multiplicity bound theorem assert
respectively that the unique G-invariant state of € is a trace, and that the multiplicity
of an irreducible representation of G in « is bounded above by its dimension. Fur-
thermore, any von Neumann algebra with an ergodic action of a compact group is
necessarily hyperfinite [15].

Recall that if 8 is an automorphic action of a closed subgroup K of G on a von
Neumann algebra ¥, the induced von Neumann algebra is defined by:

Ind(F) := {f € L*(G, ) | f(kg) = Br(f(2)). k € K, g € G}
= (L%(G) ® 7)**F,

where A is left translation of K on L*°(G). If ¥ is a C*-algebra, the von Neumann
tensor product ® is replaced by the minimal one, and L*-functions by continuous
ones. The induced algebra carries the induced action p of G given by right translation.

As recalled in [47], combining the above results with an imprimitivity theorem
of Takesaki [43] for locally compact group actions on von Neumann algebras allows
one to reduce the study of ergodic actions on von Neumann algebras to those on
finite factors. Indeed, any ergodic action of a compact group G on a von Neumann
algebra € is induced by an action of a closed subgroup K on a matrix algebra or on
the hyperfinite II; factor R.

Wassermann has shown the important result that G = SU(2) acts ergodically
only on (finite) type I von Neumann algebras [46]. For more results in this direction
see also [28]. It is not yet known whether there are any ergodic actions of compact
classical Lie groups on the hyperfinite II; factor R, a problem raised in [15].
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2.4. Ergodic C*-actions of compact quantum groups. We refer to [51] for the
general definition of a compact quantum group. If G = (@, A) is a compact quantum
group, Rep(G) will denote the category of unitary finite-dimensional representations
of G.

The theory of ergodic actions of compact quantum groups on unital C*-algebras
has been initiated in [4], [37]. Recall from [37] that an action of G on a unital
C*-algebra € is a unital *-homomorphism

a: € —->€R4AQ,

where ® denotes the minimal tensor product of C*-algebras, such thata ® t oo =
t ® A o o and with the property that «(€)C ® Q is dense in € ® Q. The action is
called ergodic if €% := {¢ € € | a(c) = ¢ ® I} = C. Recall that € has a unique
faithful state invariant under the action of G, but, unlike in the group case, is not a
trace in general [49]; see also [45].

2.5. Spectrum, multiplicity maps, spectral functor and duality theorem. The
spectrum of an action « of a compact quantum group G on €, denoted by sp(«), is
the set of all unitary representations u of G for which there is a faithful linear map
T: H, — € intertwining the representation u with the actionv. This means thatifu;;
are the coefficients of # in some orthonormal basis of H , there are linearly independent
elementscy,...,cq € €, with d the dimension of u, such that «(¢;) 1= Zj i Qujj.
The linear span of all the ¢;’s, as u varies in the spectrum, is a dense invariant *-
subalgebra of €, denoted by €, [37].

Examples of ergodic actions are the quantum quotient spaces C(K\G) by a com-
pact quantum subgroup K. Asin the classical case, C(K\G) is the fixed point algebra
under a suitable action of K on the Hopf C*-algebra of G, with action of G given by
restricting the coproduct. This action is usually called the translation action [45]; see
also [33]. C(K\G)yp is linearly spanned by the matrix coefficients {uy y, }, where
u varies in the set of unitary finite-dimensional representations of G, k in the set of
fixed vectors for the restriction u 'k and () is an orthonormal basis.

For any representation u, consider the space L, of all linear intertwiners 7,
not necessarily faithful, between u and «. L, becomes a Hilbert space with inner
product (S, T) := >, T(Y;)S(¥;)*, with (1;) an orthonormal basis of H,. For
an irreducible u, L,, # 0 precisely when v € sp(«). The dimension of L, is the
multiplicity of u in o. L, is known to be finite-dimensional if « is ergodic [4]. The
complex conjugate vector space L,, is called the spectral space associated with u.
For any u € Rep(G), associate the map

cu: Hy _>Zu®€» cu(l/f) :=ka®Tk(l/f)v
k

where T} is any orthonormal basis of L,,. Note that ¢;,, does not depend on the choice
of orthonormal basis. The ¢,,’s are called multiplicity maps in [34].
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We can represent c,, as arectangular matrix whose i -th row is given by the multiplet
T; = (T;(Y1) ... T; (Y4)) transforming like u under .

The set of all coefficients {c;’ ;=T (¥;).1, j} forms a linear basis for the dense
*-subalgebra €, as u varies over a complete set of irreducible representations of
sp(e), [371, [2], [34].

The map u — L, can be extended to a functor L: Rep(G) — Hilb from the
category Rep(G) of unitary finite-dimensional representations of G to the category
of Hilbert spaces. If A € (u,v)and T € LythenT o A: H, — € liesin L,. Lisa
contravariant *-functor, hence it is convenient to pass to the dual Hilbert spaces, that
we naturally identify with the spectral spaces L,,. We thus get a covariant *-functor,
L, the spectral functor of the ergodic action. The spectral functor and the multiplicity
maps are related by Ly ® I oc,, = ¢y 0 A, A € (u,v), for any u, v € Rep(G).

For example, the spectral functor of a quantum quotient space C (K \G) maps the
representation u of G to the Hilbert space of fixed vectors of the restriction u | k.

There is a natural isometric inclusion

Luy: Ly ® Ly — Lygy

identifying a simple tensor S ® T with the complex conjugate of the element of Lygy

definedby v ® ¢ € H, ® H, — S(¥)T(¢). It has been shown in [34] that (L, L) is
a quasi-tensor functor and that (€, o) may be reconstructed almost entirely from L.
In detail, L keeps complete information on the dense *-subalgebra €p, its maximal
C*-norm and the restricted action o [‘(fsp. (However, L does not keep track of the
original C*-norm of €, a feature already present in Woronowicz’ version of Tannaka—
Krein duality [50].) Moreover, any quasi-tensor functor (u, jt): Rep(G) — Hilb is
the spectral functor of an ergodic action of G on a unital C*-algebra.

For completeness, we recall that the spectral functor is a relaxed tensor functor if
and only if the quantum multiplicity of every irreducible equals its quantum dimen-
sion. We refer to [2] for the notion of quantum multiplicity and to [34] for the proof
of this fact. In the group case, this means that the multiplicity of every irreducible
equals its dimension.

Note that the finiteness theorem fails for compact quantum groups, as the Haar
measure is not a trace in general. On the other hand, the multiplicity bound theorem
holds, provided multiplicity and dimension are replaced by their noncommutative
analogues [4], [2].

2.6. Hilbert modules and Hilbert bimodules over C*-algebras. We refer to [3],
[20] for the definition of a (right) Hilbert module X over a C*-algebra €. The €-
valued inner product will be denoted by (-, -} and we shall assume €-linearity on the
right. We recall in particular that if € = C, X is just a Hilbert space. Any C*-algebra
€ gives rise to the Hilbert module, X = €, with inner product {(c, ¢’) := ¢*¢’. This
is usually called the trivial Hilbert module. More generally, if H is a Hilbert space,
we may form the algebraic tensor product H © €, which is a pre-Hilbert module with
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the obvious module structure and inner product
(V®c.y¥' ®c) = (Y. y)c*c.

The completion will be denoted by H ® €. We shall only consider Hilbert modules
over unital C*-algebras. A Hilbert €-module X is called full if the inner products
{x,x’) span a dense subspace of €.

If X and X’ are Hilbert modules over €, £¢ (X, X’) denotes the Banach space
of bounded adjointable maps from X to X’.

A Hilbert module X over € will be called a Hilbert bimodule if there is a left
action of € on X given by a unital *-homomorphism € — £¢ (X, X). For example,
the trivial module becomes a Hilbert bimodule in the obvious way. If X’ is another
Hilbert bimodule over €, £ (X, X’) denotes the set of elements T € Le (X, X)
commuting with the left actions.

The great advantage of Hilbert bimodules versus Hilbert modules is that we may
form tensor products, X ®¢ Y see [3], [6]. The category with objects Hilbert bimod-
ules over € and arrows (X, X') := eLe (X, X’) is a tensor C*-category with tensor
unit given by the trivial Hilbert bimodule.

3. Bimodule representations of compact quantum groups

In this section we define unitary representations of compact quantum groups on
Hilbert modules or Hilbert bimodules over unital C*-algebras. These representations
may be regarded as the noncommutative analogues of the G-equivariant Hermitian
bundles over compact spaces introduced by Segal [40], where G is a compact group.

In the following general definition we shall not assume our modules to be finite
projective (this would correspond to local triviality in the commutative case, by Swan’s
theorem [41]), even though we shall eventually be interested in finite projective Hilbert
modules.

Let us fix an action (€, «) of a compact quantum group G = (€, A) on a uni-
tal C*-algebra €. By a Hilbert module representation of G, or simply a module
representation, we mean a C-linear map

v: Xy > X, ® @,

where X, is a Hilbert €-module, @ is regarded as the trivial Hilbert @-module and
Xy ® @ denotes the exterior tensor product of Hilbert modules, a Hilbert module
over € ® @, see [3] for details, such that

(v(x), v(x))ege = a((x, x')e), x,x" € Xy, (3.1
v(xc) = v(x)a(c), xeX,, c€¥, (3.2)
VR lgov=1x, ® Ao, 3.3)

v(Xy)ly, ® @isdensein X, ® Q. (3.4)
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The simplest example of a module representation is the trivial representation, v = o
on the trivial Hilbert €-module. It will be denoted by .

Note that if € = C this definition reduces to the notion of a strongly continuous
unitary representation of a compact quantum group on a Hilbert space; see [1], [51].

On the other hand, as mentioned at the beginning of the section, if € is com-
mutative and G is a compact group, this notion reduces to that of a G-equivariant
Hermitian bundle, the equivariance property being expressed by (3.2).

One can form the C*-category Modg (G ) with objects the module representations
of G and arrows

W, V) :={T e Le(Xp, Xp) |V o T =T ® 1g o v}.

Note that (¢, ¢) can be identified with the fixed point algebra €.

We are interested in module representations of a compact quantum group where
Xy is a Hilbert bimodule. v will be called a (Hilbert) bimodule representation of G
if in addition to (3.1)—(3.4),

viex) = alc)v(x), ce€,x € X,. (3.5

As an example, the trivial representation ¢ is a bimodule representation, that we
shall denote by the same symbol.

We denote by Bimod,, (G) the category with objects Hilbert bimodule represen-
tations and arrows (v, v’) between two of them the space of intertwining operators
in Mod, (G) which in addition intertwine the left actions of €. If u, v are two ob-
jects of Bimody (G) we define, for x € Xy, y € Xy, the tensor product bimodule
representation u @ v by

U V(X ®Yy) =u(x)i3v(y)2s,

an element of X, Qe Xy, ® @. (3.2) and (3.5) show that u ® v is well defined on
the algebraic bimodule tensor product X;, ©¢ X, and that (3.1), (3.2), (3.3) and (3.5)
hold. The validity of (3.1) implies that u ® v extends uniquely to a bounded C-linear
map

URV: Xy Qe Xy > Xy Qe Xy ® @,

and the above equations still hold whereas (3.4) holds by construction. The tensor
product of two intertwiners is now well defined and intertwines the tensor product
representations. Note that if v is an object of Bimod,(G), v ® ¢ and ¢t ® v are
equivalent to v in Bimod,, (G). This leads to the following result.

Theorem 3.1. The category Bimod,, (G) with objects Hilbert bimodule representa-
tions of G and arrows the bimodule intertwining operators is a tensor C*-category.
The tensor unit is the trivial representation t and (1,t) = {c € Z(€) | a(c) = cR 1},
the set of central fixed points. There is an obvious faithful *-functor Bimod,(G) —
Modgy (G).

We shall only consider ergodic actions, hence (¢,t) = C.
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4. The induced C*-bimodules for compact groups

We recall Mackey’s definition [23] of a representation induced from a closed subgroup
of acompact group and the Frobenius reciprocity theorem in the form later generalized
to tensor C*-categories.

Our discussion has points in common with [39]. The main point is that we
shall pass from Hilbert space representations to Hilbert bimodule representations.
The module approach to induction is particularly convenient in the compact case
as it provides finite-dimensional objects by Swan’s theorem [41] and moreover the
induction functor has good tensorial properties (cf. Theorem 4.1).

4.1. Mackey’s induced representation and Frobenius reciprocity. Let K be a
closed subgroup of a compact group G and v a (unitary, finite-dimensional) repre-
sentation of K on the Hilbert space H,. Mackey’s induced representation Ind(v) is
defined as right translation by elements of G on the Hilbert space of L? functions ¢
on G with values in H, satisfying

C(kg) =v(k)¢(g), keK.geg,

where the inner product (£,¢’) = |, K\G (¢(g), ¢'(g))du involves the unique normal-
ized G-invariant measure i on K\G.

The main result is the Frobenius reciprocity theorem, asserting that there is an ex-
plicit linear isomorphism from the intertwining space (u ', v) to (4, Ind(v)), taking
an intertwiner S to the intertwiner 7', where T(¥)(g) = S(u(g)¥). The Frobenius
isomorphism is natural in ¥ and v, and hence makes restriction and induction into a
pair of adjoint functors. (In Section 10, we will briefly recall the notion of an adjoint
pair of functors. For details we refer the reader to MacLane’s book [25].) Conse-
quently, the spectrum of the induced representation Ind(v) is the set of all irreducible
G -representations u for which (u |k, v) is nonzero. Another consequence is that any
irreducible representation v of K, and hence any v, is a subrepresentation of some
restriction to K of a representation u of G. Finally, the explicit form of the isomor-
phism shows that if 7 € (u, Ind(v)) all the functions 7' () are continuous. This last
remark leads to the next step.

4.2. Replacing Hilbert spaces with Hilbert bimodules. Since we do not loose any
information on the arrows, we may replace Hilbert spaces with Hilbert bimodules.
More precisely, we pass from the Hilbert space of the induced representation to the
space C, of continuous H,-valued functions ¢ as above, which is a bimodule over
the commutative C*-algebra C (K\G) of continuous functions on the quotient space
in the obvious way. C, has an inner product given by pointwise evaluation of the
inner product of H,,

(€.8)(g) = (L(g).£'(9)).
This inner product is constant on each left coset K g as v is unitary, and C,, becomes a
Hilbert bimodule over C (K \G). Hence Ind(v) becomes a Hilbert C (K \ G )-bimodule
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representation of G in the sense of the previous section, where « is given by right
translation by elements of G on the quotient space. Note that C,, is the bimodule of
continuous sections of the classical equivariant vector bundle induced from v.

4.3. The induction functor and Swan’s theorem. We thus have a *-functor
Ind: Rep(K) — Bimody(G),

taking an object v of Rep(K) to Ind(v) and an arrow T € (v,v’) to the arrow
Ind(T) € (Ind(v), Ind(v")) defined by Ind(T)&é(g) = TE(g). We shall refer to Ind
as the induction functor.

If u |k is the restriction of a representation u of G to K, there is a natural faithful
bimodule map,

U: Cury = Hy ® C(K\G), Ut(g) = u(g™"¢(g).

U is invertible, and hence surjective, with inverse given by U 1£(g) = u(g)£(g).
Hence C, } is free as aright (and left) module. Moreover, U becomes unitary when
H, ® C(K\G) is regarded as a Hilbert bimodule. Note that the tensor product action
u ®a of G on H, ® C(K\G) is a Hilbert bimodule representation of G and U
becomes a unitary intertwiner from Ind(u | k) to ¥ ® @ in Bimodg (G).

Let now v be a generic unitary finite-dimensional representation of K, and con-
sider a restricted representation u g containing v as a subrepresentation. An iso-
metric intertwiner in (v, u | g ) defines an isometric intertwiner in (Ind(v), Ind(u [ ¢))
between the associated Hilbert bimodules representations, via the induction functor.
Therefore Ind(v) is a subobject of Ind(u | x). Moreover, composition with the map
U as above, gives rise to an isometry of Hilbert modules from C, to H, ® C(K\G).
Hence C, is a finite projective module. This is essentially Rieffel’s proof [39] of
Swan’s theorem [41].

Taking into account the previous remark, we may conclude that bimodule repre-
sentations of the form u ® o suffice to generate the category of all induced bimodule
representations via subobjects. This viewpoint will play a role in the next sections.

On the other hand, the naturality of the Frobenius isomorphism shows that any
element of (Ind(v), Ind(v’)) is of the form Ind(7") for a unique T € (v, v’), and so
Ind is a full functor.

4.4. Tensorial properties of the induction functor. We next analyse the behaviour
of Ind under tensor products. We may consider the tensor product of Hilbert bi-
modules, C, ® C, := Cy Qc(kx\G) Cv. There are obvious isometric inclusions of
G-bimodule representations C, ® C,, — Cygy. These maps are in fact surjective,
and hence unitary, as, given isometries S € (u,u’'tg) and T € (v, v’ }g), mod-
ule bases for C,, and C, are given by the functions (x; := g — S™*u'(g)y;) and
(yj == g = T*V'(g)¢;) respectively, where ¥; and ¢; are orthonormal bases of the
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Hilbert spaces of u’ and v’. Hence, as u ® v is a subrepresentation of (u’ ® v') 'k, a
module basis for Cy gy is given by the functions g — S* @ T*u' @ v'(g)V; ® ¢ =
xi(g) ® yj(g). Thus C,g, can be naturally identified with C, ® Cy. It follows that
Ind is a relaxed tensor functor in the sense recalled in Sect. 2. We summarize this
discussion in the following theorem, essentially a geometric form of the Frobenius
reciprocity theorem.

Theorem 4.1. The induction functor Ind: Rep(K) — Bimody(G) is a full and
faithful * -functor into the bimodule representation category of G, where « is given by
right translation of G on C(K\G). For any v € Rep(K), the C(K\G)-bimodule C,
of Ind(v) is finite projective. In particular, if v is the restriction of a representation
of G, Cy is free. The natural unitaries C, ® C, — Cy gy make Ind into a relaxed
tensor functor.

5. Full bimodule representations

In this section we introduce a notion central to this paper, that of a full bimodule
representation of a compact quantum group G. This is a compatibility condition
between the left and right bimodule structure of a Hilbert C*-bimodule carrying a
representation of G. As we shall see, in the classical case, triviality of the bimodule
structure means that every induced bimodule representation is full. The importance
of this notion is that all induced bimodule representations of compact quantum groups
constructed in this paper are full.

In the noncommutative situation, C (K \G) with the translation action is replaced
by a compact quantum group G acting ergodically on a unital C*-algebra €. The
action will be denoted by «. It would be too restrictive to consider just quantum quo-
tient spaces K\ G, as G can act on far more noncommutative C*-algebras. Following
Mackey, we may regard the ergodic action (€, «) as arising from a virtual subgroup.

Restricting or inducing a representation now looses its strict meaning. What is
left is the analogue of Ind(u | k), which may be defined as acting on the free Hilbert
module H,, ® €. More precisely, it is easy to see that the map ¥ ® « defined by

URa(Y ®c) =u)iza(c)zse H, € R A, € H,,c €€,

is a Hilbert module representation of G on H, ® €.
Given T € (u,v), withu, v € Rep(G), define T ® le: H, ® € — H, ® € by
TRleW®c)=TYy @cthenT @ le € (u ® o, v @ ) in Mody (G).

Proposition 5.1. The map Rep(G) — Mod,(G), taking u — u Q@ o and T €
(u,v) > T ® le, is a faithful *-functor between C*-categories.

The previous proposition is a very weak form of Theorem 4.1 and our aim is
to generalize it to the noncommutative setting. This involves giving H, ® € a left
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module structure making ¥ ® « into a Hilbert bimodule G-representation for all u.
Although classical induction corresponds to the simplest solution (trivial bimodule
structure), in noncommutative case, it is not obvious how to select ergodic actions
(€, ®) in such a way that the module representation u ® « can be completed to a
bimodule representation. Even if this is the case, many left module structures will
not be relevant, and we claim that a compatibility condition between left and right
module structure is needed. This may already be seen for a compact group G acting
on a noncommutative C*-algebra €.

In this case the most natural left module structure on H,, ® € is the obvious left
multiplication by elements of €. With this left €-action, the right Hilbert module
representation ¥ ® o becomes a Hilbert bimodule representation.

However, an intertwiner between two such bimodule representations, being a
bimodule map, mustliein B(H,, H,/)® Z(€), where Z(€) is the centre of €. Hence
these intertwiners do not see the noncommutativity of €, in contrast to the module
intertwining spaces, where (¢, u @ «) is the space of multiplets £ = (cq,...,cg), with
ci € Canda(c) =) ;¢ ® u;.‘i, d being the dimension of u. As u varies over the
irreducible spectral representations of G, the linear span of the corresponding ¢;’s is
a dense invariant *-subalgebra, cf. Sect. 2.

Hence the natural left action on H,, ® € gives rise to a tensor category which
does not allow one to reconstruct €, but only its centre. It would be desirable to
use instead a left €-action on H,, ® € where all the module G-intertwiners become
bimodule G-intertwiners. This leads us to the notion of full bimodule representation.

Definition. Let G be a compact quantum group. A fixed vector & for a module
representation v on X, is an element £ € X, such that v(§) = & ® I. The set of
fixed vectors for v is precisely the intertwining space (¢, v) in Mody(G). A bimodule
representation v will be called full if every fixed vector £ for the underlying module
G -representation is central: £¢c = c& forc € €.

Note that the trivial representation is full since « is ergodic.

The next result shows that if G is a group, classical induction is characterized
among functors u — u ® « from Rep(G) to Mod,, (G) by the property that under the
natural left action each ¥ ® o becomes a full bimodule representation.

Proposition 5.2. Let G be a compact group and o an ergodic action of G on a unital
C*-algebra €. Then the natural left €-action turns u ® o into a full representation
for all u € Rep(G) if and only if € is commutative. In this case, € = C(K\G) for
a closed subgroup K, unique up to conjugation, where o acts by right translation,
ag f(g) = f(g'g), f € C(K\G). Hence u ® a corresponds to the classical
induced representation Ind(u | g).

Proof. 1f € is commutative, cn = nc forc € €, n € H, ® € and u € Rep(G).
Hence any module intertwiner between u ® « and ¥’ ® « is a bimodule intertwiner.
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In particular, ¥ ® « is full for all u. Conversely, assume that all the u ® « are full.
We have already seen that a fixed vector & for u ® « has the form § = > Vi ®ci
for an orthonormal basis () of H, where c; transforms like the complex conjugate
representation u, = (u ) under «. Since £ is supposed central, the elements cl
are central in €. If u Varles in the spectrum of «, we get a dense commutative *

subalgebra of €, hence € is commutative. As is well known, when « is an ergodlc
action on a unital commutative C*-algebra, the action is right translation on C(K\G)
by elements of G for a closed subgroup K of G, unique up to conjugation. Hence
u ® « can be identified with Ind(u ' ). O

Of course, we expect that, requiring all ¥ ® « to be full bimodule representations
for some left module structure, selects a proper subclass of ergodic actions. This is
indeed the case, as we shall see (cf. Sect. 6 and references there to later sections).

The situation becomes significantly worse if G is a quantum group, where the
natural left action on H,, ® € may not even lead to a bimodule representation structure
onu Q.

Proposition 5.3. Let G be a compact quantum group, u € Rep(G) and o an ergodic
action of G on a unital C*-algebra €. Then u ® « is a bimodule representation for
the natural left module structure if and only if all coefficients of the irreducibles in
the spectrum of a commute with the coefficients of u.

Proof. € is generated as a Banach space, by the entries of rectangular matrices (c; ;)
transforming like irreducible G-representations

oz(ci”,j-) = Zcifp@vp,j.
)

These entries are linearly independent [37], [2], [34] and the conclusion follows from
(3.5). O

We next discuss examples of full bimodule representations arising from quantum
quotients.

Examples from quantum quotients. LetG = (@, A) be acompact quantum group,
and K a quantum subgroup. G acts on the quotient space K\G by right translation,
given by restricting the coproduct A of G. One can consider the left C(K\ G)-action
on H, ® C(K\G) defined as follows. For ¢ € C(K\G), consider the element
Au(c) € £(H,) ® @ defined by

(Vi @ I, Au(0)yj ® I) Z“h ;CURJ

where (y;) is an orthonormal basis of H,. It is easy to check that this element is
independent of the choice of orthonormal basis. One could show directly that A,,(c) €
£(Hy,) ® C(K\G) and that A, makes ¥ ® « into a full bimodule representation.
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However, we refrain from giving complete details, as this will be proved in more
generality in Sect. 8. We just verify that itis full. If § :== ) v; ® ¢; € H, ® € isa
fixed vector, i.e., A(c;) = Zj ¢ ® u]*l then

cé = %: Vi ® (Vi ® I, Au(0)€) = kZh Vi ® Uy cup;c;
5Js

whereas

fe =2 Yk ®cke,
k
hence we need to show that for every ¢ € C(K\G),

Do UpCUpiCj = CkC

h.j
for all k. On the other hand, for a quotient space, we can find a K-fixed vector 1 of
H, such thatc; = u; ;»and the desired equality follows from the unitarity of u; see,
e.g., Section 2 in [34].

We are thus left with the problem of finding full Hilbert bimodules that lead to

an induction functor with good tensorial properties. We shall show that tensor C*-
categories with conjugates provide a natural solution to this problem, as well as large
classes of ergodic actions of compact quantum groups, among them the compact
quantum quotient spaces. However, many more will be discussed in Section 6.

6. Main results

In this section we illustrate the main ideas and results. Proofs will be given in later
sections.

We start with a pair of tensor C*-categories + and M related by a quasi-tensor
functor : A — M. The category +A is assumed to be embeddable into Hilbert
spaces and we then pick a tensor functor 7: A — Hilb. We will assume that 4 has
conjugates.

The simplest example is provided by a closed subgroup K of a compact group
G. We may choose 7: Rep(G) — Hilb the embedding functor and w: Rep(G) —
Rep(K) the tensor functor restricting a representation of G to K.

Note however that this example has certain special features, like the fact that
M = Rep(K) is embeddable, or that u is tensorial. In general, M is not assumed
to be embeddable, and, as recalled in Section 2, a quasi-tensor functor p, unlike a
relaxed tensor functor, may take a nonzero object to a zero object.

By Woronowicz duality, the embedding t defines a compact quantum group G,
such that every object u € + has an associated representation ## € Rep(G;) on the
Hilbert space t,,. The arrow spaces of Rep(G) are the images under 7 of the arrow
spaces of A, (i1, 0) = t((u, v)).
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The pair (z, ) determines canonically a unital C*-algebra, € and an ergodic
action o of G; on €. This fact has been shown in [34] in the special case where
u: A — M is a tensor functor. To see that this holds in our more general setting
consider the composed *-functor

F: 2> M — Hilb,

where the second functor is the so called minimal functor x € M — (1,x) €
Hilb, which is quasi-tensor; see [34]. Since composition of quasi-tensor functors is
quasi-tensor (cf. Section 2.2), so is F'. Thus there is a unique quasi-tensor functor
(v, 9): Rep(G,) — Hilb such that the following diagram commutes:

F

A Hilb

S

Rep(Gr).

It follows that (v, V) is the spectral functor of an ergodic C*-action of G, (cf. Sec-
tion 2.5), and this is (€, ). The following simple remark clarifies matters.

Proposition 6.1. For a fixed t: A — Hilb, let (u, 1): A — M, (W, 1/): A —
M’ be a pair of quasi-tensor functors. If there is a full relaxed tensor functor
(. P): M — M such that pp = (', then the associated ergodic C*-actions (€, o)
and (€', a’) are conjugate.

Proof. By 8.4 in [34] two ergodic actions are conjugate if their spectral functors are
related by a quasi-tensor natural unitary transformation. Explicitly, if (L, L) and
(Z/ VL ) are the spectral functors of the actions, we need a unitary U, : Zu — Z;

for each u € Rep(G+), natural in u, such that U, g, © Zu’v = Ij/u,v oU, ® U, and
U, = 1,. Now the spectral space of the ergodic action constructed from (z, ) is
Ly := (t, jty,), and similarly for (z, u’). Note that ¢, as a map between the Hilbert
spaces (t, [4,) and (¢, p,) is isometric and in fact unitary, since ¢ is a full functor.
An easy computation shows that the collection of these unitaries satisfies the needed

relations. O

Our first result concerns the construction of induced bimodule representations.
The construction reduces to (€, «) for u = ¢.

Theorem 6.2. Pick an object u of A with 1,,, # 0.

(a) The linear space ° ¥, obtained quotienting ) . (ly, lu) ® Ty by the linear
subspace generated by elements of the form M o u(A) @ v — M ® t(A) o Y can
be naturally completed into a nonzero full Hilbert module J,, over €, with a faithful
left action of € making it into a Hilbert bimodule over €. H#, depends only on [,,.
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(b) There is a unique, full, bimodule representation, Ind(uy,), of G on H#,, with
Ind(uy) M @ y = M @ 0y

for M € (iy, by), ¥ € Ty, U being the representation of G, on .

Theorem 6.2 will be proved in Sections 7 and 8. In Section 8, we shall see that
the map Ind: u,, — Ind(u,) extends to a *-functor Ind: M,, — Bimody(G<) on
the full C*-subcategory M, of M whose objects are those in the image of p. It will
be called the induction functor.

In Section 8, we shall also prove the following analogue of Swan’s theorem in our
framework. The assumptions are those of Theorem 6.2. Indp denotes the composed
functor.

Theorem 6.3. (a) For any object u of A there is a natural isometric intertwiner of
Hilbert module representations S, € (Ind(uy,), 4 ® «). In particular, if ju is relaxed
tensor, then Sy, is unitary. Hence J,, is always finite projective as a right module and
free if u is relaxed tensor.

(b) For any arrow A € (u,v), Indju(A) corresponds to the restriction of T(A) ® 1
to the space of the associated subrepresentation of U @ o under S,,.

In other words, for any arrow A € (u, u’) in #, the following diagram commutes.

Indi(A)

Ind(/4y) Ind (py)

Sui lsu/
T(A)®1 ~

H@oe —u' ®oa.

Note that if p is just quasi-tensor, M, may not be a tensor category. We ask,
however, whether Ind extends fensorially to the smallest full tensor subcategory
,Mff of M generated by M. Somewhat surprisingly, the answer is that it does.
Sections 9 and 10 will be devoted to discussing the following result, a generalization
of Theorem 4.1 to a noncommutative framework.

Theorem 6.4. The induction functor Ind: p,, € M, — Ind(uy) € Bimody(G:)
extends uniquely to a full and faithful strict tensor functor to a strict tensor category
of Hilbert bimodule representations

Ind: M% — Bimody(G-).
Furthermore, (Ind, i) gives rise to an adjoint pair of functors.

Since Ind is a strict tensor functor, the composed functor Indu : A — Bimod(G¢)
is quasi-tensor, relaxed tensor or strict tensor according as p is. The associated natural
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transformation Irfﬁﬁ is computed in Section 9. Moreover, since Ind is full, we may
regard it as an isomorphism between the original functor (i, ft) and (Indu, Iﬁaﬂ). In
the following commutative diagram, the dotted arrows summarize our construction
from the given pair (z, ).

Hilb <—— A ——> M8
o Ind
Indpe N V

Bimod, (G;).

Remark. Combining Theorems 6.3 and 6.4 yields an explicit description of the quasi-
tensor functor p: A — ME’ in terms of 7 and the ergodic action (€, ). This is then
used for the embedding results, Theorem 6.7 and Corollaries 6.8 and 6.9.

We next give two applications of our results, that originally motivated our work.
The first concerns a tensor C*-category with conjugates whose object set contains a
distinguished generating element. We give two results, corresponding to the selfcon-
jugate or non-selfconjugate case.

Theorem 6.5. Let M be a tensor C*-category with objects 1, x, x2, ..., where

x is a real or pseudoreal object defined by a solution R € (1,x?) of the conju-
gate equations with |R||> > 2. Let F € Mat,(C) be an invertible matrix with
Tr(FF*) = Tr((FF*)™') = ||R||?>. Then there is a full and faithful tensor functor
M — Bimody (A, (F)), where o is the ergodic action of A,(F) on € associated to

(T, ).

Theorem 6.6. If the set of objects of M is generated, as a semigroup, by x and
a conjugate X, with intrinsic dimension d(x) > 2, then conclusions analogous to
Theorem 6.5 hold where the quantum group is now Ay (F).

Examples. Note that any spectral functor of an ergodic action of a compact quantum
group arises from some pair (z, i), as we may choose for 7: Rep(G) — Hilb the em-
bedding functor and for y the spectral functor of the action, . := L: Rep(G) — Hilb.
(Recall that L is quasi-tensor by [34], cf. Section 2.) On the other hand, many exam-
ples of noncommutative ergodic spaces are known to arise from pairs (z, ), with 7 as
above, but where p is tensorial or relaxed tensorial. For example, compact quantum
quotients (completed in the maximal C*-norm) C(K\G) arise from the restriction
functor : Rep(G) — Rep(K) [34]. The examples with high multiplicities of [2]
are associated with the composition p of a tensorial isomorphism with the embed-
ding functor, i : Rep(G) ~ Rep(G’') — Hilb. Examples of categories of the type
described in Theorems 6.5 and 6.6 arise from inclusions of II; factors N C M with
finite Jones index. The ergodic action corresponding to the real object y M is made
explicit in [36]. For any finite index inclusion of infinite factors described by an
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endomorphism p with d(p) > 2, the tensor C*-category generated by p and p is of
the form described in Theorem 6.6.

The proofs of Theorems 6.5 and 6.6 will be given at the end of Section 10. The
next application concerns tensor categories M extending the representation category
of a compact group. The following results, discussed in Sections 11 and 12, shed light
on the problem of recognizing which tensor categories can be embedded into Hilbert
spaces. They are obtained combining our bimodule construction with the work of
Takesaki [43], Heegh-Krohn, Landstad and Stgrmer [15] and Wassermann [46].

In the following theorem G is a compact Lie group, and we fix a distinguished
faithful representation u such that every irreducible of G is a subrepresentation of a
tensor power of u. We denote by S be the full subcategory of Rep(G) with objects

LU, uz, .

Theorem 6.7. Let G be a compact Lie group with a distinguished faithful represen-
tation u, and let L. S — M be a tensor functor. Let € be the ergodic C*-algebra
associated with | and the embedding functor T of S into the category of Hilbert
spaces. Assume that the von Neumann algebra €" generated by € in the GNS repre-
sentation of the unique G-invariant trace is of type I and let K be a closed subgroup
of G such that L (K\G) ~ Z(€") as ergodic W*-systems. Then there is a full and
faithful tensor functor € : eME’ — Rep(K).

Notice that in the above theorem Mff is simply the full subcategory of M with
objects the tensor powers of 1.

Remark. As we shall see in Section 11, the functor € is naturally associated with
. However, the set of objects in the image of € in general does not generate all
the representations of K under tensor products, subobjects and direct sums. In fact,
in the particular case where each irreducible of G has multiplicity in € equal to
its dimension, then € maps each object to the trivial representation of K. Hence
Mﬁ admits a tensor functor to a full subcategory of the category of Hilbert spaces.
Furthermore, any full multiplicity ergodic action of G on a type I von Neumann
algebra arises from a relaxed tensor functor p, its spectral functor.

At the other extreme, if € is commutative, as happens in particular if M has
permutation symmetry, see [34], then we get the following result, generalizing an
important step in [11] towards proving the abstract duality theorem for compact
groups.

Corollary 6.8. If € is commutative, and hence € = C(K\G) as ergodic C*-systems,
thene(uy) = u | . Hence the completion of the image of € under subobjects contains
any irreducible of K.
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It is still an open problem whether ergodic actions of classical compact Lie groups
G on von Neumann algebras are always of type I. By Theorem 6.7, a positive answer
for a specific group G would guarantee the existence of an embedding for all tensor
C*-categories M containing the representation category of G and having the same
objects. Wassermann has shown this to be true for G = SU(2) [46]. Taking the
known abstract characterization of Rep(SU(2)) into account [10], see also [32], [34],
we obtain the following embedding result for tensor C*-categories containing a dis-
tinguished pseudoreal object of dimension 2. No permutation symmetry is assumed.

Corollary 6.9. Let M be a tensor C*-category whose object semigroup is generated
by a pseudoreal object x of dimension 2, i.e., with an intertwiner R € (, x?) such
that

R*®1,01,® R=—1,, |R|*>=2.

Then there is a closed subgroup K of SU(2) and a full and faithful tensor functor
M — Rep(K).

Remarks and more results. A non-trivial problem is to construct new examples
of or even classify the quasi-tensor functors u: A — M, for a given embeddable
tensor C*-category +. Our results connect this problem to that of classifying the
ergodic C*-actions of the quantum group G, associated to an embedding 7 of 4. On
one hand, as recalled in the examples previously discussed, every spectral functor of
an ergodic action of G, on a unital C*-algebra arises in this way. Even for ergodic
C*-actions of compact groups, where there are important results, not a lot is known
(cf. Section 2). In the quantum case very little is known, but it is already clear that
there are many new aspects.

Motivated by our applications, we are especially interested in the case where
J is tensorial or relaxed tensorial. The reconstruction results, Theorems 6.2 and
6.4, then lead to the problem of classifying those ergodic actions (€, «) where the
module representations ¥ ® « (or a subrepresentation on a projective module in the
quasi-tensor case) can be made into full bimodule representations.

Not all ergodic actions, even of compact groups can arise in this way. In Section 11
we classify full bimodule representations arising from ergodic actions of compact
groups on type I von Neumann algebras. This provides an obstruction to the existence
of full bimodule representations (and hence to the existence of relaxed tensor functors
un: A — M) in the case of low but nonzero multiplicities. For example, we derive
that neither the ergodic actions with full spectrum and irreducibles of low multiplicity
nor the adjoint action by a non-trivial irreducible representation of SU(2) can arise.

7. Algebraic bimodules from pairs of functors

As in the previous section, we start with tensor C*-categories 4 and M and we
assume that 4 has conjugates. Let (u,ft): A — M be a quasi-tensor functor
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and t: A — Hilb a tensor functor into the category of Hilbert spaces. We have an
associated unital C*-algebra €, the completion of a canonical dense *-subalgebra °€.
In this section we generalize that construction at the algebraic level to get bimodules
over °€. The norm completion and the quantum group action will be considered in
the next section.

7.1. The algebraic bimodules °J¢,. Pick an object u of 4. Let °J, be the linear
space ), (v, hu) @ Ty, the sum being taken over the objects of 4, quotiented by
the linear subspace generated by elements of the form

Mou(A)@y — M ® t(A) o

Notice that, as the objects involved have conjugates [34], [35], and tensor units are
irreducible, we are actually taking a sum of finite-dimensional vector spaces [22]. It
should be noted that the bimodule °#,, in fact depends only on w,,.

We next introduce a multiplication and adjoint,
Oy X Hy — Hugu, T Hy — Ha,

to get a structure analogous to a *-algebra. These operations will be used in Section 8
to simplify computations, the multiplication - also plays a role in Section 9.

7.2. The multiplication & - ». Forsimpletensorsé = L®y € “H,,n =M Q¢ €
°Hyr, with L € (o, o), M € (fy, lu’), ¥ € Ty, ¢ € Ty, set

E-ni=fluw o (L®M)ofiy , ® (Y ).

It is easy to check that these maps are well defined and associativity follows from
that of the functors @ and 7. In particular, °¥, is an algebra, denoted above by °€.
Note that the multiplication depends in general on u and u’ and not only on u,,,
. However, if u’ (or u) is the tensor unit, it depends only on p, (or py’) as
Py = flyu =1y, . Hence

°H, is a °€-bimodule depending just on fty,.

7.3. The functor A. We define a functor, denoted by A for the moment, from M,
to the category of “€-bimodules. After the norm and the quantum group action have
been introduced, A will be the induction functor Ind.

Given Y € (uy, ty), we define a map

AY): Hy = Hw, AX)M @Y) = o M)® Y.

It is easily checked that A(Y) is a bimodule map so A is a covariant functor, from
the full subcategory M, of M whose objects are the images of objects of +4 into the
category of °€-bimodules.
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7.4. The adjoint £*. We next define an adjoint on these bimodules. Here matters
are slightly more complicated.

As recalled in Section 2.2, if (i, fi) is a quasi—tensoz functor and if R, R defines a
conjugate for an object u, then R:= ﬂ;,u op(R)and R := /IL;:,,; o t(R) is a solution
of the conjugate equations for i,,, the image solution of R, R under j [34].

Fixing an object u € » and a solution R, R of the conjugate equations for u, we
associate an antilinear map *: Jf, — J; in the following way. Choose solutions of
the conjugate equations v — R,,, R, of for all objects of #. Set

MRY)" =M ® juy

for M € (y, Uu), ¥ € Ty, where *: (iy, by) —> (U5, i) is defined using image
solutions under 4 of the chosen solutions Ry, R, for the running objects v appearing
in the sum and R, R for the fixed object u respectively and j, := J, corresponds to
7(R,) and t(R,) as in Section 2.1. Notice that * is well defined by the compatibility
properties with o, u and t, see Sections 2.1 and 2.2. Moreover, * is independent of the
choice v — Ry, R, in 4 for the running objects v, asif Y € (v, 0) is aninvertible, M *
and j,y become M* o (Y ~') and 7(Y) j, o ¥ respectively. However, if we change
the solution of the conjugate equations for 1 using an X € (i1, 1), (M ® ¥)* becomes
(W(XIM®) ® (jy¥) = A(u(X))(M ® ¥)*, hence the associated * changes. This
unpleasant feature will play no role in the construction of the bimodule representation.

We note that for u = ¢ the *-operation is independent and makes °€ into a unital
*-algebra.

7.5. Compatibility of the various operations

Proposition 7.1. Let u, u’ be objects of A. If € € °H, and & € °H,, then
(E-&)* = &% . £* and £** = &, where we have used tensor product solutions
of the conjugate equations for u ® u' and conjugate solutions for .

Proof. Write § :== L @ Y and §' := M ® ¢ with L € (w, Uy), ¥ € Ty, M €
(M, L), § € Tp,. We may compute (€ -£)* using image of a tensor product solution
of the conjugate equations for w and v. The first result follows from

(Huar o L ® M o fig, )" = pjpz o M* ® L" o i

see Section 2.1 for the compatibility properties of « with ® and o and Corollary 13.3
for the explicit computations of u;, ,,* and u; .. The second result follows from
M** = M when a solution of the conjugate equation and successively the conjugate
solution is used. O

Remark. Some care is required in using this proposition. For example, if u is
pseudoreal and irreducible and we use R € (i, u?) to define £* in J,,, we must use
—R to define £** in J,,.
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Proposition 7.2. ForY € (uy, ), € € °Hy, & € °Hy, A€ (u,z), A € (W, 2'),

AY)E)* = A(Y)E",
Au(A ® A))E - &' = A(u(A)§ - A(u(A)E"

The lastitem to be introduced in this section is a sesquilinear form on the bimodules
°#,. 1t will be shown to be positive in the next section, allowing us to pass from the
algebraic to the analytic level.

7.6. The sesquilinear form on the bimodules °#,. We retain the notation of sub-
sect. 7.4 and define a °€-valued form on °#, by setting

(.8) == AuPR)"HE-§). (7.1)

The explicit formula, for§ = M Q@ ¥, &' = M’ Q@ ¥/, with M € (iy, Uy), ¥ € Ty,
M/ € (Mv/ﬂ l’(*u)s w/ € Tv’, is

(EE) = (R* oM ®M o fi},)® (ju¥ @Y.

Remark. This form does not depend on the chosen solution of the conjugate equations
for u. Indeed, if we change solution using an invertible X, then M becomes p(X) o
M*. This cancels the simultaneous change of R*, which becomes R*ou (X 1) ®1,,,.

We conclude this section with an explicit computation of the right-hand side
needed later.

Lemma 7.3. For§ = M Q ¢, § = M' @ ¥/, M € (iy, tu), M' € (', ptw),
Y E Ty, Y € Ty
(£.8) = (R o1y, ® (M*o M) o i} ) ® (vt ® V).

In particular, the form depends only on |,,.

Proof. We have
R oM @M
=k\*o[(RAv*@luﬁolua®M*®1Mﬁoluﬁ®ﬁ)®M/]
=R, ®R*ol,, ®M*®1,. ®1,,01,. ®R® 1,01, @M’
=R, ol,, ® (M*oM).
We have already noted that the form does not depend on the solution of the conjugate

equations for v and u and see now that it does not change if we replace u by another
object u’ such that pt,, = . O
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8. The induced Hilbert bimodule representations

In this section we consider both the analytic aspect of the bimodules °#¢, and the
quantum group action, leading to the proof of Theorems 6.2 and 6.3.

Recall that G; was defined in Section 6 as the compact quantum group defined
by the functor t via Woronowicz duality. Let « be the action of G, on °€ defined by
a(MRy) =MQi(y)for M € (uy,t), ¥ € 1y, where U denotes the representation
of G; on 1. °€ is known to have a maximal C*-norm and « to extend uniquely to
an ergodic action of G, on the completed C*-algebra € [34].

8.1. Positivity of the sesquilinear form. Given objects u, v € A, ¢ € 1y, we let
Lu (¢) o%u — OJ&J@M

be the operator of left multiplication by 1,, ® ¢ € °¥#, on °H,,, hence obviously a
right module morphism. Now set

Lu((p)*: ova@)u — oy, Lu(¢)* = /\(,UV(R: ® 14)) Logu(jv®).

If we change solutions of the conjugate equations using an invertible X € (v, 0), it
is not difficult to verify that, by Lemma 8.2 (c) below, L, (¢)* does not change.

Lemma 8.1. (1), Ly(¢)*§) = (Lu($)1.§)-
Proof. We have

(0, Lu($)*E) = AR (™ - A(r(Ry ® 1)) (1, ® $)* - §))
= ARy o1z ® Ry ® L))n™ - (1, ® $)" - §
= (Lu(@)n.£).

The second equality follows from Proposition 7.2 while in the last we have chosen
product solutions of the conjugate equations for v ® u. O

As we shall soon see, the €-valued form (-, - ) is positive, so that L, (¢)* is
the adjoint of L,(¢) as the notation suggests. These maps satisfy the following
properties.

Lemma 8.2. (2) A(firw © Ly, ® ¥ 0 i5,)Lu(@) = Lu@AY), Y € (u. jtw),
(0) Lu(P)*Lu(¥) = (¢, V),
(©) Apn(A ® 1) Lu(p) = Lu(z(A)p),
(d) D Lu($i) Lu(¢i)* = A(jiz o it} ,,), where ¢; is an orthonormal basis of t.
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For u = ¢ the corresponding maps °€ — °J#, °¥, — °€ will simply be denoted
by L(¢) and L(¢)*. By (d), we have

PR ACHIACHNES!

for any orthonormal basis (¢;) of 7,. We shall use this relation to define a faithful
right module map S;: °#; — 7. ® °€ by

S:6:=) ¢ ® L(¢)*E.

clearly independent of the choice of the orthonormal basis.
We are now ready to show positivity of the sesquilinear form of °#,,.

Proposition 8.3. If 1, ®° € is considered as a right prehilbertian °C-module, the
map S, satisfies

(26, 5:8") = (£.€), &8 €°H:.
Hence ° H; is a finite projective, right prehilbertian module over °€ with the sesquilin-
ear form defined in (7.1) and S; is an isometric right °€-module map. Its adjoint
Sk 1, ® °€ — °H; is given by

S;WRI) =1y, @Y
for ¢ € 1,.
Proof. We have
(S:€,8:8") = 2 (L(#i)*E, L(#i)*E') = (6, L) L(¢i)*E') = (£.&).

i i
Hence (-, -) is a faithful, positive, °€-valued inner product on ° #, and S an isometry.
We next compute the adjoint of S,. If £ € °#,, ¥ € t,, then

.S;yel)=(S4y&I1)
= X ® L) EV 1)
= Z(d’iv W)(f’ 12 ®¢l) = <E7 12 &® W)v

as required. O

We next compute the range projection P, = §,S to see when S is unitary. If
¥ € 1z, then

Pz(w b2 I) = Sz(luz ® ‘/f)
=Y ® L) (L. ® )

= Y61 ® (W(RD) o fizz o i2,) ® (o ® V).
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Corollary 8.4. If iz, o i}, o W(R;) = (R;) (e.g., when i is relaxed tensor),
then S; is unitary, and hence ° ¥, is a free right °C-module.

Proof. We now have
/‘L(R:) °© Iai,z ° /1;,2 ® (J:0i ®Y) = ,U«(R:) ® (jz¢i ® V)
=1L, ®Tt(R))j:: @Y = (¢i, V).
Hence P; is the identity projection. O

We conclude the subsection noting that property (c) of Lemma 8.2 implies that S
is a natural transformation from Ay to T ® I, i.e., when A € (u, u’), the following
diagram commutes:

An(A
°3, L>°J€u’

e
A)®1
T ®°€ L T ® °C.
This will be used at the end of the section when proving Theorem 6.3, the generalized

form of Swan’s theorem.

8.2. °JH, is algebraically full

Proposition 8.5. Ler u be an object of A with 1,,,, # 0. Then the coefficients (§,£'),
£ & €° Iy, span °C.
Proof. Choose v = u, v  =u®v' .M =1,,, M' = M”Oﬁu o With M" e
(Uu @y, ), ¥ = j, i, ¥ = j ' ¢ ®y” in(7.1), where (¢;) is an orthonormal
basis of t; and ¥ € t,». Summing over i gives
(R o 1y ® (M" 0 i3, 1) © [ o) ® (1(Ru) ® Y
= (R} o 1y ® (M" 0 U 1) © il g © 11(Ry ® 151)) @ ¥
= (ié; °luz ® (M"o la:,v”) °© la;,u®v” ° fluii,v” © W(Ry) ® 11,,) ® v’
= (]/3\;: o ]Mb_t ® M//O k\u ® 1“1)”) ® w//.

Now recall, see e.g. [22], that if p, o, T are objects of a tensor C*-category with
conjugates, the map

Te(@®o,1)=>1;@8ToR,®15€(0,0® 1)

is a linear isomorphism. Hence X :=1,, ® M" o R, ®1 1, 18 @ generic element
of ((yr, iz @ My) and can, in particular, be any element of the form X = ﬁu oY
where Y € (uy7, t). Hence the linear span of the coefficients of the inner product on
°J, is °€ as it contains any element of the form Y ® ¢”. O
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8.3. A useful formula for the left °€-action on °#,. As x; == S;(V; ® I) =
14, ® Vi, where (v;) is an orthonormal basis of 7, is a Hilbert module basis, we
need only specify (x;,c - x;) for ¢ € °€C.

Proposition 8.6. If c =T ® ¢ € °C, with T € (Uy, 1), ¢ € Ty, then
(ive-xj) = Ry oLy, ® T ® Ly, 0 54,0 ® Gul¥i ® ¢ @ ¥).

Example. Let K C G be an inclusion of a compact quantum groups. Then we have a
tensor functor i : Rep(G) — Rep(K) taking a representation u of G to its restriction
u |k to the subgroup; see, e.g., [33]. Hence °#,, is a free module. °€ is the canonical
dense *-subalgebra of C(K\G) . The above formula then gives:

(xi,c-x;) =) urcurj, ce°C(K\G),
r
see [34]. This example was discussed at the end of Section 5.

Example. Let G be a compact quantum group acting ergodically on a unital C*-
algebra €, and let L: Rep(G) — Hilb be the spectral functor of the action as
in [34], and shown there to be a quasi-tensor functor. Then °€ is the *-algebra
spanned by the elements of € transforming under the action like unitary irreducible
G -representations. °J#,, # 0 precisely when Ly # 0 and, if u is irreducible, this
is equivalent to requiring u to lie in the spectrum of the action. We thus get a finite
projective °€-bimodule °#,. Computations similar to those in the above example,
show that the left °€-action is given by

*
(xioc-xj) =3 ¢ eer
r
U . Uy . T : T
where ¢, 1= (¢;;);j € Ly is an orthonormal basis of L.

Remark. The restriction functor and the spectral functor of a quantum quotient define
the same algebra °€. However, the associated bimodules are different in general as,
in the first case, they are free and never zero for a nonzero object, whilst in the second,
non-spectral representations give zero bimodules.

8.4. The completed Hilbert bimodules #,. Consider °€ with its maximal C*-
norm, which is finite by [34]. Completing °#,, in the norm ||§]| := ||(£,&)]'/2,
gives a right Hilbert module #,, over the completion € of °€. There is an isometry
Hy — 1, ® € extending the algebraic isometry S,. Hence #, is a finite projective
right Hilbert €-module. Consequently , every right module map on °J, extends to
an adjointable bounded map on #,. Hence the left °C-action extends to a unital
*-homomorphism € — £L¢(H,,) thus making #,, into a Hilbert €-bimodule.

To show that the left action is faithful we need norm continuity of the multiplication
of bimodules.
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Proposition 8.7. The multiplication map
E ® gl € oe;(u ®°‘€ O%u’ — é . g/ S o}(u@u/
is an isometry of prehilbertian °€-bimodules. Hence ||& - €'| < |E||1€’].

Proof. Using a product solution of the conjugate equations,

(E-&n-n') = Mu(Rygy )™ - & -n-1
= A((Ry)) o A(u(ly @ Ry @ Ly )E™ -£% -1
= ARy )E™) - A((R)IE" - 1) -1
= (&, (& n)-n)
=& n®n),

as required. O

Consequently, - extends to an associative multiplication & - £’ on the completed
bimodules #,, and #,,.

Proposition 8.8. The extended left action of € on H,, is faithful whenever 1,,,, # 0.
Proof. If ¢ - & = O forall £ € #,,, then

- ARPRDE- N =Au(R))c-E-n=0

for all n € #z. On the other hand, A((R}))€ - n = (£*, 1), and these coefficients
span °€ if 1, # 0,i.e.,if 1, # 0. O

8.5. Quantum group representations on J¢,. We next construct quantum group
representations on the bimodules #,,. Let G; denote, as before, the Woronowicz dual
of 7: A — Hilb.

Proposition 8.9. Given an object u of A, there is a unique bimodule representation
Ind(wy) of Gy on H#,, such that

Ind(u)(M ® ¥) = M Q 0(y),

M € ((y, u), ¥ € (1, Ty). Ind(uy) is a full bimodule representation.

Proof. The relation between the invertible antilinear maps j,: t, — 73 and the
coefficients of the corresponding representations of G is given by o) Jo¥ =) ¢ ®
ﬁj’.} P where ¢; an orthonormal basis of t3. This relation together with (7.1) allows
us to verify (3.1). (3.2), (3.3) and (3.5) follow from straightforward computations,
whilst (3.4) is a consequence of the corresponding relation for the Hilbert space

representation 0. We show that Ind(u,,) is a full representation. A G.-fixed vector
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& in J¢, for the underlying module representation is a simple tensor of the form
E=T®I1, T € (t,uy). Forany c € € of the formec =Y Q ¥, ¥ € (uy,1),
¥ € 1, we have

E-c=TRY)®y
=T®1,:1,Y)®y
=T Y)®Y
=(1L®T0Y®L)®W
—YeN®Y
=c-¢£. O

Proposition 8.10. For any arrow X € (ly, L), the norm continuous extension of
A(X) to the completed Hilbert modules lies in the arrow space (Ind(jiy,), Ind(y,))
of Bimodg(G-).

Proof. Property (7.1) shows that A is a *-functor from the C*-category M, to the
category of prehilbertian °€-bimodules. Thus A(X) is bounded and hence extends
uniquely to a bimodule map between the completed Hilbert bimodules. On the
other hand, the obvious commutation relations between A(X) and the action of G,
imply that A(X) is an intertwining operator between the corresponding bimodule
representations of G. O

8.6. The induction functor Ind: M, — Bimody(G,). We may thus define a
*-functor of C*-categories,

Ind: M, — Bimod, (G<).

taking an object iy, to Ind(u,,) and an arrow X € ({dy, [4y) to the extension of A(X).
This is the induction functor.

8.7. The natural transformation S and the generalized Swan’s theorem. The
maps S, defined in Section 8.1 extend uniquely to isometries Sy,: #, — 7, @ €
making the following diagrams commute for A € (u, u’),

An(A
%u#)t%u’

Sui lsu/
A)RI
Tu ® '6 r( ) > Ty’ ® €.

Proposition 8.11. S,, € (Ind(uy), I ® @) in the category Mody(G+).
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Proof. For§ = M ® v, with M € (i, 4u), (¥;) an orthonormal basis of 7,, and
orthonormal bases (¢,) and (1,) of 7, and 73 respectively,

I/AI®O{OSM(M®WZ‘)
=2 u®a(gr ® L(gr)"(M ® V1))

=2 d®a(pr ® (WRY) © flaw o lu; ® Mo i ) ® (judr ® V1))

= Z _¢s by (PL(R;() o fhizy © L, ® M o 'a;,v)
r,s,p,J
® (1, ® ¥j)) ® ﬁsr(ﬁju*np,@)*ﬁji
= Z s ® ((/L(R;:) © Iaﬁ,u © lMﬁ ® Mo Ia;,v)
r,S,D,J,h
® (np ® ;) @ syt , ji (Np. jusbh)
=2 ¢n ® (L(R}) © flau © 1y @ Mo iy ) ® (judn ® ¥j)) ® ;i
Jsh
= ZSM(M ® Yj) ® Vji
J

= Su ® lg o Ind(1w) (M @ ¥;). O

Remark. The map u — S, is a natural transformation from Indu to v ® 1 taking
values in Modg (G+).

9. Extending Ind to a full tensor functor

As in the previous sections, we consider a pair of *-functors between tensor C*-
categories, 7: #4 — Hilb and p: A — M, 7 is tensorial and p quasi-tensorial, and
4 has conjugates.

Now M, is a C*-category, but not a tensor C*-category in general. This suggests
looking for an extension of Ind to ME’. Here we show that the full tensor subcategory
of Bimody (G,) with objects Ind(u,,) admits a natural realization as a strict tensor
C*-category 7 and that Ind extends uniquely to a strict tensor isomorphism between
:ME’ and 7.

In the next subsection we construct new bimodules #, associated with finite
sequences ¥ = (U1, ..., Uy) of objects of 4. This construction reduces to that of the
bimodules #,, of Sections 7 and 8 for sequences of length 1.

If u = (uy,...,up) is such a sequence and if i; is a conjugate of u;, we write u
for (i, ..., uy). If Ry;, Eu,- is a solution of the conjugate equations for u;, we denote
by R, and EE the solutions of the conjugate equations for u; ® - - - ® u, given by the
product formula. Similarly, starting with the image solutions ﬁu,- = fig, © w(Ry)

for pty,; in M, we use the product formula to define the solution ﬁy for ply, ®- @, -
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Lemma 9.1. IQE = 15, © W(Ry).

Proof. We prove the lemma by induction on the length of u. The result holds by
definition if this length is one. Suppose that ¥ = (v, w). Then, by construction,

I’éy = lup ® I’éy ® Ly, ° Ry.
Hence by the induction hypothesis,
Ry= 1.y ® i}, ® 1y, 0 Ly ® w(Ry) ® Ly, o ik ) o (Rw).
But, by naturality,
Lug ® (Ry) ® 1y, 0 150 = g © L1 @ Ry ® 1),

wherez =10, ® - - ®U; Qv ® - Q vy if v = (v1,...,Vy). On the other hand,
the following relation follows easily from associativity of u,

lu,w & llg,y ® 1U«w ° ll*w,z,w = /:LEM’

thus completing the proof. O

9.1. New Hilbert bimodules #,. Letu = (u1,...,u,) be a finite sequence of
objects of /4 and set

Mo =y ® 0 @ sy

Let °#, be the linear space ) _, (/v iu) @ Ty, the sum being taken over the objects of
s, quotiented by the linear subspace generated by elements of the form M o u(A4) ®
T'—M®t(A)eoT.

We proceed as in the construction of the bimodules °#,, of Section 7, defining
successively multiplication, the functor A, adjoint and sesquilinear form.

Define bilinear maps °#y, x °Hyr — “Hy . Foré = L @Y, n = M ® ¢, where
L e (pw. pu), M € (v, w), ¥ € Tw, § € Ty, set

En=(L®M)o iy, ® (Y ®¢).

It is easy to check that these maps are well defined and associative.

For areason that will soon become clear, this new multiplication does not coincide
with the multiplication & - ) of Section 7 if u or u’ are objects of A. We have therefore
used a different notation. However, the two multiplications coincide if u or u’ are the
tensor unit ¢, as fi,y = fly, = 1y, . Hence °¥(, is again the algebra °€ and °#), is
a °€-bimodule. Furthermore, as a bimodule, we do have °#, = °¥#, if u = (u).

Given Y € (Wy, Uy) a bimodule map, A(Y): °H#, — °H, is defined in the
obvious way. A is a covariant functor from ij’ to the category of °€-bimodules. In
particular, if u = (uq,...,uy),

A(/:‘Ly)l Ojfy — °J€u1®m®un
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relates the new and old bimodules. Moreover, the respective multiplications are
related by

M) (M) = (A(2w)§) - (A(fa)1)

for & € °#Hy, n € °Hy . In particular
AMPwp)sn =§ -1, § € °Hy, 1 € “Hy.
The adjoint *: °J#,, — °#5 is defined as before by
(M @y)" =M ® juy.

but where ° now refers to ﬁy. The adjoint is well defined and independent of
the choice of solutions of the conjugate equations for v. However, if we change the
solution of the conjugate equations for ¥ using a sequence of invertibles (X1, ..., X,)
wth X; € (4, 1), (M ® ¥)* becomes (1(X1) ® -+ @ ((Xn) o M*) ® ju .
Nevertheless * is an antilinear map satisfying the properties of Proposition 7.1 if
we use tensor product and conjugate solutions.
The °€-valued form on °#,, is defined by

(£.€') := M(R(E*E).
One can easily check that a formula similar to (7.1) holds,
(E.8) = (R} o1y, ® (M*o M) o i} ,) ® ju¥y ® Y/, ©.1)

hence the form reduces to that of °#,, if u = (u). As before, this form is independent
of the choice of the conjugate of u in view of how £* changes and of Lemma 9.1.
The above expression shows that A is a *-functor.

Since ji, is an isometry, (9.1) shows that A(fi,) preserves the corresponding
forms:

(A€ A()E) = (€.8), §& € Hy,

generalizing Proposition 8.7. On the other hand, °#y, g..@u, is a finite projective
prehilbertian bimodule, so the same is true of °#,.

Completing °#,, in the norm derived from the maximal C*-norm of °€ yields a
Hilbert €-bimodule J¢,. A extends to a *-functor from CM;? to the C*-category of
Hilbert €-bimodules. In this category #, is a subobject of #y, g..@u, -

We next regard the associative multiplication £,  — £nas abimodule map defined
on the bimodule tensor product °#,, ®ce “Hy — “Hyw -

Theorem 9.2. The multiplication §¢ ® n — &n extends uniquely to a unitary map
between Hilbert bimodules

EQne Hy Qe Hy — Ene Hyw.
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Proof. Using successively that A (fi,) is isometric, Proposition 8.7, and relation (9.1),
we conclude that multiplication is a densely defined isometry, extending to an isometry
of the completions. To complete the proof it suffices to show that the set of all &7,
with § € °Hy, n € °Hy span °FHy .

Since multiplication is associative, it suffices to choose u to be a sequence (u)
consisting of a single element. Consider an element of °#,, , of the form M ® ¥,
where M € (uy, Uy ® (y) and ¥ € 1,. Using the explicit linear isomorphism

(Moo fu @ o) = (i ® [y, foy), We may write M =1, ® T o R, ® 1,,, where
T € (i ® iy, [by). We may also write T = T o iz, with T" € (Uagv, Lu’)-
Hence
M =1,, & (T ofiay)oRu® 1,

=1y, ® T" 01y, ® fligw © Ly 5 ® 1, 0 u(Ry) ® 1y,

=1,,®T o ﬁ;,agm ° fugi,v © 1(Ry) ® Ly,

= 1, ® T" 0 1} 3y © (Ry ® 1).
Substituting this into M ® ¥ gives

MYy =y, T ofiyigy) ® (T(RW) ® V).

Writing 7(Ry) = Zj ¢; ® jug;, for an orthonormal basis (¢;) of 7., gives

My =3 §n, & =1, 8¢ €y 1 =T Q(upj®Y) € Hy. D
J

On one hand, as the multiplication maps are isometric, #¢, #,’ realizes the tensor
product of Hilbert bimodules. It has the virtue of being strictly associative, as so are
the multiplication maps. We replace the original tensor product of Hilbert bimodules
by this strictly associative tensor product. On the other hand, since the multiplication
maps are unitary, we have tensor product decompositions,

Jy = Hy, ... Ho,.

foru = (uy,...,uy). (Note that the right-hand side is already norm closed, by finite
projectivity.) In particular, if 1, # 0 for all i, #, is a full right Hilbert module
with a faithful right €-action. We thus have the following result.

Theorem 9.3. A is a strict tensor *-functor from eME’ to the tensor C*-category of
Hilbert €-bimodules (with a strictly associative tensor product).

9.2. G-representations on the bimodules J,

Proposition 9.4. Given a finite sequence u = (uy, ..., uy,) of objects of A, there is a
unique bimodule representation Ind(i1y) of G on H#,, such that, for M € (i, Ly),

Y E Ty,
Ind(py)(M @ ¥) = M ® Oy
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Ind(py) is a full bimodule representation. Under the tensor product decomposition
Hy = Hu, ... Hu,y, Ind (i) = Ind () ® -+ ® Ind(hu,,).

Proof. The only non-trivial statement is that Ind(u,,) is full. A G.-fixed vector #,,
is of the form M ® 1,, with M € (i, ;ty). As for the old modules, Proposition 8.9,
one shows this element to be central. O

As before, A(X) intertwines the representations Ind(u,,) and Ind(u,)) for X €
(M, tu). We therefore have a strict tensor functor

Ind: ME) — BimOda(Gt)v

the unique tensor extension of the functor Ind defined on M, of the previous section.
We are now ready to state a central result of this paper, a version of the Frobenius
reciprocity theorem 4.1 for quasi-tensor functors.

Theorem 9.5. Ind is a full and faithful strict tensor functor from ME’ to the category
of bimodule representations of G if the latter is endowed with a strictly associative
tensor product.

Proof. M is a tensor C*-category with conjugates and Ind a relaxed tensor functor,
hence automatically faithful [35]. It remains to show that Ind is full. This follq\ws
from the linear isomorphisms y : (ty, iy’) = (4, @), T — X =T ® 1, 0 Ry,
and §: (Ind(py,), Ind(14y7)) — (¢, Ind(@y 7)), defined similarly, where p is replaced
by the quasi-tensor functor Indi. Hence any intertwiner in (Ind(u,,), Ind(u,)) is
determined by a fixed vector in #, 5, which we already know to arise from an
intertwiner in (¢, f4y 3 ), hence lying in the image of Ind. O

Remark. The last proof uses only the functor of tensoring on the right by an identity
arrow. This also makes sense for module intertwiners and hence shows the following
result.

Theorem 9.6. Any module intertwiner from Ind(u,,) to Ind(i,), namely an inter-
twiner in the C*-category Mody (G+), is automatically a bimodule intertwiner.

9.3. The functor Indu : A — Bimody (G;). We finally define the composed func-
tor
Indp: A — Bimody(G).

Theorem 9.7. If (u, fi) is a quasi-tensor (relaxed tensor, tensor) functor, Indu is a

quasi-tensor (relaxed tensor, tensor) functor too, with natural transformation Ind ()
given by the - -multiplication maps,

Ind(fiy,w): ES/ e HydHy — & - E/ € Hugu -

Furthermore, Ind is tensor isomorphism from (i, i) to (Indu, Im).
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Proof. Since Ind is a strict tensor functor and p is quasi-tensor (relaxed tensor, tensor,
respectively), their composition Indu, with the composed natural transformation, is
quasi-tensor (relaxed tensor, tensor, resp.); see Section 2.2. This natural transforma-
tion is precisely the map §§' — & - €. The last statement is clear. (]

We next prove Theorems 6.5 and 6.6.

Proof of Theorems 6.5 and 6.6. We briefly recall from [35] how to get a pair of func-
tors p and 7. Assume that M has conjugates and an irreducible tensor unit ¢, and fix
an object x in M with intrinsic dimension > 1 and a standard solution R, R of the
conjugate equations for x. By Jones’s result [18] the intrinsic dimension of x can
only take the values d = 2 cos %, for{ = 3,4, ... ord > 2. Consider the universal
tensor *-category 7, with objects the finite words in u and # and whose arrows are
generated by two arrows S € (1, % ® u) and S € (1, u ® i) subject to the relations
expressing (S, S) as a normalized solution of the conjugate equations for u. ¢ is
the empty word and acts as a tensor unit. 7 is a tensor C*-category for the allowed
values of d. Furthermore there is a tensor functor t from 7y to the category of Hilbert
spaces if and only if d > 2, and all such functors can be easily classified. Picking
an embedding 7, we get an associated compact quantum group G, = A, (F), where
F is an invertible matrix such that Tr(FF*) = Tr((FF*)~') = R*R. Furthermore
we have a canonical tensor functor u: 73 — M such that u(u) = x, u(u) = X,
w(S) = R, 1(S) = R, and we may now apply our main result.

Similarly, given a real or pseudoreal solution of the conjugate equations in M,
namely R € (1, x?) with R* ® 1, o 1, ® R = #1,, we consider the associated
universal Temperley-Lieb categories Trq and Tpq with generating arrow S € (¢, u?).
If R* o R > 2, a choice of an embedding of T4 or Jy) into the Hilbert spaces
provides a quantum group A, (F) with F an invertible matrix satisfying F F = 1,
Tr(FF*) = Tr((FF*)™!) = R*o R. O

10. An adjoint pair of functors

Recall that a pair of functors F: & — & and F': &' — P between categories is
an adjoint pair if, for any pair of objects ¢ € ®, ¢’ € @, there is an isomorphism
By.o: (¢, Fg) — (F},, ¢) natural in ¢ and ¢'.

In this section we show that, essentially by construction, the pair (Ind, u) gives
rise to an adjoint pair.

To this end, we assume as before that 7: 4 — Hilb is a tensor functor into the
category of Hilbert spaces, so that «# is a category of representations of a compact
quantum group G, and that u: A — M is a quasi-tensor functor of strict tensor
C*-categories with irreducible tensor units and construct the corresponding Hilbert
C*-bimodules.
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Following Mackey’s construction of the induced representation for locally com-
pact groups, we consider the scalar-valued inner product on #,, given by composing
the €-valued inner product with the unique G-invariant faithful state. We thus
get a Hilbert space, H,,, and the bimodule representation Ind(u,) of G, defines a
densely defined representation of G, on H,. This representation is isometric as
the state is invariant and extends uniquely to a unitary representation of G, again
denoted by Ind(u,). However, although we start with a finite-dimensional rep-
resentation, the Hilbert space of the induced representation in general fails to be
finite-dimensional, hence we need to work with the category of not necessarily finite-
dimensional unitary representations of G, denoted by ﬁEI)(Gr). We thus have a

functor, Ind : ME’ — lizf)(G). We let :/\fZ;é; be the tensor W *-category completion of
Mf under infinite direct sums, cf. [22]. Then u and Ind extend uniquely to *-functors

on ﬁgf)(G) and JZE/’, respectively.

Theorem 10.1. The pair of functors Ind: JﬁZE’ — ﬁgf)(GT) and |: ligf)(G,) — JZE’
is an adjoint pair.

Proof. Note that the linear span of the images of elements of the form T" ® ¥, where
T € ((y. 1y) and ¥ € 1, where v runs over the irreducible representations of G,
is dense in H,. If we fix an irreducible v, the space of intertwiners (v, Ind(uy)) is
given precisely by the set of maps T: Yver,>T QY € Hy, withT € (fy, ty).
Hence there is a linear isomorphism (i, i) — (v, Ind(u,)), natural in p,,. This
isomorphism extends uniquely to a linear isomorphism natural in v. O

11. Full bimodule representations from group actions

Which ergodic actions (€, ¢, G) can arise from a pair of functors Hilb Al m
with u relaxed tensor? In this section we attack this problem when G is a compact
group.

By Theorems 6.2 and 6.3, a necessary condition is that ¥ ® o can be made into
a full bimodule representation of G for every u € Rep(G). Using the results of
[43], [15], given an ergodic action (€, ) of G we shall construct, a canonical full
bimodule representation on every G-submodule X,, C H, ® €, where u is an object
of Rep(G). The submodule is the full module H, ® € for all u precisely when the
multiplicity of u is maximal.

It turns out that u — X, is a quasi-tensor functor in general , related to the spectral
functor of the ergodic action, and is relaxed tensor when the ergodic action is of full
multiplicity.

We shall classify the full bimodule structures on the intermediate projective G-
submodules X,, C Y C u ® o assuming that the weak completion of € in the
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GNS representation of the invariant trace is a finite type I von Neumann algebra, and
hence induced by an ergodic action 8 of a closed subgroup K on a matrix algebra ¥,
cf. Section 2.3 (Theorem 11.9).

This provides an obstruction to the existence of full bimodule representation struc-
tures when multiplicities of the primitive action of K are low but nonzero. More pre-
cisely, we shall show that certain low multiplicity actions as well as certain ergodic
actions of SU(2) are excluded (Corollary 11.11, Example 11.10).

11.1. The minimal full bimodule representations. Let (¥, 8, K) be an ergodic
action of a compact group K on a unital C*-algebra . Given an object v of Rep(K),
recall from Section 2 that the spectral space L, is the complex conjugate of the set
Ly of all linear maps 7: H, — ¥ intertwining v with § and that, by the multiplicity
bound theorem, Section 2.3, dim(L,) < dim(v). If v is irreducible, dim(L,) is the
multiplicity of v in 8, denoted by mult(v). Recall also that L, is a Hilbert space
with inner product (S, T) := 3", S(y;) T (¥;)*, where (;) is an orthonormal basis
of Hy,.

If L, # 0, we construct a natural nonzero K-module subrepresentation of v ®
with a full bimodule structure.

Consider the linear map Z,: T € L, — Y. ¥; ® T(Y;)* € Hy, ® F, clearly
independent of the choice of the orthonormal basis. The range of Z, is the space
of K-fixed vectors in H, ® ¥ for the action v ® . We may identify Z, with
a rectangular matrix (T (y;)*), where Ty is an orthonormal basis of L,. Since
LQ Br(Zy) = v(k)* ® [ Z,, Z is referred to as the eigenmatrix of B in [47].

Now, Z, takes the inner product of L, to the inner product of the range inherited
from H, ® ¥ as a right Hilbert ¥ -module, which on that subspace indeed takes
values in C since 8 is ergodic.

Extend Z, uniquely to an adjointable bounded map between Hilbert modules
L,®F — H, ® F, still denoted by Z,. It is easy to verify that Z,, is an isometry,
Z;Z, = I, intertwining the module representations ¢ L, ® B and v ® B, where ¢ L,

is the trivial representation of K on the Hilbert space L,. We may clearly identify
Le(Ly @ F , Hy ® F) ~ £(Ly, Hy) ® F. Note that X := Z,(L, @ F) isa
projective ¥ -submodule of H, ® ¥ .

Remark. An easy computation shows that, if 7 is the unique invariant normalized tra-
cial state of ¥ and Tr is the non-normalized trace of £(H,), Tr ®t(E,) = dim(L,),
where E, := Z,Z}. Hence Z, is a unitary if and only if dim(L,) = dim(H,), i.e.,
L, must have maximal dimension.

By the intertwining property of Z,, X, is K-invariant. There is a faithful unital
*-homomorphism

Z:fv_)Evi(Hv)®3’vaa E(f):Zv1®fZ:,

making X, into a ¥ -bimodule.
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Proposition 11.1. For any representation v of K with l__,v # 0, £ makes X, into a
nonzero full bimodule K -representation, isomorphic to L, @ ¥ via Z, with trivial
left and right ¥ -actions, where K acts as ip ® p.

Proof. By construction, K-fixed vectors are  -central in Xy, as they correspond via
Zy to the fixed vectors for i ® B, namely to L, ® C, clearly central for the trivial
bimodule action. Property (3.5) follows just as easily. O

11.2. The intermediate full bimdule representations. Given (¥, K, §) as before,
we look for extensions of X, to full bimodule structures on intermediate projective
K-module subrepresentations

Xy CYCH,®F.
Clearly, such submodules are the ranges of projections £ € £(H,) ® ¥ satisfying
E > Ey, (11.1)
and the K-invariance condition
Adv(k) ® Br(E) = E, keKk. (11.2)

In what follows, we set Z, = 0 and X, = {0} if L, = {0}.

Proposition 11.2. Given v € Rep(K) and a projection E € £(H,) ® ¥ satisfying
(11.1) and (11.2), a unital *-homomorphism n: ¥ — EL(H,) ® ¥ E defines a full
K-bimodule representation on Y = E(Hy, @ %) if and only if

n(Br(f)) = Adv(k) ® B (n(f)), k€K, (11.3)
Nf)Zy=2Z,IQ f feF. (11.4)

Proof. The proof is straightforward. We just note that (11.3) corresponds to left K-
equivariance in the sense of (3.5), whilst the property of being a full representation
is expressed by (11.4), as for X,,. O

Corollary 11.3. If L, has maximal dimension, v ® B becomes a full bimodule
K -representation in a unique way.

Proof. By the previous remark, Z, is a unitary in £(H,) ® ¥,and X, = H, ® ¥ .
n is uniquely determined by (11.4). This formula defines a *-homomorphism clearly
satisfying (11.1)—(11.3) for £ = 1. O
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11.3. Intermediate full bimodules for induced C*-actions. Now assume that K
is a closed subgroup of a compact group G acting on ¥, which may be either a C*-
algebra or a von Neumann algebra. This action, 8, is supposed to be continuous in the
appropriate topology. Consider the induced algebra Ind(¥") defined as in Section 2.3,
the action p of G being given by right translation.

Let v be a finite-dimensional unitary representation of G. In the next, known,
proposition we determine the spectral spaces for the action p in terms of those of the
original action 8.

Proposition 11.4. Themap T € L’er — T' e LY, withT': Hy, — Ind(F) defined
by T'(Y)(g) := T (v(g)V), is unitary. As a consequence,
_ B
Z0(g) = (e @ 12",
hence

EL(g) =v(®)* ® IEL, v(g)® 1.
Proof. Letus extend B and p to unitary representations of K and G, respectively, on
the L?-completions of ¥ and Ind(¥) for the unique invariant traces. The extension
of p is clearly the representation induced from the extension of § in the sense of
Mackey. Extending in this way does not increment the spectra. Hence L% may be
determined by the classical Frobenius reciprocity theorem, showing that 7 — T is
a linear isomorphism. It is easily checked to be an isometry. Therefore

ZUT(g) = X vi ® T((@)yn)*,

showing that if (;) is an orthonormal basis of H, and (T;) an orthonormal basis of
L,, then (EJ’.), where éj’ (8) := > vk ® T (v(g)¥k)*, is an orthonormal basis of the

Hilbert space of G-fixed vectors in H, ® Ind(F), hence the jr-entry of Z% is the
function

T (0()¥)* = ()" ® 1Z], );r. O

If z and v are representations of K, we identify the space of bounded adjointable
F -module maps £ (H,; ® ¥, H, ® ¥) with £(H,, H,) ® ¥. Hence

C®BvP) ={T e L(H;, Hy) ®F |1 ® Pr(T) = v(k)* ® ITz(k) ® I}.
As a K-space, this space is linearly isomorphic to

(Hygz ® F)"®2®F = LI .
and therefore finite-dimensional. This remark, combined with the previous propo-
sition, shows the following result, needed later. A module map 7" € Lpq7)(H ®
Ind(¥), H' ® Ind(¥)) will be regarded as a function7: G - £L(H,H') @ ¥ .
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Corollary 11.5. There is a full and faithful *-functor from the full subcategory of
Mod,(G) with objects v @ p, v € Rep(G), to the category Modg(K), given by

v®p—vlk®p, Te@W®p,v'®p) = T(1) €Wk ®B,v Ik ®P).

The inverse map on arrows is given by A — A’ with A'(g) .= v'(g)* @ [Av(g) ® I.

The functor T — T(1) defined in the above corollary will be referred to as the
evaluation functor.

Given a projection £ € £(H,) ® ¥ and a unital *-homomorphism n: ¥ —
EX(H,)®F E defining a full bimodule structure on the intermediate K-module Y =
EH, ® ¥, i.e., satisfying conditions (11.1)—(11.4), we may consider the projection
EeC(G, £(Hy) ® F) ~ £(Hy) ® C(G, F),

E(g):=v(g)*®IEv(g) ® I,
which clearly satisfies
(@ Br(E(g) = v(@)* @It ®Br(E)(g)® I = v(kg)* ® [Ev(kg)® 1 = E(kg),

hence E € £(Hy) ® Ind(¥). We may also consider the map taking a continuous
function f on G with values in ¥ to the function

1(f)(g) :==v(@)* ® In(f(g)v(g) ® 1.

Similar computations and (11.3) show that if f € Ind(F) then j(f) € £(H,) ®
Ind(%) and Efi(f) = 7(f) = 7i(f) E, hence 7 is in fact a unital *-homomorphism
between

7: Ind(¥) > EL(Hy) ® Ind(¥)E,

and (E, 7)) defines a bimodule over the induced algebra Ind(¥). We shall refer to it
as the induced bimodule.

Theorem 11.6. The induced bimodule (E , 1) satisfies (11.1)=(11.4) if (E, n) does.
Furthermore, if ¥ is the completion of the dense *-subalgebra of K -finite elements
in the maximal C*-norm, any intermediate projective G-module X{ C Y C H, ®
Ind(F) with a full bimodule structure is defined by such a pair (E, n).

Proof. The validity of (11.1)—(11.4) for a bimodule induced from one with analo-
gous properties follows easily from the previous proposition. Conversely, let (E’, ')
satisfy (11.1)—(11.4) with respect to the automorphism group p of the induced alge-
bra. By (11.2), v(g)t ® pg(E')v(g)* ® I = E’. Evaluating in g’ gives v(g) ®
IE'(g'g)v(g)* ® I = E'(¢), hence E'(g) = v(g)* ® [Ev(g) ® I, where
E := E’(1). It is now clear that E satisfies (11.1). Moreover, for k € K,

v(k)* ® TEv(k) ® I = E'(k) = 1 ® Br(E'(1)),
hence FE satisfies (11.2).
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On the other hand, E'£(H,) ® Ind(¥) E’, with G-action Ad v ® p, is isomorphic
to the C*-system induced by E£L(H,) ® ¥ E with K-action Adv ¢ ® 8. An
explicit G -equivariant isomorphism takes f € E’'£(Hy) ® Ind(¥) E’ to the element
of C(G,E£(Hy) ® FE) defined by g € G — Adv(g) ® If(g). Therefore
condition (11.3) can be regarded as an intertwining relation between induced group
representations. Hence, by Frobenius reciprocity, there is a map, a priori just linear,
and densely defined on the *-subalgebra of K-finite elements, n: ¥ — EL(Hy) ®
F E satisfying the intertwining relation

n(Bi(f)) = Ad v ® Br(E(f)),
and hence (11.3), for f € ¥, k € K, inducing ’ via

n'(f)(g) = Adv(g)* ® In(f(g)).

We show that 7 is a unital *-homomorphism. It is well known that for any K-finite
element f; € ¥, there is an element f € Ind(¥) with f; = f(1). Thus, (11.4)
follows. On the other hand, since 7’ is a unital *-homomorphism, the above formula,
evaluated in 1, shows that 7 is a unital *-homomorphism on the dense *-subalgebra
of K-finite elements. Since ¥ is the completion in the maximal C*-norm, we may
conclude that the unique extension of 1 to ¥ has the required properties. O

11.4. Classification of intermediate full bimodule representations for type I er-
godic actions. Since a type I ergodic action of a compact group G is induced by an
ergodic action B of a closed subgroup K on a matrix algebra and since all intermedi-
ate full submodule representations for the ergodic action of G are induced by similar
submodules for the action of K (Theorem 11.6), it suffices to classify the intermediate
full submodule representations for the action of the subgroup.

Let the compact group K act on . We first give a simple method of construct-
ing extensions of X {? to full bimodule representations on projective submodules of
H,®F.

Proposition 11.7. Pick a representation v of K.
(a) If there is a unitary representation z of K with

dim(z) < dim(v) — dim(L,) (11.5)
and an isometry
W e (z® B,v® B) such that W*Z, = 0, (11.6)

then the intermediate K-module subrepresentation X, C Y C H, ® ¥ defined
by the projection E = Z,Z5; + WW* € £(Hy,) ® ¥ becomes a full bimodule
K-representation with left action n(f) .= Zy1 @ fZ; + WI ® fW*.

(b) If we can choose z with dim(z) = dim(v) — dim(L,), then we get a full
K-bimodule representation for v ® B.
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Proof. E and n defined as in (a) certainly satisfy the assumptions of Proposition 11.2,
hence we get a full bimodule representation Y, and (b) clearly follows. O

We next provide a complete list if # is a matrix algebra.

Theorem 11.8. Let B be an ergodic action of a compact group K on a factor ¥ and
v a representation of K.

(a) Two pairs (z, W), (z/, W') satisfying (11.5) and (11.6) define the same in-
termediate K-bimodule representation Y if and only if there is a unitary intertwiner
U e (z,2)) suchthat W = WU ® I.

(b) If ¥ is a matrix algebra, then any full intermediate bimodule representation
Xy, C Y C Hy ® F arises from a pair (z, W). In particular, full K-bimodule
representations on H, ® ¥ correspond to pairs (z, W) satisfying (11.5) and (11.6),
where the inequality of (11.5) is strengthened to an equality.

Proof. (a) Obviously two equivalent pairs (z, W), (z/, W’), as in a), give rise to the
same intermediate K-module Y with the same left action . Conversely, suppose
(z, W) and (z’, W’) define the same K-bimodule representation Y. Then clearly
WW* = WW'*. Since the two left actions coincide, WI ® fW* = W'I® fW'*.
Hence the unitary W*W € (z® B,z ® B)isof theform U ® I, withU : H, — H,/,
as ¥ is a factor. Thus W = W’'U ® I. Making the intertwining property of W and
W’ explicit shows that U € (z,z’).

(b) Assume that ¥ = Mat,(C). If Y is defined by E and 7, then E needs
to be of rank ¢r with ¢ integer, as 7 is unital, and ¢ > dim(L,) as E > E,. Set
m(f) :=n(f)(E—E,). We can write ny inthe formn, (f) = WIQ® fW* with W
a partial isometry such that WW* = E — E, =: Eyand W*W € £(Hy) ® C. The
relation W*Z,, = 0 implies dim(W*WH,) + dim(L,) < dim(v). The covariance
condition (3.5) for Y becomes

Adv(k) ® Pin(f) = n(Be(f). f € Mat (C),
and is equivalent to requiring an analogous relation for n;:

(k) @ It ® Br(W)I @ B (I ® Br(W v (k)* @ I = WI @ B ()W,
or
W*vk)® It ® Br(W) € £(H,) ® C.

On the other hand, the map k — z (k) with z(k) defined by
z(k) @1 := W*v(k) @ It ® B (W)

is a unitary representation of K on the subspace W*W H,,, completing the proof
of (b). O
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The following result summarizes the classification of full bimodule representa-
tions for type I ergodic actions achieved here.

Theorem 11.9. Let ¥ be a matrix algebra, and let B be an ergodic action of a
closed subgroup K of a compact group G on ¥ . Pick a unitary finite-dimensional
representation v of G. Then:

(a) The full bimodule G-representations over intermediate projective G-module
subrepresentations X, C Y C Hy, ® Ind(¥) are classified by equivalence
classes of pairs (z, W), where z is a unitary finite-dimensional representation
of Kand W € (z @ B,v |k ® B) an isometry satisfying

x7B
W Z, . =0.

(W, z) and (W', ') are equivalent if there is a unitary intertwiner U € (z,z")

with W =WUQ®QI.

(b) In particular, the full G-bimodule representations on H, ® Ind(¥) correspond
to pairs (W, z) where W satisfies
*
ww*+ 28 7P =1

The corresponding left module structure : Ind(¥) — L(Hy) ® Ind(F) is
given by

i) = v ® 1(ZF, 1® f)Z! +WIe f(oW ) ® 1.

Remark. If the module G-representation v ® p over Ind(¥) can be made into a full
bimodule G-representation, and if it is induced by the pair (z, W), we may form the
K-representation z’ 1= ¢ £, @ z of the same dimension as v. Then Z <P Wisa
unitary equivalence from the original full bimodule structure for v } ¢ ® B inducing
the given full bimodule structure for v ® p, in the sense of Theorem 11.6,to z' ®
with the trivial left module structure. This remark will play a role in the proof of
Theorem 6.7.

As a consequence of (b) of Theorem 11.8, the module representation v ® 8, with
v in the spectrum, in some cases, does not admit any full bimodule K-representation
unless v has full multiplicity. We discuss a class of examples.

Example 11.10. Consider the adjoint action 8, of the unique r + 1-dimensional
irreducible representation v, of the group K = SU(2) acting on the matrix algebra
Mat; +1(C). We show thatif r > 1, v ® B, becomes a full bimodule representation
only for certain v. Hence none of the actions 8, arise from a relaxed tensor functor
Rep(SU(2)) — M to a tensor C*-category, as this functor would make all v ® 8,
into full bimodule representations by Theorem 6.2.
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The spectrum of §, may be determined by the Clebsch—Gordan rule
Vr QUs X Vr—s BVUr—s42D - B VUrys, 725,

after regarding B, as a Hilbert space representation with respect to the inner product
defined by the (K-invariant) trace of Mat,+1(C). v, being selfconjugate, we have
Br ~ v, @V, >~ vg D vy P --- D vy. Hence any spectral representation has
multiplicity 1.

In particular, vy is never in the spectrum of B, and the full bimodule structures on
H,, ®Mat, 1 (C) are described by pairs (z, W) with dim(z) = dim(v;) = 2. Since
z can never contain the trivial representation, we necessarily have z = v,. Hence we
need to specify a unitary

We @ ®Brv®Br) =

(V1 @ Vr, V1 @ V) = (Vp—1 B Vi1, Vr—1 B Vr41) 2 C B C.
Hence v; ® B, admits full bimodule structures, and they are classified by T.

On the other hand, low multiplicity of a representation in the spectrum in general
rules out full bimodule structures on v ® B, as the following simple argument shows.
If there were a structure of a full K-bimodule representation on v, ® B, defined by
(z, W), then we must have dim(z) = dim(v,) — mult(v,) = 2. Since z cannot
contain the trivial representation, z = v;. On the other hand the space of module
intertwiners (v; ® Br, v2 ® B,) is isomorphic to (v; ® vy, v2 ® v, ) which is trivial,
again by the Clebsch—Gordan rule. Hence v, ® 8, admits no full bimodule structure,
and actually X, admits no proper extension to a full bimodule representation.

Corollary 11.11. Let K act ergodically on a matrix algebra.

(a) Let v be a representation with L, # {0} and assume that any irreducible
of smaller dimension has full multiplicity. If dim(L,) < dim(v), then X, does not
admit any proper extension to a full bimodule K -representation.

(b) If B has full spectrum (hence K is finite) and each v ® B can be made into a
full bimodule representation, then each irreducible is of full multiplicity in B.

Proof. Letz and W be as required in (a) of Proposition 11.7. Since dim(z) < dim(v),
any irreducible subrepresentation of z has full multiplicity in 8. Hence there is a
unitary U € £(H;) ® Mat,(C) with t ® Bx(U) = z(k)* ® IU. Hence every
column of WU gives an element of L,, orthogonal to L, itself, as W*Z, = 0. So
WU = 0and W = 0. This completes the proof of (a), and (b) follows easily. Ll

12. Tensorial properties of the evaluation functor

In this section we use the classification of full Hilbert bimodule structures on type I
von Neumann algebras obtained in the previous section to prove Theorem 6.7, and
Corollaries 6.8 and 6.9.
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We need a few simple lemmas that clarify the tensorial properties of the evaluation
functor defined in the previous section. We thus assume that we are given an action
B of a closed subgroup K of a compact group G on a C*-algebra ¥ and that for
each v € Rep(G) we have a full bimodule structure for v } ¢ ® B defined by the
*-homomorphism 7, : ¥ — £(H,) ® . We consider the full bimodule structure
Ny for v ® p induced by 7, as in Section 11.3.

Lemma 12.1. If T € (v ® p,v’ ® p) is a bimodule map, then T(1) € (vlgx ®
B,V Mk ® B) is a bimodule map as well.

Proof. The proof is straightforward. By Corollary 11.5, we may write T in the
form T(g) = v (g)* @ IT(Dv(g) ® I, with T(1) € (v}x ® B, v' 'k ® B). The
intertwining relation for 7" evaluated at 1 gives the intertwining relation for 7(1). [

Let us now consider a unital C*-algebra € and two finite-dimensional Hilbert
spaces H and L. Consider the right C*-modules H ® € and L® €. If L ® € also has
a left €-module structure defined by a unital *-homomorphism : € — Le(L) Q€
then we may form the tensor product right Hilbert C*-module (H ® €) Q¢ (LR €), to
be identified with (H ® L) ® €. We may thus form tensor products 7 ® S of a module
intertwiner T € £(H, H')®€ with abimodule intertwiner S € ¢Le (LR, L' QF)
giving an elementof £(H @ L, H' ® L') ® €.

Lemma 12.2. Let us consider H, ® Ind(¥) and H, ® Ind(F) as right Ind(¥)-
modules. Let 1)y, Ty make H,, @ Ind(¥) and H,y ® Ind(F) into Ind(F )-bimodules.
For a module intertwiner T € (v ® p,v’ ® p) and a bimodule intertwiner S €
(u ® p,u’ ® p), we have

TS =T1)® S1).

Proof. Notice that S(1) is a bimodule intertwiner by the previous lemma, hence the
right-hand side makes sense. Let H, H', L, L’ be finite-dimensional Hilbert spaces
and 7, n’ left ©-module structures on L ® € and L’ ® € respectively. Given a module
intertwiner T € £(H, H')®€, and abimodule intertwiner S € eLe(LQTE, L'QTC),
a simple computation shows that if 7" is represented by the €-valued matrix (¢s), in
the sense that 77 = ), s €rs ® Irs, Where e, are matrix units, and if S is represented
by (s5p4) then the module intertwiner 7 ® S regarded as an elementof £(H ® L, H'®
L") ® € is represented by the matrix whose (rp)(sq)-entry is Y , 1'(t;s)phShq- We
apply this to Hy, Hy, H,, Hy, and Ind(¥) respectively. By Corollary 11.5, we
may write (ir5)(g) = v'()*T(1)v(g). (s5pg)(g) = u'()*S(Du(g). where T(1)
and S(1) are now represented by F -valued matrices. Recalling how 7#,,, was defined
before Theorem 11.6, the (rp)(sq)-entry of T ® S is the function

%: 771{’(lrs)ph (g)shq (g)

= hlz U (2)1pMu (trs(2))1mW (&) mnShq (g)
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> W (@i (@i (T()if)imv(8) js (©)mntt (8)icn S (Dier1(8)eq

hlm,i,jkt
=2, W (@)1, ()irmur (T ()i )1xv(8)jsS (Deru(8)eq
= l’mz’k,t V' @ u'(){, iy (T ()i S(Dierv ® u(g)(jnyisa)
= l,i,Jz,:k,t V' ®@u'(€) G pyan (T @ S()anynv ® u(g)(jinesa-

Hence (T ® S)(1) =T(1) ® S(1). O

Note that if H ® € and L ® € have left bimodule structures defined by n: € —
L(H)®C€and(: € — £(L)® € then under the unitary module map (H ® €) Q¢
(LRE€) ~ (HQ®L)R®E the left module structure € — £(H ® L) Q€ corresponding
to the tensor product bimodule is given by t¢ () ® { o 1, tg(m) being the identity
map on £(H). This tensor product left action will be denoted by n ® ¢.

Lemma 12.3. If the induced set of left actions {1}, u € Rep(G)} on the C*-modules
H, @ Ind(¥) is tensorial, i.e., Nygy = Ny ® 7y for u, v € Rep(G), then the original
set {ny,u € Rep(G)} is tensorial too.

Proof. 1t suffices to evaluate the tensorial relation for the 7,,’s at 1. O

We summarize the above lemmas as follows.

Theorem 12.4. Let B be an action of a closed subgroup K of a compact group G on
a C*-algebra ¥ . Assume that for each v € Rep(G) we have a full bimodule structure
for vk ® B defined by the *-homomorphism n,: ¥ — £(H,) ® F. If the set of
induced bimodule structures 1, for v @ p is tensorial, then the evaluation functor
T — T(1) restricts to a faithful tensor functor from the full tensor C*-subcategory
of Bimod,,(G) with objects v ® p to Bimodg (K).

Proof of Theorem 6.7 and Corollary 6.8. Theorem 6.2, applied to the given tensor
functor : S¢ — M and to the embedding functor 7: S¢ — Hilb, allows us to
identify M,‘% with the full subcategory of Bimod,(G) with objects " @ «, r =
0,1,2,..., where u is the distinguished representation of G and, as before, « is
the ergodic action of G on the associated C*-algebra €. That theorem provides us
with a full G-bimodule representation for each u” ® o and the collection of these
left module structures is tensorial. Since the von Neumann completion of € in the
GNS representation of the G-invariant trace state is of type I, we may identify the
completed ergodic system with a von Neumann ergodic system (Ind(¥), p) induced
from a closed subgroup K, unique up to conjugation, where ¥ is a matrix algebra
with an ergodic action 8 of K. The left €-action on Hyr ® € is defined by a
unital *-homomorphism n: € — £(H,) ® € intertwining o with Ad(u) ® « by
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Proposition 11.2. Hence, if tr and 7 are the normalized G-invariant traces on £(H,)
and € respectively, (tr ® t) o 1 is a G-invariant trace on €. Such a trace is unique so
(tr®t)on = t. Thus 1 induces a normal *-homomorphism from Ind(¥) to £(H,) ®
Ind(¥F"). Correspondingly, we get a set of tensorial full bimodule structures for u” ® p.
Thus by Theorem 12.4 there is a faithful tensor functor from the full subcategory
of Bimod,(G) with objects u” ® p to the full subcategory 7 of Bimodg(K) with
objects u” 'k ® 8. We next apply Theorem 11.9 to the full bimodule K -representation
u g ® B fixing a pair (z, W). We set z/ := LL,s @zand U :=Zy 1, @ W, a

K-bimodule unitary in (z' ® 8, u | K ® B) if z’ has the trivial left €-action. We define
a *-functor 7 — Rep(K) taking u” | x ® B to z’" and a bimodule intertwiner T €
W Mk Q@ B.u' gk ®P) to U*®TU®, which is tensorial to the category of Hilbert
bimodule representations. We need to show that any arrow is in fact an arrow in the
category Rep(K) regarded as embedded into the category of bimodule representations
as a tensor C*-category. In other words, we need to show that U*®T U®" lies in
the subspace L(H,r, H,s) ® C of £(H,r, H,s) ® . To this end, recall that
Theorem 6.2 ensures that any module G-intertwiner is in fact a bimodule intertwiner,
see Theorem 9.6. The same property holds for the bimodule structures of the u” } x ®
B’s and hence for the bimodule structures of the z’" ® B, unitarily related to them,
since the evaluation functor is full and faithful, see Corollary 11.5. But now each

" ® B has the trivial left module structure over ¥, hence a bimodule intertwiner
liesin L(H,r,Hys) @ Z(F) = £(H,r, Hys) @ C since ¥ is a factor, see the
discussion following Proposition 5.1. This argument completes the proof of Theorem
6.7. If in particular € is commutative then ¥ = C, and z’ = u ', completing the
proof of Corollary 6.8. O

Proof of Corollary 6.9. The condition on R allows us to define a tensor functor from
Ssu(z) to M taking the defining representation u to x and the determinant element to
R, see [10]. We may now apply Theorem 6.7. O

13. Appendix

In this appendix we collect some computations with quasi-tensor functors that we
have used throughout the paper.

Proposition 13.1. If we take 1,,; ® R, ®1 wy © R, as a solution of the conjugate

equations for Ly, ® [y and Ru®v as the solution for Ly gy, where Ru®v is the image
solution of the tensor product solution for u ® v, then

~0 I A ~ ke _  ~%
/’Lu,v = HKo,u; /’Lu,v - Mz’),ﬁ'
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Proof. We have
[y = (ﬁ: olu; ® 1%; ® 1) ® Lusgy © Lus
® Lz ® Ly ® Lysgn © 1y ® luz ® féu@v
=(RE ol ®RE® 1) ® Lyusgn © Ly
® Ly ® (L ® Lisgn © Mgu,sen © H(Rugy)
= (ﬁii oly, ® EZ ® 1p,) ® Luges © g
® g ® (L, ® Uy 507 © s voien © M Rusw))
=R} ol ®RE®1,,)® Lisgn © lus ® 1u;
® (I, ® iy 500 © L ® w(Ry ® 13) o flyq© (Ry))
= (ﬁ: o lyy ® (RY) & 1) ® lusga © 1us ® Lugg,,
® (A1) 50 © LRy ® 1)) © 1ug ® it ® Ly © Ly ® 1 ® Ry
=R} ® Lisgn © Lus ® By s@n © lug ® Ry ® 17) 0 1y,
R IR ® Liug © 1y @ ity ® Lug © Lug ® 1y ® Ry
Now
HORE) ® Vg © fiane ® Ly © Ly ® R
= (R ® iy © fliu ® g © Ly ® i 70 Ly ® 11(Ry)
= M(R;) ® Iy, ° ﬂ;@)u,a ° fliu@uei © lu; @ M(Eu)
= (R} ® 1) o u(1z ® Ry)
= Ly
Substituting this into our calculation gives
P = ﬁ: ® lusen © luy ® iy sea © lus ® pw(Ry ® 1y)
= U(RY) ® Luyga © Ao @ Luggy © Luy @ fy sea © lup ® 1Ry ® 13)
= 1W(R}) ® usgn © Ragv.seu © Aowveie © lu; ® n(Ry ® 17)
= u(R; ® lygu) o (15 ® Ry ® 1) © fliq
= Mo,u-
Dualizing with respect to ® yields [,y = fi3 and taking adjoints completes the

proof. O

Corollary 13.2. For M € (iy, tw), N € (fy, o),
(A o M @ No it )" =flymoN ®M o},

with respect to the image of a tensor product solution of the conjugate equations.
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Proof. By the previous proposition,
(oM @Nojiy ) = flyr o (M@N) oy, = fiy 7o N " @M ofigyz. O

Proposition 13.3. If we take the conjugate solution R; = R, as a solution of the
conjugate equations for u and the tensor product solution Rygy = 1 @ Rz @ 1,0 Ry,
foru ® u, then R;, = Ry, and R;;* = R;,.

Proof. We have
R; :R;®1ﬁ®uoﬁﬁ®u:R;®1ﬁ®uolﬁ®ﬁu®luoRu = Ry.
Dualizing again with respect to ® gives R;;* = R;;. O
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