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On compact bicrossed products

Pierre Fima} Kunal Mukherjee and Issan Patri

Abstract. We make a comprehensive and self-contained study of compact bicrossed products
arising from matched pairs of discrete groups and compact groups. We exhibit an automatic
regularity property of such a matched pair and describe the representation theory and the fusion
rules of the associated bicrossed product G. We investigate the relative co-property (7') and the
relative co-Haagerup property of the pair comprising of the compact group and the bicrossed
product, discuss property (7') and Haagerup property of the discrete dual @, and review co-
amenability of G as well. We distinguish two such non-trivial compact bicrossed products
with relative co-property (7°) and also provide an infinite family of pairwise non isomorphic
non-trivial discrete quantum groups with property (7'), the existence of even one of the latter
was unknown. Finally, we examine all the properties mentioned above for the crossed product
quantum group given by an action by quantum automorphisms of a discrete group on a compact
quantum group, and also establish the permanence of rapid decay and weak amenability and
provide several explicit examples.
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1. Introduction

In the eighties, Woronowicz [44-46] introduced the notion of compact quantum
groups and generalized the classical Peter—Weyl representation theory. However, the
theory of quantum groups goes back to Kac [23,24] in the early sixties, and his notion
of ring groups in modern terms are known as finite dimensional Kac algebras. In
the fundamental work [25] on extensions of finite groups, Kac introduced the notion
of matched pair of finite groups and developed the bicrossed product construction
giving the first examples of semisimple Hopf algebras that are neither commutative
nor cocommutative. It was later generalized by Baaj and Skandalis [2] in the context
of Kac algebras and then by Vaes and Vainerman [38] in the framework of locally
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compact! (l.c. in the sequel) quantum groups; the latter was introduced by Kustermans
and Vaes in [28]. In the classical case, i.e. in the ambience of groups, Baaj and
Skandalis concentrated only on the case of regular matched pairs of l.c. groups.
In [38], the authors extended the study to semi-regular matched pairs of l.c. groups.
The case of a general matched pair of locally compact groups was settled by Baaj,
Skandalis and Vaes in [3].

As a standing assumption, all throughout the paper, all Hilbert spaces and all
C*-algebras are separable, all von Neumann algebras have separable preduals, all
discrete groups are countable and all compact groups are Hausdorff and second
countable.

A key direction of research in the theory of quantum groups is to generate and study
many explicit examples. The bicrossed product construction is a way to get abundant
non-trivial examples of quantum groups which are very far from groups [16]. A
compact bicrossed product is one, in which the resulting quantum group is compact.
Without being bogged technically, the bicrossed product construction in the classical
case associates a l.c. quantum group to a matched pair of l.c. groups (G, G2). The
associated l.c. quantum group (in the bicrossed product construction) has a Haar state,
i.e. is a compact quantum group, if and only if G is discrete and G, is compact [38].
In this paper, such a pair will be called as a compact matched pair. Moving to
the quantum case, one can introduce the notion of matched pair of l.c. quantum
groups, and perform an analogous bicrossed product construction to manufacture a
l.c. quantum group that generalizes the classical bicrossed product construction. This
construction is quite technical and we refer the interested reader to [38] for details.
It is to be noted that, in the same vein, the crossed product of a compact quantum
group G by a countable discrete group I' acting on G by quantum automorphisms
(see Section 2.2 for precise definition), as considered by Wang [41], is subsumed in
the quantum bicrossed product construction and hence is a simple case of compact
bicrossed product. Needless to say, that the aforesaid class of bicrossed products in
the quantum setup, does not exhaust the entire class of compact bicrossed products.
We point out though, that despite the intricacy in the bicrossed product construction,
the “compactness” of the matched pair in the classical case (for groups) alleviates
numerous technical obstacles.

This paper investigates compact bicrossed products in both classical and
quantum setting and studies their approximation properties, namely, amenability,
K-amenability, weak amenability, (relative) Haagerup property, (relative) prop-
erty (T) and rapid decay, which enables one to manufacture explicit examples. The
paper has two major parts: one dealing with the classical case and one dealing with
the quantum case. In the quantum case, we only concentrate on compact crossed
products.

We provide a totally self-contained and direct approach dedicated towards
the construction of a compact bicrossed product arising from matched pair of

'All L.c. spaces are assumed to be HausdorfF.



On compact bicrossed products 1523

groups (I', G), where I' is discrete and G is compact. An advantage with our
construction is that it avoids technical intricacies that are obligatory when dealing
with L.c. groups. In the process, we observe that the compactness of G constrains
the matched pair to automatically satisfy a regularity property, notably, I', G are
subgroups of a l.c. group H such that I'G = H and the canonical action of either
group on its complementary pair is continuous. Moreover, the action of I' on G
happens via measure preserving homeomorphisms. This regularity is not automatic in
the L.c. setting and one has to compensate with “almost everywhere statements”. The
aforesaid regularity makes it comparatively easier to directly perform the bicrossed
construction; the bicrossed product is, in this case, known to be a Kac algebra. The
continuous action of the group G on the countable set I' yields magic unitaries, which
along with the irreducible unitary representations of G and the action of I' on G by
measure preserving homeomorphisms assist us in listing the entire representation
theory and fusion rules of the bicrossed product (Theorems 3.4 and 3.8). Some easy
consequences on amenability (which is known from [15]), K-amenability, Haagerup
property are also presented in Corollary 3.7. We also compute the intrinsic group and
the spectrum of the full C*-algebra of the associated bicrossed product in terms of the
fixed points of the canonical actions and the spectrum of the groups in Proposition 3.9.
These are, of course, isomorphism invariants for compact quantum groups.

With the help of the construction above, we explore the approximation properties
of the dual of a compact bicrossed product arising from a compact matched pair of
groups. We characterize the relative co-property (7') for the pair (G, G), where G is
the bicrossed product of the compact matched pair (I', G), in terms of the action
of ' on G. More precisely, the negation of relative co-property (7') for the
pair (G, G) amounts to the existence of an asymptotically I'-invariant sequence
of Borel probability measures on G each of which assign zero weight to the identity e
of the group but yet converge to the Dirac measure &, in the weak™ topology
(Theorem 4.2). In the event of existence of such a sequence of measures on G,
by a standard result in measure theory (due to Parthasarathy and Steernman [34]), the
measures in the sequence versus their push forwards with respect to the group action
implemented by I' have large common support. Thus, along the way, we show that
such a sequence of measures can be replaced by one for which the I'-action on G
is nonsingular. This result generalizes the classical characterization of the relative
property (T') for the pair (Hg, I'o X Hy) (originally defined in [29]), where Iy is a
countable discrete group acting on a countable discrete abelian group Hy [11]. We
show that if the dual G of the bicrossed product has property (7), then I" necessarily
has property (') and the set of fixed points in G of the action of I on G is finite. We
also show that if I" has (7)) and G is finite then G has (T") and the converse holds
when the action of I on G is compact (Theorem 4.3).

Proceeding further, we characterize the relative co-Haagerup property for the
pair (G, G) again in terms of the action of I' on G. Like before, we prove that
this property is equivalent to the existence of an approximately I"-invaraint sequence
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of probability measures on G which converge in weak™ topology to 8, and whose
Fourier transform (regarded as an element of the multiplier algebra of C*(G)) fall
in C¥(G) (Theorem 5.3), and, like before, we show that the measures can be chosen
such that the action of I" on G is nonsingular. Again, this result generalizes the
classical characterization of the relative Haagerup property for the pair (Ho, I'ox Hyp),
where 'y is a countable discrete group acting on the countable discrete abelian
group Hy [11].

In the quantum setting, an example of a matched pair of a classical countable
discrete group with a compact quantum group is the pair arising in a crossed
product in which the discrete group acts on the compact quantum group by quantum
automorphisms [41]. Since one of the involved actions is trivial, the representation
theory is easier to study. But as the compact quantum group need not be commutative,
Kac or co-amenable, approximation properties become harder to exhibit. We provide
a self-contained and very short approach to this construction and study all the
properties mentioned above for the associated crossed product quantum group.
Let @ : I' A G be an action of the discrete group I" on the compact quantum
group G by quantum automorphisms and G be the crossed product quantum group.
In this context, we first provide a short account of the quantum group structure of G
and its representation theory which was initially studied by Wang in [41] (but, in
contrast with the work of Wang, we do not invoke free products). We deduce obvious
consequences on amenability and K-amenability of G in Corollary 6.4 and describe
the intrinsic group and the spectrum of the full C*-algebra of G in Proposition 6.5.

In the quantum setting, we study weak amenablity of G. In [26], it was proved
that when G is Kac, then Acb(a) = Ap(C(G)) = Ap(L*®(G)). In our setup
we estimate (in Theorem 6.7) the Cowling—Haagerup constants under compactness.
When the action « of " is compact we show that A, (C(G)) < Acp(T)Acp ((A}).

Rapidly decreasing functions on group C*-algebras were first studied by Jolissaint
in [22]. Generalizing this notion, rapid decay ((RD) in the sequel) for quantum groups
was studied in [40] and subsequently this notion was calibrated in [5]. Following [5],
we show the permanence of (RD) in the setup of crossed products. To be precise, we
show that if " acts on G via quantum automorphisms, there is a length function /
on Irr(G) which is invariant with respect to the canonical action of I" on Irr(G) such
that (G, /) has (RD), and I" has (RD), then G has (RD) with respect to a pertinent
length function on Irr(G) (Theorem 6.11).

Our characterization of the relative co-property (7') for the pair (G,G) is
analogous to the classical bicrossed product case: the approximating measures
and J. in the characterization of the classical case are replaced in the quantum
setting respectively by states on Cy, (G) and the counit of G. This proof is technically
more involved than the ciassical case (Theorem 6.13). We also obtain a statement
about property (7') for G analogous to the property (7') statement we mentioned
above for classical bicrossed products (Theorem 6.14).

Analogous statements hold for the relative co-Haagerup property of the pair
(G,G) as well (Theorem 6.17). Moreover, we generalize a result of Jolissaint
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regarding Haagerup property to the setup of non tracial von Neumann algebras [21]:
for a compact, state (faithful normal) preserving action of a countable discrete group
with Haagerup property on a von Neumann algebra with the same property, the
crossed product has the Haagerup property (Poposition 6.18). Hence, if ' and L*°(G)
have the Haagerup property and the action « is compact then L°°(G) also has the
Haagerup property. It is known that, for any compact quantum group G, if G has
the Haagerup property then L°°(G) also has the Haagerup property and the converse
holds when G is Kac [13]. In general, one needs to assume that G is strongly inner
amenable [32]. Nevertheless, we show that if G and I' both have the Haagerup
property and the action of I on G is compact, then G has the Haagerup property
(Theorem 6.20).

It is now appropriate to highlight our examples. We point out that it is, in
general, hard to generate examples of compact matched pairs of groups for which
both the actions are non-trivial. Thus, starting with a bicrossed product arising
from a compact matched pair for which any one of the actions is trivial, we use a
crossed homomorphism (see Section 7 for definition) to deform the original matched
pair into one for which both the canonical actions become possibly non-trivial (see
discussions in the beginning of Sections 7.1.1 and 7.1.2). The added advantages with
this deformation process are two fold. Firstly, the computations of the spectrum of the
maximal C*-algebra and the intrinsic group of the deformed bicrossed product are
still convenient. Secondly, all the approximation properties and notably the relative
co-property (7') and the relative co-Haagerup property are inherited by the deformed
bicrossed product. This allows us to provide a concrete infinite family of pairwise non-
isomorphic, non-commutative and non-cocommutative infinite dimensional compact
quantum groups whose duals have the property (7") (Theorem 7.10). We mention that,
as far as we are aware, these are the first explicit non-trivial examples of such compact
quantum groups, since the twisting example of [17] is based on [17, Theorem 3] and
the proof of this theorem is erroneous.

We also provide examples of non-trivial crossed product compact quantum groups
by considering the canonical conjugation action induced by a countable subgroup of
the spectrum of the full C*-algebra of a non-trivial compact quantum group. For
these specific crossed products, we compute the intrinsic groups and the spectrum
of the full C*-algebras, estimate the Cowling—Haagerup constants and characterize
the property (RD), the Haagerup property and the property (7) in terms of the
discrete group I' and the compact quantum group G in Corollary 7.11 and we apply
this results to the free orthogonal and free unitary quantum groups in Example 7.12.
Finally, we provide some explicit non-trivial examples of crossed product without
the Haagerup property but with the relative Haagerup property in Example 7.13.

The lay out of the paper is as follows. In Section 2, we jot down all the notations,
recall preliminary facts and basics of compact quantum groups that is used all
throughout this paper. In the same section, we also prove that co-Haagerup property
and co-weak amenability of a finite index quantum subgroup extend to the compact
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quantum group. Section 3 concentrates on the bicrossed product construction from
compact matched pairs of groups and studies the representation theory of a compact
(classical) bicrossed products. In Section 4 and Section 5, we respectively study
(relative) Kazhdan property and (relative) Haagerup property for the dual of a compact
bicrossed products. Section 6 is divided into many subsections, and in this section,
we study the properties of crossed products of compact quantum groups by discrete
groups. Section 7 is dedicated to examples.

Acknowledgements. The authors are very grateful to Prof. Karl H. Hofmann for his
illuminating remarks that led the authors to the explicit examples in Section 7. The
authors would also like to thank Makoto Yamashita and Christian Voigt for comments
and discussions.

2. Preliminaries

Notations. Throughout the paper, 8(H) denotes the von Neumann algebra of all
bounded operators on the Hilbert space H. The inner products of Hilbert spaces are
assumed to be linear in the first variable. The same symbol ® will denote the tensor
product of Hilbert spaces, the minimal tensor product of C*-algebras and as well as
the tensor product of von Neumann algebras.

2.1. Compact group action on countable sets. We first record some facts regarding
actions of compact groups on countable sets. This will be necessary in studying the
bicrossed product construction for compact matched pairs of groups.

Let X be a countable infinite set and let S(X') be the group of bijections of X. It
is a Polish group equipped with the topology of pointwise convergence which is the
topology generated by the sets Sy, = {@ € S(X) : a(x) = y} forx,y € X. Since
Sty = Uzex\(y}Sx,z, these sets are clopen in S(X). Moreover, for any compact
subset K C S(X) and for any x € X, the orbit K - x C X is finite. Indeed, from
the open cover K C Uyex Sy,y, we find y1,...,y, € X such that K C U7_, S y,,
which implies that K - x C {y1,..., yn}-

Let B : G — S(X) be a continuous right action of G on X. To simplify the
notations, we write x - g = Bg(x) forg € G and x € X.

Observe that, since § is continuous and G is compact, every S-orbitin X is finite.
Fix r, s € X and denote by A, s the set

Apg = {g €G:r-g= S} = IB_I(Sr,s)~
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Note that, since B is continuous, A, s is open and closed in G forall r, s € X. Hence,
l4,, € C(G). Moreover, 14, ; # 0 if and only if r and s are in the same orbit and
we have the following relations:

(1) 14,,14,, =8 5la,, forallrs,teX;

(2) 1a,,14,, =06r414,, forallr,s,t € X;

(3) Xsex 14,y = 2serg la,, = 1forallr € X;

@ Drexlary =D resg la,, = 1forallr € X;

(5) fr-G=s5-G,then Ag(la,,) =D je56 las, ® la,,»

where A is the usual comultiplication on C(G). In other words, for every orbit x -G,
the matrix (14, )rsex-6 € Mix.G|(C) ® C(G) is a magic unitary and a unitary
representation of G. We note also that formally, equality also holds in the case
r-G # s -G, as is easily checked.

2.2. Compact and discrete quantum groups. In this section, we recall well known
and basic facts about compact quantum groups that will be indispensable. For the
general theory of compact quantum groups, we refer the reader to [44,46].

For a compact quantum group G with comultiplication A (or Ag when there can
be ambiguity), we denote by % (or i) the Haar state on G and by C(G) (resp. L*°(G))
the C*-algebra (resp. the von Neumann algebra) generated by the GNS construction
of h. Hence we view C(G) C B(L?*(G)), where L?(G) is the GNS space of A.
The reader should be cautious that the symbol A (or Ag) will be used to denote the
comultiplications of all three compact quantum groups C(G), Cy,,(G), the universal
quantum group of C(G) and L*°(G). For two finite dimensional representations
of G, we denote by Mor(u, v) the space of intertwiners from u to v and by u ® v
their tensor product. The trivial representation is denoted by 1. We also denote
by Irr(G) the set of equivalence classes of irreducible unitary representations of G.
For x € Irr(G), we choose a representative u* € 8(Hy) ® C(G), where u* is a
irreducible representation on the Hilbert space H,.

Recall that there is a natural involution x + X such that u* is the unique (up
to equivalence) irreducible representation of G such that Mor(1, x ® x) # {0} #
Mor(x ® x,1). For any x € Irr(G), take a non-zero element E, € Mor(1l, x ® X)
and define an anti-linear map J, : Hy — Hyx by letting £ — (§* ® 1)E,. Define
Ox = JyJ} € B(H,). We normalize E, in such a way that Try (Qx) = Trx(Q; 1),
where Try is the unique trace on B(H,) such that Tr, (1) = dim(x). This uniquely
determines Q, and fixes E, up to a complex number of modulus 1. The number
dimg(x) = Trx(Qx) = Trx(Q3) is called the quantum dimension of x. Let
uy, = ([(d® Sé)(ux), where S denotes the antipode of G. It is well known (see
e.g. [44, Section 5]) that O is also uniquely determined by the fact that O, €
Mor(u*, u¥,) and that Qy is invertible and Try(Qy) = Trx(Q;!) > 0.
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We denote by Pol(G) the linear span of the coefficients of {u* : x € Irr(G)},
which is a unital dense *-subalgebra of C(G). We also denote by C,,(G) the
enveloping C *-algebra of Pol(G), by A (or Ag) the canonical surjection from Cp, (G)
to C(G) and by ¢ (or £g) the counit on Cy, (G).

For a unital C*-algebra A, we use the standard notation Sp(A) to denote the
spectrum of A.

Let G be a compact quantum group and write y(G) := Sp(C,,(G)). Itis a group
with the product defined by gh = (g ® h) o A, for g, h € x(G). The unit of y(G) is
the counit eg € Cp, (G)* and the inverse of g € y(G) is given by g o S, where Sg is
the antipode on C,, (G). Viewing y(G) as a closed subset of the unit ball of C,,(G)*,
one can consider the weak™ topology on y(G) which turns y(G) to a compact group.

Finally, let Int(G) = {u € U(C,,(G)) : Ag(u) = u @ u} denote the intrinsic
group of G. Itis the set of all 1-dimensional irreducible unitary representations of G
and it is countable (since Cy, (G) is supposed to be separable).

For a classical 1.c. group H, we denote by Sp(H ) the spectrum of C*(H). Itis a
l.c. abelian group (with pointwise multiplication and weak™ topology arising from the
inclusion Sp(H) C C*(H)*) and is compact if H is discrete and mutatis mutandis;
we will view it as the group of 1-dimensional unitary representations of H. It is the
Pontryagin dual of H (when H is abelian). We do not use the standard notation H
since we reserve this notation for the dual quantum group and, in the non-abelian
case, it does not correspond to the dual quantum group.

We also denote by Aut(G) the set of quantum automorphisms of a compact
quantum group G. More precisely,

Aut(G) = {o € Aut(Cn(G)) : Ao = (@ ® &) o A}.

Hence, Aut(G) as a closed subgroup of the Polish? group Aut(C,(G)), is itself
a Polish group.

Observe that each @ € Aut(G) induces a bijection « € S(Irr(G)). Indeed, for
x € Irr(G), a(x) is the equivalence class of the irreducible unitary representation
(id ® a)(u*). By construction, the map Aut(G) — S(Irr(G)) is a group homo-
morphism.

We will need the following auxiliary result which is certainly well known to
specialists. We include a proof since we could not locate any reference in the
literature.

Proposition 2.1. The map Aut(G) — S(Irr(G)) is continuous.

Proof. We shall need the following well known lemma which is of independent
interest. We include a proof for the convenience of the reader.

2with respect to the topology of pointwise norm convergence
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Lemma 2.2. Let u,v € B(H) ® Ci,(G) be two unitary representations of G on
the same finite dimensional Hilbert space H. If |lu — v| < 1, then u and v are
equivalent.

Proof. Definex = (id®h)(v*u) € B(H). Since u and v are unitary representations,
h being the Haar state forces (x®@ )u = v(x®1). Wehave u*(x*x®@ Du = x*x®1.
Hence, u*(|]x| ® 1)u = |x| ® 1. Now observe that

N =x = lGd®@hA —viu)| < 1 —v*ul = [lv—ul <1.

Hence x is invertible, and in the polar decomposition x = w/|x|, the polar part w is
a unitary. Consequently,

vi x| @ Du = v (w @ Du(lx|® 1) = (w @ D(|Ix| ® D).

By uniqueness of the polar decomposition of x ® 1, we deduce that v*(w ® 1)u =
w & 1. Hence, u and v are equivalent. O

We can now prove the proposition. Let («,), be a sequence in Aut(G) which
converges to o € Aut(G). Let F C Irr(G) be a finite subset and let N € N be such
that foralln > N

1
|Gd ® a,) @) — (id ® a)(w™)| < 3 forallx € F.

It follows from Lemma 2.2 that (id ® o) (u*) and (id ® «)(u™) are equivalent for
alln > N and for all x € F. This means that o, (x) = «(x) for all x € F whenever
n > N. This establishes the continuity. 0

Remark 2.3. We can also define Aut, (G) ={a € Aut(C(G)) : Aca=(x Q@ a) o A}
which is again a Polish group as it is a closed subgroup of the Polish group
Aut(C(G)). Since any o € Aut(G) preserves the Haar state, it defines a unique
element in Aut,(G). Hence, we have a canonical map Aut(G) — Aut,(G) which
is obviously a group homomorphism. Moreover, it is actually bijective. The inverse
bijection is constructed in the following way. Since any o € Aut,(G) restrict to
an automorphism of Pol(G), it extends uniquely by the universal property to an
automorphism in Aut(G). It is also easy to check that the map Aut(G) — Aut,(G)
is continuous.

Also, since any automorphism of C(G) intertwining A has a unique normal
extension to L*°(G), it induces a map Aut,(G) — Aute(G), where Autoo (G) =
{o € Aut(L*®(G)) : Aoa = (¢ ® @) o A}. As before, this map is a bijective group
homomorphism and is continuous (the topology on Aut(L*°(G)) being governed by
the pointwise || - ||,,5 convergence).
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For a discrete group I' and a compact quantum group G, a group homomorphism
a : ' - Aut(G) is called an action by quantum automorphisms and is denoted
by o : I' i G, see [35, Section 6]. We call such an action compact if the closure
of the image of I" in Aut(G) is compact. By remark 2.3, it follows that for compact
actions, the associated actions of I" on the C*-algebra C(G) (and C,,,(G)) and the
von Neumann algebra L°°(G) are compact. By Proposition 2.1, it follows that for
compact actions the induced action of I" on Irr(G) has all orbits finite. It is shown
in [31] that the converse is actually true: I' ~, G is compact if and only if the induced
action of I' on Irr(G) has all orbits finite.

The associated operator algebras of the discrete dual G of G are denoted by

YA co
(°(G) = P B(H,) and ¢o(G) = €P B(Hy).
x€lrr(G) x€lrr(G)

We denote by Vg = @xem(G) u* e M(co(@) ® Cy, (G)) the maximal multiplic-

ative unitary. Let py be the minimal central projection of zw(é) corresponding to
the block B(H,). We say that a € £°(G) has finite support if ap,, = 0 for all but
finitely many x € Irr(G). The set of finitely supported elements of E°°(G) is dense in

C()(G) and the latter is equal to the algebraic direct sum ¢, (G) @jﬁilrr(m B(Hy).

The (left-invariant) Haar weight on G is the n.s.f. weight on £°°(6) defined by

ha(a) = Z Trx (Qx)Trx(Qxapx),

x€lrr(G)

whenever the formula makes sense. It is known that the GNS representation of h’d
is of the form (Ag,L2(G), Ag), where Ag :c. (G) — L2(G) is linear with dense
range and :\\G : £°°(6) — B(L?(G)) is a unital normal *—homgmorphism such that
Ag(x) = We(x ® )W for all x € C(G), where W = (Ag ® Ag)(Vs). We
call Wi the reduced multiplicative unitary.

2.3. Approximation properties. In this section we recall the definition of the
Haagerup property, weak amenability and Cowling—Haagerup constants for discrete
quantum groups. We also show some basic facts we could not find in the literature:
permanence of the (co)-Haagerup property and (co)-weak amenability from a
quantum subgroup of finite index to the ambiance compact quantum group.

Let G be a compact quantum group. For w € C,,(G)*, define its Fourier
transform R

® = (id @ w)(V) € M(co(G)),

where ~
V= u* € M(co(G) ® Cu(G))
x€lrr(G)
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is the maximal multiplicative unitary. Observe that @ + @ is linear and
”ZDHB(Lz(G)) = ||a)||cm(G)* forall w € Cy, (G)*.

When G is a classical compact group with Haar measure p and v is a complex
Borel measure on G, then the Fourier transform v € M(C*(G)) is the operator

7= [ hedvie) € MG (G) € BAZG))
G

Following [13], we say that G has the Haagerup property if there exists a sequence
of states w, € C,,(G)* such that w, — &g in the weak™ topology and @, € cg (@)
foralln € N.

For a € Z“(a) with finite support, we define a finite rank map m, : C(G) —
C(G) by (id ® mg)(u*) = u*(apx ® 1). We say that a sequence a; € €°°(/G\)
converges pointwise to 1, if ||a; px — px|l8H,) — 0 for all x € Irr(G).

Recall that G is said to be weakly amenable if there exists a sequence of finitely
supported a; € £*° (6) converging pointwise to 1 and such that C =sup; ||mg; ||c» < oo.
The infimum of those C, called the Haagerup constant of G, is denoted by Acp (Z\})
(and is, by definition, infinite if G is not weakly amenable). It was proved in [26] that,
when G is Kac, we have Acb(/G\) = Ap(C(G)) = Ap(L*®°(G)). We refer to [7]
for more on the notion of Haagerup constants for C*-algebras and von-Neumann
algebras.

Definition 2.4. We say that a compact quantum group H is a (quantum) subgroup
of G is there exists a surjection p : Cp, (G) — C,,(H) such that (p ® p) o Ag =
A g o p. We define the (left) coset space by

Cn(G/H) :={a € Cu(G) | (d ® p)Ag(a) =a®1}.

We say that H is a finite index subgroup of G if C,,(G/H) is finite dimensional.

We refer to [14] for a systematic treatment of the notion of (closed) subgroups of
locally compact quantum groups.

Theorem 2.5. Let H be a finite index quantum subgroup of G. Then the following
holds.

) If H has the Haagerup property, then G has the Haagerup property.
() Acs(G) = Acp(H).

Proof. We will need the following claim.

Claim. If H is a finite index quantum subgroup of G with surjective morphism
0 : Cn(G) — Cp(H) thenthe set N¥ = {x € Irr(G) : Mor(v”, (id ® p)(u*¥)) # {0}}
is finite for all y € Irr(H), where {v¥ : y € Irr(H)} is a complete set of
representatives.
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Proof of the claim. We first show that N? is finite. Let x € N and § € Hy be
such that [|£]| = 1 and (id ® p)(¥*)E ® | = £ ® 1. Choose an orthonormal basis
(ez)k of Hy such that ef = £. Observe that the coefficients of u™ with respect with
this orthonormal basis satisfy p(u7;) = 1 and p(uz,) = 0 for all kK # 1. It follows
that u}, € C,,(G/H). Since the coefficients of non-equivalent representations are
linearly independent and since C,,(G/H) is finite dimensional, it follows that the
set N/ is finite.

Suppose that there exists y € Irr(H) \ {1} such that Ny is infinite and let
(*n)neNutoy be an infinite sequence of elements in Ny. Since (id ® p)(u*° ® u™)
has a sub-representation isomorphic to v¥ ® v”, it contains the trivial representation.
It follows that, for all i > 1, there exists z; € N f such that z; C X¢ ® x;. Hence,
x; C xo ® z; and the set {z; : i > 1} is infinite, a contradiction.

(1) Let (n)nenN be a sequence of states on Cp,(H) such that i, € co(ﬁ) for all
n € N and i, — ep in the weak™ topology. Define w, = pn o p € Cy,(G)*, where
p : Cun(G) — Cy(H) is the subgroup surjection. Since eg = ey o p, we have
w, — &g in the weak™ topology. Let n € N and € > 0. We need to show that the
set Gy e = {x € Irr(G) : ||(id ® w,) (u”)| > €} is finite. Since @, € co(ﬁ), the set
Hye={y €lr(H) : |(id®un)(v?)| > €} is finite, and since G, ¢ = Uyen, Ny,
by the previous claim we are done.

(2) We may and will suppose that H is weakly amenable. Lete > Oanda; € £ (ﬁl )
be a sequence of finitely supported elements that converges to 1 pointwise and such
that sup; ”ma,- “cb = Acb(H) + €.

We consider the dual morphism p : co(ﬁ ) = M(co (6)), which is the unique
non-degenerate *-homomorphism satisfying (id ® p)(Vg) = (p ® id)(Vy).

We first show that p(a;) € €°°(6) is finitely supported for all i and the sequence
(p(ai))i converges to 1 pointwise. Consider the functional w,; € Cp,(H)* defined
by (id ® wg;)(vY) = aip, for all y € Irr(H) so (id ® wg;)(Vy) = a; and, by
definition of the dual morphism p(a;) = (id ® wg; o p)(Vi), we have p(a;) px =
(id ® wg, 0 p)(*) and {x € Irr(G) : p(a;) px # 0} = Uyenr(i),a; py 0Ny - Hence,
0(a;) is finitely supported for all ;. Moreover, for all x € Irr(G),

IP(ai) px — pxll = 1(id ® wa; © p)(U™) — px|l = sup [|(id ® wg;)(v”) — pyll

yelrr(H),
x € NY
= sup |laipy — pyll =i 0.
yelrr(H),
x € NY

We now show that sup; ||m$(a_)||cb < Acb(fl ) + €. First let us note that, by

Fell’s Absorption Principle, we haVE: W6)12(Ve)13 = (Vg)23(W5)12(Vg)55. Thus,
there exists a x-homomorphism Ag : C(G) — C(G) ® Cp,(G) which extends
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the comultiplication Ag on Pol(G). We now define a unital *-homomorphism
7w :C(G) — C(G) ® C(H) such that

m(x) = (i[d® g o p) o Ag,

where Ay : Cp,(H) — C(H) denotes the canonical surjection given by the GNS-
representation with respect to the Haar state of H. Clearly, 7 extends the map
(id ® p) o Ag on Pol(G). Now it not hard to see that the map = is a right quantum
homomorphism (see Section 1 of [30]); in other words 7 satisfies the equations:

(Ag ®id)ormr = (id® ) o Ag,
(id® Ag)omr = (7 ®id) o 7.

Both of the above equations follow easily from the coassociativity condition of the
co-multiplication of G and H and from the fact that # = (id ® p) o Ag and
(p®p) o Ag = Ag o ponPol(G). This together with Theorem 5.3 of [30] implies
that there exists a unitary operator V, € 8(L?(G)) ® C(H) such that

m(x) =Vo(x ® DV

Hence, it follows that, v is isometric.

It is now not hard to see that (id ® mg,)m = 7w o M for all i. Indeed,
since mg; (x) = (id ® wg;)Apg(x) and mfl;(w)(x) = (id ® wq; © p)Ag(x) for all
x € Pol(G), we find that for x € Pol(G),

([d®mg;)m(x) = (Id ®id @ wy;)(id ® Ag) o m(x)
= (i[d ®id ® wg,; ) (7w ® p) 0 Ag(x)
=7 ((i[d ® wg; 0 p)(Ag(x)) =mo My (X)-

Since 7 is isometric, we have ”m})\(a‘)”‘f’b < |lmg, || < Acb(f-\l) + ¢ for all i.
Hence, A.p (G) < Acp (ﬁ ) + €. Since € is arbitrary the proof is complete. O

3. Representation theory of bicrossed products

This section has two parts. In the first part, we discuss matched pair of groups of
which one is compact and show an automatic regularity property of such matched
pairs (Proposition 3.2). In the second part, we study bicrossed products of compact
matched pair of groups and study their representation theory and related concepts.
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3.1. Matched pairs.

Definition 3.1 ([3]). We say that a pair of l.c. groups (G1, G») is matched if both
G1, G, are closed subgroups of a l.c. group H satistfying G; N G, = {e} and such
that the complement of GG, in H has Haar measure zero.

From a matched pair (G, G,) as above, one can construct a l.c. quantum group
called the bicrossed product and it follows from [38] that the bicrossed product is
compact if and only if G is discrete and G, is compact. In the next proposition, we
show some regularity properties of matched pairs (G, G) with G, being compact.

Proposition 3.2. Let (G1, G3) be a matched pair and suppose that G, is compact.
Then G1G> = H, and, for all (y, g) € G1 x G, there exists unique (o, (g), By (g)) €
G2 x Gy such that yg = o, (g)Bg (v). Moreover,

(1) forg,h € Gy andr,s € Gy, we have

ar(gh) = ar(g)ag,ry(h), Bg(rs) = Pay(g)(r)Bg(s)
(3.1)
and ar(e) =e, Pg(e) =e.
(2) « is a continuous left action of G1 on the topological space G,. Moreover, the
Haar measure on G, is o-invariant whenever G is discrete.

(3) B is a continuous right action of G, on the topological space G.

(4) « is trivial < Gy is normal in H. Also, B is trivial < G, is normal in H.

Proof. First observe that, since G, is compact, H is Hausdorff and G; is closed,
the set GG, is closed. Hence, the complement of G;G; is open and has Haar
measure zero. It follows that G1G, = H = H™! = G;'G{' = G,G;. Since
G1 N G, = {e}, the existence and uniqueness of «y,(g) and Bg(y) for all y € G,
and g € G, are obvious. Then, the relations in (1) and the facts that « (resp. B) is
a left (resp. right) action as in the statement easily follow from the aforementioned
uniqueness.

Now let us check the continuity of these actions. Since the subgroup G is closed
in the l.c. group H, so H/G is a l.c. Hausdorff space equipped with the quotient
topology and the projection map 7= : H — H/G; is continuous. Hence, m| Gs
G, — H/G; is continuous and bijective since G; N G, = {e} and G;G, = H.
Since G, is compact, |G, is an homeomorphism. Let p : H/G; — G; be the
inverse of g, and observe that the map o : Gy x G2 — Ga, (y,8) = ay(g)
satisfies @ = p o w o ¥, where Y : G; x G, — H is the continuous map given by
v(y,g) = vg, fory € G1, g € G,. Consequently, the action « is continuous. Since
forall y € Gy and g € G, we have B, (y) = o, (g) " !yg, we deduce the continuity
of B : G1 x G = Gy, (¥, 8) = Bg(y) from the continuity of & and the continuity
of the product and inverse operations in H.

Moreover, suppose that Gy is discrete. Then G; is a co-compact lattice in H
and it follows from the general theory (see, for example, [19, Section 2.6]) that H is
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unimodular and hence there exists a unique H -invariant Borel probability measure v
on H/Gy. Consider the homeomorphism Mg, G, — H/G; and the Borel
probability measure u = (7T|62)*(v) on Gy. Since, for all y € Gy, the map 7,
intertwines the homeomorphism oy, of G, with the left translation by y on H/G,
and since v is invariant under the left translation by yp, it follows that p is invariant
under «y. Also, TG, intertwines the left translation by 4 on G, with the left
translation by 4 on H/Gq for all & € G,. Hence, p is invariant under the left
translation by 4 for all & € G,. It follows that p is the Haar measure.

Suppose that G; is normal is H. Then for all y € G, g € G,, we have
g7 'vg = g7y (2)Bg(y) € Gi. Since gy, (g) € Gz and G N G, = {1}, we
deduce that g ™', (g) = 1 forally € Gy, g € G». For the reverse implication in (4),
suppose that « is trivial. Then for all y € Gy, g € G2, we have yg = gB,(y) € Gi.
Hence, g7!G,g C G, forall g € G, and since we trivially have y =!Gy C G for
all y € Gy and H = G1G,, we deduce that G is normal in H. The proof of the last
assertion of the proposition is analogous. O

In the next proposition, we discuss the well known Zappa—Szép product (also
known as the Zappa—Rédei—Sz€p product, general product or knit product). It is a
converse of Proposition 3.2. We include a proof for the convenience of the reader.

Proposition 3.3. Suppose that Gy and G, are two l.c. groups with a continuous
left action a of Gy on the topological space G, and a continuous right action B
of G on the topological space G satisfying the relations (3.1). Then there exists
a l.c. group H for which G1, G, are closed subgroups satisfying G; N G, = {e},
H = GGy, andforally € G1,g € Gy, yg = a,(g)Bg ().

Proof. Consider the l.c. space H = G x G, and define a product on H by the
formula:

(r,g)(s,h) = (Br(r)s, gar(h)) forallr,s € Gy, g, h € G,.

It is routine to check that this multiplication turns H into a l.c. group. Moreover, we
may identify G with a closed subgroup of H by themap G > r — (,1) € G1 X G,
and G, with a closed subgroup of H by the map G, > g — (1,g) € G x G».
After these identifications, we have H = G1G,, G; N G, = {e}, and for all

Yy €G1.8 € Gz, yg = oy (8)Be (7). [

3.2. Representation theory. We first construct the bicrossed product from a com-
pact matched pair and then study its representation theory. Along the way we prove
some straight forward consequences e.g. amenability, K-amenability and Haagerup
property of the dual of the bicrossed product. We also compute the intrinsic group
and the spectrum of the maximal C*-algebra of the bicrossed product.

Let (I', G) be a matched pair of a countable discrete group I' and a compact
group G. Associated to the continuous action B of the compact group G on the
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countable infinite set I', we have a magic unitary
vy-G = (Urs)r,seyG € Mly—GI(C) ® C(G)

forevery y -G € I'/G, where v,y = 14, and A, s = {g € G : Bg(r) = s}.

We define the C*-algebra A,, = ' y x C(G) to be the full crossed product
and the C*-algebra A = T'y, x C(G) to be the reduced crossed product. With abuse
of notation, we denote by « the canonical injective maps from C(G) to A, and
from C(G) to A. We also denote by u,, y € I', the canonical unitaries viewed in
either 4,, or A. Observe that A,, is the enveloping C*-algebra of the unital *-algebra

A= Span{u,,oe(u?}) cyelxelr(G),1<i,j < dim(x)}.

Let A : A,, — A be the canonical surjection. Since the action « on (G, ) is
u-preserving and u is a probability measure, so there exists a unique faithful trace ©
on A such that

T(uya(F)) = SV,e/Fd,u, yel, FeC(G).

Theorem 3.4. There exists a unique unital x-homomorphism Ay, © Ay —> A @ A
such that

Amoa=(@®a)oAg and Ap(uy) =Y uya(vy,)®@u, Yy cT.
rey-G

Moreover, G = (Am, Am) is a compact quantum group and we have:

(1) The Haar state of G is h = 1 o A, hence G is Kac.

(2) The set of unitary representations of G of the form V¥'6 @ v* for some y -G €
I'/G andx € Irr(G), where VY6 = > rseyG ers®@urd(vrs) € Mjy.6(C)@A
and v*¥ = (id ® a)(u”®), is a complete set of irreducible unitary representations
of G.

(3) We have Cr, (G) = Ay, C(G) = A, Pol(G) = A, A is the canonical surjection
and L*°(G) is the von Neumann algebraic crossed product.

(4) The counit eg : Cy(G) — C is the unique unital *-homomorphism such that
eg(a(F)) = F(e)forall F € C(G) and eg(uy) = 1 forally € T.

The compact quantum group G associated to the compact matched pair (I', G) in
Theorem 3.4 is called the bicrossed product.

Proof. The uniqueness of A,, is obvious. To show the existence, it suffices to check
that A,, satisfies the universal property of A4,,.

Let us check that y — A, (u,) is a unitary representation of I'. Let y € I'. We
first check that A, (u,,) is unitary. Observe that, forall g € G and y € I', we have

1=Bg(r™"y) = Ba, (¥ Be(¥).
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Hence, (B;(¥))™' = PBa,(e)(y~'). From this relation it is easy to check that
r-'.G={":rey-Glanda,(v,,~1) = v,-1, forall r € T. It follows that

Am(uy)* = Y @y )yt @upt = Y uy-1a(ay (vy,)) @

rey-G rey-G
= Z Uy—10(Vy—1 ) @ up = Apy(u,—1).
rey—1.G

Let y1,y2 € I'. We have

Am(ity)) A () = Dty @ (Vyy )ty @ (Vyy ) @ Uy

rey;-G,
s€y»-G

= Z Uy, )’205(0‘1/2*1 (vy, J)U)’z,s) Q Urs.
r,s

where

Observe that ar, -1 (Vy1,))Vyss = 1By, 1y i

By, yars = {g €G: ﬂayz(g)()’l) =rand Bg(y2) = s}
CAyysrs = {g €G:Bs(y1y2) = rs},

since Ba,, (g)(Y1)Bg(v2) = Bg(y1y2). In particular, By, y, rs = @ whenever rs ¢
y1Y2 + G; hence

Am(uy)) Am(uy,) = Z ”ywza(lB ®ur = Z Uy y, 0 (Fr) ® s,

1 ,yz,r,rflt)

tinély);gg, tey1y2-G
where
b= Z lByl,yz,r,r_lt = 1UrBy1,y2,r,r—1t = 1A1’172J’
p
and Ayiyop = {geG:y1y2~g=t}.
Consequently, 14, ,, , = Vyy,r and Ap(uy)Am(uy,) = Am(uy,y,). Since

Am(ue) = 1, it follows that y — A, (u, ) is a unitary representation of I'.
Let us now check that the relations of the crossed product are satisfied. Fory € T’
and F € Pol(G) we have:

A (tty) A @(F)) An (1)
=Y "y @ un)(@ ® @) ((vyr ® DAG(F)) (ty10(vy-1 ) @ us)

r,s

=ty ®up)(@ ® @) (V&1 (Vy-1.5) ® DAGF)) (1 © )

r,s
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= 3 (@ @) (@ (v )y 1, ® Dy ® ar)(Ac(F))(1 @ ry)
7,8

= Z(Ol ® Ol)((ay(vy,r)vy_l,r—lt ® D(ay ® ar)(Ag(F)))(l Qur)
= Y@ anH)1 B ).

where H; = 3 (aty (vy,r)vy-1 ,-1, @ D(ay ® @r)(AG(F)).
Observe that oy (vy,r)v,—1 ,—1, = g, ,, where

Byrs = {g €G: ﬂay—l(g)()/) =r and ,Bg()/_l) = r_lt}_

Since Bo _, () (V)Bs(y™') = Bg(yy™!) = Bg(e) = e, we deduce that By, = @
whenever ¢ # e, and it is easy to see that L,ey.G By,re = G. Hence, H; = 0 for
t # e. Againfor g € By, . and h € G, one has

He(g, h) = F(a,~1(g)a,—1(h) = Fla,-1(8)ag,,-1)(h) = Fla,-1(gh)).
It follows that H, = Ag(aty (F)). Consequently,

A (uy) A (@ (F))Am(uy) = (@ ® ) (He).

This completes the proof of the existence of A,.

It is clear that v™ (as defined in the statement) is unitary and since (¢ @ )Ag =
Amoa, wehave Ay (v]}) = Dk vfk®v,fj. Observethat V6 = Dy(id®a)(vV'G) €
M),.G|(C) ® 4, where D,, is the diagonal matrix with entries u,, r € y - G. Hence,
V7°C is unitary. Moreover,

Am(VrJ;.G) = Am (ura(vrs)) = Z (ura(vrt) ® l/lt)(Ol & O5)(AG(vrs))

ter-G=y-G
= Y wra(Vrvrz) @ ua(vzg) = Y ura(vr) ® ure(vis)
t,zey-G tey-G
-G -G
= Z Vrl; ® Vt); .

tey-G

It follows from [42, Definition 2.1°] that G is a compact quantum group and V?°G,
v* are unitary representations of G forall y - G € I'/G and x € Irr(G).

(1) Since ), V,’;'G = u,, the linear span of the coefficients of the representations
VY6 @ v* fory € I'/G and x € Irr(G) is equal to . Hence, it suffices to check
the invariance of / on the coefficients of V7'¢ ® v*. We have

h(Vrﬁ'Gv;cj)) = h(ur(x(vrsvfj)) =6re Uesvz?cj dp
G

= 8r,e8s,e U;dell = Sr,ess,e(sx,b
G
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since ves = 85,1 and v* is irreducible. Hence, if x # 1, we have

(id ® N Am (VL Cv}) = ZVryzG (Vo) =0

_Zh (VECuE VL Cvy, = (h @ id) Am(VECvE).

rs z]

And, if x = 1, we have

(id @ h) A (V) = ZVVGh VY) = 8yel = (h ®id) Am (V).

It follows that % is the Haar state.

(2) To simplify the notations, we write y -G ® x = V"¢ ® v* during this proof. For
a unitary representation u (of G or G), we denote by y(u) = >, u;; its character.
Observe that

Ay -G &x)=x(V')a(x(x) = ) ura)a(x(x)).

rey-G
Hence, for all y,y’ € T', and all x, y € Irr(G), we have

= Z a(X(Y)Uss)usfl,.Ol(vrrx(x))

sey’-G,
rey-G

- Z MS_Ira(ar—ls(X(Y)vss)vrr)((x)).

sey’-G,
rey-G

Hence,

hx(Y " GCRy®y-G®x))=8y6y6 Y / Uss X (V) x (x) d
sey-G
= 8y1.G,y-G /G XV ® x)du = 8y.G,y-G8x,y-
(3.2)

Taking y’ = y and y = x this shows that dim(Mor(y -G ® x,y -G ® x)) = 1.
Hence, such representations are irreducible. Since the linear span of the coefficients
of y - G ® x is equal to 4 and hence dense in A,,, it follows that any irreducible
representation of G is equivalent to some y - G ® x.

It also follows from Equation (3.2) thaty - x >~ y’-y ifandonly ify -G = y'-G
and x = y.
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(3) We have already shown that Pol(G) = #. It follows that C,,,(G) = A,,. Since A
is surjective and t is faithful on A, it follows that C(G) = A and L*°(G) is the
bicommutant of A in 8({?(I') ® L?>(G)) i.e. it is the von Neumann algebraic crossed
product. Finally, since A is the identity on #A = Pol(G), it follows that A is the
canonical surjection.

(4) The fact that eg(x(F)) = F(e) forall F € C(G) is obvious since « intertwines
the colmultiplication. Fix y € T'. Since V?'¢ is irreducible, we have that (id ® eg)
(V7G) = 1. Hence,

1= Z er,seG(ur)Ur,s(e) = Z er,rgG(”r)-

r,s€y.G rey.G
It follows that eg (1) = 1. O

Remark 3.5. Let G be the bicrossed product coming from a compact matched pair
(T, G) as above. From the definition, it is easy to check that C,, (&) is commutative
if and only if the action « is trivial and I is abelian. Moreover, G is cocommutative
if and only if the action S is trivial and G is abelian.

Remark 3.6. The following observation is well known. Let« : I' ~, A be an action
of the countable group I' on the unital C*-algebra A and let C be the full crossed
product which is generated by the unitaries u,,, y € I', and by the copy «(A) of the
C*-algebra A. If A has a character ¢ € A* such that (o, (a)) = ¢(a) foralla € A
and y € I', then the C*-subalgebra B C C generated by {u,, : y € I'} is canonically
isomorphic to C*(I'). Indeed, it suffices to check that B satisfies the universal
property of C*(I"). Letv : ' — U(H) be a unitary representation of I" on H.
Consider the unital *-homomorphism 7 : A — B(H) given by n(a) = e(a)idy,
a € A. We have vym(a)v,-1 = ¢(a)idy = e(ay(a))idg = m(ay(a)). Hence, we
obtain a representation of C that we can restrict to B to get the universal property.

Let (I, G) be a matched pair. Since the map ¢ : C(G) — C defined by
F +— F(e) is a a-invariant character, it follows from the preceding observation
that the C*-subalgebra of A,, generated by u,, y € T, is canonically isomorphic
to C*(I).

We now give some obvious consequences of the preceding result concerning
amenability, K-amenability and the Hagerup property. The first assertion of the
following corollary is already known [15] but we include an easy proof for the
convenience of the reader. We refer to [39] for the definition of K-amenability of
discrete quantum groups.

Corollary 3.7. The following holds:

(1) G is co-amenable if and only if T is amenable.

(2) If T is K-amenable, then G is K-amenable.

3) If G has the Haagerup property, then I has the Haagerup property.
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(4) Ifthe action of T on L*°(G) is compact and I has the Haagerup property, then G
has the Haagerup property.

Proof. (1) If ' is amenable, then we trivially have that A is an isomorphism; hence,
G is co-amenable. Conversely, if G is co-amenable, then the Haar state h = t o A is
faithful on A,,. Since h(u,) = §,., y € I', we conclude from Remark 3.6, that the
canonical trace on C *(I") has to be faithful. Hence, I" is amenable.

(2) Itis an immediate consequence of [12, Theorem 2.1 (c)].

(3) It follows from [13, Theorem 6.7], since L(I") is a von Neumann subalgebra
of L*(G).

(4) This is a direct consequence of [21, Corollary 3.4] and [13, Theorem 6.7]. [

Now we describe the fusion rules of a bicrossed product.
Forr,s € T', let B,s C G be the clopen set defined by

By = {8 € G : Bayg)(r) =rand By (s) = s}.
To reduce notation, we denote by y - G € Irr(G) the equivalence class of V¢ for
y -G € I'/G, and we view Irr(G) C Irr(G).
Theorem 3.8. The following holds:

(1) The set of unitary representations of G of the form v* @ V¥6 fory -G e T'/G
and x € Irr(G) is a complete set of irreducible unitary representations of G.

In particular, for all y - G € T'/G and all x € Trr(G), there exists a unique
ay.G(x) € Irt(G) and a unique Bx(y - G) € '/ G such that

y-G®x~a,6(x) 8 Buly - G).
Moreover, forally - G € T'/G and all x € Irr(G), the maps
ay.g :Irr(G) — Irr(G) and By :T/G —-T/G

are bijections.

(2) Forallr,s,y € I" and x € Irr(G) we have

dim(Mor(y -G ®x,r-G®s-G)) = Z f{tey-G:t= r’s’}|/ 1 (X) dp.
s'es-G, Brr.s
r'er-G

Proof. (1) The proof of (1) is exactly as the proof of assertion (2) in Theorem 3.4.
The second assertion is trivial, since the representations V¥'¢ @ v* are irreducible.
Finally, the fact that the maps are bijective follows from uniqueness.
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(2) Forall y,r,s € ', we have

)(1)/-G®x®r-G®s-G)

= Z a(X(f)vy’y’)u(y’)*lr/a(vr’r’)us/a(vs’s’)
v'€y-G,
r'er-G,s’es-G

= Z M(y/)—l rrs/ & (O[(r/s/)—l v/ (X(Y)Uy/y/)a(s/)—] (vr/r/)vs/s/) .
v'ey-G,
r'er-G,s'es-G

It follows that

dim(Mor(y -G ® x,r -G ® s - G))
=h(x(y- G®x®r-G®s-G))
= Z 8)//’,./5// X(f)vr/s/,r/s’a(s/)—l(Ur/r/)vs/s/ d/_,L

Y'€y-G, ¢
r'er-G,s’es-G

— Z \{l Ey- G:t= r/s/}|/ X(Y)vr/s/,r/s/a(s/)_l(vr’r/)vs/s/ dpL
s’'es-G, G
r'er-G

Observe that vy/s s (gry~1 (V) Vs = 1p,, ,, Where
Dy ={g€G:Bg(r'sy=r's'y N Bpy.

Since B¢ (r's") = Ba, (g)(r")Bg (s"), it follows that B, v C D, . Hence, Dyr g =
Br’,s/- D

We end this section with a description of the Int(G) and y(G) (see Section 2.2)
in terms of the matched pair (G, I"). It will be used to distinguish various explicit
examples in Section 7.

Observe that the relations in Equation (3.1) imply that

I‘ﬂz{yeF:ﬂg(y)=ngeG} and G“:{geG:ay(g)ngyeF}

are respectively subgroups of ' and G. Moreover, since B is continuous, G# is
closed, hence compact. Thus, when (I, G) is a compact matched pair, the relations
in Equation (3.1) imply that the associations

y-w =woa, and g-u = puofg, forally el,ge G, o e Sp(G), ne Sp(l),

define two actions by group homomorphisms, namely: (i) right action of T' on
Sp(G) that we still denote by «, and (ii) left action of G* on Sp(I") that we still
denote by . Also, B is a continuous action by homeomorphisms.
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Proposition 3.9. There are canonical group isomorphisms:
Int(G) ~ Sp(G) 3¢ T# and  y(G) ~ G* g x Sp(I").
The second isomorphism is moreover a homeomorphism.

Proof. The irreducible representation V¥-¢ of G is of dimension 1 < |y - G| = 1
& y e I'B. By assertion (2) of Theorem 3.4, there is a bijective map

7 :Sp(G) xg TP = Int(G) : (w,y) = uya(w) € Cu(G), o € Sp(G),y € I'P.

The relations of the crossed product and the group law in the right semi-direct product
imply that 7 is a group homomorphism.

Let (g,u) € G* x Sp(I'). Since g € G%, the unital *-homomorphism
C(G) — C given by F +— F(g) and the unitary representation p : I' — S!
give a covariant representation. Hence, we get a unique p(g, u) € x(G) such
that p(g, ) (uya(F)) = pu(y)F(g) forall y € I', F € C(G). It defines a map
p:G% g x Sp(I') = x(G) which is obviously injective.

Forall g,h € G%,y € I" and F € C(G), one has

(p(g. @) - p(h, @) (uya(F)) = (p(g. @) & p(h, 1)) (Am (uy(F)))
= 3" 0y () F(gh)

rey-G
= w(Y)(Bg () F(gh)
= (,o(gh,a) "o :Bg))(”V“(F))'

Hence, p is a group homomorphism.

Let us check that p is surjective. Let y € y(G), then y o ¢ € Sp(C(G)). Let
g € G be such that y(«x(F)) = F(g) forall F € C(G). Actually g € G*. Indeed,
forall y € T" and all F € C(G), one has

F(ay1(8) = x(e(ay(F))) = x(uya(Fuy) = x(a(F)) = F(g):

now use the fact that C(G) separates points of G to establish g € G*. Define
w = (y = x(uy)) € Sp(I'). Consequently, y = p(g,w) and p is surjective.
Finally, the map p~! : y(G) — G“ g x Sp(I") is continuous, since py o p~ ! :
1(G) — Sp(C(G)) = G by y = yoaand pyop~' : x(G) — Sp(I') by
x — (v = x(uy)), are obviously continuous, where p; and p, are the canonical
projections. By compactness, p is an homeomorphism. O

4. Property (T) and bicrossed product

This section is dedicated to the relative co-property (7)) of the pair (G, G) and
Kazhdan property of the dual of the bicrossed product G constructed in Section 3.
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The results in this section generalize classical results on relative property (7') for
inclusion of groups of the form (H,I" x H), where H and I" are discrete groups
and H is abelian [11].

4.1. Relative property (T) for compact bicrossed product.

Definition 4.1. Let G and G be two compact quantum groups with an injective unital
s-homomorphism « : Cp,(G) — C,,(G) such that Ag oo = (¢ ® @) o Ag. We
say that the pair (G, G) has the relative co-property (7'), if for every representation
7:Cu(G) —> B(H)wehaveeg <1 = eg Cmoa.

Observe that, by [27, Proposition 2.3], G has the property (7') in the sense of [17]
if and only if the pair (G, G) has the relative co-property (7') (with ¢ = id). Also,
if A, T" are countable discrete groups and A < TI', then the pair (7\\, f) has the relative
co-property (7T') if and only if the pair (A, I') has the relative property (7T') in the
classical sense.

Let (I', G) be a matched pair of a countable discrete group I" and a compact
group G. Let G be the bicrossed product. In the following result, we characterize the
relative co-property (7T') of the pair (G, G) in terms of the action « of I" on C(G).
This is a non-commutative version of [11, Theorem 1] and the proof is similar. We
will use freely the notations and results of Section 3.

Theorem 4.2. The following are equivalent:
(1) The pair (G, G) does not have the relative co-property (T).

(2) There exists a sequence (jin)neN of Borel probability measures on G such that
(@) un({e}) =0 foralln € N;
(b) wn — 8. weak™;
(© llety (1tn) = ptnll = 0 forally € T.

Proof. For a representation 7 : Cp, (G) — B(H ), we have e C 7 o « if and only
if K; # {0}, where

K, = {E € H:moua(F)§ = F(e) forall F € C(G)}.

Define p = roa : C(G) — B(H), and for all §,n € H, let ug , be the unique
complex Borel measure on G such that [ Fdug, = (p(F)&, n) forall F € C(G).
Let B(G) be the collection of Borel subsets of G and E : B(G) — B(H)
be the projection-valued measure associated to p i.e. for all B € B(G), the
projection E(B) € B(H) is the unique operator such that (E(B)&,n) = g (B)
forallé,ne H.

Observe that a vector £ € H satisfies p(F)§ = F(e)é for all F € C(G), if
and only if pg, = (£, n)8. for all n € H, which in turn is true if and only if
(E({e})&,n) = (&,n) for all n € H. Hence, E({e}) is the orthogonal projection
onto K.
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(1) = (2). Suppose that the pair (G,G) does notr have the relative co-
property (T). Let w : Cp(G) — B(H) be a representation such that eg < 7
and Ky = {0}. Hence, jug.; (fe}) = (E({e})é.n) = O forall &, € H.

Since eg < 7, let (§,)nen be a sequence of unit vectors in H such that

7 (x)én — e (x)énll — O

for all x € Gy, (G). Define u, = pug, g, Then, we have pu,({e}) = O foralln € N.
Since u,, is a probability measure,

[n (F) =8¢ (F)| = ‘/G(F—F(e))dun < IF=F@lriq, = IF=F@)llr2(u,)

for all F € C(G). Moreover,
|F = F@)l32(,) = I0(F = F@@D&I? = [(@(F))es — e (@(F))él> — 0.

Hence, p, — 8, weak™. Finally, for all y € T" and all F € C(G), we have:

/G F daty (1) = /G oty (F) it = (plety 1 (F))én.n)

= (7 (uy)* p(F)7 (y)&n. &n)
= (p(F)7 (y)&n, 7 (1y)En).

It follows that

‘LFWNM—LFWn

[(p(F)7 () )n. 7 (ty)En) — (P(F)én. £n)|
< [p(F)((uy)en — £n). 7w (uy)En) | + [(0(F)En, 70 (10 )En — )|
< 2||F [l (uy)En = &nll,

forall F € C(G) and y € I'. Hence,

lloty (en) = pnll < 207w (uy)en = Enll = 2|7 (uy)En — £G (uty)Enll — O

(see (4) of Theorem 3.4).
(2) = (1). We first prove the following claim.

Claim. If (2) holds, then there exists a sequence (vy)neN of Borel probability
measures on G satifying (a), (b) and (c) and such that a, (v,) ~ v, forally € T,
n e N.
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Proof of the claim. Denote by £1(T")1 + the set of positive £! functions on I' with
| £l = 1. For i a Borel probability measure on G and f € £!(T"); 4, define the
Borel probability measure f * @ on G by the convex combination

Frw=>" f(oyw.

yel

Observe that forall y € I', we have ), * & = oy, () and oy, (f * ) = f;, %, where
fy € 1)1 + is defined by £, (r) = f(y~'r),r € T.

Moreover, if f € £1(T"); + is such that f(y) > 0 for all y € T, then since
(f *w(E) = X, f(¥)u(a,—1(E)) (E is Borel subset of G), so we have that
(f *u)(E) = 0ifand only if (e, (E)) = O for all y € I'. This last condition does
not depend on f. Hence, if f € £1(T")1 4 is such that f > 0, then since f,(r) > 0
for all y,r € T, it follows that f * u ~ a,(f *u) = fy x pwforally € I' as
they have the same null sets: the Borel subsets E of G such that u(as(E)) = 0 for
alls e T.

Therefore, since ), (¢) = e forall y € I, so

(f e =Y fFule,-1(ted)) = fulted) = uled),
Y Y

forall f € £1(T")1 +. Let (i4n)nen be a sequence of Borel probability on G satisfying
(a), (b) and (c). Forall f € £1(T"); 4+ with finite support we have,

LS = pnll <D FON8y s in —panll = Y F ) ety (i) = || — 0. (4.1)
Y Y

Since such functions are dense in £!(T"); 4 (in the £!-norm), it follows that

I f * pn — pul — 0O

forall f € £1(I")y +.

Let £ € £1(T")1,+ be any function such that £ > 0 and define v, = £ * 1. By
the preceding discussion, we know that o, (v,) ~ v, for all y € I' and v, ({e}) =
Un({e}) = 0 forall n € N. Moreover, by Equation (4.1),

lloy (Vi) — v ll = 11§y * pn — & * pa|
< &y * un — pnll + lpen — & * pwn|l — 0,

forall y e T.
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Finally, since u, — 8, weak™ and ay, (¢) = e, one has |, (F oa,) — F(e)| — 0

for all y € T and for all F € C(G). Hence, for all F € C(G), the dominated
convergence theorem implies that

[vn (F) = 8e(F)| =

D S (n(F o ay) — Fe))
14

<3 SDpa(F o ay) — Fe)| — 0.
Y

It follows that v,, — 8, weak™ and this finishes the proof of the claim. O

We now finish the proof of the theorem. Let (u,)nen be a sequence of Borel
probability measures on G as prescribed in the claim. For » € N and y € T,
let h,(y) = W; then 0 < h,(y) < 1, u, ae., and by uniqueness of the
Radon-Nikodym derivatives and since o« is an action, we have for all n € N,
hn(y, g)hn(y_l,ay_l (g)) =1, uy, ae. g € G, and for all y € I'. Define
H, = L*(G, u,) and let u, : I — U(H,) be the unitary representations defined
by (un(y)§)(g) = &(a,—1(g)hn(y, g)% fory e, g € G, £ € H,. Also consider
the representations p, : C(G) — B(H,), defined by p,(F)&(g) = F(g)&(g),
for £ € Hy, g€ G and F € C(G). Observe that the projection valued measure
associated to p, is given by (E,(B)&)(g) = 1p(g)&(g) for all B € B(G),
£ € H, and g € G. Using the identity &, (y, -)hn()/_l,ayfl(-)) = 1, we find
un () pn(F)un(y™") = pn(ay(F)) forally € T, F € C(G), g € G. Therefore,
by the universal property of A,,, for each n € N there is a unital *-homomorphism
7Ty @ Am — B(Hy) such that 7, (uy) = u,(y) and 7, oo = p,, foralln € N. Since
un({e}) = 0, we have E,({e}) = Oforalln € N. Hence, K, = {0} foralln € N.
Consequently, on defining H = &, H, and 7 = &,7, : Cp(G) — B(H), it
follows that K, = {0} as well. Hence, it suffices to show that eg < .

Define the unit vectors &, = 1 € L?(G, u,) C H,n € N. Observe that

(sn — ty (1)) (F) = / F(1 = hn(»)) ditn,
G
for all F € C(G). Hence,

litn =ty () Il = 11 = hn W)l L1 G,y = O

forall y € I'. Moreover,as 0 < 1 — Vi< /1—tforall0 <t <1, it follows that
1
Ity )6 6l = a1 = 11y, = [ (1= b2

< /G (U = by ) ditn = 11— hn )11 6y — 0



1548 P. Fima, K. Mukherjee and 1. Patri

forall y € T'. Since u,, — 6, weak™, for all F € C(G), we also have that,
|7 (@(F))én — F(e)énllFr = lloa(F)1 = F(e)1]F,

= [ 1F@ - FePdu, 0.
Consequently, for all x = u,a(F) € C,(G), we have

17 (x)én — £6 (X)Enll = Il (uy) 7 (@(F))En — F(e)bnll
< |l (uy) (@ (F)sn — F(e)§n)ll + [F(e)] |7 (uy)En — Enll
< 7w (@(F)én — F(e)énll + | F(e)] |7 (uy)En — Enll — 0.

By linearity and the triangle inequality, we have |7 (x)&, — eg (x)&,|| — O for all
x € . The proof is complete by density of +4 in Cp, (G). O

4.2. Property (T). Now we discuss property (7') of G. Let G* be the set of fixed
points in G under the action « of I". It is a closed subset of G, and, by the relations
in Equation (3.1) it is also a subgroup of G.

Theorem 4.3. The following holds:

M If G has property (T), then I has property (T') and G* is finite.

Q) If G has property (T') and o is compact? then T" has (T') and G is finite.

(3) If T has property (T) and G is finite, then G has property (T).

Proof. (1) Let p : C(G) — C*(I') be the unital *-homomorphism defined by

p(F) = F(e)l and consider the canonical unitary representation of I' given by
'sy—A,eC*('). Forally e I"and F € C(G), we have

play(F)) = ay(F)(e)l = F(a,~1(e))l = F(e)l = Ayp(F))t;.

Hence, there exists a unique unital *x-homomorphism 7 : Cp,(G) — C*(I") such
that 7 oo = pand w(u,) = A, forall y € I'. Observe that 7 is surjective and, for
all F € C(G),

(r @ M) Ag(a(F)) = (p ® p)(Ac(F))
= Ag(F)(e,e)l ®1
= F(e)1 ® 1 = Ax(n(a(F))).

3We only need to assume that the closure of the image of I" in the group of homeomorphisms of G is
compact for some Hausdorff group topology for which the evaluation map at e is continuous.
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Moreover, since for all y,r € I" one has 14,,, (¢) = §,,,, we find, forall y € T,

(r @ m)Ag(uy) = Z m(uya(v),)) @ m(u,)
rey-G

=Y Ayla,, () ®A =4, ® 4y = Ax(7(uy)).
rey-G

So & intertwines the comultiplications and property (7°) for I follows from [17,
Proposition 6].

To show that G¢ is finite it suffices, since G¥ is closed in G hence compact, to show
that G* is discrete. Let (g,) be any sequence in G* such that g, — e. Consider
the unital *-homomorphism p : C(G) — B((*(N)) defined by (p(F)§&)(n) =
F(gn)&(n), for all £ € £2(N), and the trivial representation of I on £?(N). Since
gn € G forall n € N this pair gives a covariant representation. Hence, there exists
a unital *-homomorphism 7 : Cp,(G) — B(¢?(N)) such that 7 (uya(F)) = p(F)
forall y € I and F € C(G). Define &, = §, € £*>(N). One has

7w (uy(F))én — G (uya(F))Enll = [F(gn) — F(e)] = 0

for all F € C(G). Hence, 7 has almost invariant vectors. By property (7'), 7 has
a non-zero invariant vector and for such a vector £ € £2(N) we have F(g,)&(n) =
F(e)é(n) forall F € C(G) and alln € N. Let ng € N for which &(ng) # 0. We
have F(gn,) = F(e) for all F € C(G), which implies that g,, = e and shows
that G* must be discrete.

(2) It suffices to show that G is finite. The proof is similar to (1). Let g, € G be any
sequence such that g, — e. We view « as a group homomorphism « : I' = H(G),
y — oy, where H(G) is the group of homeomorphisms of G and we write K =
a(T) € H(G). By assumptions, K is a compact group and we denote by v the Haar
probability on K. Note that, since o, (e) = e for all y € I', by continuity of the
evaluation at e and density, we also have x (¢) = e forall x € K. We define a covariant
representation (p,v), p : C(G) — B(L*(K x N))and v : I' — U(L?(K x N)) by
(p(F)§)(x,n) = F(x(gn))§(x,n)and (v,&)(x,n) = §(a,—1x,n). By the universal
property of C,, (G), we get a unital x-homomorphism 7 : C,,(G) — B(L?*(K xN))
such that w(uya(F)) = vyp(F) forall y € I" and FF € C(G). Define, for k € N,
the vector £ (x,n) = 8 ,. Since v is a probability it follows that & is a unit vector
in L?(K x N). Moreover, forall y € I" and F € C(G),

72 (uya (F)k — e (uya(F))é|* = /K |F(at,-1x(gx)) — F(e)|* dv(x) — 0,

where the convergence follows from the dominated convergence theorem since, by
continuity, we have F(a,-1)x(gx)) — F(e) forally € I', x € K and F € C(G)
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and the domination is obvious since v is a probability. By property (7), there exists
anon-zero £ € L2(K x N)) such that

F(e)§ = eg(a(F))§ = m(a(F))§ = p(F)§
for all F € C(G). Define

Y = %x eK: Z |E(x,n)|* > 0}

neN

and, for F € C(G),

Xpi= fr e Ko X FUx(géCem - F@g(rf? £0.

neN

The condition on & means that v(Y) > 0 and, for all F € C(G), v(XF) = 0. Let
Fy € C(G)beadensesequenceand X = UgenXF, thenv(X) = 0sov(Y'\X) > 0.
Hence, Y \ X # 0. Letx € Y \ X, we have Y, |€(x,n|?> > O and, forall k,n € N,
Fr(x(gn))é(x,n) = Fr(e)é(x,n). By density and continuity, F(x(g,))&(x,n) =
F(e)é(x,n) foralln € N and F € C(G). Since Y, |&(x,n|> > 0, there exists
no € N such that §(x,n9) # 0 which implies that F(x(gn,)) = F(e) for all
F € C(G). Hence, x(gn,) = e which implies that g,, = e. Hence G must be
discrete and, by compactness, G is finite.

(3) Letw : Cu(G) = I'y, s x C(G) — B(H) be a unital x-homomorphism and K
be the closed subspace H given by C(G)-invariant vectors i.e.

K = {S €eH :moua(F)f =F(e)sforall F e C(G)}.

Then P = m(x(d.)) is the orthogonal projection onto K which is an invariant
subspace of the unitary representation y +— m(u, ) since

w(uy) Pr(uy)” = m(a(@a, () = (@) = P

forall y € I'. Let y — v, be the unitary representation of I' on K obtained by
restriction.

Suppose that eg < 7 and let &, € H be a sequence of unit vectors such that
|7 (x)én — eg(x)Ex|| — O for all x € Cp,(G). Since G is finite (hence G has
property (T)), so K # {0}. Moreover, since | ||P&,| — 1| < || P& — &, we
have | P&,|| — 1 and hence we may and will assume that P&, # O for all n. Let
N = % € K. We have

7 )n =l _

1
Uyln — = ——||P(vyén — <

1P &nl
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Hence, y — v, has almost invariant vectors. Since I" has property (T'), let £ € K
be a non-zero invariant vector. Then, for all x € C,,(G) of the form x = u,a(F),
we have

n(x)§ = F(e)w(uy)§ = F(e)§ = e (x)§.

By linearity, continuity, and density of #4 in Cy,,(G), we have 7w (x)¢& = eg(x)& for
all x € Cp, (G). O

We mention that the third assertion of the previous theorem appears in [10] when
is supposed to be the trivial action.

Remark 4.4. The compactness assumption on ¢ in assertion (2) of the preceding
Corollary can not be removed. Indeed, for n > 3, the semi-direct product H =
SL,(Z) x Z™ (for the linear action of SL,(Z) on Z") has property (7)) and H
may be viewed as the dual of the bicrossed product associated to the matched pair
(SL,(Z), T") with the non-compact action o : SL,(Z) ~ T" given by viewing
T" = Z" and dualizing the linear action SL,(Z) ~ Z" and the action 8 being
trivial. In this example, the compact group G = T7" is infinite.

5. Relative Haagerup property and bicrossed product

In this section, we study the relative co-Haagerup property of the pair (G,G)
constructed in Section 3. The main result in this section also generalizes the
characterization of relative Haagerup property of the pair (H,I" x H), where H
and I' are discrete groups and H is abelian [11]. We refer to Section 2.3 for the
definitions of the Fourier transform and the Haagerup property.

Definition 5.1. Let G and G be two compact quantum groups with an injective
unital x-homomorphism « : Cp, (G) — Cp(G) such that Ag oo = (¢ ® @) 0 Ag.
We say that the pair (G, G) has the relative co-Haagerup property, if there exists a
sequence of states w, € Cy,;(G)* such that w, — eg in the weak™ topology and
wn oo € co(G) foralln € N.

Observe that, for any compact quantum group G, the dual G has the Haagerup
property if and only if the pair (G, G) has the co-Haagerup property. Moreover, it
is clear that if A, I are discrete groups with A < T, then the pair (C*(A), C*(T"))
has the relative co-Haagerup property if and only if the pair (A, I') has the relative
Haagerup property in the classical sense.

Let (T', G) be a matched pair of a discrete group I and a compact group G. Let G
be the bicrossed product. In the following theorem, we characterize the relative
co-Haagerup property of the pair (G, G) in terms of the action « of I" on C(G). This
is a non commutative version of [11, Theorem 4] and the proof is similar in spirit.
However, one of the arguments of the classical case does not work in our context
since a, is not a group homomorphism and substitutive ideas are required. Actually,
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for a general automorphism 7 € Aut(C(G)) and v €Prob(G), there is no guarantee
thatv € C*(G) = JT/(;) € CX(G). However, in the event of automorphisms coming
from the action « given by a matched pair the aforesaid statement turns out to be true.
We provide details of this idea in the next lemma. We will freely use the notations
and results of Section 3.

Lemma 5.2. Let v be a complex Borel measure on G. If v € C}(G), then m €
CX(G)forally eT.

Proof. Observe that for all y € T and all x € Irr(G) by choosing u” such that
uly] = (u?i)* for all i, j, we have
/G(uzl)*uj; oaydp = h(a(u%{)u;la(ué)u,,) = h(uya(u%()uyfla(ufj))

¥y
= E h(uya(vyrup u,—1a(v,—1,u3;))
rey-G, . . . .
sey—1.g  (see Section 3 definition of magic unitary)

=0, whenever y # a,-1.g(x).
Indeed, since each term of the above sum is the Haar state of a coefficient of
- GeN®F - Ge),

the aforesaid term is O whenever y -G ® y # y~! - G ® x. Since

Yy Gey~y®y G and y - GRxa,16(0) @By -G
we have

Y G8T £y GRx & yFaigl) o ¥-G# (G,
Since the set

ux.
Y cx elr(G), 1 <i,j < dim(x)}

vdim(x)

is a Hilbertian basis of L?(G), we can write uj; o ay as a finite sum uj; o, =

D ki A,’;luil, where y = a,-1.6(x) and /\Zl € C. Now observe that for any
complex Borel v measure on G, we have
v € C}(G) if and only if the function x +— / uz; dv € ¢o (Irr(G))
G

forall 1 <i,j <dim(x). Let v be a complex Borel measure on G and y € I'. We

have
% y
/ufjday(v)zf ufjoaydvz E )Lk,l/ Uy, dv,
G G P G

where y = a,,—1.(x). Suppose thatV € C(G). We will show thata,, (v) € C(G).
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It suffices to check that

(x »—>/ u?;”l'G(x)dv) € ¢o(Irr(G)).
G

Let € > 0. We have

{x € Irr(G) : ‘/ uZy_l'G(x) dv' > e}
G

= (ay_l,G)_l({x € Irr(G) : ‘/Gui; dv| > e})

The right hand side is a finite set, since o, 1. is injective and by the assumptions

{xelrr(G):‘/ uz; dv Ze}
G

is finite. O

Theorem 5.3. The following are equivalent:
(1) The pair (G, G) has the relative co-Haagerup property.
(2) There exists a sequence (jin)neN of Borel probability measures on G such that
(@) n € CY(G) foralln € N;
(®) pn — 8 weak™;
(© llay (tn) — pnll — O forall'y € T.
Proof. (1) = (2). Letw, € Cp(G)* be a sequence of states such that w,, — eg
in the weak™ topology and @, o« € C*(G). For each n view w, oo € C(G)* as a
Borel probability measure i, on G. By hypothesis, i, € C;*(G) foralln € N and
n — O in the weak™ topology. Writing (H,, 7, £,) the GNS construction of w;,

and doing the same computation as in the proof of (1) = (2) of Theorem 4.2, we
find

/ Fdocy(un)—[ Fdu,
G G

Hence,

< I F 1700ty Yen—8all = 1 Flly/2(1 = Re(@n ().

oy (1) = pall = /201 = Re(@n(a1)) — |/2(1 = Re(eg (uy)) = 0.

(2) = (1). We first prove the following claim.

Claim. If (2) holds, then there exists a sequence (vy)neN of Borel probability
measures on G satisfying (a), (b) and (c) and such that o, (v,) ~ v, forally € T,
n e N.
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Proof of the claim. By the proof of the claim in Theorem 4.2, it suffices to check
that whenever v is a complex Borel measure on G and f € £!(G), we have V €
CHG) = [ *v e CHHG).

Now suppose that vV € C*(G) and f € ¢ ('), then f v =" f(y)ay (i) isa
finite sum and by Lemma 5.2 we find that m => f(y)m) e CX(G).

Suppose that ¥ € C*(G) and f € £Y(T'). Let f, € c.(T') be such that
| f — fulli = 0. Since for all g € £Y(T") and all v € C(G)* the estimate
ILf s vl < L/ ll1 [[v]l holds, we find

If *v— faxvigaz@)y = 1 = fu) *vlgaze)
= I(f = fu) xvic@)* = IvlicIl.f = fulli = 0.

Consequently, as ]7*\1) € CX(G) for all n, it follows that m € CX(G). O

We can now finish the proof of the Theorem. Let (iy,)sen be a sequence of
Borel probability measures on G as in the Claim. As in the proof of Theorem 4.2,
we construct a representation 7 : C,, (G) — B(H) with a sequence of unit vector
€, € H such that || (x)&, — eg(x)& | — 0 for all x € C(G) and [ Fdp, =
wg, o oa(F), for all F € C(G). It follows that the sequence of states w, =
wg, ot € Cp(G)* satisfies w, — eg weak® and w, o = 1, € CX(G) for
alln € N. O

6. Crossed product quantum group

This section deals with a matched pair of a discrete group and a compact quantum
group that arises in a crossed product, where the discrete group acts on the compact
quantum group via quantum automorphisms. This section is longer and has four
subsections. First, we analyze the quantum group structure and the representation
theory of such crossed products which was initially studied by Wang in [41], but
unlike Wang we do not rely on free products which allows us to shorten the proofs.
We also obtain some obvious consequences related to amenability and K -amenability
and the computation of the intrinsic group and the spectrum of the full C*-algebra
of a crossed product quantum group. The subsections deal with weak amenability,
rapid decay, (relative) property (7') and (relative) Haagerup property.

Let G be acompact quantum group, I" adiscrete group actingon Gie.oc : I' i G
be an action by quantum automorphisms. We will denote by the same symbol « the
action of I" on Gy, (G) or C(G). Let A, = ' X Cpn (G) be the full crossed product
and A = 'y x C(G) be the reduced crossed product. By abuse of notation, we still
denote by « the canonical injective map from C,,(G) to A,, and from C(G) to A.
We also denote by u,, for y € I', the canonical unitaries viewed in either A4,, or A.
This will be clear from the context and cause no confusion.
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By the universal property of the full crossed product, we have a unique surjective
unital *-homomorphism A : A4, — A such that A(u,) = u, and A(x(a)) =
a(Ag(a)) forall y € T and for all a € C,,(G). Finally, we denote by w € A*, the
dual state of A i.e. @ is the unique (faithful) state such that

w(uya(a)) = 8e,yhg(a) foralla e C(G),y eT.

Again by the universal property of the full crossed product, there exists a unique
unital *-homomorphism A, : A, — A ® Ap such that A, (u,) = u, ® uy, and
Apoa =(x®a)oAg.

The following theorem is due to Wang [41]. We include a short proof.

Theorem 6.1. G = (A, Ap) is a compact quantum group and the following holds.
(1) The Haar state of G is h = w o A, hence, G is Kac if and only if G is Kac.
(2) Forally € T and all x € Irr(G), uy, = (1 @ uy)(1d ® @) (™) € B(Hy) ® Am

is an irreducible representation of G and the set {uy, : y € I',x € Irr(G)} is a
complete set of irreducible representations of G.

(3) One has C(G) = Ap, C(G) = A, Pol(G) = Span{u,a(a) : y € T,
a € Pol(G)}, A is the canonical surjection from Cyp (G) to C(G) and L*°(G) is
the von Neumann algebraic crossed product.

Proof. (1) Write A = Span{u,a(a) : y € I''a € Pol(G)}. Since, by definition
of A,,, # is dense in A4, it suffices to show the invariance of 4 on + and one has

(id ® 1) (Am (uya(uf}))) = Z uya(ufk)h(u,,a(uzj))
k

= 8y,ebx,1 = h(uyoz(ul’-}))
= (h®id)(Anm (uya(ui‘]-))), y € T, x € Irr(G).

(2) By the definition of A, it is obvious that v, is a unitary representation of G for
all y € I and x € Irr(G). The representations uy, for y € I' and x € Irr(G), are
irreducible and pairwise non-equivalent since

h(xud)* xu)) = h(e(@)u,—1,2(x(»)))
= h(up—1 g0 (a1, (X (X)) x(1)))
= 8rsha (X(X)x(¥)) = 8r,s8x,y.

Finally, {u}, : y € I, x € Irr(G)} is a complete set of irreducibles since the linear
span of the coeflicients of the u}, is +, which is dense in Cp, (G).

(3) Weestablished in (2) that A = Pol(G). Since, by definition, A,, is the enveloping
C*-algebra of 4, we have C,,,(G) = A,,. Since A : 4,, — A is surjective and @
is faithful on A, we have C(G) = A. Moreover, since A is identity on A = Pol(G),



1556 P. Fima, K. Mukherjee and 1. Patri

it follows that A is the canonical surjection. Finally, L°°(G) is, by definition, the
bicommutant of C(G) = A which is also the von Neumann algebraic crossed product.
O

Remark 6.2. Observe that the counit satisfies g (uyx(a)) = eg(a) forany y € T’
and a € Pol(G). This follows from the uniqueness of the counit with respect to the
equation (¢ ®id) o A = id = (id ® €) o A and also the fact that eg oot (a) = eg(a),
for any y € I' and a € Pol(G). Similarly, Sg(uya(a)) = u,—1a(Sg(a,-1(a))).
Hence, for any y € T", we have @) o Sg = Sg o ay,.

Remark 6.3. From Section 2.2, we have a group homomorphism I' — S(Irr(G)),
y — oy, where a, (x), for x € Irr(G), is the class of the irreducible representation
(id ® ay)(u™). Let y - x € Irr(G) be the class of uj. Observe that, we have
y®x®y ! =ay(x)andy-x = y®x, by viewing ' C Irr(G) and Irr(G) C Irr(G).
Hence, the fusion rules of G are described as follows:

rex@s-y=rs-o-1(x)®y = @ rs-t, forallr,s eI, x,y € Irr(G).
telr(G)
tCa 1 (x)®y

1

Moreover, we have y - X =y~ - o, (X) forall y € I" and x € Irr(G).

Corollary 6.4. The following hold.
(1) G is co-amenable if and only if G is co-amenable and T is amenable.

(2) If G is co-amenable and T is K-amenable, then G is K-amenable.

Proof. (1) Let G be co-amenable and I" be amenable. Then as C,,(G) = C(G) and
since the full and the reduced crossed products are the same for actions of amenable
groups, it follows from the previous theorem that G is co-amenable. Now, if G, is
co-amenable, its Haar state is faithful on A,,. In particular, ro Al oo = hg o A must
be be faithful on C,,(G) which implies that G is co-amenable. Since h(u,) = 6y,
y € I', we conclude, from Remark 3.6 (since the counit &g is an « invariant character
on Cy,(G)), that the canonical trace on C*(I") has to be faithful. Hence, I is
amenable.

(2) Follows from [12, Theorem 2.1 (c¢)] since C;,,(G) = C(G). O

Note that, from the action @ : ' ~, C,,(G) by quantum automorphisms, we
have a natural action, still denoted «, of I" on y(G) by group automorphisms and
homeomorphisms. The set of fixed points

x(G) ={x€x(G): yoa, = yforally € T'}

isaclosed subgroup. Also note that we have a natural action by group automorphisms,
still denoted ¢, of I on Int(G).
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Proposition 6.5. There are canonical group isomorphisms:
Int(G) Ty xInt(G) and x(G) =~ x(G)* x Sp(T").
The second one is, moreover, a homeomorphism.

Proof. The proof is the same as the proof of Proposition 3.9. The dimension of the
irreducible representation (id ® «)(u*)(1 ® u, ) is equal to the dimension of x and
such representations, for x € Irr(G) and y € I', form a complete set of irreducibles
of G. Hence we get a bijection

7 xInt(G) - Int(G) : (y,u) = a(m)u, € Cu(G).

Moreover, the relations in the crossed product and the group law in the semi-direct
product imply that it is a group homomorphism.

Let (x,u) € x(G)* x Sp(I'). Since y oy, = y forall y € T, the pair (x, i)
gives a covariant representation in C, hence a unique character p(y, u) € x(G)
such that p(y, u)(uya(a)) = u(y)x(a) forally € I', a € Cp(G). It defines a map
p: x(G)*xSp(I') — y(G) whichis obviously injective. A directcomputation shows
that p is a group homomorphism. Let us show that p is surjective. Let w € y(G),
then y := woa € x(G) and, for all a € Cy(G), x o ay(a) = w(uya(a)uy) =
w(uy)o(a(a))w(uy) = x(a). Hence, x € x(G)* and we have ® = p(x, ), where
n = (y = w(uy)). Moreover, as in the proof of Proposition 3.9, it is easy to see
that the map p~! is continuous, hence p also, by compactness. O

6.1. Weak amenability. This subsection deals with weak amenability of G con-
structed in Section 6. We first prove an intermediate technical result to construct finite
rank u.c.p. maps from C(G) to itself using compactness of the action and elements
of ZOO(@) of finite support. Using this construction, we estimate the Cowling—
Haagerup constant of C(G) and show that C(G) is weakly amenable when both T’
and G are weakly amenable and when the action is compact. This enables us to
compute Cowling—Haagerup constants in some explicit examples given in Section 7.
We freely use the notations and definitions of Section 2.3.

Lemma 6.6. Suppose that the actiona : I' ~, G is compact. Denote by H < Aut(G)
the compact group obtained by taking the closure of the image of T in Aut(G).
If a € £°°(6) has finite support, then the linear map W : C(G) — C(G), defined
by ¥(z) = [y (h=Y omyg o h)(z)dh has finite rank and |¥||¢p < ||ma||cp, where dh
denotes integration with respect to the normalized Haar measure on H.

Proof. First observe that W is well defined since, forallz € C(G),themap H > h
(h=Y omg o h)(z) € C(G) is continuous. Moreover, the linearity of W is obvious.
Since a has finite support, the map m, is of the formm, (-) = w1(-)y1+- -+ @0n (-) Y,
where w; € C(G)* and y; € Pol(G). Hence, to show that W has finite rank, it suffices



1558 P. Fima, K. Mukherjee and 1. Patri

to show that the map W;(z) = [ (h™' o ¢ o h)(z)dh, z € C(G), has finite rank
when ¢(-) = w(-)y, withw € C(G)* and y € Pol(G).

In this case, we have Wy (z) = [, w(h(z))h~Y(y)dh, z € C(G). Write y as a
finite sum y = 3N > kd Mgy, where F = {x;,....xy} C Irr(G). Since H
is compact, the action of H on Irr(G) has finite orbits. Writing 4 - x for the action
of he Honx € Irr(G), theset H-F ={h-x:he Hyx € F} C Irr(G) is
finite and, for all h € H, h™'(y) € F, where ¥ is the finite subspace of C(G)
generated by the coefficients of the irreducible representations x € H - F. Hence,
the map h — w(h(z))h~!(y) takes values in %, for all z € C(G). It follows that
Vi(z) = [y w(h(z))h~Y(y)dh € F for all z € C(G). Hence, W has finite rank.

Now we proceed to show that ||V||.p < ||ma|cp. For n € N, denote by ¥, the
map

¥V, =1d@V¥: M,(C)® C(G) - M,(C) ® C(G).

Observe that W, (X) = [ (id® (h~' omg 0 h))(X)dh forall X € M,(C) ® C(G).
Hence, for n € N, one has

1, (X)) < /H 1Gd ® (h~" 0 ma o W)(X)|| dh
< x| /H 1" o ma o )lles dh < | X1 Imalles.

Tt follows that |||, < |72 lcs. .

Theorem 6.7. We have max(Acp(I'), Acp(C(G))) < Acp(C(G)). Moreover, if the
action I' ~, G is compact, then A.p(C(G)) < Acp(T)Acp(G).

Proof. The first inequality is obvious by the existence of conditional expectations
from C(G) to C*(I') and from C(G) to C(G). Let us prove the second inequality.
We may and will assume that I" and G are weakly amenable. Fix € > 0.

Let a; € E"o(@) be a sequence of finitely supported elements such that
sup; [[mg; llep < Acb(a) + € and mg,; converges pointwise in norm to identity.
Consider the maps W; associated to a; as in Lemma 6.6. Observe that the sequence W;
converges pointwise in norm to identity. Indeed, for x € C(G),

1%, 6) — x| = H [ (0 oma, o me) ) an “

= H /H (h™"(ma, (h(x)) — h(x)) dh

< / 1, () — h(x)| dh.
H
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Now the right hand side of the above expression is converging to O for all x € C(G)
by the dominated convergence theorem, since |mg, (h(x)) — h(x)|| —; O for all
x € C(G)andall h € H, and

ma; (h(x)) = R < (lma, lles + Dl x|l
< (Acb(é) + e+ 1)|x|| foralli andall x € C(G).

By definition, the maps \W; are I'-equivarianti.e. ¥; o o, = a;, o \V;. Hence, for
all i, there is a unique linear extension U;: C (G) — C(G) such that U; (uya(x)) =
uya(¥P;(x)) for all x € C(G) and all y € T'. Moreover, ||\If les < IWillep <
”ma ”cb < Acp(G) +e.

Consider a sequence of finitely supported maps /; : I' — C going pointwise
to 1 and such that sup [y, [[cp < (Acp(T') +€), and denote by ¥; : C(G) - C(G)
the unique linear extension such that w j(uya(x)) = ¥;(y)uya(x). Then, we have
”wj lep < “mlﬂj lep = Acb(F) + €.

Define the maps ¢; ; = w] oW; : C(G) — C(G). Then for all i, j we have
l¢i.jlles < (Aep(T) +€)(Acs(G) +€). Since i j (e (x)) = Y (e (¥ ().
itis clear that ¢; ; has finite rank, and (¢;,;);,; is going pointwise in norm to identity.
Since € was arbitrary, the proof is complete. O

6.2. Rapid decay. In this subsection we study property (R D) for crossed products.
We use the notion of property (RD) developed in [5] and recall the definition below.
Since for a discrete quantum subgroup G < @, i.e. such that there exists a faithful
unital x-homomorphism Cy,(G) — C,,(G) which intertwines the comultiplications,
property (RD) for G implies property (RD) for G and, since for a crossed product G
coming from anaction I' ~, G of adiscrete group I" on a compact quantum group G,
both I" and G are discrete quantum subgroups of G, it follows that property (RD)
for G implies property (RD) for I and G. Hence, we will only concentrate on
proving the converse.

For a compact quantum group G and a € C, (6) we define its Fourier transform
as:

Fela) = (hg @ H(V(a® 1))

= Z dimg (x)(Trx ® id)((Qx ® 1)u*(apx ® 1)) € Pol(G),
x€lrr(G)

and its “Sobolev 0-norm” by
dim, (x)? . %
4.0 = D i) T+(Q3@@)pxQx).
x€lrr(G)

Let o : I' ~ G be an action by quantum automorphisms and denote by G the
crossed product. Recall that Irr(G) = {y -x : y € I and x € Irr(G)}, where y - x is
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the equivalence class of

u, = (1 ®uy)(id ® a)(u*) € B(Hy) ® C(G).
LetVy.x 1 Hy.x — Hy be the unique unitary such thatu?* = (V[ & Duy (Vy.x®1).
Lemma 6.8. For any y € I' and x € Irr(G), one has Qy.x = V), OxVy.x and
dimg (y - x) = dimg(x).

Proof. Since V)., is unitary, it suffices to show the first assertion. Recall that
0Oy .x is uniquely determined by the properties that it is invertible, Tr,.x(Qy.x) =
Try.x(Q;,;) > Oand that Q. € Mor(u”™, "), whereuls" = (id® S3)(u?™). It
is obvious that Q := V), OxV).x is invertible and that Try,. (Q) = Tryx(Q~1) > 0.

Hence, we will be done once we show that Q € Mor(u?™*, u’."). To this end, we first
note that we have, by Remark 6.2, for any y € I" and a € Pol(G), Sé (uya(a)) =
uya(Sg(a)). Thus, (id ® SE)(u}) = (1 ® uy)(id ® @) ((id ® S)(u*)). It follows
that O € Mor(uy, (u3)cc) hence O € Mor(u”™, ulso). O

Lemma 6.9. Leta € C, (@) and write

a= Z apy.x.

yeS,xeT

where S C I and T C Irr(G) are finite subsets. Fory € S, define a, € C, (6) by

ay = Z VyxapyxVy'x Px-

x€T
The following holds.
(1) Fg(a) = ZyeS uya(ﬁG(ay))'
@) lallZ o = ¥yes lay 1.,

Proof. Observe that, since V). is unitary, Try.x (V' AVy.x B) = Trx(AVy.x BV},)
forall y e I',all x € Irr(G) and all A € B(H,), B € B8(H,.x). Hence,

Fg(a) = Z dimg (y - X)(Try.x ® id)((Qyx ® Du?*(apyx ® 1))
yeS,xeT
= Y dimg(x)(Tryx ® id) (V) ® D(Qx @ D(Vyx ® DV @ 1)
yeS.xeT Ul (Vyx ® 1)(apyx ® 1))
= Y dimg(x)(Trx ® i) ((Qx ® Duy (VyxatpyxVyix ® 1)

yeS,xeT

=y uyot( > dimg (x)(Try ® id)((Qx ® Du* (Vyxapyx Vi, ® 1)))

yes xeT

= D uya(Folay)).

yeS
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This shows assertion (1). Assertion (2) follows from a similar computation using
again Lemma 6.8. O

A function [ : Irr(G) — [0, 00) is called a length function on Irr(G) if [(1) = 0,
l(x) = l(x) and that [(x) < [(y) + I(z) whenever x C y ® z.

Lemma 6.10. Let @ : I' ~ G be an action of T on G by quantum automorphisms
and let | be a length function on Irr(G) which is a-invariant, i.e. [(x) = [(ay(x))
forally € T and x € Irr(G). Let IT be a length function on T'. Let G be the crossed
product. The function ly : Irr(G) — [0, 00), defined by lo(y - x) = Ir(y) + I(x) is
a length function on Irr(G).

Proof. We have [y(1) = Ir(e) + [(1) = 0 and, by Remark 6.3,

lo(7=%) =lo(y™ - ay() = Ir(y™) + ey (X)) = Ir(y) + 1(F) = lo(y - x).

Again, from Remark 6.3, y-x C r-y®s-zifandonlyify = rsandx C a,—1(y)®z.
Hence,

lo(y - x) = Ir(y) +1(x) = Ir(r) + Ir(s) + l(a,-1(»)) + 1(2)
= Ir(r) +1(y) +1Ir(s) + 1(z) = lo(r - y) + lo(s - 2). O

Given a length function / : Irr(G) — [0,00), consider the element L =
> xemr(G) L (X) px which is affiliated to ¢o(G). Let g, denote the spectral projections

of L associated to the interval [n,n + 1). We say that (6, 1) has property (RD), if
there exists a polynomial P € R[X] such that forevery k € N and a € grc, (@), we
have || ¥ (a)|lc) < P(k)||la|G,o. Finally, G is said to have Property (RD) if there
exists a length function / on Irr(G) such that (8, 1) has property (RD).

We prove property (RD) for the dual of a crossed product in the following
theorem. In case the action of the group is trivial, i.e. when the crossed product
reduces to a tensor product, this result is proved in [8, Lemma 4.5]. For semi-direct
products of classical groups, this result is due to Jolissaint [22].

Theorem 6.11. Let « : I' ~ G be an action by quantum automorphisms. Let |
be a a-invariant length function on Irr(G). If(a, [) has property (RD) and T" has
property (RD), then (G, ly) has property (RD), where G is the crossed product
and ly is as in Lemma 6.10.

Proof. Let [T be any length function on I" for which (T, It) has property (RD) and
let [ be the length function on Irr(G) defined by lo(y - x) = Ir(y) +[(x),fory € T
and x € Irr(G). Let

Lo= Y loy-x)pyx = 3. Ur() +1x)pyx and L= 3 I(x)ps.

yerl, yerl, x€lrr(G)
x€lrr(G) x€lrr(G)
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Finally, let p, and g, be the spectral projections of respectively Lo and L associated
to the interval [n,n + 1). Leta € c.(G) and write

a= Z apy.x,

yeS,xeT

where S C I"'and T C Irr(G) are finite subsets. Now suppose that a € pgc, (@).

Since
Pk = Z Py-x»

yerl, xelrr(G),
k<Ir(y)+I(x)<k+1

we must have
SC{yeF:ZF(y)<k+1} and TC{errr(G):l(x)<k+1}.

It follows that, for all y € S, the element a, defined in Lemma 6.9 is in ggc, (6),
k
where gx =304 R
Let P; and P, be polynomials witnessing (RD) respectively for (G,[) and
(I, Ir). Let, fori = 1,2, C; € Ry and N; € N be such that P; (k) < G (k + N
for all k € N. Then, forall b € gxc.(G),

1Fe®) < D 1Fcbapl <Y Pidlbgjlleo <D Ci(i + DV 1bg; 6.0
=<k j<k j<k
< Cilk + DN Y bgjlleo = Crlk + DN b]lg .

Jj<k

Similarly, |V * ¢ll2ry < Ca(k + D2 |21yl @)l 2y for all ¢ in £2(T") and
all functions v on I" (finitely) supported on words of /r-length less than equal to k.

Let y be a finite sum y = Y usa(bs) € Pol(G). We have ||y|3 he =
D s llbs ||§ he; and, by Lemma 6.9 and the preceding discussion,
196 @12,
2 2
= > upsa(e-1(Folay)bs)| = | > wa(ey-1,(Fe(ay)b,-1,)
yeS, s 2.hg W yes, s 2,hg
2 2
=2 | ey (Fal@)b,-| =) (Z ||at—1y<?c<ay)>by—1,||2,hc)
t Vyes 2kt \yes
2
= Clz(k + 1)2(N1+1) Z (Z ||ay||G,O||by1t”2,hG)

t yesS
= CP ke + PNy x93 )
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where ¥, ¢ € (*(T) are defined by ¥ (y) = [layll¢,0 and ¢(s) = ||bs|l2,n, Where
y,s € I'. We note that

2 2 2 2
1172y = D layligo = lallg e and 16150 = D 155113 4, = Iy
yeS K}

2
2,hg "

But since  is supported on S i.e. on elements of I" of length less than equal to k,
we have

1F6 (@113 4 < (C1C2)>(k + 1>*MFV2ED g2, 1613 1y
= P(k)[lalig olly13 e

where P(x) = C1Cy(x + 1)V1+N2+2 Ag y is arbitrary, the proof is complete. []

Remark 6.12. There may not exist an «-invariant length function on Irr(G).
However, if ' ~, G is compact, then the action @ : I' ~, Irr(G) has finite
orbits. Hence, for any length function / on Irr(G), the length function /, defined
by lo(x) = sup,er [(ay(x)), for x € Irr(G), is a-invariant. Hence, G has (RD)
whenever I' and G have (RD). We refer to the last section and to [31] for several
examples of compact group actions on compact quantum groups.

6.3. Property (T). We characterize relative co-property (7') of the pair (G, G) ina
similar way we did characterize relative co-property (7') for bicrossed product. We
study the the property (7") for G.

When 7 : A — B(H) is a unital x-homomorphism from a unital C*-algebra A,
we denote by 7T 1 A** — B(H) its unique normal extension. Also, we view any state
w € A* as a normal state on A**. Observe that if (H, 7, §) is the GNS construction
for the state w on A, then (H, 7, £) is the GNS construction for the normal state @
on A**.

Let M = C,(G)*™ and pg € M be the unique central projection such that
Poxpo = €g(x)po forall x € M.

In the following theorem, we characterize the relative co-property (7°) of the pair
(G, G) in terms of the action o of I' on G. The proof is similar to the proof of
Theorem 4.2 but technically more involved.

Theorem 6.13. The following are equivalent:
(1) The pair (G, G) does not have the relative co-property (T).
(2) There exists a sequence (wy)neN of states on Cp, (G) such that
(@) wn(po) =0 foralln € N;
b) w, — &g weak*;

©) llay(wn) — wp|| = Oforally € T.
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Proof. For a representation 7 : Cp, (G) — B(H ), we have eg C 7 o « if and only
if K, # {0}, where

K, = {§ € H:moa(a)§ =eg(a)é foralla € Cm(G)}.

Let p = woa : Cu(G) — B(H) and observe that the orthogonal projection
onto K, is the projection p(pg). Indeed, for all § € H, a € Cp(G), we have
moa(a)p(po)§ =plapo)§ = e (a)p(po)§, which implies that Im(p(po)) C K.
Moreover, if § € K, we have p(a)§ = €g(a)é for all a € Cy,(G). Since Cp, (G)
is o-weakly dense in M and the representations p and € are normal, it follows that
the equation p(a)f = €g(a)é is valid for all @ € M. Hence, for a = po we get
P(po)é =€c(po)é = &, which in turn implies that K, C Im(p(po)).
(1) = (2). Suppose that the pair (G,G) does not have the relative co-
property (T). Let w : Cp(G) — B(H) be a representation such that eg < 7
and K; = {0}. Denote by wg, € Cp(G)* the functional given by wg ,(a) =
(7 0 a(@)E. n). Hence, g, (po) = (p(po)é.n) = O forall £.n € H.

Since eg < m, let (§,)nen be a sequence of unit vectors in H such that

|m(x)én — eg (x)&n]| — O for all x € C,y(G). Define w, = wg,¢,. Then, we
have wy, (po) = O forall n € N. For all a € Cy,,(G) we have,

|wn (@) —eG(a)| = [(m(a(a))én —£G (@)én. En)| < [l (a(a))én —eG (a(@))én| — 0.

Moreover, exactly as in the proof of Theorem 4.2, we find
lloty (n) — wnll < 2l (uy)6n — Enll = I (uy)sn — e (uy)nll — 0.

(2) = (1). Forastate w € Cy,(G)* = M, we denote by s(w) € M its support.
Recall that s(w) € M is the unique projection in M such that N, = M(1 — s(w)),
where N,, is the o-weakly closed left ideal definedby N, = {x € M : w(x*x) = 0}
and note that o is faithful on s(w) M s(w). In the sequel, we still denote by «, the
unique *-isomorphism of M which extends «), € Aut(C,,(G)). We first prove the
following claim.

Claim. If (2) holds, then there exists a sequence (wp)neN of states on Cp(G)
satifying (a), (b) and (c¢) and such that o, (s(w,)) = s(wp) forally € I', n € N.

Proof of the claim. Denote by £!(T"); + the set of positive £! functions f on I' with
|fll1 = 1. For astate € Cp,(G)* = M, and f € (') 4, define the state
f *xw € C,(G)* by the convex combination

fro=3 fGay©).

yel
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Observe that, for all y € T" we have
8y xw =ay(w) and o,(f *xw)=f, *xo,

where f, € £'(I')1,+ is defined by f,(r) = f(y~'r), r € . Moreover, if
f € £}(); 4 is such that f(y) > 0 for all y € T, then since

(f x)(x*x) =) f(y)ola,-1(x*x)),
14

we have that (f* * @)(x*x) = 0 if and only if w(er,—1(x*x)) = Oforall y € T'. It
follows that

Nfvw = Nyeray(Ny) = M( Ayer (1 - ay(s(w))))-
Hence,
s(f xw) =1—=Ayer(1 —ay(s())) = Vyeray (s(@)).
Hence, we have a, (s(f *w)) = s(f *w) forall y € I". Finally, since g ooy, = €g,
we deduce that, for all y € T', ay,(po) is a central projection of M satisfying

aay(po) = ay(a,-1(a)po) = eglay-1(a))ay(po) = eg(a)ay(po), y € I'. By
uniqueness of such a projection, we find «y, (pg) = po for all y € I'. Hence, for all

S et M4,
(f *0)(po) =Y f()o(e,-1(po) = Y f(¥)w(po) = (po).
Y Y

Let (w,)nen be a sequence of states on C,, (G) satistying (a), (b) and (c). We have,
for all f € £1(I")1 4+ with finite support

1Lf % wn—wnll <Y FOSy x 0w —wnll =Y F)llay (@) —n | — 0. (6.1)
Y Y

Since such functions f are dense in £!(T"); + (in the £!-norm), it follows that
| f * wp — wp|| — O forall f € £1(T) 4.

Let § € £1(I');,+ be any function such that § > 0 and define v, = & x w,.
By the preceding discussion, we know that a (s(v,)) = s(v,) for all y € I and
vu(po) = wn(po) = 0 for all n € N. Moreover, by Equation (6.1), we have

llety (vn) = vall = 1§y * wn — & * wnll < 1§y * wp — wnll + llwn — & * @n] — 0
for all y € I'. Since w, — &g in the weak™ topology and ¢ o @, = €, we have,
|on(ay(a)) —eg(a)] = Oforalla € Cp(G) and all y € I'. Hence, the Lebesgue
dominated convergence theorem implies that, for all a € Cp, (G),

> S (@nley-1(a)) — £6(a))
Y

lvn(a) —eg(a)| =

<3 f0)onle,-1(@) - g6 (@)] — 0.
Y

It follows that v, — &g in the weak™ topology and this completes the proof of the
claim. O
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We can now finish the proof of the theorem. Let (wy),en be a sequence of
states on Cy,(G) as in the Claim. Let M, = s(w,)M s(wy) and, since wj, is faithful
on M, view M, C B(H,) where (H,,&,) is the GNS construction of the f.n.s. w,
on M,. Define p, : Cn(G) C M — M, C B(H,) by a — s(wy)as(w,). By
definition, the unique normal extension of p, is the map 6, : M — M, defined by
X = s(wp)xs(wy). Since oy, (s(wy)) = s(wy), the action « restricts to an action, still
denoted by « of I on M,,. Since M,, C B(H,) is in standard form, we may consider
the standard implementation (see [37, Definition 1.6]) of the action of I" on M,, to
get a unitary representation u, : I' — U(H,) such that oy (x) = up (y)xu,(y~ 1)
forallx e M, andy € T.

By the universal property of A, for n € N there exists a unique unital
*-homomorphism

Tn : Am — B(H,) suchthat 7,(u,) = u,(y) and 7, o = py.

Since wy, (po) =0, we have s(wy,) pos(w,) =0. Hence, p, (po) =0and K, ={0},
Vn € N. It follows that, if we define H =®, H, and 1 =&, 7, : Cp(G) —> B(H),
then K, = {0} as well. Hence, it suffices to show that eg < 7. Since &, is in
the self-dual cone of w, and u,(y) is the standard implementation of «,,, it follows
from [37, Theorem 1.14] that u, (y)&, is also in the self-dual cone of w, foralln € N.
Hence, we may apply [37, Theorem 1.2] to get [t (¥)ér — &nl? < | @u, (e, — @, |
foralln € N, y € I". Observe that wy,, )z, (x) = ay(w,)(x) and wg, (x) = w,(x)
for all x € M. Hence,

1en ()En — 66 ()]l = [1n()en — Enll < llaty (@n) — wn]|> — 0.

Since w, — &g in the weak™ topology, it follows that for all x =u, a(a) € Cp (G),
we have

I (xX)6n — e (X)énll = Il (uy) 7 (2(@))én — e (a)énll
< 7z (uy) ((@(@))sn — ec(@)én) |l + leg (@) |7 (uy)én — Enll
< lm(a(@))én — ec(@)énll + lec (@) lun(y)en — Enll — 0.
By linearity and the triangle inequality, we have |7 (x)&, — eg (x)&,|| — O for all
x € . We conclude the proof using the density of 4 in C,, (G). O
We now turn to Property (T).
Theorem 6.14. The following holds:
) If G has property (T), then T has property T and x(G)* is finite.
2) If G has property (T) and o is compact then G and T have property (T).
3) If G has property (T) and T has property (T), then G has property (T).
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Proof. (1) This is the same proof as of assertion (1) of Theorem 4.3. First, we use
the counit on C,,(G) and the universal property of C,, (&) to construct a surjective
x-homomorphism Cy,(G) — C*(I") which intertwines the comultiplications. We
then use [17, Proposition 6] to conclude that I has property (7). To end the
proof of (1), we show that y(G)% is discrete. Let y, € y(G)% be any sequence
such that y, — &g weak™ in C,(G)*. We define a unital *-homomorphism
1 : Cn(G) — B(I*(N)) by (x(@)&)(n) = xn(a)é(n) for all a € C,(G) and
g€ € I>(N). Since yxn € Sp(Cn(G))® we have y o, = y for all y € T.
Hence, considering the trivial representation of I" on /?(N) we obtain a covariant
representation so there exists a unique unital x-homomorphism 7 : C,(G) —
B(I3(N)) such that 7w (uya(a)) = x(a) foralla € C(G) and all y € T'. Since
1n — e weak* the sequence of unit vectors defined by &, = §, € [?(N) is a
sequence of almost invariant vectors. By property (7') we have eg C 7 which easily
implies that, for some n € N, y, = ¢¢g.

(2) We repeat again the proof of assertion (2) of Theorem 4.3. By (1), it suffices to
show that G has Property (T'). Let p : Cpy(G) — B(H) with eg < 7 and define
the compact group K = m C Aut(G) with its Haar probability v. Note that any
x € Aut(G), in particular any x € K, satisfies ¢g o x = e¢g. Define the covariant
representation (pg,v), pg : Cm(G) — B(L*(K,H)) and v : I — U(L%(K, H))
by (pa(@)8)(x) = p(x"(a))§(x) and (v,€)(x) = £(e,-1x). By the universal
property of Cp,,(G) we get a unital *-homomorphism 7 : C,,(G) — B(L%(K, H))
such that 7w(u,a(a)) = vype(a). Let & € H be a sequence of unit vectors such
that || p(a)&, — eg(a)éy|| — O for all a € C,,(G) and define the vectors 5, (x) = &,
for all x € K, n € N. Since v is a probability, 1, is a unit vector in L?(K, H) for
alln € N. Moreover, foralla € C,(G) and y € ',

172 (uy (@) — e (uya(a))éall®

- /K oG @y (@))En — 86 @Enll? dv(x) = 0,

where the convergence follows from the dominated convergence theorem, since

lp(x ™ (ey (@)))en — 6 (@&l = Ip(x™ @y (@)))n — e6 (™ (ay (@)énll — 0,

for all a € C,,(G), x € K and y € T' and the domination hypothesis is obvious
since v is a probability. Hence, eg < 7 and it follows from Property (7') that there
exists a non-zero 7 -invariant vector § € L2(G, H). In particular, for alla € Cp,,(G),
w(a(a)é = eg(a)é. Hence,v(Y) > Owhere Y = {x € K : ||§(x)| > 0} and, forall
a € Cp(G), v(X,) = 0 where X, = {x € K : p(x"1(a))£(x) # eg(a)E(x)}. As
in the proof of assertion (2) of Theorem 4.3, we deduce from the separability of C,, (G)
that there exists x € K for which £(x) # 0 and p(x~'(a))£(x) = eg(a)é(x) for
all a € C,,(G). It follows that the vector n := £(x) € H is a non-zero p-invariant
vector.
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(3) We use the notations introduced in the proof of Theorem 6.13. Let 7 :
Cn(G) —> B(H) be a representation and consider the representation p = 7w o« :
Cn(G) — B(H) and the unitary representation v, = m(uy) of I' on H. Let
Ky ={ € H:pla)f =c¢eg(a)é foralla € Cp,(G)} and recall that the orthogonal
projection onto K is P = p(po) and that oy, (po) = po for all y € I'. Hence,
vy Pv,—1 = play(po)) = P forall y € T, and it follows that K is an invariant

subspace of y — v,.. Suppose that eg < 7. By property (T') of G, the space Ky
is non-zero and we can argue exactly as in the proof of Theorem 4.3 to conclude the
result. 0

Remark 6.15. It follows from the proof of the first assertion of the previous theorem
that C*(I") is a compact quantum subgroup of the compact quantum group G. Now,
an irreducible representation of G of the form uj (with dimension say m), when
restricted to the subgroup C*(I"), decomposes as a direct sum of m copies of y.
It now follows from [35, Theorem 6.3] that C*(I") is a central subgroup (see [35,
Definition 6.1]). Furthermore, I'" induces an action on the chain group c(G) [35,
Definition 7.4] of G and it follows from Remark 6.3 that the chain group (and hence
the center, see [35, Section 7]) of G is the semidirect product group ¢(G) x T'.

Remark 6.16 (Kazhdan Pair for G). Let (E1, §;) be a Kazhdan pair for G and (E>, 65)
be a Kazhdan Pair for I'. Then it is not hard to show that £ = (E; U E3) C Irr(G)
and § = min(§y, 65) is a Kazhdan pair for G. Indeed, let 7 : Cp,(G) — B(H) be
a x-representation having a (E, §)-invariant (unit) vector £&. Then restricting to the
subalgebra C,,(G) (and denoting the corresponding representation by 7g), we get
an (Eq, 8;) invariant vector and hence, there is an invariant vector n € H. We may
assume ||&€ — || < 1 (this follows from a quantum group version of Proposition 1.1.9
of [4], which can be proved in an exactly similar fashion). Now, by restricting &
to I, denoting the corresponding representation by u, we have that the closed linear
u-invariant subspace generated by u,n,y € I' (which we denote by Hj), is a
subspace of the space of mg-invariant vectors (as u, g (a)u;1 = ng(ay(a))).
Let Py, denote the orthogonal projection onto H;. Now, the vector Py, &, which
is non-zero, as ||§ — n|| < 1, is an (E3, §,)-invariant vector for the representation u,
restricted to H;. So, there exists an u-invariant vector no € H;,. This vector is, of
course then, w-invariant and hence, we are done.

6.4. Haagerup property. In this section, we study the relative co-Haagerup prop-
erty of the pair (G, G) given by a crossed product and provide a characterization
analogous to the bicrossed product case. We also extend a result of Jolissaint on
Haagerup property for finite von Neumann algebra crossed product to a non-finite
setting. Thus, we can decide whether L*°(G) has the Haagerup property. Finally, we
provide sufficient conditions for G to posses the Haagerup property.
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For the relative Haagerup property of crossed product, we obtain the following
result similar to Theorem 5.3. The proof is even simpler in the crossed product case,
since « is an action by quantum automorphisms.

Theorem 6.17. The following are equivalent:
(1) The pair (G, G) has the relative co-Haagerup property.
(2) There exists a sequence (wy)neN of states on Cy, (G) such that
(2) @n € co(G) foralln € N;
b) w, = eg weak*;
(©) llay(wn) —wp|| = Oforally e T.
Proof. (1) = (2). The argument is exactly the same as the proof of (1) = (2)
of Theorem 5.3.
(2) = (1). We first prove the following claim.
Claim. [f (2) holds, then there exists a sequence (vy)nen of states on Cp(G)

satisfying (a), (b) and (c) and such that oy, (s(v,)) = s(vy,) forally € I', n € N.

Proof of the claim. By the proof of the claim in Theorem 6.13, it suffices to check
that, whenever v is a state on C,(G) and f € £!(I"), we have

Ve Co(a) = f/;) S Co(a).

We first show that D € co(a) = o;(\v) € co(a). Note that we still denote by o
the action of I" on Irr(G) (see Remark 6.3). Now let v be a state on C,, (G) such that
V € ¢o(G) and let € > 0. By assumptions, the set

F = {x €Irr(G) : | (id ® v)(*) | g(ary) > €}
is finite. Hence, the set

{x €Ie(G) : l(d @ V)™ D) g,y = €} = {x € Irr(G) : a1 (x) € F}
=0y (F)

is also finite. Since
Oly(l)) = ((id ® V)(uayfl (X)))XEII‘I‘(G)’

it follows that m € co(a).

From this we can now conclude that for all f € £!(T"), we have D € co(a) =
f *v € co(G) as in the proof of the claim in Theorem 5.3. O
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We can now finish the proof of the theorem. Let (v,),en be a sequence of
states on Cp, (G)™* as in the claim. As in the proof of Theorem 6.13, we construct a
representation 7w : Cy, (G) — B(H) with a sequence of unit vectors &, € H such
that |7 (x)&, — e (x)&x| — O forall x € Cp(G) and v, = wg, o o a. It follows
that the sequence of states w, = wg, o € Cp(G)*, satisfies w, — &g in the weak™

topology and @, 0@ = Dy, € ¢o(G) forall n € N. O

We now turn to the Haagerup property. We will need the following result which
is of independent interest. This is the non-tracial version of [21, Corollary 3.4] and
the proof is similar. We include a proof for the convenience of the reader. We refer
to [9,33] for the Haagerup property for arbitrary von Neumann algebras.

Proposition 6.18. Let (M,v) be a von Neumann algebra with a f.n.s. v and let
o : ' nn M be an action which leaves v invariant. If o is compact, T' and M have
the Haagerup property, then I' x M has the Haagerup property.

Proof. Let H < Aut(M) be the closure of the image of I' in Aut(M). By
assumption H is compact. Let L?(M) denote the GNS space of v.

Lety : M — M be a ucp, normal and v-preserving map and suppose that Ty,
the L2 extension of v/, is compact. Then it is easy to see that for all x € M, the map

Hah—hloyoh(x)eM
is o-weakly continuous. Hence, we can define
Y(x) = / h=Y oy o h(x)dh,
H
where d is the normalized Haar measure on H. By construction, the map WV: M — M
is ucp, v-preserving, I'-equivariant and normal. Moreover, for all £ € L2(M), the

map
H 3 hs Ty10TyoThE € L2(M),

where T}, denotes the L?-extension of /4, is norm continuous. Consequently,
/H Ty-1 0Ty o Tydh € B(L*(M))
and by definition of U we have that the L2-extension of W is given by
Ty = /H Typ-1 0 Ty o Ty dh € B(L*(M)).

Let 8 denote the unit ball of L?(M). Consider the set

A={h—>T—10Ty 0Tyt : £ € B} C C(H, B).
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It is easy to check that A is equicontinuous and, since Ty, is compact, the set
A(h) = {f(h) : f € A} is precompact for all i € H. By Ascoli’s theorem,
A is precompact in C(H, $B). Since the map H x C(H,B) — B, defined by
(h, f) — f(h) is continuous, the image of H x A is compact and contains

i))w = {Th—l o Tw o Th(i)’),h S H}

Since the image of B under Ty is contained in the closed convex hull of 58_1/, it
follows that Ty is compact.
We use the standard notations

N=TxM={ux:yelxeM)" cB(*)®L*(M)).
We write V for the dual state of v on N. Let ¥; be a sequence of normal, ucp,
v-preserving and L2-compact maps on M which converge pointwise in | - |2,

to identity. Consider the sequence of v-preserving, ucp, normal, L2-compact and
I'-equivariant maps W¥; given by

v;(x) = /Hh_l oy oh(x)dh

for all x € M. Note that (¥;); is still converging pointwise in || - ||2,, to identity
since, by the dominated convergence theorem we have,

uwmw—xm¢=HL/r%wmu»—ha»Mz

2,v

S/H%M@D—MMMMM+0
H

By the I'-equivariance, we can consider the normal ucp V-preserving maps on N
given by ¥; (uyx) = u, ¥;(x). Observe that the sequence (W;) is still converging
pointwise in ||, to identity and the L?-extension of W; is given by

Tg. =1® Ty, € B(3(I) @ L*(M)).

Let ¢; be a sequence of positive definite and ¢y functions on I'" converging
to 1 pointwise and consider the normal ucp V-preserving maps on N given by
?]5} (uyx) = ¢i(y)uyx. Observe that the sequence (ai) is converging pointwise
in [| - |5 to identity and the L2-extension of :b} is given by

T3 =Ty ® 1 € B(C2(T) @ L2(M)),

where Ty, (8,) = ¢i(y)$, is a compact operator on £2(T").
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Hence, i weNdeﬁne the sequence of normal, ucp, V-preserving maps on N
by ¢i,; = ¢; o W;, we have ¢; j(u,x) = ¢;(y)u,V;(x); the sequence (¢; ;) is
converging pointwise in | - [, to identity and the L%-extension of ¢; ; given by

Ty, =Ty, ® Ty, € B(L*(I) @ L2(M))
is compact. O

Corollary 6.19. The following holds.

(1) If L°°(G) has the Haagerup property, then L°°(G) and I" both have the Haagerup
property.

(2) If L°°(G) has the Haagerup property, o : I' ~, L°°(G) is compact and T has
the Haagerup property, then L°°(G) has the Haagerup property.

Proof. (1) Follows from the fact that there exist normal, faithful, Haar-state
preserving conditional expectations from L(G) to L(I") and to L°°(G). The former
is given by u,a — hg(a)u, and the latter is given by u,a +— 6, .a, a € L*(G)
andy € I

(2) Itis an immediate consequence of Proposition 6.18. O

Theorem 6.20. Suppose G has the Haagerup property and I has the Haagerup
property, and further suppose that the action of I' on G is compact. Then G has the
Haagerup property.

Proof. Since G has the Haagerup property, this assures the existence of states
(tn)nen on Cm(G) such that (1) iy € co(G) for all n € N and (2) un — g
weak™. Our first task is to construct a sequence of a-invariant states on C,(G)
satisfying (1) and (2) above. This is similar to our arguments before (while dealing
with property (T) and Haagerup property). Since the action of I" is compact, the
closure of I" in Aut(G) is compact, and we denote this subgroup by H. Letting dh
denote the normalized Haar measure on H, we define states v, € Cp, (G)* by

vala) = /H n (™ (@)) .

for all a € C,(G). It is easily seen that v, is invariant under the action of I for
each n. Now, since the action is compact, all orbits of the induced action on Irr(G)
are finite. We need this to show that u, satisfy (1) above. So, let € > 0. As u,
satisfied (1), the set

€

L={remm@): d @ m)e)] = 5
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is finite and the set K = H - L C Irr(G) is also finite, as all the orbits are finite. For
h € H C Aut(G) and x € Irr(G) write V}, » € B(H) to be the unique unitary such
that

([d®hr ™)) = (i, @ )([ideu" @)V o).

If x ¢ K then, forallh € H, h~!(x) ¢ L. Hence, ||(id ® un)(uh_l(x))H < 5 for all
h € H and it follows that

I(Gd @ va) (e | = H /H (1d ® 1) ((id ® h~)w*)) dh H
< [ 18 v
< / | d ® pn) ("™ @) | dh < € <e forallx ¢ K.
H 2

Hence,
{x €Irr(G) : [(id @ va) ()| = €} C K

is a finite set and (1) holds for v,. To show that (2) holds, we first note that given any
a € C,(G), one has

pn(h~"(@)) = eg(h™"(a)) = eg(a)

for all € H (since H acts on G by quantum automorphisms). By the dominated
convergence Theorem, we see that (2) holds for v,,. Now, since I" has the Haagerup
property, we can construct states t, on C*(I") satisfying (1) and (2) above. And
since the states u, on C,,(G) are o-invariant, we can construct the crossed product
states ¢, = 1, X iy on Cp (G) (see [41, Proposition and Definition 3.4] and also [7,
Exercise 4.1.4] for the case of c.c.p. maps). The straightforward computations that
need to be done to see that the sequence of states (¢, )nen satisfy (1) and (2) above,
are left to the reader. This then shows that G has the Haagerup property. O

Remark 6.21. We note that in case G is Kac, the above theorem already follows
from Corollary 6.19(2) and Theorem 6.7 of [13].

7. Examples

For coherent reading, we have dedicated this section only to examples arising from
both matched pairs and crossed products. It is to be noted that it is not hard to
come up with examples of compact matched pairs of groups for which only one of
the actions « or § is non-trivial which means that the other is an action by group
homomorphisms. However, it is harder to come up with examples for which both o
and B are non-trivial. We called such matched pairs non-trivial. Starting out with
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a compact matched pair for which either « or B is trivial, we describe a process to
deform the original matched pair by what we call a crossed homomorphism in such
a way that we manufacture a new compact matched pair for which both actions are
non-trivial. For pedagogical reasons, we have made two subsections dealing with
matched pairs: the first one (Section 7.1.1), in which we describe how to perturb
when it is trivial, followed by Section 7.1.2 in which we construe how to perturb o
when it is trivial. It has to be noted that it is indeed possible to formalize our process
of deformation in a unified way but, since such a formulation would increase the
technicalities and would not produce any new explicit examples, we have chosen
to separate the presentation in the two basic deformations described above. Our
deformations are chosen carefully so as to ensure that the geometric group theoretic
properties (that we have studied in detail throughout the paper) passes from the
initial bicrossed product to the one obtained after the deformation very naturally.
Such deformations also allow us to keep track of the invariants y(-) and Int(-) of
the associated compact quantum groups. These explicit constructions allow us to
exhibit: (i) a pair of non-isomorphic non-trivial compact bicrossed products each
of which has relative property (7') but the duals do not have property (7), (ii) an
infinite family of pairwise non-isomorphic non-trivial compact bicrossed products
whose duals are non-amenable with the Haagerup property, (iii) an infinite family of
pairwise non-isomorphic non-trivial compact bicrossed products whose duals have
property (7).

We also provide non-trivial examples of crossed products of a discrete group on
a non-trivial compact quantum group in Section 7.2. The action is coming from
the conjugation action of a countable subgroup of y(G) on the compact quantum
group G. In this situation we completely understand weak amenability, (RD),
Haagerup property and property (7') in terms of G and I" and we also discuss explicit
examples involving the free orthogonal and free unitary quantum groups.

7.1. Examples of bicrossed products. In this section, we focus on deformation of
actions in matched pairs when one of them is trivial. The analysis involved helps to
construct non-trivial examples.

7.1.1. From matched pairs with trivial 8. Let« be any action of a discrete group I'
on a compact group G by group homomorphisms. Taking § to be the trivial action
of G on I, the relations in Equation (3.1) are satisfied and we get a compact matched
pair. It is possible to upgrade this example in order to obtain a new compact matched
pair (T, G) for which the associated actions @ and 8 are both non-trivial.

Indeed, given an action « of the discrete group I' on the compact group G and a
continuous map y : G — I', we define a continuous map

GxG—>Gby(g,h)rgxh, wheregx*xh = ga,g)(h)forallg,heG.
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Observe that e x ¢ = g x e = g for all g € G if and only if y(e) € Ker(x).
Moreover, it is easy to check that the map (g, 1) — g * h is associative if and only if

x(&h) ™ x(8) x(yg)-1 (h)) € Ker()

for all g,h € G. Finally, under the preceding hypothesis, the map (g, h) +— g * h
turns G into a compact group since the inverse of g € G exists and is given by
&y (g)-! (g™1) and this inversion is a continuous map from G to itself.

Hence it is natural to define a crossed homomorphism as a continuous map
X G — T such that y(e) = e and y(gh) = x(g)x(ayg)-1(h)) forall g,h € G.
Observe that the continuity of y, the compactness of G and the discreteness of T all
together imply that the image of y is finite. By the preceding discussion, any crossed
homomorphism y gives rise to a new compact group structure on G. We denote
this compact group by G,. Observe that, since the Haar measure on G is invariant
under o, so the Haar measure on G is equal to the Haar measure on G. Hence we
have G, = G as probability spaces.

The group G, can also be defined as the graph of y in the semi-direct product
H =T, x G. Indeed, it is easy to check that the graph

Gr(y) = {(x(2).8) : g € G}

of a continuous map y : G — I', which is a closed subset of H, is a subgroup
of H if and only if y is a crossed homomorphism. Moreover, the map G, — Gr(y),
g (x(g2),2), g € G, is an isomorphism of compact groups.

Since G, = G as topological spaces, « still defines an action of I" on the
compact space G, by homeomorphisms. However, « may not be an action by group
homomorphisms anymore. Actually, for y € I', «;, is a group homomorphism of G
if and only if

(&) y  x(ay(2))y € Ker(a)
1

for all g € G which happens for example if y satisfies y oo, = yx()y ™.

We define a continuous right action of G, on the discrete space I" by Bg(y) =
x(ay () 'yx(g) forally € T, g € G. Itis an easy exercise to check that « and 8
satisfy the relations in Equation (3.1), hence, by Proposition 3.3 we get a new compact
matched pair (I', G,) with possibly non-trivial actions o and . To see that the pair
(I', Gy) is matched without using Proposition 3.3, it suffices to view I" and G, as
closed subgroups of H = I'y x G via the identification explained before and check
that 'G, = H and I' N G, = {e}. It is easy to check that the actions « and
obtained by this explicit matching are the ones we did define.

Let G, denote the bicrossed product associated with the matched pair (I', G).

Proposition 7.1. If the action o : I' ~, Irr(G) has all orbits finite and the group T
has the Haagrup property, then G, has the Haagerup property for all crossed
homomorphisms y : G — T.
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Proof. Recall that if ¢ : ' ~, G is an action by compact group automorphisms,
then the action « : I' ~, L°°(G) is compact if and only if the image of I in Aut(G)
is precompact which in turn is equivalent to the associated action of I on Irr(G)
to have all orbits finite. Now let y : G — I" be a crossed homomorphism. Since
G, = G as compact spaces and as probability spaces, the action o : I' ~, L*°(G)
is compact if and only if the action I' ~, L*°(G) is compact and the former is
equivalent to the action I' ~, Irr(G) to have all orbits finite. Hence, the proof follows
from assertion (4) of Corollary 3.7. O

Observe that a continuous group homomorphism y : G — T is a crossed
homomorphism if and only if y o o, = y forall y € Im(y).

Now we give a systematic way to construct explicit non-trivial examples of the
situation considered in the first part of this section. So, consider a non-trivial action «
of a countable discrete group I' on a compact group G by group homomorphisms
and let A < T be a finite subgroup. Define the action a® of I' on G* = A x G by
(xf,\ (r,g) = (r,a(g)) and the o* -invariant group homomorphism y : G - I' by
x(r,g) =r,r e A, g € G,y € I'. Thus, we get a compact matched pair (T, G)f(\)
where G;\ = A x G as a compact space and the group law is given by

(r,g)-(s.h) = (r,g)ctyrg)(s,h) = (rs, gor(h)), r,se€Aandg,heG.

Hence, G)‘(\ = A 4, X G as a compact group and the action § of G)‘(\ on I' is given by

Broy(¥)=r"'yr. reA geG, yeT.

Hence, B is non-trivial if and only if A is not in the center of I.

One has (G)‘(\)a = A x G* and, since the action B of (Gf(\)a on I' is by inner
automorphisms, the associated action on Sp(I") is trivial. Hence, if we denote by G 5
the associated bicrossed product, then Proposition 3.9 implies that

x(Gp) =~ A x G* x Sp(T).
We claim that there is a canonical group isomorphism
7 1 Sp(Gy) = Sp(A) x Sp, (G).

where
Spa(G) = {a) eSp(G):woa, =wforallr € A}

is a subgroup of Sp(G). Indeed, denoting by
LGZG—>G)1(\, gr—(1,g) and ia: A — G, re—(r,1)

the two canonical injective (and continuous) group homomorphisms, we may define
w(w) = (wotp,w o). Using the relations in the semi-direct product and the fact
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that o is invariant on conjugacy classes, we see that w o (g € Sp, (G). Since G )‘(\ is
generated by 1A (A) and tg(G), so 7 is injective. The surjectivity of 7 follows from
the universal property of semi-direct products.

Observe that T# = Cr(A) is the centralizer of A in I'. Since, oy (Spp(G)) =
Spa(G) forevery y € Cr(A), so « induces a right action of Cr(A) on Sp, (G) and
we have, by Proposition 3.9,

Int(GA) = Sp(A) X (Spa (G) #a Cr(A)).

We will write G = Gy;;. We have thus proved the first assertion of the following
theorem.

Theorem 7.2. Let A < T" be any finite subgroup. Then the following holds.
(D) x(Gp) = A xG*xSp(I") and Int(Gp) =~ Sp(A) x (Spp(G) xq Cr(A)).
(2) The following conditions are equivalent.

¢ (G, G) has the relative property (T).
. (Gﬁ, G A) has the relative property (T).

(3) The following conditions are equivalent.

e (G, G) has the relative Haagerup property.
. (Gf(\, G) has the relative Haagerup property.

(4) If the action I' ~ Irr(G) has all orbits finite and T has the Haagerup property,
then G A has the Haagerup property.

(5) Ifthe action I ~, Irr(G) has a/l\l orbits finite and I is weakly amenable, then G A
is weakly amenable and A.p(Gp) < Aep(T).

Proof. (2) () Suppose that the pair (G)‘(\, Gp) does not have the relative
property (7). Let (1) be a sequence of Borel probability measures on A x G
satisfying the conditions of assertion (2) of Theorem 4.2. Since {e} x G is open
and closed in A x G, we have li3xg € C(A x G), and since , — 8¢ in
the weak™ topology we deduce that u,({e} x G) — 1. Hence, we may and will
assume that u,({e} x G) # 0 for all n € N. Define a sequence (v,) of Borel
probability measures on G by v,(A) = %, where A C G is Borel. Then
va({e}) = un({(e,e)}) = 0 for all » € N and it is easy to check that, for all
F e C(G),

1
l{e} ® Fd/fbn-

linr ® F € C(A xG) and /de - -
«“ ¢ T e < 6) Jaxe
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It follows from this formula and the fact that i, — 8¢, in the weak™ topology that
we also have v, — §, in the weak™ topology. Finally, the previous formula also
implies that, for all F' € C(G),

oty (Va)(F) — vn(F)| = mmf(ﬂn)(l{e} ® F) — pn(lgey ® F)|

_ g ®F|
= ln(le} < G)
_IF

= ln(ie} X G)

llor (1) — i

llo2 (ttn) — inl.

Hence,

lecd (1tn) =
pn(le} x G)

and thus (G, G) does not have the relative property (7).

”ay(vn) — v =

(1) Now suppose that the pair (G, G) does not have the relative property (7).
Let (n,) be a sequence of Borel probability measures on G satisfying the conditions
of assertion (2) of Theorem 4.2. For each n define the probability measure v, on
G)‘(\ =AgXxGbyv, =8, ® . We have

nlte.eh) = pntten) =0 and [ Pavy = [ Fle.o)dmnte)

forall F € C (G)‘(\). Hence v,, — §, in the weak™ topology. Moreover, since for all
F e C(G)‘(\), we have

wﬂmw%www{LFww@mM@—LF@wmn

= |ay(ﬂn)(Fe) — pn(Fe)
< [ Fell lloty () — pnll < 1 F || ety (ien) — penll,

where F, = F(e,-) € C(G), we have ||o¢1‘,\(vn) —Vn | < lloy (n) — pn |l = 0.
(3) By Theorem 5.3 and the proof of (2), it suffices to prove the following claim.
Claim. Let o : A ~ G be an action of a finite group A on a compact group G by

group automorphisms and define the compact group H = A o x G. The following
holds.

(a) Let w be a Borel probability measure on G and define the Borel probability
measure v on H byv =6, @ p. If t € C}(G) thenv € C}(H).

(b) Let u be a Borel probability on H such that p({e} x G) # 0 and define the
Borel probability v on G by v(A) = ng}%zég forall A € B(G). If L € CX(H)
thenv € C}(G).
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Proof of the claim. Let AC and A# denote the left regular representations of G and H
respectively. For F € C(G) (resp. F € C(H)), write A% (F) (resp. A (F)) the
convolution operator by F on L?(G, ug) (resp. L2(H, g )), where ug (resp. iLg),
is the Haar probability on G (resp. H). Observe that ugy = m ® ug, where m is the
normalized counting measure on A.

(a) Recall that, for all F € C(H),

| Fav- /G Fle,g) du(g).

Moreover, using the definition of the group law in H, we find that

AH

do=1®1% € B(I*(A) ®L*(G)).

for all g € G. It follows that

7= /G M du(g) = /G (1® %) dpu(e)
=1® 7 € M(C}(H)) C B(I*(A) ® L*(G)).

Note that for all F' € C(G), 1ey ® F € C(H), since A is finite. We claim that
M1y ® F) = ﬁ(l ® AG(F)). Indeed,

A (1 ® F) = /H bre FQOM ) dyup(r, ) = /H 5 F(9)(1 8 A8) djip (1. g)

1

- Al G - G
N /G (|A| ;\5”8”8’)(1 ®lg)) d(8) = (1@ A% (F)).

Suppose that £ € C}(G) and let F, € C(G) be a sequence such that
|7 — A% (F,)| — 0. Hence, 1 ® A%(F,) — . Since

1®AS(F,) = |AM (1y ® F,) e CX(H) Vn eN,
we have V € C}(H).

(b) Recall that, for all F € C(G),

1
_— linn ® Fdu.
1(e) x G) Jaxgs =M

Using the definition of the group law in H, an easy computation shows that for all
reA, £el?G),

liey ® F e C(AxG)=C(H) and /de:
G

A B ®E) =8 ®AS (Eoa,—1).
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It follows that,

Ser(AGE. ) dpu(r, )

o~ G = ———
(Vg = /G(kg S.m dv(g) = 1Qe} x G) Jaxe

1

= e 76 [ et 8 B @) du(rg) forall &0 € LA(G).
Hence,
1
V= raxa B
p({e} x G)
where

V :L%(G) —» I*2(A) @ L%(G) = L*(H)

is the isometry defined by V& = 8, ® £, £ € L2(G). To end the proof it suffices to
show that V*C}(H)V C C}(G).

Let F € C(H) and define F, € C(G) by F.(g) = F(e,g), g € G. We will
actually show that

VIAR(F)YV = ﬁ)&G(Fe)

and this will finish the argument. For £, n € L?(G), we have
(VAR (F)yVE ) = (AT (F)S. ® E.6. ® 1)

= | FroGl s s @ nda.
- /H 5re Fle. ) MCE ) dirr (1. g)

1
= — Y 6..F(e.9)(A%€. 1) dug(g)
[G Al ZA ¢
1

G
|A|(A (F)§,m). O

1
= o7 [ Fleotgen duste) =

(4) Itiseasy tocheck that,ifo : I' ~, G is compact then o =ida: T A AXG
is compact, for all finite group A. Hence, the proof follows from Proposition 7.1.

(5) Observe that, for a general compact matched pair (I', G) with associated actions o
and f, the continuity of B forces each stabilizer subgroup G,, for y € T', to be open,
hence finite index by compactness of G. Consider the closed normal subgroup Gy =
NyerG, = Ker(B) < G. Equation 3.1 implies that Gy is globally invariant under o
and the o-action of I on Gy is by group automorphisms. Hence, we may consider
the crossed product quantum group Gg, with Cp,(Go) = Iy, x C(Go), which
is a quantum subgroup (in fact normal subgroup in the sense of Wang [43]) of the
bicrossed product quantum group G with C,,,(G) = Iy, s x C(G). This is because Gy
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is globally invariant under the action « of I" and hence, by the universal property,
we have a surjective unital *-homomorphism p : 'y s X C(G) — Iy, ¢ x C(Go)
which is easily seen to intertwines the comultiplications. Since p acts as identity
on Cp, ('), it follows using Theorem 3.4(2) that C,,(G/Gy) = a(Ci,(G/Gy)) (see
Definition 2.4). Hence, if we assume that Gy is a finite index subgroup of G, then G
is a finite index subgroup of G. If we further assume that I" is weakly amenable
and the action o of T on G is compact then the action « of T" restricted to Gy is
also compact and Theorem §7 (with the fact that G, is Kac) implies that @0 is
weakly amenable with Acp(Go) < Acp(I). Using part (2) of Theorem 2.5, we
conclude that G is weakly amenable and A ,(G) < A p(I"). In our case, with
G = G;\, the finiteness of A forces Gy to be always of finite index in G. Since,
by assumption, the action of I on Irr(G) has all orbits finite, we conclude, as in the
proof of Proposition 7.1, that the action « is compact. O

Example 7.3 (Relative Property (T)). Taken € N, n > 2, I' = SL,(Z), G = T"
and « the canonical action of SL,(Z) on T” = Sp(Z") coming from the linear action
of SL,,(Z) on Z". Taking a finite subgroup A < SL,(Z), we manufacture a compact
bicrossed product G 5 with non-trivial actions & and B (described in the beginning
of this section) whenever A is a non-central subgroup. Note that (") @ = {e}
hence y(Gp) ~ A x Sp(SL,(Z)).

Suppose n > 3. In this case, D(SL,(Z)) = SL,(Z), where D(F) denotes the
derived subgroup of a group F. Since every element of Sp(SL,(Z)) is trivial on
commutators, we have Sp(SL,,(Z)) = {1}, forall n > 3. It follows that y(Gp) >~ A.
Hence, for all n,m > 3 and all finite subgroups A < SL,(Z), A’ < SL,(Z), we
have Gp ~ G,/ implies A >~ A’.

However, for n = 2, the group Sp(SL»(Z)) is non-trivial. Actually, we have

Sp(SL2(Z)) =~ {(k,1) € Z/AZ x Z/6Z : k =] mod 2}, (7.1)
which is a finite group of order 12. Indeed, by the well known isomorphism

SL,(Z) ~ Z /47 Z/6Z,
2(Z) / Z/*ZZ /

it suffices to compute the group of 1-dimensional unitary representations of an amal-
gamated free product I'; ;15 I'>. It is easy to check that the map v : Sp(I'y ; I)—>T

defined by ¥ (w) = (@|r,,®|r,), where T is the subgroup of Sp(I'1) x Sp(I'2)
defined by

T = {(w.p) € Sp(T1) x Sp(I2) : w|s = plx}.

is an isomorphism of compact groups. Hence, using the canonical identification
Sp(Z/mZ) ~ 7./ mZ., we obtain the isomorphism in Equation (7.1).
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Since the pair (Z?2,SL,(Z) x Z?) has the relative property (T'), we deduce from
Theorem 7.2 that, for any finite subgroup A < SL,(Z), the pair (G)‘(\, G ) has the
relative property (7). Identifying SL,(Z) with

ZJAZ « T.6Z,
/ Z/*ZZ /

one finds that every finite subgroup is conjugated to {1} or Z /27 or Z /4Z or 7./ 6Z.
The only non-central subgroups are conjugated to Ay = Z/47Z or A, = Z/6Z.
Hence, we get two non-trivial compact bicrossed products G A;» 1= 1,2, such
that (Gf(\" ,G4;) has the relative property (7") and @ZI does not have property (7')
since SL,(Z) has the Haagerup property. Moreover, G 5, and G, are not isomorphic
since |A1] # |Az|.

Remark 7.4 (Haagerup property and weak amenability). We depict here a procedure
to construct compact bicrossed products with the Haagerup property and Weak
Amenability. Suppose that I" is a countable subgroup of a compact group G and
consider the action « : I' ~, G by inner automorphisms i.e. o, (g) = ygy ! for
ally e I', g € G. Let A < T be any finite subgroup and consider the matched
pair (G2, T) introduced earlier in this section. Let G be the bicrossed product.
Observe that, since the action « is inner, the associated action on Irr(G) is trivial.
Indeed, for any unitary representation 7w of G, the unitary 7 (y) is an intertwiner
between o, () and m for all y € I". Hence, if I' has the Haagerup property, then
for any finite subgroup A < I" the bicrossed product G A has the Haagerup property.
Similarly, if I is weakly amenable, then for any finite subgroup A < I' the bicrossed
product Ga is weakly amenable and A.p (@ A) < Aep(D).

7.1.2. From matched pair with trivial o. In this section, we consider the dual
situation, i.e. starting with a matched pair with o being trivial and modifying it to
some non-trivial action for a probably different matched pair.

Let B be any continuous right action of the compact group G on the discrete
group I' by group automorphisms. Taking « to be the trivial action of I" on G, the
relations in Equation (3.1) are satisfied and we get a matched pair.

Remark 7.5. Note that if the group I' is finitely generated then the right semi-direct
product group H = I" xg G is virtually a direct product. In other words, there is a
finite index subgroup of H which is a direct product of a subgroup of G (which acts
trivially on I') and T".

Indeed, since I is discrete and S is continuous, the stabilizer subgroup

G, ={geG:y-g=y}

is open in G for all y € I". Since G is compact, G, has finite index in G. Now
consider the subgroup Gg = Ny, er Gy, which acts trivially on I'. In case I is finitely
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generated, it follows that Gg is also finite index in G and thus the direct product
I' x Gg is a finite index subgroup of H.

However, if the discrete group is not finitely generated then this need not be the
case. For instance, let a compact group K act on a finite group F non-trivially. Let
K, = K for n € N. One can then induce, in the natural way, an action of the
compact group G = [ [, cny K» on the discrete group I' = @en F, where F, = F
for all n. In this case, it is easy to see that the subgroup Gg is not of finite index.

Getting back to the process of modifying o, we callamap y : ' — G a crossed
homomorphism if

xe)=e and y(rs) = x(By-1(r)x(s)

for all r,s € I". Given a crossed homomorphism, we define a new discrete group I'y,
which is equal to I" as a set and the group multiplication is given by r x s = B, (r)s
forall r,s € I'. As before, I'y is canonically isomorphic to the graph

Gr(y) = {(y.x(y)) :y € T}

of x, which is a subgroup of the right semi-direct product H = I' xg G (since y is
a crossed homomorphism).

Observe that f still defines a continuous right action of G on the countable set I'y
and for g € G, B, is a group homomorphism of I'; if and only if

g x) ' gx(Bg(y)) € Ker(Bg)

for all y € I', which happens for example if y o 8, = g~ 'x(-)g. Moreover, the
formula

ay(g) = x(Vgx(Be ()L

for all y € I', g € G, defines an action of I'y, on the compact space G by
homeomorphisms and in addition « and B satisfy the relations in Equation (3.1).
Consequently, we get a new matched pair (I'y, G) with possibly non-trivial actions o
and B. As before, one can describe this new matched pair explicitly by viewing I,
and G as closed subgroups of the right semi-direct product H = I'" xg G.

Observe that a group homomorphism y : I' — G is a crossed homomorphism if
and only if y = y o B¢ forall g € Im(y).

Remark 7.6. Suppose that the crossed homomorphism satisfies y o B = y for
all g € G and let ,G be the associated bicrossed product. Then the following are
equivalent.

(1) T’y has the Haagerup property.
2) ;@ has the Haagerup property.
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Indeed, by Corollary 3.7, it suffices to show that the action « of I'y on G is compact
when viewed as an action of I'y on L®(G). Since o, (g) = x(y)gx(y) ' forg € G
and y € I'y, a is an action by inner automorphisms, thus it is always compact since it
is trivial on Irr(G). Indeed, for any unitary representation u of G, the unitary u(y(y))
is an intertwiner between o, (1) and u for y € I'y.

A systematic way to construct explicit examples using the deformation above is to
consider any countable discrete group I'g which has a finite non-abelian quotient G
and take I' = T'g x G with the right action of G on T given by B¢ (y, h) = (y, g ' hg),
g.h € G and y € T'y. Since G is non-abelian, § is non-trivial. Let g : I'g — G be
the quotient map and define the morphism y : ' — G by y(y,h) = q(y), y € Do,
h € G. Then, we obviously have yo 8, = y forall g € G . Therefore,  is a crossed
homomorphism and the action o of T'y on G is given by a1 () = q(y)gq(y™1),
y € I'o, h, g € G, which is also non-trivial since G is non-abelian. Thus (I'y, G) is
a compact matched pair. Let ,G denote the bicrossed product.

Proposition 7.7. We have
1(G) = Z(G) x Sp(I'g) x Sp(G) and Int(,G) = Sp(G) x I'g x Z(G).
Proof. Note that I', = I'g X G as a set and the group law is given by

(r.g)(s.h) = (rs,q(s)~" gq(s)h)
for all r,s € I'p and g.h € G. Since the action 8 of G on I'y is given by
Be(s,h) = (s,g7thg), s € To,g,h € G, we have Ff = T'o X Z(G) and the
action of Z(G) on I'y is trivial. Since the action o of Ff on G is given by
arg)(h) = q(r)hq(r)™', r € To.g,h € G, we find G* = Z(G). Again,
since the action « is by inner automorphisms, the associated action on Sp(G)
is trivial. It follows from Proposition 3.9 that x(,G) ~ Z(G) x Sp(I'y) and
Int(,G) = Sp(G) x 'y x Z(G). Letir, : T'o = 'y, r = (r,1)and (g : G — I'y,
g — (1, g). Observe that tr,, and (g are group homomorphisms. To finish the proof,
we claim that the map

¥ Sp(I'y) = Sp(T'o) x Sp(G),
defined by

w = (wotry,wotg), w € Sp(I'y),

is a group isomorphism. Indeed, it is obviously a group homomorphism. Since I'y is
generated by tr,(I'g) and 1 (G), so ¥ is injective. Letw; € Sp(I'p) and w, € Sp(G).
Define the continuous map  : I'y — S by w(r, g) = w1(r)wa(g),r € To, g € G.
Then, forall r,s € 'y, g, h € G,

w((r,g) - (s.h) = w(rs,q(s)"" gq(s)h)
= w1 (r)w1()®2(q(s) " Hwa(g)wa(q(s)) w2 (h)
= w1(r)w2(g)wi(s)wa(h) = w(r, g)w(s, h).

Hence, w € Sp(I'y) and ¥ (@) = (w1, w2), so ¥ is surjective. O
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Example 7.8 (Haagerup property). Observe that any finite non-abelian group G
provides an example with I'y = [, where n is bigger than the number of generators
of G, so that G is a quotient of I’y in the obvious way. Let us note here that the
corresponding I'y, have the Haagerup property. This is because I'y, being canonically
isomorphic to the graph Gr(y), and since G is finite, is easily seen to be a finite index
subgroup of the right semi-direct product H = I" xg G. But in this case, as I is
finitely generated and has the Haagerup property (as it is a direct product of a finite
group and a group with the Haagerup property), we have that H has the Haagerup
property, since by Remark 7.5, H has a group with the Haagerup property as a finite
index subgroup and hence, I'y has the Haagerup property. Thus, it follows that all
bicrossed products obtained in this way are not co-amenable but their duals do have
the Haagerup property by Remark 7.6.

To get explicit examples we take, for n > 4, G = A, the alternating group
which is simple, has only one irreducible representation of dimension 1 (the trivial
representation) so that Z(G) = {1} and Sp(G) = {1}. Moreover, viewing A,
generated by the n — 2 3-cycles, we have a surjection 'y = F,—» — 4, = G.
Associated to this data, we get a non-trivial compact bicrossed product G, non
co-amenable and whose dual has the Haagerup property and such that y(G,) ~
Sp(F,—2) = T"72. In particular G, and G,, are not isomorphic for n # m.
It shows the existence of an infinite family of pairwise non-isomorphic non-trivial
compact bicrossed product whose dual are non amenable with the Haagerup property.

We now consider more explicit examples on property (7).

Example 7.9 (Property (7')). Let n > 3 be a natural number and p > 3 be a
prime number. Let [F, denote the finite field of order p. Define I'y = SL,(Z),
G = SL,(Fp) and let g : SL,(Z) — SL,(IF,) be the canonical quotient map. We
get a matched pair (I'y, G) with both actions o and 8 non-trivial and we denote the
bicrossed product by G, ,. Since for n, p > 3, we have

D(SL(2)) = SLu(Z) and  D(SLu(F,)) = SLy(Fy).

we deduce as in Example 7.3 that Sp(SL,(F,)) = {1} = Sp(SL,(Z)). It follows
from Proposition 7.7 that

Int(Gy.p) = SLy(Z) x Z(SLy(Fp)) ~ SL,(Z) x Z/d 7.
and X(Gn.p) = Z(SLy(F,)) ~ Z/dZ,

where d = ged(n, p — 1). In particular, the quantum groups G, = G, , for p
prime and p > 3, are pairwise non-isomorphic. They are non-commutative and non-
cocommutative by Remark 3.5. We note also that I'y in this case has Property (T'),
since it is a finite index subgroup of H = I' xg G which itself has the Property (7') as
ithas a group with Property (7") as a finite index subgroup (follows, using Remark 7.5,
from the fact that I' is finitely generated and has Property (7)). Thus, assertion (3)
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of Theorem 4.3 implies that G p have property (7). We record this in the form of a
theorem.

Theorem 7.10. There exists an infinite family of pairwise non isomorphic non-trivial
compact bicrossed products whose duals have property (T).

These are the first explicit examples of non-trivial discrete quantum groups with
property (7).

One can also consider a similar but easier family of examples with 8 being
trivial. We still take a natural number n» > 3 and a prime number p > 3. But
we consider I' = SL,(Z) and G = SL,(F,) with the action o being given by
ay(g) = [ylgly]™'. ¥ € T, g € G, and B being the trivial action. Let H,, , denote
the bicrossed product associated to the matched pair (I', G). One can check, as before,
that Int(H,, ,) >~ SL,(Z) and Sp(Cp,(H,,p)) ~ Z/dZ, where d = gcd(n, p — 1).
Hence, the quantum groups I, = M, , for p prime and p > 3, are pairwise
non-isomorphic. They arise from matched pairs for which the § action is trivial
but still they are non-commutative and non-cocommutative since I" and G are both
non-abelian. Also, their duals have property (7).

7.2. Examples of crossed products. In this section, we provide non-trivial ex-
amples of crossed products. Our examples are of the type considered in [41].
Let G be a compact quantum group and define, for all g € x(G), the map o, =
(g7'®id® g) o A® . It defines a continuous group homomorphism

X(G) 3 g = ag € Aut(G).

Since x(G) is compact, it follows that the action I' ~, G is always compact, for any
countable subgroup I' < y(G). Actually, the action of y(G) on Irr(G) is trivial
since, for g € y(G) and x € Irr(G) a straightforward computation gives

(id ® ag) (u®) = (V ® Du*(Vy ® 1),

where V, = (id ® g)(u*). Let Gr denote the crossed product. For a subgroup
3 < H, we denote by Cy (X) the centralizer of ¥ in H. Applying our results on
crossed products to Gr we get the following Corollary.

Corollary 7.11. The following holds.

(1) Int(Gr) =~ Int(G) x I" and x(Gr) = Cy)(I') x Sp(").

2) max(Aa(C(G)), Ao(T) = Aep(C(Gr)) = Acr(G)Aey(T).

(3) G and T have (RD) if and only if Gr has (RD).

“4) é} has the Haagerup property if and only if G and T have the Haagerup
property.

(5) Gr has property (T) if and only lfa and T have property (T).
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Proof. All the statements directly follow from the results of Section 6 and the

discussion preceding the statement of the corollary except assertion (1) for which

there is something to check: the action of y(G) on Int(G) associated to the action «

is trivial indeed, for all unitary u € Cy,,(G) for which A(u#) = u ® u, one has
ag(u) = gwugu™) = u.

Moreover, the action of y(G) on itself associated to the action « is, by definition, the
action by conjugation. Hence assertion (1) directly follows from Proposition 6.5. [

Example 7.12. We consider examples with G = U K,L , the free unitary quantum
group or G = O, the free orthogonal quantum group. It is well known that

x(Uy) =U(N) and x(Oy) = O(N)
and that
Int(Uy) = Int(On)* = {1}.
It is also known that the Cowling—Haagerup constant for 0;\; and U ;,r are both 1 [20],

and 0;; and U ;,r have (RD) [40] and the Haagerup property [6]. Hence, for any
N > 2 and any subgroups ¥ < O(N) and I' < U(N) the following holds.

 Int((O3)x) ~ T and Int(Uy)r) ~ T

* X((0§)s) = Com)(T) x Sp(T) and ¥ ((Uy)r) =~ Cyw)(T) x Sp(T).
* Aa((O§)z) = Awp(E) and A (Uy)r) = Aer (D).

. (0;)2 (resp. ((UIQ,L)F) has (RD) if and only if ¥ (resp. I') has (RD).

. (O;\;)z (resp. (U ;,r )r) has the Haagerup property if and only if X (resp. I') has
the Haagerup property.
* (Oy)s and ((Uy)r do not have Property (7).

Example 7.13 (Relative Haagerup property). Since the action of y(G) on Cp, (G) is
given by (id® ag)(u™) = (V' ® Du*(V, ® 1), where V, = (id ® g)(u™), we have,

ag(w)(uj;) = Zg(ufr)w(ufs)g((ufs)*), for all w € G,y (G)*. (7.2)
r,s
Define the sequence of dilated Chebyshev polynomials of second kind by the initial
conditions Py(X) = 1, P1(X) = X and the recursion relation
XPr(X) = Pry1(X) + Pr—1(X), k=1
It is proved in [6] (see also [18]) that the net of states w; € Cm(O;\S)* defined by

Pr (1)
Pr(N)

wt(ufj) = i js



1588 P. Fima, K. Mukherjee and 1. Patri

for k € Irr(O;) = N and ¢ € (0,1) realize the co-Haagerup property for O},

ie. @; € co(O;) for 7 close to 1 and @, — & ,+ in the weak™ topology when? — 1.
N

Now let g € )((Ofv'). By Equation (7.2), we have

Py (1)
Pr(N)

Py (1)
Pr(N)

k
8ij = wt(uij)-

> gl)g(h)) =

r

ag () (ufy) =

Hence, o (w;) = o, for all g € y(G) and all ¢t € (0,1). It follows that for any
N > 2 and any subgroup I' < O(N), the pair (O;\,r, (0;)p) has the relative co-
Haagerup property however, the dual of ( OJJ\,F)F) does not have the Haagerup property
whenever I" does not have the Haagerup property.
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