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OPERATOR ALGEBRAS OF FREE WREATH PRODUCTS

PIERRE FIMA AND ARTHUR TROUPEL

ABSTRACT. We give a description of operator algebras of free wreath products in terms of
fundamental algebras of graphs of operator algebras as well as an explicit formula for the
Haar state. This allows us to deduce stability properties for certain approximation properties
such as exactness, Haagerup property, hyperlinearity and K-amenability. We study qualitative
properties of the associated von Neumann algebra: factoriality, fullness, primeness and absence
of Cartan subalgebra and we give a formula for Connes’ T-invariant and 7-invariant. We also
study maximal amenable von Neumann subalgebras. Finally, we give some explicit computations
of K-theory groups for C*-algebras of free wreath products. As an application we show that the
reduced C*-algebras of quantum reflection groups are pairwise non-isomorphic.

1. INTRODUCTION

After Woronowicz developed the general theory of compact quantum groups [Wor87, Wor88,
Wor98| which covers, in particular, the deeply investigated g-deformations of compact Lie groups
constructed by Drinfeld and Jimbo [Dri86, Dri87, Jim85|, new examples of compact quantum
groups emerged from the works of Wang [Wan95, Wan98|. A particularly relevant quantum
group for the present work is the quantum permutation group S]"\', (see Section 2.6) for which
the representation theory has been completely understood by Banica [Ban99| and its operator
algebras (as well as approximation properties) have been extensively studied by Brannan and
Voigt [Bral3, Voil7]. In order to find natural quantum subgroups of S}, quantum automorphism
groups of finite graphs were introduced in [Bic03|. Since the classical automorphism group of the
graph obtained as the N-times disjoint union of a finite connected graph G is given by the wreath
product of the classical automorphism group of G by Sy, it became important to introduce a
free version of the wreath product by Sy.

The free wreath product construction was achieved by Bichon in [Bic04]: given a compact
quantum group G, Bichon constructed and studied the free wreath product G S]'\F, of G by
S7% (see Section 2.7). Some generalisations of free wreath products by Sy, were considered in
[Pit16, FP16, TW18, FS18, Fre22|. Concerning the representation theory of G, S?\L,, it has been
studied in many specific cases before achieving the general result [BV09, Lem14, LT16, Pit16,
FP16, TW18, FS18|. While some approximation properties are known to be preserved by the
free wreath product construction, very little is known about the operator algebras associated to
G U Sj\',. It seems that the main reason why these operator algebras are not already completely
understood is that there is no explicit computation of the Haar state. The first result of the
present paper is an explicit formula for the Haar state of G 1, S]J\r, (Theorem 3.2). While studying
free wreath products, we realized that the full C*-algebra C'(G 1. S]\L,) of the free wreath product
can actually be written as the full fundamental C*-algebra of a graph of C*-algebras [FF14].
However, in contrast with [FF14], G i S]J\r, is not the fundamental quantum group of a graph
of quantum groups. Nevertheless, our description in terms of graph of C*-algebras allows to
produce a specific state, called the fundamental state in [FF14], which is shown to be the Haar
state of C(G 1. Sf;). This allows a complete description of the reduced C*-algebra C,(G 1 SF;)
as the reduced fundamental C*-algebra of a graph of C*-algebras as well as a description of the
von Neumann algebra L>®(G ¢, S3;) as the fundamental von Neumann algebra of a graph of von
Neumann algebras.
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Concerning approximation properties, our description in terms of graph of operator algebras of
the free wreath product allows us to deduce the following. To state our result, we will use some
non-standard terminology: we say that a compact quantum group G has the Haagerup property
if L°°(G) has the Haagerup property (with respect to the Haar state see [CS15]) and that G is
erxact when the reduced C*-algebra C,(G) is an exact C*-algebra. When G is Kac, we say that
G is hyperlinear if the finite von Neumann algebra L°°(G) embeds in an ultraproduct of the
hyperfinite IIj-factor. Finally, G is called co-amenable (resp. K-amenable) when the canonical
surjection from its full C*-algebra C(G) to C,(G) is an isomorphism (resp. a KK-equivalence).

Theorem A. Given N € N* and G a compact quantum group. The following holds.
(1) G is ezxact if and only if G % S]'\'} is exact.
(2) G has the Haagerup property if and only if G SJJ{, has the Haagerup property.
(3) If G is Kac then G is hyperlinear if and only if G S]J\r, is hyperlinear.
(4) o IfN>5, G S]J\r, is not co-amenable for all G.
o If N € {3,4} then G S]J\r, s co-amenable if and only if G is trivial.
o (Gl S;r is co-amenable if and only if G is trivial or if G ~ 7 /27.
(5) G is K-amenable if and only if G 1. S¥; is K -amenable.

Let us mention that some of the statements in Theorem A are already known in specific cases
but our proofs, based on our description in terms of graphs of operator algebras, are completely
different. The stability of exactness under the free wreath product with Sy is known [LT16, FP16]
for N > 4 while the stability of the usual Haagerup property is not known in the form above.
Actually, most of the previous proofs of approximation properties were based on a monoidal
equivalence argument so that it was not possible to deduce properties which are not stable under
monoidal equivalence. To deduce approximations properties, the common trick was to strengthen
the definition of these properties so that they become invariant under monoidal equivalence.
Hence, what is known in relation with the Haagerup property is actually the stability of the
central ACPAP [Leml4, LT16, FP16, TW18|. One exception is the case N = 2 which has been
completely described by Bichon [Bic03|. From Bichon’s description, it has been possible to deduce
in [DFSW16, Corollary 7.11| that, when G is Kac, G, S;r has the Haagerup property if and only
if G has the Haagerup property. Concerning hyperlinearity, it is already known that S]‘\F[ (for all

N) and the quantum reflection groups Zs . S¥; (for 1 < s < 400 and N > 4) are residually finite
hence hyperlinear [BCF20|. The now classical argument is based on the topological generation
method developed by Brannan-Collins-Vergnioux [BCV17|. The stability of hyperlinearity of
Theorem A is completely new and our argument is not based on the topological generation
method. The stability of K-amenability is also new. It is was known that S]'\'} is K-amenable
[Voil7| and, again by using a monoidal equivalence argument, it was known [FM20] that if G is
torsion-free and satisfies the strong Baum-Connes conjecture then G, S]J\r, is K-amenable. One of
the consequence of our result on K-amenability which seems to be unknown is that all quantum
reflection groups are K-amenable. A more interesting application of our description in terms
of graph of operator algebras is about the qualitative properties of the von Neumann algebra
L>°(G 1, Sy) for which nothing is known, outside of the factoriality in some specific cases. It is
known that L>®(G 1, S) is a full Ij-factor whenever G = [ is the dual of a discrete group and
N > 8 [Lem14] and it is also a non-Gamma II;-factor whenever G is a compact matrix quantum
group of Kac type and N > 8 [Wahl5|. Using results about the structure of amalgamated
free products von Neumann algebra [Ued11b, Ued13, HV13, HI20] we are able to deduce the
following. Let (0&); be the modular group of the Haar state on L>°(G) and T'(M) the Connes’
T invariant of the von Neumann algebra M.

Theorem B. Suppose that Irr(G) is infinite and N > 4. Then L>®°(G . S;) is a non-amenable
full and prime factor without any Cartan subalgebra. Moreover:

e If G is Kac then L>®(G 1. Sf;) is a type 11} factor.
e If G is not Kac then L>°(G S]J\r,) 1s a type 111y factor for some X\ # 0 and:

T(L®(G . SH) ={t eR : o =id}.



OPERATOR ALGEBRAS OF FREE WREATH PRODUCTS 3

Moreover, the Connes’ T-invariant of the full factor L>°(G L S]\L,) is the smallest topology

on R for which the map (t — o) is continuous.

Concerning maximal amenable von Neumann subalgebras of L (G . S]J\r,), once again, nothing
seems to be known. A von Neumann subalgebra A C M is called with expectation if there a
normal faithful conditional expectation P — A. A C P is called mazimal amenable if A is
amenable and, for any intermediate von Neumann algebra A C P C M if P is amenable then
A= P. AC P is called mazimal amenable with expectation if A is amenable with expectation
and, for any A C P C M, if P is amenable with expectation then A = P.

Recall that L®(G 1. Sy;) is generated by N free copies of L(G) given by v; : L®(G) —
L®(G 4 S¥), 1 <i < N, and by L®(S}) C L%°(G . S;) plus some relations (see Section 2.7).
Let u = (u;;);; € Mn(C) ® L°(S};) be the fundamental representation of Sy so that L>°(S})
is generated by the coefficients wu;; of u. We use [BH18| to deduce the following.

Theorem C. Let G be a compact quantum group and N > 2. The following holds.

(1) If L>(G) is amenable and Irr(G) is infinite then, for all 1 < i < N, the von Neumann
subalgebra of L>®(G 1. S¥) generated by {v;(a)u;; : a € L°(G), 1 < j < N} is mazimal
amenable with expectation in L°(G 1. S¥).

(2) If G is Kac then L®(S]) C L®°(G . Sf) is mazimal amenable.

Finally, we compute K-theory groups of the C*-algebras C'(G S]'\'}) and C, (G Sj\}) (recall that
they are KK-equivalent whenever G is K-amenable). In the next Theorem, we denote by Ce(G)
either the full C'*-algebra or the reduced C*-algebra of G.

Theorem D. For any compact quantum group G and integer N € N* we have,
Ko(Ca(G L 5Y)) = Ko(Ca(@)) ® (ZV) & Ko(C(S§))/(ZN)

{%(C«G»@NWZ?N? if N#3,
Ko(Co(G))®N? /73 if N=3.

2

and,

K\(Co(G)*N @Z if N >4,
K1(Co(G))®N? if 1<N<3.

2

KiC(GL ) = KiC(O)"™ & Ka(Clsi) = {

In particular, for the (K-amenable) quantum reflection groups Hf;;r = Z} . S]'\F,, if N >4,

ZN2*2N+2 if s= +00, ZN2+1 if 5= oo
Ko(Co(HY)) ~ { 7sN2-2N+2 / K1 (Co(HY)) = { 7 / ’

Zf 5 < +00, Zf s < +00,
and if N € {1,2,3},
zN! if s=400 ZN* if s =+o0
s+ ~ ) s+ ~ ’
Ko(Co(HR)) ~ { ZE—DN*N i oo 4o Ki(Co(HY)) ~ { 0 if s<+oo,

It seems that the only attempt to compute the K-theory of free wreath products was done in
[FM20] in which they compute K-theory groups of some quantum groups which are not free
wreath product with S]'\F[ but only monoidally equivalent to a free wreath products with S]J\r,.
Actually the K-theory is computed for some quantum groups of the form G, SO4(3), where the
free wreath product is in the sense of [FP16]. The method of computation in [FM20], which is
based on the ideas of the works of Voigt [Voill, Voil7] and Voigt-Vergnioux [VV13] is to prove
the strong Baum-Connes property and then find an explicit projective resolution of the trivial
action. However, they could not do it for free wreath products by S]J\r, but they showed that this
can be done for G U, SO,4(3) with some specific G such as free products of free orthogonal and
free unitary quantum groups as well as dual of free groups. While our method cannot provide
results on the stability of the strong Baum-Connes conjecture for free wreath products, it has the
advantage to be extremely simple and also applicable to any free wreath product with S]J\r,. Our
K-theory computations are based on our decomposition as fundamental algebras and the results
of [FG18]. We also use the result of [Voil7] on the computation of the K-theory of Ce(S};). As
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mentioned to us by Adam Skalski, it seems unknown whether or not the reduced C*-algebras of
quantum reflection groups H]S\,Jr are isomorphic or not for different values of the parameters NV, s.
Our K-theory computation in Theorem D solves this question: we show in Corollary 7.1 that
for all N,M > 8 one has C,(H3") ~ C,.(H.F) & (N,s) = (M,t). We do have to restrict the
parameters to N, M > 8 since our proof uses the unique trace result of Lemeux [Lem14|, which
is valid only for N > 8. We also compute some other K-theory groups of free wreath products,
such as Fy, 8 St and deduce that reduced (as well as full) C*-algebras C, (Fpn S7%) are pairwise
non-isomorphic.

The paper is organized as follows. After the introduction in Section 1, we have included prelimi-
naries in Section 2 in which we detail all our notations concerning operator algebras and quantum
groups. We also prove in this preliminary Section that the von Neumann algebra L*°(G) of a
quantum group G is diffuse if and only if it is infinite-dimensional. This result, which will be
useful in the study of von Neumann algebras of free wreath product, also solve a question left
open in [BCF20| in which it is mentioned that it is unknown if the von Neumann algebra of a
quantum reflection group 25 L S]J\r, is diffuse when N < 7. Section 2 also contains important
remarks on free product quantum groups, semi-direct product quantum groups, quantum per-
mutation groups and free wreath product quantum groups, as well as amalgamated free wreath
products (in the sense of Freslon [Fre22|). In particular, we identify the amalgamated free wreath
product G & g S]J\r, at N = 2 with a semi-direct product. In Section 3 we explain how operator al-
gebras of amalgamated free wreath products can be described as fundamental algebras of graphs
of operator algebras. Section 4 contains the proof of the amalgamated version of Theorem A,
Section 5 contains the proof of the amalgamated versions Theorem B and C. In Section 6, we
give a formula describing an amalgamated free wreath product of a fundamental quantum group
of a graph of quantum groups by S]J\r, as the fundamental quantum group of a graph of quantum
groups given by free wreath products. Finally, section 7 contains the proof of Theorem D and
some other K-theory computations.

2. PRELIMINARIES

2.1. Notations. All Hilbert spaces, C*-algebras and preduals of von Neumann algebras consid-
ered in this paper are assumed to be separable. The inner product on an Hilbert space H is
always linear on the right. The C*-algebra of bounded linear maps from H to H is denoted by
B(H) and, given vectors &, € H we denote by wy ¢ € B(H)* the bounded linear form on B(H)
defined by (x + (n,z§)). For T € B(H), we denote by Sp(7T") the spectrum of 7" and by Sp,(T)
the point spectrum of 7. The symbol ® will denote the tensor product of Hilbert spaces, von
Neumann algebras as well as the minimal tensor product of C*-algebras.

2.2. Full von Neumann algebras. Let M be a von Neumann algebra with predual M,. We
consider on Aut(M) the topology of pointwise convergence in M, i.e. the smallest topology for
which the maps Aut(M) — M,, a + woa and a + w o a~ ! are continuous, for all w € M,,
where M, is equipped with the norm topology. It is well known that Aut(M) is a Polish group
(since M, is separable). When w € M, is a faithful normal state, we may consider the closed
subgroup Aut(M,w) < Aut(M) of automorphisms preserving w. Note that the induced topology
from Aut(M) to Aut(M,w) is the smallest topology making the maps Aut(M,w) — L2(M,w),
a = ala)é, and a — a~(a)é, continuous, for the norm on L2(M,w), where &, is the cyclic
vector in the GNS construction L?(M,w) of w. We record the following Remark for later use.

Remark 2.1. Note that if (M,w) is a von Neumann algebra with a faithful normal state w
and A C M is a von Neumann subalgebra with a w-preserving normal conditional expectation
M — A then, the subgroup Auta(M,w) = {a € Aut(M,w) : a(A) = A} < Aut(M,w) is closed
and the restriction map Autg(M,w) — Aut(A,w), a — a|4 is continuous.

Let Inn(M) C Aut(M) be the normal subgroup of inner automorphisms and Out(M) :=
Aut(M)/Inn(M) be the quotient group. Equipped with the quotient topology, Out(M) is a
topological group and it is Hausdorff if and only if Inn(M) C Aut(M) is closed. In that case
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(since M, is assumed to be separable) Out(M) := Aut(M)/Inn(M) is actually a metrizable
topological group so the convergence of sequences in Out(M) completely characterises the topol-
ogy. Following Connes [Con74|, a von Neumann algebra is called full if Inn(M) C Aut(M)
is closed. A normal faithful semi-finite weight ¢ on M is called almost-periodic if its modular
operator V, has pure point spectrum. Connes defines [Con74] the invariant Sd(M) of a full von
Neumann algebra as the intersection of point spectrum of V, for ¢ a normal faithful semi-finite
almost-periodic weight and shows that the closure of Sd(M) is the S-invariant S(M).

The famous noncommutative Radon-Nykodym Theorem of Connes [Con73| shows that, for any
pair of normal faithful states (actually semi-finite weights) w; and we on M, their modular
groups ot and o, have the same image in Out(M), for all ¢ € R. Hence, there is a well defined
homomorphism ¢ : R — Out(M), called the modular homomorphism, defined by §(t) = [0¢],
where w is any normal faithful state on M and [] denotes the class in Out(M).

Connes defines in [Con74|, the invariant 7(M) of a full von Neumann algebra M as the smallest
topology on R for which the modular homomorphism ¢ is continuous. When M is full (and
M, is separable), Out(M) is clearly a metrizable topological group hence, (R, 7(M)) is also a
metrizable topological group. In particular, the topology 7(M) is completely characterized by
the knowledge of which sequences are converging to zero.

2.3. Compact quantum groups. For a discrete group I' we denote by C*(I') its full C*-
algebra, C*(T") its reduced C*-algebra and L(T") its von Neumann algebra. We briefly recall
below some elements of the compact quantum group (CQG) theory developed by Woronowicz
[Wor87, Wor88, Wor9s|.

For a CQG G, we denote by C(G) its mazimal C*-algebra, which is the enveloping C*-algebra
of the unital #-algebra Pol(G) given by the linear span of coefficients of irreducible unitary
representations of G. The set of equivalence classes of irreducible unitary representations will
be denoted by Irr(G). We will denote by ¢ : C(G) — C the counit of G which satisfies
(id ® e¢)(u) = Idy for all finite dimensional unitary representation v € B(H) ® C(G).

Let us recall below the modular ingredients of a CQG. Let us fix a complete set of representatives
u® € B(H,) ® C(G) for x € Irr(G). It is known that for any = € Irr(G) there exists a unique
T € Irr(Q), called the contragredient of x, such that Mor(1,z®T) # {0} and Mor(1,Z®x) # {0},
where 1 denotes the trivial representation of G. Both the spaces Mor(1,Z ® ) and Mor(1,z ®7T)
are actually one-dimensional. Fix non-zero vectors s, € H, ® Hz and sz € Hz ® H, such that
sy € Mor(1,2®7) and sz € Mor(1,Z7®xz). Let J, : H, — Hz be the unique invertible antilinear
map satisfying (J.&,n) = (s, ®@n) for all £ € H,, n € Hz and define the positive invertible
operator QQ, = J*J, € B(H,). Then, there exists a unique normalization of s, and sz such that
szl = |lsz|| and Jz = J;!. With this normalization, @, is uniquely determined, we do have
Tr(Q.) = Tr(Q; 1) = ||s2|?, Qz = (JoJ¥)~! and Sp(Qz) = Sp(Q)~! (Tr is the unique trace on
B(H,) such that Tr(1) = dim(H,)). The number Tr(Q) is called the quantum dimension of x
and is denoted by dim,(z). From the orthogonality relations:

Opyl
id h T\ * * Du?) = T,y -1
(& he)((0)" (60" @ D) = Z250.0;19)
it is not difficult to check that, with L2(G) = D.ctre) He ® Hz, o =1 € Hy ® Hy = C and

A\g : C(G) — B(L?(@)) the unique unital *-homomorphism such that

A ((wne @ 1d) (u®))éq = dimg ()77 ® Jn,

g is Ag-cyclic and hg(z) = (g, Ag(a)éq) Ya € C(G). Hence, the triple (L%(G), Ag, &) is an
explicit GNS construction for the Haar state hg on C(G).

Let C.(G) = M\q(C(G)) C B(L%(G)) be the reduced C*-algebra of G. The surjective unital
s-homomorphism A\g : C(G) — C,(G) is called the canonical surjection. Recall that G is
called co-amenable whenever A\g is injective. The von Neumann algebra of G is denoted by

L>®(G) := C.(G)" € B(L*(G)). We will still denote by h¢ the Haar state of G on the C*-algebra
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C,(G) as well as on the von Neumann algebra L>°(G) ie. hg = ({g,-{c) when viewed as a

state on C,.(G) or a normal state on L>°(G). We recall that hg is faithful on both C,(G) and

L*>(G). With the explicit GNS construction of hg given above, it is not difficult to compute

the modular ingredients of the normal faithful state hg on L°°(G) and we find that the closure
1

Sq of the antilinear operator x€g — x*£g has a polar decomposition Sg = ngg, where V¢ is
the positive operator on L?(G) given by Vg := ®x61rr(G) QR:® Q%l Hence, the Haar state of a

CQG is always almost-periodic and its modular group (O'tG )¢ is the unique one-parameter group
of L®(@) such that (id® o) (u®) = (Q¥ @ 1)u”(Q¥ ®1). Let us recall that G is said to be of Kac
type whenever hg is a trace and it happens if and only if @, = 1 for all € Irr(G). Let us also
recall that the scaling group (t7); is the one-parameter group of L>°(G) given by by the formula
(id®7)(u®) = (Q* @ 1)u®(Q;" ®1). It is well known that the scaling group of G is the unique
one parameter group (77); of L%(G) such that Ao ¢f = (17 ® o) o A Vt € R. Moreover, the
scaling group preserves that Haar state: hg o ¢ = hg (this means that the scaling constant of
a compact quantum group is 1).

Let us also recall the definition of the T-invariant of a CQG G, introduced by S. Vaes in [Vae05]:

T(G):={teR : JuelUL®G)) : Au) =u®uand 77 = Ad(u)},
where Ad(u) is the automorphism of L*°(G) given by a — uau®.
The following result is well known [Fim10, Proposition 2.2].

Proposition 2.2. The set Mod(G) := Uwehr(G) Sp(Qz) is a subgroup of RY..

Proof. We already remarked in Section 2.3 that Sp(Qz) = (Sp(Q.))~!. Hence Mod(G) is stable
by inverse. The fact that Mod(G) is stable by product follows from the relation

5Q. =(Q;®Qy) forall SeMor(z,z®y), z,v,z € Irr(G).

Remark 2.3. For convenience, we will use the following non-standard notations.

(1) Let Sd(G) := Sp,(Vg). From the explicit computation of Vg and since Sp(Qz) =
Sp(Q,)~! one has Sd(G) = Uggem(g)Sp(Qx)2 C Mod(G) and Sd(G)~! = Sd(G).

(2) We denote by 7(G) the smallest topology on R such that the map (¢ — o) is continuous.
Hence 7(G) is smaller than the usual topology on R. It is not difficult to check that it is
the smallest topology on R for which the maps fy : R — S : (¢t — A¥) are continuous,
for all A € Sd(G), where S! has the usual topology. Note also that, for any topology 7 on
R, the set of A > 0 for which fy is 7-continuous is a closed subgroup of R (for the usual
topology on R* ). Hence, 7(G) is also the smallest topology on R for which the maps f\

are continuous, for all A € (Sd(G)), the closed subgroup of R generated by Sd(G) (for
the usual topology on R ). Moreover, the following is easy to check:
e G is Kac & Sd(G) = {1} & 7(G) is the trivial topology. If Sd(G) # {1} then
(R, 7(G)) is a metrizable topological group so the topology 7(G) is completely char-
acterized by the knowledge of which sequences are converging to zero.
e (Sd(G)) =R if and only if 7(G) is the usual topology on R.
Recall that a von Neumann algebra is diffuse when it has no non-zero minimal projection. We
will use the following simple Lemma. While the arguments for its proof are already present in
the literature, the precise statement seems to be unknown.

Lemma 2.4. Let G be a compact quantum group. The following are equivalent.
(1) Irr(G) is infinite.
(2) L>°(Q) is diffuse.
(3) C(G) is infinite-dimensional.
Proof. The implication (2) = (1) is obvious. Let us show (1) = (2). By the general theory, a

von Neumann algebra is diffuse if and only if it has no direct summand of the form B(H). When
is H finite dimensional, we may apply [DCKSS18, Theorem 3.4| (since the action of G on L*°(G)
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given by the comultiplication is ergodic) to deduce that B(H) is not a direct summand of L*>°(QG)
whenever Irr(G) is infinite. When H is infinite-dimensional, we may apply [KS22, Theorem
6.1] to deduce that B(H) is not a direct summand of L°°(G) whenever Irr(G) is infinite. The
equivalence between (1) and (3) is clear. O

Let us now recall the notion of a dual quantum subgroup. We are grateful to Kenny De Commer
for explaining to us the main argument of the proof of the next Proposition and to Makoto
Yamashita for showing to us the reference [Chil4]. Recall that Ce(G) denotes either the reduced
or the maximal C*-algebra of G.

Proposition 2.5. Let G and H be CQG. The following data are equivalent.

e . : C(H) — C(G) is a faithful unital x-homomorphism intertwining the comultiplications.
e . : Pol(H) — Pol(G) is a faithful unital x-homomorphism intertwining the comultiplica-
tions.
e : Cr(H) — C.(Q) is a faithful unital x-homomorphism intertwining the comultiplica-
tions.
If one of the following equivalent conditions is satisfied, we view Pol(H) C Pol(G), C(H) C C(G)
and Cr.(H) C C,(G). Then, the unique linear map E : Pol(G) — Pol(H) such that

_ N u® if x € Irr(H),
(id ® E)(u”) = { 0 if xelr(G)\Irr(H).

has a unique ucp extension to a map Ee : Co(G) — Co(H) which is a Haar-state-preserving
conditional expectation onto the subalgebra Co(H) C Co(G). At the reduced level, E, is faithful
and extends to a Haar-state preserving normal faithful conditional expectation L (G) — L*(H).

Proof. If + : C(H) — C(G) is a faithful unital *-homomorphism intertwining the comultipli-
cations then it is clear that its restriction to Pol(H) has image in Pol(G) and is still faithful.
If now ¢ : Pol(H) — Pol(G) is defined at the algebraic level then, since it is faithful and in-
tertwines the comultiplications, it also intertwines the Haar states and so extends to a faithful
unital *-homomorphism ¢ : C,.(H) — C,(G) which is easily seen to intertwine the comultiplica-
tions. It is proved in [Ver04| that E extends to a faithful and Haar state preserving conditional
expectation at the reduced level as well as at the von Neumann level (which is moreover nor-
mal). Also, if ¢ : C,(H) — C,(G) is defined at the reduced level, its restriction to Pol(H)
satisfies the second condition. Hence, it suffices to check that if Pol(H) C Pol(G) is a unital
x-subalgebra with the inclusion intertwining the comultiplications then, the canonical extension
v : C(H) — C(G) of the inclusion, which obviously also intertwines the comultiplications, is still
faithful. Note that it suffices to show that E extends to a ucp map E : C(G) — C(H). Indeed,
if we have such an extension then £ has norm 1 and E o = id¢ (g, so for all a € Pol(H) one
has [lallcry = 1E(e(@)lery < llula)lle@) < llallc@y- Then, ¢ is an isometry hence faithful.
The fact that E extends to a ucp map is proved in [Chil4, Theorem 3.1]. It is clear that the ucp
extension preserves the Haar states since it already does at the algebraic level (by definition of
E). Now, viewing C(H) C C(G), E is ucp and is the identity on C'(H) hence, it is a conditional
expectation onto C'(H). O

If one of the above equivalent condition is satisfied, we say that H is a dual quantum subgroup of G
and we will view Pol(H) C Pol(G), C(H) C C(G), C,.(H) C Cy(G) as well as L°(H) C L*(G).
Let us note that, the ucp extension of F at the maximal level is not, in general, faithful and
not even GNS-faithful (meaning that the GNS representation morphism may be non injective).
We will usually denote E at the algebraic, full, reduced and von Neumann algebraic level by the
same symbol Ep.

Remark 2.6. Let C(H) C C(G) be a dual quantum subgroup and define Pol(G)° := {a €
Pol(G) : Ep(a) = 0} and Ce(G)° := {a € Ce(G)° : E4(a) = 0}. Then Pol(G)° is the linear
span of coefficient of irreducible representations = € Irr(G) \ Irr(H) , Co(G)° is the closure in
Ce(G) of Pol(G)° and A(Pol(G)°) C Pol(G)° @ Pol(G)°. All this statements easily follow from
the property of Ey stated in the previous proposition.
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Let us recall that if L>°(H) C L*°(G) is a dual compact quantum subgroup then of* oo (Fr) = ol
and TtG|Loo(H) =7/ for all t € R.

Definition 2.7. Following Vergnioux [Ver04|, given a dual quantum subgroup C'(H) C C(G), we
introduce an equivalence relation ~g on Irr(G) by defining x ~p y < Is € Irr(H), Mor(s, T ®
y) # {0}. Note in particular that z =y y < (Id ® Eg)(u* @ u¥) = 0. We define the index of H
in G by the number of equivalence classes [G : H] := |Irr(G)/ ~n|.

2.4. Free product quantum group. We now recall some well known results about free product
quantum groups. Given two compact quantum groups GGy and G5 the universal property of the
C*-algebra given by the full free product C(G) := C(G1)*C(G2) allows to define the unique unital
*-homomorphism A : C(G) — C(G) ® C(G) such that Alg(q,) = Ag, for k = 1,2. It is easy to
check that G := (C(G), A) is a CQG with maximal C*-algebra C(G), reduced C*-algebra given
by the reduced free product with respect to the Haar states C,.(G) = (C(G1), h1) * (Cr(G2), ha),
and L>(G) = (L*°(G1), h1)*(L>*(G2), ha). Moreover the Haar state on C,.(G) is the free product
state h = hy * hso.

We collect below some important remarks about free products. Most of them are well known
to specialists. Since we could not find any explicit statements in the literature, we include a
complete proof.

Proposition 2.8. Let Gy, Gs be non-trivial CQG. The scaling group of G := G1 * Gy is the free

product 7F = TtGl * TtG2 and the Vaes’ T-invariant of Gy * Gy is given by:

T(GL+Gy)={teR : 7 =702 = id}.

The following are equivalent.

(1) Gy * G is co-amenable.
(2) |Irr(Gy)| = 2 = [Trr(Go)|.
(4) L°(Gy * G3) is amenable.

Moreover, if one of the previous equivalent conditions does not hold then L>°(G1 * G) is a full
and prime factor without any Cartan subalgebras and:
e If Gy and Gy are Kac then L°(G1 x G3) is a type 11y factor.
e IfGy or Gg is not Kac then L>°(G1*G3) is a type 111y factor with A # 0 and its Connes’
T-invariant is given by {t € R : o' =id = o]'2}.
o SA(L*(G1 *x G2)) = (Sd(G1),Sd(G2)) and 7(L>*(G1 * Ga)) = (1(G1),7(G2)), where ()
means either the group generated by or the topology generated by.

Proof. Since h = hq * hy, we have oy = O'tG by O'tG 2 where o; denotes the modular group of
h. Since TtG ¥ is hp-invariant, the free product 7y := TtG bk TtGQ makes sense and it defines a

one parameter group of L>°(Gy * G2). To show that it is the scaling group, we only have to
check that A oo, = (1, ® 0y) o A, which is clear. Let 7" := {t e R : 78" = 782 = id}. It
is clear that 7" C T(Gy * G3). Let t € T(G1 * G2) so that there exists u € L>®(G * G2) a
unitary such that A(u) = v ® v and 7 = Ad(u). It follows that u is a dimension 1 unitary
representation of G * Go, hence irreducible. If w is non-trivial, it follows from the classification
of irreducible representations of G * G [Wan95| that w is a product of non-trivial dimension
1 unitary representations alternating from Irr(G;) and Irr(G2) ie. u = ujusg...u,, where uy
is a unitary in L*°(G;, ) with AG% (ug) = uk @ ug, hi(ug) = 0 and i # igyq for all k. Let
l € {1,2} \ {in} and note that, since G is non-trivial, there exists a non zero x € L*(G))
such that hy(x) = 0. Then uzu* € L*(Gy) * L>°(G2) is a reduced operator so Ej(uzu*) = 0,
where E; : L®(Gy) * L®(G2) — L*°(G)) denotes the canonical Haar-state-preserving normal
and faithful conditional expectation. However, since 7¢(z) = TtGl (x) € L*°(G)) one has 7(x) =
Ei(1i(z)) = Ej(uzu*) = 0 hence z = 0, leading to a contradiction. It follows that such a u is
always trivial and T(G1 * G2) C T".
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(3) = (2) = (1) = (4) are obvious. Also (2) = (3) is easy and well known. Let us repeat however
the argument here for the convenience of the reader. Let G be a CQG satisfying |Irr(G)| = 2
and let u be the unique, up to unitary equivalence, non-trivial irreducible representation of G
and write 1 for the trivial representation. Since u is non-trivial, @ also is hence w ~ u. It follows
that dim(1,u ® u) = 1. Hence, u ® u = 1 @ du, where d = dim(u,u ® u) € N. Let us denote
by N € N* the dimension of u so that we have N> = 1 + dN hence 1 = 0 (mod N) which
implies that N = 1 and then d = 0. Since u is of dimension 1, u € C'(G) is a unitary such that
A(u) =u®u, u=u* (hence u?> = 1) and C(G) is generated by u so G = Z/2Z.

Suppose that (2) does not hold so that dim(L*°(G;)) + dim(L>*°(G2)) > 5. It follows from
[Uedlla, Theorem 4.1] that there exists a central projection z in L=°(Gy x G2) = (L®(G1), hy) *
(L°(G2), ha) such that zL>° (G *xGs) is either a full factor of type II; or a full factor of type III},
A # 0, with T-invariant given by {t € R : o/ = o2} and (1 — 2)L°°(G} % Gy) is a direct sum
of matrix algebras. Hence, zLL°°(G; * G3) is non-amenable (since it is full and not of type I) so
L*>(G; * G2) is non-amenable either and it shows (4) = (2). Moreover, we know from [Wan95|
that the set Irr(G1 * Go) is infinite hence, by Lemma 2.4, L*°(G * Go) is diffuse so z = 1. Both
the primeness and absence of Cartan follow now from [Uedlla, Corollary 4.3]. Finally, the Sd
and 7 invariants are computed in [Ued11b, Corollary 2.3| and [Ued11b, Theorem 3.2] respectively
(recall that our von Neumann algebras are supposed to have separable preduals and that the
Haar states on CQG are all almost periodic). O

Remark 2.9. It is known that, for G a CQG of Kac type, the co-amenability of G is equiva-
lent to the amenability of L°°(G) [Tom06]. However, the equivalence of general CQG is open.
Proposition 2.8 shows that in the class of CQG which are nontrivial free products the equivalence
between co-amenability and amenability of the von Neumann algebra is true.

Let us now recall the amalgamated free product construction [Wan95, Ver04]. Let G1, G2 be two
CQG and C(H) C C(Gy) a dual quantum subgroup of both G1,Gs. Let Ey, : C.(Gy) — Cr(H)
be the faithful CE. The amalgamated free product is introduced in [Wan95| and its Haar state
and reduced C*-algebra is understood in [Ver04|. Following [Wan95], let us define C(G) :=
C(Gy) C (*H)C’ (G2) the full amalgamated free product. By universal property there exists a unique

unital *-homomorphism A : C(G) — C(G) ® C(G) such that Algg,) = Ag, for k= 1,2 and
it is easy to check [Wan95| that the pair (C(G),A) is a compact quantum group, denoted by
G=G; 4 Go. It is shown in [Ver04] that the reduced C*-algebra is the reduced amalgamated free
product with respect to the CE Ey, C.(G) = (C(G1), E1) o TH) (Cr(G2), E2) and the Haar state

T

of G is the free product state hg, * hg,. To study further amalgamated free products, we will
need the following lemma. Let us introduce before some terminology. A unitary representation
u of a CQG G is called a Haar representation if, for all k € Z* one has Mor(1,u®*) = {0},
where 1 denotes the trivial representation and, for k > 1, we define u®* := @®*. Two unitary
representation uy,us of G are called free if, for [ > 1, any (iy,...,4) € {1,2} such that is # is41
for all s and any ki,...,k € Z*, one has 1\/101"(1,11(231’]“1 ® u?;l” ®...0 uf?k’) = {0}.

Lemma 2.10. Let G be a compact quantum group with two Haar representations which are free
then there exists N > 1 such that L(Fy) C My (C) ® L>®(G) (with a state preserving inclusion).
In particular, if G is Kac then L>°(G) is not amenable.

Proof. Recall that, for v € B(H) ® L>(G) a finite dimensional unitary representation, its
contragredient unitary representation u € B(H) ® L>®(G) satisfies the following: there exists
an invertible operator ) € B(H) and an orthonormal basis (e;); of H such that such that,
writing u = Zij eij ® ugj, where (e;5);; are the matrix units associated to (e;);, then u¢ :=
(QeDu(Q '®l) = >_ij €i;®uy;, where ej; are the matrix units associated to (€;);. Note also that
(1) = () ()21 - (W1 = (QFRVTER(Q )P @1) € BIH™)@L*(G) for all
k > 1. Hence, if Mor(1,u®*) = {0} one has (id ® h)((u¢)®*) = Q®*(id ® h)([@®*)(Q~1)®* = 0,
since (id ® h)(@®*) € B(F(@k) is the orthogonal projection onto Mor(1,7%¥). It then follows
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that h(z) = 0 for any coefficient  of (u®)®*. Since the coefficients of (u¢)®* are exactly the
products of k adjoints of coefficients of u, we deduce that h(z) = 0 for any product of k adjoints
of coefficients of u whenever Mor(1,®*) = {0}. We will use this remark in the rest of the proof.

Let ux € B(Hg) ® L*(G), k = 1,2, be two free Haar representations and define v1 := (u1)13
and ve := (u2)23 which are both unitary in B(H; ® Hy) ® L*°(G) with respect to w. Consider
the faithful normal state w = Tr ® h € (B(H; ® H2) ® L*°(G)),. Let us show that v; and v9
are two free Haar unitaries. Since (id ® h)(u®*) (i = 1,2) is the orthogonal projection onto
Mor(1,u®*) = {0}, for k € Z*, it follows that h(z) = 0 whenever x is a product of |k| coefficients
of u; or a product of |k| adjoints of coefficients of u;, for all k € Z*. Let C; be the linear span of
products of coefficients of u; and of products of adjoints of coefficients of u; so that w(C;) = {0}.
Since vf = Zij eij ® 1 ® x;; and vh = Zijl ® e;jj ® yij, where z;; € Ci, y;; € Co, for all
k € Z*, it follows that w(vf) = (Tr®id)(id ® h)(vf) =0 for all k € Z*, 1 € {1,2}. Hence,
both v; and vo are Haar unitaries with respect to w. Since uq and uo are free representations,
the same argument as before shows that h(C) = {0}, where C is the linear span of operators
x € L>®(G) of the form x = y1...y;, | > 1, ys is a product of |ks| coefficients of w;, if ks > 1
or adjoints of coefficients of u;, if ks < —1 with ks € Z* and is € {1,2} such that i5 # is41
for all s. Let now [ > 1 and 41,...9 € {1,2} with iy # isy1 and ky,...,k € Z*. We can
k1 ky

i1 ...Uil

D ik €ij @ e @ Tijp, where i, € C. It follows that w(vfll .. vkl) =

v,
(Tr®i(fl)(id(§§>h)(vfl1 e vfll) = 0. Hence v; and vy are free with respect to w. It follows that there
exists a unique normal faithful *-homomorphism L(FFy) — B(H; ® H2) ® L°°(G) which maps one
generator of Fy onto v; and the other onto vy. Hence, if G is Kac, B(H; ® H2) ® L*>°(G) is non

amenable either and it implies that L°°(G) is also non amenable. g

write v

Definition 2.11. A dual quantum subgroup C(H) C C(G) is called proper if there exists an
irreducible representation a of G such that (id ® Fgr)(a) = 0 and for any s € Irr(H), if s Ca®a
then s = 1.

Note that if C(H) C C(G) is proper then [G : H| > 2.

Remark 2.12. In the case of duals of discrete groups, the notion of proper dual quantum
subgroup coincides with the usual notion of a proper subgroup. However, for quantum groups,
there are examples of non proper dual quantum subgroup of index 2. A nice example is the
dual quantum subgroup Autt(My(C)) of OF. Indeed, the representation category of Oy is
the category such that all the irreducible are self-adjoint, indexed by N, (uy)nen, with ug = €
and fusion rules up ® Um = Up_ym| D Up—m|+2 © -+ D Upim. Taking the full subcategory of
Rep(Oy;) generated by the irreducible representations (v, = ug,), we get a category isomorphic
to Rep(Autt(My(C))), with irreducible representations indexed by N and fusion rules v, @ v,, =
U2n & U2 = Vjp—m| D Vjp—m|+1 D -+ ® Upym. With the fusion rules, we see that it is indeed a
full subcategory and that the index of the corresponding subgroup is 2. However, taking any
irreducible u,, for n € N, we have that v1 = us C Uy, ® Uy, = Uy, ® Uy, s0 the dual quantum
subgroup cannot be proper.

Proposition 2.13. Let G = Gy xg Go be an amalgamated free product with H a proper dual
quantum subgroup of G1 and |Gy : H] > 3 then there exists N such that L(Fy) C My(C)®@L>®(G).

Proof. There exist an irreducible representation a of G satisfying the conditions of Definition
2.11 and two irreducible representations b1,by of G2 such that (id ® Epy)(b;) = 0 and (id ®
Em)(b1 ® ba) = 0 (so we also have (id ® Ef)(by ® b1) = 0). Define u; = a ® b; ® @ ® b; and let
k> 1. Since x(a) € L®(G1)°, x(bi) € L(G)°, x(u*) = x(u:)* = (x(a)x(bi)x(@)*x(bi))* is a
reduced operator in the amalgamated free product so:

dim (Mor(l, uf@k)> = h(x(u¥*)) = 0.

Also, X(ﬂ?k) = (X(bi)x(a)x(bi)*x(a)*)k is reduced so dim (Mor(l,u_l-‘g’k)) = h(X(u_l-@k)) = 0.
Hence, u; is a Haar representation of G for ¢ € {1,2}. Let us show that u; and wus are free. It
suffices to show that, for any I > 1, (iy,...,4) € {1,2} with 45 # is,1 and ky,...,k € Z* the



OPERATOR ALGEBRAS OF FREE WREATH PRODUCTS 11

operator x := X(u?ikil R...Q u%kl) is in the linear span of reduced operators. The case [ = 1
is clear by the first part of the proof and the general case can be shown by induction by using
the same arguments used in the case [ = 2 that we present below. Let x = X(u%k1 ® u?;kQ). It
suffices to show that x is in the linear span of reduced operator. If k; and ko have the same sign
then z is already reduced. If k4 > 1 and ko < —1 then,

@ = x(ui, M X (Tiy) 7 = x(ui) )" x (@) x (b, ) x (@) X (Bsy @ biy ) x(a)x(biy)*x (@) X (Ts,) 2
Since (id ® Eg)(bi, ® b;,) = 0, we have x(b;, ® b;,) € L>(G2)° hence x is reduced. If ky; < —1
and k9 > 1 then

ro= x(@,) " x(bi)x(@)x(bi) X (@ ® a)x(biy)x(a)* X (biy) X (uiy) 2!

= X(ﬂh)_kl_lX(bh)X(a)X(bil X bi2)X(a)*X(bi2)*X(ui2)k2_1

> X (@) T (biy ) x (@) x (biy ) X () x (b, ) x (@) *x(biy ) x (i)™,
selrr(G1)\Irr(H),sCa®a

+

The right hand side of this equality is in the linear span of reduced operators since x(b;, ® b;,) €
L*>®(Gy)°. O

Remark 2.14. The index condition is clearly necessary since it is already necessary in the
discrete group case. Indeed, if I' = I'y ;FQ be a non-trivial amalgamated free product of discrete

groups (i.e. ¥ # 'y, k = 1,2). It is well known and easy to check that I' is amenable if and
only if ¥ is amenable and [['y : X] = 2 for all £ € {1,2} (actually I is an extension of ¥ by
Doo = ZQ * Zz)

Example 2.15. The dual quantum subgroup C(Aut*(Mz(C))) € C(O5) is not proper, has

index 2 and the quantum group G := OF * OF is co-amenable. The inclusion of
Autt(Ms(C))

C(Autt(M2(C))) in C(OF) is the map which sends the fundamental representation of Aut™*(Mz(C))
onto v®@v, where v € M2(C)®C(0F) is the fundamental representation of O . Hence, writing vy,

[ € N, the representatives of the irreducible representations of O]\L, such that vg =1 and v; = v,
C(Autt(M2(C))) is viewed in C(OF) has the C*-subalgebra generated by the coefficients of
representations v; for | € 2N. Let p : C(OF) — C*(Z3) be the unique unital *-homomorphism
such that (id ® p)(v) = 1 ® g, where g is the generator of Zy. It is not difficult to check that p
intertwines the comultiplications and,

_ 1 if [€2N,
(1d®,0)(vz)—{g if le2N+1.

In particular, one has p(z) = ()1 for all z € C(Aut™ (Mz(C)).

It follows from the preceding discussion that, writing v;; and vy the two copies of v; in C(G),
there exists a unique unital *-homomorphism 7 : C(G) — C*(Zg *Z3) such that (id®@7)(v; 1) =
1® g;, for i = 1,2 where g1, go are the two copies of g in Zg * Zo. In particular 7 intertwines the
comultiplications, 7(x) = e(z)1 for all z € C'(Aut™(M3(C))) and, whenever u is a representation
of the form v = v;, ;, ® ... ®v;, 1, with i3 # is41 and ks € 2N 41 for all s one has (id ® 7)(u) =
1®gi, ...gi,. Let us call such a representation a reduced representation and let C be the linear
span of coefficients of reduced representations. By the previous computation, for all x € C,
m(x) is a linear combination of reduced words in Zsg x Zy hence, 7 o 7(C) = {0}, where 7 is
the canonical tracial state on C*(Zg * Z3). Note also that, since any coefficient of a reduced
representation u is a reduced word in the amalgamated free product C(G), one has E(C) = {0}
where E : C(G) — C(Aut™(Mz(C))) is the canonical conditional expectation. Since C(Q)
is the closed linear span of C and C(Aut™(Mz(C))) we deduce that 7 om = g0 E. It follows
that ker(A\g) C ker(r). Indeed, let E, : C.(G) — C,(Aut™(M3(C))) be the canonical faithful
conditional expectation such that E,. o Ag = A Aut+(Ma(C)) © E and take x € ker(Ag). Then,

E,(Ac(z72)) = A+ (az 0y (E(z72)) = 0. Since Aut™(Mz(C)) is co-amenable [Ban99] it follows
that E(x*z) = 0 hence e(E(z*x)) = 7(n(2*x)) = 0. Since Zg * Zo is amenable, 7 is faithful so
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x € ker(m). Hence m < Ag and the co-amenability follows from [KKSV22, Theorem 3.11 and
3.12].

2.5. Semi-direct product quantum group. The semi-direct product quantum group is de-
fined and studied in [Wanl19|. Let us recall below the basic facts about this construction.

Let G be a compact quantum group and A a finite group acting on C(G) by quantum au-
tomorphisms, meaning that we have a group homomorphism a : A — Aut(C(G)) such that
Agooay = (ag ® ag) o Ag for all g € A. Define the C*-algebra C(G x A) = C(G) ® C(A) with
the comultiplication A : C(G x A) — C(G x A) ® C(G x A) such that:

Ala®6,) =) [(id @ a;)(Ag(a)]3 (1 @6 @ 1® 5,-1,).
sEA

In particular, the inclusion C(A) C C(G x A) : = — 1 ® x preserves the comultiplications. It
is shown in [Wanl19] that the pair (C(G »x A),A) is a compact quantum group in its maximal
version, the Haar measure h is given by h = hg ® tr, where hg is the Haar state on C(QG)

and tr is the integration with respect to the uniform probability on A i.e. tr(d,) = ﬁ Hence

the reduced C*-algebra is C,.(G) ® C(A), the von Neumann algebra is L>°(G) ® C(A) and the
modular group o; of G x A is 0y = ¢& ®id. Moreover, the canonical surjection A : C(G x A) =
C(G)@C(A) = Cr(GXxA)=C.(G)@C(V) is A = A\g®id, where Ag is the canonical surjection
C(G) — Cy(G). The irreducible representations and the fusion rules of G x A are described in
[Wan19|. We could use the general classification of irreducible representations of G x A from
[Wan19| to deduce the one-dimensional representations of G x A. However, since we only need
to understand the one-dimensional representations, we prefer to include a self contained proof in
the next Lemma.

Lemma 2.16. The one-dimensional unitary representations of G x A are of the form w ® v €
C(GxA), where w € C(G) and v € C(A) are one-dimensional unitary representations of G and
A respectively and a,.(w) = w for all r € A.

Proof. For this proof, we will view C(G x A) = C(A,C(G)) and C(G x A) @ C(G x A) =
C(A x A,C(G) ® C(G)). With this identification, the comultiplication becomes A(u)(r,s) =
(id ® o, ) (Ag(u(rs))) for all w € C(G x A) and all 7, s € A and it is then easy to check that the
unitary of the form given in the Lemma are indeed one-dimensional unitary representations of
G x A. Conversely, if u € C(G x A) is a unitary such that A(u) = u ® u, then u(r) € C(G) is
a unitary for all » € A and, for all r,s € A, (id ® o, )(Ag(u(rs)) = u(r) @ u(s). It follows that
w = u(1) is a unitary in C(G) such that A(w) = w ® w. Moreover, since «, intertwines the
comultiplication of G one has e o oy, = £, where ¢ is the counit of G, and,

(id ® 2 © a,)(Ac(u(rs))) = (id @ e6)(Aa (u(rs))) = ulrs) = u(r)ec(u(s)).

It follows that v := (r — v,), where v, := eg(u,), is a one-dimensional unitary representation
of A and, for all s € A, u(s) = wvs ie. u=w®v € C(G)® C(A) = C(G x A). Using that
A(u) = u ® u, one checks easily that «,.(w) = w for all r € A. O

We collect in the following Proposition some easy observations about G x A that are not contained
in [Wanl19|. We use the terminology introduced in the Introduction before the statement of
Theorem A and we denote by A (G) the Cowling-Haagerup constant of the von Neumann
algebra L>(G).

Proposition 2.17. The following holds.

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

(2) G x A has the Haagerup property if and only if G has the Haagerup property.

(3) Acb(G X A) = Acb(G)

(4) The scaling group ¢ of G x A is the one parameter group of L°(G x A) = L=°(G)® C(A)
defined by 7 = TtG ® id, where TtG 1s the scaling group of G.

(5) The Vaes’ T-invariant T(G x A) is:

{teR: 3w eU(C(G)), ¢ = Ad(w), Ag(w) = w @ w, ay(w) =wVr € A}.
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(6) Sd(G x A) = Sd(G) and 7(G x A) = 7(G).

Proof. (1) directly follows from the fact that A = A\g®id and (2) and (3) follows from L*°(GxA) ~
L®°(G) ® CX, where K = |A|. To prove (4), one can easily check that the one parameter group
7 := 7C ® id satisfies A ooy = (1 ® o) o A. To prove (6), we note that since h = hg ® tr,
the modular operator V of h, is the positive operator on L2(G) ® I2(A) given by Vg ® id, the
equality Sd(G x A) = Sd(G) follows, while the equality 7(G x A) = 7(G) is a direct consequence
of oy = 0¥ @id. Finally, (5) is a consequence of (4) and Lemma 2.16. O

2.6. Quantum permutation group. For N € N* we denote by Sj{, the quantum permutation
group on N points. We recall that C (SJJ{,) is the universal unital C*-algebra generated by N?
orthogonal projections w;;, 1 < ¢, < N with the relations Z;V: Tu; =1 = Z;V: 1
1 < < N. In particular u = (u;;);; € Mn(C) ® C(S§) is a unitary. The comultiplication on
C(S};) is defined, using the universal property of C(Sy;), by the relation A(u;;) = Z]kvz1 Uik QU
for all 1 < 4,5 < N. In particular, u is a unitary representation of S7;, called the fundamental
representation. For 1 < i < N we write L; := Span{u;; : 1 < j < N} C Pol(Sy). Since the
family (ui;)1<j<n is a partition of unity, the vector subspace L; is actually a unital -subalgebra
of Pol(S]J\r,) and the map CV — L;, ej + u;; is a unital *-isomorphism of x-algebras. Since L;

Uy for all

is finite dimensional, we may view L; C C(S5;) or L; C C,(S7) as an abelian finite dimensional
C*-subalgebra and also L; C L*°(S};) as an abelian finite dimensional von Neumann subalgebra.
We use the same symbol h to denote the Haar state of Sy on C(S¥), Cr(S%) or L=(S¥). We
also recall that h(u;;) = & for all 1 <i,j < N, where h is the Haar state on C(Sy).

The elementary proof of the next Proposition is left to the reader.

Proposition 2.18. Let 1 <i < N. The following holds
(1) The unique trace preserving conditional expectation E; : LOO(S]'\F,) — L; satisfies :

N
Ei(z) = NZ h(zuij)ui;  for all z € L°(S%).
j=1
(2) The map x — NZ;VZI h(zu;j)uij is a conditional expectation from C(Sf;) (resp. Cr(S¥))
onto L;. All these maps will be denoted by E;.
(3) The conditional expectation E; : C.(S%) — L; is faithful.

We collect below some elementary computations concerning the conditional expectation onto Lj;.

Lemma 2.19. Let a € C(S}) and 1 <i < N be such that E;(a) = 0. Then,
(1) For any 1 <s,j < N, we have (h ® id)(A(a)(uis ® us;)) = 0.
(2) For all1 < s < N, we have Z(l)’@) h ((a)(l)uis) (a)(g) =0.

Proof. (1). We show that Yw € C(S%)*, 1 < 5,5 < N, (h ® w)(A(a)(uis ® ugj)) = 0. Let w, s,
be as above, and define p = w( - us;) € C(S%)*. Using the Sweedler notation,
N

A(auij) (1 &® usj) = Z a(1) Wit ® Q(2)UtjUsj = Q(1)Uis ® a(2)Usj = A(a) (uis ® usj) .
t=1

Applying (h ® w), we get
(h ®@w) (Ala)(uis ® ug;)) = (h @ w) (Alaui;)(1 @ ug;)) = (h @ p)(Alauy)) = p(1)h(au;) =0,

where we used the invariance of the Haar state h and the fact that h(au;;) =0forall1 < j < N
since F;(a) = 0 and by definition of E;.

(2). It suffices to sum the relation (1) for 1 < j < N and use ZjV:1 Ugj = 1 Vs. O

We will use the following Lemma, which is an easy consequence of the factoriality of LOO(SJJ{,)
when N > 8 [Bral3|, but we will need the next result for all N > 4.
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Lemma 2.20. For all N >4 and all1 < k < N one has LOO(S]\L,)’ NL,=Cl1.

Proof. Pol(S};) being weakly dense in L>(S¥) one has L>®(S%) N Ly = Pol(S})' N L. By
the universal property of POI(S]—\’}), for all o € Sy, there exist unique unital *-homomorphisms
Ry, Cy : Pol(S5;) — Pol(Sy) such that Ry(uij) = ty(;); and Cy(uij) = (), for all 1 <i,j <
N. Note that R, and C, are x-isomorphisms since R,-1R, = R,R,-1 = id and C,-1C, =
CyCy—1 = id. Denoting by (1,k) € Sy the transposition of 1 and k, one has R ;) (Ly) = L1
hence, it suffices to show that Pol(S}) N L; = C1.

Fix a Hilbert space H with two non-commuting orthogonal projections P,Q € B(H) and let us
denote by A € My(B(H)) the matrix

P 1-P 0 0
A | 1-P P 0 0
= 0 0 Q 1-9 |’
0 0 1-Q Q
A0

and by B € My (B(H)) the block matrix B = , where I is the identity matrix. Note

0 I
that B is a magic unitary. Hence, writing B = (b;;), there exists a unique unital *-homomorphism
7 : Pol(SY;) = B(H) such that m(u;;) = b;; for all 1 <4,j < N.

To show that Pol(Sj\})’ N Ly = C1, it suffices to show that the only orthogonal projections
in L; that commutes with Pol(Sy) are 0 and 1. A projection p € L; \ {0,1} is of the form
p=>jeruwyfor I C{l,....,N} with 1 <[I| <N —1. Let 0 € Sy be a permutation such that
o(l) ={1,...,[I| + 1} \ {2} so that q := C,(p) = u11 + w13 + w14 + -+ + uy |7}41. It suffices to
show that ¢ does not commute with ugs and this follows from the w(q) = P and m(ug3) = Q. O

2.7. Free wreath products. For a compact quantum group G and an integer N, the free wreath
product of G by Sj;, as defined by Bichon in [Bic04], is the CQG G 1. S¥; with

C(Gu Sy) = CG)™N = C(SH)/1,
where we consider the full free product and I is the two-sided closed ideal generated by:
(1) {vi(a)ui; — uivi(a) : a € C(G), 1 <4, < N}
and v; : C(G) — C(G)*N C C(G)*N « C(SY) is the unital *-homomorphism on the i-copy of
C(G) in C(G)*N, u;; € C(S§;) are the coefficients of the fundamental representation. If G has a
dual quantum subgroup H ie. C(H) C C(G), then we define, following [Fre22]|, the free wreath
product with amalgamation Gl g Sy This is the CQG with C(G, u St) = C(G)* N «C(S) /1,
where the full free product is taken amalgamated over C(H) and the ideal [ is the same as in
(1). It is easy to check (using both universal properties) that C(G 4. g S¥) = C(G W S5/ J,
where J is the closed two-sided ideal generated by {v;(a) —vj(a) : a € C(H),1 <1i,j < N}
Note that G always admits the trivial group {e} as a dual quantum subgroup, and we have, for
H = {e}, C(Glnu SE) ~ C(GL S¥).
Remark 2.21. The surjective *-homomorphism a + a+ I : C(G)*N « C(SF;) — C(G 1 SF) is
injective when restricted to C(G)*V as well as to C(S};). By the universal property, there exists
a unique unital *-homomorphism 7 : C(G . S§) — C(G)*N @ C(S¥) such that n(z+1) =z®1
if v € C(@)*N and n(z +I) = 1@z if z € C(SY;). The composition of  +— z + I and 7 is
the map sending C(G)*" and C(Sy) to their respective copies in C(G)*N ® C(S};), which is
injective. The same holds for C(G)*#" and C(Sy) in the amalgamated case.
Following the previous Remark, we will always view C(G)*#™, C(S%) C C(G tm ST).

We endow the unital C*-algebra C(G U u SJJ{,) with the unique unital *-homomorphism A :
C(G b, Syy) = C(G o S) ® C(G i SY;) satistying:
N N
A(vi(a)) = Z(VZ @ v;)(Ag(a))(u; @ 1) and Auy;) = Zuzk ® U
k=1

J=1
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Remark 2.22. (1) Both G*#N and S]\L, are compact quantum subgroups of G U i S]J\r, via
the maps (id®esj+v)o7r 1 C(Guu Sy) — C(G)*#N and (egen ®id)om : C(Glm Sk) —
C(S3;) (which obviously intertwine the comultiplications), where 7 is the map defined in
Remark 2.21.
(2) Let v : C(H) — C(Gl. i Sy) be the common restriction of the maps v; on C(H) C C(G),
1 <4 < N. Then, v is faithful and, since Zj u;; = 1 we see that v intertwines the
comultiplications. Hence, H is a dual compact subgroup of G ¢ g SJJ{,.

Let us now describe another specific compact quantum subgroup of G . i SJJ{,. We could not

locate a description of this quantum subgroup in the literature (except when N =2 and G = r
is the dual of a discrete group [Bic04, Proposition 2.6]) but we believe it to be well known.

Fix o € Sy. By the universal property of C'(G)*# ™ there exists a unique unital *-homomorphism
a, : C(G)*HN — C(G)*#N such that a, ov; = V(i) for all 1 <@ < N. Since we clearly have
QsQ; = Qg4 for all o,7 € Sy, a is an action of Sy on the C*-algebra C(G)*HN by unital *-
isomorphisms. Moreover, it is easy to see that, for all 0 € ¥, (@ ®ay)0Agen = Ag«n 0y, where
Agen is the comultiplication on C(G)*#~. Note that this action by quantum automorphisms
is actually the restriction of the action of SJJ{, on C(G)*#N to the compact subgroup Sy which
was described in [Bic04, Proposition 2.1]. Let us now consider the semi-direct product quantum
group G*HYN x Sy associated to this action, as described in Section 2.5. We show below that the
quantum group G*#N x Sy is actually a compact quantum subgroup of G U, H S]J\r,.

Proposition 2.23. Given N € N*, there exists a unique unital x-homomorphism

1 C(Grp SE) = OGN % Sy) = C(G)N & C(Sy) s.t. { rhila)) = fé;;? !
ij

—~
£
S

SN—
I

where x;; € C(Sn) is the characteristic function of A; j :={o € Sx : o(j) =1i}. Moreover,

(1) 7 is surjective and intertwines the comultiplications.
(2) 7 is an isomorphism if and only if N € {1,2} or if N = 3 and the inclusion C(H) —
C(Q) is an isomorphism (a special case being when G is the trivial group).

Proof. The existence of 7 is a direct consequence of the universal property of the C*-algebra
C(G i S¥;) and the fact that the matrix (x;;)i; € Mn(C(Sy)) is a magic unitary.

(1). Since C(Sy) is generated by the x;j;, the surjectivity of 7 is clear. Let us check that =
intertwines the comultiplications. Recall that the comultiplication on G . g S]'\'} is denoted by
A, the one on G by Ag, the one on G*#¥ by A (it satisfies Agen 0 v; = v; @ v; 0 Ag) and
let us denote the one on C(G*#™ x Sy) by A,. On the one hand, V1 <i,j < N, a € C(G),

Am(uiy) = Al@xy)= Y, A®d)= Y Y (18501805-,)

oc€SN,o(j)=t c€SN,o(j)=i TESN
Ar@) = Y Anla) @60 = 3 (i@ ar)(Agen 5@y (1 8 6 @18 5,1,)
oESN T,0€SN

= > [({d®a) (4@ v)(As(a)s(1®61@1).

TESN
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On the other hand, for all 1 <4,j < N and all a € C(G),

M=

(r@m)(A(wi(a) = (m @ m)(vi ® vj)(Ag(a))(m(ui) @ 1)

<.
Il
—_

[(vi @ v;)(Acg(a))] ;3 (1@ xi; ®1® 1)

I
= 1 [M]=

= Z Z [(1d ® ar) (s ® 1) (A(a))] 3 (1 © 5, © 1@ 1)

j=1reSn,7(j)=t
= > (d®a)mew)(Ac));(106e101)

TESN

where, in the last equality, we use the partition Sy = |_|§V:1{T € Sy : 7(j) =i}. Moreover,

N

N
(rom)(A(uy) = > m(up) @ m(ug) = > 10 Xk ® 1@ X,
k=1 k=1

N
= Z Z 1®6r®1®0, = Z 1®0; ®1® -1,
k=1

o,7€ESN, o,TESN,
7(k)=i,0(j)=k o(j)=i

where we use, in the last equality, the following partition:

{(rrlo) e Sy o(j) =i} = | [{(r.0) € S} : 7(k) =i and o(j) = k}.

(2). Suppose that N = 2. In that case, Bichon’s proof of [Bic04, Proposition 2.1] can be directly
adapted. It is well known that C(S5 ) is commutative: the surjection C(Sy) — C(S2), wij = Xij

01 Or b .
5. & >, where 7 is
the unique non-trivial element in Sy. Now, for i € {1,2} and a € C(G), vi(a) € C(G l,p SF) is
commuting with the line i of u hence, it is also commuting with the other line. Hence, C(G)*#?
and C(Sy) are commuting in C(G l. g S3;) and it follows that 7 is actually injective.

is an isomorphism. Hence, we view C(S5) = C(S2) and we have u = <

Suppose that N > 4. In that case, it is well known that C(S}G) is infinite-dimensional (the
classical argument is actually contained in the proof of Lemma 2.19). In particular, C' (S]J\r,) —
C(SN), wij — Xij is not injective which implies that = itself is not injective.

The non injectivity in the case N=3 is a consequence of Theorem 3.2 (the proof of which does not
rely on this isomorphism even in the case N = 3), using the fact that an isomorphism between
these quantum group would intertwine the Haar measures. It is then enough, when G is non-
trivial to show that there is a reduced operator in C (G i S5 ), hence of Haar measure 0, which is
sent to an element of C(G)*#3 x S5 ~ C(G)*#3®CS. Since H is a strict (not necessarily proper)
dual quantum subgroup of G, then Rep(H) is a full subcategory of Rep(G), with a non trivial
irreducible representation v of G which is not a representation of H, and a,b € C(G) \ C(H)
non trivial coefficients of v and T respectively such that ab has non zero Haar measure (using
the unique intertwiner between the trivial representation and v ® T). Then we can consider
the element vy (a)uggvi(b) € C(G t g S5), which is sent to vi(a)vy(b) ® uge = vi(ab) @ ug €
C(G)*#3 ® C8. However, the word vy (a)ugv(b) is reduced in the sense of 3.2, because a and
b are coefficients of a non trivial irreducible representation, and therefore of Haar measure 0
and the element ugo is such that Ep,(uge) is equal to 0 if N > 3 and to uge if N € {0,1},
while the element v (ab) ® uge is of Haar measure hg(ab)/3 # 0, because the Haar measure on
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C(G)*H3 x S3 ~ C(G)*H#3 @ CO is the tensor product of the Haar measures on C(G)*#3 and on
C(S3).

If G is the trivial group then the surjection is the canonical morphism C(S7) — C(Sy) which
is an isomorphism if and only if N < 3. O

Remark 2.24. The condition C'(H) — C(G) not being an isomorphism is equivalent to the
index [G : H] being greater than 2, as defined in 2.7.

Remark 2.25. For many quantum groups GG we can also use K-theory to distinguish between
the free wreath product and the semi-direct product. Indeed, the K-theory of the algebra of the
semi-direct product G*3 x Ss is just the K-theory of the tensor product C(G)** ® C% which is

Eo(C(G)? @ C°) = (Ko(C(G))*/Z°)?, and, K1(C(G)™ @ C%) ~ K1 (C(G))*,

which can only coincide with the K-theory of the free wreath product algebra if Ko(C(G)) ~ Z
and K7(C(G)) = 0, using the computations of Theorem D which are independent from the last
proposition.

In [BCF20, Section 3.4] it is mentioned that the question whether the von Neumann algebra of a

quantum reflection group va+ = Z L S]'\F, is diffuse is open when N < 7. We add the following
Proposition in order to provide a complete answer to this question.

Proposition 2.26. The von Neumann algebra L>(G U i S]J\r,) 1s diffuse if and only if at least
one of the following conditions hold:

o N >4,

o Irr(G) is infinite,

e [G:H|>2 (i.e. C(H) <= C(QG) is not surjective) and N > 2.

Proof. If G is trivial, it directly follows from Lemma 2.4 since S}, ~ Sy for N < 3 and C(S})
is infinite-dimensional for N > 4. Suppose that G is non-trivial and let N > 3. Let us denote
by u = (u;;) and v = (v;;) the fundamental representations of S3; and S, | respectively.
By the universal property, there exists a unique unital *-homomorphism p : C(G tn S¥) —
C(G tm SF;_,) such that p(u;;) = v if 1 <i,j < N —1, p(usj) = & if i or j is equal to N
and p(vi(a)) = vi(a) if 1 <i < N —1, p(vy(a)) = vy_1i(a) for all a € C(G). Since p is clearly
surjective a direct induction implies that, for all N > 2, C(G 4 g SJJ{,) is infinite-dimensional
(hence L™ (G 1, i Sy) is diffuse by Lemma 2.4) whenever C(G &, g S5) is. By Proposition 2.23,
C(GluSy) ~ C(G+g G)®@C2. Hence, it is infinite-dimensional as soon as C(G xy G) is. There
is an embedding C(G) — C(G*g G), so the case |Irr(G)| = oo is a direct consequence of Lemma
2.4. If C(H) — C(G) is not surjective, then there is a non zero element a € C(G) such that
En(G) =0 (for example, take a coefficient of an irreducible representation of G which is not in
the representation category of H). Then the words by = v1(a)ra(a)...v;(a) taking a product
of k elements, where k is 1 if k is odd and 2 if k is even, form a family of linearly independent
reduced elements in C'(G *g G), which is therefore infinite dimensional. g

2.8. Graphs of operator algebras. We recall below some notions and results from [FF14,
FG18|]. If G is a graph in the sense of [Ser80, Def 2.1|, its vertex set will be denoted V(G) and its
edge set will be denoted E(G). We will always assume that G is at most countable. For e € E(G)
we denote by s(e) and r(e) respectively the source and range of e and by € the inverse edge of e.
An orientation of G is a partition E(G) = E*(G) U E~(G) such that e € ET(G) & e € E~(G).

The data (G, (Ag)gev(g)s (Be)ecE(g) (Se)ecr(g)) Will be called a graph of C*-algebras if:

G is a connected graph.

For every ¢ € V(G) and every e € E(G), A, and B, are unital C*-algebras.
For every e € E(G), Bz = B..

For every e € E(G), sc : Be — A () is a unital faithful *-homomorphism.

Define r, = sz : B, — As(e).
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Fix a maximal subtree 7 C G and define P = m1(G, A4, Be, T) to be the maximal fundamental
C*-algebra of the graph of C*-algebras (G, Aq, Be, s.) with respect to the maximal subtree 7.
This means that P is the universal unital C*-algebra generated by Ay, for ¢ € V(G) and unitaries
ue, for e € E(G) with the following relations:

e For every e € E(G), ug = u.

e For every e € E(G) and every b € B, ugSc(b)u. = r¢(b).

e For every e € E(T), ue = 1.
It is known that P is non-zero and that the canonical unital *-homomorphisms A, — P are all
faithful [FG18, Remark 2.2]. Hence, we will always view A, C P for all ¢ € V(G).

Assume now that there exists, for all e € E(G) a conditional expectation E¢ : Age) — se(Be).
For p € V(G), an element a € P will be called a reduced operator from p to p if it is of the form
a4 = aQUe, a7 . . . Ue, Gy Where n > 1, (e1,...,€,) is a path in G from p to p (i.e ex € E(G) are such
that r(er) = s(exq1) and s(e1) = r(en) = p), ap € Ap, ar € Ay, and, forall 1 <k <n -1,
if exy1 = € then E§k+1(ak) = 0. Then one can construct [FG18|, the unital C*-algebra P,
called the vertex reduced fundamental algebra which is the unique (up to canonical isomorphism)
quotient A : P — P, of P satisfying the following:

(1) There exists, for all p € V(G), a ucp map E, : P, — A, such that E,(\(a)) = a for
all a € Ay and Ep(A(a)) = 0 for all reduced operator a € P from p to p. Moreover, the
family {E, : € V(G)} is GNS-faithful.

(2) For any unital C*-algebra C' with a surjective unital *-homomorphism p : P — C and a
GNS-faithful family of ucp map ¢, : C — A,, p € V(G), such that ¢,(p(a)) = a for all
a € A, and ¢,(p(a)) = 0 for all @ € P reduced operator from p to p there exists a unique
unital x-isomorphism v : P, — C such that v o A = p.

We recall that, given unital C*-algebras A, B;, i € I, a family of ucp maps ¢; : A — B; is called
GNS-faithful if (;c; Ker(m;) = {0}, where (H;, m;,&;) is the GNS-construction of ;.

Note that a ucp map satisfying (1) is necessarily unique and property (1) implies that A : P — P,
is faithful on A,, for all p € V(G) so that we may and will view A, C P, for all p € V(G) and
the ucp maps F, : P, — A, become conditional expectations under this identification. If all
the ucp maps E? are supposed to be GNS-faithful then the vertex reduced fundamental algebra
P, is the same as the reduced fundamental algebra constructed in [FF14| and the conditional
expectations E, : P, — A, are all GNS-faithful.

3. FREE WREATH PRODUCTS AS FUNDAMENTAL ALGEBRAS

Let N € N* and Ty be the rooted tree with IV 4+ 1 vertices pg, ..., pnN, po being the root and 2N
edges vi,...,VN, U1, ... UN, source maps s(vx) = po and range maps r(vg) = pg forall 1 < k < N.

3.1. The full version. Consider the graph of C*-algebras over Ty given by A, = C(H)®
C(S%), Ap, == C(G)®CN, B, = By, = C(H)®CN (1 < k < N) with source map s,, :
C(H)®CYN - C(H)®Ly C C(H)®C(S5), h®ej — h®uy; and range map r,, : C(H)®@CN —
C(G) ® CV being the canonical inclusion. Note that our graph of C*-algebras has conditional
expectations id ® By, : C(H)® C(S%) — C(H) ® Ly, (Proposition 2.18) which can be non GNS-
faithful and Fy ®id : C(G) ® CV — C(H) @ CV, coming from proposition 2.5, which can also
be non-GNS faithful.

Let us denote by A the maximal fundamental C*-algebra of this graph of C*-algebras relative to
the unique maximal subtree 7y itself so that A is the universal unital C*-algebra generated by
Ay, for 0 < k < N with the relations s,, (a) = 1y, (a) for alla € C(H) @ CY and all 1 < k < N.
Recall that v; : C(G) — C(G)*#N C C(G t.,m SF;) denotes the it"-copy of C(G) in C(G)*#™,
we also denote by v the common restriction of the v;’s to C(H)

Proposition 3.1. There is a unique isomorphism 7 : A — C(G i S§;) such that m(h®@u;;) =
v(h)ui; (h@uij € Apy, = C(H)@C(S%)) and, m(a®e;j) = vi(a)u;; fora®e; € Ay, = C(G)@CY,
I<i,j<N.
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Proof. Let us show the existence of m. Note first that, since v;(a) and w;; commute in C(G 4 g
S7%), there exists a unique unital *-homomorphism m; : A, = C(G) ® CN — C(G t.m S¥)
such that m;(a ® e;) = vi(a)u;, for all a € C(G) and 1 < j < N. We also define my : Ay, =
C(H)®C(SY) = C(Gun ST, mo(h®@wuy;) = v(h)u;;. Next, forall 1 <i,5 < N,and h € C(H),
one has my(sy,(h ® €;)) = mo(h ® uij) = v(h)u;j and m;(ry, (h ® €;)) = mi(h ® ¢j) = v(h)u;j. By
the universal property of A, there exists a unique unital *-homomorphism = : A — C(Gl.x S]J\r,)
satisfying the properties of the proposition. Moreover, since the image of 7 contains wu;; for all
i,j and Z L mi(a®ej) = Zjvzl vi(a)uij = vi(a) for all a € A and 1 <i < N, it follows that
is surjectwe

To show that it is an isomorphism, we will give an inverse, using this time the universal property
of C(G S]J\r,) By the universal property of the full free product, there exists a unique unital
*-homomorphism p : C(G)*N x C(S}) — A such that, for all 1 <i < N, a € C(G), b€ C(Sy),

(&
pi(a)) =a®1€C(G)@CYN = A, C Aand pu(b) =1®be C(H)® C(S}) = Ay C A.
Recall that C(G g Sy) = C(G)*#N x C(S})/1, where I is defined in Equation (1). Note that

p(ri(a)uij) = (a®@1)(1 @ uy) = p(vi(a))sy, (1@ e;) = p(vi(a))ry, (1@ e;) = (a @1)(1 @ €;)
= (1®e)la®l)=ry,(1e)u(vi(a) = sy (1 ®ej)uvi(a))
= (1 ®@uy)u(vi(a)) = p(uivi(a)).
Moreover, we have that for every h € C(H), and 1 <1i,j < N,
p(viu(h)) = ((h)@1) =sy,(h®@1) =7y, (h®1) = (h®1)
= 1y (h®1) = sy (h®1) = ((h) @1) = pu(v;(u(h))),
Hence, the images of C(H) through p coincide and I C ker(u) so there exists a unique unital

s-homomorphism p : C(G lux S]J\r,) — A which factorizes u. It is clear that p is surjective and
it is easy to check that p is the inverse of 7. 0

3.2. The reduced version. Consider the graph of C*-algebras over Ty given by A,, = C,(H)®
CT(S]J\F,), A, = Cr(G) ® CN, B,, = By, = C,(H) ® CN for all 1 < k < N with source map
S, + Cr(H)®@CN — C.(H)® Ly, C Cr(H) ® Cr(Sy), h ® e — h ® ug; and range map
Ty, ¢ Cn(H) @ CN — C.(G) ® CN, being the canonical inclusion. Note that our graph of
C*-algebras has faithful conditional expectations id ® Ey : C.(H) ® C,.(S§) — Cr(H) ® Ly,
(Proposition 2.18) and By ®id : C,.(G)®CY — C,(H)® C", thanks to Proposition 2.5. Let A
the vertex reduced fundamental C*-algebra of this graph of C*-algebras with faithful conditional
expectations and view A, C A for all 0 < k£ < N. By the universal property of A defined in
Section 3.1, there exists a unique unital *-homomorphism (which is surjective) X : A — A such
that \'[4,, = Ag®Ag+ and X\Apk = Ag®iden forall 1 <k < N. Let E : A— C.(H)®C,(S)
N

the GNS-faithful conditional expectation and define w := hH@th{, ol so that w|APO =hyg ®h57\;
and w(c) = 0 for ¢ € A a reduced operator. The state w € A* is called the fundamental state.
Let A : C(G ug Sf) — Cr(G tm SF;) be the canonical surjection.

Theorem 3.2. The Haar state h € C(G V. g SF;)* is the unique state such that:

h (aoljil (bl)allin (bg) eV (bn)an) =0

whenever ay, € C(S3) C C(Glu SY), and by, € C(G) are such that Eg(b,) = 0 for all k and if
ik = ik+1, then Eg(ag) = 0.
There exists a unique unital x-isomorphism . : A — Cp.(G 4 g S]J\r,) such that N\om = m, o X,

where 7 : A — C(G b.n S]J\r,) 1s the isomorphism of Proposition 3.1. Moreover, 7 intertwines
the Haar state on Cr(G g S¥;) and the fundamental state w € A*.

An element of the form agv;, (by)a1viy (ba) ... vi, (by)an € C(G 4 g S3;) and satisfying the condi-
tions of Theorem 3.2 will be called a reduced operator.



20 PIERRE FIMA AND ARTHUR TROUPEL

Proof. Consider the state W := woAyou = hg ® hsj\r, oFoAvopue C(Glun S]J\r,)*, where

po=7"1: C(GunSy) — A has been constructed in the proof of Proposition 3.1. Let

C C A be the linear span of C(Sy), v(C(H)) and all reduced operators in C(G U i Sy). Note
that C is dense in A. By construction, the state w satisfies &]C(S;) = hSXr’ wov = hy and

w(c) = 0 for ¢ € C(G l,m Sy) a reduced operator so & satisfies the property of the state h
stated in the Theorem hence h = @ by density of C. We will show that @ is A-invariant,
which will imply that it is the Haar state, and thus (since E is GNS faithful and hg ® thv is
faithful on C,(H) ® C,(S})) that A is isomorphic to the algebra obtained through the GNS-
construction applied to the Haar state, namely the reduced C*-algebra C;(G . g S5;), which
will complete the proof of the Theorem. It is enough to show that w is A invariant when
restricted to C. An element in C is the sum of an element g € C(S5;) ® C(H) and elements
of the form = = agv;, (b1)as ... an—1v4,(by)a, with n > 1, ap € C(SY), b € C(G)°, where
C(G)° :={b € C(G), Eg(b) = 0}, for all 0 < k < N, and if there is k such that i = ig41,
then E;, (ar) = 0. It suffices to show A(z) € C ® C(G 4, Sf;) (where ® is the algebraic tensor
product). Using the Sweedler notation,

Alx) = ) (a0)@y¥i, ((b1) 1)) tiy.e (@1) 1) Vis (b2) (1) thin s - - - (an) 1)
®(a0)(2)Vs; ((b1)(2))(a1) (1) Vs, ((b2) 2)) - - - (an) (2)-

By Remark 2.6 one has Er((bx)(1)) = 0 hence, the left part of every term of the sum is a reduced
operator whenever there is no k such that i = ix41 and E;, ((ax)q)) # 0, we need only to take
care of the remaining cases. Assume that we have k such that iy = ir1, and Ej, ((ar)q)) # 0,
with & being the smallest such integer. Then we can write (ax)1) = Ei, ((ax)1)) + (ak)?l), with
Eik((ak)‘(’l)) = 0. Fixing s = (s1,52,...,5,) € N", we can write

(@0) (1)Viy ((b1) (1) )iy s1 (@1) (1) - - - (@n) (1) ® (@0) (2) Vs, ((01)(2)) (@1) (1) Vs ((b2) 2)) - - - (an)(2)
=(ao) (1) Vi, ((b1) (1) )i, (@ )(1) (ak) (- (an)@) ® (ao)(2) - - - (an)(2)
+ (a0) (1) Vir ((b1) (1)) tiy 51 (@1) ) - - - B ((an) (1)) - - - (an) (1) ® (@0)2) - - - (an)2),
we see that the first term of the decomposition is itself reduced up to the k-th term, and we can
iterate the process with the next term such that iy = ig/1 1. In the end we get a sum of tensor

such that the first term is always reduced, and we only have to show that the second vanishes.
The second term is always of the form

ks = (a0) 1)V ((b1) (1)) iy 51 (@1) (1) - - - By ((ak) 1)) - - - (@n) (1) ® (a0) () - - - (an)2),

with maybe other conditional expectations appearing after rank k. The definition of the condi-
tional expectations (E;) gives Ej, ((ax)q)) = NN, h((ak) )iyt )ui,: hence,

N
aks = N h((ar)@yuie)(@0) @i (01) @)t s (01) ) - Vi (0k) (1) Wit (Br1) 1) - - (@n) 1)
t=1
®(a0)(2) .. (an)@)
N
= N> h((ar)qytie) (@0) Vi, ((01) (1)) iy 0 (a1) 1) - i (k) (1) (D) (1) gt - - (an) 1)
t=1
®(a0)(2) .. (an)@)
N
= N h((ar) @y tige)(@0) 1yVi, ((01) (1) 00 (@1) 1) - - Vi (k) (1) (br1) (1) it - - (an) (1)
t=1

®(a0)(2) ce (ak)(l)/ ce (an)@)
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The symbols (1)" and (2)" are used to differentiate between the summation indices of the scalars
we will now move to the right side of the tensor product and the others summation indices:

N
ks =N (a0) )i ((b1) (1)) tiy,s0 (@1) 1) - - Vi (0k) (1) (Br1) (1)) it - - (an) (1)

t=1

& (ao)@) ce h((ak)(l)/uikt)(ak)(g)/ e (an)(g).

Now, by Lemma 2.19, we get >y (o) h((ak) 1) tiyt)(ak) @y = 0. This is true for every value of
t, hence oy, vanishes whenever we considered k as before. This proves that w is A-invariant. [

The explicit computation of the Haar state can be used to show the following property of dual
quantum subgroups in free wreath products.

Proposition 3.3. Let C(H) C C(G) be a dual quantum subgroup and consider, by the universal
property of C(H 1. SY), the unique unital *-homomorphism v : C(H 1 S%) — C(G & S%)
such that tov; = v; + C(H) — C(G 4 Sy) for all1 < i < N and L|C(Sj{,) is the inclusion

C(S}) C C(Gu Sf). Then, v is faithful so H 1. S¥ is a dual quantum subgroup of G 1 Sj;.

Proof. 1t is clear that ¢ intertwines the comultiplications and, by Theorem 3.2, it also intertwines
the Haar states so the restriction L’P01(HZ*S]\L,) : Pol(H 1. S¥) — Pol(G 1. SF;) is injective (by

faithfulness of the Haar states) and still intertwines the comultiplication. Hence, H S]'\F[ is a
dual quantum subgroup of G 1, S]'\F, and ¢ itself faithful. O

3.3. The von Neumann version. Consider the graph of von Neumann algebras over Ty given
by M,, = L®(H)®@L>®(S}), My, :=L>®(G)®@CN, N,, = Ng, = L*(H)®@C» forall1 <k < N
with source map s, : L®(H)®CN — L>®(H)® Ly C L®(H) @ L®(S%), h®e; — h ® ug; and
range map 7., : L®(H)® CY — L*(G) @ CV being the canonical inclusion. We also consider
family of faithful normal states wy,, = hy ® hS;, wp, = hg ® tr (where tr is the normalized

uniform trace on CV ie. tr(e;) = %) and we, = hg ® tr for all 1 < k < N. Hence, we get a

graph of von Neumann algebras as defined in [FF14, Definition A.1]. Let us denote by M the
fundamental von Neumann algebra at py and view M,, = L®(H) ® L>(S}) C M. Let ¢ the
associated fundamental normal faithful state which is a trace if and only if G is Kac from the
results of [FF14], as H is automatically Kac in that case. As a direct consequence of Proposition
3.2 and [FF14, Section A.5] we have the following. Note that, by Theorem 3.2, the unital faithful
*-homomorphism v; : C(G) — C(G . g S¥;) preserves the Haar states hence, it induces a unital
normal faithful x-homomorphism v; : L®(G) — L®(G . g S¥).

Proposition 3.4. There exists a unique unital normal *-isomorphism 7/ : M — L*(G . g SF;)
extending the isomorphism m, : A — Cr(G g SY;) from Theorem 3.2. Moreover, howl = ¢,
where h also denotes the Haar state on L>(G l.g SY;).

Recall that Autye () (L>(G), ha) = {8 € Aut(L>(G), ha), B(L®(H)) = L>(H)}.
Proposition 3.5. For all a € Autyeo ) (L®(G), ha) there exists a unique h-preserving auto-
morphism (a) of L°(G i SF;) such that

(2) T/J(O‘)‘Lw(sg) =id and Y(a)ov;=vioa V1 <i<N.

Moreover, i : Autyeo(gry(L°(G), hg) — Aut(L>®(G by Si), h) is a continuous group homo-
morphism.

Proof. Let a € Autpeoy)(L™(G), hg) and write (L?(G g Sy), A, €) the GNS of the Haar
state. To show that 1(«) exists, it suffices to show that there exists a well defined unitary
U € B(L?(Gl,ir S3;)) such that, for all reduced operator agv;, (b1) . . . vi, (bp)ay € L®(Gln Sy),

Ua(agvi, (b1) - .. v, (bp)an€) = aovs, (a(br)) . .. v4, (a(by))ané
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Indeed, if such a unitary is constructed, then ¥ («)(z) := U,zU} does the job. To show that
such a U, exists it suffices to check that, for any reduced operator x = agv;, (b1) ... v;, (by)ay, €
Lo(G 4,1 Sy;) one has h(z*z) = h(y*y), where y := aov;, (a(by)) ... vi, (a(by))an. This can be
shown by induction on n, by first observing that Eoa = ao Eyy, where By : L®(G) — L™°(H)
is the canonical normal faithful conditional expectation. Indeed, since !0 Ef o is a normal h-
preserving conditional expectation onto L*°(H), we have, by uniqueness in Takesaki’s Theorem,
that a ' o Eg oa = Eg. It follows that the element y is reduced whenever z is. Then, one
can easily use the Haar state formula in Theorem 3.2 to prove our claim by induction. The
uniqueness of 1(«) and the fact that it preserves the Haar state are clear.

The fact that it is a group homomorphism follows by uniqueness. To prove continuity, it suffices
to check that the map 1y : Autpe () (L(G), ha)) — L2(G tm Sy, h), (o = ¢(a)(2)E), is
continuous for all € L®(G . g Sy), where € € L?(G . g Sy, ) is the canonical cyclic vector.
Define C C L>®(G . S¥;) to be the linear span of L>(S5;) and the reduced operators and observe
that C is a o-strongly dense unital *-subalgebra of L>°(G g SJJ\F,) Note that the subset:

{2 € L(G tm S¥) + 1y is continuous } € L™(G 4 Syy)
is a clearly a subspace and it is o-strongly closed since, ¥ («) being h-preserving, we have,

e () = dy(@)|* = [ (@) ()€ — (@) )EN* = l[v(a) (@ — »)E* = h((z - y)* (@ — y))
for all o € Autyeo () (L*(G), hg) and 2,y € L%(G bog S%). Hence, it suffices to show that v,
is continuous for all x € L°(SY;) or for x a reduced operator. When z € L>°(S};) the map v, is
the constant map equals to €. When z = agv;, (b1) ... v4, (bp)an € L°(G g SF;) is a reduced
operator, we have, by induction on n, ¥, (a) — 1, (id) = ;. vr(a), where:

or(a) = apvi, (b)ay ... v, (bi)arvi, (o(br) — bk)akyik+l(a(bk+1))ak+1 v (a(by))ané

with the natural conventions so that ¢g(a) and ¢, (a) make sense. Using the formula for the
Haar state given in Theorem 3.2 and the fact that « is hg preserving, a direct computation gives:

ler(a)l® = (H\Iaz\l25+> I 1alEe ) lleator) = ball3 e

1<i<n,l#k

where, for a CQG G, || - ||2,¢ is the 2-norm given by the Haar state on L°°(G). It follows that if
as = id in Autpeo gy (L%°(G), hg) then, for all 1 <k <n, pi(as) —s 0 in L2(G 4, Sf;) for the
norm. Hence, 1, is continuous at id so it is continuous since it is a group homomorphism. [J

3.4. An inductive construction for free wreath products algebras. We define inductively
the C*-algebra A; (1 < i < N) containing C(H) ® C(S%) with a state w; € Af by Ay =
C(H)® C(S%) and wy = hy ® hS]t the Haar state on Ag. Let Ag := C.(H) ® C,(S5;) be the

GNS-construction of wy and My := L*(H)®@L>(S%) = A} the von Neumann algebra generated
in the GNS construction. Write \g : Ay — Ap the GNS morphism. We still denote by wq the
associated faithful state on Ay (resp. faithful normal state on My). Suppose that (A;,w;) is
constructed and let A; be the C*-algebra of the GNS construction of w with GNS morphism
Ai + A — A; and M; = A/ the von Neumann algebra generated in the GNS construction.

Define the full free product A, := (C(G) ® CV) ( Sk , Ai> where the amalgamation is with
C(H)®C

respect to the faithful normal unital *-homomorphisms re,,, : C(H) ® CV — C(G) @ CV
and Seiqyr C(H) ®(CN — C(H) ® Liy1 C C(H) X C(Sj\}) c A;. Let Ai+1 = (CT(G) X
CN, hg ® tr) o (H>§®(CN (A;,w;) be the reduced free product with amalgamation with respect
to the same maps but at the reduced level. Let A1 : A;jr1 — A; the unique surjective
unital *-homomorphism such that \;11(a ® 7) = Ag(a) ® x for all a € C(G), z € CN and
Xit1l4, = Ni. Define wit1 := ((hg ® tr) * w;) o A\it1 and note that A;4q is the C*-algebra of
the GNS construction of w;11 and \jy1 : A;p1 — A;i1 is the GNS morphism. It follows that

M = Al = (L>®(G)®CY) ( *) . Mi, where the amalgamated free product von Neumann
Lo (H)®C



OPERATOR ALGEBRAS OF FREE WREATH PRODUCTS 23

algebra is with respect to the faithful normal unital *-homomorphisms re, : L®(H) @ CV —
L®(G) ® CV and s, : L®°(H) @ CN — L®(H) ® Liy1 C L®(H) ® L>°(S{) € M; and with
respect to the faithful normal states hg ® tr and w;. We still denote by w;41 the faithful free
product state on A;y1 and the faithful normal free product state on M; ;.

Proposition 3.6. There exists unique state preserving x-isomorphisms
p i (C(Glm SY)h) = (Anv,wn)  and  py 2 (Co(G o SY),h) = (AN, wn)

and a normal x-isomorphism pl! : (L®(G g S5),h) = (Mn,wn), where h the Haar state on
G, n Sf;, such that, writing Ay = UZT.Ai, p maps C(S5;) onto Ag = C(H)®C(SY) viax — 1@z

d, 111 <i<N, pri(a)) =a®l € C(Q)QCN c A; = (C(G)aCN
and, for all1 <i < N, p(vi(a)) = a® (G)® (C(G)® )C(H)®(CN*:C(H)®LZ~

and, Ao p = p,oAn, Nopll = plloly, where A 1 C(G g S¥) = Cr(Glm Syy) is the canonical
surjection.

Proof. Uniqueness being obvious, it suffices to show the existence and that p intertwines the
states. The existence of p, and p follows from that. It is easy to see, by the universal property
of C(G g SF;) = C(G)*#N % C(SF;)/I that there exists a unital *-homomorphism p satisfying
the conditions of the statement. To show that p is an isomorphism, we construct an inverse
P Anv = C(G lm SJJ{,) To do so, we construct inductively unital *-homomorphisms p} :
A; = C(G g SE) by letting pfy : Ag = C(H) ® C(Sy) = C(Glom S¥), a® b v(a)b and, if
Pyt Aic1 = C(G S]'\F,) is defined, we use the universal property of the full amalgamated

free product A; = (C(G) @ CV) C(H)®<CN*:C(H)®LZ- A;_1 to define p : A; — C(G g S§) to be

the unique unital *-homomorphism such that p|4, , = p;_; and pl(a ® €;) = v;(a)u;; for all
a®e; € C(G)® CN, where (ej)1<j<n is the canonical orthonormal basis of CV. Then, since
pila_, = pl_,, there exists a unique unital *-homomorphism p' : Ay = Ul A; = C(G by S5
such that p'|4, = p}. It is then easy to check that p’ is the inverse of p. It remains to show
that p intertwines the states. By the uniqueness property of the state h stated in Theorem 3.2,
it suffices to show that wx(p(c)) = 0 for ¢ € C(G 4. Sy) a reduced operator in the sense of
Theorem 3.2. So let ¢ = agv;, (b1)ai ... vi, (bn)an € C(G 4 g S3;) be a reduced operator and
note that, if at least one the ix is equal to N then p(c) is a word with letters alternating from
C(AY@CN o CH)®CN, and Ay_1 © C(H) ® Ly (where, when, for C C B with conditional
expectation, B © C' denotes the kernel of the conditional expectation onto C') so, by definition
of the free product state, wy(p(c)) = 0. If for all k, i, < N — 1, then we can view p(c) € Ay_1
and since wy|4y_, = wn—1, we can repeat the argument inductively and eventually deduce that

wn (p(c)) = 0. O
In the setting of von Neumann algebras, the inductive construction implies the following.

Proposition 3.7. The following holds for G . u S5, with 1 defined in Equation (2),

(1) The modular group of the Haar state h is oy := ¥(c), for all t € R, where (08 )icr is
the modular group of the Haar state of G on L>°(G).

(2) The scaling group is ¢ == H(7F), ¥t € R, where 77 is the scaling group of G.

(3) T(GuSH)={teR: 7f =id} VN > 2 and N # 3 and 7(G ey Sy;) = 7(G) VN € N*.

Proof. (1). We first note that, for all t € R, ¢& ¢ Autpeo g7y (L%(G), hg). From [Ued99,

Theorem 2.6], the modular group of the free product state w; on the amalgamated free product
hgt
M; = (L®(G) @ CN x L°(H) ® L°(S%)) satisfies 09 |joc(q) = 0, N = id
=A@ OCY) o, W) @ L)) satisfes o () = 0, Y =

and o(r ® 1) = o (r) ® 1 for all € L>®°(G). Identifying (My,wn) =~ (L®(G g S¥), h) with
the isomorphism of Proposition 3.6 and applying inductively [Ued99, Theorem 2.6| to our finite
sequence of von Neumann algebra (M;)1<;<n gives the result.

(2). Note that, for all t € R, 77 € Autyeo gy (L®(G), hg). To show that 7 := (7)) is the
scaling group we have to show that Aoy = (13 ® 04)A. Using the properties of o4, 7 and the
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definition of A we have, for all 1 <i < N and all a € Pol(G),
N

Aor(vi(@)) = AWilof () =) (v @ v;)(Ac(of (@) (ui; © 1)

=1

(vi @ v;) (7 @ of ) Ag(a))(uy ® 1)

I
E

<.
Il
—

I
WE

(e @ 0) (Vi ® v)(Ag(a))(uyy; @ 1) = (1 @ 1) A(vi(a)),

<.
Il
—

where, in the last equality, we used that 7(u;;) = u;;. Since the modular group and scaling
group act as the identity on L>°(S7), the equality Acy(u;;) = (12 @ o) A(uy;) is clear.

(3). Let us compute the T-invariant in the non-amalgamated case. For N > 4, the irreducible
representations of G, S]J\r, are completely classified in [FP16] and it follows that the only dimension
1 irreducible representation is the trivial representation. Hence, T(G . Sf) = {t € R : 7y = id}
and we conclude the proof using assertion (1). For N = 2, we know from Proposition 2.23 that
G S;r ~ G*2 % S5 and the T-invariant of such quantum groups is computed in Proposition 2.17.
Using also Proposition 2.8 concludes the computation.

To compute the T-invariant, we may and will assume that N > 2. Since % is continuous, one
has 7(G Lom S¥%) C 7(G). Let us show that 7(G) C 7(G g SY;). Applying Remark 2.1

with M = L®(G 4,u SF) = (L®(G) @ CV) * Mp_1, w the Haar state and
Loo (H)@CN=Loe (H)® Ly

A =1>2(G) ® CN we see that the map R — Aut(L®(G)), t = o¢|a = 0f ®id is 7(G Uy SF)-

continuous. Hence, (t = o) is 7(G 4 g S};)-continuous so 7(G) C 7(G 4y ST). O

4. APPROXIMATION PROPERTIES

Theorem A is a consequence of the following more general statement.

Theorem 4.1. For G a CQG with H a dual quantum subgroup and N > 1, the following holds
(1) G is exact if and only if G 4 g Sy is exact.
(2) If Irr(H) s finite, then G has the Haagerup property if and only if G 4. u S]J\r, has the
Haagerup property.
(3) If G is Kac and H is co-amenable then G is hyperlinear if and only if G Lpu S%; is
hyperlinear.
(4) o IfN>5 Gun S]\L, is not co-amenable for all G and all H.
o If N € {3,4} and H is a proper dual quantum subgroup of G (2.11) then G 4 u Sy
s not co-amenable whenever G is Kac.
o Gy SQL is co-amenable if and only if G*H2 is co-amenable.
(5) G is K-amenable if and only if G 4 1 S]'\'} is K-amenable.

Proof. (1). It is known from [Bral3] that C,(Sy;) is exact. Hence, the result follows from [FF14,
Corollary 3.30].

(2). Note that, at N < 4, S}, is a co-amenable Kac CQG [Ban99] so that L°°(S};) has the
Haagerup property and, at N > 5, L>°(Sy;) has the Haagerup property by [Bral3]. We show the
result by using the inductive construction of L®(G . g Si) = My, with My = L= (H)®L>®(S})

and M; 1 = (L>®(G) ® CV) ( *) o Mi. At i =0, My = L>°(H) ® L>°(S;) has the Haagerup
Leo(H)&C

property, because L°°(H) is finite-dimensional. Assume that M; has the Haagerup property. It

follows from [CKS*21, Corollary 8.2 that M;,; = (L®(G) ® CV) ( *) M also has the
Lo (H)®C

Haagerup property whenever G has the Haagerup property. By induction, My = L*(G 4 g SJJ\F,)
has the Haagerup property. Suppose now that G i g S]\L, has the Haagerup property. It is easy
to check, using the definition of Haagerup property of [CS15] with respect to a faithful normal
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state (f.n.s.) that if (M,w), w € M, a f.n.s., has the Haagerup property and P C M is a von
Neumann subalgebra with a normal and state-invariant conditional expectation £ : M — P
then, (P, w| p) also has the Haagerup property. Hence, since by construction of amalgamated free
products we do have such conditional expectations on each leg of the amalgamated free product
we first deduce from the inductive construction state-preserving isomorphism

(L®(G tn S)s ) = ((L“(G) DCY) | i gon M1 wN)

that L>°(G) ® CV has the Haagerup property which implies that L°°(G) also has it.

(3). By Proposition [BCF20, Corollary 3.7], S3; is hyperlinear for all N € N*. Assuming that G
is Kac (so that G, g Sy also is), and that H is co-amenable so that L>°(H) is amenable, we can
apply the strategy of the proof of (2) by using [BDJ08, Corollary 4.5] to deduce the fact that if
G is hyperlinear then so is G U g S;\L[. The converse is clear.

(4). The case N = 2 is a consequence of Propositions 2.23 and 2.17. Suppose that N > 3 and
Gln S]"\} is co-amenable. Since G*#% and S]"\', are both compact quantum subgroup of G, g S]'\'}
by Remark 2.22, it follows that G*#Y and S}, are both co-amenable [Sall0]. It implies that
N <4, since S]J\r, is not co-amenable for all N > 5 [Ban99|. Moreover, since N > 3, G*HN is not
co-amenable whenever H is proper by Proposition 2.13 since H has infinite index in G xy G.

(5). By [Voil7] S, is K-amenable hence, if G is K-amenable, so is H and, a direct application of
[FG18, Theorem 5.1 and 5.2, implies that G . g S]J\r, is K-amenable. Let us prove the converse.
To ease the notations we write A = C(G 4z Sy) and A = C,.(G e, S3;) during this proof. Let
A : A — Abe the canonical surjection and assume that G g S]J\r, is K-amenable i.e. there exists
a € KK(A,C) such that [\ @ a = [¢] € KK (A, C), where ® denotes here the Kasparov product
and € : A — C the counit of the free wreath product. Let us show that G*#% is K-amenable
(and so G also is). Consider the canonical inclusion 7 : C(G)*#~ — A. Note that 7 does
not intertwine the comultiplications so that we can not deduce the K-amenability of G*#V by
using the stability of K-amenability by dual quantum subgroup. However, by Theorem 3.2, the
canonical inclusion © : C(G)*#" — A intertwines the Haar states hence, there exists a unital
*-homomorphism 7, : C.(G*#N) — A such that 7. o A\g = Ao m, where \g : C(G*#V) —
C,(G*#N) is the canonical surjection. Define 3 := [1,] ® a € KK (C,(G*#),C). One has:

Mal@p = [Ag]®@[m]@a=[molg]@a=[Aon]®@a«
= [MoNoa=[rol]=I[on =l

This shows that G*EY is K-amenable. O

Remark 4.2. To deduce Theorem A it remains to deduce the co-amenability statement for
N = 2 which follows from Proposition 2.8.

Remark 4.3. As explained in the Introduction, except for N = 2, the stability of the Haagerup
property under the free wreath product construction was open. In the case where G = T is the
dual of a discrete group, and H is a finite subgroup, then the stability of the Haagerup property
and of the weak amenability with constant 1 has been proved in [Fre22|. In the general but non-
amalgamated case, only the stability of the central ACPAP, which is a strengthening of both the
Haagerup property and the weak amenability with constant 1 was known. However, it follows
from Proposition 2.17 that A(G % S57) = Ay (G). For N > 3, we believe that weak amenability
with constant 1 is also stable under the free wreath product construction and one obvious way
to do the proof would be by induction, using our inductive construction of the von Neumann
algebra as well as an amalgamated version (over a finite dimensional subalgebra) of the result
of Xu-Ricard [RX06]. Let us mention that for classical wreath products it has been proved by
Ozawa [Ozal2| that for any non-trivial discrete group A and any non-amenable discrete group
I, the classical wreath product A I is not weakly amenable.
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5. THE VON NEUMANN ALGEBRA OF A FREE WREATH PRODUCT

This section contains the proofs of Theorems B and C. Recall that (0&);cr denotes the modular
group of the Haar state on L*>°(G).

Theorem B is a direct consequence of the following more general statement.

Theorem 5.1. Suppose that Irr(G) is infinite, Irr(H) is finite, L=°(G) N L*(H) = C1 and
N > 4. Then L*(G 4#H SJJ\F,) is a non-amenable full and prime factor without any Cartan
subalgebra and the following holds.

o If G is Kac then L>®°(G t.n SJJ\F,) is a type 111 factor.

o If G is not Kac then L>(G 4.1 S]\L,) 1s a type 111y factor for some X\ # 0 and:

T(L®(G lm SF)) = {t €R : FJu € UL>®(H)), of = Ad(u)}.
Moreover, in the non-amalgamated case, we have 7(L®(G l. ST)) = 7(G).

Proof of Theorem B. First observe that, by Lemma 2.4, both L°(G) and L*°(S};) are diffuse
(since N > 4). Hence, L®(G) ® CV and L®(H) ® L>(S};) are also diffuse and the inclusions
L®(H)® CN ¢ L®(G) ® CV and L*°(H) ® Lj, C L°°(H) ® L>(5}) are without trivial corner
for all 1 < k < N, in the sense of [HV13] (since L™°(H) ® C¥ is finite dimensional hence purely
atomic, see [HV13, Lemma 5.2|).

We show the result by using the inductive construction of L*°(G . g S]‘\F,) = My, with My =

L®°(H) ® L®(S%) and M1 = (L®(G) ® CV) Lw(lj)®<CN M;. At i = 0, we know that M)

and L®°(G) ® CV are diffuse so the inclusions B = L®°(H) ® CY ¢ L®(G) ® CV and B =
L*>°(H) ® L1 C My are without trivial corner. Moreover, it follows from Lemma 2.20 that:

M{N(L>®(G) @ CYY'nB c (L®(G) NL¥(H)) @ (L=(S}) N L) = C.

Hence, we may apply [HV13, Theorem E| to deduce that M; is a non-amenable prime factor. In
particular M; is diffuse and a direct induction shows that M), is a non-amenable prime factor
for all 1 <k < N, in particular, My = L>®(G 4.1 S]‘\F,) is a non-amenable prime factor.
Suppose that A C M := L>®(Gl.,zSY) = (L™(G) @ CV) ( *) Mny—1is a Cartan subalgebra.
Lo (H)®C

By the previous discussion, My _1 is a non-amenable factor. Hence, it has no amenable direct
summand and we may apply [BHR14, Theorem B] to deduce that A <, L°(H) ® CV. Since
L>®°(H) ® CV is finite dimensional, this contradicts the fact that A, being maximal abelian in
the diffuse von Neumann algebra M, is itself diffuse.

To see that L°(G 1, i SF;) is full, we may now apply [Ued13, Theorem 4.10] (since L>(G) ® CV
is diffuse and L>°(H) ® CV is finite dimensional so the inclusion L®(H) ® CN c L*(G) ® CN
is entirely non trivial and, as shown before, My _ is diffuse).

When G is Kac, G 4 S]\L, is also Kac hence, L>(G 4 g S]J\r,) is a IIj-factor. When G is not
Kac, L°°(G . g S3;) is a non-amenable factor by the first part of the proof but not a finite
factor by [Fim07, Theorem 8|. Hence, it is a type III, factor with A # 0 since it is a full factor
[Con74, Proposition 3.9]. To compute the T-invariant, we view again M = L®(G t,. g S5;) =

(LOO(G) QCN ) * Mpy_1 and we also note that, since My_; is diffuse and the amalgam
Lee (H)®@CN

B:=L®(H)® Ly = L®(H)®C" is finite dimensional, we have My _1 A B. We can now use
[HI20] to deduce that T := T(L®(Gl.y S%)) = {t € R : Ju € U(B) o = Ad(u)}, where (0¢)ier
is the modular group of the Haar state on L>(G .. g S]J(,), which coincides with the free product
state. In particular one has oy (@ygcy = of®@id. Let T := {t € R : ¢ =id}. It is clear that
T'CT. Let t € T and u € U(B) such that o; = Ad(u). Write u = S0 _ up®@ep, € LO(H)®CV;
where u, € L°°(H) is unitary for all 1 < k < N. For all b € L®(G) and all 1 < k < N
we find o(b ® e) = 0¥ (b) ® e, = u(b ® e)u* = ugbu} @ er. Hence, of = Ad(uy) which
implies that ¢ € T’. Note that we could also have computed the T-invariant by using the
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results of [Ued13]. Let us now compute Connes’ 7-invariant in the non-amalgamated case. It
suffices to show that, for any sequence (t,), of real numbers, one has t, — 0 for 7(G & S})
if and only if ¢, — 0 for 7(G). Assume that t, — 0 for 7(L®°(G 1, S%)). Then, viewing
again L(G 1, SF) = (L>®(G) ® CV) EMN_l, where this time B = CY = Ly, we may apply

[HI20, Theorem B|, to deduce that there exists a sequence of unitaries v, € U(B) such that
ay, := Ad(v,) ooy, — id. To conclude the proof, we apply the restriction argument from Remark
2.1 to deduce that ap|«@eey — id in Aut(L>(G) ® CY). Note that, since B is in the center
of L®°(G) ® CV one has an’Loo(G)@(cN = atci ® id and we deduce that atci —id ie. t, = 01in
7(G). The converse statement follows from the continuity of the group homomorphism v defined
by Equation (2). O

Remark 5.2. The assumption N # 2 in Theorem B is necessary. Indeed, when N = 2, we
know from Proposition 2.23 and Section 2.5 that L°(G 1, Sy ) = (L*(G*?)) ® C%. In particular,
L>(G 1, Sy) is never a factor. For N = 3, our proof does not work (L>(S5) ~ CS is not diffuse)
but we don’t know if L°(G, S5) can nonetheless be a factor. However, whenever |Irr(G)| > 3 if
N = 2 or whenever G is non-trivial if N = 3, Proposition 2.8 shows that L>°(G*") is a full and
prime factor without any Cartan subalgebras and of type II; if G is Kac or of type IIIy, A # 0,
with 7" invariant given by {t € R : O'tG = id}, if G is not Kac. Finally, let us mention that the
assumption |Irr(G)| = oo in Theorem B does not seems necessary but is useful in our proof.

Theorem C is a direct consequence of the following.

Theorem 5.3. Suppose that Irr(G) is infinite, Irr(H) is finite and N > 2. The following holds.
(1) If L°(G) is amenable then, ¥1 < i < N, the von Neumann subalgebra of L>°(G . S3;)
generated by {v;(a)u;; : a € L°(G), 1 < j < N} is mazimal amenable with expectation.

(2) If G is Kac then L®(H)@L>(S]) ~ (v(L®(H)) UL>(S))" € L=(G. ST) is mazimal

amenable.

Proof. (1). We use Serre’s dévissage in the following way. Fix 1 < i < N and Let T} be the
graph obtained from Ty by removing the edge v; as well as its inverse edge v;. This graph is
still connected. Let us denote by My the fundamental von Neumann algebra of our graph of von
Neumann algebras restricted to T3, so that we have L®(H) ® L>®(S}) C Ms. It follows from
[FF14] that L°°(G l. g Sy) is canonically isomorphic to M % M, where the amalgamation is

B=L®H)CN c M; :=1L>°(G)®CY and B=L*(H)®L; C L*(H)®L>*(S%) C Ms. Note
that the von Neumann algebra generated by {v;(a)u;; : a € C(G), 1 < j < N} is then identified
with My C M, EMQ and M; ~ L®°(G) @ CN ~ L>®°(G x Z/NZ) is diffuse, by Lemma 2.4. Hence

My 4ar, B and since M, is amenable, we may apply [BH18, Main Theorem| to deduce that M;
is maximal amenable.

(2). Consider the inductive construction L*°(H)®L® (S} ) = My C My C --- C My = L>®(Gln

Si), where Myy1 = (L=(G) ® CN) ( >x<) o Mj,. Recall that L°(S]) is diffuse and amenable
L>e(H)®

and so is L®(H) ® L°(S]) = My. Let My C Q C My be an amenable von Neumann algebra.
Then My C QNMy_1s0 QNMpy_1 4 L¥(H) ®CN since My is diffuse. Hence, we can apply
My_1

[BH18, Main Theorem] to the amalgamated free product My = (L>(G) @ CV) . (;) on My
i ®

and deduce that Q C My_1. By a direct induction we find that Q C My. Note that the Kac
assumption on G is to ensure that each My, is finite so the inclusion Q N My C M}, is always with
expectation. We do not know if this result still holds in the non Kac case. O

6. FREE WREATH PRODUCT OF A FUNDAMENTAL QUANTUM GROUP

Let (G, (Gq)qev(6), (Ge)ecE(G), (Se)ecE(g)) e a graph of CQG over the connected graph G i.e.:

e For every g € V(G) and every e € E(G), G, and G, are CQG.
e For all e € E(G), G = Ge.
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e For every e € E(G), se : C(Ge) = C(Gy(e)) is a faithful unital *-homomorphism inter-
twining the comultiplications (so G, is a dual quantum subgroup of Gs(e)).

Consider the graph of C*-algebras (G, C(G,), C(G.), s.) and fix a maximal subtree 7 C G. Define
C(G) as the maximal fundamental C*-algebra of the graph of C*-algebras (G, C(G,), C(Ge), S¢)
relative to the maximal subtree 7. By the universal property of C'(G), there exists a unique unital
*-homomorphism A : C(G) — C(G) ® C(G) such that Algq,) = Ac(q,) and A(ue) = ue ® U,
forall ¢ € V(G) and all e € E(G). The pair G := (C(G), A) is a CQG, known as the fundamental
quantum group and studied in [FF14]. We will denote this CQG by G = m1(G,Gp, G, T). It
is known from [FF14] that C(G) is indeed the full C*-algebra of G. Let us note that, since
se identifies Ge as a dual quantum subgroup of Gy (), we have conditional expectations E :
C(Gy(e)) = 8¢(C(Ge)) which are non-necessary GNS-faithful.

Since Ge C Gy is a dual quantum subgroup s, factorizes to a faithful unital *-homomorphism
se + Cr(Ge) — Cr(Gy(e)) intertwining the comultiplications and we have Haar-state-preserving
faithful conditional expectations C;(Gy()) — se(Cr(Ge)). Hence we get a graph of C*-algebras

(G,Cr(Gy), Cr(Ge), se) with faithful conditional expectations whose vertex-reduced fundamental
C*-algebra is the reduced C*-algebra C,(G) of G [FF14].

Definition 6.1. The loop subgroup of G is the group I' C U(C(G)) generated by {u. : e € E(G)}.
Note that the inclusion I' C U(C(G)) extends to a unital *-homomorphism 7 : C*(I') — C(G).

Proposition 6.2. For G = m1(G, Gy, Ge, T) with loop subgroup I' the following holds.

(1) = : C*(I') — C(G) is faithful and intertwines the comultiplications.
(2) For alle € E(G), N € N*, there exists a unique unital x-homomorphism

sN .o (Ge U S]'\F[) —C (Gs(e) W SE) such that sN ov; =05, SéV’C(SfV) =1id, Vi.

Moreover, sY intertwines the comultiplications and restricts to a faithful map Pol(Gy L S]J\r,) —
Pol(Gy(e) U S]'\F,) i.e. Gelx S]'\F[ is a dual quantum subgroup of G(c) U S]'\F[.

Proof. (1). Let Cr be the image of 7 i.e. the C*-algebra generated by {u. : e € E(G)} in C(G).
To show that that 7 is faithful, it suffices to check that Cr satisfies the universal property of
C*(T'). Recall that ey 0 s¢(b) = ce(b), where, for p € V(G), ¢, is the counit on C(G)) and,
for e € E(G), €. is the counit on C(G.). Let now p : I' — U(H) be a unitary representation
of I'. By the universal property of C'(G) = m1(G, C(Gp),C(G.),T), there exists a unique unital
s-homomorphism p : C(G) — B(H) such that p(u.) = p(u.) and p(a) = ep(a)idy, for all
a € C(Gp) and all p € V(G). Hence, plc,. : Cr — B(H) is a unital *-homomorphism such
that p(g) = p(g), for all g € I'. It follows that 7 is faithful. The fact that 7 intertwines the
comultiplications follows from the equality A(ue) = u. ® u, for all e € E(G).

(2). The existence and the properties of the morphism s follows from Proposition 3.3. O
By the previous Proposition, we will always view C*(T') = C(I') C C(G) as the C*-algebra
generated by {u. : e € E(G)} and such that the inclusion intertwines the comultiplications. In
particular, I" is a dual quantum subgroup of G. Moreover, the previous Proposition shows that

(G, (Gql S5)qevi(g) (Gels S )eer @), (sY)ecr(g)) is a graph of quantum groups. Its fundamental
quantum group is determined in the following Theorem.

Theorem 6.3. If G = m1(G,Gp,Ge, T) with loop subgroup I' then
G5 5% =7 (G, Gyt S§ Ge lu 3, T) -

Proof. Define A :=C (711 (g, G)p Ui SJ'\F,, Ge U S]J{,,T)) and B:=C (G L Sj\}) For all p € V(G),

we have a unital *-homomorphism ¢, : C(G, & S5) — B coming from the inclusion C(G,) C
C(G). Moreover, Ve € E(G) \ E(T), there is a unitary u. € B such that

U g(e) © Se(a)ue = @p(e) 0 Te(a) Va € C(Ge e SY),
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the unitary being the one in C*(T"), which is unique because of the amalgamation and works
for every copy of C(Ge) in C(G. . S3;) by construction of G. Hence, the universal property
of A gives a morphism © : A — B which clearly intertwines the comultiplications. We will
give an inverse of this map, using the universal property of B. For 1 < i < N, there is for any
p € V(G) amap v; : C(Gp) — A sending C(G,) on its i-th copy in the free product defining
C(Gp Sy;) in A. There is also for every edge e € E(G)\ E(T) a unitary u. € A, which satisfies
the relations of the universal property of B, and is the same for every one of the N copies of
C(G.). Therefore, we get a map 1y : C(G l Sf) — A which factors through B, because the
unitaries u, are independent of the copy of C(G.), thus we can factor the map through the
quotient amalgamating the algebras generated by the u¢ for 1 <4 < N, which is exactly B. We
get a morphism v : B — A for which it is easy to see that it intertwines the comultiplications.
The maps are inverse of each other, because they send the N copies of C'(G) to N corresponding
copies of C'(G) and respect the unitaries from the fundamental algebra construction. O

Example 6.4. Suppose that G has two edges e and €. We have two cases.

(1) If s(e) # r(e) then G is a tree so T = G and the loop subgroup is trivial. We are in the
situation of an amalgamated free product G = Gy o G5 and, by Theorem 6.3,

GZ*S]\L,:GU*S]\L, * GQZ*SJJ{,.
H..SF;

(2) If s(e) = r(e) then 7 has no edges and the loop subgroup is I' = (u.) ~ Z. We are in
the situation of an HNN extension i.e. H and ¥ are CQG such that C(X) C C(H) is
a dual quantum subgroup and 6 : C(X) — C(H) is a faithful unital *-homomorphism
intertwining the comultiplications then the HNN extension G := HNN(H, X, 6) is the
CQG with C(G) the universal unital C*-algebra generated by C'(H) and a unitary u €
C(Q) with the relations 6(b) = ubu* for all b € C(X) € C(H) and comultiplication given
by A(u) = v ®u and Algg) = Ag. The loop subgroup I' = Z satisfies C*(I') = (u) C
C(G) and, by Theorem 6.3, HNN(H, ,0) ¢,  Sf ~ HNN(H 1 S§, 20 S, 0).

7. K-THEORY

In [FG18] is obtained a 6-term exact sequences for the KK-theory of the reduced and the full fun-
damental algebras of any graph of C*-algebras (G, A, Be, s.) with (non-necessary GNS-faithful)
conditional expectations. It is shown in [FG18| that the canonical surjection from the full fun-
damental C*-algebra P to the vertex-reduced fundamental C*-algebra P, is a KK-equivalence
and, denoting by P, either P or P, one has the following exact sequences, for any C*-algebra C.

®

ZS:—%
Decp+g) KK (C,Be) == @y (g) KK (C, Ay)) ——— KK°(C, )

o l

KK1(07 PO) A — ®pev(g) KKl (07 Ap)ﬁ: @eEE*’(Q) KKl (C7 Be)7

Decp+ g KK (Be,C — *@pev(g) KK'(A,,C) KKY(P,,C)

0 w

KK'(P\,C) —— @,evio) KK (Ap, CF“5@ i ) KK (B.., O).

Recall that, given a CQG G, Co(G) denotes either C(G) or C,.(G).

Proof of Theorem D. We can use the exact sequence (3) with C'= C and with the graph of C*-
algebra over Ty from Section 3.1 in the case of C(G) and from Section 3.2 in the case of C,(G)
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since both graphs of C*-algebras have injective connecting maps and conditional expectations.

B Ko(Cu(H) 2 CVEETE @ Ko(Ca(G) © CV) @ Ko(Co(S5)) —— Ko(Co(G ten SF))
veEE+ peV\{po} J{

I

Ei(Co(G o S)) —— @ Ki(Co(G) @ CY) & K1(Ca(SY))t . B Ki(Co(H) @ CY).

PEV\{po} Fo e gt

But we have that the K-theory of C¥ is given by K(C") ~ Z" and K{(C") ~ 0 so, using the
Kiinneth formula, as CV is a commutative algebra, we get:

Ko(Ca(H)) @ 2V =25 (Ko(Co(6) @ 2V ) @ Ko(Cu(S3) —— KolCo(G to S¥))

T |

Ki(Co(G top SY)) — (Kl (Co(@) ® ZN2) © Ky (Col(SY)) sz Ka (Co(H) © ZV.

In what follows we restrict to the cases where H is the trivial group, so that the maps ) s — 7
are always injective, as shown just below. We will however come back to the above sequence in
some special cases. Let e; € CYN,1 < j < N the canonical basis made of pairwise orthogonal rank
one projections so that {[e;] : 1 < j < N} is a basis of Ko(C") ~ Z". One checks easily that
{[l®e;] : 1 <j < N} is linearly independent in Ko(Ce(G) @ CV) hence for every 1 <i < N,
the elements

1 ®ej] = [usi] € Ko((C(G) ® CY)) @ Ko(Ca(SY)), 1<j <N
are also linearly independent and the map

sv, =10, + Ko(CY) = ZY = Ko((C(G) @ CV)) @ Ko(Ca(SY)s (85, — 3, )les] = [L @ 5] — [uyi]

(%3 (%3

is injective, for all 1 <4 < N. Now, let us denote by [e;;] € (ZN)@N the element [e;] viewed in
the i""-copy of ZV so that {[e;;] : 1 <4,j < N} is a basis of (ZV )EBN and, similarly, we denote
by [1®eij] € Ko(Co(G) @ CN)EN the element [1® e;] viewed in the i copy of Ko(Ce(G)® CY)
so that the map v := > cpr sy — 77 ¢ (ZN)@N — Ko(Co(G) @ CMYEN B Ko(CW(SY;)) is given
by ¥([ei;]) = [1®e;5] — [uj;]. As before, since {[1®e;;] : 1 <4,j < N} is linearly independent in
Ko(Co(G) @ CM)Y®N it follows that {[1 ®e;;] — [uji] : 1 <i,j < N} is also linearly independent
in Ko(Ce(G) ® CMYEN @ Ko (Co(S;)) s0 9 is injective.

From this we get the isomorphism for K; and, for Ky, we have:

Ko(Co(G 1 §%)) = (Ko(Co(G) ® CY)*N @ Ko(Co(SY))) /Im(v)

The K-theory of C,(S%), which is K-amenable, is computed by Voigt in [Voil7] for N > 4 and,
for 1 < N < 3 we have Co(S%) = C(Sn) = C™' hence,

ZN?=2N+2 §f N >4 7 if N>4
+V) ~ e’ +V) ~ =
KO(C.(SN)) ~ { 7N if 1< N <3, and KI(CO(SN)) = { 0 if 1<N<3.

When N > 4, a family of generators of Ko(Ce(S5)) is given by the classes of (N —1)? coefficients
of the fundamental representation of S¥, [u;;], 1 <i,5 < N — 1, and the class [1] of the unit.

Ko(Ca(G 1 $5)) = (Ko(Ca(G) & CV)®N & Ko(Ca(S5))) /m(v)
~ (Ko(Co(@) © Z) & 2V 7242 /(1) @ [ey]) — [uzi), 1 < 4, < )
~ (Ko(Cu(@) @ 2"°) /(1] 0 2N 2),

The last quotient is obtained after identifying the classes [1 ® e;;] with [uj;]. This gives the first
part of the statement of Theorem D for N > 4. For the computation of the K-theory of quantum
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reflection groups va+ = Z L SJJ{,, for 1 < s < +o0, which are K-amenable, note that, for s < oo,
since C*(Zs) ~ C(Zs) ~ C*, we have Ko(C*(Zs)) ~ Z* and K;(C*(Zs)) ~ {0}. Hence,

Ko(Co(HY)) = (Ko(C*(Zs)) ® ZNQ) /(U ®Z2V2) ~ (25 R ZV°) /([ @ Z2N~2) = 75N -2N+2,

The same computation works when s = +oo with Ko(C*(Z)) ~ Z, for Ky, but for K, as
Ko(CH(Z)) ~Z, . O

We are grateful to Adam Skalski for suggesting to us to use the uniqueness of the trace from
[Lem14| to deduce the following from Theorem D.

Corollary 7.1. If M,N > 8 and s,t > 1, then C,.(H3") ~ C.(HyF) & (N,s) = (M, 1).

Proof. The dimensions of the K-theory groups may happen to be equal for different pairs of
integers, so we need to go a bit further to differentiate between them. We use the value of the
Haar state applied to the generators of Ko(C(H3')) ~ ZsN?=2N+2 Thanks to the computation,
we know that there are, in addition to the class of the unit [1], N*> — 2N + 1 generators coming
from the ones of Ko(C,(S};)), namely [1 ® u;;] for 1 < i,j < N — 1, they are equal to [u;;] in
Ko(Cr(H)). The trace of such elements is the same as the trace of the corresponding element
in C,(S};), thanks to 3.2, which is equal to 1/N. The (s — 1)N? remaining generators are the
ones coming from the N copies of Ko(C*(Zs) ® CV) and are of the form [§; ® e;], for k € Zs,
k #0,and 1 < j < N. Such a class, in the i-th copy, is sent to [v;(dx)u;], which is of trace
1/(sN). Thus, using the uniqueness of the trace of these algebras, as proved in [Lem14|, we get
that the pair (N, s) can be retrieved from the data of the K-theory, and it allows to discriminate
the algebras of the different quantum reflection groups. O

Corollary 7.2. For allm > 1, and N > 4, ﬁm U S]J\r, is K-amenable and we have:
Ko(Co(Frn 4 SH)) ~ ZN72NH2 and - Ky (Co(Frp e SF)) ~ 2N,
If 1 < N <3, then ﬁm s S]'\F, is also K-amenable, with
Ko(Co(Fp e S5) ~ ZN' and K1 (Co(Fp s SF)) ~ 2N,
In particular, for all n,m >1 and N, M > 1, Cy(Fy 1, St) ~ Co(Fpy 2. Si) e (n,N) = (m,M).

Proof. K-amenability of free groups has been proved by Cuntz in [Cun83|, when he introduced
the notion of K-amenability for discrete groups. The K-theory for the maximal C*-algebra
was initially computed in [Cun82| and for the reduced C*-algebra in [PV82]. The result is
Ko(C*(Fy,)) ~ Z and K,(C*(Fy,)) ~ Z™. Using this and Theorem D, we get the first result.
For the last statement, we first use equality of the Ky-groups to deduce that N = M and then,
equality of the Kq-groups to deduce that n = m. O

We can use the results of Section 6 to compute the KK-theory of C*-algebras of a free wreath
product of a fundamental quantum group of graph of CQG. The main theorem is the following,
using the notations of Section 6 and denoting by ET and V the positive edges and vertices of
the connected graph G.

Theorem 7.3. If G = m1(G,Gp,Ge, T) for any C*-algebra A, there is a cyclic exact sequences:

P KK(A,Co(Ge s Sjv))zsi;e D KK(A, Co(Gyu 8F)) —— KK (A,Co(G, 7 5%))

ec B+ peV l

I

KK'(A,Co(G, 1 S%)) «——— D KK (A,Co(Gy. va))iﬁ* P KK'(A Co(Gets SY))
peV e CecET
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@ KE(Co(Get. S5),A) b @ KE(Cu(Gyt. S7), 4) ——— KK (Cu(G L5 S5). A)
ecE+ ex e*pev

| T

KKYCu(G, 7 55, A) ——— @ KK (Ca(Gys S5),A) 25 @) KK (Cu(Gotn 55), 4)
’ peV ecEt

Proof. As observed in Section 6 we have, at the level of full as well as reduced C*-algebras, a graph
of C*-algebras (G, Ce(Gy1: S3;), Co(Gql S%), %) with conditional expectations (which are GNS-
faithful only at the reduced level). By Theorem 6.3 the full /reduced C*-algebra Co(G ¢, 7 Sf;) is

the full /vertex-reduced fundamental algebra of (G, Ce(Gy 1 S¥), Co(Gyr 1 S¥), s¥). Hence, we
may apply the exact sequences (3) and (4). O

We compute now K-theory groups of some free wreath products of an amalgamated free product
with S7.
N

Corollary 7.4. If G = Gy xg Go then there is a cyclic sequence of K-theory groups:

Ko(Co(H 1 8Y)) —— Ko(Ce(G1 2 8Y)) @ Ko(Co(Ga e Sy)) — Ko(Co(G 1 SY))

| !

K1(Co(G 1 SF)) +—— Ki(Co(G1 2 SF)) ® K1(Co(G2 1 S3)) +—— K1(Co(H 1 SY)).

Proof. As observed in Example 6.4 the loop subgroup is trivial in the case of an amalgamated
free product. The proof follows from the first exact sequence in Theorem 7.3 with A = C. U

—

Corollary 7.5. For the K-amenable quantum group SLa(Z) % S]J\r, we have for N > 4:

—

Ko(Ca(SLa(Z) 1, SF)) ~ Z8N*=2N+2 and Ky (Co(SLa(Z) 1, S)) =~ Z.
For1 < N <3, we have:

— 7% if N=3, —
KO(CO(SIQ(Z) U S]J\rf)) = { ZSN2—2N+2 Zf N ¢ {1 2} and Kl(CG(SLQ(Z) b S]J\rf)) ~ 0.

Proof. We use the well known isomorphism SLg(Z) ~ Zg *z, Z4 which implies the K-amenability
of SLy(Z) hence of SLa(Z) 1. Sf; as well by Theorem A. Moreover, by Example 6.4, we have
SLo(Z) % S]‘\F, ~ Hﬁ#‘ ¥t H}‘;,‘F. We may use the K-theory of the quantum reflection groups

—

computed in Theorem D to deduce the one for the group SLy(Z) 1 SJJ{,. Applying Corollary 7.4
and K-amenability, we get the following cyclic exact sequence

Ko(Co(HE)) —— Ko(Co(HS)) @ Ko(Cu(HY)) —— Ko(Co(SLa(Z) 1 S3))

|

K1(Co(SLa(Z) 1. SF;)) +—— Ki(Co(HS ) ® K1 (Co(HE)) «—— K1(Co(HEY)).

The maps in the bottom line are the diagonal embedding and the map (x,y) — x — y, which
are respectively injective and surjective Z — Z ¢ 7Z — 7Z. Hence, the top line is a short exact
sequence and the map 1 is injective, and we have

Ko(C.(ng(\Z) b S]—\l})) ~ Z6N272N+2 @ Z4N272N+2/Im(¢).

The map 1 sends the generators of KO(C.(HJZ\,+)), coming from the classes of the form [v ® e;]
in Ko(C*(Z2) ® CY) to the corresponding classes [3*v ® e;] — [a*v ® e;], where 8 : Zy — Zg and
a : Lo — 74 are the canonical embeddings. Hence, the quotient by Im(v)) identifies free copies

of Z and the group is isomorphic to ZEN?—2N+2, O
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Remark 7.6. We can use Proposition 7.4 to give another proof of Corollary 7.2. It is also possible
to compute first the K-theory of the amalgamated free products and then apply Theorem D to
get the results of 7.4.

Let us now do a K-theory computation in the context of an HNN extension. Recall that the
Baumslag-Solitar group BS(n,m), for n,m € Z*, is defined by generators and relations:
BS(n,m) := (a,b|ab™a" = b™).

—

Let (a) < BS(n,m) be the subgroup generated by a and view (a) as a dual quantum subgroup

of the compact quantum group BS(n,m).

—

Proposition 7.7. BS(n,m)_ @ S% is K-amenable and, Vn,m € Z*, N >4, if n = m, then

KO(CO(Bm) L) Sy)) = 7N ANES g K1(C.(B%7ﬂ) L@ St)) ~ Z2N*-2N+3,
and if n # m,

Ko(Ca(BS(n,m)1, 5 5%)) = 2N 72V, Ky (Ca(BS(n,m)1, 5 S%)) = 2N 2NV @ (2 )

For1 < N <3, ifn=m, then
KO(CO(Bm) Ll Sy)) = ZN* N and Kl(C.(Bm) L S5)) ~ ZN* !
and if n # m,

— — 2
Ko(Co(BS(n,m) 2*,@ S]J\r[)) ~ 7N and K1(Ce(BS(n,m) 2*7@3 S;\L,)) ~ 7N ® (Zln—m|)N ]
Proof. Note that BS(n,m) is the HNN-extension BS(n,m) = HNN(Z,Z,0,,0,,), where 0; :
Z — 7 is the multiplication by [ € {n,m}. In particular, BS(n,m) is K-amenable and the CQG
BS(n, m) is also an HNN-extension. We still denote by 6; : Cy(Z 1, SH) = Co(Z, S%) the map
defined by 0;(v;(k)ui;) = vi(lk)u;; for all l € {n,m}, k € Z and 1 <1i,j < N. By Example 6.4,

the loop subgroup is I' = (a) and, by using Theorem 7.3 (with A = C), we get,

Ko (C. (2 % va)) %% K, (c. (2 % va)) S Ky(B)

I |

Ki(B) e— K, (C. (Z 2 SfV)) 5= I (C. (2 s va))

where B := C’.(Bm) LD S%). As the group Ko(Co(Z, S7%)) is generated by the image of

Ko(Ce(S%)) in it, and since we have, for I € {n,m}, 07 ([u;;]) = [0i(ui;)] = [ui;] and 67([1]) =
[0;(1)] = [1], where [u;;] and [1] are the generators of the Ky group, the map 6 — 67, is trivial
at the Ky level. It is however nontrivial at the Kj level: K;(C (2 % SF)) is generated by the
images of the generator [1] of K1(C*(Z)), the one of the generator of K;(C(Sy)). The action
of 8, at the K-theory level is thus given by multiplication by n on the generators coming from
K1(C*(Z)), and acts trivially on the one coming from K;(C(S¥)). Thus the sequence splits
differently depending on if m and n are equal or not. If n = m, then the maps are trivial and
the sequence splits in two short sequences as follows:

0— ZV72NH2 K (B) = ZV T 50 and 0 — ZNH! o Ko (B) — 2V N2
giving the first part of the result. If m 7 n then the map is still trivial at the Ko-level, but acts
as the multiplication by m —n on the N first generators of K1(C(Z1, S¥;)) and as 0 on the last
one. The sequence splits in two short sequences:

0 ZV2N42 L Ko(B) 5 Z -0 and 0—2zZN° 5 2N o K (B) — 2V 2N2 L,

the map ¢ in the second being multiplication by (n —m) on each of the first N2 terms of the
sum, and the sequence becomes 0 — (Z‘n_m‘)N2 B Z — Ki(B) — ZN*"2N+2 5 0 and thus the
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result in the remaining case because the group on the right-hand-side is free. The proof for the
cases 1 < N < 3 works the same way. O

Remark 7.8. The computation of this case can also be achieved thanks to the six-term exact
sequence for the free wreath product with amalgamation of Theorem D, written in the beginning
of the proof in section 7. The main point in the use of this exact sequence is that the maps
> sk — 1) appearing in the sequence are injective and explicit in this special case, allowing an
easy computation.

We can compare it to the non-amalgamated case. Using the following proposition about the
K-theory of the Baumslag-Solitar groups BS(m,n) = HNN (Z,Z, 0,,,0,). We include a proof as
we couldn’t find the result stated except in the solvable case in [PV18].

Proposition 7.9. Let m and n be integers, then the Baumslag-Solitar group BS(m,n) is K-
amenable and its K-theory is given, if n = m, by

Ko(C}(BS(m,m))) ~ Z? and K1(C¥(BS(m,m))) = Z2,
and if n #m, by
Ko(Cy(BS(m,n))) =~ Z and K1(Cy(BS(m,n))) =Z & Zjy—m)-

Proof. The Baumslag-Solitar groups are the fundamental group of the graph with only one vertex
and one edge, with Z on each and with Z being sent to the subgroups nZ and mZ by multiplication
by m and n. Thus, the corresponding C*-algebras are the full and vertex-reduced fundamental
C*-algebra of this graph with C*(Z) and the maps induced from the multiplications, which are
K-equivalent. The exact sequence of K-theory is then

*

Ko (C*(Z)) —2% Ky (CH(Z)) —— Ko(Ci(BS(m,n))

l |

Ki(C(BS(m,n))) «—— K1 (C*(2)) «5—pi™ K1(C7(2)),

0500

which becomes

Z 2 > Z Ko(Cz(BS(m,n)))
K1(C}(BS(m,n))) 7 < ) Z,
giving the result as the map (m — n) is injective if m # n and 0 if m = n. U

From this we can compute the K-theory of the free wreath products using Theorem D.

Proposition 7.10. Let m and n be integers and N > 4, then the quantum group B%) U S]\L,
is K-amenable and if n = m, then

Ko(Cu(BS(m, n) 1 S5)) = Z2V*72N%2 gnd Ky (Co(BS(m,n) 1. S%)) = 22N+,
If n # m,
Ko(Cu(BS(m,n) 1. S%)) = ZV' 72N and K (Cu(BS(m,n) 1 S)) = 2N & (Zp_ )N
For 1 < N <3, if n=m, then
Ko(Co(BS(m,n) 1y 8T)) = ZV* N and Ky (Co(BS(m, n) 1 S5)) = 72N°.
If n#m,
Ko(Co(BS(m,n) 1 S§)) = ZV' and Ky (Co(BS(m,n) 1 S3)) = ZV & (Zpp_p) V.
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