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ON SQUARE ROOTS OF THE HAAR STATE ON COMPACT
QUANTUM GROUPS

UWE FRANZ, ADAM SKALSKI, AND REIJI TOMATSU

ABSTRACT. The paper is concerned with the extension of the classical study
of probability measures on a compact group which are square roots of the
Haar measure, due to Diaconis and Shahshahani, to the context of compact
quantum groups. We provide a simple characterisation for compact quantum
groups which admit no non-trivial square roots of the Haar state in terms
of their corepresentation theory. In particular it is shown that such compact
quantum groups are necessarily of Kac type and their subalgebras generated
by the coefficients of a fixed two-dimensional irreducible corepresentation are
isomorphic (as finite quantum groups) to the algebra of functions on the group
of unit quaternions. An example of a quantum group whose Haar state admits
no nontrivial square root and which is neither commutative nor cocommutative
is given.

1. INTRODUCTION

If G is a (locally) compact group, then the space M(G) of all bounded regular
measures on G is equipped with a natural product x afforded by the convolution,
making M(G) a Banach algebra. In particular a convolution of two probability
measures remains a probability measure. Convolution equations in M(G) have often
natural interpretations — for example the Haar measure ug on compact G can be
described as a unique probability measure in M(G) such that pug*p = p*xpue = pa
for all 41 € Prob(G), idempotents in Prob(G) can be characterised as Haar measures
on compact subgroups of G (Kawada-It6 Theorem), and so on. In [DS86] Diaconis
and Shahshahani showed that the Haar measure of a separable compact topological
group G does not admit a non-trivial square root, i.e. a probability v # ug with
V%V = lugq, if and only if G is abelian or of the form H x E, where H is the eight
element group of unit quaternions and E a product of two element groups.

If (A,A) is a compact quantum group in the sense of Woronowicz ([Wor98g]),
then the quantum counterpart of the set of the probability measures on the group is
given by the state space of A, S(A). It is again equipped with a natural convolution
operation and it makes sense to ask for the solutions of analogous equations as
those listed above. Thus for example the Haar state can be described as a unique
state h on A such that for all p € S(A) there is hx p = px h = h, but on the other
hand there may exist idempotent states on A which do not arise as Haar states on

compact quantum subgroups of A (see [ES08|, [EST09]).
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In this paper we investigate the quantum counterpart of the question studied
by Diaconis and Shahshahani — which compact quantum groups belong to the
quantum DS-family, i.e. have the property that their Haar state does not admit a
non-trivial square root? The proof of the characterisation in [DS86] consists of three
main steps: first they show that that the existence of the nontrivial square roots of
the Haar measure on G is equivalent to the existence of a non-zero bounded real
nilpotent measure on G, then deduce from that that if G admits no such nilpotent
measures then it must be hamiltonian (i.e. all its closed subgroups are normal) and
finally classify compact separable hamiltonian groups and use this classification to
complete the proof.

Here we first show that the existence of the nontrivial square roots of the Haar
state is equivalent to the fact that the dual discrete algebraic quantum group (A, A)
contains a hermitian non-zero nilpotent element, cf. Theorem B.8] (the proof in our
context is similar to that of [DS86], but substantially more technical). Motivated
by our work on idempotent states, we propose a definition of a hamiltonian compact
quantum group as the one on which all idempotent states are central and show that
if (A, A) belongs to the quantum DS-family, then it is hamiltonian, cf. Proposi-
tion (in particular, all compact quantum subgroups of (A, A) are normal). As
the classification of hamiltonian compact quantum groups is currently beyond our
reach, to continue the investigation we need to provide another strategy, based on
the corepresentation theory. It turns out that the quantum DS-family consists ex-
actly of those compact quantum groups which have only one- and two-dimensional
irreducible corepresentations and satisfying a certain additional condition on the
linear functionals coming from their two-dimensional corepresentations, cf. Theo-
rem[LT] This allows us to deduce that if (A, A) is in the quantum DS-family, then it
is necessarily of Kac type and its subalgebras generated by the coefficients of a fixed
two-dimensional irreducible corepresentation are isomorphic to the algebra of func-
tions on the group of unit quaternions. That result and some further observations
on the interaction between two-dimensional and one-dimensional corepresentations
are used to provide an explicit example of a compact quantum group in the quantum
DS-family which is neither commutative nor cocommutative.

The detailed plan of the paper is as follows: Section 2 contains all the preliminary
facts and terminology related to compact (and discrete) quantum groups and their
corepresentations. Here we also introduce the fundamental notion of the square
root of the Haar state and characterise commutative and cocommutative elements
of the quantum DS-family. Section 3 is devoted to establishing the equivalence
between the existence of nontrivial square roots and non-zero bounded hermitian
nilpotent functionals and discus hamiltonian compact quantum groups. In Section
4 the corepresentation theory starts to play a prominent role, providing a means to
characterise the quantum DS-family. This is used in the following section to show
that the members of the quantum DS-family are necessarily compact quantum
groups of Kac type and to obtain a description of their ‘local’ structure. Different
parts of this ‘local’ structure are combined in Section 6 to construct an example of a
compact quantum group which admits no non-trivial square root of the Haar state
and yet is neither commutative nor cocommutative. In that section we also state
an open problem related to the possible ‘degree of complication’ of two-dimensional
irreducible corepresentations of a quantum group in the quantum DS-family.
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2. PRELIMINARIES

The symbol ® will denote the spatial tensor product of C*-algebras and ® the
algebraic tensor product, we use LinF for the linear span of a set F' is a vector
space and LinF for the closed linear span of a set F' in a Banach space.

2.1. Compact quantum groups. The notion of compact quantum groups has
been introduced in [Wor87a]. Here we adopt the definition from [Wor98| (Definition
2.1 of that paper).

Definition 2.1. A C*-bialgebra (a compact quantum semigroup) is a pair (A, A),
where A is a unital C*-algebra, A : A - A ® A is a unital, *-homomorphic map
which is coassociative, i.e.

(A®idp) o A = (ida ® A) o A.
If the quantum cancellation properties
Lin((1 ® A)A(A)) = Lin((A ® 1)A(A)) = A® A,
are satisfied, then the pair (A, A) is called a compact quantum group.

The map A is called the coproduct of A, it induces the convolution product
Axpi=A@u) oA, A\pueA”

When the coproduct is clear from the context we just speak of a compact quantum
group A.

The following fact is of the fundamental importance for this paper, cf. [Wor98|
Theorem 2.3].

Proposition 2.2. Let (A, A) be a compact quantum group. There exists a unique
state h € A* (called the Haar state of A) such that for all a € A

(h®ida) o A(a) = (ida ® h) o A(a) = h(a)l.

This naturally leads to the next definition introducing the main object of interest
for the rest of the paper.

Definition 2.3. A state ¢ on a compact quantum group A is called a square root
of the Haar state if

ox ¢ =h.
It is said to be non-trivial if ¢ # h.

In general, the Haar state of a compact quantum group need not be faithful.
But one can always divide by the nullspace of the Haar state to produce a compact
quantum group with faithful Haar state, usually called the reduced version of the
original quantum group, cf. [BMTOI]. This construction allows us to reduce our
study to compact quantum groups with faithful Haar states, see Lemma

2.2. Quantum subgroups. The notion of a quantum subgroup was introduced
by Kac [Kac6§]| in the setting of finite ring groups and by Podles [Pod95| for matrix
pseudo-groups. In some contexts related to quantum subgroups it is necessary to
distinguish between the reduced and universal versions of the compact quantum
groups in question (or consider coamenable compact quantum groups, for which
the two versions coincide), but it will not be important here.
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Definition 2.4. A compact quantum group (B, Ag) is said to be a quantum sub-
group of a compact quantum group (A, Aa) if there exists a surjective compact
quantum group morphism 7 : A — B, i.e. a surjective unital *-homomorphism
7 : A — B such that

Agom = (r®m) o Aa.

A quantum subgroup B of A with Haar state hp is called normal if the images of
the conditional expectations

EA/B = (id@(hBOﬂ'))OAA,
EB\A = ((hB o 7T) ® ld) @) AA,

coincide, cf. [Wan08, Proposition 2.1 and Definition 2.2]. Note that the images of
the conditional expectations above can be thought of as the algebras of functions
constant respectively on the right and left ‘cosets’ of the quantum subgroup B.

2.3. Corepresentations. An element u = (uge)1<ke<n € Mp(A) is called an n-
dimensional corepresentation of (A, A) if for all k,£ =1,...,n we have A(ug) =
Z?Zl up; @ uje. All corepresentations considered in this paper are supposed to
be finite-dimensional. A corepresentation u is said to be non-degenerate, if u is
invertible, unitary, if v is unitary, and irreducible, if the only matrices T' € M, (C)
with Tu = uT are multiples of the identity matrix. Two corepresentations u,v €
M, (A) are called equivalent, if there exists an invertible matrix U € M,,(C) such
that Uu = vU.

An important feature of compact quantum groups is the existence of the dense
x-subalgebra A (the algebra of the smooth elements of A), which is in fact a Hopf
x-algebra with the coproduct A| 4 — so for example A : A — A® A. Fix a complete
family (u(*))sez of mutually inequivalent irreducible unitary corepresentations of
(A, A), then {u,(:é); s€T,1 <k L<n,} (where n, denotes the dimension of u(*)) is
a linear basis of A, cf. [Wor98, Proposition 5.1]. We shall reserve the index s = ()
for the trivial representation u? = 1.

Set V; = span {u,(fé); 1<k, £ <ng}for s € A By [Wor98, Proposition 5.2], there
exists a unique irreducible unitary corepresentation u(5*), called the contragredient
representation of u(®), such that V* = Vie. Clearly (s°)° = s.

The matrix elements of the irreducible unitary corepresentations satisfy the fa-
mous Peter-Weyl orthogonality relations

(2.1) b ((u(]))u,(jg) S5t f E)(uk) )

where f: A — C denotes the so-called Woronowicz character and

D=3 s () =30 (7))

is the quantum dimension of u(*), cf. [Wor87al, Theorem 5.7.4]. Note that unitarity
implies that the matrix

7((u2)") e M ©
is invertible, with inverse (f(u'3)) € M, (C), cf. [Wor87a, Equations (5.18), (5.24)]
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We will say that a linear functional ¢ : A — C has finite support, if

¢lv, =0

for all but finitely many s € Z. The Haar state has finite support, since it vanishes
on all irreducible unitary representations except the trivial one.

Lemma 2.5. A continuous linear functional ¢ : A — C has finite support if and
only if it admits a smooth density w.r.t. to the Haar state, i.e. if there exists x € A
such that

¢(a) = h(za), for all a € A.
The density x is uniquely determined by ¢.

Proof. Assume such a density z € A exists. We write h, for the linear functional
defined by h,(a) = h(za) for all @ € A. As a smooth element, z can be written as
a finite linear combination

= Z c(si, k, f)u,(f;)

Then the Peter-Weyl orthogonality relations (Z)) imply that ¢|v, = hy|v, =0 for
se€T, s {s5,...,s5}.
Conversely, if ¢ has finite support, then the sum

p= 3 3 D) ()

s€T j,k,t=1

is finite, therefore x € A, and the Peter-Weyl orthogonality relations (Z1]) imply

|4 = hz|a. Density of A in A and continuity of ¢ and h, then give ¢ = h,.
Clearly, by the Peter-Weyl orthogonality relations (2], « is uniquely determined

by hm'A = ¢|A O

Remark 2.6. Note that the density x is uniquely determined by ¢, even if the Haar
state h is not faithful. This is a consequence of the fact that the Haar state is
always faithful on the algebra A of smooth elements.

Denote by (m,, H,1,) the GNS representation of A with respect to the Haar
state. If the Haar state h is faithful, we can make use of the Tomita-Takesaki
theory for Haar states on compact quantum groups [Wor87a, [Wor98]. Define an
antilinear operator Sy on H by

Shwh(a)lh = Fh(a)*lh,

for any a € A and set A, = S;;S,. The modular automorphism group (o1)ier is
given by

wh(of(a))lh = A;Ltﬂ'h(a)lh

for a € A. Each element of A is analytic with respect to the modular group (o );er.
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2.4. Discrete quantum groups. Let (A, A) be a compact quantum groups. The
space of linear functionals on A with finite support has the structure of a discrete
algebraic quantum group.

Fix a complete family (u(s))sez of mutually inequivalent irreducible unitary

corepresentations of A, and define ekl A—CforseZ, 1<k, {<nsby

el (u)) = Sudiioes

fort € Z, 1 <1i,j5 < ns. These functionals extend to continuous functionals on A,
*
since e,(:l) = hg, with 2 = Dy 377 f(ugz)) (ug?) . The convolution product of two

such functionals gives ez(-j)e,(:é) = 5St5jkel(;) for s,t €Z,1<i,j <mg, 1 <k, £<ny,
i.e. the linear functionals on A with finite support from a subalgebra

1]7

fl:span{ (=), sEI,lgi,jgns}

of A* with respect to the convolution product. Equip A with the involution
(e,(:é)) = 65,@) The *-algebra A has the form of a multimatrix algebra,

G}span{eM 1<k, 0 < ns} %@Mns((ﬁ') C A"

seL sel

(algebraic direct sum). With the coproduct A : A — M(A®.A) defined by A(¢)(a®
b) = ¢(ab) for a,b € A, A becomes a discrete algebraic quantum group in the sense
of [VD98, VD03]. Here M(A ® A) denotes the multiplier algebra of A ® A, its
elements can be naturally identified with linear functionals on A ® A.

For J C 7, we introduce the notation

V]:{qﬁefi;(b(ug;)):Oforsg,],lgi,jgns}

for the space of functionals which vanish on the irreducible unitary corepresenta-
tions that do not belong to J. We have

Vi = span{egk),1 <k < n} ~ M, (C)

for s € Z and
V{s,sﬂ} = Mns ((C) (&) Mns ((C)

if 5 # s, i.e. if u(® is not contragredient to itself.

The pair (A, A) admits an antipode S:A— A, which can be characterised by
(S’(gb))(a) =¢(S(a)) fora e A, ¢ € A.

The antilinear map A* 3 ¢ — ¢ = “o ¢ o x € A* allows to characterise the
real algebra of hermitian functionals on A as its fixed point algebra. We have
(¢ *¥)t = ¢ x 9T and ((bT)T = ¢. Since ﬁmtely supported functionals are in the
domain of the antipode S, we have ¢! = Lg*) = ( A((b)) for ¢ € A.

2.5. First examples.
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2.5.1. Commutative examples. If G is a compact group, then A = C(G) becomes a
compact quantum group with the coproduct A: A =C(G) > A®A =2 C(G x Q)
defined by

A(f)(91,92) = f(9192),
for f € C(QG), g1,92 € G. Furthermore, any commutative compact quantum group
is of this form, cf. [Wor98, Remark 3 following Definition 1.1].

The Haar state on a commutative compact quantum group C(G) is given by
integration against the Haar measure u of G, i.e. h(f) = fG fdu for f € C(G). Tt
admits a non-trivial square root if and only if the Haar measure p admits a non-
trivial square root. Hence the main theorem of [DS86] can be reformulated in the
following way.

Theorem 2.7 ([DS8G]). Let G be a separable compact group. The pair (C(G), A))
admits no non-trivial square root of the Haar state if and only if G is abelian or
of the form H x E where H is the group of unit quaternions and E is a Cartesian
product of (at most countably many) copies of Z.

2.5.2. Cocommutative examples. A compact quantum group (A, A) is called cocom-
mutative, if To A = A, where 7 : A® A = A® A is the flip, 7(a ® b)) = b ® a.
Since irreducible corepresentations of a cocommutative compact quantum group
are necessarily one-dimensional, the dense *-Hopf algebra of smooth elements in a
cocommutative compact quantum group (A, A) is of the form A = span(T"), where

I' = {u € A;u unitary and A(u) = u® u}

is a (discrete) subgroup of the group U(A) of unitary elements of A.
The Haar state h acts as
h(u) = 1 if w = 1 the trivial corepresentation,
0 else.

onu €. If ¢ is a square root of h, then (¢ *@)(u) = (¢(u))2 = 0y for u € T', and
the only positive square root of the Haar state is the trivial solution ¢ = h. This
argument shows that the Haar state of a cocommutative compact quantum group
never admits a non-trivial square root.

2.6. Terminology. Motivated by Theorem [2.7] we introduce the following termi-
nology.

Definition 2.8. A compact quantum group A is said to belong to the quantum
DS-family if its Haar state does not admit any non-trivial square roots.

We will sometimes refer to a classical DS-family as the family of groups listed in
Theorem[2.7l The examples discussed above show that one can find and characterise
commutative and cocommutative quantum groups in the quantum DS-family. A
priori it is not clear if there exist at all any elements in the quantum DS-family
which belong to neither of these classes. We will in fact exhibit such an example in
Proposition

3. SQUARE ROOTS OF THE HAAR STATE AND NILPOTENT FUNCTIONALS

We will show in this section that a compact quantum group (A, A) is not in the
quantum DS-family if and only if there exists a hermitian functional on A that
is nilpotent for the convolution, cf. Theorem [B.8 Necessity of this condition is
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immediate. Indeed, if a state ¢ : A — C, ¢ # h, is a square root of the Haar state,
then p = ¢ — h # 0 is hermitian and nilpotent, since

prxp=¢pxdp—¢p*xh—hxp+hxh=0.

To prove the converse, we follow a similar strategy as Diaconis and Shahshahani.
Given a nilpotent hermitian functional p, we construct a new (“truncated”) her-
mitian functional s for which there exists € # 0 such that h + €5 defines a state
which is a square root of the Haar state h. But if the Haar state is not a trace,
then more care is required to prove the positivity of h + €.

We begin with a simple lemma for the tracial case.

Lemma 3.1. Let A be a unital C*-algebra with tracial state h. Then we have
h(za)| < ||z[|h(a)
forallx € A and a € Ay.

Proof. Since a is positive, there exists b € A such that a = bb*. Denote by 7, and
1, the GNS representation of i and its cyclic vector representing the state h. Then
we have

|h(za)] |h(xbb™)| = |h(b*2b)| = (74 (b)1n, Th(z)7h (D) 1)

< Al2l{mn(b)1n, ma(b)1n) = |[z[|R(b7b) = ||z[|h(a),
since 7, is a contraction. O

Let us now characterise hermitianity and positivity of a given finitely supported
linear functional in terms of its density. Recall that elements in A are analytic with
respect to the modular automorphism group of the Haar state.

Lemma 3.2. Let (A, A) be a compact quantum group with faithful Haar state h
and modular group (ol')ier, and let x € A.

(1) The functional hy € A*, hy(a) = h(xza) is hermitian if and only if U’ji/Q(x)
is self-adjoint.
(2) The functional hy € A*, hy(a) = h(za) is positive if and only if a’ji/Q(x)
s positive.
Proof. (1) Denote by Aj the space of hermitian continuous functionals on A

and once again write 7, and 1, for the GNS representation of h and its
cyclic vector representing the state h. We have

hy €A < h(za™) =h(za) YaeA (oracA)
& (2*1p,,a*1p) = (x*1p,aly) Yae A
< (Spxlp, Spaly) = (alp,z*1y) Vae A
< (alp, Apzly) = (alp,2*1y) Vae A
——
= Uzi(.’ﬂ)lh
& olr)=2" & Ulii/z(x) = (Uﬁi/2($))*,

where we used faithfulness of A and the relation 052 0% = %0 UL/Q.
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(2) Denote by A% the space of positive functionals on A. We have
he € AT & h(xbb*) >0 VbeA (orbe A)
& h(ol(b*)xb) >0 Vbe A
& (o, (b)1y,2b1y) >0 Vb e A
Since
<Uﬁi(b)1h,$blh> = <Ahblh,$blh> = <A1/2blh, A1/2$b1h>
= (A/Pb15, 0", 5 (2) A P01,

and since {A1/2b1h; be A} = {Uﬁi/Q(b)lh; b € A} is dense, this is equiva-
lent to o” i2(@) 2 0.
(]

Lemma 3.3. Let x € A. If the functional h, € A* is hermitian, then there exists
€ > 0 such that h + €h, is a positive.

Proof. Set ¢ = h + €hy = hiter. Since h, € Aj, hl/Q( x) is self-adjoint by
Lemma Therefore there exists ¢ > 0 such that 1 > eo® /2( x) > —1. Then

_1/2(1—|—€I) = 1+€U—i/2( x) >1—1=0. Since 1+ ex € A, we can apply Lemma
B2 and get . € A% O

Remark 3.4. Similar methods yield the following general result.

If M is a von Neumann algebra with a faithful normal state w and z € M
analytic with respect to the modular automorphism group {o; : ¢t € R} of the state
w, then

w(wa)| < lo_s (@)|w(a),  fora€ M.

Lemma 3.5. (Truncation Lemma) Let p € A* be a hermitian functional such that
p*p=0. For u'® an irreducible unitary corepresentation of A, define 1 by

(t) p (u,(:e)) if t is equivalent to s or s,

e (uid) =
0 else.

Then 4 is hermitian, has finite support, and satisfies Vs x s = 0.

Proof. The support of 9, is contained in the *-closed subspace Vs+Vze and ¥y, +v,.
plv.+v... Therefore ¢, is clearly hermitian and finitely supported. Furthermore,

(s * s)( UM Z Vs ( ukj )
_ )2 p(u,(fj))p( g?) (p* p)(ugd)) =0 if ¢ is equivalent to s or s¢,
0 else
for all irreducible unitary corepresentations u(*) of A, i.e. 1hs x s = 0. O

Let us first show that it is sufficient to consider compact quantum groups with
faithful Haar states.
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Lemma 3.6. Let (A, A) be a compact quantum groups with not necessarily faithful
Haar state h and denote by (A, A) its reduced version, i.e. the compact quantum
group with faithful Haar state h obtained from (A, A) by dividing out the nullspace
of h.

Ifiz admits a non-trivial square root, then so does h.

Remark 3.7. The converse is also true, and can be shown using truncation argu-
ments similar to those in the proof of Theorem [3.8] but we will not need it.

Proof. Denote by @ : A — A the canonical projection from (A, A) to (A,A), ¢
[BMTO1]. Then h = ho# and if h admits a non-trivial square root ¢ # h, then
clearly ¢ = ¢ o @ # h defines a non-trivial square root of h. O

Theorem 3.8. The Haar state h of a compact quantum group (A, A) admits a non-
trivial square root, i.e. a state ¢ # h such that ¢ x ¢ = h, if and only if there exists
a bounded non-zero hermitian continuous linear functional on A that is nilpotent
for the convolution product.

Proof. If h admits a non-trivial square root ¢, then clearly p = ¢ — h defines a
bounded non-zero hermitian nilpotent functional.

Conversely, assume that A* contains a non-zero nilpotent hermitian functional
1. Then all convolution powers of 1 are also hermitian. If ¥*"* = 0, and n is the
smallest such number, then set p = *("~1 . This is non-zero and satisfies pxp = 0.
Therefore p(u) = 0 for any u € A with A(u) = u ® u, in particular p(1) = 0.

Since p # 0, there exists an irreducible unitary corepresentation u(®) such that
plv.+v.. # 0. Fix such an irreducible unitary corepresentation u®) and define 9,
as in the Truncation Lemma (Lemma [B30). Then 1 has finite support and there
exists a unique x € A such that ¢ = hy € A}, cf. Lemma 2.0

If h is faithful, then, by Lemmal[3.3] there exists € > 0 such that ¢ = h+4-€h, € A%..
Since hx s = s x h = 5(1)h = 0, we get

Gk =hxh~+ehxihs + ehg*x h+ €21hg x by = h,

i.e. ¢ is a non-trivial square root of the Haar state h.

If h is not faithful, then z € A can be used to define a nilpotent hermitian
functional 1/15 = hy and a non-trivial square (;5 = h + eh, on the reduced version
(A A). By Lemma B8, ¢ = ¢ o 7 then defines a non-trivial square root of A on
(A A). O

Since by the Truncation Lemma we can always choose this nilpotent hermitian
linear functional to have finite support, we also get the following characterisation.

Corollary 3.9. The Haar state h of a compact quantum group (A, A) admits a non-
trivial square root if and only if its dual discrete algebraic quantum group (A, A)
introduced in Subsection[24] contains a non-zero nilpotent element that is hermitian
w.r.t. 1.

We will now show that compact quantum group whose Haar state has no non-
trivial square root is hamiltonian and that all its quantum subgroups are normal.

Lemma 3.10. Let (A, A) be a compact quantum group with faithful Haar state. A
quantum subgroup B of A is normal if and only if the idempotent state hg om on A
induced by the Haar state hg of B is in the center of A*.
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Proof. Denote by
EA/B = (ld®(hBO7T)) OA,
EB\A = ((hB O7T)®ld) OA,

the conditional expectations onto the coidalgebras A/B and B\A. The quantum
subgroup B is normal if and only these two coidalgebras coinside, cf. Definition 2.4
Since Ea/g and Eg\a are unital and preserve the Haar state, by the uniqueness of
state preserving conditional expectations this is equivalent to Ea/g = Eg\a, Or

[x(hgom)=foEap=[foEga=(hgom)x*f
for all f € A*. 0

Definition 3.11. We call a compact quantum group (A,A) hamiltonian if all
idempotent states on A are central in A* (w.r.t. the convolution).

Idempotent states on finite and compact quantum groups were characterised in
[FS08], [FSQ9]. For a compact group G, all idempotent states on C(G) are induced by
Haar measures of closed subgroups of G, and C(G) is hamiltonian if and only if all
closed subgroups of G are normal. Lemma [B.10] shows that all quantum subgroups
of hamiltonian compact quantum groups have to be normal. But noncommutative
compact quantum groups may have idempotent states that are not induced from
quantum subgroups.

Proposition 3.12. Let (A, A) be a compact quantum group in the quantum DS-
family. If the Haar state of A is faithful, then (A, A) is hamiltonian. In particular,
every quantum subgroup of (A, A) is normal.

Proof. By Theorem B.8 if h4 admits no non-trivial square root, then A* contains
no hermitian functionals that are nilpotent for the convolution product.

Then the result follows from the fact that in a unital ring without nilpotent
elements all idempotents are central, as in [DS86, Lemma 3]. Since A} = {¢ €
A*; ¢ hermitian} has no nilpotent elements, all idempotent states are central in A},
and therefore also in A*. O

As mentioned in the introduction the classification of hamiltonian groups plays a
very important role in the arguments of [DS86]. As no such classification is known
for (compact) quantum groups, to study compact quantum groups which do not
admit nontrivial square roots of Haar states we need to develop other techniques.
The next two sections will be devoted to this task.

4. A STRUCTURE THEOREM

In this section we characterise compact quantum groups whose Haar state admits
no non-trivial square root in terms of their irreducible unitary corepresentations or
their dual discrete algebraic quantum group, see Theorem A1l and Proposition .2

By Corollary [3:9] we have to characterise discrete algebraic quantum groups
which contain no non-zero hermitian nilpotent elements.

For s € 7, we define R, to be the real algebra of hermitian linear functionals on
A that vanish on all irreducible unitary corepresentations of (A, A) except s and s¢,
ie.

Ry = ‘A/{&Sc} NA;.
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Clearly Ry = Rse. Since A is a multimatrix algebra, the real algebra of all finitely
supported hermitian linear functionals A4, = AN A} = decomposes into a direct
sum

(41) Ah = @ Rs;

seZ,

where the direct sum runs over the reduced index set Z, which is obtained from 7
by choosing only one representative from each set {s, s°}.

Recall that Frobenius [Fro78] has shown that there exist exactly three finite-
dimensional division algebras over R, namely the field of real numbers R, the field
of complex numbers C, and the skew field of quaternions H.

Theorem 4.1. A compact quantum group (A, A) belongs to the quantum DS-family
if and only if all summands occuring in the decomposition [I]) are isomorphic to
one of the three finite-dimensional division algebras R, C, or H.

Proof. Let us first verify that the conditions are sufficient. If all summands R, in the
direct sum (4.I]) are isomorphic to division algebras, then they can not contain non-
zero nilpotent elements, therefore Ay has no non-zero nilpotent elements, either,
and by Corollary 3.9 the Haar state of (A, A) admits no non-trivial square root.

Conversely, if the Haar state of (A, A) has no non-trivial square root, then none
of the real algebras R occuring in (&) contain non-zero nilpotent elements.

Let s € Z. If u® is not contragredient to itself, i.e. if u(*) and u(*) are not
equivalent, then we have \A/{s} = M, (C), Vs N Vi = {0}, and the map

V{s} B (b = ¢+¢T €R; C ‘A/{s,s‘:}a

where
¢(a) if a € V5,
(0+¢")(a) =13 ¢f(a) =d(a) ifac Vi,
0 if a € V; with t # s, s,

for ¢ € V{S} is an isomorphism of real algebras. Therefore R, = V{s} ~ M, (C) as
real algebras. We see that R, contains no non-zero nilpotent elements if and only
if nys = 1, and in this case Ry = C.

Let us now consider the case where u(®) is contragredient to itself. Then we
have Vi = Ve, V{S} = V{S_’Sc} >~ M, (C). R is a real subalgebra of V{s} whose
complexification coincides with V{S}, since any linear functional on Vi can be written
as a complex linear combination of hermitian functionals. V{S} >~ M, (C) is simple,

and since the complexification of any real ideal in R, would be an ideal in V{S},
it follows that R is also simple. Therefore, by Wedderburn’s theorem ([Wed0§],
see also [vdW91l Section 13.11]), R, is isomorphic to a full matrix algebra over
a division algebra. In other words, we have Ry = M,,(K) for some m > 1 and
K € {R,C,H}. If R; contains no non-zero nilpotent elements, then necessarily
m = 1, and only the two cases ny = 1 and Ry =2 R, or ny = 2 and R; = H can
occur. (I

Let us describe which corepresentations of a compact quantum group (A, A)
lead to a real algebra of hermitian functionals that is isomorphic to one of the three
finite-dimensional division algebras R, C, and H.
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Let u = (ujk)1<jk<n € M,(A) be an irreducible unitary corepresentation of a
compact quantum group (A, A). We denote by @ € M, (A) the corepresentation
obtained by taking the adjoints of the coefficients of u, i.e. & = (uj;)1<jk<n. The
corepresentation u is not necessarily unitary, but it is non-degenerate and equivalent
to the contragredient corepresentation of w, i.e. there exists an invertible matrix
T € M,(C) s.t. w = TuT~!, cf. [Wor98, Proposition 5.2] or [MvD98, Proposition
6.10].

Proposition 4.2. Let uw € M,(A) be an irreducible unitary corepresentation of a
compact quantum group (A, A) and denote by R(u) C Aj the real algebra given by
hermitian linear functionals on A which vanish on the coefficients of all irreducible
unitary corepresentations that are not equivalent to u or u®. Then we have the
following characterisations of R(u).

~

(i) R(u) 2 R if and only if u is one-dimensional and contragredient to itself.
This is the case if and only if u is unitary, self-adjoint, and group-like (i.e.
Alu) =u®u).

(ii) R(u) = C if and only if u is one-dimensional and not contragredient to
itself. This is the case if and only if u is unitary and group-like, but not
self-adjoint.

(i) R(u) 2 M if and only if u is two-dimensional and there exists an invertible
matriz Q € Mo(C) such that 4 = TuT ™", where T = Q ( _01 (1) ) Q.
In particular, this implies that u is contragredient to itself.

Proof. The first two cases follow from the proof of Theorem 1] if we note that a
one-dimensional unitary corepresentation is contragredient to itself if and only if it
is self-adjoint.

Let us now prove (iii). The real division algebra of quaternions can be realised

_{< iv+d a—if ) -aaﬁméeR},

Its complexification is isomorphic to M3(C), and the elements of H can be char-
acterised in M3(C) as the hermitian elements for the anti-linear homomorphism

f: My(C) = My(C), b
(ca)=(57)

Dualising these relations we see that the real algebra R(u) associated to a unitary
corepresentation u is isomorphic to H if and only if u is two-dimensional and if the
subspace V' (u) spanned by the coefficients of u admits a basis a11, a12, a1, ass such
that

as

2
Cl,slﬁl = ag2, CLTQ = —aoi, and A(G,Jk) = Za,jg X (0723 fOI' 1 S j, k S 2.
=1

Therefore a = ( le 212 ) € M3(C) is a corepresentation of (A, A). It is non-
21 Q22

degenerate, since its coefficients form a basis of V(u), so by [MvD98, Proposition
6.4] it is equivalent to a unitary corepresentation, which we can choose to be u. Le.
there exists an invertible matrix Q € M>(C) s.t. u = QaQ . We get

1=QaQ ' =QFaF'Q ' =Tur !
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0 1

w1thF:<_1 0

) and T = QFQ~". O

Note that the characterisation above seems to be new even for standard compact
groups, together with Theorem [277] yielding the following corollary.

Corollary 4.3. Let G be a separable compact group. The following conditions are
equivalent:

(i) G admits only one-dimensional and two-dimensional irreducible represen-
tations, each two-dimensional irreducible representation U : G — M3(C) is
self-contragredient and there exists an invertible matriz Q@ € Mz(C) such
that U = TUT ™Y, where T = Q < _01 (1) > Q7

(i) G = H x E where H is the group of unit quaternions and E is a Cartesian
product of (at most countably many) copies of Zs.

Let us now consider the Woronowicz quantum group SU,(2). This example will
play an important role in the next section, when we show that a compact quantum
group whose Haar state admits no non-trivial square root is necessarily of Kac type,
i.e. its Haar state is a trace, cf. Theorem [5.11

Example 4.4. Let ¢ € R\{0}. Denote by SU,(2) = (A, A) the Woronowicz quan-
tum group [Wor87b], i.e. the universal C*-algebra generated by the four generators
U11,U12, U21, U2 With the coproduct determined by Auj, = Z?Zl uje ® ugy, for
7,k = 1,2, and the *-algebraic relations uvu* = I = u*u and @ = Funq_1 with

[ un w2 _ 0 q .
u—(u2l u22)anqu—<_1 O>,1.e.

2 2
E ey = Oji = E UgUlk,
(=1 =1
* *
Uy = U22, Urg = —qU21.

Note that SU,4(2) is isomorphic to the universal orthogonal quantum group Ao(ﬁ'q)
defined by Wang and van Daele [VDW96], where F, is given by

R ( 0 sign(Q)\/m>
= 1 0 .

F=—_"9
/] det Fy| Sl

The irreducible unitary corepresentations have been determined in [Wor87al
Wor87h|, [VS88, MMN+88, [Koo89]. For each non-negative half-integer s € %ZJF

there exists a 2s+1-dimensional irreducible unitary corepresentation ul®) = (Uéz))1§k7g§25+1
of SU,(2), which is unique up to unitary equivalence and contragredient to itself.

The map ¢ — ¢! on the dual discrete algebraic quantum group maps the summands

V{S} > Mss+1(C) in the decomposition ([T]) to themselves and takes the form

AT = QAQ™
where A — A denotes entry-wise complex conjugation and

Q= ((_1)jqj715j,n7k+l)1Sj7k§28+1 € Ms41(C).
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For example for s = §, the fundamental corepresentation u(*/?) = u, Q = Fy, and

Rl/gz{(z _aqb);a,be((:}.

a+if V(= +1d)
For ¢ >0, H 3 a+ 81 +~J+6K — ( Jr(v+i0)  a—ip

an isomorphism of real algebras and Ry /o contains no non-zero nilpotent elements.
For ¢ < 0, Ry/5 is isomorphic to M2(R) and contains nilpotent elements, e.g.,
(£ 3
L —Va
The higher dimensional irreducible unitary corepresentations always give non-
zero nilpotent hermitian functionals.

) € Ry o defines

5. KAC PROPERTY AND THE ‘LOCAL’ STRUCTURE OF QUANTUM GROUPS IN THE
QUANTUM D S-FAMILY

As an application of Theorem [.J] we will now show that compact quantum
groups in the quantum DS-family are necessarily of Kac type, i.e. its Haar state is
a trace. Recall that the Haar state of a compact quantum group (A, A) is tracial
if and only if the antipode S on A is involutive, see [Wor98, Theorem 1.5]. Hence
being of Kac type is in a sense a ‘local’ property, which will be clear from the proof
of Theorem [B.Jl1 We first need to recall a few more facts and definitions.

A compact quantum group (A, A) is called a compact matriz quantum group if
it has a finite-dimensional corepresentation u whose coefficients generate A as a
C*-algebra. It follows from [MvD98, Proposition 3.7] that the C*-algebra A(u) =
C* ({ujk : 1 < j,k <n}) generated by the coefficients of any unitary corepresenta-
tion u € M, (C) of a compact quantum group (A, A) is a compact matrix quantum
group with the restriction of the coproduct of A. We will call (A(u), A|a(y)) the quo-
tient quantum group of (A, A) induced by u. Equivalent corepresentations clearly
induce isomorphic quotient quantum groups.

Theorem 5.1. Let (A, A) be a compact quantum group in the quantum DS -family.
Then (A, A) is of Kac type.

Proof. Assume that (A, A) is in the quantum DS-family. It is sufficient to show
that the square of the antipode acts identically on the coefficients of the irreducible
unitary corepresentations of (A, A). By Theorem[4T] the irreducible unitary corep-
resentations of (A, A) are have dimension one or two.

Let us first consider the one-dimensional corepresentations. If a is the coefficient
of a one-dimensional unitary corepresentation of (A, A), then a is group-like, i.e.
g(a) =1 and A(a) = a ® a. Therefore S(a) = a* = a~! and S%(a) = a.

Let now u = (uji)1<jk<2 € M2(A) be a two-dimensional irreducible unitary
corepresentation of (A, A). We will show that the quotient quantum group (A(u), A|a(w))
is a quantum subgroup of SU,(2) for some 0 < ¢ < 1.

By Theorem [ Tland Proposition2] there exists an invertible matrix Q € M»(C)
such that

u="Tul ",
with T = Q < _01 Q~!. The matrix T satisfies the relation 7T = —1I, so by

1
0
[BDRV06, Equation (5.4)], there exist 0 < ¢ < 1 and a unitary matrix U € M3(C)
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0
T_U’f<_l g>U.

q
Let v = UuU"*, then clearly v is a two-dimensional irreducible unitary corepresen-

tation of (A, A) and (A(v), Alaw)) = (A(u), Alaw)). Furthermore, v satisfies the

relation

such that

v = UuU* =UnU'=UTuT U

-1
- UUt( ’ g>UuU1< ’ g) (Ut

1 _1
q q

0 g¢q 0 g¢q !
= 1 9 )V 21 9 ;
q q

i.e. the coefficients of v satisfy the defining relations of the universal orthogonal
quantum group Ao ( _Ol g > = SUR2(2), cf. [VDWI6] or Example @4l If we
denote by w = (wjk)lgjflkgg the generators of SU,;2(2), then wj, + vji defines a
surjective morphism of compact quantum groups from SU,(2) to (A(v), Ala()), i-e.
(A(v), Alag)) is a quantum subgroup of SU,2(2).

In Example .4 we have seen that the Haar state on SU,2(2) admits a non-trivial
square root, so (A(u), Alac,)) has to be a proper quantum subgroup of SU2(2). For
¢®> # 1, the quantum subgroups of SU,2(2) are the torus T and its subgroups, cf.
[Pod95] or also [EST09]. These are classical groups and therefore of Kac type. For
q®> = 1 we get SU;(2), which is a also classical group and of Kac type.

It follows that the quotient quantum group (A(u),Alaq,)) induced by any irre-
ducible unitary corepresentation u is of Kac type, therefore we have S2 = id on the
dense #-Hopf algebra contained in A, and (A, A) is of Kac type. (]

The proof of the above theorem shows that the structure of quotient quantum
groups induced by two-dimensional irreducible corepresentations is in fact quite
rigid. This is formalised in the following corollary.

Corollary 5.2. Let (A, A) be in the quantum DS-family. Then the quotient quan-
tum groups (A(u), Alay) of (A, A) induced by its two-dimensional irreducible uni-
tary corepresentations are isomorphic to C(H), where H is the eight-element group
of unit quaternions.

Proof. The second part of the proof of Theorem B.1] implies that (A(u), Alacyy) is
isomorphic to a proper quantum subgroup of C(SU,(2)) for some ¢ € (0, 1], so, due
to [Pod95], also to a proper quantum subgroup of C'(SU(2)).

The result then follows by inspection of the subgroups of SU(2) (see, e.g.,
[Pod95]), since H is the only subgroup of SU(2) which is in the DS-family and
which has a two-dimensional irreducible unitary representation. (|

The above corollary can be interpreted as describing the ‘local’ structure of the
elements of the quantum DS-family — we know that they only admit one- and two-
dimensional irreducible corepresentations and have now the full understanding of
what types of quotient quantum groups are generated by each of the irreducible
corepresentations (for one-dimensional corepresentations the resulting quotients are
just the algebras of functions on cyclic groups). It has one other important con-
sequence. Recall the Nichols-Zoeller theorem that states that the dimension of a
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finite-dimensional Hopf algebra is divisible by the dimensions of its Hopf subalge-
bras, cf. [NZ89]. Together with the above corollary it implies the following result.

Corollary 5.3. Let (A, A) be a non-cocommutative compact quantum group in the
quantum DS-family. If A is finite-dimensional, then its dimension is divisible by
eight.

We finish this section by describing the structure of the algebra of functions on
H in greater detail; this will be of use in the next section.

Example 5.4. Denote by +1,+1,+J,£K the eight unit quaternions, with the
relations I2 = J2 = K2 = —-1,1-J =K, J-I = —K, etc. Denote by Ag and
14y, 9 € {£1,£I,£J,£K} the corresponding bases for C*(H) = CH and C(H).
Besides the constant function 1z, H has three more one-dimensional irreducible
unitary representations, which are uniquely determined by

or(I)=1, or(J)=-1,
oy(I)=-1, o;(J)=1,
ox(I)=-1, ox(J)=1.
Furthermore, H has, up to unitary equivalence, a unique two-dimensional irre-

ducible unitary representation 7 : H — Ms(C) of H (or, equivalently, corepresen-
tation of C'(H)), given by

77([)_(_01 é) and W(J)_(? é)

Denote by 7, € C(H), 1 < j,k < 2 the matrix elements of H w.r.t. to the standard
basis of C2. Then {1y,07,0,0K, 711, T12, T21, T2} is a basis of C(H). We set
C(H)O :Span{lH,O'],UJ,UK} and C(H)l :Span{ﬂll,ﬂlg,ﬂgl,ﬂ'gg}.
We have Amj, = 2521 T @ T, and Ag = g ® g for the one-dimensional unitary
corepresentation of C'(H). Furthermore, on can check that the tensor product
of the two-dimensional representation of H decomposes into a direct sum of the
four one-dimensional representations. From these observations follows that the
decomposition C(H) = C(H)o @ C(H); defines a Zs-grading of C'(H), i.e. we have
(C(H)])* - C(H)jv
CH);-CH)r S C(H)jtk,

AC(H); € C(H);®C(H);
for j,k € Zy. Equivalently, the map d : C(H) — C(H) ® CZs defined by

d(u) = uo ® dp + u1 ® 61
for u = wg + w1 with ug € Ag, u1 € Ay, and &y, g € Zy the standard basis of
C*(Z2) = CZy, defines a coaction of C*(Z3) on C(H).

6. COMBINING THE ‘LOCAL’ STRUCTURE OF THE COMPACT QUANTUM GROUPS
IN THE QUANTUM DS-FAMILY INTO THE GLOBAL ONE AND GENUINELY
QUANTUM EXAMPLES

In the last section we showed that if (A, A) is in the quantum D S-family, then we
can completely determine the quotient quantum subgroups induced by individual
irreducible corepresentations of A. Here we show that they can be combined in a
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non-trivial way to provide the examples which belong to the quantum DS-family
and are neither commutative nor cocommutative.

It is easy to see that the quotient quantum subgroup induced by an arbitrary
number of one-dimensional irreducible corepresentations of a compact quantum
group is always cocommutative, so of the form C*(T") for some (discrete) group T
We therefore begin our analysis by combining a one-dimensional corepresentation
with a two-dimensional one.

Proposition 6.1. Let (A, A) be in the quantum DS-family. Let u € Ms(A) be a
two-dimensional irreducible unitary corepresentation and g € A a one-dimensional
unitary corepresentation. Then there exists a unitary matriz U € My (C) s.t.

( guilr gui2 ) _ U( ng* ng* )U*

- * * .
guz1 gu22 U219 U229
Proof. W.l.o.g., we can assume that u satisfies 4 = FuF~!. Multiplying u by g, we
guil  guiz
guz1  gu22
to which we can also apply Corollary[5.2l There exists a unitary matrix V€ My (C)
s.t. v = VguV* satisfies v = FvF~!. In terms of gu, this becomes gu = V'V =
VIFVguV*F~'V. Since

gu = ( (gu11)* (9U12): ) _ < u11g*  u12g”* > = ig”,

(qua1)*  (gua2) u219*  u22g9*

get a two-dimensional irreducible unitary corepresentation gu =

we get
Fug*F™' = FuF'¢* =ug* =gu=V'FVguV*F'V
and
gu=V*F 'VFug*F7'V'FV = Uug*U*
with U = V*F~VF. ]

Let u be a two-dimensional irreducible unitary corepresentation of a compact
quantum group (A, A) in the quantum D S-family, and let g1, . . ., g, be one-dimensional
unitary corepresentations that do not belong to A(u). The above proposition
suggests that (A(u), Alaw)) and (A(g1 © -+ @ gn), Ala(gi@---@g,)) are a matched
pair, and that quotient quantum group (A(v),Ala(,)) generated by the direct
sum v = u® g1 O - D gn is given by a bicrossproduct of (A(u), Ala)) and
(Algr @ - D gn), Ala(gr@--@gn))- We use this idea to construct examples of non-
commutative, noncocommutative compact quantum groups of Kac type whose Haar
state admits no non-trivial square roots.

Example 6.2. Let I' be a commutative discrete group and C(H) = C(H )o®C(H),
the algebra of functions on the eight-element group of unit quaternions, with the
Zo-grading introduced in Example 5.4l Denote by S : CI' — CI' the antipode of
the #-Hopf algebra CI'. By ¢ we denote the counits of CI' and C'(H), it will always
be clear from the context which one is meant.

We define actions a: C(H) @ CI' — CTI" and 5 : C(H) ® CI' — C(H) by

a(u0®ao+m®a1) = g(uo)a0+€(u1)5(a1),
Blua) = ela)u
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for w € C(H), up € C(H)o, u1 € C(H)1, a,a0,a1 € CI'. These actions turn CT'
into a left C'(H)-module algebra and C(H) into a right CI-module algebra, e.g.,
e(a(u;®a)) = e(uy)e(S(a)) =elu))e
Ala(uj@a)) = e(u)A(S(a))
= e(u;)(S® S) (A(a))
= alyjn) ®a) @ aluje) ® o)
for j € {0,1}, u; € C(H);, a € CI', and where we used Sweedler’s notation
A(uy) = ujny ® uja), Ala) = a1y ® a(g) for the coproducts.
One can check that the conditions (A), (B), and (C) in [Maj90, Proposition 3.12]
are satisfied, e.g.
o((u; ®ab)) = o(ujop ® ab) = e(u;)S7 (ab)
5(uj(1))5(uj(2))5j(a)5j (b)
= a(uj(l) & a)a(uj(g) ® b)
and
Bluj) ® a) ® ujz) ®ag) = elag))ujo) ® £(u@) (a)
= u;®5(a)
= Bluje) @ a@) @ au;n) @ aq))
for j € {0,1}, u; € C(H);j, a € CI'. Therefore, by [Maj90, Proposition 3.12],
the vector space K = C(H) ® CT' can be turned into a Hopf algebra with the
multiplication
(u & a) (’U & b) = ﬁ(U(g) & b(2))’l) & aa(u(l) & b(l))
and the coproduct
Ak (u ® a) = U(1) ® a(1) ® U2) @ a(2)
for u,v € C(H), a,b € CI'. Using the definitions of « and 3, we get
(u; ® a)(v ®b) = ujyvr @ ac(uj1))S? (b) = ujv @ S’ (b)
for j € {0,1}, u; € C(H);, v € C(H), a,b € CI'. One can check that K becomes a
x-Hopf algebra with
(oo = (leawe) =@ e)(lea)=u & $ ()

for j € {0,1}, u; € C(H);, a € CI'. Since Haar states are invariant under the
respective antipodes, we see the tensor product of the Haar states on C(H) and
C*(T") defines a normalized positive integral on K, i.e. K is an algebraic compact
quantum group in the sense of [VD98| [VDO03].

If u € M, (C(H))) is an irreducible unitary corepresentation of C(H) and g € T,
then u ® g is unitary in K, e.g.,

() usg) = ()" () = (g ' wg) =t wgs(o) = (o | )1

for u € My(C(H)) the two-dimensional irreducible unitary corepresentation of
C(H).

Therefore, and since the coproduct in K is simply the tensor product of the
coproducts of C(H) and CT', we see that the irreducible unitary corepresentations
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of K are of the form u ® g, with v an irreducible unitary corepresentation of C(H ),
and g € I'. Since their coefficients span K, we can deduce that K is the x-Hopf
algebra of a compact quantum group, for which we can choose the universal C*-
algebra of the %-algebra K. Let us denote this quantum group by C'(H) i, C*T.

It is clear that C(H) m, C*(I') has only one- and two-dimensional irreducible
unitary corepresentations, and straight-forward to show that the two-dimensional
irreducible corepresentations are self-contragredient and satisfy the condition in
Proposition Hence the Haar state of C(H) <, C*(T') does not admit any
non-trivial square roots.

Proposition 6.3. Let ' be an abelian discrete group which contains elements that
are not of order two. The bi-crossed product C(H) <, C*(T') constructed in Ex-
ample[6.2 is a noncommutative, noncocommutative compact quantum group in the
quantum DS -family.

Proposition [6.1] describes the interaction of a two-dimensional irreducible corep-
resentation, say u, of a quantum group in the quantum DS-family with one-
dimensional ones. It is reflected by certain equivalences between u® g and g~ @ u.
In the last part of the paper we discuss certain aspects of the interaction between
different two-dimensional representations. To this end we need to introduce a cer-
tain equivalence relation on the equivalence classes of irreducible corepresentations
of a fixed compact quantum group. Introduce first the notation: if (A, A) is a
compact quantum group, let Irr(A) denote the set of the equivalence classes of irre-
ducible corepresentations of A and let T'a C Irr(A) denote the equivalence classes of
one-dimensional corepresentations (in other words, group-like elements of A). Tt is
well-known (and has been used above) that the tensor product of corepresentations
provides I'a with the structure of a discrete group.

Proposition 6.4. Let (A, A) be a compact quantum group. The relation = on
Irr(A) given by the formula
urrv if Jyeryu=vRy
is an equivalence relation.
Proof. Easy check, essentially a consequence of the fact that I'a forms a group and

associativity of the tensor operation for (not necessarily irreducible) corepresenta-
tions of A. O

The set of equivalence classes in Irr(A) with respect to the relation ~p will
be denoted Irr(A)/ ~r and for u € Irr(A) the corresponding equivalence class
Irr(A)/ = will be denoted [u]~. Note that all one-dimensional corepresentations
form an equivalence class with respect to the relation ~r, to be denoted [1].

Theorem 6.5. Let (A, A) be in the quantum DS-family. Then the set Irr(A)/ ~p
is equipped with a well-defined product, which is given by the following condition:
for u,v,w € Irr(A)

(6.1) [ulx - [V]x = [Wx i Fyer,u@v=w®A.

Moreover the pair (Irx(A)/ =1, -) forms an abelian group, in which each non-trivial

element has order 2.

Proof. We need to check first that the product in the formula (6.1]) is well defined. If
v,v" € Irr(A) are one-dimensional, then so is y®~" and according to the notation of
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(1) and that introduced before the statement of the theorem we have [1]~ - [1]~ =
[1]~. If u € Irr(A) is two-dimensional and v € Ta, then u ® v is irreducible
and equivalent to u with respect to ~r, so [u]x - [1]~ = [u]~. Similarly v ® w is
irreducible. Moreover, as both u and v ® u are self-contragredient by Proposition
M2 v®u=u®~vy ! (recall that the equality here is understood in terms of the
usual equivalence classes of irreducible representations).

The only non-trivial case is that of u,v € Irr(A) both two-dimensional. Observe
that due to Corollary and the discussion in Example [5.4] the tensor product
u ® u is a four-dimensional corepresentation decomposing into 4 one-dimensional
corepresentations, including the trivial one. We will distinguish two-possibilities:
first assume that v ~ v. Then there is some 7y € T's such that u = v®y =y !®@uw.
Hence u ® v ="' ® (v ® v) is a direct sum of four one-dimensional corepresenta-
tions (trivially equivalent to each other with respect to ~r). This can be rephrased
by writing [u]~ - [u]x = [1]~. It remains to consider the possibility of u #r v.
Then u ® v is a four-dimensional, necessarily reducible corepresentation. Suppose
that u ® v contains a one-dimensional corepresentation, say 7. Then (v ™! ® u) ® v
contains a trivial corepresentation, and as both y~! ® u and v are irreducible, this
would mean that v ! ® u = v° = v, so u ~r v — contradiction. Thus u ® v de-
composes into a direct sum of two two-dimensional irreducible corepresentations,
say w and w’. To assure that the product in ([G.1]) is well defined we need to prove
that w ~p w (strictly speaking we also need to show that [w], depends only on
the = p-equivalence classes of u and v, but this is easy to see). Tensor the corepre-
sentation u ® v on the left with w. Then it decomposes into four two-dimensional
irreducible corepresentations, each = r-equivalent to v. Hence in particular u ® w
as a subrepresentation of u ® v decomposes into two-dimensional irreducible corep-
resentations ~rp-equivalent to v, say y1 ® vi, and v ® v. Tensor the formula
u@w = (71 ®v) D (72 ®v) again on the left with u. Then on the left we obtain
the direct sum of four two-dimensional corepresentations, each ~ r-equivalent to w,
and on the right the direct sum of four two-dimensional corepresentations, two of
which are & p-equivalent to w, and two are =~ p-equivalent to w’. Hence w and w’
are ~ p-equivalent and the proof of the main part of the theorem is finished.

As to the fact that the product - gives Irr(A)/ ~r the group structure described
in the theorem, it suffices to observe that - inherits associativity from the usual
associativity of tensor products of corepresentations and that the first part of the
proof shows that [1]~ is the neutral element for - and each element in Irr(A)/ ~r

~

is its own inverse.

The above theorem implies that if (A, A) is in the quantum DS-family then
(Irr(A)/ =r,-) is a direct sum of (possibly infinitely many) copies of Zy. For
cocommutative (A, A) the group (Irr(A)/ ~r,-) is trivial. For a compact group G
in the DS-family the group (Irr(C(G))/ =r,-) is either trivial or a two-element
group, depending on whether G contains the group of unit quaternions. If (A, A)
is the compact quantum group constructed in Example [6.2] then again the group
(Irr(A)/ &, -) is isomorphic to Zsy. It is therefore natural to seek the answer to the
following open question.

Problem 6.6. Does there exist (A, A) in the quantum DS-family such that the
group (Irr(A)/ ~r, ) has more than two elements?
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It is natural to seek for such an object among finite-dimensional Kac algebras, ex-
ploiting the existing classification of low-dimensional examples (see [IK02]). Corol-
lary [5.3limplies that the dimension of such a Kac algebra would have to be divisible
by 8. To allow for two distinct classes of two-dimensional irreducible corepresenta-
tions we need the dimension to be at least 16. The case by case analysis of the form
of the Grothendieck rings of 16-dimensional Kac algebras listed in [Kas00] implies
that none of these algebras can provide a positive answer to the question asked in
Problem Hence the lowest dimension for the Kac algebra that would answer
the question in Problem is equal 24.
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