Algebras and Representation Theory
https://doi.org/10.1007/510468-020-10010-0

®

Check for
updates

Gluing Compact Matrix Quantum Groups

Daniel Gromada'

Received: 27 August 2020 / Accepted: 3 November 2020 / Published online: 04 December 2020
© The Author(s) 2020, corrected publication 2021

Abstract

We study glued tensor and free products of compact matrix quantum groups with cyclic
groups — so-called tensor and free complexifications. We characterize them by studying their
representation categories and algebraic relations. In addition, we generalize the concepts
of global colourization and alternating colourings from easy quantum groups to arbitrary
compact matrix quantum groups. Those concepts are closely related to tensor and free com-
plexification procedures. Finally, we also study a more general procedure of gluing and
ungluing.
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1 Introduction

The subject of this article are compact matrix quantum groups as defined by Woronowicz
in [28]. A lot of attention has recently been devoted to quantum groups possessing a combi-
natorial description by categories of partitions. Those were originally defined in [7]. Since
then, their full classification was obtained [20] and many generalizations were introduced
[4, 10, 11, 15, 22].

Studying and classifying categories of partitions or generalizations thereof is useful for
the theory of compact quantum groups for several reasons. The primary motivation is find-
ing new examples of quantum groups since every category of partitions induces a compact
matrix quantum group. Those are then called easy quantum groups. In addition, since the
categories of partitions are supposed to model the representation categories of quantum
groups, we immediately have a lot of information about the representation theory of such
quantum groups (see also [12]).
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Categories of partitions provide a particularly nice way to describe the representation cat-
egories of quantum groups. Understanding the structure of partition categories and obtaining
some classification results, we may obtain analogous statements also for the associated
quantum groups. Such results can then be generalized and go beyond categories of partitions
and easy quantum groups. Let us illustrate this on a few examples.

The classification of ordinary non-coloured categories of partitions involves a special
class of so-called group-theoretical categories. Those induce group-theoretical quantum
groups described by some normal subgroups A < ZQ’ . However, the latter definition turns
out to be more general — not every group-theoretical quantum group can be described by
a category of partitions [19]. Another example are glued products, which were defined
in [22] in order to interpret some classification result on two-coloured categories of parti-
tions. The definition of glued products was inspired by partitions, but it is independent of
the partition description. Last example comes from [15], where a certain classification result
for so-called categories of partitions with extra singletons was obtained. Some of the new
categories were interpreted by some new Zj-extensions of quantum groups. In addition, this
extension procedure was generalized to a new product construction interpolating the free
and the tensor product of quantum groups.

The goal of the current paper is to study some additional results obtained in previous
works on coloured partition categories [13, 15, 22, 23]. We reformulate those results purely
in terms of quantum groups and their representation categories without referring to parti-
tions. Below, we give a detailed overview of the results of this paper. Let us start by recalling
the above mentioned glued product construction.

Consider a compact matrix quantum group G = (C(G), v) and a cyclic group dual
Zk = (z, C*(Zy)) (for k = 0, we take Zk =7 = T). We can construct the tensor product
or the free product as

G x Tk =Wz CG) Omax C*(Zn)),  G*Zy =@z, CG)xc C*Ly)).

For both quantum groups, we can consider the representation vz = v®z. This representation
may not be faithful, so it defines a quotient quantum group called the glued product

G % Zi = (vz, C(G X 7)), G % Zi = (vz, C(G * Zy)).

The glued tensor product with Zk is also called the tensor k-complexification. Likewise
the glued free product is called the free k-complexifiation. As we already mentioned, this
definition comes from [22].

Another important concept appearing throughout the whole article is the degree of reflec-
tion — defined in [22] for categories of partitions, generalized in [15] for arbitrary quantum
groups, and further characterized in Section 4.3 of this article.

The main topic of this article is the characterization of the tensor and free complexifi-
cations. Let us start with the tensor case. The following theorem characterizes the tensor
complexification in terms of algebraic relations, the associated representation category, and
topological generation.

Theorem A (Theorem 4.17) Consider a compact matrix quantum group G = (C(G), v),
k e No Denote by z the generator of C*(Zy) and by u := vz the fundamental representation
of G X Zk We have the following characterizations of G x Zk

(1) The ideal IGiZk of algebraic relations in C(G x Zk) is the Zr-homogeneous part of
the ideal I corresponding to G.
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(2) The representation category of G Zk looks as follows

Mor(u®1 , 5 ®2) — Mor(v®¥1, v®¥2)  jf c(wy) — c(wy) is a multiple of k,
’ {0} otherwise.

(3) The quantum group G x Zk is topologically generated by G and Zk.

We also generalize the concept of global colourization introduced in [23] for categories
of partitions. It turns out that this concept characterizes the tensor k-complexification of
orthogonal quantum groups for k = 0. The case k € N remains open.

Theorem B (Theorem 4.15) Consider G C Ut (F) with FF = ¢I, ¢ € R. Then G
is globally colourized with zero degree of reflection if and only if G = H x Z, where
H=GnNO"(F).

The above two theorems can be understood as a generalization of the work [13] on
globally-colourized categories of partitions to arbitrary quantum groups. In addition, we
provide the irreducible representations of tensor complexifications in Proposition 4.23.

We continue by studying the free complexification. In this case, we do not have many
results even for easy quantum groups. In the recent work [15, Section 4.3], partitions with
alternating colouring were introduced and linked to free k-complexifications for k = 2. In
this article, we show that the free k-complexification actually often do not depend on the
number k. The following two results form an analogy to Theorems A and B.

Theorem C (Theorem 4.28) Let H be a compact matrix quantum group with degree of
reflection k # 1. Then all H % 7Z; coincide for all | € Ny \ {1}.

(1) The ideal 1 Hi, of algebraic relations in H % Zl is generated by the alternating
polynomials in [g. A

(2) The representation category CKH;Z corresponding to H %7 is a (wide) subcategory of
the representation category €y generated by the sets C(@, (ce)?) := €n (@, (ce)),
jeZ.

The above characterization holds also fork = 1 andl = Q.

Theorem D (Theorem 4.33) Consider G C UT(F) with FF = c1y. Then G is alter-
nating and invariant with respect to the colour inversion if and only if it is of the form
G = H % 7Z, where H =G N OF(F).

Finally, the glued tensor product and the glued free product, which are used to define the
quantum group complexifications, can be also understood as a special case of some gluing
procedure. In Section 5, we ask whether we can perform this procedure in the converse
direction and unglue some cyclic group 7y from a unitary quantum group. A particularly
nice result can be obtained if we are ungluing Zz. It is a generalization of [15, Theorem
4.10].

Theorem E (Theorem 5.13) There is a one-to-one correspondence between

(1) quantum groups G C O (F) % L with degree of reflection two and
(2) quantum groups G C U™ (F) that are invariant with respect to the colour inversion.

@ Springer



D. Gromada

This correspondence is provided by gluing and canonical Z,-ungluing.

In addition, we characterize coamenability and provide irreducible representations of
the canonical Z,-ungluings. These results are applied to the new Zj-extensions introduced
recently in [15] as those are special examples of canonical Z,-ungluings.

2 Preliminaries
2.1 Graded Algebras

Through the whole by Zj, the cyclic group of order k € Ny putting Zy := Z for k = 0.
A Zji-grading of a x-algebra A is a decomposition of the algebra into a vector space

direct sum
A=pa
i€Zy

such that the multiplication and involution of the algebra respect the operation on Zy, that is,
A,‘Aj CA,'j, A;-kCA,l'.

The elements of the i-th part a € A; are called Z-homogeneous of degree i.

By definition, every element f € A uniquely decomposes as f = ZieZk fi with f; €
A;. We call the elements f; the homogeneous components of f.

An ideal I C A is called Zi-homogeneous if it contains with every element f all its
homogeneous components f;. A quotient of the algebra with respect to a homogeneous
ideal inherits the grading.

The definition of a Z-grading for C*-algebras is quite simple for k € N. In the case of
the group Z or other groups, it gets a bit complicated and we will not mention it here. Let
A be a C*-algebra. A Zi-grading on A is defined by a grading automorphism, that is, an
automorphism a: A — A satisfying o Its spectrum consists of k-th roots of unity and the
corresponding eigenspaces can be identified with the homogeneous parts of A satisfying the
properties of the algebraic definition above.

If A is a Z-graded *-algebra by the algebraic definition, we can define the grading
automorphism by setting ar(x) = €27 //*x for x € Ay. The grading automorphism can be
then extended to the C*-envelope C*(A) by the universal property.

2.2 Compact Matrix Quantum Groups

We provide here only a brief overview of the notions concerning compact matrix quantum
groups. For more information, see for example [18, 21].

Let A be a C*-algebra, u € My(A), N € N. The pair (A, u) is called a compact matrix
quantum group if

(1) theelementsu;; i, j =1,..., N generate A,

(2) the matrices u and u’ = (u ji) are invertible,

(3) the map A: A — A ®uin A defined as A(u;;) := Z/?;l uix @ uyj extends to a
*-homomorphism.

The *-subalgebra O(G) generated by the elements u;; is dense in A and generalizes
the coordinate ring of G. It is actually a Hopf x-algebra, that is, it is closed under the
above defined comultiplication A, it is further equipped with a counit (a x-homomorphism

@ Springer



Gluing Compact Matrix Quantum Groups

€: O(G) — C mapping u;; — §;;), and an antipode (an antihomomorphism mapping
wij = ;).

Two compact matrix quantum groups G = (A, u) and G’ = (A’, u’) are considered
to be identical if there is a s-isomorphism O(G) — O(G’) mapping u;; — u:J Note
that the C*-algebras A and A’ might not be isomorphic — those might be two different
completions of O(G). To overcome this ambiguity, we work with the universal C*-algebra
Cy(G) := C*(0(G)). Given a compact matrix quantum group G = (A, u), its maximal
version G = (Cy(G), u) is again a compact matrix quantum group. From now on, we
will assume that every quantum group appearing in the paper is in its maximal version and
denote C(G) := Cy(G).

The above notion of identical compact matrix quantum groups indeed generalizes the
notion of matrix groups being the same (i.e. not only isomorphic, but also represented by
the same matrices). Similarly, we can define H = (C(H), v) to be a quantum subgroup
of G = (C(G), u) if there is surjective x-homomorphism O(G) — O(H) (or C(G) —
C(H)) mapping u;; > v;; assuming both matrices u and v have the same size.

On the other hand, two compact (matrix) quantum groups G and H are said to be iso-
morphic, denoted G ~ H, if there exists any *-isomorphism ¢: C(G) — C(H) such that
Agog =(p®¢)oAg.

An important question is also how to construct quantum subgroups. A set I C O(G) is
called a coideal if

A CI®OG)+0(G)®I and €(I)=0.

A coideal that is also a x-ideal is called a *-biideal. A Hopf *-ideal is a x-biideal that is
invariant under the antipode, that is, S(/) C I. Hopf *-ideals are in a one-to-one corre-
spondence with quantum subgroups. That is, given H C G, the kernel of the surjective
x-homomorphism O(G) — O(H) is a Hopf *-ideal. Conversely, given any Hopf *-ideal
I C O(G), then the quotient O(H) := O(G)/I is a Hopf algebra that defines a quantum
subgroup H C G.

2.3 Representations of CMQGs

For a compact matrix quantum group G = (C(G), u), we say that v € M,(C(G)) is a
representation of G if A(v;;) = Zk vk ® vy, where A is the comultiplication defined in the
previous subsection. In particular, the matrix u is a representation called the fundamental
representation.

A representation v is called non-degenerate if it is invertible as a matrix, it is called
unitary if it is unitary as a matrix, i.e. Zk v,-kv;fk = Zk v,fl. vgj = §;j. Two representations v
and w are called equivalent if there is an invertible matrix 7 such that vT = Tw.

For every compact quantum group it holds that every non-degenerate representation is
equivalent to a unitary one. Hence, given a compact matrix quantum group G = (C(G), u),
we may assume that u is unitary. At the same time u = (u;kj) is a non-degenerate represen-

tation, so there exists an invertible matrix F such that Fii F~! is unitary. Consequently, any
compact matrix quantum group G is, up to similarity, a quantum subgroup of the universal
unitary quantum group U™ (F) [24] for some F € My(C), N € N, whose C*-algebra is
defined by

CWUT(F)) = C*(ujj; i,j=1,...,N |uand FufF~! are unitary).
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Assuming F' F = ¢ 1y for some ¢ € R, we also define the universal orthogonal quantum
group OF(F) [1] by

C(OY(F)) = C*(uijs i,j=1,...,N|u= FuF'is unitary).
For a pair of representations u € M, (C(G)), v € M,,(C(G)), we denote by
Mor(u, v) :={T: C" — C" | Tu = vT}

the space of intertwiners between u and v. A representation u is called irreducible if
Mor(u, u) = C - 1. It holds that any representation is a direct sum of irreducible ones.

For a given quantum group G, we denote by Irr G the set of equivalence classes of G.
For o € Irr G, we denote by u® some unitary representative of the class «. It holds that the
matrix elements of all the u%, « € Irr G form a linear basis of O (G).

Remark 2.1 Let G and H be compact (matrix) quantum groups such that C(H) C C(G)
and Ay = Aglcuy. We may say that H is a quotient of G. Then

IrH ={a €elrrG | [u*);j € C(H) Vi, j} CIir G.

Indeed, any representation of H is by definition a representation of G. The notion of
irreducibility does not change if we enlarge the algebra.

2.4 Grading on Quantum Group Function Spaces

Given a compact matrix quantum group G = (C(G), u), we denote by
Ig == {f € Clxij, x;) | fuij, uj;) =0}

the ideal determining the algebras O (G) = C(x;;, xi*j)/IG and C(G) = C*(0(G)).

There is a natural structure of a Z;-grading on the algebra C(x;;, xl.*j) given by associat-
ing degree one to the variables x;;, and associating degree minus one to the variables xl*] In
this article, by a Z-grading we will always mean this particular grading.

If the ideal I is homogeneous, then the x-algebra O (G) inherits this grading. Moreover,
this grading passes also to the fusion semiring of irreducible representations in the following
sense. For any o € Irr G, there is dy € Zj such that all the matrix entries of u® are Zj
homogeneous of degree d,,. We will call d, the degree of the irreducible u®.

3 Representation Categories

The main point of this section is to formulate the Tannaka—Krein duality for unitary com-
pact matrix quantum groups. The Tannaka—Krein duality for quantum groups was first
formulated by Woronowicz [29]. Essentially it says that any compact quantum group can be
recovered from its representation category. Since then, many formulations of this statement
appeared — from very categorical ones such as in [18] to very concrete ones such as [17].
We will stick here to the latter approach reformulating it a bit in the spirit of [11] to fit into
our setting.

All the concepts presented in this section are well known to the experts. Therefore, we
try to keep the section very brief. On the other hand, since the topic is quite new and rapidly
developing, it is hard to give some general reference here. Some of the concrete notation
and formulations of definitions and propositions are actually author’s original. We refer to
the author’s PhD thesis [14] for a more detailed discussion of the concepts. See also [5].
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3.1 Two-coloured Categories

Consider a compact matrix quantum group G = (C(G),u) C Ut (F), F € GL(N, C).
Denote u® := u, u® := Fi F~'. Denote by # the free monoid over the alphabet {ce}. For
any word w € %/, we denote u®¥ the corresponding tensor product of the representations
u® and u®.

For a pair of words wy, wy € #/, denote

Co(wy, wa) : = Mor(u®, u®"2)
= (T: ((CN)®Iw1I N ((CN)®|w2\ | Tu®% — u®sz},

Such a collection of vector spaces forms a rigid monoidal x-category in the following sense

(1) ForT € €g(wy, w2), T" € 66w}, w)),wehave T @ T’ € € (wiw), waw}).

(2) ForT € G5(wi, wp), S € 6g(wa, w3), we have ST € G (wi, w3).

(3) ForT € 6;(wi, wa), we have T* € € (wr, wy)

(4) For every word w € #, we have lﬁlw‘ € 66 (w, w).

(5) There exist vectors &, € %6 (8, ce) and £ € (9, e0) called the duality
morphisms such that

€5 ®lew)(ey ®E ) =lcw, €L ®lem)(ey ®E) =1cv. (3D
For the last point, we can write explicit formulae

(Eqlij = Fjio [l =1F " 32

Definition 3.1 Consider a natural number N € N. Let € (w, w2) be a collection of
vector spaces of linear maps (CV Y®lwil 5 (CN)®lwal satisfying the conditions (1)—(5)
above. Then we call € a rwo-coloured representation category. For any collection of sets
C(wy, wy) of linear maps (CV)®wil . (CN)®lw2l gatisfying (5), we denote by (C) the
smallest category containing C. We say that C generates this category.

The justification for this name is given by the following formulation of the Tannaka—
Krein duality, which comes from [11].

Theorem 3.2 (Woronowicz—Tannaka—Krein duality for CMQG) Let € be a two-coloured
representation category. Then there exists a unique compact matrix quantum group G such
that € = 6¢. This quantum group is determined by the ideal

I = span{[Tu®"! — u®w2T]ji | T € € (wr, wr)}.

We give only a sketch of proof here. For a detailed explanation, see [13, Theorem 3.4.6].
The proof closely follows the proof formulated for orthogonal quantum groups in [17].

Sketch of proof In order to give a sense to the formula for I, we need to specify the matrix
F, so that the matrix u® is well defined. We fix the duality morphisms satisfying (3.3) and
define F according to Eq. 3.2. Note that the duality morphisms are not defined uniquely
by Eq. 3.3. Part of the “uniqueness” statement is that the resulting quantum group does not
depend on the particular choice of F.

It is straightforward to check that /¢ is a biideal. We obviously have Ig D I+ ). Then
we can check that I /Iy+F) C O(U™(F)) is a Hopf x-ideal. Hence I defines a compact
quantum group. (See [14, 17] for details.)
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Now, let & a £ a be alternative solutions of Eq. 3.3 and let F be the alternative matrix
and G the alternative resulting quantum group. Then we have

(éf_a ® len)(ley ® €)= FF™' € €5(e, ¢) = Mor(u®, u®).

This means that u® = FF~'u*FF~! = FiF~! and hence G C G. From symmetry, we
have G = G.

It remains to prove that we indeed have ¢ = % (from construction, we can actually
easily see that 6 O %) and that G is a _unique quantum group with this property, that
is, if 6z = ¢ for some quantum group G C Ut (F), then surely G = G (again, from

construction, we obviously have G D G). This can be proven using the double commutant
theorem, see [14, 17]. O

Proposition 3.3 Let G C U™ (F) be a compact matrix quantum group. Suppose that the
associated category 6 is generated by some collection C (w1, w2). Then I C C(x;j, xl.*].)
as an ideal is generated by '

(ITx®" —x®"2T)5 | T € C(wy, wa)}.

Proof Denote by I the ideal generated by C as formulated above. Obviously, we have I C
1. To prove the opposite inclusion, it is enough to prove that

E(wi, w) := {T: (CV)®WIl 5 (CN)®w2l | Tx®@w1 _ x@uaT ¢ [}

form a category. Then, since obviously C C % and hence 6 C €, we must have I C I.
So, denote A := C(xij,x;kj)/l and by v;; denote the images of x;; by the natural
homomorphism. Taking T} € € (w1, wp), T» € € (w2, w3). Then
T2T1U®wl = T2v®w2T1 = U®w3 T2T1,

so T» Ty € € (w1, ws). For tensor product and involution, the proof is similar. O

Remark 3.4 Recall the universal orthogonal quantum group OV (F) C U™ (F), which is
defined by the relation u = FitF~!. The relation can also be written as u® = u®. Conse-
quently, we have u®” = u®"! for any w € #, so only the length of the word w matters.
Forany G C O™ (F), we define

%G (k. 1) = Moru®, u®) = €5 (w1, wy),
where w1, wy are any words with |w| = k and |w;| = [.

3.2 Representation Categories of Quantum Subgroups, Intersections,
and Topological Generation

In this section, we would like to briefly explain the concepts of the quantum group intersec-
tion and topological generation. Together with quantum subgroups, we relate those notions
with the associated ideals of algebraic relations I and the representation categories 6.
See also [14, Sections. 2.3.4, 2.5.4, 2.5.5, 3.4.5] for more detailed discussion.

Proposition 3.5 Consider G, H C U (F). Then the following are equivalent.

(1) HcCG,
2 1In >l
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(3) Cu(wi, w2) D Cc(wi, wa) forall wi, wy € #'.

Proof The equivalence (1) < (2) follows directly from the definition of quantum sub-
group. The equivalence (2) < (3) follows from Tannaka—Krein duality (Theorem. 3.2). [l

Consider Hy, Hy C UV (F). Their intersection Hy N H, is the largest compact matrix
quantum group contained in both H; and H,. This notion was recently heavily used
especially in the work of Teodor Banica. See [5].

Proposition 3.6 Consider G, Hy, H, C U™ (F). Then the following are equivalent.

(1) G=H NH,
2) Ig =1y, + Ip,,
(3) €6 = (Ch,, Chy)-

Proof The equivalence follows from Proposition 3.5. G being the largest quantum group
contained in H; and H> is equivalent to I being the smallest ideal containing /g, and Ig,,
which is equivalent to ‘6 being the smallest category containing ¢y, and Gp,. O

Consider Hy, H, C UV (F). The smallest quantum group G containing both H; and H;
is said to be topologically generated by H; and H,. We denote it by G = (Hj, H>). This
notion goes back to [6, 9].

Proposition 3.7 Consider G, Hy, Hy C U™ (F). Then the following are equivalent.

(1) G={(Hi, Ha),
(2) g is the largest Hopf x-ideal in Iy, N Iy,
3) Co(wi, wa) = Cu, (Wi, wa) N Ch, (Wi, wa) forall wi, wr € #.

Proof Again, the equivalence follows from Proposition 3.5. G being the smallest quantum
group containing H; and H, is equivalent to I being the largest ideal contained in /g, and
I'h,, which is equivalent to 6 being the largest category contained in €, and Gp,. O

3.3 Frobenius Reciprocity

We define an involution on the set of two colours {oe} mapping o > e, e — o. We extend
this operation as a homomorphism on the monoid %, denote it by bar w +— w, and call it
the colour inversion. We denote by w* the colour inversion composed with reflection on w
(that is, reading the word backwards).

Consider a two-coloured representation category % and fix the duality morphisms & o
En.We define a map Rrot: €' (wy, wya) — € (wia, wy) fora € {oe}by T > (I emywa ®
ENT ® 1gnv) with & = éﬂ ifa =ocand & = En if a = o. We call this map the right
rotation.

This map has an inverse Rrot™!: € (wia, wy) — € (wi, w2a) givenby T — (T ®
l(cN)(l((CN)@wl\ ® &). Similarly, we can define the left rotation Lrot: € (aw;, wy) —
€ (wy, awy). As a consequence, we have the following.

Proposition 3.8 Let € be a two-coloured representation category. Then € is generated by
the collection € (@, w) with w running through %' .
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Proof We have € (w1, wp) = Rrot!l €, wiw}). O

Corollary 3.9 Let G be a compact quantum group. Then the ideal I is generated by
relations of the form u®ve = &.

Some authors denote Fix(#®") := Mor(1, u®¥) = €5 (¥, w). Such particular intertwin-
ers £ € Mor(1, u®¥) satisfying u®¥& = & are called the fixed points of u®?.

Not only that the collection € (¥, w) already determines the whole category €. We can
even characterize representation categories in terms of those fixed point spaces by intro-
ducing some alternative operations. The following essentially reformulates the operations
defined in [13].

Definition 3.10 Consider a two-coloured representation category . Denote for simplicity
&, =& o and &, ;=& o We define the following operations on the sets €' (4, w).
® Ifga; and a4 have opposite colours, we define the contraction:
I;: €W, a1---ar) > €W, a1---ai—1ai42 - - ax),
Oin:=(Iy®---®IN®E Iy - @ 1n)n.

m
Ui =7t 71 77"
3

On elementary tensors, it acts as

L@ ®@m) = Fn)m®- - @ni-1 @ni+2® - @ Nk

®  We define the rotation:

Pictorially,

R:CW,a1---ay) — €W, aray - - ax—1), R :=LrotoRrot, so
Rp=(Iy® - ®Ixy®& )y ®n® In)éy.
Pictorially,

On elementary tensors, it acts as
RM® - ®@m)=(FFn) ®n ® - Q@ n—1.

Note that the rotation is obviously invertible with R~! = Rrot™' oLrot™!:
CW,ar---ap) > €O, ar- - akay).
®  We define the reflection:

*CW,a1---ar) > CW,ar---ay)
kn* — (n*® lNak QR ® lNal)Sal"'ak’

where &, ...q, is the duality morphism associated to the object aj - - - ;. Pictorially,

el

On elementary tensors, it acts as

M- @) =F*p) @ - & (F'q1).

n* := Rrot~
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Proposition 3.11 For any two-coloured representation category €, the collection of sets
E W, w), w € ¥ is closed under tensor products, contractions, rotations, inverse rotations,
and reflections. Conversely, for any collection of vector spaces € (w) C (CMN)®¥! that is
closed under tensor products, contractions, rotations, inverse rotations, and reflections and
satisfies axiom (5) of two-coloured representation categories, the sets

€ (w1, wy) = {Rrot™! & | & € G (waw})} = {Lrot™™! p | p € € (wiwa)}

form a two-coloured representation category.

Proof The first part of the proposition follows from the fact that all the new operations are
defined using the category operations of tensor product, composition, and involution.

The converse statement is proved by expressing the category operations in terms of the
new operations:

Lrot % E® Rrot"’ n Lrot ¥ Rrot"’ E®n),
(Rrot* £)* = Rrot’ &,
(Rrot’ n)(Rrot* &) = Rrot* Mg Mpin - Mpar(n @ £),

where we assume that & € € (wjwy) and n € € (wjw}) (for the first row), resp. n €
% (wow3) (for the last row). O

3.4 Free and Tensor Product
The following two constructions were defined by Wang.

Proposition 3.12 ([25]) Let Hy = (C(H}), v1) and Hy = (C(H>»), vp) be compact matrix
quantum groups. Then H| x Hy := (C(H}) *C (H2), v1 @ v) is a compact matrix quantum
group. For the co-multiplication we have that

As([v1lij) = Ap,([vilij),  Asx([v2l) = A, ([v2])-

Proposition 3.13 ([26]) Let Hi = (C(H}), v1) and Hy = (C(H>»), v2) be compact matrix
quantum groups. Then Hy x Hy := (C(H1) Qmax C(H3), v1 @ v2) is a compact matrix
quantum group. For the co-multiplication we have that

Ax([vilij @ 1) = Apy ([v1lij),  Ax(A ® [v2lu) = Ap, ([v2]i)-

The tensor product of quantum groups is a generalization of the group direct product.
The free product should also be seen as some free version of the direct product. Note in
particular that the free product of compact quantum groups does not generalize the group
free product since the freeness occurs in the C*-algebra multiplication not in the quantum
group comultiplication. For this reasons, some authors call it rather dual free product.

We will focus here mainly on products of quantum groups H = (C(H), v) with cyclic
group duals Z. Denote by z the generator of the C*-algebra C*(Zy), so the fundamental
representation of H Zk or H x Zk is of the form u := v @ z. Now, we would like to
describe the corresponding representation category. For our purposes, it will be convenient
not to restrict only to the intertwiner spaces between tensor products of #° and u°®, but to
keep track of the blocks v and z.

Consider G C Ut (F)*Zy, for some k € Ny with fundamental representation of the form
u = v @ z, where z is one-dimensional. Denote by N the size of v. We define a monoid
W with generators o, m, 2, A and relations 24 = aa = ¢, ok = @, where ¢ is the monoid
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identity. We denote u° := v°, u" := v°®, u* := z, u* = z*, so u®" is the tensor product of
the corresponding representations. We denote by [w] the number of white and black squares
in a given word w (which is well defined in contrast with the overall length of w).

Then we can associate to G the following category

(w1, w2) 1 = Mor(u®"!, u®"?)
= {T: (CV)®] 5 (cN)®lmal | 7y @1 = Oy,

where wy, wy € #4.
The axiomatization of a two-coloured representation category extends to this case as
follows.

Definition 3.14 Consider a natural number N € N and k € Ny. A collection € (w1, w»),
wi, wy € # of vector spaces of linear maps (CN)®wil — (CV)®lwal 5 called a Z;-
extended representation category if it satisfies the following

(1) ForT € €g(wy, w2), T" € 66w}, w)),wehave T @ T’ € € (wiw), waw}).

(2) ForT € C(wi, wz), S € 6g(wa, w3), we have ST € 65 (wi, ws3).

(3) ForT € G5(wi, wy), we have T* € 6 (wr, wy)

(4) For every word w € ¥}, we have 1%[“)] € o (w, w).

(5) There exist vectors & € 6c (¥, om) and §n € 6c (W, mo) called the duality
morphisms such that

EL @ le)Ioy @) =lov, L ® 1oy @€ =lov.  (33)

In other words, Z-extended categories are rigid monoidal *-categories with % being
the monoid of objects and morphisms realized by linear maps. Note that it is not necessary
to assume the existence of duality morphisms for the triangles a since we automatically
have €' (4, aa) = € (@, an) = € (@, ¥) > 1 being the duality morphism.

We can reformulate many results mentioned above to this Z-extended case. In particular,
the Tannaka—Krein duality associates a compact matrix quantum group G C U™ (F) x Zk
to any Zg-extended representation category.

Also the Frobenius reciprocity holds for Z;-extended representation categories and the
operations on the fixed point spaces can be defined in a similar way. In particular, the
contraction € (4, wiomw;) — € (0, wiwy) or € (W, wimow,) — € (B, wiwy) is defined
the same way as in Section 3.3. On the other hand the contraction % (0, wirawy) —
€ (@, wiwo) is simply the identity since already on the level of objects we have wsawy =
wiws. Similarly, the rotation of squares is defined the same way as the rotation of circles in
Section 3.3 and will be denoted by R. The rotation of triangles is then simply the identity.
Consequently, we have R("21: €@, wiws) — €@, wowy).

A way how to model Z;-extended representation categories using partitions is described
in [15]. Many new examples of quantum groups were obtained using this approach. In
particular, several new product constructions interpolating the free and tensor product.

4 Glued Products
In [13, 15, 22], the representation categories of glued products of orthogonal easy quantum

groups with cyclic groups were studied. Here, we revisit the theory dropping the easiness
assumption.
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4.1 Gluing Procedure

Definition 4.1 Let G be a compact matrix quantum group with fundamental representation
of the form u = v; ® vy. Denote by A the C*-subalgebra of C(G) generated by elements
of the form [vy];;[v2]k;. Then G := (A, V] ® v2) is a compact matrix quantum group called
the glued version of G.

A particular example of the gluing procedure is the glued free product Hy * H» defined
as the glued version of the free product H; * H, and the glued tensor product H; x Hy
defined as the glued version of the tensor product H; x H>. Those two definitions were first
formulated in [22].

Again, we will be interested in particular in the case when u = v @ z, where z is one-
dimensional. The glued free product H % Zk is also called the free k-complexification of
H and the glued tensor product H x Zk is called the tensor k-complexification. The free
complexification was studied already by Banica in [2, 3].

Remark 4.2 The glued version Gofa quantum group G is by definition a quotient of G. It
may happen that the elements [v;];;[v2]x already generate the whole C*-algebra C(G), so
C(G) = C(G). In this case, we have that Gis isomorphic to G. However, the G and G are
still distinct as compact matrix quantum groups since their fundamental representations are
different.

The same holds in particular for the glued products and for the complexifications. Con-
sidering G = (C(G),v) and Zx = (z, C*(Zy)), we have that G X Zx ~ G x Zy or
G%Zk ~ G*Zk if the elements v;;z actually generate the whole algebra C(G) ®max C* (Zy),
resp. C(G) xc C*(Zy).

Now, we are going to characterize the representation categories of the glued versions.

Definition 4.3 Let us fix k € Ny. Then for any word w € % we associate its glued version
W € ¥} mapping o > 04, e > Am,

Proposition 4.4 Consider G C UT(F) * Zx with fundamental representation u = v @ z.
Let 6¢ be the associated Zy-extended representation category. Let G be the glued version
of G. Then

Ce (w1, wa) = GG (W1, W)
for every wi,w, € W That is G is a full subcategory of € given by considering the
glued words only. The ideal associated to G can be described as

Ig ={f € C{%ij, X[3) | f(xijz, 2%x])) € I} = I N Clxijz, 2°x]5).

Proof Denote by v = vz the fundamental representation of G. Consider a word w and its
glued version w. Directly from the definitions of ¥ and @, we have 7% = u®¥. So,

i (wi, wy) = Mor(5®!, 5%"2) = Mor(u®"', u®"?) = 65 (W1, ).
For the ideal, we have
Ig = {f € Clxij, §5) 1 0= f(0;j, U;) = f(vijz, 2*v};) in C(G) € C(G)}
= {f € Cl&ij. ) | f(xijz. 2*x) € Ig).
O
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4.2 Glued Version and Projective Version

As a side remark, let us relate the new notion of glued version with already existing notion
of projective version.

Definition 4.5 ([8]) Let G C U™ (F) be a compact matrix quantum group. We define its
projective version as PG := (C(PG),u° ® u®), where C(PG) is the C*-subalgebra of
C(G) generated by the elements ulf’].u,:l.

Proposition 4.6 Consider a compact matrix quantum group G with fundamental represen-
tation of the form vy @ vy. Denote by G’ := (C(G), v ® v3) =~ G. Let G be the glued
version of G. Then G ~ PG'.

Proof By definition, we have that PG’ is determined by a C*-subalgebra C(PG’) C C(G)
generated by matrix elements of the fundamental representation of PG’, which is of the
form (v} ®v}) & (V] ®v3) @ (vy ®v]) © (v ®v3). In contrast, C(G) C C(G) is generated
only by v] ® v3. We need to show that C(G) and C(PG’) coincide as subalgebras of C(G).
We can express

VRV = (v ®)°,
V¥R = (id®§§%§* ®id) (1} ® v] ® V3 ® u;)(id®siff ® id)/||gi%f||2,
v @03 = (d@5 " ®id s ® v} ® v @ v3)(det ) @id)/IEL),

where & o= & i‘ll) D& iZf and & a= f;i_lg dE 523 are the duality morphisms corresponding to
v @ V2. O

Remark 4.7 Often it happens that G and G’ are identical as compact matrix quantum
groups. For instance, in the case of tensor product or free product with Z. So, we can write

H X7y~ PH xZy),  H%ZL >~ P(Hx*L).
4.3 Degree of Reflection

We characterize the notion of the degree of reflection, which was introduced in [23] in the
categorical language and in [15] for general compact matrix quantum groups.

Definition 4.8 ([23]) For a word w € #, we define c(w) to be the number of white circles
o in w minus the number of black circles e in w.

Recall that given a quantum group G = (C(G), u), we can construct a quantum subgroup
of G — so called diagonal subgroup — imposing the relation u;; = 0 for all i # j. If
we, in addition, impose the relation u;; = u;; for all i and j, we get a quantum group
corresponding to a C*-algebra generated by a single unitary. Therefore, it must be a dual of
some cyclic group.

Definition 4.9 ([15]) Let G be a quantum group and denote by I" the quantum subgroup of

G given by u;j = 0, u;; = ujj foralli # j. The order of the cyclic group I' is called the
degree of reflection of G. If the order is infinite, we set the degree of reflection to zero.
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Lemma 4.10 Let G = (C(G), u) be a compact matrix quantum group, k € Ng. The
following are equivalent.

(0) The number k divides the degree of reflection of G.

(1)  The mapping u;j — &;;z extends to a x-homomorphism ¢ : C(G) — C*(Zk).
(2) Foranyw € ¥, Mor(1, u®¥) # {0} only if c(w) is a multiple of k.

(3) Theideal Ig is Zyx-homogeneous.

(4) We have G = G X Zy.

Proof (0) < (1): If kg is the degree of reflection of G, then directly by the definition there
is a k-homomorphism ¢: C(G) — C *(Zko). Such an homomorphism obviously exists also
if k is a divisor of ko. By definition, Zko is the largest group with this property, so k must be
a divisor of k.

(1) = (2): Take any & € Mor(1, u®v), so u®¥& = &. Applying the homomorphism ¢,
we get z¢WE = £ If £ # 0, we must have z°®) = 1, so ¢(w) is a multiple of k.

(2) = (3): By Corollary 3.9, I is generated by the relations u®%¢ = £, £ ¢
Mor(1, u®¥). Since the entries of u®¥ are monomials of degree c(w), the relations u®¥¢ =
& are Z¢(w)-homogeneous (of degree zero). Consequently, they are also Z;-homogeneous
and hence generate a Zg-homogeneous ideal.

(3) = (4): We need to show that u;; — u;;z extends to a *-isomorphism C(G) —
C(GXZy).To prove that it extends to a homomorphism, take any f € Ig. Suppose f is Zj-
homogeneous of degree /. Then, since u;; and z commute, we have f(u;;z) = f(u; j)zl =0.
It is surjective directly from definition. For injectivity, note that the projection to the first
tensor component C(G) ®max C*(Zr) — C(G) restricts to the inverse of «.

4) = (1): We define ¢ := (¢ ® id)a, where € is the counit of G and « is the
x-homomorphism C(G) - C(G) ® C* (Zk). Then indeed ¢ (u;;) = €(u;j)z = d;;z. O

As a consequence, we have the following four equivalent characterizations of the degree
of reflection.

Proposition 4.11 Let G be a compact matrix quantum group, k € Ny. The following are
equivalent.

(1) The number k is the degree of reflection of G.

(2)  We have {c(w2) — c(wy) | Cc (w1, w2) # {0}} = kZ.

(3) The number k is the largest such that Ig is Zk-hqmogeneous.
(4)  The number k is the largest such that G = G x Zy.

In items (3) and (4), we consider zero to be larger than every natural number (equivalently,
consider the order defined by “is a multiple of”).

Proof We just take the maximal £ (in the above mentioned sense) satisfying the equivalent
conditions in Lemma 4.10. For (2) note that the set {c(w;) — c(wy) | G (w1, wy) # {0}}
is indeed a subgroup of Z. The fact that {c(w;) — c(w1)} is closed under addition follows
from % being closed under the tensor product. The fact that {c(w3) — c(w;)} is closed
under subtraction follows from % being closed under the involution. The statement (2) in
Lemma 4.10 can be formulated as {c(wy) — c(w1) | €6 (w1, w2) # {0}} C kZ. Taking the
maximal k, we gain the equality. O

@ Springer



D. Gromada

Proposition 4.12 Consider G C O7(F). Then one of the following is true.

(1) The degree of reflection of G is one and 6¢(0, k) # {0} for some odd k € Ny.
(2) The degree of reflection of G is two and 6 (k, 1) = {0} for every k + [ odd.

Proof Recall from Remark 3.4 that the intertwiner spaces % (w1, w;) depend only on the
length of the words w; and wyp for G C O (F). This allowed us to introduce the notation
66 (k,1). Now the proposition follows from Proposition 4.11. First of all, the degree of
reflection must be a divisor of two (that is, either one or two) since we have 65 (4, oo) =
GG (B, 00) > & 5 # 0. Then G has degree of reflection one if and only if ¢ (4, w) =
%60, lw|) # {0} for some word w with ¢(w) = 1. Such a word with c¢(w) = 1 must be of
odd length. O

4.4 Global Colourization

The notion of globally-colourized categories was introduced in [23] and studied in more
detail in [13]. Here, we reformulate the results in the non-easy case.

Definition 4.13 A compact matrix quantum group G = (C(G), u) is called globally
colourized if the following holds in C(G)

WijUy = Ug Ui “.1)

for all possible indices i, j, k, .

Assuming G C U™ (F), this can be equivalently expressed using the entries of the
unitary representations u° = u and u® = FiaF~' as

o e __ e o

Proposition 4.14 A compact matrix quantum group G = (C(G), u) is globally colourized
if and only if for every wi, wa, w, wy € W satisfying |(w}| = |wil, |w)| = |wa|, c(w)) —
c(w)) = c(wz) — c(wy) we have

’ ’
Mor(u®%1, u®%2) = Mor(u®"!, u®"2).

Proof The equality (4.2) can be also expressed as u° @ u® = u® ® u°, so it is equivalent
to saying that the identity is an intertwiner between u° ® u® and u#®* ® u°. From this, the
right-left implication follows directly.

For the left-right implication, from Frobenius reciprocity, it is enough to show the equal-
ity for wy = w| = @. It is easy to infer that if the identity is in Mor(u® ® u®, u® ® u°), we
must also have the identity in Mor(u® ® u°, u° ® u®) and hence also in Mor(u®"2, u®w§),
and Mor(u®"2, u®»2), which implies the desired equality. O

Consider H C 0;(F ). It is easy to check that the tensor complexification H X T is
a globally colourized quantum group with degree of reflection k for every k € Ny. In the
following theorem, we prove the converse for k = 0.

Theorem 4.15 Consider G C Ut (F) with FF = cly, ¢ € R. Then G is globally
colourized with zero degree of reflection if and only if G = H x Z, where H = GNOF(F).

@ Springer



Gluing Compact Matrix Quantum Groups

Proof We denote by u, v, z the fundamental representations of G, H, and 21(, respectively.
The quantum group H is the quantum subgroup of G defined by the relation v° = v°®. As
mentioned above, the right-left implication is clear since v;; commute with z, so

* *
u;?ju,:, = v;jz2 v = 2V vz = “i.j“lil'

Now, let us prove the left-right implication. First, we show that there is a surjective
*-homomorphism

a: C(G) = C(H x 7) C C(H) ®max C*(Z)

mapping u;; u;j := v;;jz. To show this, take any element f € Ig. Since I is
Z-homogeneous, we can assume that f is also Z-homogeneous of some degree /. Then
f(u;j) = f(vijz2) = f(v,-j)zl = 0. This proves the existence of such a homomorphism. Its
surjectivity is obvious.

Now it remains to prove that « is injective and hence is a x-isomorphism. Denote by
& € Mor(1,u° ® u®) ¢ CN @ CV the tensor with entries &j = 2 Fj;, which is

1
VTI(F*
normalized so that £*& = 1. We construct a x-homomorphism
B: C(H) @max C*(Z) — Ma2(C(G))
mapping

0 0 u},
zr—>z/:=(1 é) UinUz{j::(u- 0”) yi=E"(u®uk.

ij
To prove the existence of such a homomorphism, we need the following.
Using the fact that ££€* € Mor(u° ® u®, u® ® u®) = Mor(u ® u, u ® u) (the equality
follows from global colourization thanks to Proposition 4.14), we derive

W =Eu@uEE W @u)E = ETEET (uu” @ uu™)E =1
and similarly y*y = 1. From this, we can also deduce z'z"* = 7%z’ = 1.
Using the fact that 1 y ® ™ € Mor(u° ®u° Qu®, u®) = Mor(u® Qu° Qu®, u°), we derive
u'y=(InN®EHU* @u°@u°)(ly ®§) = u°

and similarly yu® = u°. This allows us to see that vlsz’ = z’vlfj =u;j 1o.

Now, it only remains to show that all relations of the generators v;; are satisfied by v] -
For this, note that /g is generated by the relations v°® = v® and the ideal /. For the first
part, we use the assumption FF = ¢ 1y to derive

. 0 i* 1, ( O FFuF7'F7Y\ _ (0w
v _(12®F)(ﬁo )(12®F )_<le_lF_l 0 - M'O =v.

For the second part, take any f € Ig. Assume it is Z-homogeneous of degree i. Then we
have
Fi) = fuijz™) = fuijz™ =0.
This concludes the proof of existence of 8. Now, noticing that § o « is the embedding
of C(G) into diagonal matrices over C(G), we see that o« must be injective. O

Remark 4.16 We leave the situation for general degree of reflection k € N open. Modifying
the proof, it is actually easy to show that, for any globally colourized G with degree of
reflection k, we have

HXxZyCGCHXZ.
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However, we were unable to prove the inclusion G C H X Zx. This problem is actually
equivalent to proving a stronger version of Proposition 4.14: Consider G globally colour-
ized with degree of reflection k. Taking wy, wp, € # with |w;| = |w;|, does it hold that
Mor(1, u®*1) = Mor(1, u®*2) whenever c(w;) = ¢(wz) modulo k?

4.5 Tensor Complexification

In this section, we study the tensor complexification with respect to representation cate-
gories and algebraic relations.

Theorem 4.17 Consider a compact matrix quantum group G = (C(G), v), k € N. Denote
by 7 the generator of C*(Zy) and by u := vz Ehe fundamental representation of G X Z. We
have the following characterizations of G X Z.

(1) Theideal 1 G is the Zy-homogeneous part of Ig. That is,

IG%Zk ={felg| fi € Ig foreveryi € Z}.
(2) The representation category of G X Zk looks as follows

Mor(v®¥1, v®¥2)  if c(wy) — c(wy) is a multiple of k,

Mor@®"!, u®"?) = i
{0} otherwise.

3) Gx Zk is topologically generated by G and Zk. More precisely, G X ZAk = (G, Ex Zk),
where E denotes the trivial group of the appropriate size, so E x Zy is the quantum
group Zji with the representation 7 @ --- @z =z 1y.

Proof For (1), we can express

fljuf) = fijz, 25 = Y fitvijz, 2505 = Y fitvij, v,
lEZk ]EZk

where f = ), f; is the decomposition of into the homogeneous components f; of degree
[.Ifall f; € Ig, so fi(vij, v;;) =0, we have f(v;;z, z*v;) =0,s0 f € Icizk' Conversely,
if there is some I € Zi such that f; & Ig, then f(v;jz, z*v;}) # 0 and hence f ¢ 1659,

For (2), first we prove that Mor(1, u®¥) = Mor(1, v®¥) if c(w) € kZ. Indeed, we
have u®" = (vz)®¥ = FWyBW = y®¥_ Secondly, the fact that Mor(1, u®?) = {0} if
c(w) ¢ kZ follows from Lemma 4.10. A

To prove (3), note that the category corresponding to G x Z (given by (2)) is indeed the
intersection of the category % and the category %E;Zk , whose morphism spaces are given
by
CVM if c(wy) — c(wy) is a multiple of k,

Qwi Qu2y —
Mor((z In)="", (z 1y)="?) = {{0} otherwise.

O

Remark 4.18 An alternative proof of the proposition above could go as follows. One can
easily see that the Zy-extended category associated to G x Zy looks as follows

Ce(wy, wh) if t(wy) — t(wy) is a multiple of k,
Cnz, (W1, w2) =
Ok {0}

otherwise,
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where wi, w) € # are created from wy, wy € #; mappingo — o,m+—> e, A >, A >
and by ¢ (w) we mean the number of white triangles A minus the number of black triangles a
in w (which is a well-defined element of Zy). The item (2) of the proposition then follows
from Proposition 4.4.

Remark 4.19 As a consequence of Theorem 4.17, we have that
(GXL)XxZ=Gx Zlcm(k,l)

A direct proof of this statement was formulated already in [22, Proposition 8.2].

Lemma 4.20 Let G C U™ (F) be a quantum group with degree of reflection k. Denote by
v its fundamental representation. Consider | € No and denote by z the generator of C*(Zy).
Then z¥ € C(G % Z[)for every . Consequently, %0 € C(G X Z[)for every n € Ny, where
ko := ged(k, D).

Proof From Proposition 4.11,Awe can find a vector £ € Mor(1, v®?¥) with ¢c(w) = k and
€l = 1. Recall that C(G X Z;) is generated by the elements v; jz and that v;; commute
with z, so

C(G X 2y 3 £*(v2)®"E = £*v®"g ™) = &,

Consequently, 7" e C(G % Zk) for every n and obviously {z”k},,eNO = {z”ko}neNU. O

Proposition 4.21 Let G C U™ (F) be a quantum group with degree of reflection k.
Consider a number | € Ny. Then G X Z; ~ G x Z; if and only if k is coprime with [.

Proof Assume we have G x Z[ ~ G x Zl. Suppose d is a divisor of both k and /. Then
we must have also G X Zd ~ G x Zd. But from Lemma 4.10, we have that G X Zd =G,
which is a contradiction unless d = 1.

For the converse, denote by v the fundamental representation of G and by z the generator
of C*(Z;). It is enough to show that we have z € C(G x Zl) C C(G) Qmax C*(Z;) since this
already implies the equality of the C*-algebras. This follows directly from Lemma 4.20. [

Remark 4.22 1f [ is not coprime with k, but [y := [/ gcd(k, I) is coprime with k, we can use
Remark 4.19, Lemma 4.10, and Proposition 4.21 to obtain
G x Zl = (G X chd(k,l)) X Zlo =G X Zlo ~ G X Z[O.
Finally, we are going to characterize irreducible representations of the tensor complex-

ification. Note that the irreducibles of the standard tensor product G x Zl (or G x H in
general) was obtained already by Wang in [26].

Proposition 4.23 Let G C U +(E ) be a quantum group with degree of reflection k. Con-
sider arbitrary | € Ny. Then G X Z; has the following complete set of mutually inequivalent
irreducible representations

{uazki+da |0[EIITH, i:o,...,l()_l}v (43)

where lg = 1/ ged(k, 1) and z is the generator of C*(Zy,).
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Proof Since G has degree of reflection k, the ideal Ig is Zi-homogeneous by Proposi-
tion 4.11. This means that the algebra O(G) is Zi-graded assigning degree one to v;; and
degree minus one to vl*J where v is the fundamental representation of G. Consequently, the
entries of any irreducible representation u®, o € Irr G are Zg-homogeneous of some degree
dy (recall Section 2.4).

By Theorem 4.17, I G2, is the Z;-homogeneous part of Ig. Consequently, I G2, is
Ziem(k,1-homogeneous and O (G X Zl) iS Ziem(k,1y-graded. However, this time the degree is
computed with respect to the variables u;; := v;;z.

The irreducible representations of the standard tensor product G x 7, were described by
Wang in [26]. Namely, those are exactly all u“z" witho € IrrG,n = 0,...,1 — 1. We
just have to choose those whose matrix entries are elements of C(G X Zz) C C(G x Zl).
That is, we need to determine all the pairs («, n) such that u“z" is a matrix with entries in
C(G %X 7y) C C(G x Ly).

We first prove that every irreducible of G x 7y is equivalent to one from Eq. 4.3. As we
just mentioned, it must be of the form u“z" for some «, n. Since it is a representation of
G x 7, it must be a subrepresentation of u®* = v®¥z¢™) for some w € # . Consequently,
u® is a subrepresentation of v®%, s0 dy = c(w) modulo k. In addition, we must also have
n = c(w) modulo /. As a consequence, n = d, modulo ko := gcd(k, ). Thus, we must
have n = koi + d, for some i € Z. Obviously, {zX0it%}; 7 = {zki*’d“}g“:l.
For the converse inclusion, we need to show that the entries of u®z¥*9« are elements
of C(G % Zl) for every «, i. Since u® is an irreducible representation of G, it must be
a subrepresentation of v®" for some w € # . Consequently, u%z°™) is a subrepresentation
of u®® = v®¥z¢®) Hence, it is a representation of G x Z;. From Lemma 4.20, it follows
that also u®zK+eW) js 4 representation of G X Z[. Since dy = c¢(w) modulo k, this is
equivalent to considering representations u® %+ O

4.6 Free Complexification

The goal of this section is to characterize the representation categories of the free complex-
ifications, that is, the quantum groups H % 7. For the free complexification, we do not have
many results yet even in the easy case. In [22], the two-coloured categories corresponding
to free complexifications of free orthogonal easy quantum groups are provided. For us, the
motivating result is [15, Proposition 4.21] linking the free complexification by Z, with the
category Alt% generated by alternating coloured partitions. This proposition was proven
with the help of categories of partitions with extra singletons describing the free product
with Z, and the functor F describing the gluing procedure. Also here, we will make use of
the Z;-extended representation categories describing the free product H * Zl and then we
will glue the factors and apply Proposition 4.4 to find the corresponding representation cat-
egory. An interesting result is that the free complexification H * 7 actually does not depend
on the number / unless the degree of reflection of H equals to one.

Definition 4.24 A monomial of even length of the form ux; j x7, xizjx/; -+ €
Coxij, x;"j ), where the variables with and without star alternate, is called alternating. A lin-
ear combination of alternating monomials, where either all start with non-star variable or
all start with star variable, is called an alternating polynomial. A quantum group G is called

alternating if I is generated by alternating polynomials.
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Considering a compact matrix quantum group G C U™ (F) with unitary fundamental
representation u, recall the notation u° := u, u® := FuF —1. S0, the relations of G can be
alternatively expressed by polynomials in variables u?;, u?; instead of u;; and ”z*, Since the
transformation between those two sets of variables is linear, the definition of an alternating
quantum group can be stated in unchanged form also using the alternative ideal.

Lemma 4.25 Let H be a compact matrix quantum group, k, 1 € No such that gcd(k,l) # 1
(using the convention gcd(0, k) = k). Then we have

H%Z:(H;(Zk)izl

Proof We denote by v, z, r, s the fundamental repres§ntations of H, ZAZ{, ang Zl, respec-
tively. We need to find a *-isomorphism C(H % Z) — C((H x Zi) % Z;) mapping
VijZ > Vjjsr.

First, we see that there exists a *x-homomorphism

a: C(H) x¢ C*(Z) — (C(H) ®max C*(Zy)) *c C*(Zr)
mapping
Vij > Vij, = Ssr.
since sr is a unitary.

This *-homomorphism then restricts to a surjective x-homomorphism of the form we are
looking for. It remains to prove that it is injective. To prove this, we construct a *x-homo-
morphism

B: (C(H) ®max C*(Z)) ¢ C*(Zy) — My(C(H) xc C*(Z))

mapping

Vijj 0 1
Vij > , S . , F s

0 Vij A 1

where d # 1 is some common divisor of k and /.

We can check that the images satisfy all the defining relations between the generators, so
such a homomorphism indeed exists. Now, we can see that 8 o « is injective, so « must be
injective. Thus, the restriction of o we are interested in is also injective. O

Proposition 4.26 Let H be a compact matrix quantum group and | € N. Then the Z;-
extended category %H*Z, is generated by the collection C(t(wy), t(w2)) = Cy(wi, wy),
where t: W — W is the injective homomorphism mapping o — o, e —> u. Moreover, we
have the following inductive description. If w € W} contains no triangles, i.e. w = t(w")
for some w' € W', then
%H*Z, @, w) = Cu @, w).

Otherwise,

W = WoAwia - - AW

Crpz, B, w) = R™@E ® - ®&) | & € Cypp,@wi), i=1,....1—1
& € Gy, (D wiwo)
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Proof Let € be the Z;-extended category generated by C. Then the associated quantum
group G = (C(G), v @ 7) is a quantum subgroup of U™ (F) 7, defined by the relations
of H for v and no relations for z (except for zz* = z*z = 1 = z'). But this is exactly the free
product H 7. Now, it remains to prove that % is given by the above described recursion.

The inclusion D follows from the fact that € has to be closed under the category oper-
ations. To check the inclusion C, it is enough to check that the right-hand side defines
a category. That is, we need to check that it is closed under tensor products, contractions,
rotations, inverse rotations, and reflections as defined in Sections 3.3 and 3.4. Checking this
is straightforward using induction. Nevertheless it may become a bit lengthy to check all
the details. We will do it here for the rotation and tensor product.

So, denote the sets given by the inductive description by % . If we take words w without
triangles, that is, w = «(w’), then the sets <55(@, w) = (@, w') are closed under all the
operations since € is a category. To show closedness under rotations in general, we do
an induction on the length of the word w. So, consider an element £ € ‘65(((), w) with w =
WoAW] A - - - Awy, SO it is of the form & = RIY)(&; ® - - - ® &). First, suppose that w; is not
empty and denote by x its last letter. Then we directly have RE€ = R+l (g @ ... ® &) e
Cf((?), Rw). For the case w; = §, the last letter of w is a triangle. So, we need to check that
‘f(@, Awgaw A -+ awp—1) 3 & = (RI™Ig) @& ®- - - ® £_1. This is true thanks to the fact
that R[w0]§1 S ‘65(@, wop) by induction. For the inverse rotations, the proof goes exactly the
same way.

Now, we can also prove closedness under the tensor product. Take & € ‘g((?), w), n €
%’5(@, w’). We will do the induction on the length of w. Actually, we can assume that |w| >
|w’| since we can swap the factors by rotation: n ® § = R[w/](é-‘ ® R_[w/]r]). So, assume
w = woaw A - - - awy, so £ is of the form &€ = R, ®- - -®&)) € € (0, woaw A - - - awy).
Then we have

& € €. wiwo) by assumption,
R™lg e €@, wowy) % closed u. rotations,
Rl @ n € €W, woww') by induction,
& = R™Iwol(RIwlg @ 1) € C W0, wiw'wo) % closed u. inv. rot.,
EQn=R"(¢ Q. -8 10F) € E W@, worwia - - - swyw) by definition of é.

O

Lemma 4.27 We can arrange the recursion of the above proposition in such a way that the
words wy, ..., wj—1 contain no triangles, so we have
w = wWoAwiA - - AW]
Chug, @ w) = { R E ©- - @8) | & €Cn@ w), i=1,...1-1
& € Cypp, (D, wiwo)

Proof We prove this by induction. Take an arbitrary word w € %] and suppose that the
above description works for any shorter word. Now consider an element £ € €, 2 @, w),

so it is of the form & = R™I(¢ @ --- ® &) corresponding to the decomposition w =

woaw] A - - - aw;. Suppose now that w; contains some triangles for some i € {1,...,l —1}.
By induction hypothesis, we can write & = R[“O](m ® - -+ ® ny) corresponding to w; =
apsays - - - aa, where ay, ..., aj—1 contain no triangles, so n; € €y (¥, alf). But this means
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that we can write also
£ = R0l @ - @ iy ® ),
where

i=R1RYy @5,0 @R Mg @ - @ RTM-g_)

€ Chrop, D arswigia -+ swpwoswya - - - swj_18a9). O

In the following theorem, we describe the representation category of the free complex-
ification. In the formulation, we use the following notation. Given an element w € # or
w € #}, we use negative powers to indicate the colour inversion, that is, w™/ = w/. For
example, (ce) 2 = (e0)? = eceo.

Theorem 4.28 Let H be a compact matrix quantum group with degree of reflection k #
1. Then all H % Z; coincide for all I € No \ {1}. The ideal I 37, i generated by the

alternating polynomials in Ip. The representation category ‘5 2 is a (wide) subcategory

of the representation category €y generated by the sets C(, (0e))) := €y (D, (ce))),
j € Z. This also holds if k = 1 andl = 0.

Proof Let I C C(x;j, x ) be the ideal generated by the alternating polynomials in Iy.

Denote by u;j = v;jz the fundarnental representation of H * Zl. To prove that I C [ 3
take any alternating polynomial f € [g. If all monomials in f start with a non-star variable,
we have f(v;jz) = f(vij) = 0; if all monomials start with a star variable, then f(v;;jz) =
Z*f(v;j)z = 0. In both cases, we have proven that f € Tz, The opposite inclusion
I1D>1 HiZ will follow from the statement about representation categories as all the relations
corresponding to the elements of C are alternating.

Note that it is enough to prove the statement for k # 1 and [ 7 0. Indeed, for k # 1
and [ = 0, wehavebyLemma425thatH*Z = H%Z. Fork = 1,1 = 0 we use
Lemma 4.25 to express H3%7 = (H x Zz) %7Z;. Since c((ce)/) = 0 € 27Z for every j, we
have € (9, (ce)/) = sz @, (ce)?).

So, let € be the two-coloured representation category generated by C. We need to
prove that (@OH;Z, @, w) = €@, w) for every w € # . In order to do that, we will use
Proposition 4.4, whose statement can be, in this case, formulated as

H*Z @, w) = H*Z; @, w), 4.4)

where W € % is the glued version of w € #'.
Let us start with the easier inclusion D. Since ¢, 2 is a category, it is enough to show

that %H%Z, (@, w) D C (@, w) for every w = (ce)/, j € Z. Note that the glued version of w
is in this case i = (caam)/ = (om)/. Combining Proposition 4.26 and Eq. 4.4, we have
C@, (00))) = G (®, (08))) =€}y, @, (em)) = Gy (D, (00)).
We will prove the opposite inclusion C by induction on the length of w. Take some
S E H*Z/ (@ w) H*Z](w 'LU)

Suppose & # 0. According to Lemma 4.27, we can assume that W = wgawia - - - awy,

where wi, ..., w;_q contain no triangles, and then £ = RY(§; ® --- ® &) with & €
G0, w ) and & e Hs2, (@, wiwo). Since w is the glued version of w, this means that
in all the words wi, ..., w;—1 the colours alternate (two consecutive white squares would

necessarily have a white triangle A between them, two consecutive black squares would have
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4 = 271 between them). Moreover, since we assume & # 0, we must have c(wlf) € kZ
and, since k # 1, this means that the w;’s are of even length. So, w; = (om)Ji, wlf = (oe)Ji.

Finally note that if we delete oe or eo from some word w, its glued version will be
given by deleting om resp. mo. In particular, denote by w the element w after deleting all
the subwords w1, ..., w;_,. Its glued version is then woalw; = wow;. Using the induction
hypothesis, this finishes the proof as we have

E=R"&®--®&)
with
& € Calh,w) = Cu®, (o)) = CW, (o))  fori=1,....1—1
R™¢& € CgH*Zz @, wow;) = CgHiiz @, w) =F @, w).
O

We may ask what happens if we iterate those free complexifications. The following
statement was again already formulated in [22]; however, without a proof. (Note that it
generalizes Lemma 4.25 dropping the assumption ged(k, [) # 1.)

Proposition 4.29 Let H be a compact matrix quantum group, k,l € No \ {1}. Then
(HXxZ) %2 = (H%Zy) %2, = H%Z.

Proof The second equality follows directly from Theorem 4.28 — we see that iterating the
operation on the categories for the second time cannot change it since Gy (4, (ce)/) =
%H;Zk (@, (ce)’). For the first equality, we use, in addition, Theorem 4.17. Since

c((0®)/) = 0, we have G, 25 (4, (00))) = Gy (B, (00)/). O

Again, we can ask in what situations does it happen that the glued free product H % Zl
is isomorphic to the standard one. Obviously, the necessary condition is that H has degree
of reflection one since H * Zl ~ H % Z; implies H X Zl ~ H x ZZ and here we can use
Proposition 4.21. We can formulate the converse in the case of globally-colourized quantum
groups H (in particular, if H C O (F)).

Proposition 4.30 Let H be a globally colourized compact matrix quantum group with
degree of reflection one. Then H % Zy >~ H * Zy for every k € Ny.

Proof Denote by v the fundamental representation of H and by z the generator of C*(Zy).
Again, it is enough to show that we have z € C(H X Z;) C C(H) ®max C*(Zy) since this
already implies the equality of the C*-algebras. From Proposition 4.11, we can find a vector

& e Mor(1, v®¥) with c(w) = land ||§]l = 1. Since H is globally colourized, we have
Mor(1, v®") = Mor(l, v®"), where 0 = c e o e ---o, || = |w|. For such a word, we
have (v2)®" = (v°2)(z*V*)(v°z) - - - (v°2) = v®"z, 50

Ew)®E = E =&z =z m

4.7 Free Complexification of Orthogonal Quantum Groups
In this section, we will study more in detail the free complexification H Zk with H C

O™ (F). Recall that we define O (F) C U*(F) only for F satisfying FF = c 1y for
some ¢ € R. We will use this assumption in the whole section.
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Definition 4.31 A quantum group G = (C(G),u) C UT(F) with FF = cly is called
invariant with respect to the colour inversion if the map u;; — [FuF -1y j extends to
a x-isomorphism.

Let us explain a bit this definition. First of all, note that the required *-homomorphism
maps
o o
ij|—>ui'j, ul-'j»—>ul-j.
Indeed, the first assignment is exactly the definition. For the second one, we have

ufy = [(FiF~1ij > [FFuF "' F~';j = wy

u

thanks to the assumption FF = ¢ 1. In the Kac case F = 1y, the homomorphism maps
ujj — u};. Butlet us stress that for general elements of C(G) the homomorphism does not
coincide with the x-operation (simply because the * is not a homomorphism).

Secondly, we have the following alternative formulations.

Proposition 4.32 Consider G = (C(G),u) C UT(F) with FF = cly. Then the
following are equivalent.

(1) C(G) has an automorphism u;’j R ul’] That is, G is invariant w.r.t. the colour
inversion.
2) Ig f's invariant.v?/.r.t. xi"j <~ x:j More precisely, we mean one of the following
equivalent conditions.
. . . . o .
(a) g is invariant w.r.t. the x-homomorphism mapping X X

ij
- . . ; o o . o
(b) Ig is invariant w.r.t. the homomorphism mapping x5 Xy and x5 X

(3) 6 is invariant w.r.t. o <> e. That is, G (W1, W2) = Eg(wi, wr).

Proof The equivalence (1) < (2a) follows from the universal property of C(G).

For (1) = (3),take T € 65 (w1, wy),s0 Tu®¥t = u®¥2T . Applying the automorphism,
we get Tu®P = y®"2T 5o T € 66(W1, w3).

For (3) = (2b), we use the Tannaka—Krein, namely the fact that /s is spanned by
the relations of the form Tx®"! = x®¥2T . Those relations are invariant with respect to
the homomorphism x° — x°, x* — x° since this homomorphism maps x¥ — x¥.
Consequently, the whole ideal /g must be invariant with respect to this homomorphism.

The implication (2b) = (1) again follows from the universal property of C(G). We
get that uf’j — u;j, u[‘j — uf’j extends to a homomorphism C(G) — C(G). Using the
assumption F F = ¢ 1, we can show this actually must be a *-homomorphism. O

As an example, note that all the universal unitary quantum groups U+ (F) with FF =
c 1y have this property. In addition, any quantum group G C O™ (F) has this property.

Theorem 4.33 Consider G C U (F) with FF = ¢ 1y. Then G is alternating anfl invari-
ant with respect to the colour inversion if and only if it is of the form G = H % 7, where
H =GN Ot (F).

Proof The right-left implication follows from Theorem 4.28: The fact that H * 7 is alter-
nating is precisely the statement of Theorem 4.28. As we mentioned above, H C O7(F) is
surely invariant with respect to the colour inversion. According to Proposition 4.32, this is
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equivalent to saying that the associated category %y is invariant with respect to the colour
inversion. In particular, we must have € (4, (ce))) = € (D, (e0)7), which are the gener-
ators of %H;Z according to Theorem 4.28. Consequently, also H % 7 must be invariant with
respect to the colour inversion.

In order to prove the left-right implication, we construct a surjective x-homomorphism

a: C(G) —> C(H*7Z)

mapping u;;j ugj := v;jz. To prove that such a homomorphism exists, take any alternat-
ing element f € Ig. Since H C G, we have f(v;;) = 0. We need to prove that f(u;j) =0.
If all terms of f start with a non-star variable, then f(u;j) = f(vijz) = f(vij) = 0;if all
terms start with a star variable, then f(u;j) =" f(vij)z=0.

It remains to prove that « is injective. To do that, we define a x-homomorphism

B: C(H) **C (Z) — M1 (C(G))

;o 0 ”?j ’. 01
U,‘jl—>vij = w0 . I 7 = 10/
1

We immediately see that indeed z'z* = 7"*7’ = 1. In exactly the same way as in the proof
of Theorem 4.15, we also prove that v"* := (1o ® F)¥'(1; ® F~!) = v/ =: v/°. Finally,
take f € I and, for convenience, use the representation in variables uf’j and ”;J Suppose
f (xl."j, xi‘j) is alternating such that all variables start with xfj We have

/ rN f(uzo’uz.) 0 _
f(Uij, U,’j) = < 6 J f(”i.j’ u;’])> = 0,

mapping

where f (u;?j, ul.’j) = 0 directly by f € I and f (ul-’j, ufj) by invariance under the colour
inversion.
Since obviously B o « is injective, we have proven that « is a x-isomorphism. O

Considering a quantum group H = (C(H), v) C O (F), we have H x 21( CHXZC
H x 7. We express those subgroups in terms of relations in the variables u;; = v;;jz. Of
course, those subgroups are given by the relations v;;z = zv;; and zF = 1, but those may

not be well-defined in C (H * Z) as we may not have z € C(H % Z).

Proposition 4.34 Consider H C OV(F). Then H X Zisa quantum subgroup of H % Z
given by the relation
ufju,:l = ul'ju,‘zl 4.5)

Fork e N, H x sz is a quantum subgroup of H % 7 with respect to the relation

o T
Wiyjy o Wi = Wiy jy e U gy (4.6)

Before proving the statement, note that Relations (4.5) and (4.6) correspond to the two-
coloured partitions I ® I and I®k, respectively. Hence, those are exactly the same relations

that were used to construct the quantum groups H X Zand H % ZZk in [13, Theorem 5.1].

Proof Relation (4.5) is the relation of the global colourization (see Definition 4.13) and it
is obviously satisfied in H x Z. We just need to show that imposing this relation is enough.
By Corollary 3.9 and Theorem 4.17, the ideal 1, ;5 is generated by relations of the form

u®vg = £, where £ € Chzp @, w) =Cu®,20), c(w) =0,1:=|w|/2.In H % Z, we have
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arelation of the form u®(°°)l§ = &. The former relation can surely be derived from the latter
one and Relation (4.5) since it is obtained just by permuting the white and black circles.
The second statement is proven in a similar way. If we denote u;; = v;;z, then Rela-
tions (4.6) say vj, j, *+ - Vig jy 25 = Vi j, + Vi jy2 ¥, which is surely satisfied in H x Zok.
For the converse, the ideal 1, ; e is generated by relations of the form u®¥¢ = &, where
& € Z((ZJ w) = (0, 2l) where c(w) is a multiple of 2k and [ := |w|/2. Again,

this relatlon can be derived from u®©*' & = & using Relations (4.5) to permute colours and
Relations (4.6) to swap colours of k& consecutive white points to black or vice versa. O

4.8 Free Complexification and Partition Categories

In Sections 4.4 and 4.5, we generalized results that were formulated in the language of
categories of partitions in [13]. In contrast, Sections 4.6 and 4.7 were rather new. Hence, it
is interesting to look on the special case of easy and non-easy categories of partitions.

We will not recall the theory of partition categories here. Regarding the original defini-
tion of categories of partitions as defined in [7], we refer to the survey [27]. See also [23] for
the definition of two-coloured categories of partitions and [16] for the definition of linear
categories of partitions. Also see [15] for the definition of the two-coloured category Alt €
associated to a given non-coloured category %. Alternatively, everything is summarized in
the thesis [14].

Proposition 4.35 Let % C Pn.iin be a linear category of partitions and denote by H C
0Jr the corresponding quantum group. Then H % 7 C U;\; corresponds to the category
Alt%/ Moreover, the following holds.

(1) If0 # p € J#(0,1) for some |l odd, then H % Zi corresponds to the category
(Alt 2, p®K), where p is the partition p_with colour patterno eo e - - - o.
2) If#(0,1) ={0} foralll odd, then H % Zy = H % Z for all k € N.

Proof The base statement that H * yA corresponds to Alt. % follows directly from Theo-
rem 4.28. By Proposition 4.12, the distinction of the cases correspond to the situation that
either (1) H has degree of reflection one or (2) H has degree of reflection two. So, item (2)
is also contained in Theorem 4.28.

For item (1), denote by w := o e --- o the word of length / with alternating colours.
Since H has degree of reflection one, we have H % Zm ~ H % Zm for every m € Ny by
Proposition 4.30. We can actually prove this directly repeating the proof of Proposition 4.30:
Denote by v the fundamental representation of H and by z the fundamental representation
of Zm. Then since we have v®“§p = &), we must have

C(H X L) 3 £3u®"E, = £5(v®' &, = z]& .

Now, H & Zy is just a quantum subgroup of H % 7 with respect to the relation z¥ = 1. Note
that

ko @k ki _ky s ®k k _k
uS Pk = MR = Pk,

. . k D .
So, the relation z¥ = 1 can be written as u®v Sf}’k =£ f?k, which is exactly the relation
corresponding to p. O
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Proposition 4.36 Let € C 22 be a category of partitions and denote by G C OIt the cor-

responding easy quantum group. Then G %Zisa unitary easy quantum group corresponding
to the category Alt 6.

(1) If1 €%, then G % Zi = G % Z for all k € N and it corresponds to the category Alt %.
(2) If1€ €, thenG % Zx corresponds to the category (Alt€, I®k ).

Proof This is just a reformulation of Proposition 4.35 to the easy case. Note that 4" contains
some partition of odd length if and only if it contains the singleton T. O

5 Ungluing

The purpose of this section is to reverse the gluing procedure from Definition 4.1. The moti-
vating result is the one-to-one correspondence formulated in terms of partition categories
in [15, Theorem 4.10]. According to [15, Proposition 4.15], the functor F' providing this
correspondence translates to the quantum group language exactly in terms of gluing.

Recall from Definition 4.1 that given a quantum group G C U™ (F) * Zk with fun-
damental representation u = v @ z, we define its glued version to be the quantum
group G c U*(F) with fundamental representation # := vz and underlying C*-algebra
C(G) C C(G) generated by the elements v;;z.

Definition 5.1 Consider G C U™ (F), k € N. Then any G C UT(F) * Zk such that G is
a glued version of G is called a Zy-ungluing of G.

In Section 5.1, we are going to study the ungluings in general and show that they always
exist. Unsurprisingly, an ungluing of a quantum group is not defined uniquely. The unglu-
ings introduced in Section 5.1 are universal, but not particularly interesting. In Section 5.2,
we are going to study more interesting ungluings of the form G C OT(F) % Z, which
allow us to generalize the above mentioned one-to-one correspondence. We formulate the
result as Theorem 5.13, which constitutes the main result of this section.

5.1 General Ungluings

Proposition 5.2 There exists a Z-ungluing for every quantum group G and for every k €
No. Namely, we have the trivial Z- -ungluing G x E, where E C Zk is the trivial group.
Moreover, G x Ly is an ungluing of G whenever k divides the degree of reflection of G.

Proof The first statement is obvious as we have G X E = G. The second follows from
Lemma 4.10 as we have G x Z; = G. O

Let us denote by ¢: C(X;;, )?i*j) — (C(x,j, , Z, 2¥) the embedding X;; > x;;z. Consider

G C Ut(F) and G its ungluing. The fact that G is a glued version of G is, accord-
ing to Proposition 4.4, characterized by the equality /5 := ((Iz) = I N «(C(X;j, X ]))

Consequently, we have I D I ¢ for every ungluing G of a quantum group G.
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Definition 5.3 Consider G C U™ (F), k € Ny. Let I C Coxij, xi*j, z, z¥) be the *-ideal
generated by fé. Put C(G) = C*(C{xj;, x} 132 *V/1g). Then G := (C(G),v & 7) is
called the maximal Zj-ungluing of G.

Proposition 5.4 The maximal Zy-ungluing always exists. That is, considering the notation
of Definition 5.3, G is indeed a compact matrix quantum group and G is indeed its glued
version.

Proof First of all, note that ic'; contains the relations vv* = v*v = 1y and v*v** =
v = JN, where v®* = FoF~L. So, if G is well defined, then we must have G C
UT(F) % Zy.

To prove that G is well defined, we need to check that Ig/Iy+fy is a Hopf *-ideal.
Since I /Iy+Fy is a Hopf *-ideal, we have that I &/ lu+(r) is a coideal invariant under the
antipode. Consequently, the ideal generated by &/ Iy+ () must be a Hopf x-ideal.

From the construction, it is clear that, if G has some Z-ungluing, then G must be the
maximal one (since we take the smallest possible ideal /). But every quantum group has
the trivial ungluing as mentioned in Proposition 5.2. O

Remark 5.5 We do not have to know explicitly the whole ideal I to compute the maximal

ungluing. Consider G ¢ Ut (F) and suppose that it is determlned by a set of relations R.
That is, /5 is generated by the coideal R. Then the maximal Zi-ungluing G of G is defined
by the relations R := [(R) That is, taking the generating relations for G and exchanging
v;; for v;jz and ¥ v - for z*v lj

Alternatively, we can describe the maximal ungluing by its representation category.
Recall the definition of the gluing homomorphism mapping o +> oA, e +— am. Given a
word w € #, the image W under this homomorphism is called the glued version of w by
Definition 4.3. If G is a quantum group and G its glued version, then ¢ is a full sub-
category of 6 according to Proposition 4.4. The full embedding is given exactly by the
above mentioned gluing homomorphism. Consequently, the maximal ungluing G of some
G should be a quantum group with the minimal representation category containing G as
a full subcategory.

Proposition 5.6 Consider G C UV (F) and G C UT(F) x Zy its maximal Zy-ungluing.
Then the Zy-extended representation category 6 is generated by the sets C (W1, W) =
Ca(wi, wa), where Wy, Wy are glued versions of wi, wy € W. In addition, if €G is
generated by some Co, then Cﬁ@ is generated by Co(w1, w2) = Co(wl, wy).

Proof By Tannaka-Krein duality, I is linearly spanned by relations of the form [To®%1 —
v®¥2T ;. By definition of the maximal ungluing, the ideal /g is generated by elements of

fé, which are exactly the relations [Tu®"1 — u®’z’2T]ji corresponding to the set C.

For the second statement, notice that if (:’o generates 6, then Cy must generate C. This
follows simply from the fact that gluing of words is a monoid homomorphism (see also
Proposition 4.4). Consequently, by what was already proven, C generates 6. O

Example 5.7 As an example, consider the quantum group GJ‘ = O (F) X Zog, k € N. By
Proposition 4.34, it is the quantum subgroup of O (F) ¥ Z = U™ (F) with respect to the
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relation

so = so _se se  se
Viij v lsz “Viege = Vivji Viojo Vi ji*

where v denotes the fundamental representation of G. We can also take Go = OF(F) x Vi
which is a quantum subgroup of U™ (F) given by

ljioj ﬁ/:l = ﬁl.] ﬁ/(()l'
Now, take arbitrary / € No. The maximal Z;-ungluing of Gy, is a quantum group G C
U™ (F) * Z; with fundamental representation of the form v @ z given by the same relations
if we substitute v;; by v;;z.

o o o _ k. e *® Rl T
Vi1 @i jp% Vi 2 = 2 Vi ji 2 Vi Vi je*

The ungluing Gy is defined by the relation
vive = 2vvge

We can also represent the relations diagrammatically. The defining relations of O (F) x Zk
and O (F) X 7 are (I)®k and I I respectively (see also [13, 22]). To obtain the maximal
ungluing, we can have to put a white triangle a after every white circle o and a black triangle
4 in front of every black circle e. So, the defining relation for G corresponds to (i\j)®k,
for Go, we have | I I K

We can see that the result is quite something different than simply O (F) x Zoy as we
may have hoped.

In general, the maximal ungluing never provides any useful decomposition into smaller
pieces since we always have the trivial decomposition inside the maximal one G x E C G.

5.2 Orthogonal Ungluings

As just mentioned, constructing large unitary ungluings G C UT(F) * Zi may not be
very useful. In this subsection, we study ungluings that are orthogonal, that is, of the form
G C OT(F) % Z2 For the rest of this subsectlon we assume FF =cly.

For a given quantum group G C O (F) 7, we will denote by IG the corresponding
ideal inside A := C(x;;) % CZ; (instead of taking C(x;;, r) or C(x;;, x T *}). The gener-
ator of CZ, will be denoted by r. Note that we have to consider the non-standard involution

=[F'x F];j on A. The algebra A is Z-graded (assigning all variables x;; and r degree

oﬁe). We will denote by A the even part of A. Then Ar is the odd part of A.

Lemma 5.8 The mapping x;j > x;jr extends to an injective x-homomorphism (4 :
C(xij, lj) — A. Its image 14 (A) equals to A — the even part of A.

Proof The existence of the x-homomorphism ¢4 follows from the fact that its domain is
a free algebra. Obviously, for any monomial f € C(x;;, x ) the image t4(f) has even

degree. It remains to show that, for any monomial of even degree f € A, there exists
a unique monomial f € C{x;;, x; ) such that f ta(f).

This is done easﬂy by mductlon on the “length” of f measured by the number of
variables x;; or x (1gnor1ng the r’s). Suppose f is in the reduced form, that is, the vari-

able r does not appear twice consecutively. If f starts with the variable x;; j» We can write

@ Springer



Gluing Compact Matrix Quantum Groups

f(-xlj5 r) = xz/rfO(xz/v r) for some fy € A S0 LA (f)(xlja z/) = Xjjl A (fo)(xllv-x”)
If f starts with r followed by xij, so f(x,,, r) = rxjj fo(x,j, r) for some fo € A, then

G (D Geijoxfy) = x50 (o) (i x7). .

Remark 5.9 A is the *-subalgebra of A generated by the elements x;;r. Consequently, for

any G C O (F) = 7, we can express the coordinate algebra associated to its glued version
G as

0(G) ={f(ij,r) | f € A} C O(G).

In addition, we can rephrase Proposition 4.4 by saying that a quantum group G cC Uj'(F )
is a glued version of G C OV (F) * Z if and only if we have I :==1a(lg) = I N A.

Recall the definition of quantum groups G C U (F) invariant with respect to the colour
inversion from Definition 4.31.

Proposition 5.10 Consider a compact matrix quantum group G C UT(F) with FF =
¢ 1y invariant with respect to the colour inversion. Let G’ be its maximal Zp-ungluing. Then
G :=G' N(OY(F) % Zy) is also a Zo-ungluing.

Definition 5.11 The quantum group G from Proposition 5.10 will be called the canonical
Zo-ungluing of G.

Before proving the proposition, recall that Igr C C(x;;, x; j,r r*) is defined as
the smallest ideal containing t(Iz). Consequently, Ic = Ig//(x° =x * r2=1) is the
smallest ideal of the algebra A = (C(x,-j,x;*j, rr*)/(x° = x*, r2=1) containing I~(~; =
t(g)/(x° = x°, r?> =1). In other words, the canonical Z,-ungluing is determined by
relations of the form f (x;;r, rx;;) with f € Iz C C{x;j, x ])

Proof Adopting the notation introduced above, we need to prove that I N A = ~G’ We
prove that

I6 = Is+ Igr = span{f. fr | f € ).

Then it will be clear that I N A= (fé + iér) NA= ié since fé C A, so fér NA=4¢.
To prove the equality, it is enough to show that the right-hand side is an ideal since then
it must be the smallest one containing I, &» which is exactly Ig. So, denote the right-hand
side by /. By Proposition 4.32, G being invariant with respect to the colour inversion means
that / is invariant with respect to interchanging xi <~ x .. Applying ¢4, we get that I~ G 1s

invariant with respect to x;;r <> rx;;, SO I & Is invariant Wlth respect to conjugation by r, that
is, x > rxr. We use that to prove that / is an ideal. The subspace I is obviously invariant
under right multiplication by r. For the left multiplication, we can write rx = (rxr)r. For
multiplication by x;;, we can write xx;; = (xx;;7)r and x;;x = r((x;;7)*x). O

Proposition 5.12 Consider G C O (F) 7 and denote by k its degree of reflection. Then
exactly one of the following situations occurs.

(1) Ifk =1, then C(G) = C(G) and hence G ~ G.
) Ifk =2, then C(G) is Zy-graded and C(G) is its even part.
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Proof Since G is orthogonal, its degree of reflection must be either one or two by Propo-
sition 4.12. First, let us assume that k = 1. To show that C(G) = C(G), it is enough to
prove thatr € C (G). The assumption k = 1 means that there is a vector £ € Mor(1, u®k),
€] = 1 for some k odd, so we have £*u®¥¢ = 1 in C(G). Consequently, r = &*u®*&r
holds in C(G), and, since it is an even polynomial, it must be an element of C(G) (see
Remark 5.9).

If the degree of reflection equals two, then by Proposition 4.11 the Z,-grading of A
passes to O(G) and hence also C(G). As mentioned in Remark 5.9, O(G) consists of even
polynomials in the generators v;; and r and hence is the even part of O(G). O

The following theorem provides a non-easy counterpart of Theorem [15, Theorem 4.10].

Theorem 5.13 There is a one-to-one correspondence between

(1) quantum groups G C OF(F) 22 with degree of reflection two and
(2) quantum groups G C U™ (F) that are invariant with respect to the colour inversion.

This correspondence is provided by gluing and canonical Z-ungluing.

Proof Almost everything follows from Proposition 5.10. The only remaining thing to prove
is that, given G C O (F) *Z2 and G its glued version, then G is invariant with respect to the
colour inversion and G is its canonical Z-ungluing. The first assertion follows from the fact
that I and hence also I := Ig N A = IG is invariant with respect to conjugation by r. For
the second assertion, we need to prove that /g = [+1r (see the proof of Proposition 5.10).
Since G has degree of reflection two, we have that I is Z,-graded and hence it decomposes
into an even and odd part, which is precisely Tand Ir. O

In [15], we 1ntroduced the Z,-extensions H Xy Zz exactly to be the canonical Z,-
ungluings of H X Zox. In the following, we recall the definition of those products and
provide a direct proof for the fact that H x o Zz are canonical Z;-ungluings of H X ZZk for
arbitrary H C O (F).

Definition 5.14 ([15]) Let G and H be compact matrix quantum groups and denote by
u and v their respective fundamental representations. We define the following quantum
subgroups of G * H. The product G X H is defined by taking the quotient of C(G * H) by
the relations

ab*x = xab*, a*bx = xa*b 5.1
the product G x H is defined by the relations

ax*y = x*ya, axy® = xy*a (5.2)

the product G xog H by the combination of the both pairs of relations and, finally, given
k € N, the product G x7; H is defined by the relations

ajxy---apXp = xijaj - - - Xrdg, (5.3)
where a, b, ay, ..., ar € {u;j} and x, y, x1, ..., xx € {v;j}. (Equivalently, we can assume
a,b,ay,...,a €spanfu;;} and x, y, x1, ..., x; € span{v;;}.)

Proposition 5.15 Consider H C Ot (F) with degree of reflection two, k € No. Then the
canonical Zo-ungluing of H X sz is H xo Zz
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Proof From Proposition 4.34, we can express H % Zox as a quantum subgroup of H % Z =
H%Z given by certain relations. Denoting by v the fundamental representatlon of H X Lo,
we just have to “unglue” the relations substituting v;; by v;;r. For H X Z we get

VijVkl = TV;ijV;jT,

which is obviously equivalent to v;jvgr = rv;jvy — the defining relation for H x 22 =
H xq Zy.For H X Zy;, k > 0, we get

Uiy j1ZVip jpl* * Vi ju 2 = ZViy j1 WVis jp = * LVip s

which is exactly the defining relation for H X 22. O
5.3 Irreducibles and Coamenability for Ungluings and Z,-extensions

In this section, we will study properties of the gluing procedure and canonical Z;-ungluing.
In many cases, we can view the Z,-extensions H Xk Zz as a motivating example. It remains
an open question, whether one can generalize the statements for arbitrary products Hy X o
H,.

For this section, we will assume that G C 0+ * 22 has degree of reflection two.

For quantum groups G and H, the property O(H ) C O(G) can be understood either
as H being a quotient of G or the discrete dual H being a quantum subgroup of G. In that
case, we can study the homogeneous space G / H by defining

1°(G/H) := {x € I°°(G) | x(ab) = x(b) foralla € O(H) and b € O(G)},
where [ oo(é) is the space of all bounded functionals on O (G).

Proposition 5.16 Consider G C 0; *Zp with degree of reflection two. Then G / G consists
of two points. More precisely,

1°(G/G) = {x € 1°°(G) constant on the Zy-homogeneous parts of O(G)} ~ C2.

Proof Consider x € 1°°(G). By Proposition 5.12, O(G) is Z-graded. Putting b := 1 in the
equality x(ab) = x(b), we get that x is constant on the even part. Putting b := r, we get
that x is constant on the odd part. O

Recall that a compact quantum group G is called coamenable if the so-called Haar state
is faithful on the universal C*-algebra C(G).

Proposition 5.17 Consider G C 0; * 22 and G C U;\; its glued version. Then G is
coamenable if and only if G is coamenable.

Proof Tt is easy to see that the Haar state on G is given just by restriction of the Haar state
h on G. We also have that all positive elements of C(G) are contgined in C(G). Hence, the
faithfulness of 4 on C(G) is equivalent to the faithfulness on C(G). O

Note that it is well known that the coamenability is preserved under tensor product of
quantum groups, but it is not preserved under the (dual) free product. Hence, it is interesting
to ask, whether it is preserved under the new interpolating products from Definition 5.14.

Let us also recall another well known fact that can be seen directly from the definition
of coamenability: Let G be a coamenable compact quantum group. Then every its quotient,
that is, every quantum group H with C(H) C C(G) is coamenable.
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Proposition 5.18 Consider H C O, k € Ng. Then H x o 22 is co-amenable if and only
if H is co-amenable.

Proof The left-right implication follows from the fact that H is a quotient of H X Zz.
Now, let us prove the right-left implication. If the degree of reflection of H is one, then by
[15, Theorem 5.5], the new product actually coincides with the tensor product H X Zz =
H x 7, so it indeed preserves the coamenability.

Now suppose H has degree of reflection two. If H is coamenable, then H x sz must be
coamenable. Consequently, its glued version H x Zoy is coamenable since it is a quotient
quantum group. Finally, H X2k 7 is coamenable by Proposition 5.17. O

Now, we are going to look on the irreducible representations of the ungluings.

Proposition 5.19 Consider G C O (F)*Z, with degree of reflection two and fundamental
representation v®r. Let G C U; be its glued version. Then the irreducibles of G are given by

(u®, u®r | o € ir G).

Proof First, we prove that all the matrices are indeed representations of G. Surely all u®
are representations. The r is also a representation. Hence u®r = u® ® r must also be
representations.

Secondly, we prove that the representations are mutually inequivalent. The representa-
tions u* are mutually inequivalent by definition. From this, it follows that the representa-
tions u®r are mutually inequivalent. Since G has degree of reflection two, we have that
O(G) is graded with O(G) being its even part. So, the entries of u* are even, whereas the
entries of u%r are odd, so they cannot be equivalent.

Finally, we need to prove that those are all the representations. This can be proven using
the fact that entries of irreducible representations form a basis of the polynomial algebra. If
we prove that the entries of the representations span the whole O (G), we are sure that we
have all the irreducibles. This is indeed true:

span{u?‘i, u;?fir la e IrG} = 0(G) + O(G)r = 0(G). O

Proposition 5.20 Consider H C O™ (F) with degree of reflection two, k € No. Then the
complete set of mutually inequivalent irreducible representations of H Xoy Z is given by
u®hn = y iy, aeclrH, i €{0,...,k—1}, n€{0,1}, (5.4)

where
s = Zvilrv,-*lr = Zv;irvk_,r foranyi,j=1,...,N. (5.5)
I k

Here v @ r denotes the fundamental representation of H X o Zo.

Proof Denote v := vr the fundamental representation of the glued version of H X Zg,
which can be identified with H x Zyy by Proposition 5.15. Thus, we can also write vij =

vijz € C(H X ng) Cc C(H x ZZk). We can also express

s = Zv”rv;‘,r = [vrvr*);; = [vr(F~or F)');;
l
= [0(F'0F) )i = [(F~0F) 2l = [ ];i2* = 22 (5.6)
and similarly for the second expression in Eq. 5.5. In particular, we have that s = 2% is
a representation of H X Z; and hence also of H x5 Z.
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According to Proposition 4.23, we know that irreducibles of H X Zoy are of the form
ul = y¥% 4 g e IrH,i =0, . —landdy € {0, 1} is the degree of a. According
to Proposition 5.19, we have that the set of irreducibles of H Xy sz is u®ir". Now the
only point is to express these in terms of u“, s, and r.

Suppose first that d, = 0. In this case, the situation is simple since we can use the above
mentioned fact that z2 = s to derive

Ut = @2 =y st

In the situation d, = 1, we need to prove that u®z = u®r. The left hand side is a represen-
tation of H X ZZk — the glued version of H x ZZk — and the right-hand side is a representation
of the glued version of H X Zs. As we already mentioned, these quantum groups coin-
cide, so the equality makes sense. (Note that it is not possible to show that z = r. Not only
that this is not true, the equality does not even make sense since s and r are not elements of
a common algebra.) Since u“z is a representation of H X ZZk, we have, in particular, that
the entries of the representation u$,z are elements of O (H X sz) That is, there are poly-
nomials f7 € C(x; X5 X ) of degree one such that (v”, j) foijz, 2v) = uabz
Since v;; commute w1th Z, we can arrange the “oe- pattern of the monomials in f, in an
arbitrary way if we keep the property that they have degree one. In particular, we can say
that every monomlals of f7 have an alternating colour pattern, that is, they are of the form

o

L]
xp X855, Xp - Then we can express

o * L] o o
Ugpz = fapWijz, ij) = fa, (07, 05) = fapvijr, rvij) = ugpr.
This is exactly what we wanted to prove. Now we have
u®'rm =u%zZ'r" = u%rs'r"

To obtain the form in the statement, note just that rsr = s* = sk=1, O
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