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Abstract

This thesis contributes to the theory of compact quantum groups, more specifically to
the theory of quantum symmetries of graphs as well as quantum groups defined by tensor
categories of partitions.

In the first part, we study quantum symmetries of hypergraphs by introducing a corre-
sponding quantum automorphism group. We show that this quantum group generalizes
the quantum automorphism group of Bichon for classical simple and directed graphs, as
well as a quantum automorphism group of Goswami and Hossain for multigraphs. Addi-
tionally, we prove that our quantum automorphism group of hypergraphs acts maximally
on hypergraph C*-algebras recently introduced by Trieb, Weber and Zenner. This gener-
alizes a result by Schmidt and Weber, where the quantum automorphism group of a graph
acts maximally on the corresponding graph C*-algebra.

In the second part, we study categories of spatial partitions and their associated spa-
tial partition quantum groups in the sense of Cébron and Weber. We show that natural
problems about categories of partitions are algorithmically undecidable and generalize cat-
egories of spatial partitions by introducing new base partitions. These new base partitions
allow us to construct additional examples of free orthogonal quantum groups, but turn
out to yield the same class of spatial partition quantum groups as before. Moreover, using
our new base partitions, we are able to show that the class of spatial partition quantum
groups is closed under taking projective versions, which allows us to give explicit descrip-
tions of the projective versions of certain easy quantum groups in the sense of Banica and
Speicher.

This thesis contains results from the articles [33, [32] [37] by the author.






Zusammenfassung

Diese Dissertation leistet einen Beitrag zur Theorie der kompakten Quantengruppen,
genauer zur Theorie der Quantensymmetrien von Graphen und zu Quantengruppen, die
durch Tensorkategorien von Partitionen definiert sind.

Im ersten Teil untersuchen wir Quantensymmetrien von Hypergraphen, indem wir eine
entsprechende Quantenautomorphismengruppe definieren. Wir zeigen, dass diese Quan-
tengruppe die Quantenautomorphismengruppe von Bichon fiir klassische einfache und
gerichtete Graphen, sowie die Quantenautomorphismengruppe von Goswami und Hossain
fiir Multigraphen verallgemeinert. Dariiber hinaus beweisen wir, dass unsere Quantenau-
tomorphismengruppe maximal auf den kiirzlich von Trieb, Weber und Zenner eingefiihrten
Hypergraph-C*-Algebren wirkt. Dies verallgemeinert ein Ergebnis von Schmidt und We-
ber, wonach die Quantenautomorphismengruppe eines Graphen maximal auf der entsprechen-
den Graph-C*-Algebra wirkt.

Im zweiten Teil untersuchen wir Kategorien von raumlichen Partitionen und die dadurch
definierten Quantengruppen im Sinne von Cébron und Weber. Wir zeigen, dass natiirliche
Probleme in Kategorien von Partitionen algorithmisch unentscheidbar sind und verallge-
meinern Kategorien von rdumlichen Partitionen, indem wir neue Basispartitionen einfiihren.
Diese Basispartitionen ermoglichen die Konstruktion freier orthogonaler Quantengruppen,
liefern jedoch dieselbe Klasse von Quantengruppen wie zuvor. Dariiber hinaus zeigen wir,
dass die Klasse der auf raumlichen Partitionen basierenden Quantengruppen unter der Bil-
dung projektiver Versionen abgeschlossen ist. Dies ermoglicht uns die explizite Beschrei-
bung projektiver Versionen bestimmter einfacher Quantengruppen im Sinne von Banica
und Speicher.

Diese Dissertation enthélt Ergebnisse aus den Artikeln [33] 32, [87] des Autors.
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1. Introduction

In the following, we briefly introduce quantum permutations and motivate compact quan-
tum groups, before we present our main results. These results fall into the two areas of
quantum symmetries of graphs and quantum groups obtained from categories of partitions.
Finally, we provide an overview of the structure of the thesis.

This thesis contains results from the articles [33, 32, [37] by the author. The additional
work [34] 144 38| B35, B36] and the Bachelor’s thesis [87] supervised by the author are
mentioned in the margin.

Motivation: Quantum permutation groups

Compact quantum groups were introduced by Woronowicz [95], [97] as a generalization of
classical compact groups and provide a framework for describing symmetries in the setting
of operator algebras and noncommutative geometry. A main example is the quantum
permutation group S;", which was introduced by Wang [89] as the quantum symmetry

group of C™. It can be defined by the universal unital C*-algebra
C(S}) = C*(ué | w is a quantum permutation),

where a matrix u := (ui)ﬁj: | is called quantum permutation if

7’

IN2 (o iNE i ni_nkz_ .

(uf)® = (ui) = uj, Zuk—Zuj—l (1<i,j<mn).
k=1 k=1

Note that quantum permutations with entries in C are precisely classical permutations
matrices, which justifies the name quantum permutation group.

Although the quantum permutation group S, is not a group in the usual sense, we can
think of the algebra C(S;7) as the algebra of continuous functions on some underlying
matrix group, where the group multiplication is encoded by the unital *-homomorphism

A:C(SH = C(SH®C(S)), ul— Y ujeul (1<ij<n).
k=1

For n < 3, the C*-algebra C'(S;") is commutative, and the Gelfand-Naimark theorem
implies that it is isomorphic to the algebra of functions on the classical permutation group
S,. However, if n > 4, then the algebra C(S;) becomes noncommutative, and there
exists no underlying classical group. Still, it is useful to consider C'(S;") as algebra of
“noncommutative functions” on a virtual quantum group, and we can recover C(S,,) as
the abelianization of C(S;).



In addition to describing symmetries in the context of noncommutative geometry [89],
quantum permutations appear in the formulation of noncommutative de Finetti theorems
in free probability [56] and provide a characterization of perfect quantum strategies in non-
local games in quantum information theory [64]. Moreover, so-called easy quantum groups
naturally extend classical Schur-Weyl duality to more general partition algebras [10]. Fi-
nally, compact quantum groups generalize classical Pontryagin duality to arbitrary discrete
groups, leading to the theory of locally compact quantum groups [55].

We refer to [93] for a more detailed motivation of compact quantum groups and to
Chapter [2| for their definition and further examples. See also the recent survey [94] for
more information on quantum permutations and the quantum permutation group S, in
an operator-algebraic framework.

1.1. Quantum symmetries of graphs

Building on Wang’s work, Bichon [13] and Banica [5] introduced two versions of a quantum
automorphism group of a finite graph. These quantum groups generalize the classical
automorphism group of a graph and are obtained by imposing the additional relation
Au = uA on a quantum permutation u, see Definition and Definition Here, A
denotes the adjacency matrix of the graph, which requires the magic unitary u to respect
the graph’s structure. Quantum automorphism groups of graphs provide a large class of
examples of compact quantum groups and have for example been studied in [21], [75] 57,
28]. In particular, these quantum automorphism groups have been further generalized
to different structures such as multigraphs [45], Hadamard matrices [49] and quantum
graphs [16, 17].

Quantum automorphism groups of hypergraphs

In this thesis, we present a definition for the quantum automorphism group of a hyper-
graph. Hypergraphs generalize classical graphs by allowing an edge to connect not only
two but an arbitrary number of vertices. This makes hypergraphs quite general and gives
them many applications in discrete mathematics and computer science, see [12] 2, [43] for
further details. In the following, we focus on directed hypergraphs defined as follows.

Definition 1 (Definition [3.1.6). A (directed) hypergraph T' := (V, E) consists of a finite
set of vertices V, a finite set of edges E, and two maps s: E — 2V and r: E — 2V, where
2V denotes the power set of V.

An edge e € E can be depicted by an arrow from the set of source vertices s(e) to the
set of range vertices r(e). Thus, classical directed edges correspond exactly to hyperedges
with |s(e)| = |r(e)| = 1. In this context, our quantum automorphism group Aut™*(T) of a
hypergraph I' is given by the following compact matrix quantum group.

Definition 2 (Definition [3.2.5). Let I := (V, E) be a hypergraph and A be the universal
unital C*-algebra generated by elements u;, for all v,w € V and u? for all e, f € E such
that



L uy = (ul)), yey and up = (u?)e’feE are quantum permutations,

2. Agup = uyAs and A,up = uy Ay, where A,, A, € B(C¥,C") are defined by

(As)v:{l if v € s(e), (Ar)”:{l if v e r(e),

& . e .
0 otherwise, 0 otherwise,

forallveV andec F.
Then Aut™(T') := (A, uy @ ug) is the quantum automorphism group of T.

Intuitively, Aut™(T") consists of a quantum permutation uy on the vertices and a quan-
tum permutation ug on the edges, which are compatible by intertwining the incidence
matrices Ag and A,. If uy and ug are classical permutation matrices, this definition
recovers the classical automorphism group of a hypergraph, see Section [3.2

In contrast to the quantum automorphism groups of Bichon and Banica, our definition
includes a second magic unitary for the edges. This is necessary to capture quantum sym-
metries between multiple edges, which are allowed in our definition of a hypergraph. See
Section for an example of the quantum symmetries of a concrete family of hypergraphs
with multiple edges. However, if a hypergraph I' or its dual I'* contains no multiple edges,
our definition reduces to only a single quantum permutation.

Theorem 3 (Definition Definition [3.5.5)). Let I' :== (V, E) be a hypergraph.
1. IfT has no multiple edges, then Aut™ (') C Si7.

2. IfT* has no multiple edges, then Aut*(I') C Sf.

Link to quantum symmetries of classical graphs

Since hypergraphs generalize classical graphs and multigraphs, it is natural to ask how
our quantum automorphism group relates to the quantum automorphism groups of Bi-
chon [13], Banica [5], and Goswami and Hossain [45]. Denote by Autg, (I') the quantum
automorphism group of Bichon, and denote by AutJéHBiC(F) the quantum automorphism
group of Goswami and Hossain in the sense of Bichon. Then the following theorem shows
that we obtain both quantum groups as special case when representing classical graphs
and multigraphs as hypergraphs.

Theorem 4 (Definition Definition Definition (4.4.4)).

1. Let T := (V, E) be a directed graph as in Definition . Define source and range
maps by
s(v,w) ={v}, r(v,w)={w}  V(,w)e€E.

Then T is a hypergraph with Aut™(T') = Autg, (T).



2. Let I := (V, E) be a simple graph as in Definition |3.1.1. Define source and range
maps by

s({,w}) = {o,w}, r({v,wh) = {v,w)  Ho,w) €.
Then T is a hypergraph with Aut™(T) = Autgic(F).

3. Let I :== (V, E) be a multigraph as in Definition with source map s’ and range
map r'. Define new source and range maps by

ste) ={s'(e)}, r(e)=1{r'(e)} Ve e E.
Then T is a hypergraph with Aut™ (') = AutEHyBiC(I‘).

Note that the previous theorem can be used to construct many concrete examples of
quantum automorphism groups of hypergraphs.

Actions on hypergraph C*-algebras

Related to quantum automorphism groups of classical graphs is the study of quantum
symmetries of graph C*-algebras in [77, 52]. These C*-algebras are defined in terms of
an underlying graph and have been studied since the 1980s. They include many concrete
examples such as matrix algebras, the algebra of continuous functions on the circle and
the Cuntz algebras, see [70] for further details. Recently, Trieb, Weber and Zenner [84]
introduced hypergraph C*-algebras, a generalization of graph C*-algebras to the setting
hypergraphs. This new class includes all graph C*-algebras, as well as additional examples
of non-nuclear C*-algebras. See the work of Schéfer and Weber [78] for a characterization of
the nuclearity of hypergraph C*-algebras in terms of minors of the underlying hypergraph.

In [77], Schmidt and Weber showed that Banica’s quantum automorphism group of a
graph acts maximally on the corresponding graph C*-algebra. In this thesis, we generalize
this result to hypergraphs by showing that our quantum automorphism group Aut™(T")
acts on the corresponding hypergraph C*-algebra C*(I'). Similar to graph C*-algebras,
hypergraph C*-algebras are generated by a family of projections {p,},cy and a family of
partial isometries {sc}.cp, see Definition In this context, our action is defined by
permuting these generators using the magic unitaries uy and ug, i.e.

ap) =D pe®ul, als) =Y speul  YweV,eek.
weV fer

This action coincides with the action of Schmidt and Weber in the case of classical
graphs, but our quantum automorphism group is no longer maximal with respect to it.
However, maximality is obtained under the additional assumption that Aut™(I") also acts
on C*(I"”), where I is obtained by reversing all edge directions and interchanging the
vertices and edges of .

Theorem 5 (Definition |5.2.3] Definition [5.3.4). Let T' := (V, E) be a hypergraph and
define T := (I'*)°P. Then Aut™(T") is the largest compact matriz quantum group that acts




faithfully on both C*(I') and C*(I") via the actions

ap: C*(I) — C*(T) ® C(Aut™ (),
ag: C*(I') = C*(I') ® C(Aut ™ (I)

defined by
al(pv)=2pw®u$, Oél(Se)ZZsfééug YveV,e€ E,
weV feE
aa(pe) = Y pp@ul, oa(sy) =Y sw@ul  VveV,e€k.
feE wev

1.2. Quantum groups based on partitions

In addition to quantum automorphism groups, compact quantum groups can be obtained
from tensor categories via Woronowicz’s Tannaka-Krein duality [96]. A special class of
such quantum groups are easy quantum groups [10, [80], where the corresponding tensor
categories are defined by colored set partitions. Since easy quantum groups are based
on partitions, they form a concrete class of quantum groups that can be studied and
classified using combinatorial methods [8, (90, [7T], 142} 50}, [41]. In the case of orthogonal easy
quantum groups, the classification has been completed in [73], whereas the classification
in the unitary case is still ongoing. See for example [81] 146, [39] and the more recent work
by Mang [60, 611, 62, 63].

Spatial partition quantum groups

In [25], Cébron and Weber introduced spatial partition quantum groups, which generalize
easy quantum groups by replacing two-dimensional partitions with three-dimensional spa-
tial partitions. A spatial partition on m levels p € P™) consists of k - m upper points and
£ - m lower points that are partitioned into disjoint subsets by strings. Additionally, we
allow both upper and lower points to be uniformly colored along the levels. For example,

we have
T—?GP(D, gﬁep(z), IR%GP(?’).

Given spatial partitions on the same number of levels, we can construct new spatial
partitions by taking their tensor product, involution and composition. A category of
spatial partitions in the sense of Cébron and Weber is a set of spatial partitions closed
under these operations and containing the base partitions I(m), I(m), ™) and 720, Here,
p(™ € PM) denotes the spatial partition obtained by placing m copies of the partition p
along each level.

By representing spatial partitions as linear operators, categories of spatial partitions give
rise to concrete C*-tensor categories, which then correspond to spatial partition quantum
groups via Woronowicz’s Tannaka-Krein duality [96]. In the case of partitions on one



level, these quantum groups are precisely unitary easy quantum groups [10} [80] and in-
clude for example the free orthogonal and free unitary quantum groups [88|, the quantum
permutation group [89] and the hyperoctahedral quantum group [7].

Spatial partition quantum groups have been studied in [25, BI]. In [25], Cébron and
Weber showed that these quantum groups are closed under glued products, implying
that the class of spatial partition quantum groups is strictly larger than the class of
easy quantum groups. Furthermore, they provided a partial classification of categories of
spatial pair partitions on two levels and discuss links to the quantum symmetries of finite-
dimensional C*-algebras. In [31], the author showed that the category P2(2) of all spatial
pair partitions on two levels gives rise to the classical projective orthogonal group PO,
yielding a simpler example of a non-easy spatial partition quantum group. Additionally,
an explicit description of the category of spatial partitions corresponding to the quantum
symmetry group of M, (C)® C™ is given.

Generalizing spatial base partitions

In [25], Cébron and Weber raised the question of generalizing the base partitions m)
and 1™ while still allowing the construction of compact matrix quantum groups from
categories of spatial partitions. In this thesis, we answer this question by showing that
the previous two base partitions can be replaced with any pairs of spatial partitions r and
s satisfying the conjugate equations

pe L el

In the case of one level, the partitions r = ;] and s = || are the unique solutions to these
equations. However, for m > 2, we obtain not only the previous base partitions r = (m)
and s = {3,(™ but also twisted versions such as

r=[os s=[elb and rzﬁjgfl, s:rfﬁ&

See Definition for a characterization of all possible solutions to these conjugate equa-
tions in the context of spatial partitions.

Using our new base partitions, we can construct additional examples of free orthogonal
quantum groups in the sense of Van Daele and Wang [85]. Following the notation in [3],
these quantum groups are denoted by O7(F,) and with parameters

Fo: (Cn)®m - ((Cn)®ma Fyle ®---®e,) = i, 10, ®--® €ip1(m)

for all n € Nand o € S,. See Definition for further details and the precise statement
in full generality.

Although we can construct new examples of spatial partition quantum groups, our new
base partitions yield the same class of quantum groups as defined by Cébron and Weber.



Theorem 6 (Definition . Let G be a spatial partition quantum group defined by any
pair of spatial base partitions satisfying the conjugate equations. Then G is equivalent to
a spatial partition quantum group in the sense of Cébron and Weber defined by the base
partitions 3™ and 53,

More generally, we show in Section [7.3] that permuting the points of any category of
spatial partitions along the levels leaves the corresponding quantum group invariant, which
allows us to reduce any base partitions to the case of £1(™ and ;2™ Still, our new base
partitions are useful from a combinatorial perspective and allow us to show that the class
of spatial partition quantum groups is closed under taking projective versions.

Projective spatial partition quantum groups

Consider a compact matrix quantum group G with fundamental representation u, and
assume that u is unitary. Then its projective version PG is the compact matrix quantum
group defined by the representation u®w. If G is a classical group, then PG corresponds
exactly to the quotient

PG =G/(GN{\ | A€ CT}).

Furthermore, in the case quantum groups, projective versions have been studied for ex-
ample in [4, [ 11l [48]. In this context, our main result can be formulated as follows.

Theorem 7 (Definition [8.1.9). Let G be a spatial partition quantum group. Then PG is a
spatial partition quantum group. Its category of spatial partitions is given by F lat;l}o,(C),
where C C P is the category of spatial partitions corresponding to G, and Flat,, ce s

the functor defined in Section [6.4)

Note that this result applies not only to projective versions PG, but also to any compact
matrix quantum group defined by a tensor product of the fundamental representation
and a unitary conjugate representation u®. See Section for further details.

As an application, we consider the category Pém) of all spatial pair partitions on m

levels. In [10} 31], it is shown that 7751) corresponds to the classical orthogonal group O,

and that 772(2) corresponds to its projective version PO,,. Using the previous theorem, we
generalize these results to all m € N and obtain in Section that

m PO,, if m is even,
O, if m is odd.

Finally, we consider projective versions of easy quantum groups. Because easy quantum
groups are a subclass of spatial partition quantum groups, our main result implies that
their projective versions are also spatial partition quantum groups. Using a result of
Gromada [48], we derive sets of spatial partitions that generate the categories of the
projective versions of orthogonal easy quantum groups with degree of reflection two. This
allows us to explicitly describe these quantum groups as universal C*-algebras defined by
a finite set of relations, see Section 8.3



Algorithmic problems in categories of partitions

In addition to spatial partition quantum groups, we also study general algorithmic prob-
lems arising from partitions. First, we present efficient data structures and algorithms for
partitions and their basic operations, which have been developed in [87] and subsequently
implemented by Volz and the author in the computer algebra system [69].

Second, we study algorithmic problems arising from categories of partitions such as
determining membership of a given partition p € P. While enumerating the elements of a
category C eventually yields the partition p, it is not immediately clear how to determine
whether p ¢ C. We answer this question by showing that it is generally not possible to
decide if p ¢ C and to solve the related problem of counting partitions of a given size.

Theorem 8 (Definition Definition [6.6.10). There exists a recursively enumerable
category of partitions C such that the following problems are algorithmically undecidable:

1. Decide if p € C for a given partition p € P.
2. Determine the number of partitions |C(k,£)| for given k,¢ € N.

Here, a category of partitions is recursively enumerable if its elements can be enumerated
by a Turing machine, and a problem is algorithmically undecidable if no Turing machine
can solve the problem for all possible input values in finite time.

1.3. Structure of the thesis

We start in Chapter [2| with preliminaries about compact matrix quantum groups. This
includes the necessary background on C*-algebras, actions of quantum groups on C*-
algebras and Woronowicz’s Tannaka-Krein duality.

In Chapter 3] we introduce our quantum automorphism groups of hypergraphs and
study their basic properties. We provide first examples of such quantum groups and
show in Chapter [ that our definition generalizes the quantum automorphism groups in
these sense of Bichon for classical graphs and multigraphs. Furthermore, in Chapter
we construct an action of our quantum automorphism group on hypergraph C*-algebras,
generalizing a result of Schmidt and Weber for graph C*-algebras.

The second part of the thesis begins in Chapter [6, where we consider the combinatorics
of spatial partitions. This includes the definition of our new base partitions and the study
of algorithmic problems in the context of partitions. In Chapter [7, we construct quantum
groups using our new base partitions, which turn out to coincide with the class of spatial
partition quantum groups in the sense of Cébron and Weber. This allows us to show
in Chapter [§ that the class of spatial partition quantum groups is closed under taking
projective versions. In particular, we can give concrete descriptions of the projective
versions of certain easy quantum groups.

Finally, Chapter [9] contains remaining open questions about quantum automorphism
groups of hypergraphs and quantum groups based on partitions.



2. Preliminaries

In this chapter, we present the necessary preliminaries on the theory of compact quan-
tum groups that are used throughout the thesis. We begin by introducing C*-algebras,
before we define compact matrix quantum groups, including first examples and various
basic notions. Moreover, we discuss actions of quantum groups on C*-algebras and for-
mulate Woronowicz’s Tannaka-Krein duality, which are used in Chapter [5| and Chapter
respectively.

2.1. C*-algebras

C*-algebras are a class of operator algebras on Hilbert spaces that appear for example
in the mathematical formulation of quantum mechanics [20], in Connes’ noncommutative
geometry [22] and in the context of compact quantum groups [95]. In the following, we
present only basic definitions and constructions that are used throughout this thesis. For
more details on the theory of C*-algebras, we refer to [65] [26], 15, 19].

We begin with the axiomatic definition of a C*-algebra, before we come to concrete
examples and the characterization of C*-algebras as algebras of bounded operators on
Hilbert spaces.

Definition 2.1.1. A C*-algebra A is a complex associative algebra equipped with a norm
||| and an involution *: A — A satisfying the following properties:

1. A is complete with respect to the norm, and ||zy| < ||z - ||y|| for all z,y € A.

2. The involution is anti-linear and anti-multiplicative, i.e.
(ax+ By)" =aa"+ By, (z-y)" =y 2" Veyed a,BeC.

3. The C*-identity ||z||* = ||*z|| holds for all z € A.
Additionally, A is unital if it contains a unit element 1 € A making it a unital algebra.

Let A and B be C*-algebras. Then an algebra homomorphism ¢: A — B is called
x-homomorphism if ¢(a*) = ¢(a)* for all a € A. If ¢ is bijective, it is a x-isomorphism.
Note that *-homomorphisms between C*-algebras are automatically continuous. Similarly,
B C Ais a C*-subalgebra if B C A is subalgebra that is closed under the involution and
with respect to the norm. A x-homomorphism or C*-subalgebra is called unital if its
underlying algebra homomorphism or subalgebra is unital.

Next, we present several examples of C*-algebras.



Example 2.1.2. Let X be a compact Hausdorff space. Then the set
C(X):={f: X = C| f is continuous}

with point-wise addition, point-wise multiplication, and norm and involution defined by

Ifl :==sup|f(z)],  f'(z):=[f(z) VeeX
zeX

is a unital commutative C*-algebra.

Example 2.1.3. Let X be a finite set. If we equip X with the discrete topology, the
previous example shows that the set C¥ := C(X) of all C-valued functions on X is a
C*-algebra. In the special case of X = {1,...,n}, we identify C* with C".

Example 2.1.4. Let V be a Hilbert space. Then the set B(V) of all bounded linear
operators on V is a unital C*-algebra with respect to point-wise addition, composition,
and operator norm and adjoint defined by

I7) = sup [T, (Tv,w) = (,T*w) ¥o,we V.
llvl|=1

Furthermore, the set K (V') of compact operators on V' is a non-unital C*-subalgebra of
B(V).

If we fix an orthonormal basis (v;),c; of V', we can identify B(V') with the set of matrices
with rows and columns indexed by I. In this case, the multiplication and adjoint are
explicitly defined by

(a-0)i=> a0, (a");=(a]) Vijel,
kel

%

for all matrices a := (aj)ijel, b= (b)), . € B(V).

i,j5€l

Motivated by the previous example of bounded operators on a Hilbert space, we define
the following types of elements in arbitrary C*-algebras.

Definition 2.1.5. Let A be a (unital) C*-algebra and a € A.
e If a* = a, then a is called self-adjoint.
o If a®> = a* = a, then a is called a projection.
e If aa*a = a, then a is called a partial isometry.
o If a*a = aa* =1, then a is called a unitary.

In addition to the previous elements, there exists also a notion of positive elements in
general C*-algebras.
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Definition 2.1.6. Let A be a C*-algebra. An element a € A is called positive, and we
write a > 0, if there exists an element b € A such that a = b*b. Positive elements induce
a partial order < on A, where a < b if and only if b —a > 0.

Note that positive elements are necessarily self-adjoint. Furthermore, it can be shown
that positive elements in C'(X) are precisely real-valued functions with f(x) > 0 for
all z € X and that positive operators in B(H) are precisely self-adjoint operators with
spectrum o(a) C [0, 00).

In Definition [2.1.2] we introduced the C*-algebras C'(X) as examples of unital commuta-
tive C*-algebras. The following theorem shows that every commutative unital C*-algebra
is of this form. We refer to [65, Chapter 2] for further details and a proof of the statement.

Theorem 2.1.7 (Gelfand-Naimark). Let A be a commutative unital C*-algebra. Then
A is x-isomorphic to C(X) for a compact Hausdorff space X. Moreover, X is explicitly
given by

Spec A :={¢: A — C | ¢ is a x-homomorphism}

with the topology of point-wise convergence.

Remark 2.1.8. The previous theorem can be extended by showing that unital x-homomorphisms
between commutative C*-algebras correspond precisely to continuous mappings between

their underlying spaces. This establishes a duality between the category of compact Haus-

dorff spaces with continuous maps and the category of commutative unital C*-algebras

with unital *-homomorphisms. In analogy to this duality, it is often useful to view gen-

eral noncommutative C*-algebras as algebras of “noncommutative functions” on some
underlying space, although such a space does technically not exist. This point of view

also underlies the theory of compact quantum groups and will be used throughout the
following sections.

In addition to the previous theorem, every C*-algebras can be represented as a concrete
algebra of operators on a Hilbert space. Therefore, C*-algebras can alternatively be defined
as norm-closed x-subalgebras of B(H) for some Hilbert space H.

Theorem 2.1.9 (GNS representation). Let A be a C*-algebra. Then there exists a Hilbert
space H and an injective x-homomorphism 7: A — B(H).

Next, we introduce several constructions that will be used throughout this thesis and
yield additional examples of C*-algebras. We begin with universal C*-algebra, which allow
us to define C*-algebras in terms of generators and relations.

Let X = {z1,...,2,} be a set of variables. Then we denote by C(X, X*) the set of
noncommutative x-polynomials in X. In the following, we identify elements r € C(X, X*)
with the relations » = 0, and we write r(ai,...,a,) € A for the element obtained by
substituting each z; with a; € A in a x-algebra A. Moreover, if R C C(X, X*) is a set of
relations, then (R) denotes the two-sided #-ideal generated by R. Finally, a seminorm p
on a x-algebra is a C*-seminorm if it satisfies all norm axioms in Definition [2.1.1

11



Definition 2.1.10. Let X := {z1,...,2,} be a set of variables and R C C(X, X*) be a
set of relations. If

sup {p(z) | p is a C*-seminorm on C(X, X*)/(R)} < oo Vo e X,

then the universal unital C*-algebra C*(X | R) with generators X and relations R exists.
It is uniquely determined by the following universal property: If A is a unital C*-algebra
with elements ay,...,a, € A satisfying r(a1,...,a,) = 0 for all » € R, then there exists a
unital *-homomorphism

p:C(X|R)— A, xi—a (1<i<n).

Remark 2.1.11. Note that the precondition in the previous definition is necessary. For
example, the universal unital C*-algebra C*(a | a* = a) generated by a single self-adjoint
element does not exist, since bounded self-adjoint operators on a Hilbert space can have
arbitrarily large operator norms. However, throughout this thesis, we will only consider
universal C*-algebras generated by projections, partial isometries or entries of unitary
matrices. In these cases, the C*-norm will always be bounded.

Example 2.1.12. Let X be a finite set. Then the C*-algebra C¥ form Definition m
is *-isomorphic to the universal unital C*-algebra

C’*(ei ] e? =e; = e, Zei = 1),
eX

where the generators (e;);c x correspond to the indicator functions defined by

1 ifi=jy, .
ei(j) = Vi e X.
i9) { 0 otherwise, J

Next, we introduce two product constructions that allow the construction of additional
examples of C*-algebras from existing ones. We begin with the minimal tensor product
of C*-algebras, which can be defined using the GNS representation in Definition [2.1.9

Definition 2.1.13. Let A and B be C*-algebras with GNS representations
m:A— B(Hy), m:B— B(H»),
and denote by 7 the *-homomorphism
T: A®qy B— B(H1 ® Hy), a®b— m(a)® m(b) Vae A, beB.

Then the (minimal) tensor product A® B is the completion of the algebraic tensor product
A ® 41y B with respect to the C*-norm ||-|| := ||7(-)]].

Note that multiple C*-completions on the algebraic tensor product A ®,;, B may exist.
However, the minimal tensor product is uniquely determined and satisfies ||a - b|| = ||a]|-||||
for all @ € A and b € B. Furthermore, in the unital case, both A and B are contained in
A ® B as the C*-subalgebras A ® 1 and 1 ® B respectively. Next, we give two examples of
C*-algebras constructed from tensor products.

12



Example 2.1.14. Let A be a unital C*-algebra and V be a finite dimensional Hilbert
space with orthonormal basis (v;);c;. Then every element a € A® B(V') can be uniquely

written as A A
o= Y dud,
ijel

for some aé € A, where eé- are the standard matrix units defined by (eé)? := 61,05 for all
i,7,k,¢ € I. Thus, we can identify the element a € A ® B(V) with the A-valued matrix
a= (a})i,jel'
Example 2.1.15. Let X, Y be compact Hausdorfl spaces. Then the map

fegelX)@0Y) — ((z,y) = f(x)9(y)) € C(X xY)
extends to a *-isomorphism between the tensor product C'(X) ® C(Y) and C(X x Y).

In addition to the previous examples, we will need the following proposition about
positive elements in tensor products in Chapter

Proposition 2.1.16. Let A be a C*-algebra and z,y,z € A. If x <y and z > 0, then
TRz YR z.

Proof. Let x,y,z € A with z < y and z > 0. Then there exist a,b € A such that
y—x =a*a and z = b*b. Thus,

YRz—r1Qz=(y—2)@z=a"a®@b'b=(a®b) (a®b) >0,
which yields r ® 2 < y ® z. O

Finally, we introduce the unital free product A x B of two unital C*-algebras A and
B, which is a noncommutative analogue of the tensor product of C*-algebras. Intuitively,
the unital free product is generated by two noncommuting copies of A and B that are
embedded into A x B via canonical inclusions

ti: A= AxB, 19: B— AxB,

where the units of A and B are identified via ¢1(1) = ¢2(1). In the following, we characterize
the unital free product via its universal property. See [86, Chapter 1] for more details on
its concrete construction.

Proposition 2.1.17. Let A and B be unital C*-algebras. Then the unital free product
A x B satisfies the following universal property: For every unital C*-algebra C and unital
x-homomorphisms

b1: A—=C, ¢o: B—C,

there exists a unique unital x-homomorphism
¢p: AxB—=C, a~— ¢1(a), b da2(b), Vae A, be B

where A, B C A * B via the canonical inclusions.

13



2.2. Compact matrix quantum groups

Compact quantum groups were first introduced by Woronowicz in [95, 97] and are a
generalization of classical compact groups used to describe symmetries in the setting of
C*-algebras. In the following, we introduce compact matrix quantum groups, a subclass
of compact quantum groups analogous to classical matrix groups. We refer to [92), 40]
for more information on compact matrix quantum groups and to [83] [67] for the general
theory of compact quantum groups.

Before we can define compact matrix quantum groups, we first must introduce two
operations on matrices with entries in a C*-algebra.

Definition 2.2.1. Let A be a unital C*-algebra and V be a Hilbert space. The conjugate
map is the anti-linear map ~: A® B(V) - A® B(V) defined on pure tensors by

(a®@T)=a"®T VYae A, TeB(V),

where V denotes the conjugate Hilbert space of V, and T € B(V) is defined by T'(v) = T'(v)
forallveV.

Definition 2.2.2. Let A be a unital C*-algebra and V' be a Hilbert space. The Woronow-
icz tensor product @ is the bilinear map

0: (A@B(V)) x (A@B(V)) - A® A® B(V)
defined on pure tensors by
(aT)ob®S)=a®bTS
for all a,b € Aand S,T € B(V).
Using these operations, we can now define compact matrix quantum groups as follows.

Definition 2.2.3. Let V be a finite-dimensional Hilbert space, A be a unital C*-algebra
and u € A® B(V). Then G := (A, u) is a compact matriz quantum group if the following
conditions hold:

1. The C*-algebra A is generated by the matrix coefficients

{(ida®p)(u) [ ¢ €V},
where V* := B(V,C) denotes the linear dual of V.
2. The element u is unitary, and its conjugate w is invertible,

3. There exists a *-homomorphism A: A — A4 ® A satisfying

(A@idB(V) )(u) = uowu.

14



The element u is called the fundamental representation of G. Furthermore, we denote the
C*-algebra A by C(G) and the dense *-algebra generated by the matrix coefficients by
O(G).

Remark 2.2.4. Following the philosophy of Definition by viewing C*-algebras as
algebras of “noncommutative functions”, the C*-algebra A in the previous definition is
denoted by C(G). However, in general, no underlying classical space G exists. Still, we will

show below that for a compact matrix quantum group the C*-algebra A is commutative
if and only if it is of the form C(G) for some classical compact matrix groups G.

Remark 2.2.5. We have chosen a basis-independent definition of compact matrix quan-
tum groups, which allows us to keep track of any tensor product structure of the underlying
Hilbert space V. If we choose an orthonormal basis (v;);c; of V, we can identify the fun-

damental representation v with a matrix (u;)”e ;> and the axioms of a compact matrix

quantum groups can be expressed in coordinates as follows:

1. The C*-algebra A is generated by the matrix coefficients u; for all 4,5 € I.
2. The matrix v is unitary, and its conjugate uw = ((u;)*)”E ; is invertible.
3. There exists a unital *~-homomorphism A: A — A ® A with

=> upeuf  Vijel
kel

Next, we present several examples of compact matrix quantum groups, starting with
the special case of classical compact matrix groups.

Example 2.2.6. Let G C U, be a closed subgroup of the group unitary matrices. Define
A = C(G) as the C*-algebra of continuous functions on G and u := (U’;)?g:l as the
matrix with entries u; € A defined by (u;)(g) = gj» forall 1 <4,5 <n and g € G. Then
(A, u) is a compact matrix quantum group.

First, the matrix entries ué separate the points of G, i.e. for any distinct g, h € G there
exists an entry u; such that uz(g) + u;(h) Thus, the elements ué generate the C*-algebra
C(G) by the Stone-Weierstrass theorem. Furthermore, since G C U,, the matrix u is
unitary and its conjugate @ is invertible with inverse given by (ﬂ_l); = uf Finally, the
multiplication on G defines a unital *-homomorphism

A:C(G) = C(GxG), [ANH](g.h)=Fflg-h) Vg,h € G.

For the matrix entries uj, we have

[A(ué-)](g,h) fu (g-h) Zu

Thus, using the isomorphism C(G x G) = C(G) ® C(G) from Definition we obtain

n
Zu ®u§?.

=1
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The previous example shows that compact matrix quantum groups generalize classical
groups of unitary matrices. Moreover, we can use Definition to characterize all
compact matrix quantum groups that arise from classical matrix groups.

Proposition 2.2.7. Let (A,u) be a compact matriz quantum group with fundamental
representation on C". Then A is commutative if and only if A is x-isomorphic to C(Q)
for some classical closed subgroup G C U,. In this case, the group G is explicitly given by

G = {(¢®idcr)(u) | ¢ € Spec A}.
Proof. See [83, Proposition 6.1.11] O
Examples of non-classical compact matrix quantum groups include Wang’s free orthog-
onal and free unitary quantum groups [88] and their deformations in the sense of Van

Daele and Wang [85]. Using the notation of Banica [3], these quantum groups are defined
as follows.

Definition 2.2.8. Let n € N, F € B(C") be invertible, and denote by ¢: C* — C" the
linear isomorphism defined by ¢(&;) = ¢; for all 1 < ¢ < n. Define the universal unital
C*-algebras

Ay(F):=C" (u; | u is unitary and u = (FL)H(FL)_l),

Ay(F):=C* (u; | w and (Fu)u (Fu)~! are unitary)

generated by the entries of a matrix u := (u;)?j: .- Then

OF(F) = (Ay(F),u), UT(F):= (Au(F),u)
are the free orthogonal and the free unitary quantum groups with parameter F'.

Remark 2.2.9. Note that both quantum groups O"(F) and U™ (F) in the previous def-
inition are well-defined. By definition, their corresponding C*-algebras are generated by
the matrix coefficients “3" and the matrices v and w are unitary and invertible respec-
tively. Furthermore, the unital *-homomorphism A can directly be constructed using the
universal property of their C*-algebras.

Example 2.2.10. Let n € N. For F' := id¢n, we define
O := 0" (idcn), U :=U*(idcn).
In this case, the relations making both u and w unitary can be written in coordinates as

n
*

n
Supd) =1, S @hub=1  (1<ij<n),
k=1

k=1
Z (“2)*Ui; =1, Zuf(uéc)* =1 (1<i,j<n).
k=1 k=1

. [ ; N
Moreover, the relation u = 1t =1 reduces to ul = (ut)".
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Next, we introduce magic unitaries before defining the quantum permutation group S;'.
It was first introduced by Wang [89] as the quantum automorphism group of the finite
set X := {1,...,n}. However, we will consider arbitrary finite sets X and denote the
corresponding quantum permutation group by S;g.

Definition 2.2.11. Let X be a finite set and A be a unital C*-algebra. An element
u = (u;")ijeX € A® B(CX) is a magic unitary if

(u;)Qz(uz)*:u;, Zu};:Zule Vi, j € X.
kel kel

Magic unitaries with entries in C are precisely classical permutation matrices, which
gives magic unitaries also the name quantum permutation matrices. These matrices have
applications in quantum information in the context non-local games [58], and concrete
magic unitaries have been recently studied for example in [34] [66]. For further details and
open problems related to magic unitaries, see [94].

The quantum permutation group S;E is the compact matrix quantum group with a
universal magic unitary as its fundamental representation.

Definition 2.2.12. Let X be a finite set and A be the universal unital C*-algebra with

generators u; for all4, j € X such that u := (u? is a magic unitary. Then S} = (A, u)

J)i,jeX
is the quantum permutation group on X.

As in the case of the free orthogonal quantum group O; and the free unitary quantum
group U, on can directly verify that the quantum permutation group S, is well-defined,
i.e. all axioms of a compact matrix quantum group are satisfied.

Additional examples of compact matrix quantum groups include the hyperoctahedral
quantum group H," [7], and more generally (unitary) easy quantum groups [10, 80] and
spatial partition quantum groups [25]. We introduce spatial partition quantum groups in
Chapter [6] and Chapter [7, which includes easy quantum groups as a special case. For a
more detailed introduction to easy quantum groups, see [91] [92], 40)].

Moreover, one can generalize S, as quantum automorphism group of n points and
obtain quantum automorphism groups of various discrete structures such as graphs [5,
13|, multigraphs [45], Hadamard matrices [49] and quantum graphs [16} [17]. For further
information, see Chapter [3{ and Chapter 4} as well as [76].

2.3. Basic notions for quantum groups

As in the case of classical compact groups, various notions like homomorphisms, subgroups
and quotients can be generalized to the setting of compact matrix quantum groups.

Definition 2.3.1. Let G and H be compact matrix quantum groups.

1. A morphism of compact quantum groups is a unital x-homomorphism ¢: C(G) —
C(H) satisfying
(p@¢)oAc=Agog.
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2. G and H are isomorphic if there exists a morphism of compact quantum groups
¢: C(G) — C(H) that is a *-isomorphism. In this case, ¢! is also a morphism of
compact quantum groups.

3. H is a subgroup of G, and we write H C G, if there exists a surjective morphism of
compact quantum groups ¢: C(G) — C(H).

4. H is a quotient of G if there exists an injective morphism of compact quantum
groups ¢: C(H) — C(G). In this case, C(H) can be identified with a C*-subalgebra
of C(G).

Example 2.3.2. Consider the free orthogonal quantum groups O, and OTT 41 With fun-
damental representations u and v respectively. Then O C O:{ 41 via the unital x-
homomorphism

6: C(O7F,,) = C(O]), UHG]‘ ‘1)>

Note that the notion of an isomorphism between compact quantum groups is quite
general and does not necessarily preserve the fundamental representations of a compact
matrix quantum group. In particular, it allows us to relate quantum groups with funda-
mental representations of different dimensions. However, we will also use the following
stronger notions of isomorphism and subgroup between compact matrix quantum groups
that preserve their fundamental representations.

Definition 2.3.3. Let G and H be compact matrix quantum groups with fundamental
representations u and w on Hilbert spaces V' and W respectively.

1. H is a subgroup (as a compact matriz quantum group) of G if there exists a unitary
Q: W — V and a unital x-homomorphism ¢: C(G) — C(H) such that

¢(u) = QuQ™".
In this case, ¢ is automatically a morphism of compact quantum groups.

2. G and H are isomorphic (as compact matrixz quantum) groups if the previous x-
homomorphism ¢ is a *-isomorphism.

Example 2.3.4. Consider the free orthogonal quantum group O, with fundamental rep-
resentations u and the quantum permutation group S, with fundamental representations
v. Since v is orthogonal, there exists a unital *-homomorphism

¢: C(OF) = C(SH), ursw.
Thus, S, is a subgroup of O as compact matrix quantum groups.

In addition to the previous notions, various products exist for compact matrix quantum
groups. In the following, we introduce the free product for compact matrix quantum
groups [88], which will be used in Chapter [3| in the context of quantum symmetries of
hypergraphs.
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Definition 2.3.5. Let G := (A, u) and H := (B, v) be compact matrix quantum groups.
Then their free product G x H is the compact matrix quantum group

GxH :=(AxB,udv),

where A * B denotes the unital free product of the C*-algebras A and B, and the funda-
mental representations u and v are identified with A x B-valued matrices via the canonical
inclusions A, B — A * B.

Example 2.3.6. Consider finite sets X and Y with corresponding quantum permutation
groups S;E and S;E. Their free product S;g * S{ﬁ is given by the universal unital C*-algebra

C(SY * Sy) = C*(u}, v} | u and v are magic unitaries)

%

generated by the entries of the matrices u := (uj)i’jex and v = (vf)uey. Furthermore,

the comultiplication is given by

A(uz):ZuZ@)uf Vi,j € X,
keX

Ah) =Y vpeof  VijeY.
key

2.4. Actions on (*-algebras

As classical group actions describe the symmetries of classical objects, we can define actions
of compact matrix quantum groups on C*-algebras to describe their quantum symmetries.

In the following, we adopt an algebraic approach to quantum group actions and consider
the x-algebra O(G) generated by the matrix coefficients uz of a fundamental representation
u indexed by i, 5 € I. While the map

A:C(G) = C([G) @ C(G), uim Y upul  ijel
kel

generalizes the multiplication of a classical group, there exists further structure on the
x-algebra O(G) that corresponds to the neutral element and the inverse mapping in the
classical case. This structure is given by a unital *-homomorphism e: O(G) — C called
the counit and a unital anti-homomorphism S: O(G) — O(G) called the antipode, which
are defined by .
e(ul) =4y, S(l)=(u}) Vijel

These additional homomorphisms make O(G) a Hopf *-algebra, see [83] for further details.

Using the Hopf *-algebra structure on O(G), we can define actions of compact matrix
quantum groups as in [89] and [13].

Definition 2.4.1. Let G be a compact matrix quantum group and A be a unital C*-
algebra. An action of G on A is a unital *-homomorphism a: A — A ® C(G) such
that
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1. (a®id)oa = (1d®A) o a,
2. there exists a dense *-subalgebra B C A with «(B) C B® O(G),
3. (id®e)oalp =1id.

Alternatively, the second and third conditions can be replaced by the more analytic
condition that (1 C(G))a(\A) is linearly dense in AR C/(G), see for example [77]. However,
Definition will be easier to verify in our case.

Definition 2.4.2. Let o be an action of a compact matrix quantum groups G on a C*-
algebra A. Then « is faithful if, for any quotient H of G such that a|c (g is an action on
A, we have C(H) = C(G).

In [89], Wang showed that the quantum permutation group S;g acts on CX in the
following sense.

Proposition 2.4.3. Let X be a finite set. Then S;E acts faithfully on CX via
a: CY - C* e 0(SY), a(ei):Zej ®ug Vi e X,
JjeEX

where u denotes the fundamental representation of S’;g and (e;);cx is the standard basis

of CX.

Moreover, Wang showed that this action is mazimal in the following sense, making S;g
the largest compact matrix quantum group acting in CX as before. Thus, we can consider
S} as the quantum automorphism group of CX or equivalently of the underlying set X.

Proposition 2.4.4. Let X be a finite set and G be a compact matrix quantum group
acting faithfully on CX wia a: CX — CX ®@ O(G) such that

a(ei):Zejééug Vie X
jEX

for some uz € C(G). Then G is a subgroup of S; via the map
¢: C(SH) = C(G), vi—u) VijeX,
where v denotes the fundamental representation of S;g.

Additional examples of actions of compact matrix quantum groups include the action
of the free orthogonal quantum group on the free sphere [9] and the action of the quantum
automorphism group of a graph on its corresponding graph C*-algebra [77]. See Chapter
for further information on the second case.
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2.5. Representation categories and Tannaka-Krein duality

Finally, we introduce representation categories and formulate Woronowicz’s Tannaka-
Krein duality for compact matrix quantum groups, which allows us to construction of
quantum groups from categories of partitions in Chapter [/l We begin with the definition
of representations of compact matrix quantum groups.

Definition 2.5.1. Let G be a compact matrix quantum group. A representation of G on
a finite-dimensional Hilbert space V is an invertible element v € C(G) ® B(V) satisfying

(A® idB(V))(U) =v0v.
Additionally, a representation is called unitary if the element v is unitary.

Remark 2.5.2. Let V be a finite-dimensional Hilbert space with an orthonormal basis
indexed by I. Then a representation of a compact matrix quantum group GG on V is given
by an invertible matrix v := (v})ijel € C(G) ® B(V) satisfying
A(vé)zZvZ@vf Vi, j e I.
kel

Next, we present several examples of representations of compact matrix quantum groups.
Example 2.5.3. Let p: G — B(V) be a continuous unitary representation of a classical
compact matrix group G on a finite-dimensional Hilbert space V. Then p € C(G, B(V))
and p corresponds precisely to a representation of G in the compact matrix quantum group

sense after identifying C'(G, B(V)) with C(G) ® B(V'). Thus, Definition generalizes
classical representations of compact groups to the quantum group setting.

Example 2.5.4. Let G be a compact matrix quantum group with fundamental represen-
tation w.

1. The trivial representation 1 € C(G) ® B(C) is a representation of G.
2. The fundamental representation u is a representation of G.

3. If v € C(G) ® B(V) is a representation of G, then its conjugate v € C(G) ® B(V) is
a representation of G.

In addition to the previous examples, it is always possible to form direct sums and tensor
products of representations. In the following, we focus mainly on tensor products of rep-
resentations. For further details on direct sums and the decomposition of representations
into irreducible representations, see [83] [67].

Definition 2.5.5. Let G be a compact matrix quantum group. Assume v is a represen-
tation of G on a Hilbert space V and w is a representation of G on a Hilbert space W.
Then their tensor product v ®w is defined by the bilinear operator

®: (C(G)®@ B(V)) x (C(G)® B(W)) = C(G)@ B(V @ W)
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given on pure tensors by
(a®@S)obRT)=ab® (S®T)
for all a,b € C(G), S € B(V) and T € B(W).

Remark 2.5.6. Let v and w be representations of a compact matrix quantum group as in
the previous definition. Fix an orthonormal bases of V indexed by I and an orthonormal
basis of W indexed by J. Then v ®w is given by

(/UCDU))Z;; :U;; w;; Vihi? EI) j17j2 EJ)
where the coordinates are with respect to the induced basis of V' ® W indexed by I x J.
In particular, the tensor product for representations of compact matrix quantum groups
generalizes the tensor product for representations of classical groups.

Next, we show that the representations of a compact matrix quantum group form a
tensor category, which allows us to formulate Woronowicz’s Tannaka-Krein duality. We
refer to [96] 83, 67, [47] for more details on the representation theory of compact matrix
quantum groups and to [30] for tensor categories in general.

We begin by introducing intertwiners between representations.

Definition 2.5.7. Let G be a compact matrix quantum group with representations v and
w on Hilbert spaces V' and W respectively. Then the space of intertwiners between v and
w is defined by

Hom(v,w) :={T € B(V,W) | Tv =wT}.

Let G be a compact matrix quantum group. Then we can construct a category Rep(G),
where the objects are the finite-dimensional unitary representations of G and the mor-
phisms Hom(v,w) are intertwiners between representations v and w. Furthermore, using
the @-operator and the adjoint 7™ of intertwiners, we can define a monoidal and a *-
structure on this category. The following proposition summarizes its most important
properties.

Proposition 2.5.8. The finite-dimensional unitary representations of a compact matrizc
quantum group form a concrete monoidal x-category in the following sense:

1. idy € Hom(v,v) for every representation v on a Hilbert space V.

2. Hom(v,w) is a linear subspace of B(V, W) for all representations v and w on Hilbert
spaces V' and W respectively.

3. If S € Hom(w, z) and T' € Hom(v,w), then ST € Hom(v, z).
4. If T'€ Hom(v,w), then T* € Hom(w,v).

5. If S € Hom(v,w) and T € Hom(zx,y), then S® T € Hom(v @z, wdy).
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In addition to the previous properties, the representation category of a compact matrix
quantum group is rigid in the sense that every unitary representation has a conjugate
representation. However, before we define conjugate representations, we first introduce
colors.

Definition 2.5.9. Let o and e be two colors. Then
{o, o}* :={1,0,8,00,00, 00, 08 00O, ...}

denotes the free monoid generated by {o,e}. It is the set of all finite words over {o, e}
with concatenation as multiplication and the empty word 1 as the identity element. For
x € {o,e}", we denote by |z| the length of the word x € {0, e}" and by x; € {o, e} its i-th
color. Furthermore, let =: {0, #}* — {0, #}* be the anti-homomorphism defined by

G=e, ®=o, T-y=y-T Vr,y€{oe}"

Throughout this thesis, we will use the color e to denote the conjugate of an object with
the color o. In particular, we introduce the following notation for Hilbert spaces.

Definition 2.5.10. Let V be a Hilbert space. Then we define V° :=V and V*® :=V, as
well as v° := v and v*® := ¥ for all v € V, where V denote the conjugate Hilbert space
of V and v the conjugate of a vector v. Furthermore, we extend this notation to tensor
products by defining V! := C and

VO =V ... VT Vz € {o,0}" k= |z| > 1.
If T: V — W is a linear operator, we additionally write T' := idc, 7° := T, T* := T and

T =T ® ... @ T Vz € {o,0}" k:=|z| > 1,

where the conjugate operator T: V — W is defined by T'(v) = T'(v) for all v € V.
Using the previous colors, we can also define conjugate representations.

Definition 2.5.11. Let u° and u® be representations of a compact matrix quantum group
on Hilbert spaces V and W respectively. Then u® is conjugate to u° if there exist inter-
twiners R € Hom(1,u° ®u®) and S € Hom(1,u® ®u°) satisfying the conjugate equations

(R* X idv) . (idv ®S) = idv, (S* (9 idw) . (idW ®R) = idW .

Note that the representation u® is also called a dual of u° and the intertwiners R and
S are called duality morphisms. We refer to [30] and [67] for the definition of rigidity in
a more general context.

In [96], it is shown that the representation category of a compact matrix quantum
groups is generated by tensor powers of its fundamental representation v and a corre-
sponding conjugate representation. Therefore, it suffices to consider only the fundamental
representation u°® := u and its conjugate u*® in the following. Furthermore, we introduce
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the notation u* := v @...®u" for all z € {o,e}" with k := |z| > 0. In the case x = 1,
we define u! := 1 as the trivial representation. In particular, if u is defined on a Hilbert
space V, then u”* is defined on V*.

Note that the conjugate of a representation is not unique but is determined only up
to unitary equivalence, i.e. conjugation by a unitary. Furthermore, the representation u°
is not conjugate to u° in general because it is not necessarily unitary. However, in the
following, we show that any conjugate representation u® is equivalent to u° and that this
equivalence is defined by the solutions R and S of the conjugate equations.

Proposition 2.5.12. Consider a compact matriz quantum group with fundamental rep-
resentation u® on a Hilbert space V. Let F' € B(V) be an invertible operator such that
u® := Fu®F~! is unitary. Then u® and u® are conjugate with duality morphisms R and S

defined by

—1.J

RI=F/ S9=(F "), Vijel,

where the coordinates are with respect to any orthonormal basis of V index by I and its
conjugate basis of V.

Proof. A detailed proof is given in [47]. One verifies directly that
u’(u®)* =1 <= R € Hom(1,u° ®u®),

u*(u®)* =1 <= S € Hom(1,u*®u°).

Hence, R and S are intertwiners. Furthermore, they satisfy the conjugate equations be-
cause .
(R*®idy) - (idy ®S)=F F, (S* ®idy) - (idyy ®R) = FF1L

O
Proposition 2.5.13. Let G be a compact matriz quantum group with unitary representa-
tion u° on a Hilbert space V. Assume u® is a unitary representation on V that is conjugate
to u°® via duality morphisms R and S. Then u® = Fu°F~!, where F € B(V) is defined by
FJZ = R7* for all z',i'e 1 with respect to any orthonormal basis of V indexed by I and its
conjugate basis of V.

Proof. The representation u° is equivalent to a unitary representation that is conjugate to
u®, see [67, Example 2.2.3]. Furthermore, conjugates are unique up to equivalence by [67,
Proposition 2.2.4]. Hence, there exists an invertible F' € B(V) such that u® = Fu°F L.
The previous proposition implies that

R € Hom(1,u°@u®), S € Hom(1,u®0u),

where R and S are the solutions to the conjugate equations defined by F. Asin [46.,
Theorem 3.4.6], we compute

(5*® idy;) - (idy ®R) = FF~' € Hom(u®,u®),
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which yields B B
u*=FF "W*FF ' = FusF .

O]

In the case of classical groups, Tannaka-Krein duality [29] allows the reconstruction of a
compact group from an abstract category of representations. A similar result for compact
matrix quantum groups was first proven by Woronowicz in [96].

There exist multiple proofs of Woronowicz’s Tannaka-Krein duality at various levels of
abstraction, see for example [96], 67, 59 [47]. In the following, we choose the approach of
Gromada [47], which is most suitable for the setting of categories defined by partitions.
Thus, we begin by introducing abstract two-colored representation categories that capture
the properties of the representation category of a compact matrix quantum group discussed
earlier.

Definition 2.5.14. Let V be a finite-dimensional Hilbert space. A two-colored repre-
sentation category C is a collection of linear subspaces C(x,y) C B(V®* V®Y) for all
z,y € {o, e} satisfying the following properties:

1. idyes. € C(x,z) for all x € {o, e}".

2. If SeC(y,z) and T € C(x,y), then ST € C(x, z).

3. T € C(x,y), then T* € C(y, x).

4. If S € C(w,x) and T € C(y, z), then S® T € C(wy, xz).

5. There exist R € C(1,0e) and S € C(1, e0) satisfying the conjugate equations
(R* @idy) - (idy ®S) =idy,  (S* ®idp) - (idy ®R) = idpr.

Woronowicz’s Tannaka-Krein duality states that given any two-colored representation
category C, there exists a unique compact matrix quantum group whose representation
category Rep(G) is given by C.

Theorem 2.5.15 (Woronowicz’s Tannaka-Krein duality). Let C be a two-colored represen-
tation category on a Hilbert space V. Then there exists a unique compact matrix quantum
group G with fundamental representation u® on V and unitary representation u® on V,
such that

Hom(u”,uY) = C(x,y) Va,y € {o,e}".

First, let us comment on the uniqueness of the unitary representation u® in the previous
theorem. Since C contains a pair of morphisms R and S satisfying the conjugate equations,
the representations u° and u® are conjugate. Definition then implies that u® =
FutF~! with F; = RJ'. Therefore, the representation u® is uniquely determined by the
category C.
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Next, we consider the uniqueness of the quantum group G. The proof of Woronowicz’s
Tannaka-Krein duality in [47] shows that all relations of the dense x-algebra O(G) are
spanned by the intertwiner relations

Tu* =uwT  Vax,y € {o,e}", T €C(x,y).

Hence, O(G) is uniquely determined by the category C up to *-isomorphism. In contrast,
the C*-algebra C(G) is not unique. However, it is always possible to choose C(G) as
the maximal C*-completion of O(G). In this case, G is uniquely defined by the following
universal property.

Proposition 2.5.16. Consider the compact matriz quantum group G defined in Defini-
tion [2.5.15. Let H be a compact matrix quantum group with fundamental representation
w® on a Hilbert space W and unitary representation w® on W. If there exists a unitary

Q:V — W such that
Hom(u®,u¥) C (Q*1)®y - Hom(w®, wY¥) - Q%* Va,y € {o,e}",
then H is a subgroup G via the map v — Qw@Q 1.

Motivated by Woronowicz’s Tannaka-Krein duality and the previous proposition, we
introduce the following notion of equivalence between compact matrix quantum groups.

Definition 2.5.17. Let G be a compact matrix quantum group with fundamental rep-
resentation u° on a Hilbert space V and conjugate representation u® on V. A compact
matrix quantum group H with fundamental representation w® on a Hilbert space W and
unitary representation w® on W is equivalent to G if there exists a unitary Q: V — W
such that

Hom(u®,uY) = (Q*1)®y - Hom(w®, wY) - Q%* Va,y € {o,e}".

One verifies that the previous definition indeed defines an equivalence relation on com-
pact matrix quantum groups. Furthermore, Woronowicz’s Tannaka-Krein duality and the
previous discussion show that two compact matrix quantum groups G and H are equiv-
alent if and only if O(G) and O(H) are x-isomorphic. Moreover, this *-isomorphism is
given by v = Q'wQ, where v and w are the fundamental representations of G and H
respectively.
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Part 1.

Quantum groups from
hypergraphs
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3. Quantum symmetries of hypergraphs

As classical groups often arise as symmetries of objects, many compact quantum groups
can be constructed as quantum automorphism groups of classical structures. In the sim-
plest case of n points, Wang [89] introduced the quantum permutation group S, as a
generalization of the classical symmetric group S,. Building on this work, Bichon [I3]
and Banica [5] defined two versions of quantum automorphism groups of finite graphs,
yielding a large class of examples of compact matrix quantum groups. Recently, these
quantum automorphism groups have been further generalized to different structures such
as multigraphs [45], Hadamard matrices [49] and quantum graphs [16, [17].

In this chapter, we introduce a quantum automorphism group for hypergraphs and
study its basic properties. In particular, we construct a family of hypergraphs with max-
imal quantum symmetries and compute the quantum symmetries of opposite and dual
hypergraphs. Moreover, we consider hypergraphs without multiple edges and show that
in this case quantum automorphisms reduce to a single quantum permutation on the
vertices of the underlying hypergraph.

For more information on the quantum automorphism groups of classical graphs and a
comparison of those quantum groups to our quantum automorphism group of hypergraphs,
see Chapter

3.1. Graphs and hypergraphs

Before introducing quantum automorphism groups of hypergraphs, we first recall the def-
inition of various types of graphs and hypergraphs. These are combinatorial objects con-
sisting of a set of vertices that are connected by edges. We begin with the definition of
simple and directed graphs before proceeding to multigraphs and directed hypergraphs.
See [27, 12}, 2] for further details on graphs and hypergraphs. In the following, we denote
the power set of a set X by 2%.

Definition 3.1.1. A simple graph T' := (V, E) consists of a finite set of vertices V and a
finite set of edges E C 2V satisfying |¢| = 2 for all e € E.

Definition 3.1.2. A directed graph T' := (V, E) consists of a finite set of vertices V' and
a finite set of edges E CV x V.

As shown in Figure an edge {v,w} in a simple graph can be visualized by an
undirected line from v to w, whereas an edge (v, w) in a directed graph can be visualized
by an arrow from v to w. Furthermore, directed graphs may contain self-loops (v,v),
which are excluded in our definition of simple graphs.
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O (v, w) @Q(w,w) O {v, w} C

Figure 3.1.: Examples of directed and undirected edges.

Although the previous definitions model edges differently, we can uniformly describe the
edge structure of simple and directed graphs using an adjacency matrix.

Definition 3.1.3. Let ' := (V, E) be a simple or directed graph. Then two vertices

v,w € V are adjacent, denoted by v ~ w, if {v,w} € E or (v,w) € E respectively.
Furthermore, we define the adjacency matriz A € B(C") by

1 ifvo~
A = nY 1{]’ Yo, w e V.
0 otherwise,

By allowing multiple edges between each pair of vertices, we can generalize directed
graphs to multigraphs.

Definition 3.1.4. A (directed) multigraph T' := (V, E) consists of a finite set of vertices
V', a finite set of edges E, and two maps s: £ — V andr: £ — V.

As shown in Figure [3.2] an edge e € E in a multigraph can be depicted by a directed
arrow from its source vertex s(e) to its range vertex r(e) similar to the case of directed
graphs. Furthermore, in the context of multigraphs, we will be interested in vertices with
only incoming or outgoing edges.

Definition 3.1.5. Let I' := (V, E') be a multigraph. Then a vertex v € V is

1. a source if v # r(e) for all e € E,
2. a sink if v # s(e) for all e € E,

3. isolated if it is a source and a sink.

By replacing the vertices s(e) and r(e) in the definition of a multigraph with arbitrary
subsets of vertices, we arrive at the definition of a hypergraph.

Definition 3.1.6. A (directed) hypergraph T" :== (V, E) consists of a finite set of vertices
V, a finite set of edges E, and two maps s: £ — 2" and r: E — 2"

As shown in Figure|3.2] an edge e € E can be depicted by an arrow from the set of source
vertices s(e) to the set of range vertices r(e). Thus, classical directed edges correspond to
hyperedges with |s(e)| = |r(e)| = 1, see also Definition and Definition below.
Note that we allow both s(e) and r(e) to be empty sets.

Similar to the adjacency matrix of classical graphs, the edge structure of a hypergraph
can be described by incidence matrices.
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Figure 3.2.: Examples of directed edges and hyperedges.

Definition 3.1.7. Let I' := (V, E) be a hypergraph. The incidence matrices As, A, €
B(CF,CY) are defined by

(As)”:{l if v € s(e), (A)”:{l if v e r(e), VeV, ecE.

. T .
c 0 otherwise, c 0 otherwise,

Additionally, the notations of sources and sinks can be generalized from multigraphs to
hypergraphs.

Definition 3.1.8. Let I' := (V| E) be a hypergraph. Then a vertex v € V' is
1. a source if v ¢ r(e) for all e € E,
2. a sink if v ¢ s(e) foralle € E,
3. isolated if it is a source and a sink.

Furthermore, the following properties can be used to describe hypergraphs with special
structure.

Definition 3.1.9. Let I' := (V, E) be a hypergraph. Then

1. T has no multiple edges if s(e1) = s(e2) and r(e;) = r(e2) implies e; = ey for all
ei1,e0 € F,

2. T is undirected if s(e) = r(e) for all e € F,
3. T'is k-uniform if |s(e)| = |r(e)] =k for all e € E.

Given a simple graph, a directed graph or a multi-graph, it can naturally be regarded
as a hypergraph. Moreover, the resulting hypergraphs can be characterized using the
previous properties.

Example 3.1.10. Let I' := (V| E) be a simple graph. Then I' can be regarded as a
hypergraph with source and range maps defined by

s({v,w}) = {v,w}, r({v,w}) = {v,w} V{v,w} € E.

Conversely, 2-uniform undirected hypergraphs without multiple edges correspond exactly
to simple graphs in this way.
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Example 3.1.11. Let I' := (V, E) be a directed graph. Then I' can be regarded as a
hypergraph with source and range maps defined by

s(v,w) ={v}, r(v,w)={w} V(v,w) € E.

Conversely, 1-uniform hypergraphs without multiple edges correspond exactly to directed
graphs in this way.

Example 3.1.12. Let ' := (V, E) be a multigraph with source map s’: E — V and range
map 7’: E — V. Then I' can be regarded as a hypergraph with new source and range
maps defined by

se) ={s'(e)}, r(e)={r'(e)} Ve € E.

Conversely, 1-uniform hypergraphs correspond exactly to multigraphs in this way.

Given a hypergraph, it is always possible to obtain a new hypergraph by interchanging
the source and range map or by interchanging the vertices and edges.

Definition 3.1.13. Let I' = (V| E) be a hypergraph. The opposite hypergraph T°P is the
hypergraph (V, E) with source and range maps s°? and r°P defined by

sP(e) =r(e), r°%(e) =s(e) Ve € E.

Definition 3.1.14. Let I' = (V, E) be a hypergraph. The dual hypergraph T'* is the
hypergraph (E, V) with source and range maps s* and r* defined by

s*(v)={ee E|lves(e)}, r'(v)={ecE|ver(e} Ve e E.

Note that the dual source and range maps s* and r* can be expressed in terms of the
source and range maps s and 7 as follows:

s(e)={veV|ees*(v)}, r(e)={veV|eer*(v)} VeeE.
Therefore, we have (I'*)* =T.

3.2. Quantum automorphism groups of hypergraphs

We begin by recalling the definition of the classical automorphism group of a hypergraph
and characterize it in terms of permutation matrices, before we introduce the quantum
automorphism group of a hypergraph. Let X be a finite set. Then Sx denotes the classical
permutation group of X consisting of all bijections from X to itself.

Definition 3.2.1. Let I" := (V| E) be a hypergraph. Then its automorphism group Aut(T")
consists of all pairs of permutations (o, 7) € Sy x Sg satisfying

a(s(e)) = s(r(e)),  ol(r(e)) =r(r(e))  Veek,
where o € Sy acts on subsets {vy,...v} CV by

o({vi,...vx}) ={o(v1),...,0(vg)}.
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Thus, a hypergraph automorphism is given by a permutation of the vertices and a per-
mutation of the edges, which are compatible by respecting the source and range maps.
Next, we show how these compatibility conditions can be reformulated when both permu-
tations are represented as permutation matrices.

Definition 3.2.2. Let X be a finite set. The permutation representation of the symmetric
group Sy is given by the map Sy — B(CX), o — P,, where

(Pcr);' =05y  Vi,j €X.

Note that the permutation representation is faithful, such that we have an embedding
Sx < B(CX) given by permutation matrices.

Lemma 3.2.3. Let X and Y be finite sets, 0 € Sx, 7 € Sy and A € B(CY,CX). Then
. —1¢s
AP, = P, A if and only if AL ;) = A7 "V foralli€ X andj €Y.

Proof. Using the definition of P, and P;, we compute

(AP =Y AP =D enpAl = AL, VieX, jeY,
key key

(PoA) =3 (Po)iAb = S Al =47 D vieXx jev.
keX keX
Thus,

AP, =P, A < Al =A7 W vieX jev
0

By applying the previous proposition to the incidence matrices of a hypergraph, we
obtain precisely the compatibility conditions in Definition [3.2.1

Proposition 3.2.4. Let I := (V, E) be a hypergraph and (o,7) € Sy x Sg. Then
1. o(s(e)) = s(7(e)) for all e € E if and only if AsP; = PyAs,
2. o(r(e)) =r(r(e)) for all e € E if and only if A, Py = Py A,,

where Ag and A, are the incidence matrices of I

Proof. We only prove the first statement about the source map s. The second statement
about the range map r follows similarly. According to Definition [3.2.3] we have

AsPr = P, As (As)q;(e) = (As)gil(v) VoveV,eeE.

By the definition of Ay, the right-hand side is equivalent to

veEs(r(e)) <= o Hv) € s(e) YveV,ee L.
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Furthermore, 0~1(v) € s(e) can be replaced by v € os(e). Thus, we obtain
v e s(t(e)) <= veos(e) YVveV,ee L,

which is equivalent to
s(t(e)) = o(s(e)) Vee E.

O

Using the characterization of classical hypergraph automorphisms in terms of permuta-
tions matrices, we can now define the quantum automorphism group of a hypergraph.

Definition 3.2.5. Let I" := (V| E) be a hypergraph and denote by A the universal unital
C*-algebra generated by elements u;, for all v,w € V and elements u§ for alle, f € £
such that:

R v Jp— e 3 3 :
L uy = (uy), yey and ug == (uf)e’feE are magic unitaries.

2. Aqup = uyAs and Ayup = uy Ay, where Ay, A, € B(CP C") are the incidence
matrices of T'.

Then Aut™(T) := (A, u) is the quantum automorphism group of T', where the fundamental
representation u defined by

0
ui=uy Qug = <u8/ UE> € A® B(CVYE),

Intuitively, we have replaced the permutations o € Sy and 7 € Sg in the definition of
the classical automorphism group with quantum permutation matrices uy and ug. The
compatibility conditions between these matrices are now expressed by the intertwining
relations from above.

Before we show that the definition of Aut™(T") generalizes the classical automorphism
group Aut(T"), we first comment on the relations in Definition

Remark 3.2.6. Let I' := (V,E) be a hypergraph and denote by .4 the C*-algebra
C(Autt(T)). For Aut™(T') to be a well-defined compact matrix quantum group, the magic
unitary relations and intertwiner relations must be compatible with the comultiplication.
This means that there exists a unital *-homomorphism A: A — A ® A defined by

Alug,) = Z Uyy @ Uy, Vv1,02 €V,
weV

A(Ug;) = Z U? ® Ué; Vei,eo € E.
feE

However, this follows directly from the existence of S; and the fact that additional inter-
twiner relations always compatible with the comultiplication, see [89] [96].
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Remark 3.2.7. The magic unitary relations for the matrix wy are given by
(ul)? = (ub)* = ul, ZuﬁzZuﬁzl Vo, w e V.
zeV eV
Similarly, the magic unitary relations for the matrix ug are given by

(W§)? = ()" =uf, > us=> ul=1 Ve feE,

geE g€e

and the intertwiner relations Asurp = uy As and A,ug = uy A, are equivalent to

ZuizZuﬁ,, Zugzz:u& YVoeV,ee L.
fe fe

E weV E weV
ves(f) wes(e) ver(f) wer(e)

Since uy and up are unitary representations, Definition implies that A and A} are
also intertwiners. Thus, we have the additional relations Afuy = ugp A} and Ajuy = upAy,
which are equivalent to

Zufj":Zu;, Zuvw:Zu? YveV,ee€ E.

wev fEE weV feE
wes(e) ves(f) wer(e) ver(f)

Note that the intertwiner relations for A} and A} in the previous remark are not only
additional relations, but they are equivalent to the original intertwiner relations for A; and
A,. This fact is a direct consequence of the next proposition and will be used throughout
the following sections in the computation of quantum automorphism groups of hyper-
graphs.

Proposition 3.2.8. Let V and W be finite dimensional Hilbert spaces and A be a unital
C*-algebra. Consider two unitaries u € A® B(V) and v € A® B(W). Then

Tu=vT <= Tv=uT" VT € B(V,W).

Proof. Let T € B(V,W) with Tu = vT. Since T has scalar coefficients with respect to
any orthonormal bases of V and W, we have

uT* = (Tu)" = (vT)" = T*v™.

Therefore, multiplying on the left by u and on the right by v yields T"v = uT*. The
converse direction follows by replacing T" with T*. O

As a first consequence, we obtain that the quantum automorphism group Aut™(T') can
alternatively be defined by a single intertwiner relation.

34



Remark 3.2.9. Consider a quantum automorphism group Aut™(I') with fundamental
representation u := uy ® ug, and define the block matrix

o 0 AS VUrE
A= (A: O> € B(C"-7).

Then Au = uA is equivalent to Asugp = uyAs and Afuy = ugA), where the second
equation is equivalent to A,ugp = uy A, by Definition [3.2.8. Therefore, the relations
Asup = uyAs and Ayup = uy A, in Definition [3.2.5] can be expressed as the single
intertwiner relation Au = uA.

The following proposition finally shows that the quantum automorphism group Aut™(T')
generalizes the classical automorphism group Aut(I') in the sense of compact matrix quan-
tum groups.

Proposition 3.2.10. Let I be a hypergraph. Then Spec C(Aut®(T')) = Aut(T) as finite
groups.

Proof. Let T := (V, E) and denote by A the C*-algebra C(Aut™(T')). Then Spec(A) is a
group with multiplication given by

pxY:=(p@YP)oA  Vp,9) € SpecA,

(CVI_IE)

and it is isomorphic to a subgroup of unitary matrices G C B( via the correspon-

dence
i

VUE
j))i,jGVuE € B(C - ),

p€eSpecA +—  o(u):= (o(u

see [83, Proposition 6.1.11]. Furthermore, we have the decomposition v = ug @ uy, such
that p(u) = p(ug) ® ¢(uy) is given by a pair of matrices ¢(ug) and p(uy). Since uy
and ug are magic unitaries, p(ug) and p(uy) are precisely permutation matrices, which
correspond to a pair of permutations (o, 7) € Sy x Sg via the permutation representation
in Definition Definition then implies that (o, 7) are precisely automorphisms
of I. O

3.3. Hypergraphs with maximal quantum symmetry

Before presenting examples of quantum automorphism groups of hypergraphs, we show
that these quantum groups are always subgroups of S‘ﬁ * SE.

Proposition 3.3.1. Let ' := (V, E) be a hypergraph. Then Aut™(T') C S‘J/r xS

Proof. Let u denote the fundamental representation of Aut™(I") and 4 denote the funda-
mental representation of S‘J} * S}E. Since uy and ug are magic unitaries, the universal
property of C (S{ﬁ * SE) implies the existence of a unital *-homomorphism

o: C(S{; * Sg) — C(Autt (),
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Figure 3.3.: The hypergraph I, ,,, from Definition m

Ugyy > Uy, UG > U Yo,weV,e f€EE.

This *-homomorphism is surjective because C(Aut™(T")) is generated by the entries of uy
and ug. Furthermore, it is a morphism of compact quantum groups because

Ag(a,)) = Auy) =Y uf @uy, =Y ¢(ay) © ¢(ay,) = (6 © ¢)(A@y))

zeV zeV

for all v,w € V. Similarly, we have A(qb(ﬁ?)) = A(qﬁ(ﬁ;)) for all e, f € E. Thus, Aut™ (T
is a subgroup of S‘J; * S}E. 0

Next, we construct a concrete family of hypergraphs I, ,, for which the quantum au-
tomorphism group is isomorphic to S{ﬁ * Sg. These hypergraphs have maximal quantum
symmetries in the sense of Definition [3.2.5| and are illustrated in Figure |3.3

Definition 3.3.2. Let n,m € N. Define the hypergraph I';, ,, := (V, E) with vertices
V ={1,...,n}, edges E ={1,...,m}, and source and range maps defined by

s(e)=V, rle)=V Vee E.

Proposition 3.3.3. Let n,m € N and I, := (V, E) be the hypergraph from Defini-
tion 33% Then Aut™ (T, ,n) = S = SE.

Proof. Let u denote be the fundamental representation of Aut™(T,,,,) and 4 denote the
fundamental representation of S“/F * SE. By the proof of Definition Aut™(Ty,) is a
subgroup of S‘t * SE via the unital *-homomorphism

¢: C(Sfr = SE) = C(Aut™ (T 1)),
Uy, = Uy, UG — uf Yo,we Ve, feFE.

To show the reverse inclusion, we construct the inverse *-homomorphism using the univer-
sal property of C'(Aut™(T',,,,)). Thus, we must show that @y and @p satisfy the relations
from Definition However, 4y and Ug are magic unitaries by definition, and we

compute
oal=>al=1=) a,= > a, VweV,eckE.
feE fEE weV weV
ves(f) wes(e)
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This implies As;up = uyAs by Definition Similarly, one shows A,up = uyA,
by replacing the source map s with the range map r. Thus, the *-homomorphism from
Definition is invertible, which shows that Aut™ (', ,,,) and S;F S are isomorphic. [

3.4. Dual and opposite hypergraphs

Next, we compute the quantum automorphism groups of the opposite and dual of a hy-
pergraph. Recall from Definition [3.1.14] that the opposite hypergraph I'°P is obtained by
interchanging the source and range maps of a hypergraph I'. In the classical case, both "
and I'°P have the same automorphism group.

Proposition 3.4.1. Let I' :== (V| E) be a hypergraph. Then Aut(T') = Aut(I'°P).
Proof. The statement follows directly from the fact that
o(s(e)) = s(t(e)) < a(r°®(e)) =r°%(7(e)) Ve e E,
o(r(e)) =r(r(e)) < oa(sP(e)) = sP(7(e)) Vee E
for all pairs of permutations (o,7) € Sy X Sp. O
The previous proposition generalizes directly to the quantum setting.
Proposition 3.4.2. Let T' be a hypergraph. Then Aut™(T') = Aut™ (I°P).

Proof. Let T := (V, E). Denote by u the fundamental representation of Aut™(T") and by
4 the fundamental representation of Aut™(I'°P). By definition, we have Agp = A, and
Arop = Ag, which implies the entries of u and u satisfy the same relations. Therefore, the
universal properties of C(Aut™(T")) and C(Aut™ (I'°P)) yield a *-isomorphism

¢: C(Aut™(I')) — C(Autt(IT°P))
Uy = Uy, UG — UG Vo,weV,e fekE.
Furthermore, it is a morphism of compact quantum groups because

=Y w e = (0ed(Aw)  Vewe,

zeV

Zu ®u = (¢ ® ¢)(Au )) Ve, f € E.

gev
Thus, Aut™(T') are isomorphic Aut™ (T'°P). O
Next, we consider dual hypergraphs. Recall from Definition [3.1.14] that the dual I'* of
a hypergraph I' is obtained by interchanging the vertices and edges. As in the case of

opposite hypergraphs, a hypergraph and its dual have isomorphic classical automorphism
groups.
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Proposition 3.4.3. Let I' be a hypergraph. Then
Aut(I'™) = {(r,0) | (o,7) € Aut(")} .
In particular, Aut(T') and Aut(I™) are isomorphic.

Proof. Let T := (V, E) and (0,7) € Aut(I"). Then
T(s*(v)) ={r(e) |[e€ E,ves(e)} ={ec E|ve 3(7_1(6))}
={ecE|lveol(sle))}={e€ E|o) e sle)}=s"(c(v))

Aut(T*). Conversely, let (1,0) € Aut(I'™*). Since (I'*)* = T, the previous computation
directly implies that (o,7) € Aut((I'*)*) = Aut(T'). The isomorphism Aut(I') between
Aut(T*) is given by (o,7) — (7,0). O

for all v € V. Similarly, we have 7(r*(v)) = r*(c(v)) by replacing s with r. Thus, (7,0) €
ince
u

It is also possible to generalize the previous proposition to the case of quantum groups.
Proposition 3.4.4. Let T' be a hypergraph. Then Aut™(T') = Aut™(I'*).

Proof. Let T' := (V, E). Denote by u the fundamental representation of Aut*(T") and by u
the fundamental representation of Aut*(I'*). We begin by constructing the *-isomorphism

¢: C(Aut™ (D)) — C(Aut™(I™)),

Uy = Uy, UG — UG Yo,weV,e, feEFE

using the universal properties of C'(Aut™(T')) and C(Aut™(I'*)). Hence, we must show
that entries of u and u satisfy the same relations. Since uy, ug, ug and uy are all magic
unitaries, it remains to show that

A =@ A, s Anu® =y A,

Aru(l) = u(Q)Ar — Ar*u@) = u(I)AT*

for arbitrary magic unitaries 1w and u® indexed by V and E respectively. However, this
follows directly from Definition [3.2.§| since

1 if * 1 if e
(As*)e _ 1 e € S. (U) _ 1 v e S‘(e) _ (AS)Z _ (AZ)U Vo e V, ec E,
0 otherwise 0 otherwise

which implies Ag« = AT = A* and similarly A,« = A*. Therefore, the *-isomorphism ¢
exists, and it is an isomorphism of compact quantum groups since

Alp(ut)) =D as@us =Y ¢(ul) ® o(ul) = (¢ ® ¢)(A(us))

eV zeV

for allv,w € V, and A(gb(u?)) = (¢®¢)(A(u?)) for all e, f € E by a similar computation.
O

38



3.5. Hypergraphs without multiple edges

In contrast to the quantum automorphism groups of graphs by Bichon and Banica in
Chapter [4, our quantum automorphism group includes an additional magic unitary ug
for the edges. This magic unitary is necessary to capture quantum symmetries involving
multiple edges, see for example the family of hypergraphs in Section However, we
show that if a hypergraph contains no multiple edges, then the magic unitary ug becomes
redundant, and its entries can be expressed in terms of the entries of uy .

We begin with the following lemma, which relates the entries of up with the entries of

uy .
Lemma 3.5.1. Let T':= (V, E) be a hypergraph and X CV. Then

Zu£ H Zu Ve € E.

feE vEX weV
XCs(f) wes(e)

In particular, the product on the right-hand side commutes. The statement also holds for
the range map r.

Proof. Let e € E and X = {vy,...,v;} with all v; pairwise distinct. Then

[ =T X wi= ¥ 3 b

veX veEX fEE f1EE fLeE
ves(f) v1€s(f1) v €s(fi)

Since uf - ult = Ofifo - 6f1fku£l7 it follows that

H (ASUE)Z = Z gz Z

veX fer f
XCs(

v1€s(f),...,vr€s(f) )

On the other hand, applying Asup = uy As to the original expression yields

[T Asup)! = T] (At =T > w,

veX veX veX weV
wes(e)
Therefore,
v
> ul=11 >
ferE veX weV
XCs(f) wes(e)

Since the left-hand side is independent of the order of the elements in X, the product on
the right-hand side commutes. Furthermore, replacing s with r yields the analogous result
for the range map r. O

By using an inclusion-exclusion argument, we can strengthen the previous lemma to
obtain the equality X = s(f) instead of the inclusion X C s(f) on the left-hand side.
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Lemma 3.5.2. Let I' := (V, E) be a hypergraph and X C V. Then

Z ul = Z (—1)‘Y‘_|X|H Z uy, Ve e E.

fEE XCYCvV veY wev
s(f)=X wes(e)

The statement also holds for the range map .

Proof. Using Definition [3.5.1], we must show that

Z ul = Z ()Y I=IX] Z ul Ve € E.

feE XCYCV feE
s(f)=x Y Cs(f)

Consider an element ug with X
(];) subsets Y satisfying X C Y
contributes a factor of

(f) and define k := |s(f)| — |X|. Then there are
(f) and |Y| = |X| + ¢. Furthermore, each subset

C s
C s
(_1)\Y\—IXI — (_1)(IX\+€)—IX\ = (-1)*

on the right-hand side of the equation. Thus, by the binomial theorem, the total contri-
bution of u} to the right-hand side is

k .
k ) k 1 ifk=0,
)= (-)+1)*=
(IR IRV P
Therefore, the right-hand side contains ug precisely when k£ = 0, which is equivalent to
s(f) = X. The corresponding result for the range map r follows similarly. O

The previous lemma can now be used to show that the elements of ug can be expressed
in terms of the elements of uy if the underlying hypergraph contains no multiple edges.

Theorem 3.5.3. Let I' := (V,E) be a hypergraph without multiple edges. Denote by
C*(uy) the C*-algebra generated by uy, for all vyw € V. Then u§ € C*(uy) for all
e,fek.

Proof. Let e, f € E. Then
S o Y e
geE geE
s(g)=s(e)  r(g)=r(e)
by choosing X = s(e) and X = r(e) in Definition [3.5.2] This implies

(S @) T w)- T we- ¥ gecun

geE geE g1,92€E 5 a1 geE
s(g)=s(e) r(g)=r(e) s(gr)=s(e) “9192Yr  s(g)=s(e)
r(g2)=r(e) r(g)=r(e)
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Since I' contains no multiple edges, we have

uf = Z ufc € C*(uy).
gelE
s(g)=s(e)
r(g)=r(e)

O]

Translating the previous theorem to the setting of quantum groups yields the following
two corollaries.

Corollary 3.5.4. Let I := (V, E) be a hypergraph without multiple edges. Then Aut™t(T)
s a subgroup of S;.

Proof. Denote by u the fundamental representation of Aut™ (') and by @ the fundamental
representation of S‘t. Following the proof of Definition there exists a morphism of
compact quantum groups

¢: C(S) = Aut™(T), @ — ul, Yo, w e V.

By Deﬁnitionm this morphism is surjective, which implies that Aut™(T") is a subgroup
of Sé}. O

Corollary 3.5.5. Let " := (V| E) be a hypergraph such that T'* contains no multiple edges.
Then Aut™(T) is a subgroup of SE.

Proof. By combining Definition and Definition we obtain

Autt(T) = Aut™(T*) C Si.
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4. Links to quantum symmetries of
classical graphs

In the case of classical graphs, there exist two different versions of quantum automor-
phism groups, which have been introduced by Bichon [I3] and Banica [5]. These quantum
groups generalize the classical automorphism group of a graph I' and are constructed by
imposing the additional relation Au = uA on a quantum permutation u, where A de-
notes the adjacency matrix of I'. Quantum automorphism groups of graphs provide a
large class of examples of compact matrix quantum groups and have been further stud-
ied for example in [21], [75], 57, 28] and recently been generalized to multigraphs in [45].
Additionally, quantum automorphism groups of graphs have found applications in quan-
tum information theory, where Mancinska and Roberson [64] established a link between
quantum symmetries of graphs and non-local graph isomorphism games.

In this chapter, we first introduce the existing quantum automorphism groups for graphs
by Bichon and Banica, and a multigraph version by Goswami and Hossain, before compar-
ing these quantum groups to our quantum automorphism group for hypergraphs. Specifi-
cally, we show that if a hypergraph arises from a classical directed, simple or multigraph as
described in Section then our quantum automorphism group for hypergraphs agrees
with Bichon’s quantum automorphism group or its multigraph version by Goswami and
Hossain. Therefore, our quantum automorphism group for hypergraphs can be viewed as
a generalization of Bichon’s quantum automorphism group for classical graphs.

4.1. Quantum automorphism groups of graphs

In the following, we recall the definition and basic facts about quantum automorphism
groups of classical graphs. We begin with the definition of Bichon’s quantum automor-
phism groups before discussing Banica’s version and the recent version for multigraphs
by Goswami and Hossain. For more information on quantum automorphism groups of
graphs, we refer to [76].

Definition 4.1.1. Let I' := (V| E) be a simple or directed graph. Denote by A the uni-
versal unital C*-algebra generated by elements u;, for all i, 7 € V satisfying the following
relations:

o r[/ . . .
1. u:= <uj>i,j€V is a magic unitary.
2. Au = uA, where A is the adjacency matrix of T'.

3. u}cu% = u‘;u}C for all i ~ j and k ~ £.
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Then Autg, (I') := (A, u) is Bichon’s quantum automorphism group of T'.

Note that the second relation Au = uA was originally formulated using a different set
of relations. However, the following proposition shows that both versions are equivalent.

Proposition 4.1.2. LetT := (V, E) be a simple or directed graph, A be a unital C*-algebra
and u € A® B(CY) be a magic unitary. Then Au = uA is equivalent to

uiuizuiufczo Vi g, kool
uiuizuiuzzo Vi g, ko~ L.
Proof. See [76, Proposition 2.1.3]. O

Using this reformulation of the intertwiner relations Au = uA, we can now prove the
following proposition, which will be used later.

Proposition 4.1.3. Let T' := (V. E) be a simple or directed graph. Denote by u the
fundamental representation of Autgic(l’). Then

ZUZU%: Zufugzl Vi ~ j.
kLeV kLeV
k~t 4

Proof. Using Definition and the fact that u is a magic unitary, we obtain

5wl = 3 o = (o) (o) =11

kJleV kJleV keV lev
kot
for all 4,j € V with i ~ j, see [(7]. The second equality follows similarly. O

By dropping Relation [3] in Definition we obtain of Banica’s quantum automor-
phism group, which is often studied instead of Bichon’s version.

Definition 4.1.4. Let T' := (V, E) be a simple or directed graph. Denote by A the
universal unital C*-algebra generated by elements u; for all 4, j € V satisfying the following
relations:

Low= (uf

ﬂwev is a magic unitary.

2. Au = uA, where A is the adjacency matrix of I'.

Then Aut;

Ban (L) = (A, u) is Banica’s quantum automorphism group of T'.

However, we are primarily interested in Bichon’s version and its generalization to multi-
graphs as recently defined by Goswami and Hossain [45].

Definition 4.1.5. Let I' := (V, E) be a multigraph without isolated vertices. Denote by
A the universal unital C*-algebra generated by elements u for all e, f € E satisfying the
following relations:
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e

1. The matrix u := (u ¢ is a magic unitary.

)e,fGE

2. Let v eV and e1,es € E. Then

Z uyt = Z uy  if s(er) = s(e2),

fer feE

s(f)=v s(f)=v

Z ugt = Z uy ifr(er) =r(es).
feEE fEE
r(f)=v r(f)=v

3. Let e, f € E. Then us =0 if
e s(e) is neither a source nor a sink and s(f) is a source, or

e r(e) is neither a source nor a sink and r(f) is a sink.

4. Let v € V be neither a source nor a sink and ej, ez € E such that s(e;) = r(e2) is
neither a source nor a sink. Then

ORI
fEE fEE
s(f)=v r(f)=v

Then AutJéH Bic (L) == (A, u) is the quantum automorphism group by Goswami and Hossain
in Bichon’s sense of I

Note that in contrast to the original definition in [45], Definition 4.26], we have added
the magic unitary relation (u f)2 = uf for all e, f € E and interchanged the conditions in
Relation [3l

4.2. Case of directed graphs

We begin by studying the hypergraph quantum symmetries of directed graphs as defined
in Definition [3.1.2 Recall from Definition that we can identify a directed graph
I' := (V, E) with a l-uniform hypergraph without multiple edges by defining the source
and range maps as follows:

s(v,w) = {v}, r(v,w)={w} V(v,w) € E.

In this way, we can apply Definition to obtain a hypergraph quantum automorphism
group Aut™(T). In the following, we show that Aut™(T") coincides with Bichon’s quantum
automorphism group Autg, ().

We begin by reformulating the intertwiner relations As;up = uy As and Ayug = uy A,
in the context of directed graphs.
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Lemma 4.2.1. Let ' := (V, E) be a directed graph, A be a unital C*-algebra and
uy € A® B(CY), up € A® B(CF).
Then the relations Asup = uy As and Arug = uy A, are equivalent to
(v2,w2) _ (v2,w2) _
Do U TUS D Ui = Ui
('U27w2)€E (’U2,'LU2)€E
Vo=V2 vo=w2
for allvg € V and (vi,wy) € E.

Proof. Let vy € V and e := (v1,w;1) € E. Then

Aap) = 3 uwf= 3 uggj;f;jg,

ferE (v2,w2)€E
voes(f) vo=t2
_ _ (v2,w2)
(ATUE)ZO - Z ué” - Z u(viwi)'
ferE (v2,w2)EE
voer(f) Vo =wW2

On the other hand, since the image of s and r contains exactly one element and there are
no multiple edges, we have

(uyAs)? Z Uy = U, (uyAy)Y Z us® = u?

weV weV
wes(e) wer(e)

Therefore, Asup = uy As and A,ug = uy A, are equivalent to

(v2,w2) __ (v2,w2)
D Uy = U Do U =
(Ug,’LUQ)GE (’U2,’UJ2)€E
Vo=2 vo=w2
for all vg € V and (vi,w;) € E. O

Using the previous lemma, the entries of ugp can be expressed in terms of the entries of
uy .
Lemma 4.2.2. Let I := (V, E) be a directed graph. Denote by u the fundamental repre-
sentation of Aut™(T). Then

(’Ul,wl) w1
(w2 wa) = Ups U = U2 Uy V(vy,w1), (ve,ws) € E.

Proof. Let (v1,w1), (v2, wz) € E. By Definition we have

v _ (v3,w3) wy _ 2 : (va,wyq)
Uyy = Z u(vmwz)’ Uy = u(vmwz)’
(v3,w3)EE (v4,wqe)EE
V1=v3 wW1=w4
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which yields

v3,W, V4, W v3,W,
uZéulwué = Z Z ugvz,wigugv;wzg - Z ugvz,wzg’
R
5(@3,w3)(v47w4)u(u2:w2) w}:w33
V4,W. v3,Ww, V3 ,W.
u%;ugé - Z Z ugvz,w;gugv;wzg - Z ugvz,wzg'
S e ey CHENSE
5(“4,w4)(037w3)u(v2:w2) wi:wsg

Since I' contains no multiple edges, we have

(vi,w1) _ (vs,ws3)
u(vg,wz) o Z U(U27w2)'

(U3,w3)EE
V1=03
wi=w3
Thus
3
(U17w1) U1, w1 __ ,,W1,,U1
(v2,w2) Uy Uy = Ugpg Unyg

O

Now, we can show that our quantum automorphism group Aut™(I") coincides with the
quantum automorphism group Autgic(l“) when we identify the magic unitary uy with the
fundamental representation of Autg, (T').

Theorem 4.2.3. Let T be a directed graph. Then Aut™(T') = Autg, (T).
Proof. Let T := (V, E). Denote by u the fundamental representation of Aut™(T") and by

u the fundamental representation of Autg, (I'). Furthermore, define the elements

~(v1,w1) | vy Aw
Ulyig) = U U V(vi,wr), (v2,ws) € E,

and the matrices Uy := (uy,), ey and up = (aj’)qfeE'
Step 1. To prove the statement, we begin by constructing the unital *-homomorphism

¢: C(Aut™ () — C(Autg, (),

v ~U
Ugy +> Uy Yv,w eV,
(v1,w1) PO
Uiy wg) Upgh Uy : V(vy,w1), (ve,ws) € E

using the universal property of C'(Aut™(T')). Therefore, we must show that the matrices
uy and up satisfy the relations from Definition By Definition Uy is a magic

unitary. Moreover, we have

Ungd Uy = Uy Uy} V(vi,wi), (v2,we) € E,

which implies

(Tyy Tagy) " = (Uagy) " (Uny)" = Uy Ty, = Uy
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~v1 w1\ 2 Avl/\wl/\vl/\wl (012 w2 Avl/\'wl
( ’Uzuwg) _uv2 WQU'UQUU)Q - (u’vg) (u’UJQ) - u’Uz wa "

Furthermore, the additional relations from Definition yield

1w iz wr
g Ut Upt = g Ups Uyt =1 V(v1,w1) € E,

(v2,w2)EE va,w2 €V
(v2,w2)€EE
2w T2 w2
g U2y = g U2 Uyy? = V(v1,w1) € E.
(v2,w2)EE v, w2 EV
(v2,w2)€E

Therefore, 4 is a magic unitary. Next, we verify the intertwiner relation Asup = uy As.
Let vg € V and (v, w1) € E, and denote by A the adjacency matrix of I'. Then

E AU W § UJQ _ E vo ’\w2
uvl uwl u AU}Q wi*
(v2,w2)€EE (vz,wg)EE w2€V
V=02 Vo=v2

By Definition we have Auy = uy A, which implies

e vo w2 _ 0 gw2
g A Uy? =u,’ E U, A

wo €V wQGV
3 U0V —
Since U0y, = Opyw, Uyl , it follows that
U0 Vo w2 __ U0 w2 __ AUO ’Ul _ o
Uy g Uy A? = E Oy wo U Agy? OAL, =y
wo €V wo €V

Therefore,

~(v2,w2) ~vg ~we
§ : u(vl,wl) - 2 : Uy Uy = uv1’
(v2,w2)€E (v2,w2)€E
V=02 V=02

which is equivalent to Asug = Uy As by Definition Similarly, one shows A,iig =
uy A,. Thus, the map ¢ exists.

Step 2. Next, we construct the inverse map

¢: C(Autd, (T)) = C(Aut™(T)), ay — ul, Yo,weV

w w

using the universal property of C(Aut#; (I')). Thus, we must show that the matrix uy
satisfies the relations from Definition First, note that uy is a magic unitary by
Definition [3 Second, we must show that Auy = uy A. Observe that A = A;A” since

*\ VU v w 1 lf (U’ w) G E?
(ASAT)w = Z (As)e(A'f')e = Z 6(v,w)e = { . vv7w € V

eE B 0 otherwise,

Hence,
AUV = ASA:'LLV = ASUEA; = 'LLVASA: = U,VA,
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because A} also intertwines uy and ug by Definition Finally, we must verify that

ugéugé = ugé“ﬁé V(’Ul, w1)7 (’02, w?) ek

But this follows directly from Definition since

v1,,W1 __ (Ulvwl) _ ,w1,,v1
uv2uw2 = u(v27w2) = UwQU/UQ.

Thus, the x-homomorphism 1 exists.
Step 3. The maps ¢ and v are indeed inverse because

~v

v
Uy, < Uy,

~U1 W1 v1,,W ('thl)
Uy Uy Uy Uy = (v2,w2)

by Definition It remains to show that 1) respects the comultiplication and defines
an isomorphism of compact quantum groups. But this follows directly since

Ap(@@y)) =Y uboul, =Y (@) @) = (o y)(A®@))

zeV zeV

for all v,w e V. O

4.3. Case of simple graphs

Next, we consider simple graphs as defined in Definition|3.1.1] Recall from Definition[3.1.10
that simple graphs can be regarded as 2-uniform undirected hypergraphs without multiple
edges by defining the source and range maps as follows:

s({v,w}) = {v,w}, r({v,w}) = {v,w} V{v,w} € E.

In the following, we show that for a simple graph I' our quantum automorphism group
Aut™(T) also coincides with Bichon’s quantum automorphism group Autg;. (T').

We begin by reformulating the intertwiner relations Asup = uy As and Ayup = uy A,
in the context of simple graphs.

Lemma 4.3.1. Let I' := (V, E) be a simple graph, A be a unital C*-algebra and
uy € A® B(CY), up e Ao B(CE)
be two unitaries. Then the following are equivalent:
1. Asug = uyAs and Ayup = uy A,
9 Z u{vo,vz}} = up? + U Vog € V, {vi, w1} € E,

{vi,w1
vV
{”Uo,vg}GE
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3. Z ulvre = Ugt + uy! Vg € V, {v1, w1} € E.

{vo,w2}
vV
{Uo,vg}EE

Proof. Since A; = A,, we only need to consider Asug = uyAs. Let vg € V and e :=
{vi,w1} € E. Then

Aup)? =S (Aul = S ul = 3wl

fer fer va €V
vo€Ef {vo,v2}€E
vo ( Vo _ U0 | 4,00
(uy Ay, E Upy E Uy = Uy + Uy -
weV weV
wee

Hence, Asugp = uy As is equivalent to

Z “}Zfﬁ}} = Uy + Uy Vg € V, {v1, w1} € E.
v €V
{Uo,’l}g}EE

Similarly, we compute

(up Ay = D us (A, = 2w = >0 uiy

fer fer va €V
vo€f {vo,v2}€E
* e __ — V1 w1
(ASUV)UO = E )y Uy = E Uy = Uyl =+ gyt
weV weV
wee

Thus, upA; = Auy is equivalent to

Z u{v1,w1} _ u:}}é 4oyt Yug €'V, {Ul,UJ1} e E,

{vo,v2} vo
v €V
{vo,vg}EE
which is equivalent to Asup = uy As by Definition [3.2.8 O

As in the case of directed graphs, we can use the previous lemma to express the entries
of the magic unitary ug in terms of the entries of uy .

Lemma 4.3.2. Let ' := (V, E) be a simple graph. Denote by u the fundamental repre-
sentation of Aut™(T). Then

{'Uh'wl} _ uvl w1 + u’Ul u’w1 —_ u uIU1 + uwluvl

{va,wa} = "2 Uy w2 T2 v2 Yw2

for all {vi, w1}, {ve, w2} € E.
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Proof. Let {vi, w1}, {ve, wa} € E. Since I a simple graph, we have v; # wy, which implies

U1 v1 w1 w1\ — ,,V1,,W1 v1,,W1 V1 ,, W1 vl ,, W1 __ ,,V1,,W1 vl ,, W1
(uvg + uwg)(uvg + uwg) - uvguvg +u1}2u’w2 + uwguvg + uwgu’wz - uvgu’wg + u’LUQu’UQ .
~—

0 0

On the other hand, Definition yields

(utg i)y +u) = 0wl S uf

v3€eV v €V
{vl,vg}GE {wl,v4}€E
. {vi,v3} {wi,v4}
= Z Ulvg,wz} Wvwa}
v3,v4€V _’T/}
E v ,V3
1o w0l €B 51, oy un gy uen vy
_ {viwi}
{v2,w2}’

where {v1,v3} = {w1,v4} and v; # w; implies v3 = w; in the last step. Thus,

{vi,w1} _

v1 V1 w1 w1\ —_ ,,V1,,W1 v1 ,,W1
(0o ws} = (uv2 +uw2)(uv2 +uw2) =yl 4 U

V2 w2 w2 U2

Similarly, we compute

V1 w1 V1 w1\ _ ,,V1,,W1 w1 ,,v1
(u’Uz + u'UQ )(uwg + uwz) = Uy U + uUQ u’LUQ

vg Ywo
and
v w1y (,,v1 w1y _ {vi,w1}, {vi,un} | {viwi}
(g, + vy ) (U, + ) = Z Yvgvst Mwawa} T Uvg,wn}
v3,v4EV . ,
E vi,wy
{vrvs}{vz,vate 5{U2,v3}{w2,v4}“{v2,U3}

using vy # wy and Definition Therefore,

{vi,w1} _

v1 w1 v1 w1y — ,,V1,,wW1 w1 ,,v1
{U2,w2} - (uvz + uvg )(uwg + u’LUQ) = Uy, U + uvg uwg'

v2 w2

O]

In addition to the previous lemmas, we need the following proposition for general hyper-
graphs. It states that u;, = 0 if the vertices v and w are contained in a different number
of edges. This proposition will also be used in Section [£.4] when computing the quantum

automorphism groups of multigraphs.

Note that this type of relation seems to be useful when computing quantum symmetries
of concrete hypergraphs. For example, the similar relation u;u’g = 0 for d(i, k) # d(j,¢)
was used in [74] [75] to compute quantum symmetries of classical graphs, where d denotes

the distance between vertices.

Proposition 4.3.3. Let ' := (V, E) be a hypergraph, and denote by u the fundamental

representation of Aut™(T'). Define

Ns(v) :=|{e € E |v € s(e)}] Yo e V.
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Then
Ng(v) - ug, = uy, - Ng(w) Yo, w e V.

w w

In particular, if Ng(v) # Ns(w), then ul, = 0. The statement also holds for the range map
r.

Proof. Let v € V. By summing both sides of (Asug), = (uy As), over all e € E, we obtain

S5 (el =3 (a0 (Ll ) = X (4 = Mito),

e€FE feFE feE e€R
1

Yo ub(A)r =) u&(Z (As);”> =l Ny(w).

ecEweV weV
Thus,

which implies

Ny(v) - uly = uf, - No(v) = > ubul -No(z) = ul) - Ny(w)  Vo,w €V,
zeV

Owzul,

In particular, if Ng(v) # Ng(w), then

Ns(v) - uy, = up, - Ny(w) <= (Ns(v) — Ng(w)) - up, =0 <= u,, =0.

w w

The corresponding statement and the proof for the range map r are obtained by replacing
s with r. O

We can now show that in the case of simple graphs, our quantum automorphism group
coincides with Bichon’s quantum automorphism group when we identify the magic unitary
uy with the fundamental representation of Autg, (T).

Theorem 4.3.4. Let T be a simple graph. Then Aut™(T') = Autg, (T).

Proof. Denote by u the fundamental representation of Aut™(I') and by @ the fundamental
representation of Autg, (I'). Furthermore, we define the elements

~vi,wi} |~ ]~
apre) = anam + aniy o w, {ve,we) € B,
and the corresponding matrices uy = (uy,), ,ey and Up = (a?)e,feE' Note that the

elements ag;gﬁ is well-defined because

ﬁg;ﬂ%; = ﬂ\%;ag; V{’Ul, wl}, {’02, ’wg} ekl
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by Definition [4.1.1
Step 1. First, we construct the unital *-homomorphism
6: C(Aut* (1)) — C(Auth (),
Up, > Uy, Yo, w €V,
uf — uf Ve,f e E

using the universal property of C(Aut™(T')). Therefore, we must show that @y and g
are magic unitaries that are intertwined by As; = A,. By Definition the matrix uy
is a magic unitary, and we compute

(a{Ul,’LUl})* _ (Avla“’l)* + (Avl Awl)*

{v2,wa2} v2 Yw2 wa Yoy
_ awl a’ul + ’L/Zwl ﬂvl _ ’L/Zvl a’wl + a’ul a’wl _ A{Ul’wl}
w2 2 vz w2 v2 w2 w2 T2 {v2,wa2}

for all {v1, w1}, {ve, we} € E. Similarly, we compute

~{v1,w1} 2 v 1 AW AV W ~vy ~wq
(u{v2,w2}) - (U,U2U,w2 + uwgu’uz )(u’vzuwg + u’wQuUQ )

_ V15wl 551w U1 W15V Wl
- UUQ uw2uv2uw2 + u’LUQuUQ uw2uv2
_ (7v1)\2(Hwi)2 7012 (w12
- (U’Ug) (uwg) + (Uw2) (uvg)
—_ Vi17w1 V1 Jjwi
- u’Uz uwg + uwz uvz
_ ~viun}
{v2,w2}

for all {v1, w1}, {ve, w2} € E, where we additionally use the fact that

WiV TwW1v1
’LU2u’w2 - 0’ u’Ug uvg - 07

since v1 # wi. Next, show that the rows and columns of g sum to 1. Observe that
sor sy _ L oy _ L
Z Uy Uy = 5 Z Uy Uy = 5 V{ve, wa} € E
{v1,w1}€E vi,w1EV
{v1,w1}eV
by Definition [4.1.3] Therefore,
~{vi,w} _ v PP S
Do ey = DL Umght Y Uy = ;ts=1
{vi,w1}€E {vi,w1}€E {vi,wr }€F

for all {ve,ws} € E. Similarly,

—_

. 1
Z ugézﬁ =5t5= 1 Yu,u} ek
{va,wa}eFE
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Hence, 4 is a magic unitary. It remains to show that A,up = uy As;. But this follows
from Definition and Auy = uy A because

} : ~{vo,v2} _ § : Sva | mvg S
u{vl,w1} - (um Uy + Uy uvl)

v €V v €V
{UQ,UQ}GE {Uo,vz}GE
— 7Y 'U2 /\UO V2
- u’l)l § : w1 +u § : uvl
v €V vV
{’Uo,’UQ}EE {’Uo,UQ}EE
— AUO Yo Vo 77V2
§ :sz Uy + Uy, § :Avg Uy
vV vo eV
= Up° g Upo Ay? + U, g Uy A2
UQEV UQEV
_ rogvo + v U
- ’U1 1}2 U2'w1 w1 1)2 '172@1
ey = ey ——
6v1v2uv1 6wlv2uw1

= + i,
for all vg € V and {vi,w;} € E. Hence, the map ¢ exists.
Step 2. Next, we construct the inverse map
Y C(AutEiC(I‘)) — C(Aut™ (1)), @l +— ul Yo,w eV

using the universal property of C'(Autf; (T')). We must show that uy satisfies the relations
from Definition By Definition [3.2.5 uy is a magic unitary. To show that Auy =
uy A, observe that

(AA%)Y = Z (A9)i(As)y ={e€ E|ves(e) Nwe s(e)} Yo, w e V.
eck
Since I' is a simple graph, each e € E contains exactly two elements, such that
0 if v#w, {v,w} ¢ F,
(A Ay, =11 if v#w, {v,w} €E,
Ng(v) if v =w,
where
Ny(v):=|{e € E|v e s(e)}
as in Definition m Thus, AsA* = A+ T with T € B(C") defined by
if
T) = 0 ifv 7w, Vo, w € V.
Ng(v) ifv=w,
Definition [£.3.3] shows that T'uy = uyT, which implies
AUV = ASA:UV — TUV = ASUEA: - uVT = UVASA: — UVT = UVA.
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Finally, we must show that
uptugt = uilugt V{v1, w1}, {ve, w2} € E.

But this follows directly from Definition [4.3.2] since

uvluw1 _ {v1i,w1} .01 uwl

v2 Tw2 {va2,wa} wz U2
_ fwnm} e Pl = Wl b V1 W U W = WiVl
— Hwa,va} wa vy T Pwg T2 w2 "2 w2 Pvz T Twz vz’

Thus, the x-homomorphism 1 exists.
Step 3. By definition of ¢ and 1, we have

v
w

~vU

Uy, > Uy,

{U17w1} V1, W1 vl ,,W1 AV W ~U1] Swi
u{vg,’wz} = Uy Uy + Ungg Uy Uyyg Uy + Uy Uoyg

for all v,w € V and {vi, w1}, {ve, ws} € E, showing that both maps are indeed inverse.
Furthermore, v is a morphism compact quantum group since

A((ay) =Y up@uy =Y ¢(ay) o v(ag) = (v ¢)(A@))

zeV zeV

for all v,w € V. Hence, v is an isomorphism of compact quantum groups, which shows
that Aut™(I') and Autg, (T') are isomorphic. O

4.4. Case of multigraphs

Finally, we consider the case of multigraphs as defined in Definition [3.1.4] Recall from
Deﬁnitionthat we can identify a multigraph I' := (V| E) with source map s': E — V
and range maps r’': E — V with a 1-uniform hypergraphs by defining new source and range
maps s: £ — 2V and r: E — 2" by

se) ={s'(e)}, r(e)={r'(e)} Ve € E.

Throughout the rest of this section, we identify the maps s’ and 7’ with the maps s and
r. In particular, we write uf,(e) instead of uf,/(e) for an edge e € E and a vertex v € V.

The goal of this section is to show that our quantum automorphism group Aut™*(T)
coincides with the quantum automorphism group AutgH Bic(I') by Goswami and Hossain
for multigraphs without isolated vertices. We begin b7y reformulating the intertwiner
relations Asug = uy As and Ayug = uy A, in the context of multigraphs.

Lemma 4.4.1. Let I := (V, E) be a multigraph and u denote the fundamental represen-
tation of Aut+(F). Then the relations Asug = uyAs and Ay,ugp = uy A, are equivalent
to
Z uf = ul®), Z uf = ul(®) YveV, ec k.
feE feE
s(f)=v r(f)=v
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Proof. Consider the equation Asup = uy A, which is equivalent to Aiuy = upA? by
Definition Let e € EF and v € V. Then a direct computation yields

(upA}); Z uf, (Asuy)s Z uy

fer weV
s{f)=v s(e)=u

Therefore, AZuy = ugA% is equivalent to

Z ujf:uf}(e) YVveV,ee€E.
fer
s(f)=v

The corresponding statement for the range map r follows by replacing s with r in the
previous computation. ]

To show that our quantum automorphism group coincides with AutGH Bic(I), we will
identify the magic unitary ug with the fundamental representation of AutGH ic(I'). How-

ever, we need to construct additional elements in C' (AutGH Bic(I')) corresponding to the
magic unitary uy .

Definition 4.4.2. Let I' := (V, E) be a multigraph without isolated vertices, and denote
by u the fundamental representation of Autly pi.(I'). Define the elements uY for all
v,w € V as follows:

Z u} if there exists e € F with s(e) = v,

fekE
vo_ s(f)=w
v Z u} if there exists e € £ with r(e) = v.
fekE
r(f)=w

Next, we show that these elements are well-defined and define a quantum permutation
of the vertices.

Lemma 4.4.3. Let T := (V, E) be a multigraph without isolated vertices. Then the ele-
ments uy, in Definition are well-defined. Furthermore, the matriz uy := (uy,), ,ev
1S a magic unitary.

Proof. First, note that at least one case in Definition applies to each vertex v € V
since I' has no isolated vertices. Furthermore, each case is independent of the choice of
edge e € E by Relation 2] in Definition To show that overlapping cases are well-
defined, consider v,w € V such that v is neither a source nor a sink. If w is neither a
source nor a sink, then both cases agree by Relation [ On the other hand, if w is a source
or a sink, then both cases yield u;, = 0 because the sum is empty in one case, while each
u$ = 0 by Relation 3] in the other case. Thus, the elements uy, are well-defined.
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Next, we show that the matrix uy := (uy,), ,ey 1S @ magic unitary. Let v,w € V, and
assume without loss of generality that there exists an edge e € E with v = s(e). Using
o e . . :
Definition and the fact that (u f)e, fep 18 a magic unitary, we compute

@) = 3 @)= uf=ul,

feE feE
s(f)=w s(f)=w
2
(o= 2, 2 whufp = 2 up=u
freE  fo€E feE
(fl)—ws(fg)—w5f1f2 f os(H)=w
and
doup=, D ug=), Y uj=) uj=1
zeV zeV feE fEE zeV fEE
s(f)=x s(f)=z
~——
u

To show that the rows of uy sum to 1, we use an argument from the proof of [89, Theorem
3.1]. By our previous computation, we have

(uyuis),, Zu f&,wZu W Yo, w e V.

:L‘EV Sowtl? zeV

Hence, uy is right-invertible with uyuj, = 1. If we show that wuy is a representation of
Auty i (D), ie.

:Zu§®uﬁ Yo, w eV,

zeV

then [95, Proposition 3.2] implies that uy is also left-invertibe with uj,uy = 1. Thus,

1= (ujuy), = Z (uf)*uf = Z uy,  Yvev.

zeV zeV

Therefore, it remains to show that wy is a representation of AutGH Bic@). Let v,w eV,
and assume without loss of generality that there exists an edge e € E with v = s(e). Then

Aul) = Z Auf) = Z Zué@u?:Zug(@( Z u?)

fEE fEE g€eE gelE fEE
s(f)=w s(f)=w s(f)=w
=S oul
geE

and on the other hand

Swen=Y ¥ o= ¥ o= weud

zeV zeV feE fEE zeV fEE
s(f)== s(f)==
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Thus,
Aul) = Z uy ® uy, Yo, w e V.
eV
O

Using the previous lemmas, we can show that our quantum automorphism group agrees
coincides with the quantum automorphism group of Goswami and Hossain for multigraphs
without isolated vertices.

Theorem 4.4.4. Let T' be a multigraph without isolated vertices. Then Aut™(I') =
AutJ(gHBiC(I‘) .

Proof. Let T := (V, E). Denote by u the fundamental representation of Aut™(T") and by
u the fundamental representation of Autdy p:.(I'). Furthermore, define the elements @2,
for all v,w € V' as in Definition

Z u} if there exists e € E with s(e) = v,
fer

U s(f)=w
v Z u} if there exists e € £ with r(e) = v.

fer

r(f)=w

We begin by constructing the unital *-homomorphism

¢: C(Aut™(I)) = C(Auty (1)),

v ~v
Uy — Uy

Yu,w €V,
uf — uf Ve,f € E
using the universal property of C(Aut™*(T)). Therefore, we must show that the matrices

~ (/\’l} ~

U 1= @) ers 0= (T5), ep

satisfy the relations of Definition The matrix @ g is a magic unitary by Relation [I] of
Definition and 4y is a magic unitary by Definition Next, consider the relation
Asup = uyAs, which is equivalent to Afuy = ugpAl by Definition This relation
follows directly since

(Attiy)o = > (ADgaw =as = Y a5 =) a5(A))] = (@pAl)
weV (fe)E fer
s(f)=v

for all e € E and v € V. Similarly, one shows that A,up = uyA,. Thus, the x-
homomorphism ¢ exists. Next, we construct the inverse *-homomorphism

(K C’(AutJéHBiC(F)) — C(Aut™(I)), uf — uf Ve,f e E

o7



using the universal property of C(Autdy g (). Thus, we must show that the entries
of ug satisfy the relations in Relation By Definition [3.2.5] ug is a magic unitary.
Furthermore, we can use Definition to compute

g u —uel—u”— E u

feE feE
s(f)=v s(f)=v
ferE feE
r(f)=v r(f)=v

for all v € V and ej,eo € E with s(e;) = s(e2) or r(e;) = r(ez) respectively. Thus,
Relation [2| is satisfied. Next, consider Relation 3| and let e, f € E. If s(e) is neither a
source nor a sink, and s(f) is a source, then N, (s(e)) > 0 and N,(s(f)) = 0 in the notation
(
(

of Definition [4.3.3l Therefore, Definition [4.3.3 implies that v’

)) — 0, which yields

w

0= Uzge))U? = Z uguf = uf.
gelE

s(g)=s(f) Oaru}

Similarly, one shows that uzg?) = 01if r(f) is a sink. Hence, Relation [3is satisfied. Finally,
Definition implies

> = = = S

fEE feE
s(f)=v r(f)=v

for all v € V and ej,es € E with s(e;) = r(ez). Thus, Relation [4] holds, and the x-
homomorphism ¢ exists. The *-homomorphisms ¢ and ¢ are indeed inverse since

uf > U Ve, f € E,

v
w

— u Yo, w eV

u w

by Definition [£.4.1] and Definition [£.4.2] Furthermore, 1 is a morphism of compact quan-
tum groups because

25)) = Y ufeul = Y (@) © (@) = (v ¢)(A@)

geE geE

for all e, f € E. Hence, Aut™(T) = AutEHBiC(F). O
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5. Actions on hypergraph (*-algebras

Classical graph C*-algebras are a well-studied class of C*-algebras that includes many
concrete examples such as matrix algebras, the algebra of continuous functions on the
circle and the Cuntz algebras. They are defined in terms of an underlying graph I' and
generalize Cuntz-Krieger algebras from [24]. In this context, Schmidt and Weber [77]
showed that Banica’s quantum automorphism group Autgan(l“) of a finite graph I' acts
maximally on the corresponding graph C*-algebra C*(T").

Recently, Trieb, Weber and Zenner [84] introduced hypergraph C*-algebras by replacing
the graph in the definition of a graph C*-algebra with a hypergraph. In this chapter, we
generalize the result of Schmidt and Weber to this new class of C'*-algebras by showing
that our quantum automorphism group Aut™(I') acts naturally on the corresponding hy-
pergraph C*-algebra C*(I'). In particular, we recover the action of Schmidt and Weber
as special case. Although our action is generally not maximal in the sense of Schmidt and
Weber, we are still able to obtain maximality when additionally considering the action
of our quantum automorphism group on the opposite and dual hypergraph C*-algebras
C*(T'°P) and C*(I'™).

5.1. Graph and hypergraph C*-algebras

We begin by defining graph C*-algebras for finite directed graphs. See [70] for further
information on graph C*-algebras and the more general case of infinite graphs.

Definition 5.1.1. Let I' := (V, E) be a directed graph. The graph C*-algebra C*(T') is
the universal C*-algebra generated by mutually orthogonal projections p, for all v € V
and partial isometries s, with orthogonal ranges for all e € E such that

1. sz‘%w)s(uw) = py for all (v,w) € E,

2. S(U,w)s)(kv,w) < py for all (v,w) € E,

3. pp < Z S(vw)S(pw) fOr all v € V' that are not sinks.
(v,w)eE

By replacing the underlying graph in the previous definition with a hypergraph, Trieb,
Weber and Zenner [84] arrived at the following definition of a hypergraph C*-algebra.

Definition 5.1.2. Let I" := (V| E) be a hypergraph. The hypergraph C*-algebra C*(I")
is the universal C*-algebra generated by mutually orthogonal projections p, for all v € V
and partial isometries s, for all e € E¥ such that
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1. 5757 = Oey Z py foralle, f € E,

veV
ver(e)

2. Sess < Z py for all e € F,

veV
ves(e)

3. py < Z sess for all v € V' that are not sinks.

eck
ves(e)

If a directed graph is regarded as a hypergraph as in Definition then the corre-
sponding hypergraph C'*-algebra coincides with the classical graph C*-algebra. However,
hypergraph C*-algebras also include new examples of non-nuclear C*-algebras. For fur-
ther details on the nuclearity of hypergraph C*-algebras, see the recent work by Schéfer
and Weber [78] where the nuclearity of hypergraph C*-algebras is characterized in terms
of minors of the underlying hypergraph.

5.2. Construction of the action

In [77], Schmidt and Weber showed that Banica’s quantum automorphism group Autgan(F)
acts maximally on the corresponding graph C*-algebra C*(I") as follows.

Proposition 5.2.1. Let T := (V, E) be a directed graph. Then Aut;, (T) acts mazimally
on C*(T") via the action

a: C*(T) — C*(I) @ C(Aut, ()

defined by
a(py) = Yl ® pu Yo ev,
weV
A(Sw) = D, ULUML @ Sy, V(vi,wi) € E.
(v2,w2)EE

Note that we have reversed the order of the tensor legs in the previous proposition to
be consistent with the notation in [89] and our definition of an action on a C*-algebra.
See also [52] for further discussions on actions of quantum groups on graph C*-algebra.

In the following, we generalize this result to hypergraphs by showing that the quantum
automorphism group Aut™(I') of a hypergraph I' acts faithfully on the hypergraph C*-
algebra C*(I") from Definition Here, the action is given by

ap) =Y pu@ul olse) =Y sp@ul  VueV,eek.
weV fEE

We first construct the underlying *-homomorphism «, before we show in Definition[5.2.3
that it defines an action of Aut™ (") on C*(T).
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Lemma 5.2.2. Let I :== (V, E) be a hypergraph. Denote by u the fundamental represen-
tation of Autt(I'). Then there erists a unital *-homomorphism

a: C*(T) — C*(I') @ C(Aut™(I))
defined by

ap) =D pe@ul alse) =Y spoul  VeeV,eeF.
weV fer

Proof. We use the universal property of C*(I') to construct the map «. Thus, we must
show that a(p,) are orthogonal projections, a(s.) are partial isometries and both satisfy
the relations from Definition [5.1.2] Recall the magic unitary relations of uy and ug, and
the intertwiner relations of As and A, from Definition Then the elements «(p,) are
orthogonal projections because

a(pm)a(pvz) = Z Pwi Pws ®uvwl1u$22

wi, w2V By 1y Py

= Z Puw @ U;f]l%u; = Oy, Z Dw & Ugl = uy0p &(Poy)
weV \’-w/ weV
6U1v2uv1
for all v1,v2 € V and
apo) =D P ® W) = pu@uf =a(p)

weV weV

for all v € V. Similarly, we show that «a(s.) are partial isometries, since

alsea(se) alse) = Y spspsp @ ul () ul
~—_——
Ji.f2,f3€E f
5/’1]‘25/‘1J’Z«BuE
= Z SfS;Sf ®U£ = Z Sf X ug = a(se)
fEE “’—S fEE

f
for all e € E. Next, consider Relation [1| from Definition which states that

555f = Ocf Z Do Ve, f € E.
veV

ver(e)
By applying « to the left-hand side, we obtain

a(se) alsy) = D sisg @ul) uf
g1,92€E Rel. [0

=3 > p@uluf =6y Y pe@ul.
——

geE veV veV geE
ver(g) 5efug ver(g)
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Using Definition [3.2.7] we have

Zug:ZuZ} YveV,eeFE,

geE weV
ver(g) wer(e)

which allows us to rewrite a(se)*a(sy) as

a(se) alsy) =0p Y D Po@ul=6cp > Y py@ul,

veV weV weV veV
wer(e) wer(e)
:5ef Z a(pw)'
weV
wer(e)

Thus, Relation [1}is satisfied. Next, consider Relation [2| which is given by

Sesy < Z Do Ve € E.
veV

ves(e)
By applying « to the left-hand side, we obtain

alse)a(se)” = Z SpSE ® ult (uf?2)" = Z 5FS}® ul.

f1,f2€E f fEE
Sy ottt

Since each uéc > 0, we can use Definition [2.1.16| with Relation [2 to obtain

a(se)a(se)’ < Z( 3 pv> oul =3 Y poeul.

feE ~ veV veV feE
’UES(f) UES(f)

By Definition [3.2.7], we have

Zu;’szuf YveV,eeFE,

fer weV

ves(f) wes(e)
such that
a(se)a(se)” < Z Z Po @ Uy, = Z va ® Uy = Z o(pw).
veV weV weV veV weV
wes(e) wes(e) wes(e)

Hence, Relation [2]is satisfied. Finally, consider Relation [3|, which states that

Dy < Z SESZ

eck
ves(e)
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for all v € V that are not sinks. Let v € V be not a sink. By Definition we have
ul, = 0 for all w € V that are a sink, since Ns(v) > 0 if v is not a sink and Ng(w) = 0 if
w is a sink. Therefore,

alpy) =D pu®@uy = > pu@uy.
weV weVvV
w # sink
Applying Definition [2.1.16] with Relation [3] yields

ap) s X (X sst)ew =3 X st

weV eck ecE weV
w # sink  wes(e) wes(e)

where we used the fact that u;, = 0 if w is a sink. On the other hand, we have
Z a(sp)a(sy)” = Z Z Sei e, @ UG (UF)" = Z Z SeSe @ uf.
feE e1,e2€E fEE S~ cE feE

ves(f) ves(f) 66162uf1 ves(f)

By Definition we have

Zuf:Zu? YveV,ec F,

weV fekE
wes(e) ves(f)

which implies

a(py) < Z Z SeSp @ uy = Z Z SeSp @ UG = Z a(sp)alsy)”.

e€E weV e€E feE fekE
wes(e) ves(f) ves(f)

O]

Next, we show that the previous *-homomorphism « defines a faithful action in the

sense of Definition 2.4.1] and Definition 2.4.2

Theorem 5.2.3. Let T be a hypergraph. Then Aut™(T') acts faithfully on C*(T) via the
map « from Definition [5.2.3

Proof. Let T' := (V,E). Define B C C*(I') as the *-subalgebra generated by p, for all
v €V and p, for all e € E. Then B is dense in C*(I"), and

a(B) C B® O(Aut™(I))
by the definition of o. Next, let v € V. Then

(e @id)(a(py)) = (id @A) (a(pv))

63



since

doapu)@uy = Y pu,@up@uit = Y pu, ® A(u?).

weV w1, w2V wo €V

Furthermore, we compute
(id ®e) (a(py)) = (id ®5)< > pu® uvw> = PuSuww = po.
weV weV
The previous computations also show that

(o @id)(a(se))
(id®e)(a(se))

id ®A)(a(se)) Ve € E,
Se Vee E

by replacing p, with s.. Hence,
(dea)oa=(A®id) o a, (e®id) oalp =id.

Thus, « defines an action of Aut™(I') on C*(I"). To show that « is faithful, assume there
exists a quotient G of Aut™ (') such that a|c (g is also an action on C*(T'). Then

o (o) = Y pe@ul € C*T)RC(G)  YweV,
weV

aloe)(se) = Z spoul cC*T)®C(G) VecE.
feE

The representation of a|c (g (py) in terms of p, is unique since the p, are linearly indepen-
dent as orthogonal projections. Thus, ul¥ € C(G) for all v,w € V. Similarly, u§ € C(G)
for all e, f € E since the s, are linearly independent as partial isometries with orthogonal
ranges. Hence, C(G) = C(Aut™(T")), which shows that « is faithful. O

While our action appears to differ from the action of Schmidt and Weber, the following
remark shows that it reduces to their action in the special case of classical directed graphs.
In particular, this justifies the form of their action retrospectively since the action appears
to be non-canonical from the perspective of classical directed graphs.

Remark 5.2.4. Let I' := (V, E) be a directed graph. By the proof of Definition we
have Aut™(I') = Autf, (T') via the isomorphism

Upy, > Uy Yv eV,
(U17U2) A~V V!
Uiy mg) Uy Uy, V(v1,v2), (w1, we) € E,

where u denotes the fundamental representation of Aut™ (I') and @ denotes the fundamental
representation of AutgiC(F). Under this isomorphism, the action « from Definition
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takes the form

a(pe) = Y pw @ T Yo €V,
weV
(S {0y 1)) = Z S(upn) @ ULTL2  Y(vg,w) € E.
(v2,w2)EE

This coincides with the action in [77]. Therefore, we obtain the action of Schmidt and
Weber for Autg, (') as a special case. Note that Joardar and Mandal [52] already showed
that Aut, (T') acts on C*(I) via this action.

5.3. Maximality of the action

In [77], Schmidt and Weber showed that their action is maximal in the sense that Autf; (T
is the largest quantum groups acting on the graph C*-algebra C*(T") via the map a de-
scribed previously. However, if I' is a classical directed graph, then our quantum auto-
morphism group coincides with Autf; (I') by Definition and our action « in Def-
inition [5.2.3| coincides with the action of Schmidt and Weber by Definition [5.2.4] Since
AutJéiC(F) is a proper subgroup of Autgan(f‘) for some directed graphs, our action on
hypergraph C*-algebras is not maximal, even in the special case of directed graphs.

In the following, we show that we obtain maximality of our action by additionally
considering a dual action on C*(I"”) defined by

o(pe) =Y proul, o(sy)=> su@ul VweV, eckE,
fer wevV

where I" is defined as follows.

Definition 5.3.1. Let ' := (V, E) be a hypergraph. Denote by I"" := (E, V) the hyper-
graph with source and range maps defined by

se)={veV]|ver(e)}, r'(e)={veV]|ves(e)} Ve € E.

Note that IV = (I'°P)* = (T'*)°P, where I'°P and I'* are the opposite and dual hypergraphs
defined in Definition [3.1.13]and Definition[3.1.14] From the results in Section [3.4] it follows
directly that Aut™ (') acts naturally not only on C*(T") but also on C*(T").

Proposition 5.3.2. Let I' := (V, E) be a hypergraph. Then Autt(T) acts faithfully on
C*(T") wia the action
a: C*I') — C*(I') ® C(Aut™(T))

defined by

a(pe)Zpr@)ug, OZ(SU)ZZSM(X)U? VveV,eeE.
feE weV
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Proof. Denote by u the fundamental representation of Aut™(I') and by @ the fundamental
representation Aut™(I'). By Definition and Definition we have

Autt(I') = Aut™ ((F*)Op) = Autt (') = Aut™(I)
via the correspondence
ﬂv —— Uug, ﬂE — uy.

The statement follows by applying this isomorphism to the action of Aut™(I') on C*(T")
described in Definition [5.2.3 O

The main observation for proving maximality is the following lemma, which shows that
at least some relations in Definition can be recovered from the action on C*(I").

Lemma 5.3.3. Let I' := (V,E) be a hypergraph and G be a compact matriz quantum
group acting on C*(T') via an action

a: C*(I) - C*(I') ® C(G)
defined by

v):ZPw®Uf, a(se):ZSf®u£ VweV,ee &
weV ferE

for some elements ug,, uG € C(G). Then uy := (uy,), ,ey is @ magic unitary. If addition-
ally ug = (u?)e P is a magic unitary, then A,ug = uy A,.

Proof. The proof that uy is a magic unitary is contained in the proof of [89, Theorem
3.1], since the elements p, are orthogonal projections that sum to 1. For the second part
of the statement, assume that ug is also a magic unitary and consider the relation

:va Vee &

veV
ver(e)

from Definition [5.1.2 By applying « to the left-hand side and using this relation, we
obtain

(sise) Z sflsf2 ugl * ZSfo@U Z Z pv®uf.

f1,f2€E fEE feE veV
o fz“gl ver(f)

This can be rewritten as

alsis) = XY el = pe (3 ()l ).

veEV fEE VeV feE
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Similarly, by applying « to the right-hand side of the original equation, we obtain

Z Oé(pv): Z pr@)uvw: Z (Ar):pw@)uzu

veV veV weV v,weV
ver(e) ver(e)
- Yo (S uran).
weV veV

Therefore,

(Arup)! =Y (A)jul = > ul(A)) = (Auy),  YoeV,ecE
ferE weV

by the linear independence of the orthogonal projections p,, which allows us to compare
the terms in the previous sums. This shows A,ug = uy A,. O

By combining the previous lemma with the actions on C*(T") and C*(I''), we can now
show that Aut™(T) is the largest quantum group that acts on both C*(I') and C*(I”) in
the sense of Definition [5.2.3] and Definition [5.3.21

Theorem 5.3.4. Let I' := (V, E) be a hypergraph and G be a compact matriz quantum
group acting faithfully on C*(T') and C*(I") via actions

ar: C*(T) = C*(1) ® C(G), ay: C*(I') = C*I) @ C(G),
defined by

a1 (py) = pr®uf, al(se):ZSf@)ug YVweV,e€ FE,

weV ferE
ag(pe):pr(X)ug, a2(sv):st®u$ YVweV,ece E
feE weV

for some elements uy,, us € C(G). Then G C Autt(T).

Proof. By applying the first part of Definition to a1 and ae, we obtain that the
matrices uy = (uy,), ey and ug == (u}) are magic unitaries. Therefore, the second

e,feEE
part of Definition yields

AruE = UVA,«, Ar/u\/ e uEAT/.

Since A, = A}, we have Ajuy = ugA%, which implies A;up = uy As by Definition
This shows that the elements uy, and u} satisfy the relations from Definition Hence,
by the universal property of C(Aut™(T')), there exists a unital *-homomorphism

¢: C(Autt (D)) = C(G)
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mapping the generators of C'(Aut™(T')) to the entries of uy and ug. Next, we show that
¢ is a morphism of compact quantum groups. Let w € V. Then

(1 @id)(ar(w)) =Y arlpe) @ul, =Y Y py®@ul @ uf,

zeV zeV veV
- Troe(Sueun)
veV eV

and

(id @A) (a1 (w) = 3 o ® Alu)).

veV

Since oy is an action, we have (o] ® id) o 3 = (id ®A) o ay. Furthermore, the elements
Py are linearly independent as orthogonal projections, which implies

Aul) = Zufﬁ@ui Yo, w e V.
weV

Denote by @ the fundamental representation of Aut™(I'). Then the previous equation
yields
Alp@y)) =Y ut@ul, = > 6(@%) @ ¢(al), = (¢ ® ¢)(A(aY))
eV zeV

for all v,w € V. Similarly, we show that

Ag(af) = (0@ ¢)(A(UF) Ve, feE

using the action as. Thus, ¢ is a morphism of compact quantum groups. Furthermore,
¢ is surjective because a1 and ag are faithful. Otherwise, the image of ¢ would define a
proper quotient quantum group of G acting on C*(T") and C*(I") in the same way, which
is a contradiction. Therefore, G C Aut™(T). O

Note that if T' is an undirected hypergraph, then IV = T'*. In this case, Aut™(T') is
the maximal quantum group that acts faithfully on both C*(T") and C*(I'*) in a compat-
ible way. Furthermore, because Aut™(I') acts maximally, we can regard Aut™(T') as the
quantum symmetry group of C*(I') in the sense of Definition m
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Part II.

Quantum groups from spatial
partitions
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6. Combinatorics of spatial partitions

Partitions are combinatorial objects consisting of a row of upper points and a row of
lower points that are partitioned into disjoint subsets. They are often visualized as two-
dimensional string diagrams and appear in the definition of partition algebras, such as
the Temperley-Lieb algebra [82] and the Brauer algebra [7], but are also used in the
construction of easy quantum groups by Banica and Speicher [10].

In this chapter, we study the combinatorics of spatial partitions, a generalization of
partitions to three dimensions first introduced by Cébron and Weber in [25]. In particu-
lar, we generalize their notion of categories of spatial partitions by introducing new base
partitions, and we construct various combinatorial functors between categories of spatial
partitions that are used in the Chapter [7] and Chapter

Additionally, we present data structures and algorithms for spatial partitions and their
basic operations, which were developed in [87] and subsequently implemented in the com-
puter algebra system OSCAR [69] by Volz and the author. In this context, we also prove
that natural problems, such as deciding membership in a category of partitions, are algo-
rithmically undecidable in general.

For further information on easy quantum groups and the construction of quantum groups
from categories of partitions, see Chapter

6.1. Spatial partitions

We begin by introducing spatial partitions, which are the main combinatorial objects used
to define categories of spatial partitions in Section In contrast to [25], we focus not
only on spatial partitions with white points, but we consider colored partitions as briefly
described in [25, Remark 2.7]. In this context, we use the notation from Definition [2.5.9)
and denote by {o, e}* the set of all finite words in the colors o and e.

Definition 6.1.1. Let m € N. A spatial partition on m levels is a tuple (z,y,{B;}),
where z,y € {o,e}" and {B;} is a decomposition of the points

(1, )z + |y} x {1,...,m}

into non-empty disjoint subsets called blocks. We call x the upper colors and y the lower
colors of the partition.

Given a spatial partition, we can visualize it as a colored string diagram as follows.
First, we draw an upper layer consisting of the points (4,j) with 1 < i < |z| and a lower
layer consisting of the points (7,j) with |z| < ¢ < |y|. In both layers, i increases from
the left to the right and j from the front to the back. Then, we connect all points in the
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same blocks with lines and assign each upper point (7, j) the color z; and each lower point
(|x| 4 4,74) the color y;.

Example 6.1.2. Consider a spatial partition on two levels with upper colors x = oe,
lower colors y = ooe and blocks given by

{(1,1D),(3,2)},{(1,2), 3, D}, {(2,1), (4, 1)}, {(2,2), (4,2), (5:2)}, {5, D}

Visualizing it as a string diagram yields

1,2) (2.2 (1,

(1-1() (2).1()2'2) (1l gf?% ?@
3,2) (4.2) (5 ¢ 32

el 0H2 62 A7 el

Note that spatial partitions on a smgle level and with only white points are precisely
the usual partitions appearing for example in the definition of diagram algebras, such as
the Temperley-Lieb algebra [82] and the Brauer algebra [I8], and more generally in the
definition of orthogonal easy quantum groups [7].

In the following, we denote by P(™) the set of all spatial partitions on m levels and
by P(m) (z,y) the set of all spatial partitions on m levels with upper colors x and lower
colors y. Furthermore, we introduce the following spatial partitions, which will be used
throughout the rest of the thesis.

Definition 6.1.3.

1. Let x € {o,e}*. Then we denote by id, € PM)(z,z) the identity partition on z. It
is the spatial partition on a single level with upper and lower colors x, where each
upper point is directly connected to the corresponding lower point, e.g.

acl a] ae]]]

2. Let p € PM(z,7) be a spatial partition. Then we denote by p*) € P¥)(z, y) the
k-fold amplification of p. It is obtained by placing k copies of p along the levels, e.g.

R UEEE

3. Let z,y € {o,e} and o € S,, be a permutation on {1,...,m}. Then we denote
by 04y € P(M™)(1, zy) the spatial partition with lower colors zy and blocks given by
{(1,4),(2,0(2))} for all 1 < i < m. For example, we have

D@ =5 02a=Ea (32, = 700

where the corresponding permutations are written in cycle notation. Similarly, we
denote by oy € pm) (x,y) the spatial partition obtained by rotating o, such that
the upper color is x and the lower color is y, e.g.

;- [ oaze- ?{j (132)7 = ?gi
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Given spatial partitions on a fixed number of levels m, we can construct new spatial
partitions using the following operations.

Definition 6.1.4.

1. Let p € P (z,y) and q € P™(w, 2). The tensor product p® q € P (zw,yz) is
obtained by placing p and g side by side, e.g.

KRR

2. Let p € P (z,y). The involution p* € P (y,z) is obtained by swapping the

upper and lower points, e.g.
() - 4
IC !

3. Let p € P (y,2) and ¢ € P (x,y). The composition pq € P™(z, z) is obtained
by placing ¢ on top of p and identifying the lower points of ¢ with the upper points
of p. Then these points are removed and the resulting blocks are simplified, e.g.

199 1 - gﬁﬁflﬁ

We refer to [73] for additional operations and further information on the combinatorics
of partitions in the special case of a single level. Finally, we introduce the following
properties of spatial partitions, which will be used later.

Definition 6.1.5. Let p € P(™) (x,y) be a spatial partition. Then p is called

1. invertible if there exists a spatial partition p~' € P (y,z) such that p~'p = id,
and pp~! = id,,.

2. n-graded for some n := (n,...,n,) € N if ng = n, for all points (i, k) and (j,¢)
that belong to the same block in p.

3. pair partition if every block of p has size two.

Note that the inverse of a spatial partition p € P(™) (x,y) is always given by p~1 = p*.

In this case, p and p* are both pair partitions whose blocks form a bijection between the
corresponding upper and lower points. For example

p:7§i, p—lzﬁi.

In particular, if p is invertible, then || = |y|. In the following, we present a proof of this
statement in the case |x| = |y| = 1, which will be relevant later.
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Lemma 6.1.6. Let p € P (x,y) be invertible with |z| = |y| = 1. Then p = oy and
p~ L= (oc71) for some permutation o € Sy,.

Proof. Following [42], we denote by ¢(p) the number of through-blocks of p, i.e. the number
of blocks of p that contain both an upper and a lower point. Then ¢(p) < m with equality
if and only if p = o for some permutation o € Sy,. Furthermore,

t(gp) < min(t(q), t(p))
for any ¢ € P (y,z), see [42, Remark 2.6]. Thus, if p is invertible, then

m = t(id{™) = t(p~" - p) < min(t(p~"),(p)) < t(p) < m.

xT

This shows ¢(p) = m. Similarly, one obtains #(p~!) = m. Therefore, both p and p~! are

of the form oy and (01)Y for some permutation o € Sy,. O

6.2. Categories of spatial partitions

Next, we introduce categories of spatial partitions as purely combinatorial objects. These
will be used in Section where we interpret categories of spatial partitions as represen-
tation categories of compact matrix quantum groups.

Definition 6.2.1. A category of spatial partitions on m levels is a subset C C P(™) that
1. is closed under composition, tensor product and involution,
2. contains id, and id,.

If C € P™ is a category of spatial partitions, then we denote by C(x,y) the set of all
spatial partitions in C with upper colors x and lower colors .

Remark 6.2.2. In contrast to [25], we do not include the base partitions ;1™ and ;3("™)
in the definition. This makes our definition more general and includes all categories of
spatial partitions in the sense of Cébron and Weber as special cases. We will come back
to the role of these base partitions in Section

Remark 6.2.3. Denote by P C PW the subset of all spatial partitions on a single level
with only white points. A subset C C P is a category of partitions in the sense of [73] if
it is closed under composition, involution and tensor product, and contains the uncolored
base partitions [} and I Throughout this thesis, we are mostly interested in categories
of partitions in the sense of Definition However, we consider this original notion
of categories of partitions in Section and Section In particular, we will use the
notation C(k,¢) := C(o¥, o) in this context.

Example 6.2.4. Examples of categories of spatial partitions include:

1. The set P(™) of all spatial partitions on m levels.
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2. The set Pém) of all spatial pair partitions on m levels.

3. The set NC C PM of all non-crossing partitions, i.e. partitions that can be drawn
without crossing lines in two dimensions.

Additional examples of categories of spatial partitions can be found in [73], 8T, 25].

As in the previous examples, categories of spatial partitions are often defined by speci-
fying a property. However, it is also possible to define categories of spatial partition using
a generating set.

Definition 6.2.5. Let Cy be a set of spatial partitions. Then we denote by C := (Cp)
the category of spatial partitions generated by Cy. It is the smallest category of spatial
partitions containing Cy and consists of all finite combinations of elements in Cy and the
base partitions id, and id,.

Example 6.2.6. Consider the categories of spatial partitions from Definition[6.2.4] Using
generators, we can express these categories as

o) _ <ﬂ=}<v1—é>’ P _ <m7><>, NC = <H’I—$>’
(m)

see [73] for further details. Moreover, generators for the general cases P(™) and Py can
be found in [25].

Remark 6.2.7. Interest in easy quantum groups initiated the classification of categories
of partitions C C P in [10, [8, 90] and has led to a full classification in [73]. In the case
of colored partitions, the classification remains ongoing. See for example [81], 39, 46] and
the more recent work by Mang [60, [61], [62] 63]. Similarly, the classification of categories
of spatial partitions started in [25, [31] and is still ongoing.

6.3. Duality partitions and rigidity

In the original definition of spatial partition quantum groups in [25], Cébron and Weber
included the additional base partitions 1™ and 1™, These partitions were used in the
construction of spatial partitions quantum groups and guaranteed that the representation
w is unitary. However, as discussed in Section it is only required that a conjugate
representation u® exists that is not necessarily given by w. This is equivalent to the
existence of solutions to the conjugate equations in the sense of Definition Thus,
translating the conjugate equations into the setting of spatial partitions yields the following
definition.

Definition 6.3.1. Let C C P be a category of spatial partitions. Then C is rigid if
it contains a pair of duality partitions r € C(1,0e) and s € C(1,e0), which satisfy the
following conjugate equations:

(r* ®ids) - (ido ®s) = ido, (" ®ide) - (ide ®@1) = ids .
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In the case of spatial partitions on a single level, the conjugate equations can be visu-
alized diagrammatically as follows:

In particular, this shows that » = ;] and s = |1 are the only solutions in the case m = 1.
Furthermore, one verifies that the duality partitions r = 510 and s = (™ introduced by
Cébron and Weber satisfy the conjugate equations. This implies that categories of spatial
partitions in the sense of [25] are always rigid. However, for m > 2, there exist additional
solutions given by spatial partitions such as

r=[e s=[e1b and r:ggjgfl, s:rfﬁé.

The following proposition characterizes all possible solutions of the conjugate equations
in the context of spatial partitions.

Proposition 6.3.2. Duality partitions in the sense of Definition[6.3.1] are precisely of the
form r = 00e and s = 0,3 for some permutation o € Sp,.

Proof. Fix a number of levels m and assume that » € P (1,0e) and s € P™(1, e0)
form a pair of duality partitions. Define new partitions ' € P (o, @) and s’ € P(") (e, 0)
by moving the lower points (1,4) for 1 < i < m to the upper layer. Then the conjugate
equations (visualized here only for one level) yield

Thus, " and s’ are a pair of inverse partitions, and Definition implies that they are
of the form ' = 02 and ' = (¢~1)" for some permutation o € S,,. Hence, we obtain
r = 00e and s = 0.} by moving the upper points (1,7) for 1 < i < m back to the lower
layer.

Conversely, let o € S, and define the partitions r = 0., and s = o,,'. By tracing the
blocks in the first conjugate equation, one verifies that each point (1,4) in r is connected to
(2,0(i)), which is then connected to (2,0 (c(7))) = (2,4) in 5. Thus, the first conjugate
equation

(r* ®id,) - (ido ®s) = id,
is satisfied. Similarly, one verifies that the second conjugate equation is satisfied as well,
which shows that r and s form a pair of duality partitions. O

So far, we have only considered categories of spatial partitions C as purely combinatorial
objects. However, we can also regard them as categories in the usual sense by defining the
set of objects Ob(C) := {0, e}" and the set of morphisms

Hom(z,y) :=C(z,y) =CN pm) (x,y) Va,y € {o,e}".
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Moreover, using the language of categories, the tensor product and involution give cate-
gories of spatial partitions the structure of strict monoidal {-categories. See [30] for precise
definitions of these terms.

Using this framework, we can now show that the duality of the objects o and e in the
sense of Definition implies the duality of x and Z for all objects x € {0, e}*. Thus,
our notion of rigidity agrees with the general notion of rigidity for example defined in [30)]
and [67].

Proposition 6.3.3. Let C C P™) be a rigid category of spatial partitions and x € {o, e}".
Then C contains a pair of duality partitions r € C(1,2%) and s € C(1,ZTx) satisfying the
conjugate equations for x and T, i.e.

(* @idy) - (idy ®5) = ide,  (s* @idg) - (idg @r) = idz.

Proof. The statement follows directly by inductively applying [30, Proposition 1.10.7] in
the context of spatial partitions. Alternatively, the duality partitions r and s can be
explicitly constructed by nesting the duality partitions for o and e. O

6.4. Spatial partition functors

Next, we introduce functors between categories of spatial partitions, which allow us to
transform spatial partitions while preserving their basic operations. Moreover, we con-
struct two concrete examples that will be used in the proof of our main results in Chapter [7]
and Chapter

Definition 6.4.1. Let C € P and D C P(™) be categories of spatial partitions. A spatial
partition functor F: C — D consists of a function F: {o,e}* — {o,e}" and functions
F:C(z,y) = D(F(z), F(y)) for all z,y € {o, }" satisfying the following properties:

1. F(1) =1 and F(zy) = F(z)F(y) for all z,y € {o,e}".

2. F preserves the category operators, i.e.

F(p-q)=F(p)-F(q), F")=F(p)" Fpoq="F(p)oLF(q)
for all (composable) p,q € C.
3. F(id) = idp (g for all z € {o,e}".

Note that a spatial partition functor does not necessarily preserve the number of levels of
spatial partitions. Using the language of categories, we additionally introduce the notion
of a fully faithful functor.

Definition 6.4.2. Let F': C — D be a spatial partition functor. Then F' is fully faithful
if the functions F': C(x,y) — D(F(x), F(y)) are bijections for all x,y € {o, e}
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A simple example of a spatial partition functor can be obtained by decoloring spatial
partitions. Formally, we define F: P(™) — P(m) by

F(z) := ol Va € {o,e}",
F(p):= (ol oW {B})  Vp:= (x,y,{B;}) e PI™.

Since F preserves the block structure of spatial partitions, one can verify directly that it
satisfies all the properties in Definition and that F'is fully faithful. However, F' is not
surjective in the sense that its image does not contain I(m). In particular, this shows that
the image of a spatial partition functor is not necessarily a category of spatial partitions
in the sense of Definition [6.2.1]

Next, we present two additional examples of spatial partition functors that will be used
in the context of spatial partition quantum groups in Chapter [7] and Chapter

Permuting levels

Let 0,7 € S;, be permutations. Then the functor Perm, - : plm) _y pm) ig obtained
by permuting the levels of white points using ¢ and the levels of black points using 7.
Consider for example o = (12) and 7 = (1)(2). Then

e = M

Using the permutation partitions introduced in Definition [6.1.3] we can alternatively define
Perm, . as follows.

Definition 6.4.3. Let 0,7 € S,,. Define

o

Uo7 =05, Qor =Tes dor =0y, @q, Va,y € {o,8}", |xy| > 1.

Then the permutation functor Perm, . : Pm) — P(M) s defined by

x Va € {o, o}*,
Perm, -(p) =q4, p- ((J;T)_1 Vp € plm) (x,y).

Perm, - (z)

Example 6.4.4. Consider the spatial partition from the initial example with o = (12)

L
k== I - de
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Next, we verify that the permutation functor Perm, . is indeed a spatial partition functor
in the sense of Definition and that it is additionally fully faithful.

Proposition 6.4.5. Perm, ; is a fully faithful spatial partition functor.

Proof. Since Perm, » preserves colors, it follows immediately that it respects the concate-
nation of colors. Furthermore, Definition implies q; . = ¢, 1, which yields

Perm, - (p)* = ((¢2,)"") 0" (¢%,)" = Perm,-(p*)  Vp € P"™(a,y).

Similarly, one can verify directly that
Permg - (p1 - p2) = Permg. - (p1) - Permy 7 (p2),

Permg 7 (p1 ® p2) = Permg - (p1) ® Permy - (p2)

for all (composable) pi,p2 € P(m) " Hence, Perm, ; respects the category operations.
Additionally, we have

Perm, (id,) = %, -id, -(¢%,) ' =id, Va € {o,e}",
which shows that Perm, ; is spatial partition functor. Finally, one can verify that
Perm, ;(Perm,-1 ;-1(p)) = Perm,-1 ;-1 (Perm, - (p)) = p Vp e P,

which implies that Perm, , is bijective on the sets pm) (z,y). Thus, it is fully faithful. O

Finally, we introduce n-graded permutations and show that Perm, ; maps categories of
spatial partitions to categories of spatial partitions while preserving rigidity.

Definition 6.4.6. Let n := (n1,...,n,,) € N™. A permutation o € S,, is called n-graded
if nj =ng() forall 1 <i <m.

Proposition 6.4.7. Let 0,7 € S, be n-graded permutations and C C P pe a n-graded
rigid category of spatial partitions. Then Perm, ,(C) is a n-graded rigid category of spatial
partitions.

Proof. Define D := Perm, ,(C). Since Perm, ; respects the category operations, it follows
directly that D is closed under composition, tensor product and involution. Furthermore,
Perm, - (id;) = id, € D for all z € {o, e}, which shows that D is a category of spatial
partitions. Since C is rigid, there exists a pair of duality partitions r € C(1,0e) and
s € C(1, e0) satisfying the conjugate equations. Then

Perm, -(r) € D(1,0e), Perm, (s) € D(1, e0)

also satisfy the conjugate equations, which implies that D is rigid. Finally, observe that
permuting the levels of a n-graded spatial partition by a n-graded permutation yields a
n-graded spatial partition. Thus, D is also a n-graded category of spatial partitions. [
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Flattening partitions

Next, we construct the functor Flat,, . that flattens spatial partitions along the levels and
is used in Chapter [§| in the context of projective versions of spatial partition quantum
groups. It is motivated by [25l Remark 2.4 & 2.8], where Cébron and Weber consider the
bijection
{1,..k+¢} x{1,....om}={1,... . m-(k+0)}

that identifies a point (7, j) with the point m- (i — 1)+ j. This bijection induces a bijection
between the sets of spatial partitions P (o, of) and P (o™*, o™¢) by rearranging the
points accordingly, e.g.

It respects the composition, tensor product and involution of spatial partitions, but it
fails to preserve the base partitions as defined in [25] when applied to categories of spatial
partitions.

Next, we generalize the previous bijection to the case of m levels and colored spatial
partitions. Note that we reverse the order of black points in the following definition, since
in the context of quantum groups, the representation u®w is equivalent to wd®w. See
Chapter [§ for further information.

Definition 6.4.8. Let m,d > 1 and x,y € {o,e}" with k := |z| and £ := |y|. Define the
bijections

G Lk 0 x {1, med) = {1 (k) - dY x {1, m)

e [ d—d k1) (),
(0,5 +k )H{(i-d—k,j) if (zy), = o,

forall 1<i<k+/1<j<mand0<k<d.

||
ge

In the special case where z = of, y = of and m = 1, we obtain exactly the bijection
of Cébron and Weber introduced at the beginning of this section. A more general case
involving four levels is shown in the following example.

Example 6.4.9. Consider four levels of points with upper colors x = o and lower colors
y = oe. Applying ¢ := 4,02 Y to these points yields

14)
3) ®

L 24) (34) — (1,
)éfz)

0
o

2) (:
(2,
2) (¢
(4,

(1, 2)

I

WIS R
o~ ta—
= =

==

1,
)
)

—— =
VP —

) 3, ;5 ]( 2)

U\ A

1,
1)
2,
13

S e

3
3.1)

where the relabeled points are rearranged according to our usual convention.
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By extending this bijection to the blocks of spatial partitions, we obtain for example

©
I I 5 Lo
In particular, note that the black points are flattened in reverse order. Using these bijec-

tions "%, from Definition we can define the functor Flat,, ..

Definition 6.4.10. Let m € N and z € {o,e}" with d := |z| > 1. The spatial partition
functor Flat,, . : plmed) _y plm) ig defined by

Flatm’z(o) =z, Flatm,z(.) =7 = 7d . 71
Flaty, .(p) = (Flaty, . (z), Flatm, - (y), {gofrfd(Bl)})
for all spatial partitions p := (z,y, {B;}) € P,

If z=o0---o0, then Flat,, . preserves colors and only applies the permutations <pfny|
in the previous example. However, in the general case, we obtain for example

II;?“ == W
l}%g — Xﬂ(

It remains to verify that Flat,, . indeed satisfies all axioms of a spatial partition functor.

as
2|

Proposition 6.4.11. Flat,, . is a fully faithful spatial partition functor.

Proof. By definition, Flat,, . respects the concatenation of colors. Furthermore, Flat,, .
respects compositions and involutions since it permutes the points of a spatial partition
only based on the upper colors x and the lower colors y. Moreover, Flat,, . moves points
at back levels in consecutive groups of size m to the front, which implies that it respects
tensor products. Finally,

Flaty, . (id{™ ")) = 1™, Flat,, ,(id{" ") = ial™

shows that Flat,, . maps identity partitions to identity partitions. Thus, Flat,, . is a spatial
partition functor. Additionally, it is fully faithful since the maps cpfr; ; are bijections. [

The following proposition shows that the preimage under Flat,, , preserves categories of
spatial partitions, including rigidity and gradings. This result will be used in Chapter
where it allows us to relate the category of a spatial partition quantum group to the
category of its projective versions. Note that the proof relies on our generalization of base
partitions and the statement would not hold in the context of spatial partition quantum
groups defined by Cébron and Weber.
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Proposition 6.4.12. Let n := (n1,...,ny) € N and z € {o,e}" with d := |z| > 1. If
C C P s a n-graded rigid category of spatial partitions, then

Flat,,..(C) := {p € P9 | Flat,, .(p) € C}
is a (n---n)-graded rigid category of spatial partitions, where
(M- m) = (Ny ey My ooy Moy M) € NV

Proof. Define D = Flat;jz(C). Since Flat,, . respects all spatial partition operations,
it follows that D is closed under composition, involution and tensor product. Similarly,
Flat,, . maps identity partitions to identity partitions, which implies id, € D for all
x € {o,e}*. Thus, D is a category of spatial partitions. Assume C is rigid. Then Defini-
tion [6.3.3] shows that there exist spatial partitions 7 € C(1,2%) and s € C(1,zz) satisfying
the conjugate equations for z and z. Since Flat,, , is fully faithful, there exist 77 € D(1, ce)
and s € D(1,e0) such that Flat,, ,(7) = r and Flat,, .(5) = s. These partitions satisfy
the conjugate equations for o and e, which shows that D is rigid. Finally, assume C is
n-graded. Since Flat,, . only moves levels in consecutive groups of size m to the front, it
follows immediately that D is (n---n)-graded. O

6.5. Implementation of partitions

In the following, we present efficient algorithms and data structures for partitions and their
basic operators. These have been developed by Volz in [87] under the author’s supervision
and have been implemented in the computer algebra system OSCAR [69] by Volz and the
author. We initially focus on the case of partitions on a single level with only white points,
and we discuss how these algorithms and data structures can be generalized to colored
partitions and multiple levels at the end of the section.

As in Definition we denote by P C P the set of all partitions on a single level
with only white points.

Definition 6.5.1. A partition p € P is represented by a tuple (k,/,b), where k is the
number of upper points, ¢ is the number of lower points and b € N¥+¢ encodes the block
structure such that two points 1 <4, j < k4 £ are in the same block if and only if b; = b;.

Example 6.5.2. Consider the partition p € P represented by the tuple
(3,4, (1,1,2,1,3,3,2)).

Then p corresponds to the string diagram
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In the following, we identify partitions p € P with a corresponding representation
(k,£,b). In particular, we write p := (k,£,b) € P and denote by |p| := k + £ the size of p.

Note that two different representations in the sense of Definition [6.5.1] can correspond to
the same partition as string diagram. However, this is precisely the case if both partitions
are equivalent in the following sense.

Definition 6.5.3. Let p := (k,¢,a),q := (m,n,b) € P be two partitions. Then p and ¢
are equivalent if k = m, £ = n and there exists a bijection

¢: {ar, ... aprel = {b1, .., bpye}
such that ¢(a;) =b; forall 1 <i <k -+ 2.

Given a partition, it is always possible to normalize its block structure such that the
following condition is satisfied.

Definition 6.5.4. Let p := (k,¢,b) € P be a partition. Then p is normalized if by = 1
and a; <a;+1foralll<i<j<k.

The following algorithm computes the normalization of a given partition using a map
data structure. In particular, this allows us to efficiently compare partitions since two
partitions are equivalent if and only if their normalized versions agree.

Algorithm 1 Normalize p.
Input: p = (k,¢,b)
Output: an equivalent partition satisfying Definition
m <+ 1
r < empty map structure
a <— (bl, .. ~abk+Z)
fori=1,...,k+/do
if r(a;) not defined then
r(a;) < m
m<+ m-+1
a; < r(a;)

return (k,/, a)

Proposition 6.5.5. Let p € P be a partition. Then Algorithm [1] computes an equivalent
partition that is normalized in the sense of Definition using O(|p|) accesses to a map
structure.

Proof. First, the result is equivalent to p since it has k upper points, £ lower points and
its block structure is related to p via the bijection r. Moreover, the result is normalized
because r(a1) = 1 and r(a;) > r(aj)+1 for all 1 < j < i < k+ £ by construction. Finally,
Algorithm | requires 2 (k+¢) = O(|p|) accesses to the map structure in the worst case. [
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Remark 6.5.6. By implementing the map structure in Algorithm [I] as a balanced search
tree, we obtain a worst-case time complexity of O(nlogn) for n := |p|. This can be
improved to an average complexity of O(n) by using a hash map.

Example 6.5.7. Consider the partition
p==1(2,3,(1,3,1,55,3)) € P.

Then p is not normalized since bo = 3 > by + 1. However, Algorithm [1| computes the map

which yields the normalized partition
(2,3,(1,2,1,3,3,2)).
In particular, this shows that p is equivalent to the partition from Definition [6.5.2]

Next, we consider the basic operations of partitions. In the case of the tensor product
and composition, we will need the following auxiliary procedure to ensure that the blocks
of the two input partitions p := (k,¢,a) and q := (m,n,b) are disjoint, i.e.

{ala s aak—i-f} N {bb . '7bn+m} = 0.

Algorithm 2 Make the blocks of p disjoint from the blocks of q.
Input: p = (k,4,a), ¢ = (m,n,b)
Output: a partition equivalent to p with blocks disjoint from ¢
Lt 14+ max{b; |1 <i<n+m}
2: C4— (Cbl +t,...,ak+g+t)
3: return (k, 4, c)

Proposition 6.5.8. Let p,q € P be partitions. Then Algorithm [J computes a partition
equivalent to p with blocks disjoint from q in time O(|p| + |q|).

Proof. The result is equivalent to p since it has the same number of upper and lower points,
and their blocks are related by the bijection « — x +t. Moreover, the resulting blocks are
disjoint from ¢ since ¢; = a; +t > a; +b; > bj forall 1 <i < |p|and 1 < j < |ql. ]

In the following, we assume that without loss of generality the input partitions to our
algorithms always have disjoint blocks. This allows us to directly compute the involution
and tensor product of partitions by rearranging and merging the corresponding block
structures.

Proposition 6.5.9. Let p,q € P be partitions with disjoint blocks. Then

1. Algorithm 3 computes the involution p* in time O(|pl),
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Algorithm 3 Involution p*.
Input: p = (k,¢,b)
Output: p*
1: a < (bk+1, . ,bk+g,bl, - ,bk)
2: return (4, k,a)

Algorithm 4 Tensor product p ® q.
Input: p = (k,/,a), ¢ = (m,n,b)
Output: p®q

1: ¢ < (al,-~~,akab1,~~;bm;ak-i—h~~-,ak+€abm+la-~abm-&-n)
2: return (k+m,{ +n,c)

2. Algorithm 4 computes the tensor product p ® q in time O(|p| + |q|).
Proof. This follows immediately. O

Next, we consider the composition of partitions. However, we first need to introduce an
additional data structure.

Definition 6.5.10. A union-find structure U is a data structure representing an equiva-
lence relation on N that supports the following operations:

1. uniony (i,j): Merge the equivalence classes [i] and [j].

2. findy(i): Return a canonical representative of the class [i] such that
(i) = [j] <= findy(i) = findy(j)  Vi,jeN.

Initially, an empty union-find structure represents the equivalence relations given by the
singletons [i] := {i} for all i € N.

Remark 6.5.11. A union-find structure can be efficiently implemented using a disjoint-
set forest [23], which has a time complexity of O(nlogn) for n subsequent union and find
operations when performing path compression. This can be further improved to O(na(n))
when additionally performing union by rank, where o denotes the inverse Ackerman func-
tion [79].

Using a union-find structure, we can implement the composition of two partitions. As
before, we assume that both partitions have disjoint blocks.

Proposition 6.5.12. Let p,q € P be partitions with disjoint blocks that are composable.
Then Algorithm[5 computes the composition p - q using O(|p| + |q|) union and find opera-
tions.
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Algorithm 5 Composition p - q.
Input: p = ({,m,a), g = (k,£,b)
Output: p-q

U < empty union-find structure
fori=1,...,¢/do

uniony (a;, bgii)
C < (bl, - ,bk,ag_H, . ,ag+m)
fori=1,...,k+mdo

¢i < findy(ci)
return (k,m,c)

Proof. Since the blocks of p and ¢ are disjoint, we can compute the composition by first
identify the lower labels of ¢ with the corresponding upper labels of p using union oper-
ations. We then relabel the upper points of ¢ and lower points of p with new canonical
labels using find. The runtime of the algorithm is determined by the ¢ = O(|p|+|q|) union
operations and the k +m = O(|p| + |q|) find operations. O

Remark 6.5.13. When implementing the union-find structure as a disjoint-set forest us-
ing path-compression (see Definition , then Algorithm [5|has a worst-case time com-
plexity of O(nlogn) for n := |p| + |¢|. Note that it is also possible to achieve a time com-
plexity of O(n) by first constructing a graph with O(n) vertices {a1, ..., @p4m, b1, .., bkre}
and adding the O(n) edges (a;, bg+;) for 1 <i < ¢ during the union operations. Then, we
can use a depth-first search to compute all connected components in time O(n) and select
a canonical vertex per component as a final label that is returned during find.

Finally, we discuss how the previous algorithms can be extended to colored and spatial
partitions. In the case of colored partitions, we can modify Definition by storing a
string of upper and lower colors instead of the corresponding number of points.

Definition 6.5.14. A colored partition p € P() is represented by a tuple (x,y,b), where
z,y € {o,e}" represent the upper and lower colors, and b € Nz+1¥l encodes the block
structure as in Definition [6.5.1]

Given a colored partition of this form, all previous algorithms can be applied after
replacing the number of upper points k£ and the number of lower points ¢ with |z| and
ly| respectively. Moreover, in the precondition of the composition, it no longer suffices to
compare only the number of points, but we need to compare their complete color strings.

In the case of spatial partitions, we can use the functor Flaty ,, from Section to
reduce this case to the case of colored partitions on a single level.

Definition 6.5.15. A spatial partition p € P(™ is represented by a pair (m,q), where
m € N denotes the number of levels and ¢ € P represents the colored partition ¢ :=
Flaty m (p).
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Since Flatq ,, is fully faithful, we can represent any spatial partition by such a pair.
Moreover, Flat; ,,, respects all category operations, which allows us to reduce all operations
to the case of colored partitions after verifying that the number of levels m coincides.

6.6. Undecidability of partition problems

Consider a category of partitions C C P in the sense of Definition The following
algorithmic problems arise naturally when studying C or its corresponding quantum group
introduced in Chapter

1. Is p € C for a partition p € P?
2. What is the number of partitions in C(k, £)?

In this section, we show that there exists a recursively enumerable category of partitions
C for which these problems are undecidable, i.e. there is no Turing machine that solves
any of the previous problems for all possible input values.

Here, a category of partitions C is called recursively enumerable if there exists a Turing
machine that enumerates all partitions p € C. Note that if we omit this requirement,
the previous statement follows directly from [72], where it is shown that the set of all
categories of partitions is uncountable while the set of all Turing machines in countable.
However, in this case, it may not even be possible to explicitly describe the category C or
enumerate all its elements.

Our proof of the initial statement relies on a result by Raum and Weber [72] that allows
us to perform a reduction from the identity problem for varieties of groups, which was
shown to be undecidable by Kleiman in [54]. Thus, we begin by introducing varieties of
groups and their corresponding identity problem. See [68] for further information on the
general theory of varieties of groups and [53] for algorithmic problems in this context.

In the following, all groups are considered to be multiplicative with 1 as the identity
element. Denote by F., the free group on countably many generators zi,zs,.... If
w € Fy is a word in the variables xi,...,x,, then w is an identity in a group G if
w(g1,...,gn) = 1 for all g1,...,9, € G, where w(g1,...,9n) € G denotes the element
obtained by substituting each generator z; with g;. Using this notation, we can define
varieties of groups as follows.

Definition 6.6.1. Let W C F,. The variety of groups V(W) defined by W is the class
of all groups G such that w is an identity in G for all w € W.

If V is a variety of groups, then a word w € F, is an identity in V if it is an identity
in all G € V. Moreover, we say that a variety of groups V(W) is finitely based if the set
W is finite. In this context, Kleiman [54] showed that the identity problem for varieties
of groups is undecidable in the following sense.

Proposition 6.6.2. There exists a finitely based variety of groups V(W) such that the
problem of determining whether a word w € Fo is an identity in V(W) is undecidable.
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Proof. See [54] or the proof sketch in [53]. An alternate proof can be found in [IJ. O

Next, we recall a general result from the theory of varieties of groups that establishes a
bijection between varieties of groups and fully invariant subgroups of F,. Here, a subgroup
H C G is fully invariant if ¢(H) C H for every endomorphism ¢ € End(G).

Proposition 6.6.3. There exists a bijection between varieties of groups V and fully in-
variant subgroups H C Fo, such that

H ={w e Fy | w is an identity in V}.
Proof. See [68, Theorem 14.31]. O

Remark 6.6.4. Consider a variety of groups V(W). By [68, 12.31], the corresponding
subgroup H C F, in the previous proposition consists of all words that can be obtained
by applying a finite number of the following operations to elements of W

v vl (v,w) — vw, v o(ug, ..y ug) Yu, ..o ug € Foo.
In particular, this implies that if a variety of groups is finitely based, then the correspond-
ing subgroup H is recursively enumerable.

In [72], Raum and Weber constructed an embedding of varieties of groups into categories
of partitions. It is based on a bijection between certain categories of partitions and sS5.-
invariant normal subgroups of Z3>°. Here, Z5> denotes the countably infinite free product
of Zg with canonical generators a1, az,... in each factor. Moreover, a subgroup H C Z35>
is called sSoo-invariant if it is invariant under all endomorphisms ¢ € End(Z5>°) of the
form ¢(a;) = ay(;) for some function f: N — N.

Proposition 6.6.5. There exists a bijection between s$Soo-invariant normal subgroups
H C Z5* and categories of partitions C C P containing % such that

C(O,n) = {p(il,...,in) ’il,...,in e N”, gy Ay, GH} Vn € N.

Here, p(i1,...,i,) denotes the partition with n lower points, where two points k,{ €
{1,...,n} are in the same block if and only if ix, = iy.
Proof. See [(2, Theorem 4.4 & 4.6]. O

Now, consider the subgroup E C Z5°° of all words of even length defined by
E:={aj - -aiy, | k€N, iy,... i € N}.
It can be verified that E is isomorphic to Fy, via the map
O:Foo —» E, xp+>a1aps1 Vn € N.

The following proposition shows that fully invariant subgroups of E' yield sSy-invariant
normal subgroups of Z35>° under this isomorphism. In particular, this proposition corrects
the original version in [72], which does not hold in full generality.
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Proposition 6.6.6. The subgroup E C 25 is sSs-invariant and normal. In particular,
every fully invariant subgroup H C E is sSx-tnvariant and normal in Z5>°.

Proof. Let a = a;, ...a;, € FE and ¢ € End(Z3>) of the form ¢(a;) = agg,) ... az for
some function f: N — N. Then ¢(a) = asq,)--- ay(,,) € E such that E is sSw-invariant.
Similarly, let ¢ € End(Z3>) be an inner automorphism of the form ¢(z) = bzb~! for some
b € Z3>. Then, we have ¢(a) = bab~! € E since both a and bb~! have even length. Since
a subgroup is normal if and only if it is invariant under inner automorphism, it follows
that E is a normal subgroup.

In particular, this shows that any of the previous endomorphisms restricts to an endo-
morphism ¢|p € End(FE). Thus, any fully invariant subgroup H C E is also invariant
under these endomorphisms and is therefore sS.-invariant and normal in Z3°. ]

Therefore, by combining the previous proposition with Definition and Defini-
tion we obtain an embedding of varieties of groups into the set of categories of
partitions.

In particular, we can associate to each word w € F, a partition p(w) by first applying
the isomorphism Fo, = E to obtain an element a;, ...a;, € E and then constructing the
partition p(iy,...,i,) as defined in Definition m

Example 6.6.7. Consider the word w := mlxgxflxglxga:g € F, which corresponds to
the element
a10201030201040101030104 € Z;OO

under the isomorphism Fo, = E. Then the corresponding partition p(w) is given by

M= T T

Using the previous embedding of varieties of groups into categories of partitions, we
can reduce the identity problem for varieties to the membership problem for categories of
partitions.

Lemma 6.6.8. Let V be a finitely based variety of groups. Then there exists a recursively
enumerable category of partitions C C P such that

w is an identity in V <= p(w) € C Vw € Foo.

Proof. By Definition [6.6.3] V corresponds to a fully invariant subgroup H C F, that can
be identified with a sSs-invariant normal subgroup of Z5> using the isomorphism F, = E
and Definition Moreover, this subgroup corresponds to a category of partitions C
by Definition [6.6.5] Following this identification, every identity w € H yields a partition
p(w) € C. Conversely, if p(w) € C for some w € Fy,, then w € H since the mapping in
Definition is bijective.
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It remains to show that the category C is recursively enumerable. Let w € H and denote
by a(w) the corresponding element in E. Then the sets

Uyenyln) | M R ST , Gy v @y, = a(w
{( )In€eN eN" (w)}

can be enumerated by generating all words a;, - --a;, and checking for equality. Since
the set H is recursively enumerable by Definition [6.6.4, we can interleave the elements
of the previous sets such that their union and the set (J, . C(0,n) are also recursively
enumerable. Because partitions in C(k, £) are precisely the rotated version of partitions in
C(0,k + ¢), it follows that the category C is recursively enumerable. O

Using the previous lemma, we can finally transfer the undecidability of the identity
problem for varieties of groups to the membership problem for categories of partitions.

Theorem 6.6.9. There exists a recursively enumerable category of partitions C C P such
that the problem of determining whether p € C for a partition p € P is undecidable.

Proof. Let V be the variety of groups from Definition for which the word problem is
undecidable, and let C be the category of partitions obtained from Definition Then
any Turing machine that decides whether p € C for arbitrary p € P could be used to solve
the identity problem for V. Thus, the membership problem for C is also undecidable. [J

Additionally, we obtain as an immediate consequence that the problem of counting
partitions of a given size is also undecidable.

Corollary 6.6.10. There exists a recursively enumerable category of partitions C C P
such that there is no Turing machine that computes |C(k,¢)| for all k,¢ € N.

Proof. Let C be the category of partitions from Definition Assume that there exists
a Turing machine 7" that computes |C(+,-)| and that we are given a partition p € P. We
show that T allows us to determine if p € C, contradicting Definition First, we use
T to compute the number of partitions m := |C(k, £)|, where k,¢ € N are the numbers of
upper and lower points of p. Next, we start enumerating all possible partitions in C until
we find m distinct partitions pi,...,pm € C(k,¢) after a finite amount time. Then, we
stop the enumeration and decide if p € {p1,...,pm} = C(k,¥). O

Remark 6.6.11. Note that we have only shown that the category C in the previous
theorem is recursively enumerable, while the initial variety of groups is finitely based. It
remains open if the category C is finitely generated and if Definition [6.6.9] holds more
generally for finitely generated categories. Using the previous approach, one could try to
show that if H C Z3> is a finitely generated a fully invariant subgroup of E, then H is a
finitely generated as sSo-invariant normal subgroup of Z35°°.
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7. Quantum groups based on spatial
partitions

Given a category of spatial partitions in the sense of Cébron and Weber [25], we can
construct a corresponding compact matrix quantum group by first realizing each spatial
partition as a linear operator and then applying Woronowicz’s Tannaka-Krein duality to
the resulting tensor category. In the case of spatial partitions on one level, this yields
precisely unitary easy quantum groups [10, 80|, including for example the free orthogonal
and free unitary quantum groups [88] and the quantum permutation group [89].

In this chapter, we show that quantum groups can be constructed from categories of
spatial partitions containing our new base partitions introduced in Chapter 6], We then
describe these quantum groups in terms of universal C*-algebras and show that the free
orthogonal quantum groups O (F,) can be obtained form our new base partitions. Finally,
we show that all resulting quantum groups are invariant under permuting levels, which
implies that our new base partitions yield the same class of quantum groups as in [25].

Our construction of spatial partition quantum groups follows that in [25]. However,
we address additional technicalities that arise from combining colors with our new base
partitions.

7.1. Spatial partition quantum groups

Let n € N. In the following, we use the notation [n] := {1,...,n} and more generally
[n] := [n1] x -+ X [ny] for all n := (ng,...,ny,) € N™. Additionally, we introduce the
Hilbert spaces C™ := C™ ® - - - ® C™" with canonical bases given by

€ =€, Qe Vi = (i1,...,im) € [n].

Moreover, recall from Definition and Definition [2.5.10] the set {o, ®}", consisting of
all finite words in the colors o and e, and its use in the context of Hilbert spaces.

)

To define spatial partition quantum groups, we need to associate a linear operator T]En
to each spatial partition p € P™). This requires the following additional notation.

Definition 7.1.1. Let p € P (z, 1) be a spatial partition and iy, . . . e EN" G, )y €
N be multi-indices of the form

U = (k1,5 km)s Tk = Uk Jkm)
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for all 1 < k < |z| and 1 < k < |y| respectively. Label each upper point (k,¥¢) of p with
the index iy ¢ and each lower point (|z| + k,£) with the index j;¢. Then define

21 5eesd| | .
(6p)j1,~~-,j\y\ )

_J 1 if all points in each block have the same labels,
|0 otherwise.

Example 7.1.2. Consider the spatial partition p := }C‘A € P®@(o,0e) and the indices
i1 := (i1,1,012), 51 := (J1,1,51,2), 32 = (J2,1,J2,2) € N°. Then

. Z'LQ
(6)".1':“>1< S S P S
P)j1,d5 . 21,171,2721,291,1Y72,172,2»
jlfﬁﬁ”
where 6§y denotes the Kronecker delta.

We can now assign linear operators to spatial partitions as follows.

Definition 7.1.3. Let p € P (z,y) be a n-graded spatial partition. Define the linear
operator

T (C™)®F — (€)Y, (T("))il“'”if = (5,)30 %,

p p J1sodk - [ Y)
where k := |z|, £ := |y| and the coordinates are with respect to the canonical bases

(eff @ ®@efl)

i1 7

z1 T
e Qe , ,
( J1 Jk)jl,-.-7jk€[n]7 1,1,...,7,g€[’n,]

of (C™)®* and (C™)®Y respectively.

A spatial partition quantum group is a compact matrix quantum group whose inter-
twiner spaces between tensor powers of its fundamental representation 4° and its conjugate
representation u® are spanned by linear operators associated with a category of spatial
partitions.

In contrast to [25], the conjugate representation u® will not necessarily be given by u° but
depend on the corresponding category of spatial partitions. Furthermore, we incorporate a
possible change of basis in the definition such that the notion of spatial partition quantum
group is compatible with isomorphisms of compact matrix quantum groups.

Definition 7.1.4. Let G be a compact matrix quantum group with fundamental rep-
resentation u° on a Hilbert spaces V and a unitary representation u® on V. Then G
is a spatial partition quantum group if there exists a m-graded rigid category of spatial
partitions C C P(™ and a unitary Q: C® — V such that

Hom(u®, u¥) = span {Q% - T\ - Q1™ | pe Cz,y)}  Va,y € {o,0}".

Since the category C contains a pair of spatial partitions satisfying the conjugate equa-
tions, it follows that u*® is conjugate to u°. Before discussing how this conjugate represen-
tation u® depends on C, we first show that for every rigid category of spatial partitions,
there exists a corresponding spatial partition quantum group. This requires the following
proposition, which states that the mapping p — ngn) is almost functorial.
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Proposition 7.1.5. Let n := (ni,...,ny) € N and p,q € P be n-graded spatial
partitions. Then

1LY eT™ =T,

2. (1) =1,
3. TIS”) ‘Tq(n) = N%. Té(?), where N 1= ny---ny, and o € N denotes the number of
removed loops when composing p and q (if the composition is defined).

Proof. See [25, Proposition 3.7]. O

Using the previous proposition, we can show the existence of spatial partition quantum
groups using Woronowicz’s Tannaka-Krein duality.

Theorem 7.1.6. Let C C P be a n-graded rigid category of spatial partitions. Then
there exists a unique compact matriz quantum group Gy (C) with fundamental representa-
tion u® on V := C™ and a unitary representation u® on V such that

Hom(u”, uY) = span {TZS") |p € C(x, y)} Va,y € {o,e}".
Proof. Define the linear subspaces
CA(:U,y) := span {TIE") |pe C(x,y)} C B(V®*, V@) Va,y € {o,e}"

Then Definition [7.1.5 implies that C is closed under composition, involution and tensor
product as in Definition [2.5.14 Furthermore, one verifies that Tigz) = idye. € C(z,x)
for all z € {o,e}". Since C is rigid, there exists a pair of spatial partitions r € C(1, ce)

and s € C(1,e0) satisfying the conjugate equations. By Definition the operators
R = Tr(n) and S := T, s,(n) also satisfy the conjugate equations for u° and u® because no

closed loops are removed when composing r and s. Therefore, the subspaces C (z,y) form
a two-colored representation category in the sense of Definition and the statement

follows by applying Definition [2.5.15 O

Remark 7.1.7. As discussed in Section the quantum group G, (C) from the previous
theorem is uniquely determined by the following universal property. Let H be a compact
matrix quantum group with fundamental representation w® on a Hilbert space W and a
unitary representation w® on W. If there exists a unitary Q: C™ — W such that

Hom(u",u*) € (@)™ - Hom(w",w") - Q% Va,y € {o,e}",
then H is a subgroup of G via the map u° — Q 'w°Q.

Remark 7.1.8. It follows directly from the definition that a compact matrix quantum
group is a spatial partition quantum group if and only if it is equivalent to G, (C) for some
n-graded rigid category of spatial partitions C.
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Example 7.1.9. By applying Definition to rigid categories of spatial partition C C
P we obtain precisely unitary easy quantum groups. These include for example all
orthogonal easy quantum groups such as the quantum permutation group S, and the free
orthogonal quantum group O;, but also further examples such as the free unitary quantum
group U,F. We refer to [10) [73, B0] for further information and additional examples of
quantum groups obtained from categories of partitions on one level.

Examples of more general non-easy quantum groups can be found in [25 [31]. These
include various product constructions, as well as the projective orthogonal group PO,
corresponding to the category 772(2) of all spatial pair partitions on two levels. Moreover,
we will construct new examples of spatial partition quantum groups in Section and

Chapter

Next, we return to the conjugate representations u® of spatial partition quantum groups
and show that u® can be expressed in terms of u° and the following unitaries Fén).

Definition 7.1.10. Let o € S,, be a n-graded permutation. Define the linear map
F™.cr—cn,
F(gn)(ei1 ®---Re,) = €i, 14, R R €yt () V(i1, ... im) € [n)].

Note that the mapping o — F(,En) defines a unitary representation of n-graded permu-
tations on C™, i.e. we have

Fm) . pn) _ pn) (Fé"))* — (Fén))A — Fy_‘i

o T oT )

(n)

g

for all n-graded o, 7 € S,,. Additionally, we denote by F
operator.

the corresponding conjugate

Using the linear maps Fén) , we can describe the conjugate representation u* of spatial
partition quantum groups of the form G (C).

Proposition 7.1.11. Let C C P™) be a n-graded rigid category of spatial partitions con-
taining duality partitions 0oe and oy, for some o € Sy,. Then the conjugate representation

—(n) — — () —1
u® of Gn(C) is given by u® = Fg ) ue (Ff, ))

Proof. Let u°® denote the fundamental representation of Gy, (C). Define r := 0. and s :=
o5.!t. Since r and s form a pair of duality partitions, Definition implies that R := T, 7§n)

and S =T, S(n) satisfy the conjugate equations for u° and u°®. Hence, Definition [2.5.13|yields
u® = Fu°F~!, where F is defined by F; = R7* for all 4,5 € [n]. We now compute

7 n Ji n [3
Fj = (Tr( )) = (57“)3',@' = 5j1ia(1) e '5jmia(m> = (Fé ))j
for all 4 := (i1, . ..,im),j := (i1, ..., jm) € [n]. Therefore, F = F\™. 0
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The previous proposition shows that the conjugate representation u® of G, (C) is uniquely
determined by the category C. Since any spatial partition quantum group is equivalent
to a quantum group of the form Gy (C), it follows that the conjugate representation u® of
a general spatial partition quantum group is uniquely determined by the corresponding
category C and the change of basis Q.

(n)

Since the linear maps F, ~ are unitary, the previous proposition additionally implies that

g
_ — -1 __ _
the representation u° = (Ff,n)) u‘FE,n) is also unitary. This shows that u° is a conjugate

representation of u° and that every spatial partition quantum group is a subgroup of U,!.
We will return to this fact in Section where we show that the intertwiner spaces of a
spatial partition quantum group are still spanned by spatial partitions when replacing u*®
by u®°.

7.2. Presentations of spatial partition quantum groups

Next, we describe the C*-algebras C(Gy(C)) from the previous section as universal C*-
algebras. If the category of spatial partitions C is generated by a finite set of spatial
partitions, then we obtain a universal C'*-algebra defined by a finite set of relations. In
particular, this allows us to show that the quantum groups O (chn)) are spatial partition
quantum groups.

We begin by extending the notation G,,(C) to arbitrary sets of spatial partitions that
generate a rigid category of spatial partitions.

Definition 7.2.1. Let Co € P be a set of n-graded spatial partitions with duality
partitions oo, 05! € (Co). Denote by A the universal unital C*-algebra generated by the

entries of a matrix u := (u;)l icin) satisfying the following relations:

-1

1. w®:=wand u® := F((,n)ﬂ(an)) are unitary.

2. Tlsn) u® = uY ngn) for all 2,y € {o,e}* and p € Co N P™)(z,y).
Then G, (Cy) := (A, u) is the spatial partition quantum group defined by Cy.

First, note that the compact matrix quantum group G, (Cp) from the previous definition
is well-defined. Indeed, A is generated by the elements u;-, and v is unitary and @ is in-
vertible by the first relations. Furthermore, one verifies that both relations are compatible
with the comultiplication, see also Definition and [96].

Next, we show that the C*-algebra C(Gy(Cp)), and thus the quantum group G, (Cp),
does not depend on the particular choice of duality partitions e, ..l € (Co). However,
we first need the following lemma.

Lemma 7.2.2. Let Co C P be a set of n-graded spatial partitions generating a rigid
category of spatial partitions C := (Co). Consider the quantum group Gn(Co). Then

span {T{™ |p € C(z,y)} € Hom(u",uw¥)  Vz,y € {o,e}".
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Proof. Definition [2.5.8 and Definition |7.1.5| imply that T, p(g«)z’ TZEIL ) and TZS,? ) are also in-

tertwiners of G, (Cy) for all (composable) p,q € Cy. Therefore, we obtain inductively

that Tp(n) is an intertwiner for all p € C. The statement follows by the linearity of the
intertwiner spaces, see Definition [2.5.8 O

Consider the quantum group G (Cp) and assume that C := (Cp) contains a different
pair of duality partitions r := 7.e and s := 7,.! for 7 € S,,. Then the linear maps

R = T}n) and S = Ts(n) are intertwiners by the previous proposition, and the proof
_ iy —1
of Definition [7.1.11| shows that u® = F (n)H(F in)) . Therefore, u* and the C*-algebra

C(Gn(Cp)) are independent of the particular choice of duality partitions in Definition [7.2.1]

If Cp = C is already a category of spatial partitions, then the notation G, (Cp) of the pre-
vious definition and G, (C) of Definition overlap. However, the following proposition
shows that these quantum group coincide in this case and that more generally Gr,((Co))

and Gy (Cpy) define the same quantum group.

Proposition 7.2.3. Let Co C P™ be a set of n-graded spatial partitions generating a
rigid category of spatial partitions C := (Cy). Then the compact matriz quantum groups

Gn(C) and Gy (Co) from Definition and Definition are isomorphic.

Proof. Denote by u and w the fundamental representations of Gy, (Cp) and Gy, (C) respec-
tively. Then Definition and the universal property of G (C) imply the inclusion
Gn(Cy) C Gr(C) via the map w — u. Conversely, Cy C C and Definition show that
w satisfies all the defining relations of u. Thus, the universal property of C(Gy(Cp)) yields
the inverse inclusion G (C) C G (Cp) via the map u — w. Therefore, the two quantum
groups are isomorphic. ]

Using the description of spatial partition quantum groups as universal C*-algebras,
we can extend Definition [2.2.8 to C™ and construct the free orthogonal quantum groups
O*+(F{™) from spatial partitions.

Definition 7.2.4. Let n € N™ and F' € B(C™) be an invertible operator. Denote by
t: C™ — C™ the linear isomorphism defined by ¢(e;) = e; for all i € [n], and define the
universal unital C*-algebra

Ay(F) := C*(u; | u is unitary and u = (Fu) @ (Fi)™)

Then OT(F) = (Ay(F),u) is the

generated by the entries of a matrix u := (u;)Z i’
free orthogonal quantum group with parameter F'.
Proposition 7.2.5. Let 0 € S, be a n-graded permutation and C := <0'o.,0_1 l(m)>.

Then Gn(C) and O*(Fén)) are isomorphic.

Proof. Denote by u =: u° the fundamental representation of G,,(C) and by w =: w® the

fundamental representation of O+(F§n)). Furthermore, let :: C* — C™ be the linear
isomorphism defined by ¢(€;) = e; for all ¢ € [n]. Then u is unitary, and Definition [7.1.11
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_ ) —1
implies that its conjugate representation u® is given by u® = F S,n)ﬂ(F ((,n)) . Since

L= Tlf;l? € Hom(u®,u®), we have tu® = u°t, which implies

—(n —(m) 1 _
u=u"=w = (F )) u (LFS‘ )) = (FU(")L) u (Fé")L) g
Thus, the universal property of C' (O+(F§n))) yields the inclusion G, (C) € O" (Fo(-n)) via
the map w — wu.
Conversely, define w® := ¢~!w:, which is unitary since both w and ¢ are unitary. Fur-

-1

thermore, (w® = v 'we = w°:, which shows TIEZ"L; =1 € Hom(w®,w®). By the definition

of O*(Fa(n)) and the previous argument, we also have

-1 —1

w® = 1w = (L_lFa(n)L) w (L_lFén)L) = an) w® (F((,n))

Hence, Definition [2.5.12] shows that w® and w® are conjugate via the intertwiners R €
Hom(1,w°®) and S € Hom(1,w*°) defined by

R~ @), s -] vigelnl

g

As in proof of Definition [7.1.11} this is equivalent to R = T, é?,) and S = T(?z. Therefore, w

satisfies all the defining relations of C(Gy,(Co)) with Cg := {00e, 05, l(m)}. Since G, (Cp) =
Gn(C) by Definition the universal property of C(Gy,(Cp)) yields the inverse inclusion
O+(F§n)) C Gn(C) via the map u +— w. O

Note that OT(F) and OT(QFQ") are isomorphic for any unitary @, see for exam-
T
ple [83, Proposition 6.4.7). Since KW FS™ (F™)" = F™) it follows that OT(Fi™)

and O+(FT(2,1) are isomorphic for all o,7 € S;,. Therefore, O+(F§n)) depends only on
the conjugacy class of o.

7.3. Permuting levels

In Section we introduced the functor Perm, , that permutes the levels of a spatial
partition depending on the color of its points. In the following, we show that Perm, -
leaves the quantum groups G,,(C) invariant. This implies that our new duality partitions
yield the same class of spatial partition quantum groups as defined by Cébron and Weber
in [25].

The main work to prove this result is contained in the following technical lemma about

the linear maps TF(,ZBmU )

Lemma 7.3.1. Let 0,7 € S,, be n-graded permutations. Consider a compact matric
quantum group with fundamental representation u° on C™ and unitary representation u®

I _ -1 _
on C™. Define the unitary representations u° := u° and 4° := (F(TZ),l) u® FYZL Then
—1.®z

7™ ((F™)7) " € Hom(a*, 4¥)

n " N ®
T,y € Hom( ) = (F{)

96



for all p € P (x,y).
Proof. Let p € P(™) (x,y) and recall from Definition that

Perm,,(p) = g%, p- (q5,) "

Define the linear operators Q7 . := Tq(;z for all z € {o,e}". Then

(Q;ﬂ'); = ((511&7)‘: = 5]‘11'0(1) Ce 6jmia(m) = (Fo('n))J

for all 4 := (i1,...,im),J = (j1,-..,Jm) € [n]. Hence, Qg = ;n), and similarly one

shows that QF . = an). Since Fén) and an) come from a unitary representation, it
follows inductively that Q7 ; defines a unitary representation of n-graded permutations in

S X Sp,. Thus, we can write

-1 _1
Tlg':r)mf,p(p) - gy‘f' ' T}Sn) ' ( gﬂ') - ( id,ro—1 ¢y7»¢7) ’ Tlgn) ’ ( ?d,TJ*1 ) g’,o') :
Therefore, T; lﬁ’gfmm(m € Hom(u”,vY) if and only if
-1
( iydﬂ'o‘*1 ) gao—) ) Tlgn) ) ( ?d,”ra*l ’ g’,a) -u”
=u’- ( id,ro—1 gﬁ) ’ Tlgn) ( imd,To'—1 ’ g,a)ilv

which is equivalent to

-1 -1
g’,o ’ T;Lgn) ’ ( g’,o) ’ ( %,Ta—l) - ii,TO'—l

_1 1
= ( id,TU*l) -u? - Q?d,ro*1 ' 270 ’ Tlgn) ’ ( g,a) .

Since ©
z ~ —1
(chn)) = fr,m a* = ( izd,TU_l) uZQiZd,TU—1 Vz e {O’ .}*7
we conclude that

T e Hom(u®,w¥) = (E)® 1™ (M) € Hom(as, av).

Permy -~ (p) o

O]

Using the previous lemma, we can show that the spatial partition functor Perm, , leaves
the quantum groups G, (C) invariant.

Theorem 7.3.2. Let C C P™) be a n-graded rigid category of spatial partitions and
0,7 € Sy, be n-graded permutations. Then Gy (C) and Gn(Perm, -(C)) are isomorphic.
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Proof. Let D := Perm, »(C). Denote by u° and u® the fundamental and conjugate repre-
sentations of G, (C), and by w° and w*® the fundamental and conjugate representations of
Gn(D). Since the functor Perm, ; is fully faithful and color-preserving, we have

Hom(w”, w?) = span {Té") | p € D(z,y)} = span {Tlﬁfr)mm(p) |peC(z,y)}

for all z,y € {o,e}*. Define w° := w° and w* := (F(TZ),l) w'F(TZ),l. Then Defini-
tion [7.3.1] yields

span{(chn))@)y TZS") ((chn))_l)(@m | p€C(z,y)} € Hom(",wY),

which is equivalent to

Hom(u”,u¥) C ((Fé”))_1)®y - Hom(w®, wY) - (F(S")

Thus, the universal property of G, (C) and w° = w® yield the inclusion
(D) C GnlC), u® v (F) e EL).

Since C = Perm,-1 ,-1(D), the same argument yields the inverse inclusion

-1
Gn(C) C Gu(D), w® s (F™) woF™.

Therefore, Gy, (C) and Gy (D) are isomorphic. O

The previous theorem can be useful for determining the quantum groups associated
with concrete categories of spatial partitions. However, as an immediate consequence, we
obtain that the class of spatial partition quantum groups defined with our new duality
partitions coincides with the class of spatial partition quantum groups defined by Cébron
and Weber in [25].

Corollary 7.3.3. Let G be a spatial partition quantum group. Then G is equivalent to
Gn(C) for some n-graded rigid category of spatial partitions C C P™) containing the
duality partitions (1™ and ;1™).

Proof. As discussed in Definition [7.1.8] any spatial partition quantum group G is equiv-
alent to G, (D) for a n-graded rigid category of spatial partitions D C P containing
some duality partitions oo and o;.!. By the previous theorem, this quantum group is

equivalent to G (C), where C := Perm;q ,-1(D) contains the duality partitions

Perm;g ,-1(0ce) = m(m), Permjq ;-1 (00s) = n(m)‘
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In Section [7.1], we showed that for every spatial partition quantum group, the represen-
tation w is unitary and conjugate to u. However, it remained an open question whether
we could choose u®* = w and still obtain a spatial partition quantum group. The previ-
ous corollary answers this positively. Since [1(") = (idg,, )oe, the previous corollary and
Definition [7.1.11] show that any spatial partition quantum group is equivalent to a spatial
partition quantum group with

=m) ) T
u® = Fiqg -u- (Fidsm) =.
Therefore, in the context of spatial partition quantum groups, we can always choose u®* =u
without loss of generality.
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8. Projective spatial partition quantum
groups

Consider a compact matrix quantum group G with fundamental representation u and
assume that @ is unitary. Then u®w is a unitary representation of GG that defines a new
compact matrix quantum group PG called the projective version of G. If G C U, is a
classical matrix group, then PG corresponds exactly to the classical projective version

PG = G/(GN{\iden | A € C}).

See [111,/48,16] for further information on the projective versions of compact matrix quantum
groups.

In this chapter, we show that the class of spatial partition quantum groups is closed
under taking projective versions and more generally under taking tensor powers of their
fundamental representation u° and their unitary conjugate representation u®. We then
use this result to compute the spatial partition quantum groups corresponding to the
categories PQ(m) of spatial pair partitions on m levels. Furthermore, it follows that all
projective versions of easy quantum groups are spatial partition quantum groups. A result
of Gromada [48] then allows us to describe these projective versions explicitly in terms of
generators and relations if the underlying quantum group has a degree of reflection two.

8.1. Closure under tensor powers

Before showing that spatial partition quantum groups are closed under projective ver-
sions or more generally under tensor powers of their fundamental representation, we first
introduce some notation for quantum groups of this form.

Definition 8.1.1. Let 2z € {o,e}" with |2| > 1 and G be a compact matrix quantum
group with fundamental representation u° and a unitary representation u®. We define
the compact matrix quantum group G* := (A,w), where A C C(G) is the C*-algebra
generated by the matrix coefficients of w := u?.

Note that if u®* = u°, then the projective version PG is precisely G°®. Furthermore,
we showed in previous sections that u° is unitary for all spatial partition quantum groups
and that we can choose u® = u°® without loss of generality. Thus, the projective version of
every spatial partition quantum group G is well-defined and given by G°°.

In the following, we show that if G is a spatial partition quantum group with correspond-
ing category C C P then G* is also a spatial partition quantum group for all z € {o,e}"
with |z| > 1. Moreover, the corresponding category of G* is given by Flat;&z(C), where
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Flat,, . is the functor from Section H Here, the fact that Flat;iz (C) is a rigid category
of spatial partition relies on our new duality partitions, see Definition [6.4.12

Since the functor Flat;jz does not preserve colors, our first step is to show that the
representations w® and uF®m.2(*) are equivalent for all z € {o, 8}*, where w® := u* and

w® = u?.

Lemma 8.1.2. Let z € {o,e}" with d := |z| > 1. Consider a compact matriz quantum
group with fundamental representation u°® on a Hilbert space V. and a unitary representa-
tion u® on V. Define w° := v* and w® := u?, and the unitaries

QO:V®Z—>V®Z, V1R QU= 11 Q- Qg Yui,...,vq €V,

Qe: VO 5V /R Qug—g® - @07 Yui,...,vg € V.
Then

[

Q= ® @z, € Hom (wr, uFlatm’Z(x))
=1

for all z € {o,e}" and m € N.

Proof. First, consider the case = o. Then w°® = u® = uf#m=(0) and Q, = id%?z €
Hom(u?, u*). Next, consider the case x = o. Choose an orthonormal basis (v;);c; of V/,

which induces canonical bases on V®* and V%7 indexed by i1, ...,iq € I. With respect to
these bases, the matrix entries of w® = u? are given by

(W)ilm-wid _ ((uz)ily---vid)* _ ((un)il ...(uzd)id)* _ (uﬁ)i‘d . (uﬁ)“

J1yeeesdd J1s-sJd Ji Jd Jd Ji

for all i1,...,44,71,.-.,ja € I. On the other hand, we have uf12tm.=(®) = 4% and
z il,...,’id _ % i1 L. % id
(u )jhm,jd - (u )jl (u )jd‘

Thus, performing a change of basis using Q, yields u? = Q7! - u? - Qs, which is equivalent
to Qe € Hom(w®, uf1atm.=(9)),

Finally, consider an arbitrary = € {o, e}". The previous computations show that Q,, €
Hom (w® , uF1atm.=(#)) for all 1 < i < |z|. Since intertwiner spaces are closed under tensor
products and Flat,, . is a functor, this implies

||
Qr = ® @z, € Hom (@‘iﬂl wxi,CDLi'l uFlatm’Z(zi)) = Hom (wx, uFlatm,z(m)).
i=1

O

Remark 8.1.3. Let 2z € {0, e}" with |z| > 1. Consider a compact matrix quantum group
G with fundamental representation u° and unitary representation u®. Since both u* and
Qe are unitary, the previous lemma implies that

w®=ufF = Qv Q.

is unitary. Therefore, by Definition [2.5.12) w® = wu? is conjugate to the fundamental
representation w® = u® of G*.
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Remark 8.1.4. Let u and v be unitary representations of a compact matrix quantum
group G. Assume there exists a unitary intertwiner @ € Hom(u,v). Then u = Q~1vQ,
and we have

Hom(u,w) = Hom(v,w) - @, Hom(w, u) = Q' - Hom(w, v)
for any unitary representation w of G.

Next, we show that for any spatial partition p the linear maps Tlgla)t ) and T,§""‘“)

agree up to a change of basis. Here, n---n denotes the d-fold repetltlon of n as in

Definition [6.4.72
Lemma 8.1.5. Let n € N™ and x,y,2 € {o,e}" with d := |z| > 1. Then

— (n) _ —1\®Yy n-n x
Q' Tty " @ = (877 T 89

for all p € Pmd) (x,y), where Qz and Qy are defined in Definition using V.= C"
and

S: (C™M®* -,
efi@---®6;3H6i1®'--®eid Vi1, ... 14 € [n].

Proof. Let p € P (z y). Define k := |z|, £ := |y|, and let 41,...,40,1,...,55 €
[n---n] be of the form

1q 1= (ia,l,la cee aia,l,ma ce 7ia,d,17 cee 7ia,d,m)7

ja = (joz,l,la s aja,l,ma s 7j0¢,d,17 s aja,d,m)'
For 1 < B < d, define the slices
i@ = Uapvlapm) iza=o L JUag o Jagm) iy =o,
“ (ia,ﬁ,m; cee 7ia,,8,1) if To = O, “ (ja,ﬁ,mv e 7ja,/5,1) if Yo = .

Then, by the definition of S, we have

(571 ) gy T pmemyyitesit (5 7o

J1vdk Fivedn (S )
On the other hand, the definition of @, and @, yields
-(1) (ﬂl)7 4 -(d)

-1 (n) RN o (n) T ey STy Tty
(Qy 'TFlatm 2 ( Qw)jh i (TFlatm,z(p))J(w R IONIN ORI ICK
where the right-hand side of this equation is given by
1 d 1 d
(T(n) )Zg )1 715 )’ 77'E )1 7"2 ) (5 )ng, ,Jgd)7 7.7;”7 -J gcd)
Flatm,.(p)/ j( 5@ 1) 5@ = \OFlatm,:(p) I I RO
J1 7.71 I 7-7k s d g ooy Theeny T :'Lg
The statement of the lemma follows, since
1 d 1 .(d
(5 ).717 ka :(5 ) (1)7 ,Jﬁ), J;C),u-,ﬂ;c)
Pliy,...ig Flatm,=(p)/;(1) (@ 5 5
ey ey Theenly
by the definition of Flat,, . O
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Using the previous two lemmas, we can prove our main theorem and show that quantum
groups of the form G, (C)? are spatial partition quantum groups.

Theorem 8.1.6. Let C C P be a n-graded rigid category of spatial partitions and
z € {o, 8} with |z| > 1. Then Gn(C)* is equivalent to Gp...n(D) with D := Flat,;",(C).

Proof. Let u® and u® be the fundamental and conjugate representations of Gy (C) and
w® and w* be the fundamental and conjugate representations of Gp,..., (D). Furthermore,
denote by w® := (u°)® the fundamental representation of G* with conjugate representa-
tion defined by w® := (u°)®, see Definition Then Definition combined with
Definition [8.1.4) and the fact that Flat,, . is fully faithful, implies that

Hom(w®, w") = Q—l - Hom(u Flatm,z(x)7 Flat,, - y)) 0.
= span {Q ! T ) Q. | p € C(Flaty, .(z ),Flatmz(y))}
= span {Q, ' - Fﬁimz(,, Q. |peD)

for all z,y € {o, e}". By Definition we have

Qy L, Fﬁ)tm ) Q. = (S_l)®y _ T,S""'") . g@n

for a unitary S: (C™)®* — C™™, which yields
Hom(w”, w¥) = span {(S ®y T(" ™). §9 |y e D(x, y)}
= (S~ )®y . Hom(w ,wY) - S%*,
Therefore, Gy, (C)* and G, (D) are equivalent. O

Since every spatial partition quantum group is equivalent to a quantum group of the
form G, (C), we can use the following proposition to extend the previous theorem to all
spatial partition quantum groups.

Proposition 8.1.7. Let G and H be compact matriz quantum groups with fundamental
representations u® and 4°, and conjugate representations u® and u° respectively. If G and
H are equivalent, then G* and H* are equivalent for all z € {o, e}* with |z| > 1.

Proof. Assume that G and H are equivalent. Then there exists a unitary S such that
Hom(u”,u¥) = S®Y - Hom(a", 4Y) - (S_l)(m Va,y € {o,e}".

Denote by w® := (u°)® and w° := (4°)” the fundamental representations of G* and H*
respectively. Then Definition @ implies that w® := (u°)® and w*® := (4°)* are the
corresponding conjugate representations. Let z,y € {o, e}" and define 7 := Flaty .(x) and
y := Flaty ,(y). Then, by Definition and Definition we have

Hom(w®, w?) = Q;l -Hom(u®,uY) - Qg
=@, %7 Hom(a®, ) - (51" - Q.
= Q" S%7- Qy - Hom(a", ") - Q;" - (577 - Qu.

Therefore, G* and H* are equivalent. O
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Corollary 8.1.8. Let G be a spatial partition quantum group and z € {o, e} with |z| > 1.
Then G* is a spatial partition quantum group.

Proof. Since G is a spatial partition quantum group, it is equivalent to G, (C) for some
n-graded rigid category of spatial partitions C C P(™). Then the previous proposition
shows that G* is equivalent to G, (C)?, which is a spatial partition quantum group by
Definition 8.1.6] O

As a special case, it follows that the class of spatial partition quantum groups is closed
under taking projective versions.

Corollary 8.1.9. Let G be a spatial partition quantum group. Then PG is a spatial
partition quantum group.

Proof. By Definition [7.3.3] and the discussion at the end of Section [7.3] we can assume
that the conjugate representation of G is given by u® = u°. In this case, PG = G°®, which
a spatial partition quantum group by Definition [8.1.8 O

8.2. Categories of all spatial pair partitions

As a first application of the previous theorem, we consider the quantum groups associated
with the categories Pém) of spatial pair partitions on m levels, i.e. spatial partitions on m
levels with every block of size two.

It was shown in [I0] that the category Pél) of pair partitions on one level corresponds
to the classical orthogonal group O,. Furthermore, the author showed in [3I] that the
category 732(2) of spatial pair partitions on two levels corresponds to the classical projective
orthogonal group PO,,. In the following, we determine quantum groups for the remaining
cases m > 3 and show that G(nw,n)(Pz(m)) is equivalent to Oy °.

Note that, in contrast to our definition, the categories in [10, B1] are defined in terms

)

m)

of colorless partitions. However, in our setting, Pém contains the spatial partition 1(

that corresponds to the C*-algebraic relations u; = (uz)*, making the generators self-

adjoint. Therefore, our quantum groups G, .. ) (Pém)) coincides with the corresponding

orthogonal quantum groups in [10} [31]. See also [80] for further details on the relationship
between orthogonal and unitary easy quantum groups.

Proposition 8.2.1. Let m > 1 andn € N. Then G, ., (PQ(m)) is equivalent to O with

z = o™,

Proof. Since the functor Flat; . does not change the size of blocks, pair partitions are
mapped to pair partitions, and we have

Flat; L(P{") = P{™.

Since G, (Pél)) = Oy, Definition implies that G, . ) (PQ(m)) is equivalent to O7. [
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By relaxing our notion of isomorphism of compact matrix quantum groups, we can
provide a more explicit description of the resulting quantum groups O; °.

Proposition 8.2.2. Letn € N and z := o™ with m > 1. Then

O: =
n - . .
PO,, if m is even,

{On if m is odd,

as compact quantum groups.

Proof. Denote by u the fundamental representation of O,. First, assume that m is odd,
i.e. m = 2k +1 for some k € N. Consider the inclusion C'(O%) — C(O,,), which is injective
and respects the comultiplication. Since w is orthogonal, we compute

i0,,1 41 1 — E E
Z Uiy gy Uy - - ujkujk u < u]l J1>" < u]k ]k

J1ye5Jk €[N J1=1 Je=1

] =1
=ul € C(0;)

for all ig, jo € [n]. Therefore, the inclusion is surjective and defines an isomorphism of
compact quantum groups.

Next, assume that m is even, i.e. m = 2k for some k£ € N. Then we have an inclusion
C(Oz) < C(PO,,), and we compute

’LO 21 1 1 1 1 . 7,0 ’Ll
Z u]ouj1u]2u32' u]ku]k u]o“ﬁ < 2 :ujz J2> ' < § :u]k Jk

J2,-Jk €[] Jo=1 Jk=1

=1 =1
. ZO Zl z
u]o J1 € C(O )
for all ig, jo, 1,71 € [n]. Therefore, the inclusion is surjective and defines an isomorphism
of compact quantum groups. ]

8.3. Projective easy quantum groups

Consider an easy quantum group G. Then its projective version PG may not be an easy
quantum group in general. However, since easy quantum groups form a subclass of spatial
partition quantum groups, it follows from Definition that projective versions of easy
quantum groups are spatial partition quantum groups. Therefore, it is always possible to
describe projective versions of easy quantum groups in terms of spatial partitions.

If G corresponds to a category of partitions C, then the proof of Definition shows
the category of its projective version PG is given by Flat; O.(C). This is particularly useful
if the category C can be characterized by an abstract property as in the case of spatial
pair partitions in the previous section. On the other hand, if the category C is only given
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by a set of generators, then obtaining a generating set for the category of its projective
version may be difficult in general.

However, in the special case of an orthogonal quantum group with degree of reflection
two, Gromada [48] provides a result that allows the conversion of generators of C to
generators of its projective version.

Proposition 8.3.1 ([48]). Let G C O1(F) be orthogonal compact matriz quantum group
with fundamental representation on C™ and degree of reflection two. Consider an admis-
sible generating set S of Rep(G) containing the duality morphisms. Then Rep(PG) is
generated by S and idcn ®S ® iden.

Here, an orthogonal compact matrix quantum group with fundamental representation
u has degree of reflection two if

Hom (u®@F «®%) = {0} Vk,l €N, k + £ even.

Furthermore, a linear map T € S is called admissible if T is of the form T: (C")®* —

((C”)M with k£ and ¢ even. Note that we can always use the duality morphisms to bring
any intertwiner of a degree of reflection two quantum group into admissible form. See [48)]
or [67] for further details.

Next, we reformulate Definition in the context of spatial partition quantum groups
before applying it to concrete examples of easy quantum groups.

Proposition 8.3.2. Letn € N and C C P be a category of spatial partitions generated
byl and a set Co € PY) such that

1. Cy contains the partition § 1,
2. every p € Cy has only white points,

3. if p € Co has upper colors x and lower colors y, then |x| and |y| are even.

Then PG, (C) is equivalent to Gy, ) (D), where D C P is generated by 1(2), FIatii.(Co)
and Flat !, (ido ®Co ® id,).

Proof. Since C contains the partitions l and [, it follows that C also contains the parti-
tions (1§ and {1. Thus, Definition implies that G,,(C) C O; is an orthogonal quantum
group, and we have 7 = u after identifying C" with C". Moreover, it follows from Defini-
tion that the intertwiners S := {TIS”) | p € Co} generate the category Rep(G) in the
sense of [48]. Therefore, we can apply Definition and obtain that the representation
category Rep(PG) is generated by S and idcr ® S®idcr in the sense of [48]. The proof Def-
inition and in particular Definition shows that we can use the functor Flaty ce
to translate these new generators back to spatial partitions. Furthermore, we must add the

I(Q)

spatial partition to obtain an orthogonal quantum group. Thus, PG, (C) is equivalent

to G(nn) (D), where D is generated by 1(2), Flat; ., (Co) and Flatii,(ido ®Co ® idy). O

1,00
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Now, we can apply the previous proposition to easy quantum groups with degree of
reflection two. Figure presents the results for easy quantum groups described in [73]
and the appendix of [87]. It contains the generators for the corresponding categories of
spatial partitions, as well as their projective versions. Note that the spatial partitions l
and 1(2) are included implicitly.

Figure does not include the quantum groups Sy, By, S;" and B, because these do
not have a degree of reflection two. However, their projective versions depend only on
the even part of their respective categories of spatial partitions, which are exactly the
categories of S/, B,, S/ and B’Jr

We can now use Flgure 1] and Definition [7.2.1] to describe the C*-algebras A :
C(G(nn) (D)) of the previous prOJectlve quantum groups as universal unital C*- algebras
generated by a finite set of relations. Since the fundamental representation of a projective
easy quantum group is defined on C" ® Cn, it follows that A is generated by the entries of
a matrix u := (u;”]z) with i1, 2, j1, j2 € [n]. Furthermore, one can verify that the category
D always contains 4]t = (12)., such that the duality partitions of D are given by (12)c.,

(12)¢o Thus, we have u® := f(m)ﬂf(_llz), which can be written using matrix coefficients as

(u’);lllf2 = (u;i’]ll)* The C*-algebra A then satisfies the relations

(n,n)

making both v and u® unitary. Furthermore, the intertwiner T(z) yields the relation

TI((; My uT (n " or equivalently (uﬁzll) ;1132 Finally, the C*-algebra A satisfies the
relations T;E ) uOk = u®ﬁTIgn’") for all p € Dy. For the partitions given in Figure

these relations can be explicitly written as follows, where all indices are quantified over

[n].

1114 1142 , 1314

. _ 1112
(J)' 1= Z Upy 4y

£y1,02

o—

£y,

zgzg
“Z4 Jij2

9112 1314
Z Ugjy U

i113  kig
> u R,
k

. 1114 ,,13%6
Iigg\ 512’5%1]27‘33]4

107

%: Ujijo = Z Uji 0, %oy

. L 1112 . oo, b1t 1112, 9314
ﬂ~ 5“’2 - Zu I% ) 5’2l3uj1j2 - Zuhz Ugj,

. igin _ivia I ivig igia _  igia, i1i2

: Jij2 T 20 ) Jij2 "J3ja T TJ1J3 jg2J4

. R A %S 1112 I L0102 ) 020g ¢ 4102 ) 1304
%' OinizUjy jp = Ojuja sy, I% P Oizig Uy Uy = O2gs g s Uiy
i. E w2k _E iz ?I E wl1iz 0314
§ 0 J1J2 451 b 15 7274

k y4

1112 1314 i516
Z ujlf j3j2 u€J4



easy quantum group

generators Cy

projective generators Dy

On
Oy,
Oy
H,
Hy
Hy
S
s
B,
BF
BI*

Bit

P
Bk

5

e

Figure 8.1.: Generators for categories of easy quantum groups and their projective version.

The spatial partitions l and

1(2)

are omitted.

108



9. Open questions

In this final chapter, we present some remaining open questions related to quantum auto-
morphism groups of hypergraphs and quantum groups based on partitions.

9.1. Quantum symmetries of hypergraphs

In Chapter 3] we constructed a family of hypergraphs with maximal quantum symmetries
and determined the quantum automorphism group of opposite and dual hypergraphs.
However, it would be interesting to compute the quantum automorphism groups of further
examples of hypergraphs. Consider for example a complete hypergraph in the following
sense.

Definition 9.1.1. Let V be a finite set. The complete hypergraph on V is given by
I':= (V,2" x 2") with source and range maps defined by

s(X,Y)=X, rX,Y)=Y VX, YCV.

Since I' contains no multiple edges, we know that Aut*(I') C 57 by Corollary :3.5.4
However, it remains an open question whether this inclusion is proper or whether Aut™ (T') =
S holds.

1%

Question 9.1.2. What is the quantum automorphism group of a complete hypergraph?

Additionally, we showed in Chapter [4]that our quantum automorphism group generalizes
Bichon’s quantum automorphism group of classical graphs. However, it remains possible
that every quantum automorphism group of a hypergraph can be realized as the quantum
automorphism group of a possibly larger classical graph.

Question 9.1.3. Let I' be a hypergraph. Is it possible to construct a classical graph I"
such that Aut™(T') = Autg, (IV)?
It also remains an open question whether there exists a Banica-type version for the

quantum automorphism group of hypergraphs in the following sense.

Question 9.1.4. Does there exist an alternative definition of the quantum automorphism
group of hypergraphs that reduces to Autgan(F) in the case of classical directed graphs
and that acts naturally on C*(T")?

Finally, Hahn [51] characterized hypergraphs for which the classical automorphism group
of their product is given by the wreath product of their automorphism groups. It might
be possible to generalize this result to the setting of quantum automorphism groups.

Question 9.1.5. Can Hahn’s result [5I] be generalized to the quantum group setting
using the free wreath product of Bichon [14]?
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9.2. Quantum groups based on partitions

Next, we consider categories of partitions and their corresponding quantum groups. In
Section we constructed a category of partitions C C P for which the problem of
determining if p € C for a given partition p € P is algorithmically undecidable. While the
variety of groups underlying our proof is finitely presented, we were only able to show that
the category C is recursively enumerable. Therefore, it remains an open question whether

C is finite generated as discussed in Definition [6.6.11

Question 9.2.1. Does there exist a finitely generated category of partitions C C P such
that the problem of determining whether p € C for a given partition p € P is algorithmi-
cally undecidable?

In addition to the previous question, the membership problem for categories of parti-
tions naturally generalizes to a membership problem for intertwiners of the corresponding
quantum groups. In this case, the undecidability still remains an open problem.

Question 9.2.2. Does there exist a category of partitions C C P and a number n € N
such that determining if
T € span {Tp(”) |peC(k,0)}

for a given T € zntxnt g algorithmically undecidable?

While the linear maps Tén) are linearly independent for non-crossing partitions p € NC
when n is sufficiently large, this does not hold in general. Therefore, a direct reduction
of the previous problem for categories of partitions is not possible, since p ¢ C does not
automatically imply that the map Tén) is not an intertwiner.

Besides algorithmic problems, the classification of categories of spatial partitions is still
ongoing. Since the notion of non-crossing partitions does not directly generalize to spatial
partitions, the simplest case appears to be the classification of all categories of spatial pair
partition on two levels. In [25], Cébron and Weber started this classification, while the
author provided additional examples of such categories in [31I]. Moreover, it was shown
that the quantum group corresponding to 772(2) is given by the projective orthogonal group
PO,,. However, it remains an open problem to determine all possible categories and to
provide simple descriptions of their corresponding quantum groups.

Question 9.2.3. Determine all categories of spatial partitions C C 772(2) and describe their

corresponding quantum groups G/, )(C).

In addition to classifying categories of spatial partitions, it would be interesting to
generalize the result of Gromada [48] to the setting of colored partitions. This would allow
us to construct spatial partition quantum groups corresponding to projective versions of
unitary easy quantum groups using the approach in Section

Question 9.2.4. Can the main result of Gromada in [48] be generalized to the context
of unitary easy quantum groups with degree of reflection two?
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Finally, the author showed in [31] that that category of spatial partitions corresponding
to the quantum automorphism groups of the finite quantum space C" @ My (C) can be
obtained as the graph of a functor F': NC — 7352). It would be interesting to study this
construction in more detail and use it to obtain additional examples of spatial partition
quantum groups.

Question 9.2.5. Given a spatial partition functor F': C — D. Can the quantum group
corresponding to the graph I'p in the sense of [31] be described in terms of G, (C) and
Gn(D)? Moreover, what additional examples of spatial partition quantum groups can be
constructed in this way?
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