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Quantum automorphism groups of
hypergraphs

Nicolas Faross

Abstract. We introduce a quantum automorphism group for hypergraphs, which turns out to gen-
eralize the quantum automorphism group of Bichon for classical graphs. Further, we show that our
quantum automorphism group acts on hypergraph C* -algebras as recently defined. In particular, this
action generalizes the one on graph C*-algebras by Schmidt-Weber in 2018.

1 Introduction

In [34], Wang introduced quantum automorphism groups of finite space. These are
compact quantum groups in the sense of Woronowicz [36, 38] and can be used
to describe symmetries in the setting of C*-algebras. A particular example is the
quantum permutation group S}, which generalizes the classical symmetry group of
n points S,. It can be defined by the universal unital C*-algebra

C(S;) == C*(uij | (uij) is a magic unitary),
where an # x n matrix u := (u;;) is called a magic unitary if

*

n n
ufj:ul]:uij, kz_:lu,»k:kz_:lukal (1<i,j<n).

Magic unitaries are also called quantum permutations since magic unitaries with
entries in C are exactly classical permutation matrices.

In the same setting, Bichon [4] and Banica [2] introduced two different versions
of quantum automorphism groups of finite graphs. Both quantum groups generalize
the classical automorphism group of a graph by imposing the additional relation
Aru =uAr on a magic unitary u, while Bichon’s quantum automorphism group
includes some additional relations. Here, Ar denotes the adjacency matrix of a
graph I, which requires the magic unitary u to respect the graph structure. Quantum
automorphism groups of graphs provide a large class of examples of compact quan-
tum groups and have, for example, been studied in [9, 13, 20, 29]. In particular, these
quantum automorphism groups have been further generalized to different structures,
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2 N. Faross

such as multigraphs [16], Hadamard matrices [17], matroids [10, 11], and quantum
graphs [7, 8].

1.1  Quantum automorphism groups of hypergraphs

In this article, we present a definition of a quantum automorphism group for hyper-
graphs. 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 [1, 15]. In particular, it is possible to form the dual of a hypergraph by
interchanging its vertices and edges, which is, in general, not possible for classical
graphs. See [3] for further information on hypergraphs.

In the following, a hypergraph I := (V, E) is given by a finite set of vertices V, a
finite set of edges E, and two maps s:E - P(V) and r: E — P(V). Anedge 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, we can view classical directed edges as hyperedges with [s(e)| = |r(e)| = 1.
Note that we consider directed hypergraphs which can also have empty edges and
multi-edges.

In this setting, our quantum automorphism group Aut*(T) of a hypergraph T is
given by the following compact matrix quantum group.

Definition 1 (Definition 3.4) Let I' := (V, E) be a hypergraph and A the universal
unital C*-algebra with generators u,,, for all v,w € V and u,y for all e, f € E such
that

(1) uv = (Uyw), ey and ug := (uef)e,_feE are magic unitaries;
(2) Agup=uyA;and A,ug = uyA,, where A,, A, € C"*F are defined by

1 ifve ) 1 ifve R
(AS)ve = nY S(.E) (Af)ve = nY r(.e) VV € V, e € E
0 otherwise, 0 otherwise,

Then Aut"(T):= (A,uy ®@ug) is the quantum automorphism group of the
hypergraph T

Intuitively, Aut” (T) is given by a quantum permutation uy on the vertices and
a quantum permutation ug on the edges, which are compatible by intertwining the
incidence matrices A and A,. If uy and ug are classical permutation matrices, then
this definition gives exactly the classical automorphism group of a hypergraph (see
Section 3.1).

Note that in contrast to the quantum automorphism groups of Bichon and Banica,
we include a second magic unitary for the edges. This is necessary to capture quantum
symmetries between multi-edges, which are allowed in our definition of hypergraph.
See, for example, Section 3.3 for the quantum symmetries of a concrete family of
hypergraphs with multi-edges. However, if a hypergraph T or its dual I'* have no
multi-edges, then our definition reduces to only one magic unitary.
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Theorem 1 (Corollaries 3.17 and 3.18)  Let I := (V, E) be a hypergraph.

(1)  IfT has no multi-edges, then Aut*(T') ¢ S7.
(2) IfT* has no multi-edges, then Aut™ (T) € Sj.

Since hypergraphs are a generalization of classical graphs and multigraphs, it
is natural to ask how our quantum automorphism group relates to the quantum
automorphism groups of Bichon [4], Banica [2], and Goswami-Hossain [16]. Denote
by Autg; (T') the quantum automorphism group of Bichon and by Autgy ;. (T) the
quantum automorphism group of Goswami-Hossain in the sense of Bichon. Then
the following theorem shows that we obtain both quantum groups as a special case
when encoding classical graphs and multigraphs as hypergraphs.

Theorem 2 (Theorems 4.3, 4.7, and 4.11)

(1) Let T':=(V,E) be a directed graph as in Definition 2.2. Define the source and
range maps s(v,w) = {v} and r(v,w) = {w} for all edges (v,w) € E. ThenT isa
hypergraph with Aut” (T') = Autg; (T).

(2) LetT :=(V,E) beasimple graph as in Definition 2.1. Define the source and range
maps s({v,w}) = {v,w} and r({v,w}) = {v,w} for all edges {v,w} € E. Then
T is a hypergraph with Aut™ (T) = Autg; (T).

(3) LetT :=(V,E) be a multigraph as in Definition 2.4 with source map s" and range
map r'. Define the new source and range maps s(e) = {s'(e) } andr(e) = {r'(e)}
forall e € E. Then T is a hypergraph with Aut™ (T') = Autiy p; (T).

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

1.2 Quantum symmetries of hypergraph C*-algebras

Related to quantum automorphism groups of classical graphs is the study of quantum
symmetries of graph C*-algebras in [19, 30]. These C*-algebras are defined in terms
of an underlying graph and have been studied since the 1980s. They include many
examples like matrix algebras, continuous functions on the circle, or the Cuntz
algebra (see [24] for more details). Recently, Trieb-Weber-Zenner [32] introduced
hypergraph C*-algebras, which generalize graph C*-algebras to the setting of hyper-
graphs. This new class includes all graph C*-algebras but also new examples of
non-nuclear C*-algebras. See also the recent work by Schifer-Weber [26] which
characterizes the nuclearity of hypergraph C*-algebras in terms of minors of the
underlying hypergraph.

In [30], Schmidt-Weber showed that Banica’s quantum automorphism group
acts maximally on the corresponding graph C*-algebra. We generalize this result
to hypergraphs by showing that our quantum automorphism group Aut”(T) acts
on the corresponding hypergraph C*-algebra C*(T). As in the case of graph
C*-algebras, hypergraph C*-algebras are generated by a family of projec-
tions {py},., and a family of partial isometries {s.},., (see Definition 2.33). Our
action is then given by permuting these generators using the magic unitaries #y and
ug, that is,
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a(py) =D Pw® tyy, alse) =Y. sp@up VveV,ecE.

weV fe€E

It turns out that this action equals the one of Schmidt-Weber in the case of classical
graphs, but our quantum automorphism group is no longer maximal with respect
to it. However, we obtain maximality under the additional assumption that Aut™ (T)
also acts on C*(T"), where I is obtained by inverting the direction of all edges and
by interchanging the vertices and edges of T.

Theorem 3 (Theorems5.2and5.7)  LetT := (V, E) bea hypergraph and T’ := (T*)°".
Then Aut* (T) is the largest compact matrix quantum group that acts faithfully on both
C*(T) and C*(I") via

a: C*(T) - C*(I) ® C(Aut™(T)), ay: C*(I') - C*(I") ® C(Aut*(T))

with
“l(pv): pr‘g’uwv VveV, “l(se)zzsf@)ufe Ve¢€E,
weV feE
cxz(pe):pr®ufe Ve e E, a(sy) = st®uwv VveV.
feE weV

Overview of the article: We begin in Section 2 with some preliminaries on graphs,
hypergraphs, quantum groups, as well as graph and hypergraph C*-algebras. Then
we introduce our quantum automorphism groups of hypergraphs in Section 3 and
explore some first properties. Further, we give examples of hypergraphs with maximal
quantum symmetries and consider the case of hypergraphs without multi-edges. In
Section 4, we compute the quantum automorphism groups of hypergraphs that are
constructed from classical graphs and multigraphs. In particular, we show that these
agree with the quantum automorphism group of Bichon or its multigraph version
in the sense of Goswami-Hossain. Finally, we construct the action on hypergraph
C*-algebras in Section 5 and present some remaining open questions in Section 6.

2 Preliminaries
2.1 Notations

We begin by introducing some notations and conventions that will be used through-
out the rest of the article. In the following, many results will be formulated in the
language C*-algebras. In particular, we will use universal C*-algebras and tensor
products of C*-algebras. For more information on these topics, we refer to [6].

Let X and Y be sets. Then we denote by P(X) the power set of X and by X L Y the
disjoint union of X and Y. Assume X and Y are finite. Then C* is the C*-algebra of
all complex-valued functions on X with a basis {e; },_y given by indicator functions.
Similarly, C**¥ is the C*-algebra of all complex-valued matrices with rows indexed
by X and columns indexed by Y. Here, the standard matrix units e;; € C**" are given
by (eij),, = 6ixdje foralli,k e X and j,l € Y.
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If A and B are arbitrary C*-algebras, then we denote by A ® B their minimal
tensor product. In addition, we identify elements u € A ® C**¥ with A-valued
matrices (”ff)iex,jey viau = Yicx Xjey Uij ® €ij.

Ifue A®C¥Yandv e A ® CY*Y, then their direct sum u @ v € A @ CXWY)*(XLY)
is given by

Ujj ifi,jeX,
(wov), ={v; ifi,jeY, VijeXuY.
0 otherwise,

Finally, assume that A is unital. Then we identify scalar matrices u € C**¥ with the
A-valued matrices 1® u € A ® C**¥.

2.2 Graphs and hypergraphs

Graphs are combinatorial objects consisting of a set of vertices that are connected by
edges. In the following, we begin with the definition of simple and directed graphs
before we come to multigraphs and directed hypergraphs as in [15].

Definition 2.1 A simple graph T := (V, E) is given by a finite set of vertices V and a
set of edges E € P(V) with |e| =2 forall e € E.

Definition 2.2 A directed graph T := (V, E) is given by a finite set of vertices V and
asetofedges EC V x V.

An edge {v,w} in a simple graph can be visualized by a line from v to w, whereas
an edge (v, w) in a directed graph can be visualized by an arrow from v to w. Further,
directed graphs can have self-loops (v, v), which are excluded in our definition of
simple graphs. Although edges are modeled differently in both definitions, we can
describe them uniformly by an adjacency matrix.

Definition 2.3 Let I := (V,E) be a simple or directed graph. Then two vertices
v,w € V are adjacent, and we write v ~ w, if {v,w} € E or (v,w) € E, respectively.
Further, we define the adjacency matrix Ar e CV*V by

1 ifv~w,

A = Vv,weV.
(Ar)y {0 otherwise,

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

Definition 2.4 A (directed) multigraph T := (V,E) is given by a finite set of ver-
tices V, a finite set of edges E, and two maps s:E — Vand r:E —» V.

In a multigraph, an edge e € E can be depicted by a directed arrow from the source
vertex s(e) to the range vertex r(e) as in the case of directed graphs. Further, in
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the setting of multigraphs, we will be interested in vertices with only incoming or
outgoing edges.

Definition 2.5 Let T := (V, E) be a multigraph and v € V. Then

(1) wvisasource, ifv #r(e)foralle € E.
(2) visasink,ifv #s(e)foralle ¢ E.
(3) wvisisolated, if v is a source and a sink.

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

Definition 2.6 A (directed) hypergraph T := (V,E) is given by a finite set of
vertices V, a finite set of edges E, and source and range maps s:E -~ P(V) and
rE — fP(V)

In a hypergraph, 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 hyperedge with |s(e)| = |r(e)| =1, see also Definitions 2.11 and 2.12
below. Note that we allow empty sets in both the source and range map.

Similarly to the adjacency matrix of classical graphs, it is also possible to describe
the edge structure of a hypergraph using an incidence matrix.

Definition 2.7 LetT := (V, E) be a hypergraph. Then its incidence matrices A, A, €
C*E are given by

1 if , 1 if ,
(AS)”:{ ifves(e) (Ar)ve:{ ifver(e) VyeV. eck.

0 otherwise, 0 otherwise,

It is also possible to generalize the notation of sources and sinks from multigraphs
to hypergraphs.

Definition 2.8 Let T := (V,E) be a hypergraph and v € V. Then

(1) wvisasource, ifv ¢ r(e)foralle ¢ E.
(2) wvisasink,ifv ¢ s(e) foralle € E.
(3) wvisisolated, if v is a source and a sink.

Further, the following properties will be used to describe hypergraphs with a
special structure.

Definition 2.9  Let T := (V, E) be a hypergraph. Then

(1) T has no multi-edges, if s(e;) = s(e,) and r(e;) = r(e;) implies e; = e, for all
€1, ey € E.

(2) T is undirected, if s(e) = r(e) forall e € E.

(3) T is k-uniform, if |s(e)| = |r(e)| = k forall e € E.
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Given a simple graph, a directed graph, or a multi-graph, it is possible to regard it
as a hypergraph in a natural way. In the following, we define the corresponding source
and range maps and show how the resulting hypergraphs can be characterized using
the properties defined previously.

Definition 2.10  LetT := (V, E) be a simple graph. Then we can regard I as a hyper-
graph with the source and range map given by s({v,w}) := {v,w} and r({v,w}) :=
{v,w} for all {v,w} € E. Conversely, 2-uniform undirected hypergraphs without
multi-edges correspond exactly to simple graphs in this way.

Definition 2.11 Let T :=(V,E) be a directed graph. Then we can regard I' as
a hypergraph by defining the source and range map given by s(v,w) := {v} and
r(v,w) = {w} for all (v,w) € E. Conversely, 1-uniform hypergraphs without multi-
edges correspond exactly to directed graphs in this way.

Definition 2.12 Let I := (V,E) be a multigraph with source map s":E - V and
range map r': E - V. Then we can regard T as a hypergraph with the new source
and range map given by s(e) := {s’(e)} and r(e) := {r'(e)} for all e € E. Conversely,
l1-uniform hypergraphs correspond exactly to multigraphs in this way.

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

Definition 2.13 Let I = (V,E) be a hypergraph. Then its opposite hypergraph is
given by I'°P := (V, E) with s°P(e) := r(e) and r°P(e) := s(e) forall e € E.

Definition 2.14 Let T = (V, E) be a hypergraph. Then its dual hypergraph is given
by I'* := (E, V) with source and range maps s* and r* defined by

s*(v)i={ecE|ves(e)}, r'(v):={ecE|ver(e)}.

Note that we can use the dual source and range maps s* and r* to rewrite the
source and range maps s and r as

s(e)={veV]ees*(v)}, r(e)={veV]|eer*(v)} VecE.
In particular, we have (I'*)* = T.
2.3 Compact matrix quantum groups

Compact quantum groups were first introduced by Woronowicz in [36, 38] and are
a generalization of classical compact groups to describe symmetries in the setting
of C*-algebras. In the following, we will focus only on compact matrix quantum
groups, which form a subclass of compact quantum groups analogous to classical
matrix groups. We begin with some basic definitions before we come to actions on
C* -algebras and the quantum permutation group. For more information on compact
quantum groups, we refer to [23, 31].
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Definition 2.15 Let I be a finite index set. A compact matrix quantum group G :=
(A, u) consists of a unital C*-algebra A and a matrix u := (u;;), .., € A ® C™!, such
that

i,jel

(1) A is generated by the matrix entries u;; for all i, j € I;

(2) wisunitaryand u := (ui*j)i et is invertible;

(3) there exists a unital *-homomorphism A:A - A®A given by A(u;;) =
Yker Uik ® ugjforall i, je .

If G is a compact matrix quantum group, then the C*-algebra A will be denoted by
C(G) and the *-algebra generated by the entries u;; will be denoted by O(G). Further,
the matrix u is called the fundamental representation of G.

As for classical groups, it is possible to define subgroups, quotients, and isomor-
phisms for compact matrix quantum groups. However, in order to formulate these, it
is convenient to first introduce morphisms of compact quantum groups.

Definition 2.16  Let G and H be two compact matrix quantum groups. A morphism
of compact quantum groups is a unital *-homomorphism ¢: C(H) - C(G), such that
(p®9)odn=Aacoy.

Note that there also exists a stronger notion of morphism between compact matrix
quantum groups that respects their fundamental representations. However, we are
interested in morphisms of compact quantum groups since we want to be able to
compare compact matrix quantum groups of different sizes.

Definition 2.17 Let G and H be two compact matrix quantum groups.

(1) H isasubgroup of G and we write H C G if there exists a surjective morphism
of compact quantum groups ¢: C(G) — C(H).

(2) H is a quotient of G if there exists an injective morphism of compact quantum
groups ¢: C(H) - C(G). In this case, we identify C(H) with a C*-subalgebra
of C(G).

(3) Gand H are isomorphic and we write G = H if there exists a bijective morphism
of compact quantum groups ¢: C(G) — C(H). Note that in this case, ¢! is
again a morphism of compact quantum groups.

While the comultiplication A of a quantum group generalizes the multiplication
of a classical group, there exists further structure on the x-algebra O(G) that corre-
sponds to the neutral element and the inverse map in the classical case.

Remark 2.18 Let G be a compact matrix quantum group with fundamental rep-
resentation u. Then there exists a unital *-homomorphism &: O(G) — C called the
counit and a unital anti-homomorphism S: O(G) - O(G) called the antipode, which
are given by e(u;;) = 0;j,and S(u;;) = uj; foralli, j € I. These turn O(G) into a Hopf
+-algebra. For more details, see [31].
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Using the Hopf *-algebra structure of O(G), we can now define actions of compact
matrix quantum groups as in [4, 34].

Definition 2.19 Let G be a compact matrix quantum group and A a unital
C*-algebra. An action of G on A is a unital *-homomorphism a: A -~ A ® C(G),
such that

1) (a®id)oa=(id®A)oa;

(2) there exists a dense *-subalgebra B ¢ A with a(B) € B ® O(G);

(3) (id®¢)oalp =id.

Alternatively, the second and third conditions can be replaced by the more
analytical condition that (1® C(G))a(A) is linearly dense in A ® C(G) (see, e.g.,
[30]). However, Definition 2.19 will be easier to check in our case.

Definition 2.20 Let « be an action of a compact matrix quantum group 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).

Next, we define magic unitaries and the quantum permutation group S;, which
was first introduced by Wang [34] as the quantum automorphism group of the finite
set X :={1,...,n}. However, we will consider the case of arbitrary finite sets X and
denote the corresponding quantum permutation group by S5.

Definition 2.21  Let X be a finite set and A be a unital C*-algebra. An element u :=
(uij) € A ® CX¥*¥ is called magic unitary, if
u,gj:ufj:u,-j Vi,jEX, Zu,‘j:ZMﬁZI VielX.
Jjel JjelI

Note that magic unitaries with entries in C are exactly classical permutation
matrices, which gives magic unitaries also the name quantum permutation matrices.
These matrices have applications in quantum information via non-local games [21]
and concrete magic unitaries have, for example, been recently studied in [14, 22]. For
more information and open problems related to magic unitaries, we refer to [35].

Now, the quantum permutation group S¥ is the compact matrix quantum group
with a universal magic unitary as its fundamental representation.

Definition 2.22  Let X be a finite set and A be the universal unital C*-algebra with
generators u;; for all 7, j € X such that u := (u;;), jex 18 @ magic unitary. Then S§% :=
(A, u) is the quantum permutation group on X.

In [34], Wang showed that the quantum permutation group S% is the largest
compact matrix quantum group that acts on C* in the following sense. Thus, we can
think of S} as the quantum automorphism group of a finite set X.
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Proposition 2.23 [34]  Let X be a finite set. Then S% acts faithfully on CX via the map
a:CX » C* @ C(S%) given by
(x(e,-):Zej®uj,- VieX,
jex
where u denotes the fundamental representation of Sy and {e;},.y the standard basis

of CX. Eurther, if G is any compact matrix quantum group that acts faithfully on C*
via the action «, then G ¢ Sy.

When defining quantum automorphism groups of graphs or hypergraphs, we will
consider intertwiner relations of the form Au = vA, where u and v are unitary matrices
over a C*-algebra and A is a scalar matrix. The following proposition can be verified
by a simple computation and gives a useful reformulation of these relations.

Proposition 2.24  Let A be a unital C*-algebra. Further, let ue A@ C™,ve A®
C/ be unitaries, and T € C'*!. Then Tu = vT if and only if T*v = uT".

Further, we will use the free product of compact matrix quantum groups, which
was introduced in [33].

Definition 2.25 Let G := (A, u) and H := (B, v) be two compact matrix quantum
groups. Then the free product G * H is the compact matrix quantum group

G+H:=(A*B,uadv),

where A * B denotes the universal unital free product of C*-algebras and we identify
u and v with A * B-valued matrices via the canonical inclusions A, B — A * B.

Example 2.26  Consider two finite sets X and Y with corresponding quantum
permutation groups S% and Sy. Then their free product S} = S7 is given by the
universal unital C*-algebra

C(Sx * Sy) = C*(uij» vke | (uij) and (vke)are magic unitaries),
where the elements u;; are indexed over X and the elements vy, are indexed over Y.
Further, the comultiplication is defined by

Auij) =Y uis®usj,  A(vie) = Y vie ® vy
seX teY

2.4 Quantum automorphism groups of graphs

In the case of graphs, there exist two different versions of quantum automorphism
groups, which have been introduced by Bichon [4] and Banica [2]. These quantum
groups have been further studied, for example, in [9, 13, 20, 25, 29] and have been
recently generalized to multigraphs in [16]. In the following, we begin with the
definition of the quantum automorphism groups of Bichon, before we come to the
version of Banica and the recent version for multigraphs by Goswami-Hossain. For
more information on quantum automorphism groups of graphs, we refer to [29].
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Definition 2.27 Let T := (V,E) be a simple or directed graph and denote by A
the universal unital C*-algebra with generators u;; for all 7, j € V" and the following
relations:

1 wu:= (uij)i,jEV is a magic unitary;

(2) Aru =uAr, where Ar is the adjacency matrix of T;

(3) wuixuje =ujou; foralli ~ jand k ~ £.

Then Auty; (T) := (A, u) is Bichon’s quantum automorphism group of T.

Note that the second relation Aru = uAr was originally formulated using a differ-
ent set of relations. However, the following proposition shows that both versions are
equivalent.

Proposition 2.28 [29, Proposition 2.1.3] Let T := (V,E) be a simple or directed
graph, A a unital C*-algebra, and u € A ® CV*V a magic unitary. Then Aru = uAr
is equivalent to

UikUje = Ujethix =0 Vi~ j, kol
Uiktjo = Ujetdix =0 Vi j, k~ L.

Using this reformulation of the intertwiner relations Aru = uAr, one can also
prove the following proposition, which will be useful later. See [30] for further details.

Proposition 2.29  Let T := (V, E) be a simple or directed graph and denote by u the
fundamental representation of Autg; (T). Then

D ouikuje= Y. ugitgj=1 Vi~ j.

k,teV k,teV
k~¢ k~t

By dropping Relation 3 in Definition 2.27, we obtain the quantum automorphism
group of Banica, which is often studied instead of Bichon’s version. However, we
will mainly be interested in Bichon’s version and its following generalization to
multigraphs as recently defined by Goswami-Hossain [16].

Definition 2.30  Let T := (V, E) be a multigraph without isolated vertices. Denote
by A the universal unital C*-algebra with generators u,s for all e, f € E and the
following relations:
(1) The matrix u := (”ef)e,feE is a magic unitary.
(2) LetveVande,e, €E.

o Ifs(er) =s(ez),then Y. fep Uef =3 fep Ueyf-

s(f)=v s(f)=v
o Ifr(e) =r(ex),theny fep Uef =% feg Ueyf.
r(f)=v r(f)=v

(3) Lete, feE. Thenu,s =0if
« s(e) is neither a source nor a sink and s(f) is a source;
o r(e) is neither a source nor a sink and r(f) is a sink.

https://doi.org/10.4153/52976859426100046 Published online by Cambridge University Press


https://doi.org/10.4153/S2976859426100046

12 N. Faross

(4) Letv € V be neither a source nor a sink and ey, e, € E such that s(e;) = r(e,) is
neither a source nor a sink. Then 3 fep Ue,f = 2 fep Ue, s
s(f)=v r(f)=v
Then Autdy g;c(T) := (A, u) is the quantum automorphism group of T by Goswami-
Hossain in Bichon's sense.

Note that we swapped the conditions in Relation 3 in contrast to the original
definition in [16, Definition 3.16].

2.5 Graph and hypergraph C*-algebras

Graph C* -algebras are a well-studied class of C*-algebras that are defined in terms of
an underlying graph and generalize Cuntz-Krieger algebras [12]. They include many
concrete examples like matrix algebras, continuous functions on the circle, or the
Cuntz algebra. In the following, we define graph C*-algebras only for finite directed
graphs. See [24] for more information and the general case of infinite graphs.

Definition 2.31 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

(M) () S(vw) = pw forall (v, w) € E;

() S(w)S{yw) < Py forall (v,w) € E;

(3) pv <Y cek Ses, forallv e V that are not a sink.

v=s(e)

In [30], Schmidt and Weber then showed that Banica’s quantum automorphism
group Auty, . (T) of a finite graph T acts maximally on the corresponding graph C*-
algebra C*(T).

Proposition 2.32 [30] Let T := (V,E) be a directed graph. Then Autg,,(T) acts
maximally on C*(T) via a: C*(T) - C*(T) ® C(Autg,,(T)) given by

a(py) = Z Uyw @ Pws “(5(1/1,14/1)) = Z Uyyv, Uwiwy @ S(vy,w,)

weV (v2,w2)€E

forallv eV and (vi,w;) € E.

See also [19] for more information on actions of quantum groups on graph
C*-algebras. Recently, Trieb-Weber-Zenner [32] introduced hypergraph C*-
algebras by replacing the graph in the definition of graph C*-algebras with a
hypergraph.

Definition 2.33 Let I := (V, E) be a hypergraph. Then the hypergraph C*-algebra
C*(T) 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) sysp=0cfY vev pyforalle, f € E;
ver(e)
(2) ses; <Y vev pyforalle e E;

ves(e)
(B) pv <Y ece Ses, forall v € V that are not a sink.
ves(e)

If a directed graph is encoded as a hypergraph as in Definition 2.11, then the
corresponding hypergraph C*-algebra agrees with the classical graph C*-algebra.
However, hypergraph C*-algebras also include new examples of non-nuclear
C*-algebras. For more on the nuclearity of hypergraph C*-algebras, we refer to
the recent work of Schifer and Weber [26], where the nuclearity of hypergraph
C*-algebras is characterized in terms of minors of the underlying hypergraph.

3 Quantum symmetries of hypergraphs

3.1 Automorphism groups of hypergraphs

We first recall 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.

Definition 3.1 Let T := (V, E) be a hypergraph. Then its automorphism group is

Aut(T) ::{(G,T)ESVXSE | VeeE:a(s(e)):S(T(e))/\a(r(e)):r(T(e))},

where 0 € Sy actson P(V) by o ({v1,...v}) :={o(v),...,0(vk)}.

Thus, a hypergraph automorphism consists of a permutation of the vertices and
a permutation of the edges that are compatible by respecting the source and range
maps. Next, we show how these compatibility conditions can be reformulated when
both permutations are given as permutation matrices.

Definition 3.2  Let X be a finite set. The permutation representation of Sx is given
by Sx = C*¥, 0 > Py with (Py),; = 8;(j forall i, j € X.

Note that the permutation representation is faithful, so we have an embedding
Sx = C**X given by permutation matrices.

Proposition 3.3  Let I := (V,E) be a hypergraph and (o, 7) € Sy x Sg. Then

(1) o(s(e)) =s(z(e)) forall e € E if and only if A;P, = P, A,
(2) o(r(e)) =r(z(e)) foralle € E ifand only if A, P, = P, A,,

where A; and A, are the incidence matrices of T

Proof We prove only the first statement about the source map s. The second
statement about the range map r follows in a similar way. Using the definitions of
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A; and permutation matrices, one verifies that

AP, = PoA, — (Ay) = (AS)U,I(V)e VveV,ecE,

vt(e)

where the right side is equivalent to
ves(t(e)) < o'(v)es(e) VyveV,ecE.
However, 07(v) € s(e) can be rewritten as v € o(s(e)), so that we obtain
ves(t(e)) < veoa(s(e)) VveV,ecE.

This means that s(7(e)) = o(s(e)) forall e € E. ]

3.2 Quantum automorphism groups of hypergraphs

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

Definition3.4 LetT := (V, E) beahypergraph and denote by A the universal unital
C*-algebra with generators u,,, forallv,w € V and u,f for all e, f € E, such that

(M) uv = (Uyw), ey and ug == (Uey), fep AT€ Magic unitaries;

(2) Aup =uyA;and A,up = uyA,, where A, A, € CV*F are the incidence matri-
cesof T.

Then Aut™(T) := (A, uy ® ug) is the quantum automorphism group of T.

Intuitively, we replace the permutations ¢ € Sy and 7 € Sg in the definition of the
classical automorphism group by quantum permutation matrices uy and ug. The
compatibility conditions between these two matrices can then be expressed by the
intertwining relations from the previous sections.

Before we show that the previous definition of Aut®(T) indeed generalizes
the classical automorphism group Aut(T), we first comment on the relations in
Definition 3.4.

Remark 3.5 For Aut®(T) to be well-defined as a compact matrix quantum group,
the magic unitary relations and intertwiner relations have to be compatible with the
comultiplication A: A — A ® A. However, this follows directly from the existence of
S} and the fact that additional intertwiner relations always respect the comultiplica-
tion (see [34, 37]).

Remark 3.6 Recall that the magic unitary relations of uy and ug are given by

I/liw = u:w = Uyw Vv,weV, ”gf = ”:f = Uef Ve,f eE,
ZMszquVZI VveV, Zuef:Zufezl Ve e E,
weV weV feE feE
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and the intertwiner relations Asug = uy A, and A,ug = uy A, can be written as

Z Ufe = Z Uyw, z Ufe = Z Upy VveV,ecE.

feE weV feE weV
ves(f) wes(e) ver(f) wer(e)
Note that A} and A} are also intertwiners by Proposition 2.24 since uy and ug are
unitaries. Thus, we have the additional relations Aluy = ugAY and Ajuy = ugAj,
which can be written as

Z Uyy = z uef: Z Uy = Z I/lef VVGV,@EE.

weV weV

E E
wes(e) Vé:e(f) wer(e) Vef,e(f)
Remark 3.7 Let u := uy ® ug and define the block matrix

[0 A (VUE)x(VUE)
A= ( A 0 ) eC .
Then Au = uA is equivalent to Asup = uy A, and Ajuy = ugAj, where the second
equation is again equivalent to A,up = uyA, by Proposition 2.24. Therefore, the
relations Asug = uyAs and A,ug = uy A, in Definition 3.4 can be formulated as the
single intertwiner relation Au = uA.

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

Proposition 3.8  Let T be a hypergraph. Then Spec C(Aut™(T)) = Aut(T) as finite
groups.

Proof LetT :=(V,E) and denote by A the C*-algebra C(Aut™(T)). Then Spec.A
is a group with multiplication given by ¢ * y := (¢ ® ) o A and is isomorphic to a
subgroup of unitary matrices G ¢ C(VE)X(VUE) yig

p e Spec > g(u) i= (p(uyy)) e CTUD*VD),

see, for example, [31, Proposition 6.1.11]. Further, we have the decomposition u =
ug ® uy, so that ¢(u) = ¢(ug) ® ¢(uy) is given by a pair of matrices ¢(ug) and
¢(uy). Since uy and ug are magic unitaries, ¢(uy) and ¢(uy ) are exactly permuta-
tion matrices, which correspond to a pair of permutations (o, 7) € Sy x Sg via the
permutation representation from Definition 3.2. Proposition 3.3 then implies that
(0, 7) are exactly automorphisms of T. [

3.3 Examples of hypergraphs with maximal quantum symmetry

Before we come to examples of quantum automorphism groups of hypergraphs, we
first show that these quantum groups are always subgroups of S}, * S.

Proposition 3.9 Let T := (V, E) be a hypergraph. Then Aut™ (T) ¢ S}, * Sf.
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Proof  Denote by u the fundamental representation of Aut” (') and by # the funda-
mental representation of S}, * S§. Since uy and ug are magic unitaries, the universal
property of C(S7, * S ) implies the existence of a unital *-homomorphism ¢: C(S3, *
S3) — C(Aut™(T)) with ¢ () = 4y and ¢(7,s) = u,y. This *-homomorphism is
surjective since C(Aut" (T')) is generated by the entries of uy and ug. Further, one
verifies directly that it is a morphism of compact quantum groups. Thus, Aut*(T) €
Sy * SE. [

Next, we construct a concrete family of hypergraphs I', ,,, for which equality in the
previous proposition holds. Thus, these hypergraphs have maximal possible quantum
symmetries in the sense of Definition 3.4.

Definition 3.10  Let n, m € N. Define the hypergraph T, ,, := (V, E) with vertices
V=A{1,...,n}, edges E={1,...,m}, and source and range maps s(e) := V and
r(e):=Vforalle ¢ E.

Proposition 3.11 Let n,meN and T,, :=(V,E) be the hypergraph of
Definition 3.10. Then Aut” (T, ) = S} * S}

Proof Denote by u the fundamental representation of Aut*(T,,) and by
u the fundamental representation of S7 * Sf. By the proof of Proposition 3.9,
we have Aut®(T,,,) S St * S} via a unital *-homomorphism ¢:C(S}, * Sf) —
C(Aut™(Ty, ) with () = tyy and @(@. ) = u.s. To show the other inclusion,
we construct the inverse *-homomorphism using the universal property of
C(Aut" (T, )). Thus, we have to show that @y and g satisfy the relations from
Definition 3.4. However, iy and 7y are magic unitaries by definition, and we compute
Y Upe=Y Upe=1= Y U=y, Uy VveV,eck,
feE feE weV weV
ves(f) wes(e)
so that A%y =Wy A, by Remark 3.6. Similarly, one shows that A,y = Uy A, by
replacing the source map s with the range map r. Thus, the *-homomorphism from
Proposition 3.9 is invertible, which shows Aut™ (T, ) = S, * S [

3.4 Opposite and dual hypergraphs

Next, we compute the quantum automorphism groups of the opposite and dual of a
hypergraph. Recall from Definition 2.14 that the opposite hypergraph I'°P is obtained
by interchanging the source map and the range map of a hypergraph I'. One can
directly verify that in the classical case, both Aut(T") and Aut(I'°P) coincide. In the
following, we show that this fact can be generalized to the quantum setting.

Proposition 3.12  Let T be a hypergraph. Then Aut™ (T') = Aut™ (T°P).
Proof Let I':= (V,E). Denote by u the fundamental representation of Aut”(T)

and by # the fundamental representation of Aut"(I°P). By definition, we have
Asp = A, and A, = A;, so that the entries of u and U satisfy exactly the same
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relations. Hence, by the universal properties of C(Aut"(T')) and C(Aut*(T°P)),
there exists a *-isomorphism ¢: C(Aut™(T)) - C(Aut" (I'°P)) with ¢(uyy) = Uy
and ¢(u.s) = . Further, a direct computation shows that this *-isomorphism is
indeed a morphism of compact quantum groups. ]

Next, we consider dual hypergraphs. Recall from Definition 2.14 that the dual T'* of
a hypergraph T is obtained by interchanging the vertices and edges. As in the case of
the opposite hypergraph, one verifies that a hypergraph and its dual have isomorphic
classical automorphism groups via the map (o, 7) ~ (7, 0). This again generalized
to the quantum setting as follows.

Proposition 3.13  Let T be a hypergraph. Then Aut™ (T) = Aut® (T*).

Proof LetT := (V,E) and denote by u the fundamental representation of Aut™ (T)
and by @ the fundamental representation of Aut™ (T"*). We begin by constructing a x-
isomorphism ¢: C(Aut™(T')) - C(Aut™(T*)) with @(uy,,) = Wy and @(uer) = Uy
using the universal properties of C(Aut*(T)) and C(Aut*(T*)). Hence, we have to
show that the entries of u and ¥ satisfy the same relations. Since uy, ug, #g, and Uy
are all magic unitaries, it only remains to show that

AuW =uP A —= Apu® =uWA,,

AuM =P A, = Apu® =uWA,.

for two arbitrary magic unitaries 4" and u?) indexed by V and E, respectively.
However, this follows directly from Proposition 2.24, since

1 ifees*(v), |1 ifves(e),

(A )y = e = (A, = (AD),,
0 otherwise, 0 otherwise,

for all e € E and v € V, so that A~ = AT = A and similarly A,» = A%. Thus, the

*-isomorphism ¢ exists and one verifies directly that it is a morphism of compact

quantum groups. u

3.5 Hypergraphs without multi-edges

In contrast to the quantum automorphism group of graphs by Bichon and Banica, our
quantum automorphism group includes an additional magic unitary u for the edges.
This magic unitary is necessary to capture quantum symmetries between multi-edges,
see, for example, the family of hypergraphs in Section 3.3. However, it turns out that
if a hypergraph has no multi-edges, then the magic unitary ug is redundant and we
can express the entries of ug in terms of the entries of uy.

We begin with the following lemma, which relates the entries of ug to the entries
of uy.
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Lemma 3.14 LetT := (V,E) be a hypergraph and X C V. Then

Z ufe:H Z U,y VeckE.

feE veX weV
Xes(f) wes(e)

In particular, the product commutes. The same statement also holds for the range
map r.

Proof LetecE and X € V. Fix an arbitrary ordering X = {v,..., v}, where all
y; are distinct. Then

H (Asug),, H Z Use = Z Z Ufie o Ufe-

veX veX feE ficE fkeE
ves(f) vies(fi) vies(fx)

Since ufe...Ufe=0ff, ... O lfe, it follows that

H(ASuE)ve: Z Ufe = Z Ufe-

veX feE feE
vies(f),....vkes(f) Xcs(f)

On the other hand, we can apply Asug = uyA; to the original expression to obtain
H (ASuE)ve = H (uVAS)ve = H Z Uyw-
veX veX veX weV
wes(e)
Thus,
2, uge=]T 2w

feE veX weV
Xcs(f) wes(e)

Since the left side does not depend on the order of X, the product on the right side
commutes. Further, we can replace s with r to obtain a proof of the corresponding
statement for the range map r. ]

Using an inclusion-exclusion argument, we can further improve the previous
lemma to obtain the equality X = s(f) instead of X € s(f) on the left side.

Lemma 3.15 LetT := (V,E) be a hypergraph and X ¢ V. Then

Y|-|X
S oup= Y (DT Y w VeeE
feE Xcycv veY weV
s(f)=x wes(e)

The same statement also holds for the range map r.

Proof By rewriting the statement using Lemma 3.14, we have to show that

Yooupe= Y. (_I)IY\—IX\ > up VecE.

feE Xcycv feE
s(h)=-x Yes(f)
Now, consider an element u s, with X ¢ s(f) and define k := |[s(f)| - |X|. Then there
are exactly (’2) subsets Y with X ¢ Y € s(f) and |X| + ¢ elements. Further, each is
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weighted with a factor of
(_1)|Y|—|X| _ (_1)(|X\+5)—|X\ _ (_1)g
on the right side of the equation. Thus, by the binomial theorem, the total contribution

of u, s on the right side is

k ok ’ e |1 ifk=0,
@_Z;(E)(_l) =(()+) :{0 if k> 0.

Therefore, the right side of the equation contains exactly each u, with k = 0, which
is equivalent to s(f) = X. The corresponding statement for the range map r can be
proven in the same way. |

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 has no multi-
edges.

Theorem 3.16 Let T :=(V,E) be a hypergraph without multi-edges. Denote by
C*(uy) the C*-algebra generated by u,,, for all v,w € V. Then u.s € C*(uy) for all
e, f €E.

Proof Lete, f € E. Then

>, gy ), ugreCr(uy)
g€E geE
s(g)=s(e) r(g)=r(e)

by choosing X = s(e) and X = r(e) in Lemma 3.15. This implies

( > ”gf)( > ”gf): D Ugptgp= D ugp € C(uy).

g<€E g<€E 81,826E ~Y~—0onr—— g€E
s(g)=s(e) r(g)=r(e) s(g)=s(e) Oggpugy  s(g)=s(e)
r(g2)=r(e) r(g)=r(e)

However, I' has no multi-edges, so that

U=y, ugpeC*(uy).
g€E

s(8)=s(e)
r(g)=r(e)

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

Corollary 3.17 Let T:=(V,E) be a hypergraph without multi-edges. Then
Aut™(T) c S3..

Proof Denote by u the fundamental representation of Aut’(I') and by  the
fundamental representation of S7,. As in the proof of Proposition 3.9, there exists
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a morphism of compact quantum groups ¢: C(S},) = Aut’(T') with ¢(@,) = .
By Theorem 3.16, this morphism is surjective, so that Aut™(T') € S7.. |

Corollary3.18 LetT := (V, E) be a hypergraph such that T* has no multi-edges. Then
Aut™(T) ¢ S;.

Proof By combining Proposition 3.4 with Corollary 3.17, we obtain Aut™(T) =
Aut"(T*) c Sf. |

Link to quantum symmetries of classical graphs

In this section, we study the quantum automorphism group Aut* (T) for hypergraphs
which come from a classical directed, simple, or multigraph as defined in Section 2.2.
In particular, we show that, in this case, our quantum automorphism group for
hypergraphs agrees with the quantum automorphism group of Bichon for classical
graphs or its multigraph version by Goswami-Hossain. Thus, we can view our
quantum automorphism group for hypergraphs as a generalization of the quantum
automorphism group of Bichon for graphs.

Directed graphs

We begin with directed graphs as in Definition 2.2. Recall from Definition 2.11 that we
can identify a directed graph I := (V, E) with a 1-uniform hypergraph without multi-
edges by defining the source and range maps s(v, w) := {v} and r(v,w) = {w} forall
(v, w) € E. In this way, we can apply Definition 3.4 to obtain a hypergraph quantum
automorphism group Aut*(T). In the following, we show that Aut™ (T) agrees with
the quantum automorphism group Autg;.(T) of Bichon. We begin by reformulating
the intertwiner relations A;up = uyA; and A,ug = uy A, in the setting of directed
graphs.

Lemma 4.1 Let T := (V,E) be a directed graph, A a unital C*-algebra, uy € A ®
CY*Y, and ug € A ® CE*E_ Then the relations Asug = uy A, and A,ug = uy A, are
equivalent to

Z u(VZrWZ)(Vl»WI) = uVOVI’ Z u(vz,Wz)(Vle) = uV0W1
(v2,w2)€E (v2,w2)€E
Vo=Va Vo=w3

forallvy € V and (vi,w;) € E.

Proof LetvgeV,e:=(v;,w;) € E. Then

(Astip)ye = 20 Upe= 2, Umwa)(mm):
feE (v2,w2)€E
voes(f) Vo=v2
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On the other hand, the image of s always contains one element and there are no multi-
edges so that

(uVAs)VOe = Z Uyow = Uygy, -
weV
wes(e)

Thus, Asug = uy A, is equivalent to

Z Ulvywa) (o) = Uvomy Vvo eV, (v,w) € E.
(v2,w2)€E
Vo=V2

The equivalence between A,ug = uy A, and the second equation in the statement
follows similarly. u

Using the previous lemma, we can now express the entries of up in terms of the
entries of uy.

Lemma 4.2 Let T':= (V,E) be a directed graph and denote by u the fundamental
representation of Aut” (T'). Then

Uv,wr) (va,wy) = BrivaUwiwy, = Uwyw, Uy, V(le W1)> (V2> WZ) €E.
Proof Let (v;,w;), (v2,w2) € E. By Lemma 4.1, we have

Uyyv, = Z U(vs,ws)(va,wa)> Uwiw, = Z U(vs,wa)(v2,w2)>

(v3,w3)€E (va,w4)€eE
V1=V3 W1=Wy
which yields
Uyyv, Uwyw, = Z Z Uy, ws) (va,w2) Y(va,wa) (va,wa) = Z Uz, ws)(va,w2)>
(v3,w3)€E (v4,w4)€E (v3,w3)€E
vi=vs W= (v3w3) (vaowa) H(v3w3) (vam) in;vwi

uW1W2uV1V2 = Z Z M(V4)W4)(VZ)Wz)u(Vs,Ws)(Vz,Wz) = Z u(VS,Ws)(Vz,Wz)'

(va,w4)€E (v3,w3)€E (v3,w3)€E
wi=wa vi=vs Ovgmg) (v3w3) H(v3.w3) (v2,m2) in;vw}3

Since I has no multi-edges, we have

u(Vl,Wl)(Vz,Wz) = Z u(Vs,Ws)(VbWz)‘
(vs,w3)€E
V1=Vv3
Wi1=w3

Thus,
u(Vl:Wl)(Vz;WZ) = uVleuwlwz = quwqulVZ'

Now, we can show that our quantum automorphism group Aut™(T) agrees with
the quantum automorphism group Autg; (T) when we identify the magic unitary uy
with the fundamental representation of Autg; (T).

Theorem 4.3  Let T be a directed graph. Then Aut™ (T') = Autg, . (T).
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Proof Let I':= (V,E). Denote by u the fundamental representation of Aut®(T)
and by # the fundamental representation of Autg; (T). Further, define the ele-
Ments Uy, y,) (va,ws) = Wy, Bwyw, fOr all (vi, wy), (v, wy) € E, and the matrices #y :=
(Uvw)y, ey and Ug = (ﬁef)e,feE'

To prove the statement, we begin by constructing a unital *-homomorphism
¢: C(Aut™ () — C(Auty (T)) defined by 9(ity) = Ty and 9 (i) (sr.0n)) =
Uy, U, w, Using the universal property of C(Aut™(T)). Thus, we have to show that
the matrices Wy and U satisfy the relations from Definition 3.4. By Definition 2.27,
Uy is a magic unitary, and we have

Uy v, Uwiwy = Uwiw, Uiy, V(Vla Wl)) (Vz, WZ) €E,
which implies
—~ —~ * e~ * * o~ —~ o~ —~
(u"lvzuwlwz) - (uWIWZ) (uVIVZ) = Uwiwy Uvivy = Uy, Uwiwys
—~ —~ 2~ — — — o~ 2/~ 2~ —
(uVIVZMWIWZ) = Uyyyy Uwywy Uy, Uwywy = (uVIVZ) (uwlwz) = Uyv, Uwyw, -

Further, the additional relations from Proposition 2.29 yield

Z Uy v, Uwiwy, = Z Uy v, Uywy = 1,
(v2,w2)€E V2, W€V
(v2,w2)€E

Z Uy,y Uwyw, = Z Uy,y Uwyw, =1
(v2,w2)€E vy, waeV
(v2,w2)€E

for all (vy,w;) € E. Hence, Uy is a magic unitary. Next, we check the intertwiner
relation A g = Uy A;. Let vg € V and (v1, w;) € E. Then

Z i‘\vmﬁwml = Uy, Z ’/"\Wzm :TIVOVI Z (AF)vowzi‘\szl-

(v2,w2)€E (v2,w2)€E wireV
Vo=Va Vo=V2

By Definition 2.27, we have Aruiy = Uy Ar, so that
UVOVI 2 (AF)VOWZawal = ﬁvovl Z UVoWz (Ar)wzwl'

waeV waeV

Since gy, Uygw, = Ovyw, Uyguy» it follows that

ﬁvovl Z ﬁvowz(Ar)wzw, = Z 6V1W25V0V1 (Ar)wzw, :ﬁVOV] (Ar)v,wl :ﬁVon'

wreV wreV

Thus, we have in total

Z u(VZ’WZ)(Vl’WI) = Z uVZVluWZWI = uvovl’
(v2,w2)€E (v2,w2)€E

Vo=V2 Vo=V2
which is equivalent to A Ug =4y A, by Lemma 4.1. Similarly, one shows A,ug =
Uy A, so that the map ¢ exists.

Next, we construct the inverse map y: C(Auty; (T)) - C(Aut™(T)) given by
v(tyy) =ty using the universal property of C(Auty; (T)). Thus, we have to show
that the matrix uy satisfies the relations from Definition 2.27. First, note that uy
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is a magic unitary by Definition 3.4. Second, we have to show that Aruy = uyAr.
Observe that Ar = A;A}, since

(ASADVW = Z (AS)ve(Ar)we = Z 8(v,w)e =

ecE ecE 0 Otherwise,

{1 if (v,w) €E,

for all v, w € V. Hence,
AFuV = ASA:MV = ASMEA: = uvASA: = MvAr,

because A} also intertwines uy and ug by Remark 3.6. Finally, we have to check that
Uy, vy Uiy, = Uy Uy, for all edges (vi, wy), (v2, wy) € E. But this follows directly
from Lemma 4.2, since

Uy Uwiws = U(viw) (v2,w2) = Uwiwa Uy, -

Thus, the *+-homomorphism y exists. Note that the maps ¢ and y are indeed inverse,
because

Uy <> Uypy, Uyy, Uwiw, < uvlvzuwlwz_u(vl,wl)(vz,wz)

by Lemma 4.2. Further, a direct computation shows that they are morphisms of
compact quantum groups. u

4.2 Simple graphs

Next, we come to simple graphs as in Definition 2.1. Recall from Definition 2.10 that
we can regard simple graphs as 2-uniform undirected hypergraphs without multi-
edges by defining the source and range maps s({v,w}) = {v,w} and r({v,w}) =
{v,w} for all {v,w} € E. In the following, we show that, for a simple graph T, our
quantum automorphism group Aut+(1") agrees again with the quantum automor-
phism group Autg; (T) by Bichon. We begin with a reformulation of the intertwiner
relations Asug = uyAs and A, ug = uy A, in the setting of simple graphs.

Lemma 4.4 LetT := (V,E) be asimple graph, A a unital C*-algebra, and uy € A ®
CY*V and ug € A ® CE*E be two unitaries. Then the following are equivalent:

(1) Asug=uyAsand A,ug = uyA,

(2) ¥ vev Ulyguntvm) = Yven + tygw, for all v € Vand {vi,w,} € E;
{vo,v2}€E

(B) ¥ vV Ulvuw} o} = Ynivg + Uy, for all v € V and {vi, w1} € E.
{vo,v2}€E

Proof  Since A; = A,, we only have to consider Asug = uyA,. Let vo € V and e :=
{vi, w1} € E. Then
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(Astig)yo, = D0 (As) e = Do Upe = D0 Uivpwd{mm)>

feE feE v,V
voef {vo,v2}€E
(MVAS)voe = Z uVoW(AS)wg = Z Uygw = Uygyy T Uyow, -
weV weV
wee

Hence, Asug = uy A, is equivalent to

Z Ufvg,va} {mm} = Uvow + Uvw,  YVo €V, {v, w1} € E.
1€V
{vo,v2}€E

Similarly, we compute

(UEAT) gy = Do tef(AD) fyy = Do e = D0 Ulmmbvomshs
feE feE

€ VeV
voef {vo,v2}€E
* —_ —_ —_
(As”V)evo = Z (AS)ew”WVo = Z Upyy = Uyvy + Usyg -
weV weV
wee

Thus, ug Ay = Afuy is equivalent to

Z Ul Hvors} = Uvive + Uwyyy  VV0 €V, {v1, w1} € E,
1€V
{vo,v2}€E

which is again equivalent to A;up = uy A, by Proposition 2.24. u

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

Lemma 4.5 Let T := (V,E) be a simple graph, denote by u the fundamental repre-
sentation of Aut® (T) and let {vi, w;}, {vy, w,} € E. Then

u{VI,Wl}{Vz,Wz} = uV1V2 quwz + uVlwz quvz = uVle uW1W2 + uWIVZ uVIWZ'

Proof  Since v; # wy, we have

(uVlVZ + uvlwz)(uW]VZ + uWIWZ) = uVlVZuWIVZ +uV1V2uW1Wz + uVlWZuWIVZ + ”mw:uwlm
—_—— ———
0 0

= uvlvz uW1W2 + uVlWZuWIVZ'

On the other hand, Lemma 4.4 yields

(uVle + uVlwz)(uWH/z + quWZ) = Z u{V1,V3}{V2,W2} Z u{wl:v4}{V2»W2}

v3eV v4eV
{v1,v3}€E {w1,v4}€E
= Z Ulv,vs}{va,wa } W{wi,va}{va, w2}
v3,V4€V

{vovsh{wnvajeE Stviva} i va} Hvrvs vawa}

= u{Vl»Wl}{VbWz}’
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where {vi,v3} = {wy,v4} and v; # w; implies v3 = w; in the last step. Thus,
Ub o vaown} = By + Uy, ) (v, + Ui, ) = Uy, Uiy + Uy, Uy, -
Similarly, we compute
(Uyyv, + Uy ) (U, F Uiy ) = Upyry Upywy + Usrvy Uy,
and

(uVﬂ/z + quvz)(uVlwz + quwz) = Z u{Vl,WI}{VbV}}M{VI»WI}{WZ:V4}
v3,v4€V
{vi,v3}.{va,va}eE O vy} wgwa} Wivpm vz v3)

= Ui {va,wa}

using v, # w, and the other part of Lemma 4.4. Hence,

ULy witH {vawa} = Wiy Uwiw, T Uy Uy, V{vi, w1}, {v2, wa} € E.

In addition to the previous lemmas, we need the following proposition for general
hypergraphs, which 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 4.3 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, a similar relation u;;u; = 0 for
d(i, k) #d(j,1) wasused in [27, 28] to compute the quantum symmetries of classical
graphs, where d denotes the distance between two vertices.

Proposition 4.6 Let T := (V, E) be a hypergraph and denote by u the fundamental
representation of Aut” (T'). Define

Ns(v)={ecE|ves(e)}| VYveV.
Then Ng(v) - thyy = Uy - No(w) forallv,w € V. In particular, Ny(v) # Ny(w) implies

Uyy = 0. The same statement also holds for the range map r.

Proof Let v € V. By summing both sides of (Asug),, = (uvA;),, over all e € E,

we obtain
zljifzj (As)vfufe = fZ: (As)vf ( Z;E”fe) = fZ: (As)vf = Ns(V)a
2)25 z;/”vw(As)we = z;/uvw( 2;5 (As)we) = Z;/MVW 'NS(W).

Thus, Ng(v) = 3 ey Uyw - Ng(w), which implies
No(v) - thyw = thyyy - No(v) = D sttty -No(x) = thy - Ns(w)  Vv,we V.

xeV ~——
Swx Uy
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In particular, if Ng(v) # Ny(w), then
N:(v) - sty = thyy - Ns(w) <= (Ns(v) = Ns(w)) - thyyy =0 <= u,,, = 0.
The corresponding statement and proof for the range map can be obtained by

replacing s with r. u

We can now show that, for simple graphs, our quantum automorphism group
agrees with the quantum automorphism group by Bichon when we identify the magic
unitary uy with the fundamental representation of Autg; (T).

Theorem 4.7  Let T be a simple graph. Then Aut™(T) = Autg; (T).

Proof Denote by u the fundamental representation of Aut™(T) and by u the
fundamental representation of Autg; (T'). Further, define the elements

u{vl,wl}{vz,wz} = Uyyyy Uwywy T Uyyw, Uy, V{Vl, Wl}a {VZa Wz} € E,

and the matrices @y := (@), ey and Ug = (Uef)e,feE' Note that @y, 1,1 {v,,w,) 18
well-defined, since Wy, y, Wy w, = Uw,w, Uy,v, Dy Definition 2.27.

First, we construct the unital *-homomorphism ¢: C(Aut™(T)) - C(Autg; (T))
given by ¢(u,,,) = Wy, and ¢(u.s) = U, s using the universal property of C(Aut™(T)).
Thus, we have to show that &y and %y are magic unitaries that are intertwined by
A; = A,. By Definition 2.27, the matrix &y is a magic unitary and we can compute
that

—~ _ (A —~ * —~ —~ )x- o~ —~ —~ —~
u{vl,wl},{vz,wz} - uVlVZuWIWZ) + (uvlwzuwlvz = Uywy Uvyvy T Uyvy Uy,
= Uy Uwywy + Uy, Uy, = Uty,wi ), {va,wa}
for all {v;, w}, {v2, w,} € E. Similarly, we compute
-2

u{vl,wl}{vz,wz} = (uVleuW1W2 + uVIWZuWIVZ)(uVleuwlwz + uVIWZuWIVZ)

— — o~ ~ o~ o~
= Uy Uwyw, Wovy Uwiwy, T Uy, Yy, Uy, Uy,

_ =2 =2 -~ =2
- uvlvz uwlwz + uvlwz uwlvz

—~ —~ —~ —~
= Uy, Uwyw,y + Uywy Uy
- u{VI,WI}{VZ)WZ}

for all {vi, w1}, {va, w2} € E, where we additionally used the fact that %, ,,%y,n, = 0
and Uy, Uy,y, = 0, since v; # wy. Next, we want to show that the rows and columns
of &g sum up to 1. Observe that

- 1 - 1
Z Uy, Uwiw, = 2 Z Uy iy, Uwiw, = 5 V{VZa WZ} €E
{v1,w1 }€E vi,w eV
{vi,w1}eV
by Proposition 2.29. Therefore,

~ ~ PO 1
Z u{Vl,Wl}{Vz»Wz} = Z Uyvy Upw, + Z Uyywy, Uwyv, = E + E =1
{vi,w1}€E {vi,w1}€E {vi,w1}€E
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for all {v,, w,} € E. Similarly, we have

— 1 1
> Wiy =5 5 =1
(e 1LW1 V2, W2 2 2
for all {v;,w;} € E. Hence, U is a magic unitary. It remains to show that A% =
Uy A,. But this follows from Lemma 4.4 and Aty = Wy Ar, because

Z u{Vo,Vz}{V1,W1} = Z (uVOVluVZWl + uVOWluVZVl)
vV VeV

{vo,v2}€E {vo,v2}€E
= Uvon Z Uyyw, + Uvow, Z Uvym
V€V VeV

{vo,v2}€E {vo,v2}€E

= Uy Z (AF)V()VZMVZWI +uV0W1 Z (AF)V()VquZVl
1v,eV 1v,eV

= Uygyy Z uVOVz(AF)vzwl T Upgw, Z uVovz(Ar)vzvl
veV VeV

= Z Uygv Uvgv, (Ar)v2w1 + Z Uvgw, Uvgv, (Af)vm

V€V S’ V€V ~——

Ouyvy gy Sy Tvgm

—~ —~
= Uygyy T Uygwy

forall vg € V and {v;, w;} € E. Hence, the map ¢ exists.

Next, we construct the inverse map y: C(Auty; (T)) - C(Aut™(T)) given by
v(tyw) = uyy using the universal property of C(Autg; (T)). Hence, we have to show
that uy satisfies the relations from Definition 2.27. By Definition 3.4, uy is a magic
unitary. To show that Aruy = uyAr, observe that

(AA7),, = 2 (A, (A, =[{ecE|ves(e) nwes(e)}| Vv,welV.

ecE

Since I is a simple graph, each e € E contains exactly two elements so that

0 ifv+w,{v,w}¢E,
(AA7),, =11 ifv+w,{v,w}€E,
Ni(v) ifv=w,

where Ny (v) := [{e € E | v € s(e) }| as in Proposition 4.6. Hence, we can write A;A% =
Ar + T with T € C*V defined by

0 ifv +w,
Ty = 1 vew Yv,weV.
Ni(v) ifv=w,

Proposition 4.6 shows that Tuy = uy T, which implies
Aruv = ASA:HV - TMV = ASMEA: - MvT = MvASA: - uvT = uvAr.

Finally, we have to show that iy, y, Uy, w, = Uy, Uy, forall {v;, w1}, {v2, w,} € E. But
this follows directly from Lemma 4.5, since
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UyivyUwiwy, = Ulv,w M {va,wa} — Yviwa Uwivy = W v H{wa, o} — Uvpw, Uiy

= Uwywy Uviy, T Uyiwy Uwiv, = Uyiwy Uwyvy = Uwgwy Uy, -

Thus, the *-homomorphism y exists. By the definitions of ¢ and y, we have

Uy <> Uypy, Uy, wi} {va,wa} Uy vy Uwiwy T Upiw, Uy,

for all v,w € V and {v;, w1}, {v2, w,} € E, which shows that both maps are indeed
inverse. Further, one directly verifies that ¢ is a morphism of compact quantum
groups. Hence, ¥ is an isomorphism of compact quantum groups, which shows
Aut™(T) = Autg; (T). u

4.3 Multigraphs

Finally, we consider the case of multigraphs as in Definition 2.4. Recall from Defini-
tion 2.12 that we can identify a multigraph T := (V, E) with the source map s":E - V
and the range map r: E — V with a 1-uniform hypergraphs by defining new source
and range maps s: E -~ P(V) and - E — P(V) given by s(e) := {s'(e)} and r(e) :=
{r'(e)} for all e € E. Throughout the rest of this section, we will identify the maps s’
and r’ with the maps s and r. In particular, we will write u,(,), instead of uy ), for
anedge e € Eand avertexv e V.

The goal of this section is to show that our quantum automorphism group Aut™ (T)
agrees with the quantum automorphism group Autgy p; (I') of Goswami-Hossain
for multigraphs without isolated vertices. We begin by reformulating the intertwiner
relations Asug = uy A, and A,ug = uy A, in the setting of multigraphs.

Lemma 4.8 Let T :=(V,E) be a multigraph and denote by u the fundamental
representation of Aut” (T). Then the relations Asup = uyAg and A,ugp = uyA, are
equivalent to

Z Uef = Us(e)ys Z Uef = Ur(e)y VveV,ecE.
feE feE
s(f)=v r(f)=v

Proof  First, consider the equation Asug = uy A, which is equivalent to Ajuy =
up A’ by Proposition 2.24. A direct computation yields

(UrAD) = Y ey (Aluv)y= X =ty WveV,eck
feE weV

s(f)=v s(e)=w

such that A{uy = ugAY is equivalent to }° fep Ues = tg(,),- The statement for the

s(f)=v
range map r can be obtained by replacing s with r in the previous computation. m

To show that our quantum automorphism group agrees with Auty ;. (T'), we will
identify the magic unitary ug with the fundamental representation of Autgy g; ().
However, we need additional elements in C(Auty g;.(T)) that correspond to the
magic unitary uy.
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Definition4.9 LetT := (V, E) be a multigraph without isolated vertices and denote
by u the fundamental representation of Autgy ;. (). Define the elements

Y fee Ues if thereexists e € E with s(e) = v,
s(f)=w

Y fer Ues if there exists e € E with r(e) = v,
r(f)=w

uVW =

forallv,we V.

Next, we show that these elements u,,, are well-defined and form a quantum
permutation on the vertices.

Lemma 4.10 Let T := (V,E) be a multigraph without isolated vertices. Then the
elements u,,, in Definition 4.9 are well-defined. Further, the matrix uy := (ty,,)
is a magic unitary.

v,weV

Proof  First, note that at least one case in Definition 4.9 applies to each vertex v,
since I' has no isolated vertices. Further, each case does not depend on the edge e by
Relation 2 in Definition 2.30. To show that overlapping cases are well-defined, assume
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 4. On the other hand, if w is a source or a sink, then
both cases yield u,,, = 0, since the sum is empty in one case, while each u. = 0 by
Relation 3 in the other case. Thus, the elements u,,, are well-defined.

Next, we show that the matrix uy := (4yy), .y is @ magic unitary. Let v,w € V
and assume without loss of generality that there exists an edge e € E with v = s(e).
Using Lemma 4.8 and the fact that (u.y), fep 18 @ Magic unitary, we compute

u:w: Z u:fz Z Uef = Uyw>
feE feE
s(f)=w s(f)=w

Uy = D, D Uefitley = ), Uef =y
fHE€E  feE S~—— feE
s(fi)=ws(fo)=w Sppuer  s(f)=w

and

Dotvw= D D, Uep=D, D Hep= ) Uep=L

weV weV  feE feE weV feE
s(f)=w s(f)=w
~———
Uef

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

* *
(uvuy),, = Z Uy, = Oy Z Uyy = Oy YV, weV.
xeV ~——~ xeV
Sy Uyx

Hence, uy is right-invertible with uyuj, = 1. If we show that uy is a representation of
Autiy pi (T), that is, A(uyy) = Y ,ey Uyx ® Uy, then [36, Proposition 3.2] implies
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that uy is also left-invertibe, that is, uj,uy = 1. Thus,

1= (ujuy),, = . Unylyy = Y. Uyy YVEV.

weV weV

Therefore, it remains to show that uy is a representation of Autgy g;.(T). Again, let
v,w € V and assume without loss of generality that there exists an edge e € E with

v =s(e). Then
M) = T 80un) = % Ty = Tuego( T )
feE feE geE gcE feE
s(f)=w s(f)=w s(f)=w
=D teg ® Us(g)w,
g€E
and on the other hand,
DU @ = D D Uef @l = 9, D Uef ®lyy = » Uef ® (-
xeV xeV  feE feE xeV feE
s(f)=x s(f)=x
Thus, A(ttyy) = X ey Upx ® Uyy forallv,w e V. [

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

Theorem 4.11 Let T be a multigraph without isolated vertices. Then Aut®(T) =
AutGy pic(T).

Proof Let I':= (V,E). Denote by u the fundamental representation of Aut™(T)
and by @ the fundamental representation of Autgy g;(T'). Further, define the ele-
ments

Y fer Uy if there exists e € E with s(e) = v,

i‘\vw = (H=w —~ . . .
Y feg Uy ifthereexists e € Ewithr(e) =v,
r(f)=w

for all v, w € V as in Definition 4.9.

We begin by constructing the unital *-homomorphism ¢:C(Aut*(T)) —
C(Autgy i (T)) given by ¢(uyy) =y and @(u.s) = Wy using the universal
property of C(Aut™(T)). Hence, we have to show that the matrices @y := (@yw ), ey
and U := (4, f)e, feE satisfy the relations of Definition 3.4. The matrix % is a magic
unitary by Relation 1 of Definition 2.30 and %y is a magic unitary by Lemma 4.10.
Next, consider the relation AU = Uy A,, which is equivalent to AUy = UgA; by
Proposition 2.24. However, this relation follows directly, since

(AT8V) oy = 20 (AD) ety =Ty = 2, Thep = ) Tef(AQ) g, = (FEAT),,
weV feE feE
s(f)=v
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for all ecE and ve V. Similarly, one shows A,up =7%yA,, such that the
+-homomorphism ¢ exists.

Next, we construct the inverse *-homomorphism v:C(Autéy g (T)) -
C(Aut*(T)) given by (i, s) = u. using the universal property of C(Autgy p;.(T)).
Thus, we have to show that the entries of up satisfy the relations in Definition 2.30.
By Definition 3.4, ug is a magic unitary. Further, we can use Lemma 4.8 to compute

Z uel_f = us(el)v = us(ez)v = Z Mer,

feE feE
()= (=

D e = Ur(e)y = Uy = ), Hef

feE feE
()= r(f)=v

for all v e V and e, e; € E with s(e;) =s(ez) 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 or sink and s(f) is a source, then N,(s(e)) >0 and N,(s(f)) =0 in the
notation of Proposition 4.6. Therefore, Proposition 4.6 implies that u(,y,( ) = 0, such
that

0= tseys(ylhef = D Ueglhef = Uef-
g<E N——’
S(g)=$(f) agfuef
Similarly, one shows u(.)s(y) = 0 if 7(f) is a sink. Hence, Relation 3 is satisfied.
Finally, Lemma 4.8 implies

2 Haf = Us(ayy = Ure)y = D, Heof
feE feE
s(f)=v r(f)=v
for all veV and e, e; € E with s(e;) = r(e;). Thus, Relation 4 holds and the
*-homomorphism ¢ exist.
The *-homomorphisms ¢ and ¢ are indeed inverse, since

Uef <> U,s Ve, f€E, Upy <> Uyy YV, WweV

by Lemma 4.8 and Definition 4.9. Further, a direct computation shows that y is a
morphism of compact quantum groups. Hence, Aut™ (T') = Autgy p;(T). ]

5 Action on hypergraph C*-algebras

In [30], Schmidt-Weber showed that the quantum automorphism group Autg,, (T)
of a directed graph I' acts maximally on the graph C*-algebra C*(T). In our notation,
this action is given by

a(py) = 3 Pw®twws A(S(uw)) = D0 Srawn) @ Uuan s,
weV (v2,w2)€E
for all v e V and (v;,w;) € E, where I := (V, E) is a directed graph and we flipped
both tensor legs to agree with the notation in [34].
In the following, we generalize this result to hypergraphs by showing that our
quantum automorphism group Aut”(T') of a hypergraph T acts faithfully on the
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hypergraph C*-algebra C*(T') from Definition 2.33. Here, the action is given by

a(py) = Z Pw®Uyy VYVeEV, a(se) = Zsf®ufe VeeE.

weV feE

Further, we show that this action is maximal when we also consider the dual action

a'(pe)=>. prouse Veck, a'(sy)= D> sy ®uy, VveV

feE weV

on C*(T"), where I := (I'*)°" is obtained by flipping the source and range maps in
the dual hypergraph I'*.

5.1 Existence of the action

We begin by showing the existence of the action of Aut*(T) on the hypergraph
C*-algebra C*(T'), where the main step will be the construction of the underlying
*-homomorphism in the following lemma.

Lemma 5.1 Let T:=(V,E) be a hypergraph and denote by u the fundamental
representation of Aut®(T). Then there exists a unital *-homomorphism a:C*(T) —
C*(T) ® C(Aut™(T)) defined by

“(Pv): pr(g’”ww “(Se)zzsf@’ufe VveV,VecekE.
weV feE

Proof We use the universal property of C*(T) to construct the map « from the
statement. Thus, we have to show that a(p,) are orthogonal projections, «(s,) are
partial isometries, and both satisfy the relations from Definition 2.33. Recall the
magic unitary relations of uy and u and the intertwiner relations of A; and A, from
Remark 3.6. Then, we can show that «(p, ) are orthogonal projections by computing

“(pvl)(x(pl’z) = Z pwlpwz ®uW1VluW2V2

Wi, W€V ~——

Oywy Py
= Z Pw @ Uy Uy, = 6\/1\/2 Z Pw ® Uy, = 81’11’2 ‘X(Pw)
weV — weV
Oyyvy thwy

for all v;,v, € V and

“(PV)* = Z Py ®Uy, = Z Puw ® Uy = a(py)

weV weV

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

a(se)a(se) a(se) = D SpSpSH ® Upeliy, U,

f],fz,fgeE | —
82 0ns3tfie
= D SpSpsp®upe =, sp@upe = afse)
fEEH_/ fEE
sf
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for all e € E. Next, consider Relation 1 from Definition 2.33, which states that s}s; =
8cr > vev pyforalle, f € E. When applying « to the left side, we obtain
)

ver(e

“(Se)*“(sf): Z Sglsgz ®”;leu32f
81,82€E— —

Rel. 1
=2 2 Py ®ugeigr =0cr D0 D, Py @ uge.
geE veV — veV geE
ver(g) Sefige ver(g)

Using Remark 3.6, we have  ¢cp Uge = 2 wev Uy forall v € V and e € E, which
ver(g) wer(e)

can be used to further rewrite a(s. ) a(sy) to

oc(se)*oc(sf):(sefz Z Py ® tyy = Oey Z va®uvw

veV weV weV veV
wer(e) wer(e)
=6ef Z oc(pw).
weV
wer(e)

Thus, Relation 1 is satisfied. Next, consider Relation 2, which is given by s,s, <
> vev pyforall e € E. As before, we apply « to the left side and compute

ves(e)

a(se)a(se) = D Spsh, @uUpelif, = ) SpsF O g
fi.f2€E —— f€E
Sninte

Since each uy, > 0, we can use Relation 2 to obtain

oc(se)a(se)*sZ( > pv)®ufe=2 > Py ®uge.

feE veV veV  feE
ves(f) ves(f)
By Remark 3.6, we have 3 g tge = 2 wey tyy forallv € Vand e € E, such that
ves(f) wes(e)
(6D €T Y poum- Y L poum- Y o),
veV weV weV veV weV
wes(e) wes(e) wes(e)

Hence, Relation 2 is satisfied. Finally, consider Relation 3, which states that p, <

Y eck Ses,forallv e V thatare not a sink. Let v € V be a vertex that is not a sink. By
ves(e)
Proposition 4.6, we have u,,, = 0 for all w € V that are a sink, since Ny(v) > 0 if v is

not a sink and Ns(w) = 0 if w is a sink. Therefore,

“(pv): ZPW®uwv: Z Pw ® Uyy.
weV weV
w#sink

Since u,,, > 0, Relation 3 yields

a(p)< ( 5 ses:)mwzz S 50t ® e,

weV ecE ecE weV
w#sink  wes(e) wes(e)
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where we used again the fact that u,,, = 0 if w is a sink. On the other hand, we have

Yooalspa(sp) = > > sels;@uelfu;fzz Y sesy @ Uy

feE e;,e2€E  feE ~—— e€E f¢cE
ves(f) ves(f) Sepeytherf ves(f)
By Remark 3.6, we have Y ywev uyy =3 fep Uy for all ve V and e € E, which
wes(e) ves(f)
implies
a(py) <D, D Sesi®uyy =Y. Y sesi®uer= y. alspalsp)”.
ecE weV ecE feE feE
wes(e) ves(f) ves(f)

Next, we show that the previous *-homomorphism « defines a faithful action in
the sense of Definitions 2.19 and 2.20.

Theorem 5.2 Let T be a hypergraph. Then Aut®(T) acts faithfully on C*(T) via the
map o from Lemma 5.1.

Proof LetI :=(V,E) and define B ¢ C*(T) as the *-subalgebra generated by p,
for all v € V and p, for all e € E. Then B is dense in C*(T') and we have a(B) ¢
B ® O(Aut™(T)) by the definition of a. Next, let v € V. Then

Z “(PW) ® Uyy = Z Pw, @ Uyywy ® Uyyy = Z Dw, ® A(”Wﬂ)

weV wi,w2eV wyeV

implies (¢ ® id) (a(py)) = (id®A)(a(py,)). Further, we compute

(id®e)(a(py)) = (id®s)( Z‘:/pw ® uwv) = Z;/pw <Oy = Py
The previous computations also show that (a ® id)(a(s.)) = (id®A)(a(s.)) and
(id®e)(a(s.)) = s, for all e € E by replacing p, with s.. Hence, (id®a)oa = (A®
id) o & and (e ® id) o a5 = id. Thus, « defines an action of Aut”(T') on C*(T). To
show that « is faithful, assume that there exists a quotient G of Aut*(T) such that
a|c(g) is also an action on C*(T'). Then

ey (py) = Y. pw®uyy e C*(T)®C(G)  VveV,
weV

alc(gy(se) = Zsf®ufeeC*(F)®C(G) VecE.
feE

The representation of &|c(g) (py) with respect to p, is unique since the p,, are linearly
independent as orthogonal projections. Thus, u,,, € C(G) for all v, w € V. Similarly,
u.r € C(G) for all e, f € E, since the s, are linearly independent as partial isome-
tries with orthogonal ranges. Hence, C(G) = C(Aut*(T)), which shows that « is
faithful. |

Although our action appears to be different from the action of Schmidt-Weber, the
following remark shows that it reduces to the action of Schmidt-Weber in the case
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of classical directed graphs. In particular, it justifies the special form of the action
retrospectively, since the action does not appear to be canonical from the point of
view of classical directed graphs.

Remark 5.3 Let I':=(V,E) be a directed graph. By the proof of Theorem 4.3,
we have Aut™(T) = Autg; (T) via iy, = @y and Uy, 1) (wiws) = By Byaw,» Where u
denotes the fundamental representation of Aut”™ (T') and 7 denotes the fundamental
representation of Autg; (T'). Under this isomorphism, the action « of Theorem 5.2
has the form

“(PV) = Z pW ® TIWV’ ‘X(S(lewl)) = Z S(Vz,Wz) ® aVZVlﬁWZWI
weV (v2,w2)€E
for all v € V and (v;, w;) € E, which is the same form as in [30]. Hence, we obtain
the action of Schmidt-Weber for Autg; (T) as a special case. Note that it was already
shown in [19] that Auty; (T) acts on C*(T) via this action.

5.2 Maximality of the action

In [30], Schmidt-Weber showed that their action is maximal in the sense that
Autj,,(T) is the largest quantum group that acts on the graph C*-algebra C*(T)
via the map « described before. However, if T is a classical directed graph, then our
quantum automorphism group agrees with Autg; . (T') by Theorem 4.3, and our action
o in Theorem 5.2 agrees with the action of Schmidt-Weber by Remark 5.3. Since
Auty; (T) # Autg,, (T) for some direct graphs, our action on hypergraph C*-algebras
is not maximal, even in the case of directed graphs.

In the following, we show that we can obtain maximality of our action by including
an additional assumption. We begin by introducing some notation.

Definition 5.4 Let T := (V, E) be a hypergraph. Then define I := (E, V') with
s'(e):=={veV]ver(e)}, r'(e):={veV|ves(e)} VecE.

Note that I = (I°P)* = (T*)°?, where T°P and T'* are the opposite and dual hyper-

graph from Definitions 2.13 and 2.14.

Using the results in Section 3.4, it follows directly that Aut™(T') not only acts on
C*(T) but also on C*(I") in a natural way.

Proposition 5.5 Let T := (V,E) be a hypergraph. Then Aut" (T) acts faithfully on
C*(T") via a: C*(I") -» C*(I") ® C(Aut"(T)) defined by
a(pe) =D pr®use, a(sy) = Y sp ® thyy VecE, VveV.

feE weV

Proof Denote by u the fundamental representation of Aut®(T) and by # the
fundamental representation of Aut®(T”). By Propositions 3.12 and 3.4, we have

Aut™(T") = Aut* ((I'*)?) = Aut*(T*) = Aut™(T)
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via the mapping Wy ~ ug and Uy — uy. The statement follows by applying this
isomorphism to the action of Aut”(I'") on C*(I") from Theorem 5.2. |

The main observation to prove maximality is the following lemma, which shows
that at least some of the relations in Definition 3.4 can be recovered from the action
on C*(T).

Lemma 5.6 Let I := (V,E) be a hypergraph and G be a compact matrix quantum
group that acts on C*(T) via a: C*(I') » C*(T) ® C(G) with

a(py) = Z Pw®Uyy, YVeEV, a(s,) = Zsf@)ufe Ve e E,
weV feE

for some elements u,,, € C(G) for all v,w € V and u.y € C(G) for all e, f € E. Then
uy = (tyw), ey is amagic unitary. Ifadditionally ug = (u.f), fep 18 @magic unitary,
then A, ug = uyA,.

Proof The proof that uy is a magic unitary is contained in the proof of
[34, Theorem 3.1], since the elements p, are orthogonal projections that sum up
to 1. For the second part of the statement, assume that u is also a magic unitary and
consider the relation s}s, = Y. ey p,from Definition 2.33. By applying « to the left

ver(e)
side and using the relation, we obtain

a(syse) = ). SHSf ® U Ufe = > SESF®upe = >0 py®uge,
fisf2€E ~—— f€E feE veV
8fif Ufye ver(f)
which can be rewritten as
0‘(5:58) = Z Z (Ar)vfpv ®ufe = Z pv® ( Z (Af)vf ”fe)‘

veV feE veV feE

Similarly, by applying « to the right side of the original equation, we obtain

>oalpy)= Y D pw @ty

veV veV weV
ver(e) ver(e)
= > (Ar),e Pw ® Uy, = ZPW®(ZMWV(Ar)V€)'
v,weV weV veV

Thus,

(Ayug),, = >, (Ar),pufe = > uw(Ar),, = (Auy),, VveV
feE weV
by using the fact that the elements p, are linearly independent as orthogonal pro-
jections, so that we can compare the terms in the previous sums. This shows A,ug =
uyA,. ]

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 both on C*(T) and
C*(I") in the sense of Theorem 5.2 and Lemma 5.5.
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Theorem 5.7 Let T := (V,E) be a hypergraph and G be a compact matrix quantum
group acting faithfully on C*(T) and C*(T") via maps

a:C*(I) - C* () ® C(G), ayC*(I') - C*(I') ® C(G),

which satisfy
ai(py) =D Pw ® Uy, ai(se) =D sf®upe YveV,ecE,
weV fe€E
“Z(Pe)=2pf®ufe, a(sy) = zsw@)uwv VeeE,veV
feE weV

for some elements u,,, € C(G) and u.s € C(G). Then G ¢ Aut™(T).

Proof By applying the first part of Lemma 5.6 to o; and «,, we obtain that the
matrices uy = (Uyy ),y and ug := (uef)e,feE are magic unitaries. The second part
of Lemma 5.6 then yields A,ug = uy A, and A uy = ugA,.. But A, = A7, such that
Auy = ugAY, which implies A;ug = uy A, by Proposition 2.24. This shows that the
elements u,,, and u,  satisfy the relations of Definition 3.4. Hence, by the universal
property of C(Aut™(T)), there exists a unital *-homomorphism ¢: C(Aut*(T)) —
C(G) that maps 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 and observe that

(o ®id) (a1 (w)) = z a1(px) ® tyy

xeV
= Z va®uvx®uxw: va®(zuvx®uxw)a
xeVveV veV xeV

which implies (id ®A) (a1 (w)) = X ey pv ® A,y ). Because a; is an action, it satis-
fies (o; ® id) o a1 = (id ®A) o ay. Further, all p, are linearly independent as orthogo-
nal projections, which implies A(uyy,) = ¥, ey Upx ® Uy, for all v, w € V. Denote by
7 the fundamental representation of Aut™(T'). Then the previous equation yields

A(‘P(TIVW)) = Z Uyx ® Uy = Z (P(T"\VX) ® ‘P(ﬁxW)>: (‘P ® (P)(A(ﬁVW))

xeV xeV

for all v,w € V. Similarly, one shows that A(¢(#.r)) = (¢ ® ¢)(A(#,s)) for all
e, f € E by using the action «,. Thus, ¢ is a morphism of compact quantum groups.
Further, ¢ is surjective because o and , are faithful. Otherwise, the image of ¢ would
define a proper quotient quantum group of Gactingon C*(T') and C*(I") in the same
way, which is impossible. Therefore, G ¢ Aut™ (T). |

Note that if T is an undirected hypergraph, then I'" = I'* in Definition 5.4. In this
case, Aut®(T') is the maximal quantum group that acts faithfully on both C*(T') and
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C*(T*) in a compatible way. Further, since Aut”(T') acts maximally, we can view
Aut*(T) as the quantum symmetry group of C*(T) in the sense of Theorem 5.7.

6 Open questions

In this last section, we present some remaining open questions. First, it would be
interesting to compute quantum automorphism groups of concrete hypergraphs such
as the following example.

Question 6.1 What is the quantum automorphism group of the complete
hypergraph T := (V,P(V) x P(V)) with source map s(X,Y) = X and range map
r(X,Y) =Y.

Since I has no multi-edges, we know that Aut™ (T) ¢ S}, by Corollary 3.17. How-
ever, it remains open if this inclusion is proper or if Aut™(T) = S3, holds.

Additionally, it remains open if we obtain a new class of quantum groups or if
each quantum automorphism group of a hypergraph can be realized as the quantum
automorphism group of a possibly larger classical graph.

Question 6.2 Let T be a hypergraph. Can one construct a classical graph I’ such
that Aut™(T) = Aut; (T") or Aut™(T) = Autg,, (T')?

It also remains open if there exists a Banica version for the quantum automorphism
group of hypergraphs in the following sense.

Question 6.3 Is there an alternative definition of quantum automorphism groups
of hypergraphs that reduces to Auty,, (T) in the case of classical directed graphs and
that acts on C*(T) in a natural way?

Finally, Hahn [18] characterized hypergraphs for which the classical automor-
phism group of their product is given by the wreath product of their automorphism
groups.

Question 6.4  Can the results of Hahn be generalized to the quantum setting using
the free wreath product of Bichon [5]?
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