A STATE-SPACE APPROACH TO QUANTUM PERMUTATIONS

J.P. MCCARTHY

ABSTRACT. An exposition of quantum permutation groups where an alternative to the
‘Gelfand picture’ of compact quantum groups is proposed. This point of view is inspired
by algebraic quantum mechanics and posits that states on the algebra of continuous func-
tions on a quantum permutation group can be interpreted as quantum permutations. This
interpretation allows talk of an element of a compact quantum permutation group, and al-
lows a clear understanding of the difference between deterministic, random, and quantum
permutations. The interpretation is illustrated with the Kac-Paljutkin quantum group, the
duals of finite groups, as well as by other finite quantum group phenomena.

INTRODUCTION

Of the world of noncommutative mathematics, C*-algebraic compact quantum groups as
defined by Woronowicz [49] have been around now for about 35 years. No different to other
topics in modern mathematics, it is difficult to have a happy introduction to the world of
these quantum groups without a certain level of mathematical maturity, not only in terms of
technical knowledge, but also the marrying of this technical knowledge with an easiness with
abstraction (a rudimentary acquaintance with quantum physics won’t hinder either). When
the conceptual leap is made, from classical compact groups with commutative algebras of
continuous functions, to compact quantum groups with noncommutative algebras of contin-
uous functions, and it understood for the first time that a genuineﬂ compact quantum group
is “virtual”, not a set at all (let alone a group), compact quantum groups can be enjoyed as
beautiful, intriguing and mysterious entities.

With for example the quantum Peter-Weyl theorem and the Haar state, compact quan-
tum groups are beautiful in how elegantly their theory generalises that of compact groups.
With the emergence of “infinite” quantum generalisations S]J\r, of Sy for N > 4, and non-Kac
compact quantum groups where the “inverse” appears non-involutive, intriguing in how the
theory differs. The theory has matured greatly; today a lot of new results for compact quan-
tum groups are written in the more technically demanding language of the locally compact
quantum groups of Kustermans and Vaes [26], and the theory is in the foothills of having
applications to quantum information by way of the theory of quantum automorphism groups
of graphs (see for example [30]).

Through all of this progress, the mystery of the virtual nature of quantum groups remains.
The first strike against this conceptual barrier is to deploy a formal notation, the Gelfand
picture, that makes sense whenever the object in question is classical. Rather than talking
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about a quantum group A, or, slightly better, an algebra of continuous functions on a compact
quantum group A, talk instead about an algebra of continuous functions, C'(G), on a compact
quantum group G. Or the algebra of regular functions O(G), or the algebra of (essentially)
bounded measurable functions L>(G).

Is it possible to interpret compact quantum groups as being like compact groups beyond
the correct but staid: “they are generalisations of compact groups in the sense that com-
pact quantum groups with commutative algebras of functions can be identified with compact
groups”? Do quantum group theorists hide behind their beautiful and intriguing results about
quantum groups an even deeper intuition for what these objects are? If these deeper intu-
itions and interpretations exist, the author has not seen them written down anywhere in any
great detail.

It could be argued that, like the notation emanating from the Gelfand picture, good intu-
ition (certainly) helps the beginner, and (possibly) helps the expert. The aim of this work
is to present a good intuition/interpretation for the class of compact quantum groups known
as quantum permutation groups. Unconventionally, it identifies a set, the set of states on the
algebra of functions, as the set of quantum permutations/elements of a quantum group.

This Gelfand-Birkhoff picture requires a leap to be made before ever ‘going quantum’.
Pick up a fresh deck of N cards in some known order and “randomly” shuffle the deck.
The shuffle is distributed according to some probability v in the set of probabilities on Sy,
My,(Sy). Without turning over the cards, i.e. making some measurements, it can not be
said exactly what permutation it was. The leap here is to not just consider as permutations
the deterministic permutations in Sy, but also the random permutations in M,(Sn) (which
includes via the Dirac measures the deterministic permutations). Bilinearly extending the
group law to M,(Sn), gives the random group law, the convolution

(e x)({o}) = D wfoe " Hri({e}),

0ESN

for which the Dirac measure ev, is an identity. Furthermore the inverse can be extended to
a map inv : My,(Sy) — M,(Sn), which gives the inverse of a Dirac measure for the random
group law. Precisely because the map inv is not an inverse on the whole of M,(Sy), the
set of random permutations M,(Sn) does not form a group, but it is nonetheless a monoid
whose elements can be well-interpreted, understood, and studied in their own right. Note
that where F'(Sy) is the algebra of complex-valued functions on Sy, M,(Sy) is the subset of
positive functionals of norm one on F(Sy): the set of states of F(Sn).

Once this leap is made, that the elements of M,(Sy) rather than of Sy can be studied as
“permutations”, it isn’t so difficult to leap to quantum permutation groups, where a state on
an algebra defining the quantum permutation group can be interpreted as a permutation, a
quantum permutation. What makes the interpretation cogent is the choice to interpret the
generators u;; € C(S]T,) of the quantum permutation groups S]J{, as relating with the states
on C(S}) precisely as the generators 1,_,;(0) = &; ,(;) of the complex-valued functions on Sy
relate to states on F'(Sy). That is, as Bernoulli random variables with distribution

Pl =1[v] =v(1js) (v € Mp(Sn)).
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Furthermore, given a random permutation v € M, (Sy), this is precisely the probability that
it maps j — 4. Use the notation thus:

Blu(j) = i) = v(Ljo); (0.1)

with some probability, the random permutation ¥ maps j — 1.

A big question here: does an exposition of an interpretation comprise mathematics? It can
be claimed that it is at least of mathematics; quoting William Thurston [43]:

This question brings to the fore something that is fundamental and pervasive:
that what we [mathematicians| are doing is finding ways for people to under-
stand and think about mathematics.

Please note that no claim of originality is made: the work is exposition of well-established
theory from a certain point of view. Neither does the work comprise a survey (comprehensive
or otherwise). Those interested in learning more about compact quantum groups in general
can consult the original papers of Woronowicz [48, [49], with exposition/survey well served
by the lecture notes (see the web) of Banica, Franz—Skalski-Sottan, Freslon, Skalski, Weber,
and Vergnioux. Overarching references are Timmermann [44] and Neshveyev—Tuset [3§]. For
those interested in quantum permutations specifically, see the original paper of Wang [46],
the survey of Banica-Bichon—Collins [6], and the tome of Banica [4]. It would be remiss not
to give a few references that experts have said came to mind when it was communicated that
an expository piece on intuition/interpretation for quantum permutation groups was being
worked on: [14] 16] 17, [30} 37, 411 [42].

The paper is organised as follows. In Section 1 the conventional Gelfand picture of C*-
algebras is outlined together with a very brief overview of the theory of Woronowicz compact
quantum groups. Section 2 introduces the state-space-as-quantum-space Gelfand-Birkhoff
picture, and motivates this by introducing the rudiments of quantum probability and mea-
surement, including the Born rule, sequential measurement, and wave function collapse. In
Section 3, following a layperson’s motivation of what a quantum permutation should be, the
quantum permutation groups of Wang and their subgroups are introduced, along with some
basic properties. Section 4 starts with more focussed discussion of the Gelfand—Birkhoff pic-
ture, and makes this cogent by introducing the Birkhoff slice (essentially the extension of
to quantum permutations). This gives enough intuition to inspire the “simplest yet”
proof of no quantum permutations on three symbols, as well as a lucid understanding of how
deterministic and random permutations sit in a quantum permutation group. In Section 5
the convolution of states is defined as the quantum group law, and the counit and antipode
understood on this level. The duals of discrete groups that are finitely-generated by elements
of finite order, understood as abelian with respect to the quantum group law, are studied in
more depth as quantum permutation groups. Finally in Section 6 some intrigue: an explo-
ration of some of the phenomena that occur once the commutative world of classical groups
is left.

1. COMPACT QUANTUM GROUPS

In 1995, Alain Connes posed the question: What is the quantum automorphism group of
a space? For the case of finite spaces, this question was answered in 1998 by Shuzou Wang
[46]. There are two main ways of defining this quantum automorphism group but first some
noncommutative terminology /philosophy is required.
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1.1. The Gelfand picture. The prevailing point of view in the study of compact quantum
groups is to employ what could be called the Gelfand picture. This starts with a categorical
equivalence given by Gelfand’s Theorem:

compact Hausdorff spaces ~ (unital commutative C*-algebras)°P.

Starting with a compact Hausdorff space X, the algebra of continuous functions on X, C'(X),
is a unital commutative C*-algebra; and starting with a unital commutative C*-algebra A,
the spectrum, Q(A), the set of characters, non-zero homomorphisms A — C, is a compact
Hausdorff space such that A = C'(2(A)). Therefore a general unital commutative C*-algebra
can be denoted A = C(X). Inspired by this, one can define the category of ‘compact quantum
spaces’ as
compact quantum spaces :~ (unital C*-algebras)°P.

In analogy with the commutative case, a general not-necessarily commutative unital C*-
algebra can be denoted A = C(X), the unit [4 =: 1x, C(X) be called an algebra of continuous
functions on the quantum space X, and X referred to as the spectrum of A. However, in the
Gelfand picture, X is not a set any more but a so-called wvirtual object, only spoken about via
its algebra of continuous functions.

Some basic knowledge of C*-algebras is required here. See [36] for further details on the
below. The set of states S(C(X)), is the set of positive linear functionals C(X) — C of norm
one. A state p € S(C (X)) is pure if it has the property that whenever p is a positive linear
functional such that p < ¢, necessarily there exists ¢ € [0, 1] such that p = tp. Otherwise
¢ is mized. Elements of the form g*g € C(X) are positive, and for positive f € C(X) there
exists a (pure) state ¢ such ¢(f) = ||f||. Let 7(C(X)) C B(H) be a unital representation. For
non-zero £ € H and & = £/|¢|,

we(f) = (€ m(NE),
defines a state on C'(X) called a vector state. The GNS construction 7,(C(X)) C B(H,) gives
norm one &, € H, such that

o(f) = (o mo(f)Ep)- (1.1)

Therefore all states are vector states for some representation.

An element p € C(X) is a projection if p = p* = p?. For f € C(X) define |f|? = f*f. If
P1,D2 - -, pn € C(X) are projections,

[Papn—1 - p2p1* = P12 - Puo1PaPu—1 -+ P2p1. (1.2)
This work will consider (finite) partitions of unity, (finite) sets of projections {p;}?* ; C C(X)

such that
n
Zpi = Ix.
i=1

Necessarily elements of partitions of unity are pairwise orthogonal, p;p; = 0; ;p;. If C'(X) is
finite dimensional it will be denoted by F(X), the algebra of functions on a finite quantum
space X, in this case isomorphic to a multi-matrix algebra:

F(X) = @ My, (©).
=1
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If F(X) is commutative, then X := X := {z1,z2,...,2zn} is a finite set, F/(X) is the algebra
of all complex valued functions on it, isomorphic to the diagonal subalgebra of My (C).

1.2. Compact Quantum Groups. In the well-established setting of C*-algebraic compact
quantum groups as defined by Woronowicz [49], it is through the Gelfand picture that one
speaks of a quantum group G, through a unital noncommutative C*-algebra A that is consid-
ered an algebra of continuous functions on it, A = C(G). If X and Y are compact topological
spaces, then, where ® is the minimal tensor product:

C(X xY) = C(X)®C(Y).

Let S be a compact semigroup. The transpose of the continuous multiplication m : S xS — §
is a *-homomorphism, the compultiplication:

A:C(S)=C(SxS)=C(S)®C(S).
The associativity of the multiplication gives coassociativity to the comultiplication:
(A® o)) 0o A= (Igg) @A) o A. (1.3)
If C(S) satisfies Woronowicz cancellation
A(C(9))(Ls @ C(9)) = A(C(9)(C(S) @ 15) = C(S) © C(S5);

then it has cancellation, and a compact semigroup with cancellation is a group. In this sense
Woronowicz cancellation is a C'(G)-analogue of cancellation. This inspires:

DEFINITION 1.1. An (Woronowicz C*-) algebra of continuous functions on a compact quantum
group G is a unital C*-algebra C'(G) together with a unital x-morphism A : C(G) — C(G) ®
C(G) that satisfies coassociativity and Woronowicz cancellation:

A(C(G))(1e ® C(G)) = A(C(G))(C(G) © 1g) = C(G) ® C(G).

If C(G) is finite dimensional, G is said to be a finite quantum group, and F(G) written for
C(G).

Algebras of continuous functions on compact quantum groups come with a dense Hopf
x-algebra O(G) of regular functions on a/the algebraic compact quantum group G. Hopf
x-algebras are x-algebras which satisfy axioms which are precisely F(G)-analogues of the
(finite) group axioms. The F(G)-analogue of the group law, is comultiplication A : F(G) —
F(G) ®a1e. F'(G); an F(G)-analogue of the (inclusion of the) identity is the counit € : F(G) —
C, e(f) :=eve(f) = f(e); and an F(G)-analogue of the inverse is an antihomomorphism called
the antipode, S : F(G) — F(G), Sf(c) = f(o=1). A most leisurely introduction to how these
maps, and the F(G)-analogues of associativity (coassociativity, (1.3), of the identity axiom
(the counital property), and of the inverse axiom (the antipodal property), are F'(G)-analogues
of the (finite) group axioms is given in Section 1.1, [33].

Note the stress on an: the algebra of regular functions can have more than one completion.
There is a maximal, universal completion C,(G), and a minimal, reduced completion C,(G).
However all of these completions give the same dense Hopf *-algebra of regular functions in
the following sense: given any algebra of continuous functions on a compact quantum group,
surject onto the dense subalgebra O(G), complete to Cy(G), and then surject onto the dense
subalgebra O, (G) associated to Co(G):

C(G) » O(G) = Cu(G) — 0a(G),
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it turns out that O(G) = O, (G) as algebras of regular functions on algebraic compact quantum
groups [44]. In this sense, a compact quantum group can be identified with non-isomorphic
algebras of continuous functions C,(G) and Cg(G) if their dense algebras of regular functions
are isomorphic. Non-isomorphic algebras of continuous functions can arise for the dual of
discrete group I'. The dualf is a compact quantum group, Wit}/l\ algebra of regular functions
given by the group ring, O(T") := CI". All the completions of O(T") are canonically isomorphic
exactly when I is amenable: when all the completions of the algebra of regular functions on
a compact quantum group O(G) are canonically isomorphic, in particular C,(G) = C,.(G),
the compact quantum group is said to be coamenable.

What makes a compact quantum group a generalisation of a compact group? Consider a
commutative Woronowicz C*-algebra A. Gelfand’s Theorem states A = C(€2(A)), the unital
s-homomorphism A : C(Q(A)) — C(QA) x Q(A)) gives a continuous map m : Q(A) x
Q(A) — Q(A), the coassociativity of A gives associativity to m, and so (Q(A4),m) is a
compact semigroup with Woronowicz cancellation, and so a group. That compact quantum
groups with commutative algebras of continuous functions are in fact (classical) compact
groups is Gelfand duality: that the virtual quantum objects are still studied through their
algebra of functions is the essence of the Gelfand picture.

A particular class of compact quantum group, earlier defined by Woronowicz [48], is a
compact matriz quantum group.

DEFINITION 1.2. If a compact quantum group G is such that
o C(G) generated (as a C*-algebra) by the entries of a unitary matrix u = (uij)f?;zl €
Mny(C(G)), and
e u and u' are invertible, and
e A:C(G) = C(G)®C(G), ujj — fo:l Ui @ ug; is a *-homomorphism,

then G is a compact matriz quantum group with fundamental representation u € My (C(G)).

THEOREM 1.3. (Woronowicz) If a compact matriz quantum group G has commutative algebra
of functions C(G), then G is homeomorphic to a closed compact subgroup of the unitary group,

Un(C) o

The quantum groups studied in this work are all compact matrix quantum groups such
that u € My(C(G)), the fundamental representation, is a magic unitary. That is the rows
and columns of u are partitions of unity:

N N
E uik:HG:Zukj.
k=1 k=1

Such compact quantum groups are called quantum permutation groups. There are finite
quantum groups which are not quantum permutation groups [7].

2. QUANTUM MATHEMATICS

The preceding section outlines the conventional view of compact quantum groups. The
Gelfand picture allows nominal talk about a compact quantum group as an object, but in
general does not permit the consideration of an element of a compact quantum group. Aspects
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of quantum mechanics can be used to inspire a way of doing this for quantum permutation
groups.

In his book Weaver [47] states and argues the point that:

The fundamental idea of mathematical quantisation is that sets are replaced
by Hilbert spaces... [and] the quantum version of a [real]-valued function on a
set is a [self-adjoint] operator on a Hilbert space.

Weaver attributes the Hilbert-space-as-set point of view to Birkhoff and von Neumann [12],
and the operator-as-function point of view to Mackey [32]. In this picture, the elements of
the projective version of a Hilbert space P(H) form a quantum space, and the self-adjoint
operators are random variables P(H) — R, with the Born rule providing probability, and
spectral projections providing wave function collapse. Call this the Birkhoff picture.

Inspired by algebraic quantum mechanics [27], and its descendent quantum probability [31],
this work will push on slightly, and instead define the compact quantum space associated to a
C*-algebra to be the set of states on the algebra. Call this the Gelfand—Birkhoff picture. This
is a well worn path outside the field of compact quantum groups, see [21], 28] for discussion
and further references.

To illustrate, consider a state ¢ on a unital C*-algebra C(X), the self-adjoint elements
of which are called observables. Consider a projection, a Bernoulli observable, p € C(X).
Associated to p are two events: p = 1 given by p' := p, and p = 0 given by p° := 1x — p. The
distribution of p given the state ¢ is given by (essentially the Born rule by :

Plp =0 1¢] = o(p").
If the event p = 6 is non-null, Plp = 0| ¢] = ¢(p’) > 0, and the measurement of ¢ with p
gives p = 0, the state transitions ¢ — p~9 ¢ where for f € C(X):
w0’ f1°)
e(p?)
This is wave function collapse/state conditioning. If ¢ is a vector state given by a represen-

tation m(C(X)) C B(H), and ¢¢(p?) > 0 (so that moreover 7(p’) # 0) then pfp¢ is also a
vector state, given by ¢ ,0)c. To see this use the fact that 7(p?) is a projection:

~ e f?) (&P fp0)E)  (m()E n(f
Peell) = o T EneE T (wh)er
_ m@Em(Hn@")E) _ < m(p”)€ (e

|7 (p?)€||? =)l "

Po(f) ==

Take another projection ¢ € C(X). Suppose that the event p = 61 has been observed so
that the state is now pelcp The probability that measurement now produces ¢ = 6, and
P P, is:
02y _ o(p” ¢”p)

Plg = 0y | pProo] := ph
[q =02 |p" ] := pPreo(q %)
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Define now the event ((¢ = 62) = (p = 61) | ¢), said ‘given the state ¢, ¢ is measured to be 03
after p is measured to be #;’. Using the expression above a probability can be ascribed to
this event:

Pl(g=062) = (p=61) | ] := Plg = 62| p1 ()] - Plp = 01 | ¢]

61 ,,02,.01
o(p" ¢"p
- A 2007) ) (") = (e ") = ol " ).

Inductively, for a finite sequence of projections (p;)I;, and 6; € {0,1}:

P((pn = 0n) = - = (pr = 01) | @] = (Dl - pT*[?).
It is worth noting that

Pl(p2 = 02) = (p1 = 01)|] < Plp1 = O1]¢], (2.1)
so that in particular if P[(p2 = 62) > (p1 = 601)|¢] > 0 then P[p; = 01|p] > 0.

In general, pg # gp and so

Plla=02) = (p="01) |l #P[(p=01) - (a=061) | ],
and this is to be interpreted that ¢ and p are not simultaneously observable. However the
sequential projection measurement q > p is an ‘observable’ in the sense that it is a random
variable with values in {0,1}2. Inductively the sequential projection measurement p,, = --- =
p1 is an {0, 1}"-valued random variable.

If p and ¢ do commute, then the distributions of ¢ > p and p > ¢ are equal in the sense
that
Pl(g=02) = (p=01)|¢] = (lg"p" ) = P[(p = 01) = (q = 0a) | ¢],
it doesn’t matter what order they are measured in, the outputs of the measurements can be
multiplied together, and this observable can be called pqg = ¢p.

Measurement with a projection includes an a priori distribution, and wave function col-
lapse: but these are not purely quantum mechanical phenomenon, and occur also with mea-
surements from a commutative subalgebra C'(X) C C'(X). To illustrate, let X = {z1,..., 2N}
and consider the diagonal subalgebra F(X) of F(X) := My(C). Subsets Y C X yield sub-
spaces F'(Y) C F(X) together with projections py € F(X). The a priori distribution of py
is:

Plpy = 0| ¢] = o(p}),

and, conditional on py = 6, there is wave function collapse to p{-¢ € S(F(X)).

A defining difference between classical and quantum measurement is the quantum phe-
nomenon of projection observables that cannot be simultaneously measured in the sense that
(p > q) # (¢ = p). In classical measurement, all projection observables can be simultaneously
measured, and this implies that while classical measurement can disturb a mixed state, the
effects are purely probabilistic, capturing a decrease in uncertainty about the state. In the fi-
nite, classical case of F'(X), measurement with an appropriate sequence of classical projection
measurements results in collapse to a pure state ev,, € S(F(X)). Pure states are invariant
for the diagonal subalgebra: further measurement does not disturb the state. In contrast, for
any state p € S(F(X) there is a projection p € F(X) that can disturb it, and so collapse to
complete certainty is impossible.
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Sequential measurement of finite spectrum observables f € C(X) can also be considered.
Through the inverse of the isometric Gelfand-Naimark *-isomorphism C(X) — 7(C(X)) C

B(H), a finite spectrum observable f € C(G) has a spectral decomposition f = E‘ka:({)' fi pTi,
that defines a partition of unity {pfi}izl,m"a(m C C(X), and

PIf = fil¢] = o(p). (2.2)

Furthermore this gives expectations

E[f o] == o(f).

For continuous spectrum observables, by passing to the enveloping von Neumann algebra
C(X)* = my(C(X))”, which will be denoted ¢°(X), and taking the normal extension of ¢ to
a state w, on £>°(X), Borel functional calculus can be used to measure, for example, if f is
in some Borel subset of its spectrum, via the projection 1g(f) € £>°(X), so that

PIf € S|l :=Ps(f) =1]¢] == we(Ls(f))-
If f € S is non-null, for wave function collapse, embed functions f € C(X) via ¢ : C(X) <

P

(X)), and the state transitions to ¢ — Lg(f)p € S(C(X)) defined by:

_ wy(Ls(f)e(g)Ls(f))
Ls(f)elg) = ww(]ls(f)) :

Although not considered in this work, for not-necessarily finite spectrum observables (f;)_,,
the distribution of the sequential measurement f, > --- > f; could be defined for Borel sets

Si Col(fi):

P((fa =+ = f1) € (Sny - Si)le] = wi([Ls, (fa) -~ Ls, (F1) %)

3. QUANTUM PERMUTATIONS

Fresh decks of playing cards produced by e.g. the US Playing Card Company always come
in the same original order:

AB,... KW, Ad,... K& A, KO AD, . KO,

Respectively enumerate using ¢ : {1,2,...,52} — {A®, ..., KOQ}. The original order can be
associated with the pure state eve € My(Ss2). After a suitably randomised shuffle, an active
permutation, the deck will be in some unknown order given by a mixed state, a random
permutation s € M,(Ss2), with the card in position j moved to position ¢(j). Turn over the
card in position i to reveal card c(j). This observable, denoted 271(i) € F(Ss2), reveals that
the random permutation sent j to i. This observable has spectrum o(z71(i)) = {1,2,...,52},
and thus spectral decomposition

52
z (i) = Z kuféﬂ,
k=1

with {ugjz}kzl’m’g)g a partition of unity. The distribution of 271 (i) given the state s € M, (S52)
can be denoted

Ple™(5) = j] == Pla™" (i) = j| <] = <(uj?). (3.1)
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Each card ¢(j) must be mapped somewhere and so, for all ¢ € M,(S52)
52 52
ZIP’[g—l(k;) =jl=c¢ (Z u%?) =1,
k=1 k=1
this implies that {ufjs.z’}kzl,_,ﬁg is also a partition of unity, giving another observable

52
, s
z(j) == Z kups?,
k=1

and note that
Pls(j) = i] == Pla(j) = i| <] = s(u;?) = P[s~"(i) = j].
The observable x71(i) is measured by turning over the card in position i. How is z(3)

measured? Go back to the deck in the original order, turn card c(j) face up, shuffle with <.
The position of card ¢(j) is x(7).

Following the sequential measurement
e (51) = - =271 (2) = 271 (1),

the random permutation will collapse to a (deterministic) permutation ev, € M,(Ss2). If the
sequential measurement is paused, say at £ < 51 with

(@) = =27 2) = 2 (1) = (e -5 G2 1),
the state has collapsed to

" Ssa . Ss2. Sso
Gri=udd? .. 2,,952

ije ija Yijy S

then

Ploe(k) = j] = Pla™" (k) = jk | el = 8.5
that is once a card c(k) is observed in the position ji once, that is determined once and for
all.

Note that (ufjm)?%:l € Ms9(F(S52)) is a magic unitary.

There is no issue whatsoever talking about the set of random permutations, M,(Sx)),
nor an element of this set ¢ € M,(Sy). Inspired by the Gelfand-Birkhoff picture, imagine
for a moment that the same can be done for quantum permutations: imagine that there is
a C*-algebra C(SJJ\F,) such that the set of quantum permutations on N symbols is given by
S(C(S})), and a quantum permutation is simply an element ¢ € S(C(S})).

What would make a permutation quantum? In light of previous discussions perhaps what
might make a permutation quantum is that quantum versions of observables x71(i) and ()
be not simultaneously observable. This implies that, with a deck of cards shuffled with a
quantum permutation, once the first card has been revealed, the observation of the second
card might disturb the state in a such a way that non-classical events can occur. What would
be a non-classical event? Turning over the first card to reveal the ace of hearts, then turning
over the second card to reveal an ace of spaces, then turning over the first card again to find
it is not longer the ace of hearts but the ace of diamonds:

(1) = cHAD)) = (TH2) = ¢ H(AM) = (TH(1) = ¢TH(AW)).
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With the deck in the original order, x(j) would be measured by turning card ¢~'(j) face
up, shuffling with ¢, and noting the position of ¢=!(5) after the shuffle. Similarly 2~!(7) would
be observable by revealing the card in position i. What would not be permitted would be
shuffling with more than one card face up, or revealing more than one card at once.

Given a quantum permutation ¢ € S (C(S}G)), similarly to before, the spectral decompo-
sitions of the observables 71(i) and z(j) should give a magic unitary (ulj)??:l Denote as
before

Ple(j) = i] := Plz(j) = il <] = (uij).
The projective nature of wave function collapse, that conditional on ¢(j) = i, ¢ +— u;;<, implies
that

Pl(s(j) = 1) > (s(j) = )] = P[s(j) = i;
the probability of observing ¢(j) = i after (just) observing ¢(j) = i is one.

In the sequel this will all be made mathematically precise.

3.1. Wang’s Quantum Permutation Groups. In a survey article, Banica, Bichon &
Collins [6] attribute to Brown [I5] the idea of taking a matrix group G C Uy, realising
C(G) as a universal commutative C*-algebra generated by the matrix coordinates u;; € C(G)
subject to some relations R, and then studying (if it exists), the noncommutative universal
C*-algebra generated by abstract variables u;; subject to the same relations R. This proce-
dure, later called liberation in the context of compact quantum groups by Banica & Speicher
[11], was carried out by Wang to create quantum versions of the orthogonal and unitary
groups, and later quantum permutation groups.

Let F'(Sn) be the algebra of complex functions on Sy with basis {d, }secs, . Define 1;_,; €
F(Sn) by:
1, ifo(j) =1,
1., =
5i(0) {0, otherwise.
Where A is the transpose of the group law m : Sy x Sy — S, so that A(f) = f om, and
employing F(Sy x Sy) = F(Sn) ®alg. F(Sn), note that

N
A(]l]—n) = Z Tgi ®a1g ]l]%k
k=1
Furthermore
N
0o = [T 1j500), (3.2)
j=1

and so the matrix vy = (]lj_n-)fyj:l is a unitary with inverse the transpose of ©S~, whose
entries generate F'(Sy). Therefore F'(Sy) is a commutative algebra of functions on a compact
matrix quantum group. Furthermore the 1;_,; are projections, and

N N
D Lisi=1sy =) L
k=1 k=1
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Therefore the matrix u”y = (1 jﬁi)%-:l is a magic unitary. Indeed F'(Sy) has a presentation
as a universal commutative C*-algebra:

F(Sy) =C;

e e L
comm (Uij |u® an N x N magic unitary).

Following Wang [46], liberate by considering the universal C*-algebra:
C(S%) := C*(us; |u an N x N magic unitary).

The universal property says that if (vij)fvjzl is another N x N magic unitary, then wu;; — v;;
is a *-homomorphism. It can be shown that

N N
[Z Uik & Uk,
k=1

is a magic unitary, and thus A(u;;) = Zévzl Uk ® Ug; is a *-homomorphism. It is straightfor-
ward to show that A is unital and coassociative, and so C(S};) is an algebra of continuous
functions on a compact matrix quantum group, the quantum permutation group on N sym-

bols.

€ Mn(C(S5) @ C(SE))

ij=1

3.2. Quantum Permutation Groups. If G is a compact matrix quantum group whose
fundamental representation is an N x N magic unitary u®, then the universal property gives
7 : C(S%) — C(G) a surjective x-homomorphism that intertwines the comultiplication:

AC(G) o = (71' &® 71') o AC’(SE)’ (33)
which is to say that G < S]J{], G is a quantum subgroup of S]J\r,. Furthermore, if G < S]\L,

by a comultiplication-intertwining surjective *-homomorphism m : C(S¥) — C(G), then
[m1 (uw)]ZNJ:1 is a magic unitary that is a fundamental representation for G.

DEFINITION 3.1. A quantum permutation group G is a compact matrix quantum group whose
fundamental representation is a magic unitary.

On the algebra of regular functions O(G), also generated (as a *-algebra) by u(g’» € 0(G),
the comultiplication, counit, and antipodal maps are given by:

N
Gy _ G G
Alugy) = Zuzk Qalg. Uk
k=1

€(U(S) == 5i,j7 (34)

G G
In general the counit does not extend to a character on a completion Cy(G) of O(G). The
antipode satisfies S? = Io(g) so that G is a Kac algebra.

The justification for calling S]J\r, the quantum permutation group on N symbols goes beyond
the liberation of F'(Sy). Wang originally defines the (universal) quantum automorphism
group of C™ (that leaves the counting measure invariant). This leads to the definition of S]J(,
given above. This work should further cement that Sj{, is a quantum generalisation of Sy.

THEOREM 3.2. For N <3, C(S3;) ¥ F(Sy) e
See Section [4.1] for a new proof for N = 3.
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THEOREM 3.3. For N >4, C(S};) is noncommutative and infinite dimensional.

Proof. The standard argument for N = 4 uses the universal C*-algebra generated by two
projections (see [6]). To be slightly more concrete, consider the discrete infinite dihedral
group

Do :={a,b|a® = b* = e) = Zy * Zo.
The infinite dihedral group is amenable, which implies that the reduced and universal al group
C*-algebras coincide. Denote the (noncommutative) group ring by CDy, and C(Dy,) the
C*-completion, which is in fact *-isomorphic to the universal C*-algebra generated by two

projections [40]. Together with A(g) = g ® g, the dual D is a compact matrix quantum
group, with unit 15~ := e, and fundamental representation

e . [ a O
e (30)

In fact 50\0 is quantum permutation group. Where p := (e 4+ a)/2 and ¢ := (e + b)/2, via

a = uﬁ“ — ule‘x’ (and similarly for b) the following is a fundamental representation for 50\0
that is a magic unitary:

P e—p 0 0

Dw. | €e—p P 0 0

u = 0 0 ¢ e—q (3.5)
0 0 e—q q

Therefore 1/70\0 is an infinite quantum subgroup of S;, and it follows that C(S;) is infinite
dimensional and noncommutative.

To extend to N > 4 use uPo<Si+e .= diag(qu,]lDAoo, e ,]lf);)

Note also that replacing a and b with order two generators of Dy shows that DN < S+

(exhibiting Th. 1.1 (9), [5]). Showing that D3 =S5 < Sy is the easiest way of showing that
C(S{) is noncommutative.

THEOREM 3.4. For N > 5, S]f, s mot coamenable.

Proof. The standard argument that S3; is not coamenable for N > 5 uses fusion rules [I].
However, in similar spirit to the (standard) proof of Theorem using the fact that a compact
subgroup of a coamenable compact quantum group is coamenable [45], the exhibition of a
non-coamenable subgroup of Sgr proves Theorem for N = 5 (the extension to N > 5
follows in the same way as the extension of Theorem to N > 4). Let a and b be the
respective generators of Zg * Zo. Let C (Zg/ﬁjg) be a completion of C(Zs * Z2) to a compact
quantum group. Where w = ¢?™/3, consider the following magic unitary:

e+a+a? e+ w?a+wa? e+ wa+ wa?
qu‘::f e+wa+w2a2 e+a+a2 e+w2a+wa2
e+ wa+wa? e+ wa+ wa? e+ a-+ a?
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Note that a = u%? + w?ul? + wul?. With the same notation ¢ = (e + b)/2 as with the infinite
dihedral group, except obviously with e € Zg * Zs, let
Z._ | a e—q]
€—q q

Consider the block magic unitary WF s ¢ M5 (C(Zs * Z2)):

0 wule

_— Zs
ng*Zg e [ U 0

This shows that Z;\Zg < Sgr . The dual of a discrete group is coamenable if and only if the
group is amenable; Zs % Zy is not amenable [40], therefore its dual is not coamenable, and
thus neither is S5+ °

Banica [4] calls ng by Bichon’s group dual subgroup of S; . More on duals in Section

b2

It is the case that Sy < S]T, is a quantum permutation group, known to be maximal for
N <5 [2], but conjectured to be maximal for all N € N. One motivation for the current work
is to perhaps provide some intuition to attack such a problem. See Section [f] for more.

4. THE GELFAND-BIRKHOFF PICTURE FOR QUANTUM PERMUTATIONS

DEFINITION 4.1. Where C'(G) is an algebra of continuous functions on a quantum permutation
group, a quantum permutation is an element of S(C(G))

With the use of the Birkhoff slice (Section this statement will be made cogent, and
as will be seen in Section |5 there is a natural candidate for what should be considered a
quantum group law S(C(G)) x S(C(G)) — S(C(G)).

Returning to Gelfand’s Theorem: as soon as an algebra of functions C'(G) is noncommu-
tative, it is often remarked that it obviously cannot be the algebra of functions on a compact
Hausdorff space (with the commutative pointwise multiplication). However the elements of
C(G) viewed through the lens of Kadison’s function representation are affine functions on a
compact Hausdorff space.

Note firstly that S(C(G)) is a weak-* compact Hausdorff space [36], and recall the embed-
ding 1 : C(G) — £°(G), f v+ 2(f):
uf)p) :==p(f)  (p€CG)).
Finally weak*-convergence of a net of states p) — ¢, that for f € C(G)

ea(f) = o(f),
gives continuity to u(f):

w(f)(er) = o()(@)-
The multiplication +(C(G)) x «(C(G)) — +(C(G)) is not the pointwise multiplication, but
inherited from C(G):

u(f)lg) = u(fg) # ugf) = ug)uf)-
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Through this lens the elements of C(G) are affine functions S(C(G)) — C, that is for
p1,p2 € S(C(G)), and A € [0,1]:

W) Apr+ (1= X) p2) = Au(f)(p1) + (1 = A)e(f)(p2)-
An element of +(C(G)) € C(S(C(G))) is therefore completely determined by its values on the

weak-* closure of the set of pure states, the pure state space P(C(G)) := PS(C(G)) . This
is precisely how a function on a finite group fo : G — C extends to a function on the set of
random permutations on G, f1: My(G) — C:

filhevg, +(1 = A) evg,) = A fo(g1) + (1 = A) fo(g2)-

While Gelfand’s Theorem says, through the fact that the character space and pure state
space coincide for unital commutative C*-algebras, that for a finite group G, the embedded
1(F(G)) is the full algebra of continuous functions F'(P(F(G))), in the noncommutative case,
restricting even to P(C(G)), +(C(G)) is a proper subset of C'(S(C(G))), so, while tempting,
it is abuse of notation to define G := P(C(G)) as the compact Hausdorff space, and continue
to use the C'(G) notation. If in the classical case the algebra of functions, F'(G) is understood
as the algebra of affine functions on the random permutations M,(G) — C, and an algebra of
continuous functions on a quantum permutation group C(G) is understood as an algebra of
affine functions S(C(G)) — C, then the relationship between P(C(G)) and S(C(G)) reflects

in the quantum case the relationship between G and M,(G) in the classical case.

These analogies are well captured by the following schematic:

Deterministic ———— Random

[ [

Pure Quantum «—— Quantum

The objects on the left are pure states on C*-algebras; while the objects on the right are
mixed states. The objects on top are states on commutative algebras; while the objects on
the bottom are states on noncommutative algebras. The focus of this work is on the mixed
states. This pair of dichotomies is discussed in [13].

Therefore with the focus on mixed rather than pure states, the set of quantum permutations
will be denoted by G := S(C(G)), a quantum permutation written an element ¢ € G, but the
C(G) notation will be kept, but with the implicit understanding that it is a proper subset
of C(S(C(G))) (not to mention the fact that for non-coamenable G there are different C*-
completions of O(G), and thus different state spaces). Particularly if ¢ € G is deterministic
(see Section [4.2)), the notation ¢ = ev, will be used. In this sense, if C(G) has a counit, its
Birkoff slice (see Section below) is j(e) by (3.4)), and so can be denoted ¢ := eve.

4.1. The Birkhoff Slice. Given a quantum permutation group G < S]J{] generated by a
magic unitary (UG,)%,:I € Mn(C(G)), via the Gelfand-Birkhoff picture, an element ¢ € G is

ij
a quantum permutation. In this picture, the projections u& are Bernoulli observables. Make

ij
the following interpretation:

PLe(j) = i] == P[uf = 1] = <(u). (4.1)
These probabilities can be collected in a matrix:

®(c)ij = s (ug).
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That (“g)f\;:l is a magic unitary implies that ®(<) is a doubly stochastic matrix, i.e. ®(s) is
in the Birkhoff polytope By, and call the map ® : G — By the Birkhoff slice. It is called a

slice as it only captures an ephemeral aspect of a quantum permutation; and is not injective.

In the case of compact matrix quantum groups, there is a natural generalisation of the
Birkhoff slice, @ : S(C(G)) — Mn(C). The restriction of this map to characters, an injective
map ® : Q(C(G)) - My(C), has been studied previously. Immediately Woronowicz uses
this map to prove Theorem |1.3| [48]. Kalantar and Neufang [23], who associate to a (locally)
compact quantum group G, a (locally) compact classical group G, use the map to show that
in the case of a compact matrix quantum group, G is homeomorphic to ®(Q(C(G))).

Assuming that P[¢(k) = ¢] # 0, the quantum permutation ¢ can be conditioned on ¢(k) = ¢,
and conditional probabilities can be collected in a Birkhoff slice. Recall state conditioning;:

N G .,G
aC () Stk k)
Lk g(ugc)
G,G,G\1V
= s(ug,u;iug)
= (o) = |y
tk i.j=1

= P(j) = i|s(k) = O _,

PROPOSITION 4.2. Let G be a quantum permutation group on N symbols. For¢ € G, if g(ug)

is non-zero, the matrizc @(u%g) has a one in the (i,j)-th entry. If < is given by a vector state
£eH, e ran(ﬂ(u%)) if and only if ®(c)i; =1

Proposition [4.2] implies that if e.g.

[ ()1 ®(12 - P()w

B(c) ‘I’(C')zl ‘P(C')Qz (I)(?)ZN

| ()Nt P(S) w2 O(s)NN
[ ‘13(1?2/2@11 0 <I>(zg%<)13 ‘I)(l;(év;éG)lN ]

0 0
= B(ufyc) = 0 B(uSys)ss - D)y
B(uGpe)vt 0 B(uyo)ns B(uSys) Ny
Inductively, assuming g(u‘i n u‘fl’ ) #0

Indeed

P((s(j) = i) = (s(jn) = in) = -+ = (s(j1) = i1)] = s(juSuf - -uf; )

= ®(uf - uf s (¢))i - P(u et ()i @S )i

injn 1171 Tn—1Jn—1 1171
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EXAMPLE 4.3. No quantum permutations on three symbols As a toy example of how the
Gelfand-Birkhoff picture is a good intuition, consider the theorem that S; = S3. This is just
to say that C(S5), the universal C*-algebra generated by a 3 x 3 magic unitary (Uij)?,j:1 is
commutative. This was known by Wang [46], but Banica, Bichon, & Collins [6] describe the
Fourier-type proof as “quite tricky”. Lupini, Mancinska, & Roberson however give a more

elementary proof [30].

By allowing talk of ¢ quantum permutation the Gelfand—Birkhoff picture suggests why there
are no quantum permutations on three symbols. Without assuming C (Sgr ) commutative,
consider the observable

x(l) = u11 + 2u9 + 3ugy € C(S;_),
which asks of a quantum permutation ¢ € S;r what it maps one to. Measure ¢ with z(1) and
the denote the result by ¢(1). The intuition might be that as soon as ¢(1) is known, ¢(2) and
¢(3) are entangled in the sense that measurement of x(2) cannot be made without affecting
z(3) (but without affecting x(1)). This is only intuition: it might still be possible to exhibit
e.g. the non-classical event:

(€3)=3) > (s(2) =1) > (c(1) = 3), (4.2)

but pausing before measuring ¢(2) allows the noting of a relationship between the events
(c(2) =1) > (s(1) = 3) and (s(3) = 2) > (¢(1) = 3) that implies (4.2)) cannot happen.

Suppose that ¢ € Sgr and assume without loss of generality that measuring ¢ with z(1)
gives ¢(1) = 3 with non-zero probability ¢(us1), and the quantum permutation transitions to
@1 € S

Now consider, using the fact that usyus; = 0 = ugous1, and the rows and columns of u are
partitions of unity:
uz1 = (w12 + ug2 + ug2)usr = (u21 + uze + uzsz)us:

= U12U31 = U23U31

= U31U12 = U31U23,
by taking the adjoint of both sides. This implies that conditioning on (¢(2) = 1) > (s(1) = 3)
is the same as conditioning on (5(3) = 2) > (¢(1) = 3):

S(ugiuiz - uipuz1)  <(usiugs - u23u3y)

URU31§ = = = U3U31S (4.3)
¢(usjuiausy) ¢(usiugsusy)

o O =
* ¥ O

0
P(urguzi(sg)) = | *
*

Using (4.3)

(3 515)23 = Tiaiis (uss) = TiTyic(usg) = —LLALU2BU2UZUSL) _
¢(usg1ugzus)
0 1 0
= P(unpuzi(s)) = 0 011,
O (urpusi(s))sy 0 0
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and as ® maps to doubly stochastic matrices, ®(uj2u31(s)) is equal to the permutation ma-
trix (132). This implies that uipu3i(s) € Sy is deterministic, that is its Birkhoff slice is a
permutation matrix.

Not convinced this implies that C’(S’gr ) is commutative? Here is a proof inspired by the
above.

THEOREM 4.4. C(S5) is commutative.
Proof. It suffices to show that uiiuss = ussui; by showing:
UT1U22 = U11U33 = U22U33 = U22U11-
The first equality follows from:
upn (ug1 + uge + ug3) = w11 (u1s + ugs + uss),

the second from
(w11 + u21 + ug1)uss = (u21 + u22 + u23)uss,
and the third from

uga(us1 + ug2 + usz) = uza(urn + u21 +uz1) e

4.2. Deterministic Permutations. Let 7 : Sy < My(C) be the embedding that sends
a permutation to its permutation matrix. A deterministic permutation in G is a quantum
permutation ¢ € G such that ®(¢) = j(o) for some o € Sy. In this case write ¢ = ev,. Note

COROLLARY 4.5. A quantum permutation is deterministic if and only if it is a character.

Proof. Suppose that ¢ = ev, is deterministic. Consider the GNS representation (H,, 7y, &s)
associated to ¢. Note that by Proposition 4.2

eve(ui) = <5m770(ug‘)(§a)> =0orl
implies that for all f € C(G), there exists f, € C such that 7,(f)({,) = fs&s. Therefore
evo(9f) = (&o: 1o (91)Ee) = (S0 To(9)T6 (f)(&0))

= fo(&o, Mo (9)60) = evo(g) evo(f) o

On the other hand, by the homomorphism property of a character ¢ € G

S(ui) = s(u2) = ¢(uij)* = ¢(ui;) =0 or 1,

that is ¢ is deterministic e
The following can be extracted from this proof:
COROLLARY 4.6. A deterministic ev, € G is invariant under wave function collapse

The set of deterministic permutations therefore coincides with the set of characters Gg :=
Q(C(G)) C G, and is either empty or a finite group (Corollary [5.3). This implies that the
set Gg coincides with the set G of Kalantar and Neufang. A random permutation in G is
a convex combination of deterministic permutations, and the convex hull of Gg is the set of
random permutations in G, which could also be denoted by M,(Gg).

The study of maximal classical subgroups such as Gg = G < G has a long history. An
equivalent approach, seen for example in Banica and Skalski [I0], is to quotient C(G) by
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its commutator ideal. Formally these approaches can give empty sets: the character space is
empty if and only if the commutator ideal is the whole algebra. Studying instead the universal
version C,(G) at least guarantees a counit, so that e € Gg, and Gg is a group (Corollary

53).

With an algebra of functions on a finite quantum permutation group F(G), a truly quantum
permutation is any quantum permutation zero on all one dimensional factors. More generally,
working with the enveloping von Neumann algebra ¢*°(G), in which : : C(G) — ¢>*(G)
embeds, a deterministic permutation ev, € G extends to a normal state w, on ¢>°(G), and
thus has a support projection p, € ¢>°(G) which is the smallest projection p € £*°(G) such
that wy(p) = 1, so that for any projection g € £*°(G) such that w,(q) =1, p < g. Note that

G G G G G
Vo (Ug(j);) = 1= wo1(us(y;)) = 1= P < 1(U(y);) = Po = 1(i(y);)P0 = Pot(ty(y);).
Any pair 01 # 09 € Gg are distinguished by some o1(7) # o2(4),

G G G G
Po1Poy = pO’lZ(ual(j)j)z(uaz(]’)j)pfm = poﬂ(ugl(j)juag(j)j)pag =0.

Define:
pc =Y Do, (4.4)
ceGg
and define a quantum permutation ¢ € G as truly quantum if its normal extension w. €
S(¢>*(G)) has the property that w.(pc) = 0. If Gg is empty, pc = 0 and all quantum
permutations in G are truly quantum.

A quick consideration shows that if an algebra of functions on a quantum permutation is
a direct sum with a one-dimensional factor Cf;, then the state f*: f; — 1 is deterministic.

EXAMPLE 4.7. The Kac—Paljutkin quantum group of order eight [22], &g, has algebra of
functions structure:

F(&y) =CHioCfreCfs o Cfy & M2(C). (4.5)
Where Iy € Ms(C) the identity, and the projection

p = (0,0,0,0,( 1 +2i7r/4 2" )>’
3¢ 2

a concrete exhibition of &y < S (Th. 1.1 (8), [5]) comes by the magic unitary:

i+ fe f3+/a P I,—p
480 — fs+fa fi+tfo Io—p P (4.6)
' p’ L—p" fitfs fotfa '
L —p" p’ fot+fa fi+f3

The one dimensional factors give deterministic permutations, f! = ev,, f? = ev(34), 2=
ev(ig) and = ev(12)(34), S0 that Gg, = Zg X Zy < &p. Given a quantum permutation
¢ € &, measurement with an x(j) will see collapse to either a random permutation or a state
on the My(C) factor: a truly quantum permutation.

Given a truly quantum permutation ¢ € &g, the random variables ¢(1) and ¢(2) are entan-
gled in the following sense: if measurement of x(1) gives ¢(1) = 3, then subsequent measure-
ment of z(2) will yield ¢(2) = 4 with probability one (and similarly for ¢(1) = 4 and ¢(2) =3
and also (1) = x(2)). Similarly ¢(3) and ¢(4) are entangled in this way: this reminds of
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Sy where given the measurement of ¢(1), the random variables ¢(2) and ¢(3) are entangled.
However as soon as e.g. ¢(1) is known, there is complete uncertainty about ¢(3) and ¢(4), for
example, for every truly quantum permutation ¢ € &g, and J the matrix of all ones:
— 1
Gy _ | 02 32
P(uzys) [ I 0o ] .
With F(&y) C B(CP®), nonclassical behaviour can be exhibited with e.g. the vector state

Ses € Go: )

Pllces (1) = 4) = (6e5(3) = 1) = (65 (1) = 3)] = ¢

For a truly quantum permutation, certain sequential measurements cannot reveal quantum
behaviour. Consider a sequential measurement

2(jn) = - = 2(j2) = 2(1);
if the constituent measurements are all (1) and x(2) measurements; or all 2(3) and 2:(4) mea-
surements; or a number of z(1) and z(2) measurements followed by z(3) and z(4) measure-
ments (or vice versa), then quantum behaviour will not be observed. Instead these sequential
measurements will incorrectly suggest that a quantum permutation ¢ € & is a random per-

mutation (deterministic if there is a mix of z(1)/x(2) and z(3)/x(4) measurements) in the
complement of Zo X Zo in the dihedral group of order eight.

5. QUANTUM GROUP LAW AND IDENTITY

5.1. Quantum Group Law. In the classical case of a finite group G < Sy, for go, g1 € G,
the group law is encoded within the convolution of the pure states evy, and evy,:

(evgy xevg, )15 = (evg, ®evy )A(Lj ) = (evg, ®evg,) > (Lxsi ® 1j5k) = 15i(g192)-
k
The same game can be played with quantum permutations:

DEFINITION 5.1. The quantum group law G x G — G is the convolution, g3 *¢1 := (¢ ®¢1)A.

PROPOSITION 5.2. Let ¢2, 61 € G be quantum permutations. The Birkhoff slice is multiplica-
tive:
D(cax 1) = D(s2)P(s1)-

Proof. Calculate

D(sgxs1)ij = (2 x)AUG) = (2 @) > _(uf, @ ug;) =Y ca(ujp)si(ugy) = [B(s2)@(s1)]ij
k k

COROLLARY 5.3. The set of deterministic permutations Gg is either empty or a group. It is
a group if and only if € € G. Therefore if a quantum permutation group G is coamenable,

or the algebra of continuous functions C(G) = Cy(G), then Gg is a group. In particular, if
G < S, then Gg is a group e
If C(G) admits a counit, it plays precisely the role of the identity:
CrE=GC=€E%G (c €G).
Restricted to Gg, precomposing ev, with the antipode S : C(G) — C(G) is an inverse:

evy 08 = ev, -1 = evy-1 xevV, = ev, = €.
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For a general quantum permutation, it might be more accurate to call ™! := ¢o S the reverse

of ¢ in the sense that
§ (i iy [2) = (g, - - 15, %) (5.1)

= Pl (in) = gn) = - = (7 H(@1) = 1)) = BUS(Gn) = in) = - = (<(Gn) = )]

Remarkably for a piece about compact quantum groups, the Haar state has not yet been
introduced. The following is equivalent to more conventional definitions.

DEFINITION 5.4. A quantum permutation group G has a quantum permutation hg called the
Haar state that is the unique annihilator for the quantum group law, that is for all ¢ € G

h([;,*§:h((;:§*h([;.

The non-zero elements of the Birkhoff slice ®(hg) are equal along rows and columns. The
Haar state can be thought of as the “maximally random” quantum permutation: in the
classical case of Sy it corresponds to uniform measure on Sy.

5.2. Abelian Quantum Permutation Groups. Given a compact group G, the algebra of
continuous functions analogue of “G is abelian” is that “C(G) is cocommutative”. In this
sense an abelian compact quantum group is given by a cocommutative algebra of continuous
functions C' (f), that is an algebra of continuous functions on the dual of a discrete group
I'. As the quantum permutations in [ are in the state space of C (f), which is some class
of positive definite functions on I" with pointwise, commutative multiplication, this idea that
duals of discrete groups are abelien is trivial through Definition [£.1]

Consider a cyclic group of order N, (7). For w := exp(27i/N), consider the following vector

in F({3)":
ety +yP 4N
e+ wy+wiy? 4 f NNl
e+ wly+ (W22 4 oo (W) NN . 62

A magic unitary for () & Z/]\V >~ 7y < Sy is the circulant matrix defined by this vector:

= 1L
[u); = v Zw(“”%@,
=1

Note that

v =uf) +oV Mg 4oV ul b wu).
Let T' = (y1,...7%) be a finitely generated discrete group, with generators of finite order
Ni, Na, ..., Ni. Then the dual Tisa quantum permutation group on N := Zp N, symbols
via the block magic unitary:

w0
0 w2

)]

S)O o O
>
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Note that due to the fact that the w?? are circulant matrices, the entries of each w7
commute. Such a construction was used to prove Theorem [3.4 It is long known that du-
als of finite groups G are quantum permutation groups, but earlier references such as [7]

placed G < S‘E'Q. That result can be shown by considering each group element an order

|G| generator, so making for each g, a |G| x |G| magic unitary u'%’, and forming the block

matrix diag(uf9t), ..., u<g\G\>). Smaller embeddings of duals of finite groups abound. An in-
duction on |G| shows that G < S"EI. A much smaller embedding Sy < Sy o is provided by

Sn = ((12), (12... N)). Slightly better, for N >3, is Sy < Sj,, via Sy = ((12), (23... N)).
In fact, except for N = 5,6,8, Sy is generated by an element of order two and an element of
order three [35], and so S5 contains all the duals Sy for N > 9. The dual of any dihedral
group, including the infinite dihedral group, is a quantum subgroup of SZ. On the other
hand, the smallest embedding of the dual of the quaternion group is @ < Sg“ via Q = (4, k).

Let G be a finite group. Where Irr(G) is an index set for a maximal set of pairwise
inequivalent unitary irreducible representations p, : G — My, (C), the algebra of functions
on the dual has algebra

F(G)= @ M (C).

aclr(G)

When looking at concrete examples, sometimes it is easy to look at the regular representation:
m(F(G)) € B(CI¥), g:ep s egn.

Each one dimensional representation gives a deterministic permutation. The quantum per-
mutations are positive definite functions on G. The function 1¢ € G is the counit F (@) - C,
and has Birkhoff slice j(e). That G is abelian implies that the group of deterministic permu-
tations is abelian. If G is a simple group, either there are no truly quantum permutations,
and G = Z,, for a prime p, and G = G, or Gg is the trivial group. The dual of the symmetric
group for N > 2 has only two deterministic permutations: one is the counit € = 1, and the
other is the sign representation, an order two deterministic permutation: » . sy 581(0) 05
The dual of the quaternion group has four deterministic permutations G@ = Zo X Zsa, the
dual of a dihedral group has either two or four depending on the degree.

For every odd prime p, the semi-direct product of Z, and the multiplicative group (Z)*,
acting by multiplication on Z,, is a group of order p(p — 1) with p characters and thus the
dual has p deterministic permutations. In this picture, Pontryagin duality for a finite abelian
group G is nothing but G having no truly quantum permutations: all the representations are
one dimensional, and hence deterministic.

Suppose that I' = (y1,...,7) is a discrete group such that T < Sy Partition the symbols
1,..., N into blocks Bj,..., By of length |v,|. The fact that the blocks of u! are circulant
matrices implies that if for j € B,, the measurement of a quantum permutation ¢ € I'
with z(j) will see wave function collapse such that the restriction of the state to B, is now

deterministic in the sense that if, for r, s € By, g(ufs) # 0, then the matrix [‘I’(Urs(C))]i,jeBp
is a permutation matrix. For example, for NV > 9, and generators o1 of order two, and oy of
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order three, consider Sy < S+ with blocks By = {1,2} from u{"V and By = {3,4,5} from
ulo2) | Let ¢ € 5’]\\/ be a quantum permutation. Measure with
z(4) = 31@?}1V + 4uif + 5u§i\’.

Suppose that the measurement yields 2:(4) = 5. Then the quantum permutation collapses to:

— Sx . 8N
s(uZlN - u

ufy (s) = sl Usd) b s@;“)
S(ugy

—

and the circulant nature of w{?2) implies that the Birkhoff slice

« 1—a|0 0 O

- 1—« [0 0 0 O
D(uSN¢) = 0 0 |0 01|,

0 0 |1 00

0 0 |0 10

that is the measurement of x(4) = 5 collapses the quantum permutation in such a way that
it is deterministic on By. Unlike in the case of S, while (1) and x(2) are now entangled,
the measurement of z(1) can disturb the state in such a way that the complete certainty
about Bsg is disturbed. The same phenomenon necessarily occurs for the dual of any non-
abelian finite groups. The circulant nature of the blocks implies that for all ji,j2 € By, the
measurement of z(j;) determines z(j2), and all such measurements could be denoted z(B,).
It could be speculated that the dual of a discrete group I' = (v1,...,7%) could model a k
particle “entangled” quantum system, where the p-th particle, corresponding to the block
By, has |v,| states, labelled 1,...,|vp|. Full information about the state of all particles is
in general impossible, but measurement with z(B)) will see collapse of the pth particle to a

definite state. Only the deterministic permutations in I' would correspond to classical states.

6. PHENOMENA

6.1. Quasi-subgroups. In the Gelfand-Birkhoff picture a random walk on a quantum per-
mutation group is a sequence (s**)x>o in G (see [33] for more). Of particular interest are
ergodic random walks, those random walks such that the sequence converges in the weak-*
topology to the Haar state, hg. A necessary (but dramatically far from sufficient) condition
for the convolution powers (g*k) k>0 to converge to the Haar state are that:

d(F) = 0(c)F = d(hg).

It seems like this observation could help achieve some first partial results in the extension of the
finite quantum group random walk ergodic theorem [34] to the case of quantum permutation
groups, alas there are many quantum permutations ¢ # hg such that ®(¢) = ®(hg). There
are even examples of random permutations whose associated random walk is not ergodic, for
example v € M, (S3) given by:

1 1
V= g(eV(lg) +ev(s) +ev(23)) = O(v) = §J3 = ®(hg,).

Very crude results are available though: for example, if G < S]J\’, and any non-trivial N-th
root of unity is an eigenvalue of ®(s), then the associated random walk is not ergodic. A
qualitative aspect would be that if ®(s) is such that the convergence of ®(¢)¥ — ®(hg) is
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slow, then the associated random walk on G should take a long time to converge to the Haar
state.

If G is a classical finite group, subsets S C G that are closed under the group law are sub-
groups. More generally, for the algebra of continuous functions C'(G) on a classical compact
group, states C'(G) — C correspond via integration to Borel probability measures in M,(G),
and in the context of this work could be called random permutations (of an infinite set if G
is infinite). In this context the quantum group law might be called the random group law,
and the Kawada—Ito theorem says that random permutations idempotent with respect to the
random group law are Haar measures/states on compact subgroups of G [25].

Suppose that H < G by 7 : C(G) — C(H). Quantum permutations ¢, <] € H are quantum
permutations 2,51 € G by ¢; := ¢/ o m. Note that
Gi(ker ) = gjm(kerm) = 0,
similarly
(caxs1)kerm = (c2 ®¢1)Aker ) = (¢h @¢1) (7 @ m)A(ker 1) = (sh ® 1) Am(ker ) = 0,

so that H is closed under the quantum group law of G, and the Haar state of H in G, hyg o,
is an idempotent state in G, called a Haar idempotent.

Compact quantum groups, however, can have non-Haar idempotents. These are quantum
permutations ¢ € G idempotent with respect to the quantum group law, ¢ x ¢ = ¢, that
are not the Haar state on any compact subgroup. In the Gelfand picture, idempotent states
correspond to measures uniform on virtual objects called quasi—subgroupsﬂ Pal’s idempotents
in the Kac-Paljutkin quantum group provide examples of non-Haar idempotents [39]. As
the current work allows us to talk of a set of quantum permutations S C G, where f!, f*
are dual to fi, fo € F(®,), and E', E?? dual to E11, Fay in the My(C) factor of F (&),
consider the convex hulls S; := co({f!, f4, E%}) C &, with associated idempotent states
%fl + if‘l + %E” € &. Consider ¢ € S;. The Birkhoff slice is given by, for some «, 8 € [0, 1]:

(1-8) _
D(q) = (16_%0‘ 2 ) ; where M, = ( 1 @ l-a > .
Uy, gu, —a o«

Quasi-subgroups of finite quantum groups behave very much like quantum subgroups: they
are closed under the quantum group law (Prop. 3.12, [34]), they contain the identity &, and
they are closed under precomposition with the antipode ([29]).

Let I' = (y1,...,7%) be a discrete group with generators of finite order. The quasi-
subgroups Sy C I' are given by non-trivial subgroups A <TI:
Spi={ceTl:¢(A\) =1forall AeA}.

The associated idempotent state is 15, and gives a quantum subgroup only when A <IT". This
is an illustration of the fact that quotients I' — I'/A linearly extend to quotients C(I') —

C (F//YX), which give rise to quantum subgroups I'/A < T
) = O/, Y ey Y ahl

vyel vyel

2this terminology is from [24] and has nothing to do with cancellative magmas



A STATE-SPACE APPROACH TO QUANTUM PERMUTATIONS 25

Suppose that 7, € A. Then, where ®(-)p, refers to the 1) block of ul':

(I)(]IA)BP = I|’7p|’

but as @ is multiplicative, for k € N:
1
AR5, = Iy, 7

|7p| J|7p‘ - (I)(hf)Bp’

so that the random walk given by 15 € T is not ergodic.

Restricting now to finite I', the algebra F (f) is also a von Neumann algebra and so contains
the support projections of all quantum permutations ¢ € T. The support projection of the
idempotent quantum permutation 1, € T is XA = D_xea A|A], and the random walk given
by 1, remains concentrated on S, in the sense that 15%(y) =1 for all k € N. If no 7, € A,

and I' < S]J\r,, then consider A € A and I" < S]J\F,H/\' via:

- T
S T B
0 uM

Then the non-ergodicity of the random walk associated with 1 can be seen in the A block:
®(15)B, = Ijn- Note that it is not required for ¢ € Sy that ¢() = 0 for v in the complement
of AinT'. Instead like in the classical, commutative case of a random permutation v € M,(I")
being supported on A < I' exhibited by v**(1r_,) =0 for all k € N, if ¢(y) = 1 for all A € A,
so supported on the quasi-subgroup S C f, then the role of 1r_, is played by the projection
XA =€— XA € F(f), and it is the case that ¢**(xx) = 0 for all k € N.

In the case of finite quantum groups, an idempotent state ¢s is associated to a group-
like projection 1g, which is also its support projection (see [34] for more including original
references), and therefore it is tenable to define:

DEFINITION 6.1. Let G be a finite quantum permutation group with an idempotent state
¢s € G and associated group-like projection 1g € F(G). The associated quasi-subgroup
S C G is given by:

S:={ceG:¢(ls) =1}. (6.1)

A very good question is: why are quasi-subgroups given by non-Haar idempotents not
considered quantum subgroups? The conventional analysis for an idempotent state ¢ € G on
a finite quantum group G is to consider the ideals of the associated idempotent states:

Ny :={9 € F(G) : ¢(g79) = 0} .
Franz & Skalski (Th. 4.5, [18]) show that ¢ is a Haar idempotent precisely when Ny is
two-sided, equivalently self-adjoint, equivalently S-invariant.

That not all quasi-subgroups are subgroups can be explained in the language of measure-
ment. For example for Pal’s quasi-subgroup Sy := co({f!, f4, E''}) C &, the support of the
idempotent state

11 14 1 11
== - “FE
o1 4f +4f +5E
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is Is, := f1 + f2 + E11. Consider ¢ := EMY e Sy:

1

PlcB) =2 =3

and so the quantum permutation conditioned on ¢(3) = 2 is:

__ By B
& S(uys - upy) 11/, & &
u13°§=137@013:2E (uyg - uig)-
C(Ulg)
But:
T 1

& 11,6 ®
uyg<(ls,) = 2B (uyg s, uyy) = 2
and this implies with || that measurement with u%’ has conditioned the quantum permu-
tation outside the quasi-subgroup.

—

As another example, consider 5‘} < S]T, given by uS/J\V = diag(u<(12)>,...). The quasi-
subgroup S(23)) C S3 is the set of quantum permutations associated with the non-Haar
idempotent 1 (23)). The associated group-like projection is x(23)y = (e + (23))/2, so that:

S((a3y) = {g €55 :cle) = <((23) = 1} .
Take 1(23y) € S((23)) so that P[]l<(23)>(1) =1] =1/2. Then

= ]]. 23 (Ugéggug) 1 1
1y(amy) (ui})

so that uff]l<(23)> ¢ S((23)>~

So quasi-subgroups that are not quantum subgroups are just like quantum subgroups: until
you start measuring them and it is seen that they are not stable under wave function collapse.
It can be shown that for C*-algebras generated by projections such as algebras of functions
F(G) on finite quantum permutation groups, if p € F(G) is a projection and J := F(G)p is
a left but not both-sided ideal, then there exists a projection ¢ € F(G) such that gpg & J.
That implies that for every quasi-subgroup S C G that is not a quantum subgroup, there is
a quantum permutation ¢ € S and a projection ¢ € F(G) such that g5 & S.

This cannot happen with a genuine quantum subgroup H < G given by 7 : F(G) — F(H).
Let 1y € F(G) be the support projection of the Haar idempotent hy o 7, and define H < G
by

H:={ceG: ¢(1y) =1}.
Let ¢ € H be measured with a projection p € F(G). Suppose ¢(p) > 0, and given ¢ € H,
p = 1 has been observed with wave function collapse to ps. Then, where gy := 1g — 1y, and
1g > p g = pc the support projection of ¢,

_ ~ s(pgap)  s(pepqmp)  s(plmpgup)
Polam) = P R S (S B

as 1y is central [I§]. Therefore ps(1g) = 1 so that ps € H.
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6.2. Cyclic Cosets. Being concentrated on a quasi-subgroup is one barrier to a random walk
(¢*F )k>0 converging to the Haar state. Another is periodicity. In the finite case, assuming that
a random walk is not concentrated on a quasi-subgroup, the support of ¢ for a non-ergodic
random walk is concentrated on a cyclic coset of quasi-subgroup:

DEFINITION 6.2. [34] Let G be a finite quantum permutation group. A quantum permutation
¢ € G is supported on a cyclic coset of a proper quasi-subgroup if there exists a pair of
projections po, p1, such that pop1 = 0, po + p1 < 1g, s(p1) = 1, po is a group-like projection,
(s @ IrG))A(p1) = po, and there exists d > 1 such that ((¢® IF(G))A)d(pl) =p1.

In the classical case, pg, p1 are indicator functions 1y, 1y, for some N < H, H < G, such
that, for some d > 1, H/N = Z4. In the irreducible case, where ¢ is not concentrated on a
subgroup, N <1 G, and the pg, p1 are elements of a full partition of 1.

In the ‘abelian’, dual group case a result of Freslon [19] can be illustrated using the Birkhoff

slice. Freslon considers the case where ¢ € I' coincides with a non—triVAial character onAA <T.
In the fashion of the previous section, let A € A give a function A € F(I') and consider ' < S,

by including X in the set of generators forming the magic unitary u'. If ¢(\) = 1 and ¢ is a
character so that ¢(\‘) = 1 then ¢ is concentrated on the quasi-subgroup Sj. Therefore let
s(\) = €, say e2mm/IA - Considering , and recalling ¢ restricted to A is a character, it is
the case that:

B(<)p, = (12 AP,
and the multiplicative nature of the Birkhoff slice implies that ®(¢**)p
converging to ®(hs)B, -

, is periodic, not

Note that after measurement with z(Bp), ¢ € r collapses quantum permutation whose
restriction to (7,) is a character. This follows from the fact that |¢(v)| < 1 and the form
of . In the classical case, a random walk given by v € My,(G) which is irreducible but
periodic is concentrated on a coset INg of a proper normal subgroup, and the subsequence
p*(klgl+1) converges to the uniform measure on Ng, that is the convolution of an idempotent
he and a character/deterministic permutation ev:

(klgl+1) *(klgl+5)

— hy xevy, and v — hy xevgs .

In this case, evy commutes with the idempotent hy and so:

(hn *evy)™ = hy *ev i .

g
In the case of irreducible random walks on quantum permutation groups it is not always the
case that periodicity comes from a character/deterministic permutation commuting with an
idempotent. It can be shown that the random walk on ) given by:
¢=01 —0_1— i5j —I—Z'(s,j

is irreducible and periodic, but is not equal to any character/deterministic permutation on
@ times an idempotent state. Instead passing to (j) < @, the character (j) — C, x : j° —
exp(3mis/2), is such that ¢ = Lyx = x1yjy, but x is not equal to a restriction of a character
on (). Therefore, a character evy € G commuting with an idempotent is sufficient but not
necessary for periodic behaviour. One final remark, in the classical case, it is not the case

that periodic implies concentrated on a coset of a normal subgroup. What is the case is that
periodic implies concentrated on a coset of a proper normal subgroup N <1 H of a subgroup
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H < @G. In this case, there is the convolution of a deterministic permutation ev, € H and an
idempotent hy, but every deterministic permutation evy, € H is a deterministic permutation
evy € G. This is not generally true in the quantum case. The final possibility might be a

quantum or even random permutation ¢ € G commuting with an idempotent ¢s such that

¢** = ¢, however this is impossible because such a quantum permutation satisfies:

O(c*) = ®(o)F = Iy,

but the only invertible doubly stochastic matrices come from deterministic permutations.

6.3. Fixed Points Phenomena and Quantum Transpositions. Given a quantum per-
mutation group G < S]'\F, with algebra of functions C(G), and fundamental representation
u® € My (C(G)), define the number of fixed points observable:

N
G .__ G
fix .—E U
j=1

In general, the spectrum of fix® contains non-integers: indeed by looking at a faithful repre-
sentation W(C(EO\O)) C B(L?([0,1], M5(C))) [40], it can be seen that o(fixP>=) = [0,4]. For
fix in universal C(S};), o(fix) = [0, N]. When the spectrum of fix® is finite, such as in the
case of a finite quantum permutation group, there is a spectral decomposition in C(G):

fix® = Z ADx, (6.2)
A€o (£ixC)
and if ¢ € G is such that
P[fix®(¢) = A] = <(pa) >0,
then
s(px =)
s(pa)

is a quantum permutation with \ fixed points, as is any quantum permutation with ¢(py) = 1.
Note that if a quantum permutation has A fixed points, the trace of ®(s) is A.

DrS 1= € G,

DEFINITION 6.3. Where fix® = Zf\il ug? has spectral decomposition (i a quantum per-
mutation in a finite quantum permutation group G < S]'\", has X\ fized points if ¢(py) = 1.
A quantum permutation in G < SJJ{, with N — 2 fixed points is a quantum transposition in

G < S¥.
Define a magic unitary for g; < Sj by

—

U
0 w{(13)
The spectrum o(fix®) = {0,1,3,4}. The deterministic permutations ev, (given by the
trivial representation) and ev(12)(34) (given by the sign representation) have four and zero
fixed points. A quantum permutation with three fixed points is:

1 1 1 1
¢ =0+ 55(12) + 55(13) — O(23) — 55(123) - 55(132)'
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It has Birkhoff slice:

3/4 1/4 0 0
1/4 3/4 0 0
0 0 3/4 1/4
0 0 1/4 3/4

P(c) =

Placing 3} < 5’; via uég<5§ = diag(ug, ug) is one way to get a transposition, however note,
reminding of Ag <1 Sg, there is a periodicity to ¢ € S;:

lim ¢*%% = ¢ := 8. + d(23) and  lim KD — g =5, — d(23)-

k—o00 k—o00
Note ¢o = de +d(23) € S; is an idempotent state with support projection pg := (e+(23))/2 €

~

F(G), and ¢ has support projection p; := (e — (23))/2. It is the case that:

evaz)@) = Liazs)) — L{a2),13),23)}
and so
$1 = ev(12)(34) P0 = B0 €V (12)(34) -
This implies that:

¢g, if k even

ok = (¢ eV(12)(34))*k = doev(1g)3a)k = {¢17 if £ odd.

The quantum permutation ¢ is concentrated on p;, a cyclic coset of the quasi-subgroup
S(23)) C S3 encountered in the previous section. This implies that the support of the ir-
reducible random walk associated with ¢ alternates between py and p;. On the technical
level, this is unlike the periodicity of the state uniform on permutations of odd parity because

¢o is not the Haar state on a quantum subgroup of 3’;, so it doesn’t make sense to say that
((23)) is normal in S3. See [34] for more.

Another quantum phenomenon is that there are quantum permutations with N — 1 fixed
points which are not the identity. Consider the finite quantum group Sy < S;r given by the

magic unitary:
= ((12)) 0 _
st — ) € Ms(F(S))).
u < 0 @) ) 5(F'(S4))

Representing W(F(SZ)) C B(C*) with the regular representation, and employing a CAS, it

can be found that
- — 1 vl
U(ﬁXS4) = {O’ 577’ 17233747 5_'_27’5} )

so that the phenomenon of quantum permutations with a non-integer number of fixed points
occurs for Sy. Define subsets of Sy:

X1 = ((34)), Xo:= (12)((34)), X3 := {0 : 0(1) = 1]\ Xy, Xy := {0 : 0(2) = 2}\ X1,

5
X5 = {(13)(24), (14)(23), (1423), (1324)}, and X¢ := Sy \ <U Xg) .
/=1



30 J.P. MCCARTHY

Then the following quantum permutation has four fixed points and is not the identity /counit:
1 5 1 2 1
§3:]1X1+§]1X2+6]1X3_§1X4_§]IX5_g]lXﬁv (6.3)
and has Birkhoff slice:
2/3 1/3 0 0 0
1/3 2/3 0 0 0
D(c) = 0 0 8/9 1/18 1/18
0 0 1/18 8/9 1/18
0 0 1/18 1/18 8/9

As the convolution power in Sy is pointwise multiplication, ¢** — 1 x,, and there is conver-
gence to a non-Haar idempotent.

For any integer £ > 2, quantum permutation groups G < S]'\F, are also quantum permutation
groups G < SZN via:
+ .
C<Sinv = diag(u®,u®, ..., u®) € Myn(C(G)),
and so if ¢ € G has N — % fixed points, ¢ € G < Syn is a transposition, that is it has /N — 2

fixed points. Therefore, ¢ € S’Z given by ll is a quantum transposition ¢ € 3’2 < Sﬂ) whose
convolution powers do not exhibit periodicity.

u

When O'(ﬁXG) is no longer finite pass to the universal enveloping von Neumann algebra
>(G) of C(G), which contains ¢ : C(G) < ¢°°(G) and the spectral projections of elements
of C(G). Consider +(fix®) € £(G), with spectral projections 15(fix®), in particular py :=
1y ,\}(ﬁXG). Where wc is the normal extension of ¢ € G, define:

P[¢ has A fixed points| := wc(py),

and say that ¢ has \ fixed points if wc(py) = 1.

Let 7 : C(SJJ\;) — C(G) give a quantum subgroup G < S]T,, with fix® of finite spectrum.
Where ¢y € G has )\ fixed points, the quantum permutation ¢ := ¢yom € S]J\r, has \g fixed
points in Sj;. Consider the C*-algebras generated by fix and fix®, C*(fix) = C([0, N]), and,
C*(fix®) = C(o(fix®)). For f € C*(fix),

T(f)= Y SN
Aeo(fix®)

By assumption, for Ag € a(ﬁxG), 50(dx,) =1 and so

s =s| D F6] =Fho)=s=cvy,.
Ao (fixF)
The enveloping von Neumann algebra C*(fix)** =2 ¢>°([0, N]) € B(¢£2(]0, N])) and ¢ extends
to we = evy, € £°°([0, N])*. The spectral projection 1y (fix) is:

C2(10,N]) > f = f(Xo)dx, € ([0, N)), (6.4)
so that 1gyy(fix) may be identified with dy, € £°°([0, N]) and indeed w¢(1qyyy(fix)) =
evi,(0x,) = 1, so that ¢ also has \g fixed points.
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The quantum transposition @i, studied by Freslon, Teyssier and Wang [20] is a central
state, and it is the only central quantum transposition in SJJ{,. Central states such as pt, have
some nice properties: that for any irreducible representation n € N>, @tr(pgb)) = pur(n)d; 4,
and as the matrix elements of the irreducible representations form a basis of C (SJJ{,), they are

completely determined by their restriction to the central algebra C’(S]J\r,)o generated by the
characters as:

dn
ur(Xn) = Z Sotr(pz(z‘n)) = dptpic(n).
=1

The central algebra is commutative, and it follows from spectral theory that:
C(S5%)o = C([0,N)).

The isomorphism from the characters to C([0, N]) is given by x;, +— (t = U2n(V//2)), where
U,, are the Chebyshev polynomials of the second kind, and therefore, restricted to the central
algebra, yo + x1 = fix. The state @y, is given by evy_o € C([0, N])*. The normal extension
of @y, is also evy_g, and indeed evy_o(py—2) = 1, and because of , evy_o is the unique
central quantum transposition in SX,.

6.4. Maximality of Sy < S;{,. As mentioned in Section there is the following maximal-
ity result:

THEOREM 6.4. For N <5, there is no intermediate Sy < G < S]\L, °

The result is conjectured to be true for N > 5 also. A strong way to interpret the conjecture
is to say that all that has to be added to Sy to get the whole of S]'\F, is an arbitrary quantum
permutation. In this section the wu;; € C(S]J\r,), and, without making it notationally explicit,
all quantum permutations are assumed elements of S]J(, via, for ¢) € G and ev, € Sy:

so(uij) = 0 mg (uig) = o(ug), and evq(ui;) = evl omgy (ui;) = 1j4(0)

It is thus possible to convolve quantum permutations in G < Sj\“, with deterministic permu-
tations in Sy but not in Gg.

Let Gy < S]J\r, and ¢’ € Gy any (non-classical) quantum permutation. Working with C\,(Gy),
and hg, the Haar state on F'(Sy) define:

1 1
"= 3¢ + §g' € Gy, and ¢ := hg, *<" € SF.

The Cesaro averages
1 n
k w*
=Yg

n
k=1

an idempotent state in SJJ{,. There are three possibilities here.
(1) ¢ = thv’ the Haar state on Sy;

(2) ¢. = hg, for an intermediate quantum group Sy < G < Sj;
(3) ¢ is a non-Haar idempotent, giving an intermediate quasi-subgroup Sy €S C S]J{].
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The conjecture of maximality Sy < S’JJ{, believes that (2) cannot happen but does not preclude
(3). If neither (2) nor (3) can happen, then any non-classical quantum permutation in any
quantum permutation group together with hg, generates the whole of S]J\r,.

This section illustrates how convolving deterministic permutations with non-classical quan-
tum permutations can ‘move’ the quantumness around. This first result shows that deter-
ministic permutations can be used to permute labels in the following sense:

PROPOSITION 6.5. Suppose that o € G < S¥; is such that:
a:=Pl(o(jn) = in) = -+ = (G0(1) = )] = So[Uinjn - wirjy [*) > 0,
then ¢ := evg, *§p * Vgt 1s such that:
Pl(s(01(jn)) = 02(in)) = -+ = (s(01(j1)) = 02(i1))] = S([Uoy(i)01 (jn) = * * Yo (i) (i) |*) = ¥
Proof. Calculate ¢(|Ugy(i)o (jn) * u02(il)gl(j1)|2)
= (e, @50 © eV, ) AP (Ugy i), (1) Uen(ira () o) (i)

= (evo, ®%0 ® v, 1) AP (Ugy 3110, 51) - AP (U (1)1 1) - AP (U i) 1)

N
= (eVU'Q ®§0 & evo—l_l) § ua’g(il)kl X Uk ko @ ukgal(jl) X
k1,ka=1
N
E uO'Q(in)kzn_l ® qun—len ® qunUI(jn) X
k’2n—17k2n:1
N
E : Yoy (i1)kan—3 ® Ukyy,_3kan_o @ Ukyp—201(j1)
kan—3,kan—2=1
N
= § : Vo (ugz(il)kl © Uy (in)kon—1 .UUZ(il)k4n73) X
klv---7k4n72:1

go(uklb ©r o Ukgy_1kon uk4n73k4n72) evo';l (ukzm(jl) T Ukgpo1(Gn) T uk‘4n72‘71(j1))

The deterministic permutations are characters and moreover evy(u;;) = 1 if and only if
o(7) = i, and this implies k1 = i1, ..., kon—1 = in,...,kan—3 = i1 and also ks = j1,..., kap =
Ins .- kan—o = j1 and so
2
([ tas(in)o(n) ** Uoa(inyrr () |7) = S0(Wirgy ++ Ui -+ i) = >0 o
Consider, for example, Sy < S]J{, and &g < S]J\r, given by u®o<SY = diag(u®, 1g,, -+, 1s,)-

The quantum permutations in & can be combined with deterministic permutations to get
new quantum permutations in Sj(,, for example, where ¢, is the vector state on &g, for
¢ = ev(14) *Cey *ev(lﬁ)

P[(s(6) = 3) = (s(4) = 2) = (s(6) = 1)] = s(|ugsuzauie]?) = ces (wa1u4uz1UsaU1) = é > 0.
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PROPOSITION 6.6. For any quantum permutation ¢ € G < S’j{, and o € Sn:
2
(S €Vo xS ) ([tiy jis Wi s injo Ui | )
= Z g(uila(kl)uiga(kg)uiga(kg)ui4a(k4)uiga(k5)uiga(kﬁ)ui1o(k7))X

S (Whyjy Wk jo Uk js Ukaja Whsjs Uk o Uknjy ) ®

This can be used to show that, for example, where ¢ = ¢, x ev(23) *Ge;

C(‘U11U3QU13U31‘2) = P[(g(l) = 1) - (§(2) = 3) - (§(3) = 1) => (C(l) = 3)] > 0.

As a final, isolated, example, note that measurement of ¢, € & can see 3 — 1 and
subsequently 3 — 2, however the probability that it ever subsequently maps three to anything
other than one or two is zero. However the quantum permutation ¢ := ev(y3) *Ge; %€V (94) *Ges *

ev(z3) € Sy is such that:
Pl(s(1) =4) = (s(2) =2) = (s(1) =3) = (s(2) =2) > (c(1) = 1)] > 0.
To show this is to show that ¢(|usiugousiusauir|?) > 0. This quantity is equal to

= (ev(23) ®Ses @ €V (24) DGes ® ev(23))A(4)(u11u22u31u221L41u22u;31u22u11)
4

= E €V (23) (U1k, Uky Usks Uk, Udks U2k Uskr U2k Ulkg )
k1,...,k36=1

XGes (uk1k’10 T ukg/ﬁs) eV(24)(uk1ok19 T uk1sk27)§65 (“k19k28 T uk’27k36)

X €V (23) (Ukias 1 Whing2 Wiz 1 Ukigy 2 Wk 1 Whigy 2 Wiy 1 Uk 2Whigg 1)
4

= E g65(ulklou?ﬂﬁlqulQu3kl3u4k14u3/€15u2/€16u3/’€17u11€18)
k10, k2t

X €V (24) (u/ﬂoklg o 'uk1sk27)ge5 (uk191uk203uk211uk223u/€231uk243uk’25 1uk263uk271)

Now consider that the ordered pairs

(k107 klg)y ceey (k187 k??) é {(17 1)7 (2a 4)7 (373)7 (47 2)}

Recall that ¢ is pre-composed with mg, : C(Sy) — F(&). Considering the algebra struc-

ture 1) on F(®), the magic unitary u®o<SY = diag(u®, 1g,, . .., Le,) 1) and that
Ges 1s zero on the one-dimensional factors, there is only one choice for the ordered pairs
(k10,k19), - - -, (K18, ka7), namely alternating (3,3) and (1,1), except for (ki4,ko3) = (2,4).
This leaves:

2
<(|u41U22U31U22U11! ) = Ces (u13U31U23U31U42U31U23u31u13)§e5 (u31U13U31U13U41U13U31U13U31),

which is strictly positive.



34 J.P. MCCARTHY

6.5. Orbits and Orbitals. One barrier to attacks on the maximality conjecture via methods
inspired by the previous section is the non-transitivity of orbitals. The study of orbits and
orbitals was initiated by Lupini, Manc¢inska, and Roberson [30]. Banica and Freslon [9J]
independently studied orbits. In this section one-orbitals (or orbits), two-orbitals, and three-
orbitals are studied, in the language of quantum permutations, and a new (conjectured)
counter-example to the transitivity of the three-orbital relation is given.

In the case of G < Sy, for any non-zero ug € C(G), there is a (pure) quantum permutation
¢ € G such that ¢(j) = i with probability one. Working in the universal, Cy,(G), setting, define

the orbit relation, or one-orbital relation, on N by i ~q j if u(%- # (0. The identity € € G is
a quantum permutation that fixes all points, so u(e) = 1, therefore u$ # 0, and thus ~ is
reflexive. Suppose that i ~1 j so ug’- # 0, and ¢ € G a (pure) quantum permutation such that

g(ug) = Hu%” =1, then j ~1 i by the reverse of ¢, ¢! :=co0 S, as

P (i) = j] = < Hug) = <(S(uf)) = <(ufj) = 1.
Let ¢ and ¢ be such that ¢ (u5) = [[ub| = 1 and ¢ (u%) = HU%H = 1. Consider the quantum

permutation ¢ x¢; € G

N

@xa(uy) = (¢ ®a)A(u]) = Zgz(ugg)cz(u(}fj)-
k=1

However if ¢ (uy) = 1 and ¢ (ug) =1, all of the terms with k # ¢ are zero, so

G2 * §1(U(E}) = §2(U5§)§1 (Ug‘) =1,

and so ug # 0, so that ~; is an equivalence relation on N. This can also be seen by considering
Doz xc1) = P(s2)®P(s1)-

Higher order orbitals may also be defined as relations on N*. Say that:

(ima"'7i1)Nm(jm7--'j1)<:>uG ”'ugj17é0'

imJm
Similarly to the above, with ¢ € G, and G closed under reversal, ~, is reflexive and symmetric.

The following is Lemma 3.4 from [30], but with the proof rewritten in the language of the
current work:

PROPOSITION 6.7. The two-orbital, ~o, is transitive.
Proof. Note that for projections p,q € C(G), the C*-identity gives:

Ipall* = [1(pg) “pall = llapqll,
and so pg = 0 exactly when ¢pg = 0. Suppose that u(% bu(fl’ ¢, 7 0 and ug i u% i # 0 so that

1

uﬁelughuﬁgl # 0 and uﬁjluG ugjl # 0, so that (ig,i1) ~2 (€2,¢1) and (¢, £41) ~2 (j2,71)-

laj2
/ / /(,,G G G _ G G G 1(,,G G G _
Let ¢, ¢ be such that ¢ (ug, w;e,ugi,) = l[ugyuieuse | # 0, and <1 (ug; ug; ug ;) =
Hughugﬁugﬁ || # 0. This means that ¢}, maps ¢ to iz after mapping ¢; to ¢; with non-zero

probability (and similar for ¢7). Note in particular, by e.g. (2.1)), that ¢ (ugp,), of (ug i) #0.
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Conditioning ¢} and ¢f so that they map ¢; — 4; and j; — ¢; with probability one gives
quantum permutations ¢y := uﬁglgé and ¢ 1= u%jlgi that can still map f5 — 79 and jo — fo;
G G G )

/
G _ 52 (uflh Uinto Uiy,
62 (uigfg -

H EJ& ;G;EQ 2]'1 ”
= >0,
Sp(u fl]l) Sp(u 4111)

with similar for ¢;. From here

G G G G G G
(2 % 1) (wiy gy Uiy gy iy ) = (52 @ 1) Augd j, i, Uiy )

N
_ G G , G G G , G
= Z §2(ui1k1ui2kuz‘1kz2)gl(ukljlukjgukzjl)
kki ko=1
N 1(,,G G G ,,G G 1(,,G G G ,G G
S (uh&uhlﬁuizkuhkzuh&) gl(ufljlukljlukaukzhufljl)

:Z G )

/
ke kr ko—=1 Sp(uiyg,
All of the terms with ky #£ £1 or ko # ¢1 are zero:

g{(ugﬁ)
G
= (§2*§1)( Wiy 5, l2]2 lljl 2 :Q Uiy k §1 ukh)

= Gug s, ) (ug,) + Y s(up s (ug;,) > 0.
kil

>0

>0

Therefore uﬁjlug” U, # 0, so that qu %1]1 # 0 so that (ig,71) ~2 (j2,7j1), that is ~g is

transitive (and thus an equivalence relation on N x N e

Lupini, Mancinska, and Roberson [30] (as well as Banica [3]) expressed the belief that ~3
is not transitive in general. The algebra of functions on a finite quantum group, as a finite
dimensional C*-algebra, is a direct sum of F(Gg), the direct sum of the one dimensional
factors, and B, the direct sum of the higher dimensional factors. Counterexamples to ~j3
transitive can occur in the finite case when for the elements along the diagonal u%F(G) C

F(Gg); that is if a quantum permutation ¢ € G is such that P[c(i) = 4] = q(uG) > 0,

(2

iig is a random permutation that cannot exhibit non-classical behaviour. For example, if

Pl(iy) = i1] > 0, u¥, < is a random permutation, and so for all ¢ € G

P(s(ir) # i1) > (s(i2) = i2) > (c(ir) = i1)] = 0,

1171

which implies that for any j3 # i1, g“ugw i, = 0. Therefore to find:
G G (}
Uiy gz Wiggo U 2131 7# 0, and uml Jaia Jm 70,

yields the non-transitivity of ~sg.

This phenomenon occurs in both the Kac-Paljutkin quantum group &¢ and also the dual @
of the quaternions. In the case of &g, the uncertainty phenomenon implies that the quantum

permutation given by ¢, := uf1°§e5 satisfies:

Pllc(1) = 3) = («B) = 1) = (c(1) = 4)] = % = ugfuifugl # 0= (3,1,4) ~3 (1,3,1).
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Similarly ¢; := uﬁfgeg) shows that u?fugfu?f # 0, and so (1,3,1) ~3 (4,1,4). For transitivity,
it would have to be the case that (3,1,4) ~3 (4,1,4), that is ugﬁfu?fuff # 0, but as for all

¢ € B¢ such that P[¢/(4) = 4] > 0, ¢ := u2ls’ is a random permutation:
P[(s(4) =3) = (s(1) = 1) = (s(4) = 4)] = 0 = ugfusug) =0,

and so ~j3 is not transitive for &g < Sj.

Let@<58+:

Both u% and u% are orthogonal projection onto direct sums of two one dimensional spaces (re-
spectively the one dimensional factors associated with {e, (57)(68)} C Gg, and {e,(13)(24)} C

G@). Direct calculation shows that u%u%u?s # 0so (7,1,2) ~3 (8,2,8), and u8Q5u(2°21u8Q5 #0
so (8,2,8) ~3 (5,1,5), but u%u%u% = 0 as conditioning by u% gives a random permutation.
Acknowledgement. Given that this is such a rather unconventional piece of academic writ-
ing, an acknowledgement might be read as a call for endorsement rather than a genuine thank
you. There are a number of quantum group theorists I have been in correspondence with over
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