QUANTUM PERMUTATIONS AND QUANTUM REFLECTIONS
TEO BANICA

ABSTRACT. The permutation group Sy has a free analogue SIJ{,, which is non-classical
and infinite at N > 4. We review here the known basic facts on S}G, with emphasis
on algebraic and probabilistic aspects. We discuss as well the structure of the closed
subgroups G C SJJ{,, with particular attention to the quantum reflection groups.

CONTENTS
Introduction 1
1. Quantum groups )
2. Quantum permutations 21
3. Representation theory 37
4. Symmetry groups 23
5. Laws of characters 69
6. Analytic aspects 85
7. Finite graphs 101
8. Reflection groups 117
9. Complex reflections 133
10. Orbits, orbitals 149
11. Transitive groups 165
12. Matrix models 181
References 197
INTRODUCTION

The compact quantum groups were introduced by Woronowicz in [99], [100]. The
axioms are very simple, obtained by looking at the compact Lie groups G C Uy, and
removing the commutativity assumption on the algebras C'(G). The basic examples are
the compact Lie groups, G C Uy, as well as the abstract duals G = T of the finitely
generated discrete groups Fy — I'. The general theory is efficient as well, with an
existence result for the Haar measure, a Peter-Weyl theory, and a Tannakian duality.
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Woronowicz’s axioms and theory allow the construction of many interesting examples of
compact quantum groups. A quite standard procedure, called “liberation and twisting”,
is that of starting with a compact Lie group G C Uy, and replacing the commutation
relations ab = ba between the standard coordinates u;; : G — C with other relations,
such as ab = +ba, abc = cba, abc = +cba and so on, or with nothing at all.

The liberation and twisting procedure applies well to Oy, Uy and other classical Lie
groups, and allows the construction of liberations OF,, Uy, twists Oy, Uy, half-liberations
O%, Uk, twisted half-liberations O%, Uy, and so on. All these quantum groups are quite
interesting, from a general noncommutative geometry perspective.

In the discrete case, where the compact Lie group G C Uy to be liberated is finite, the
situation is a bit more rigid, but in many interesting cases the liberation procedure works,
and we have a free quantum group G* C Uy;. Quite remarkably, these latter quantum
groups G, while being trivially non-finite, are somehow of “continuous nature”.

In relation with these latter quantum groups, the central object here is the quantum
permutation group S3;, constructed by Wang in [93]. There has been a lot of work on Sy
and its subgroups, and our purpose here will be that of explaining this material.

In order to construct the quantum group Sy, let us look first at Sy. We can regard Sy
as being the group of permutation matrices, Sy C Opy. This is quite useful, because we
obtain in this way N? coordinate functions on Sy, which are given by:

wi (o) = {1 if o(j) =i

0 otherwise

Now observe that these N? functions separate the points of Sy. Thus, we obtain by
the Stone-Weierstrass theorem that we have:

O(SN) = <(uij)i,j:1,...,N>

Another obvious remark about the coordinates u;; is that these are certain characteristic
functions, and so are projections (p?> = p = p*) in the operator algebra sense. Moreover,
the matrix v = (u;;) that they form is “magic”, in the sense that these projections sum
up to 1, on each row and each column. By combining this with the previous remark, and
with a bit more work, we are led to a presentation result, as follows:

C(SN> - C(:omm ((uz’j)i,jzl,...,N
Here by C*

mm We mean universal commutative C*-algebra, and all this follows from
the above remarks, and from the Gelfand theorem.

U = magic>
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Quite remarkably, the group operations m, u, ¢, or rather their functional analytic trans-
poses A, e,.S, can be recaptured in a very simple way, as follows:

A(uj) = Zuzk Qugj ,  e(wig) =05 , Sluj) =u
k
In short, what we have here is a fully satisfactory functional analytic description of Sy.

We can now go ahead, and construct S¥. The definition is very simple, just by lifting
the commutativity property from the above picture of Sy, as follows:

c(Sy) =c* ((uij)i,jzle)u = magic)

As for the quantum group structure, this comes by definition from maps A, e, .S, which
can be constructed exactly as in the classical case, as follows:

A(uij) = Zuzk Q Ugj 5(%‘;‘) =0 S(uij) = Uji
k

Moreover, once this done, we can talk about subgroups G C S3, in the obvious way,
and a whole theory of “quantum permutation groups” can be developed.

More generally, we can talk about quantum symmetry groups Sy of finite noncom-
mutative spaces X. Let us recall indeed that, according to the general operator algebra
philosophy, such a finite space X appears as dual of a finite dimensional algebra A, which
in turn can be shown to be a direct sum of matrix algebras:

C(X) = My, (C) @ ... ® My, (C)

The above construction of Sy, can be generalized in this setting, and we obtain a
quantum symmetry group of X. If we denote by N =Y. N? the cardinality of our finite
quantum space X, the corresponding quantum symmetry group Sy appears as follows:

Stcuy , N=|X|

This generalization is quite interesting, and often provides good explanations for results
regarding the quantum groups S}, themselves. As an example here, it is known that Sy
with N > 4 has the same fusion rules as SO5. But this is best understood in the quantum
symmetry group setting, via a pair of results, stating that: (1) the fusion rules for S5
with | X| > 4 are independent of X, and (2) for X = M, we have S5 = SOj.

Summarizing, we are interested here in S, and its closed subgroups G C S}, and more
generally in S} with |X| < oo, and its closed subgroups G C S¥. Moreover, we are
interested in both basic and advanced theory, in algebraic and analytic aspects, and in
generalities and applications. We will discuss here all this material.
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The present text is organized as follows: in 1-3 we review the basic theory of quantum
permutations, in 4-6 we discuss more advanced aspects, in 7-9 we discuss the quantum
reflections, and in 10-12 we discuss arbitrary quantum permutation groups.
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1. QUANTUM GROUPS

Generally speaking, a quantum group is a “noncommutative space” with group type
structure. The quantum permutation groups, and other quantum groups that we will be
interested in here, and not finite, but rather compact. So, in order to introduce them, we
need a good formalism of “noncommutative compact spaces”.

There are several such formalisms, and a particularly simple and beautiful and powerful
one, which is exactly what we need for our quantum permutation group purposes, is
provided by the C*-algebra theory. The result that we will need is as follows:

Theorem 1.1. Consider the category of C*-algebras, meaning the category of complex
algebras with unit A, having a norm ||.|| making them Banach algebras, and an involution
*, related to the norm by the formula ||aa*|| = ||a||?, for any a € A.
(1) Given a compact space X, the algebra C(X) = {f : X — C continuous} is a
C*-algebra, with norm || f|| = sup,ex | ()| and involution f*(z) = f(x).
(2) Any commutative C*-algebra is of the form C(X), with the space X = Spec(A)
appearing as the space of characters x : A — C.
(3) Given a Hilbert space H, the algebra B(H) = {T : H — H linear, bounded} is a
C*-algebra, with ||T|| = sup) = |[Tz]], and < Tx,y >=<z,T"y >.
(4) More generally, and closed x-subalgebra A C B(H) is a C*-algebra. Conversely,
any C*-algebra appears in this way, for a certain Hilbert space H.

In view of this, given an arbitrary C*-algebra A, we agree to write A = C(X), and call
X a noncommutative compact space. Also, in the case A C B(H), the weak closure of A,
with respect to T,, - T <= T,ov — Tx,¥Yv € H, will be denoted L>=(X).

Proof. All this is not very complicated, the idea being as follows:

(1) This is clear from definitions. Indeed, it is well-known, and elementary to prove,
that C(X) is complete with respect to the sup norm. As for the formula ||ff*|| = || f||?,
this is something trivial, because on both sides we obtain sup,.y | f(z)[?.

(2) Given a commutative C*-algebra A, the character space X = {x : A — C} is
compact, and we have an evaluation morphism ev : A — C(X). The tricky point, which
follows from basic spectral theory, is to prove that ev is indeed isometric.

(3) This is something well-known, and elementary. Indeed, given a Cauchy sequence
{T.,}, we can set Tx = lim,,_,, T,z for any = € H, and we have then T,, — T'. As for the
formula ||TT*|| = ||T||?, this can be proved by double inequality.

(4) In the commutative case, A = C(X), we can set H = L*(X), and we have then an
embedding A C B(H), given by a — (b — ab). In general the idea is the same, the only
technical point being the construction of an integration functional [ : A — C.

Regarding the last part, this is something rather informal, and at the beginner level,
because there are some functoriality issues with the constructions there . We will be back
to this, with full details and explanations, in the compact quantum group case. O
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All the above was of course quite brief, but the complete proof of all this, which takes
around 10-15 pages, can be found in any operator algebra book.

We are ready now to introduce the compact quantum groups. The axioms here, due to
Woronowicz [99], and slightly modified for our purposes, are as follows:

Definition 1.2. A Woronowicz algebra is a C*-algebra A, given with a unitary matrix
u € My(A) whose coefficients generate A, such that the formulae

Auiy) = Zuzk Qur; , eluy) =205 , Sluy)= u;kz
k

define morphisms of C*-algebras A : A — AR A, e: A—C, S: A— A%PP,

The morphisms A, ¢, S are called comultiplication, counit and antipode. Observe that,
since we have A =< wu;; >, if these maps exist, they are unique. We will see in a moment
that these maps satisfy the usual Hopf algebra axioms, along with S? = id.

As another comment, the tensor product used in the definition of A can be any C*-
algebra tensor product. In order to get rid of redundancies, coming from this and from
amenability issues, we will divide anyway anything by an equivalence relation.

Finally, as a last technical comment, the use of the opposite algebra in the definition
of S is really needed, and this for covering the group duals. This is something standard
in Hopf algebras, which follows by examining the proof of Proposition 1.3 below.

Our claim now is that any Woronowicz algebra A can be written as follows, with G
being a compact matrix quantum group, I' being a finitely generated discrete quantum
group, and with these quantum groups being dual to each other:

A=C(G) = C*T)

We say that A is cocommutative when XA = A, where ¥(a ® b) = b® a is the flip. We
have then the following result, which basically justifies our claim:

Proposition 1.3. The following are Woronowicz algebras:
(1) C(G), with G C Uy compact Lie group. Here the structural maps are:

Alp) = (g,h) = »lgh)
elp) = (1)
S(e) = g—=elg™)
(2) C*(T"), with Fy — T finitely generated group. Here the structural maps are:

Alg) = g®g
elg) =1
Slg) = g7

Moreover, we obtain in this way all the commutative/cocommutative algebras.
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Proof. In both cases, we have to exhibit a certain matrix u. For the first assertion, we
can use the matrix u = (u;;) formed by matrix coordinates of G, given by:

un(g) ... wn(g)
g= : :
uni1(g) .. unn(9)
For the second assertion, we can use the diagonal matrix formed by generators:
g1 0
u= .,
0 gn

Finally, regarding the last assertion, in the commutative case this follows from the
Gelfand result, Theorem 1.1 (2) above. In the cocommutative case this is something
more complicated, requiring as well a norm discussion. We will be back to this. U

In order to fully justify our quantum group claims, we will need as well:

Proposition 1.4. Assuming that G C Uy is abelian, we have an identification of Woro-
nowicz algebras C(G) = C*(T'), with T being the Pontrjagin dual of G:

'={x:G—T}
Conversely, assuming that Fy — T is abelian, we have an identification of Woronowicz
algebras C*(I") = C(G), with G being the Pontrjagin dual of I':

G={x:T—T}

Thus, the Woronowicz algebras which are both commutative and cocommutative are exactly
those of type A = C(G) = C*("), with G,T" being abelian, in Pontrjagin duality.

Proof. All this follows from Gelfand duality, Theorem 1.1 (2) above, because the characters
of a group algebra are in correspondence with the characters of the group. U

We can now formulate the following definition, complementing Definition 1.2:

Definition 1.5. We make the following conventions:

(1) We write A= C(G) = C*('), and call G compact quantum group, and I" discrete
quantum group. Also, we call G,I" dual to each other, and write G = F r=a.

(2) We agree to identify (A,u) = (B,v) when we have an isomorphism of x-algebras
< u; >~< v > mapping coordinates to coordinates, w;; — vjj.

In this definition (1) comes from the above discussion, Proposition 1.3 and Proposition
1.4 above, and fully justifies our axioms, terminology and formalism in general. As for
(2), this is something which is needed, in order to avoid troubles with topological tensor
products, amenability, and other analytic issues. We will be back to this.
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Let us discuss now some tools for studying the Woronowicz algebras, and the underlying
compact and discrete quantum groups. First, we have the following result:

Proposition 1.6. Let (A,u) be a Woronowicz algebra.
(1) A, e satisfy the usual axioms for a comultiplication and a counit, namely:
(A®id)A = (id® A)A
(e@id)A = (id®e)A=1id
(2) S satisfies the antipode aziom, on the x-algebra generated by entries of w:
m(S ®id)A = m(id ® S)A =¢(.)1
(3) In addition, the square of the antipode is the identity, S* = id.

Proof. As a first observation, the result holds in the commutative case, A = C(G) with
G C Uy. Indeed, here we know from Proposition 1.3 that A, e, S appear as functional
analytic transposes of the multiplication, unit and inverse maps m, u, i:

A=m?t | e=dt |, S=il

With these remark in hand, the various conditions in the statement on A, e, .S come by
transposition from the group axioms satisfied by m, u, 7, namely:

m(m x id) = m(id x m)
m(u xid) = m(id X u) =id
m(i xid)o = m(id x 1)§d =1

Observe that the condition S? = id is satisfied too, coming by transposition from the
formula 2 = id, which corresponds to the following formula, for group elements:

) '=yg
The result holds as well in the cocommutative case, A = C*(I") with Fy — T, trivially.
In general now, the two comultiplication axioms follow from:

kl

As for the antipode axiom, the verification here is similar, as follows:

m(S @id)Alu;) = > upur; = (un)y; = 5
k
k

Finally, we have S?(u;;) = u;j, and so S? = id everywhere, as claimed. O
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As a conclusion to this, we can do as many things with A,e,.S in the quantum group
setting as we can do with m,u, 7 in the group setting. The only thing is that we have to
talk about algebras of functions instead of spaces, and transpose everywhere.

In the compact Lie group case, in order to reach to more advanced results, we have to
do either representation theory, or Lie algebras. The situation is quite similar for quantum
groups: we won’t get very far with A, ¢, 5, and we need more advanced tools.

The quantum groups G that we are interested in are of matrix type, and the somewhat
philosophical question is whether they are of Lie type as well. The anwser here is rather
“no”, or to be more precise, it is “no” at the beginner level. There is absolutely no way
of linearizing GG, by some simple geometric method. We will be back to this.

In short, we are left with representation theory, as a main potential tool. Fortunately,
things here are very satisfactory, and explaining all this will be our next purpose.

Let us start our study with the following definition:

Definition 1.7. Given a Woronowicz algebra A, we call corepresentation of it any unitary
matriz v € M, (A) satisfying the same conditions are those satisfied by u, namely:

Alvg) =Y vn®uy , elvyg)=0; , Sy)=uv}
k

We also say that v is a representation of the underlying compact quantum group G, and
a corepresentation of the underlying discrete quantum group I'.

In the commutative case, A = C(G) with G C Uy, we obtain in this way the finite
dimensional unitary smooth representations v : G — U, as follows:

vi1(g) - vi(9)
v(g) = : :
Unl(g) e Unn(g)

In the cocommutative case, A = C*(I") with Fy — I', we will see in a moment that we
obtain in this way the formal sums of elements of I, possibly rotated by a unitary.

As a first result regarding the representations, we have:

Proposition 1.8. The corepresentations are subject to the following operations:

(1) Making sums, v+ w = diag(v,w).

(2) Making tensor products, (v ® W)ia,jb = VijWab-
(3) Taking conjugates, (v)y; = vj;.

(4) Rotating by a unitary, v — UvU*.
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Proof. The fact that v + w is unitary is clear. Regarding now v ® w, this can be written
in leg-numbering notation as v ® w = wvi3wsg, So its unitarity is clear as well.

In order to check that v is unitary, we can use the antipode. Indeed, by regarding the
antipode as an antimultiplicative map S : A — A, we have, as desired:

(@00)i; =Y v = > S(viyue) = S((070);1) = 6
k k

()i = Y _vwaviy; = > S(uvly) = S((00);1) = 6
k k

Finally, the fact that UvU* is unitary is clear. As for the verification of the comulti-
plicativity axioms, involving A, ¢, S, this is elementary and routine, in all cases. U

As a consequence of the above result, we can formulate:

Definition 1.9. We denote by u®*, with k = oeeo. .. being a colored integer, the various
tensor products between w, u, indexed according to the rules

=1, u®=u , W¥*=u

and multiplicativity, u®* = u®* @ u®', and call them Peter-Weyl corepresentations.

Here are a few examples of such corepresentations, namely those coming from the
colored integers of length 2, to be often used in what follows:

WP =u®u , u*=uRu
W =ueu , u=u®u
We will be back to these corepresentations later on, the idea being that any irreducible

corepresentation appears inside such a Peter-Weyl corepresentation u®*.

In order to do representation theory, we first need to know how to integrate over G.
And we have here the following key result, due to Woronowicz [99]:

Theorem 1.10. Any Woronowicz algebra A = C(G) has a unique Haar integration,

([sid)a=(iae [Ya=[on

which can be constructed by starting with any faithful positive form ¢ € A*, and setting

1 n
| =m >

where ¢ x 1 = (¢ @ Y)A. Moreover, for any corepresentation v € M, (C) ® A we have

(id@/c)v:P

where P is the orthogonal projection onto Fix(v) = {£ € C"|v§ = &£}
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Proof. Following [99], this can be done in 3 steps, as follows:
(1) Given ¢ € A* our claim is that the following limit converges, for any a € A:

1 n
= 1 _E *k
/pa nggon 7 a)

Indeed, by linearity we can assume that a is the coefficient of corepresentation, a =
(T ®id)v. But in this case, an elementary computation shows that we have the following
formula, where P, is the orthogonal projection onto the 1-eigenspace of (id ® ¢)v:

Gd@é)v:Rp

(2) Since v§ = ¢ implies [(id ® ¢)v] = £, we have P, > P, where P is the orthogonal
projection onto the space Fiz(v) = {£ € C"|v€ = £}. The point now is that when ¢ € A*
is faithful, by using a positivity trick, one can prove that we have P, = P. Thus our
linear form f(p is independent of ¢, and is given on coefficients a = (7 ® id)v by:

Gd@l)v:P

(3) With the above formula in hand, the left and right invariance of [, = fw is clear
on coefficients, and so in general, and this gives all the assertions. See [99]. O

In the classical case, where A = C(G) with G C Uy, we obtain in this way the Haar
integration over G. As for the group dual case, where A = C*(I") with Fy — T, here the
integration is given by the following formula, on the group elements g € I':

/\g:(sgl
r

We can now develop a Peter-Weyl type theory for the corepresentations. We will need
a number of straightforward definitions and results. Let us begin with:

Definition 1.11. Given two corepresentations v € M, (A),w € M,,(A), we set
Hom(v,w) = {T € men((C)‘Tv = wT}

and we use the following conventions:
(1) We use the notations Fixz(v) = Hom(1,v), and End(v) = Hom(v,v).
(2) We write v ~w when Hom(v,w) contains an invertible element.
(3) We say that v is irreducible, and write v € Irr(G), when End(v) = C1.

In the classical case A = C(G) we obtain the usual notions concerning the represen-
tations. Observe also that in the group dual case we have g ~ h when g = h. Finally,
observe that v ~ w means that v, w are conjugated by an invertible matrix.



12 TEO BANICA

Here are a few basic results, regarding the above Hom spaces:

Proposition 1.12. We have the following results:

(1) T € Hom(u,v),S € Hom(v,w) = ST € Hom(u,w).
(2) S € Hom(p,q), T € Hom(v,w) = S®T € Hom(p @ v,q @ w).
(3) T € Hom(v,w) = T* € Hom(w,v).

In other words, the Hom spaces form a tensor x-category.

Proof. The proofs are all elementary, as follows:
(1) By using our assumptions Tu = vT and Sv = Ws we obtain, as desired:

STu = SvT = wST

(2) Assume indeed that we have Sp = ¢S and Tv = wT. With tensor product notations,
as in the proof of Proposition 1.8 above, we have:

(S®T)(p©v) = SiTopigvas = (Sp)1a(Tv)as

(q@w)(S®T) = qi3wa3Si Ty = (¢5)13(wT )23
The quantities on the right being equal, this gives the result.
(3) By conjugating, and then using the unitarity of v, w, we obtain, as desired:

Ty =0T = V'T*=T"w"
= ' T*w = vT*w*w
= T'w=10T"

Finally, the last assertion follows from definitions, and from the obvious fact that, in
addition to (1,2,3) above, the Hom spaces are linear spaces, and contain the units. O

Finally, in order to formulate the Peter-Weyl results, we will need as well:

Proposition 1.13. The characters of the corepresentations, given by
Xv = Zﬂii

behave as follows, in respect to the various operations:
Xv+w = Xv + Xw Xvew = XvXw > Xo = X:
In addition, given two equivalent corepresentations, v ~ w, we have Xy, = Xw-

Proof. The three formulae in the statement are all clear from definitions. Regarding now
the last assertion, assuming that we have v = T~ 'wT, we obtain:

Yo = Tr() =Tr(T'wT) = Tr(w) = Yu

We conclude that v ~ w implies x, = X, as claimed. U
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Consider the dense *-subalgebra A C A generated by the coefficients of the fundamental
corepresentation u, and endow it with the following scalar product:

<a,b >:/ab*
G

With this convention, we have the following fundamental result, from [99]:

Theorem 1.14. We have the following Peter-Weyl type results:

(1) Any corepresentation decomposes as a sum of irreducible corepresentations.

(2) Each irreducible corepresentation appears inside a certain u®*.

3) A= Mgim) (C), the summands being pairwise orthogonal.
velrr(A) (v)

4)

(

Proof. All these results are from [99], the idea being as follows:
(1) Given a corepresentation v € M, (A), consider its interwiner algebra:

End(v) ={T € M,(C)|Tv =vT}

We know from Proposition 1.12 that this is a finite dimensional C*-algebra, and due to
this fact, it is standard to work out a decomposition as follows:

End(v) = M,,(C)&...® M, (C)

To be more precise, such a decomposition appears by writing the unit of our algebra as
a sum of minimal projections, as follows, and then working out the details:

l=pi+...4p,

But this decomposition allows us to define subcorepresentations v; C v, which are
irreducible, so we obtain a decomposition of type v = vy + ... + v,, as desired.

(2) Consider indeed the Peter-Weyl corepresentations, u®* with k colored integer, de-
fined by u®® = 1, u® = u, u® = @ and multiplicativity. The coefficients of these
corepresentations span the dense algebra 4, and by using (1), this gives the result.

(3) Here the direct sum decomposition, which is technically a *-coalgebra isomorphism,
follows from (2). As for the second assertion, this follows from the fact that (id ® [, v is
the orthogonal projection P, onto the space Fiz(v), for any corepresentation v.

(4) Let us define indeed the character of v € M,,(A) to be the matrix trace, x, = Tr(v).
Since this character is a coefficient of v, the orthogonality assertion follows from (3). As
for the norm 1 claim, this follows once again from (id ® [,)v = P,. U

The characters of irreducible corepresentations form an orthonormal system.

We refer to [99] for full details on all the above, and for some applications as well.
Let us just record here the fact that in the cocommutative case, we obtain from (4) that
the irreducible corepresentations must be all 1-dimensional, and so that we must have
A = C*(I') for some discrete group I', as mentioned in Proposition 1.3 above.

As a first consequence of the above results, once again by basically following [99], we
have the following result, dealing with functional analysis aspects:
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Theorem 1.15. Let A,y be the enveloping C*-algebra of A, and let A,.q be the quotient
of A by the null ideal of the Haar integration. The following are then equivalent:

(1) The Haar functional of Agyy is faithful.

(2) The projection map Aguy — Apea is an isomorphism.

(3) The counit map € : Apu — C factorizes through Aeq.

(4) We have N € o(Re(xy)), the spectrum being taken inside Ay eq.

If this is the case, we say that the underlying discrete quantum group I' is amenable.

Proof. This is well-known in the group dual case, A = C*(T"), with I being a usual discrete
group. In general, the result follows by adapting the group dual case proof:

(1) <= (2) This simply follows from the fact that the GNS construction for the
algebra Ay,; with respect to the Haar functional produces the algebra A,.4.

(2) <= (3) Here = is trivial, and conversely, a counit map ¢ : A,.q — C produces
an isomorphism A,.q — Ay, via a formula of type (¢ ® id)®. See [99].

(3) <= (4) Here = is clear, coming from ¢(N — Re(x(u))) = 0, and the converse
can be proved by doing some functional analysis. Once again, we refer here to [99]. O

With these results in hand, we can formulate, as a refinement of Definition 1.5:
Definition 1.16. Given a Woronowicz algebra A, we formally write as before
A=C(G)=CcI)
and by GNS construction with respect to the Haar functional, we write as well
A" = L*(G) = L(T)
with G being a compact quantum group, and I' being a discrete quantum group.

In other words, by using the Haar functional we construct the Hilbert space H = L*(A),
then by using the GNS construction from Theorem 1.1 (4) we obtain an embedding
A C B(H), so we can talk afterwards about the von Neumann algebra A” C B(H).
With all this taken up to the standard equivalence relation for Woronowicz algebras, i.e.
isomorphism of *-algebras of coordinates, which amounts in identifying A, = Areq.

As in the discrete group case, the most interesting criterion for amenability is the Kesten
one, from Theorem 1.15 (4). This leads us into computing character laws:

Proposition 1.17. Given a Woronowicz algebra (A, u), consider its main character:
X = Z WUij
i

(1) The moments of x are the numbers M, = dim(Fiz(u®*)).
(2) When u ~ @ the law of x is a real measure, supported by o(x).
(3) The notion of coamenability of A depends only on law(x).
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Proof. All this is elementary, the idea being as follows:
(1) This follows indeed from Peter-Weyl theory.
(2) When u ~ u we have xy = x*, which gives the result.
(3) This follows from from Theorem 1.15 (4), and from (2) applied to u + . O

All this is quite interesting, because it tells us that, regardless on whether we want to
understand the representation theory of our compact quantum group G, or the analytic
aspects of its discrete dual I', we must compute the fixed point spaces Fiz(u®*).

The computation of these spaces is a delicate algebra problem, related to results of
Schur-Weyl, Brauer and Tannaka. In order to get started, the first idea is to replace the
series of fixed point spaces F}, = Fiz(u®*) by the double series of Hom spaces:

Cr = Hom(u®* u®')

Indeed, by Frobenius, computing { F},} is the same as computing {C};}. But computing
{C.} is simpler than computing {F},}, because these spaces form a category. We can use
here the following version of Tannakian duality, due to Woronowicz [100]:

Theorem 1.18. The following operations are inverse to each other:

(1) The construction A — C, which associates to any Woronowicz algebra A the
tensor category formed by the intertwiner spaces Ciy = Hom(u®*, u®').

(2) The construction C — A, which associates to any tensor category C the Worono-
wicz algebra A presented by the relations T € Hom(u®*, u®'), with T € Cy.

Proof. This is something quite deep, going back to [100] in a slightly different form, and
to [68] in the simplified form presented above. The idea is as follows:

(1) We have indeed a construction A — C' as above, whose output is a tensor C*-
subcategory with duals of the tensor C*-category of Hilbert spaces.

(2) We have as well a construction C' — A as above, simply by dividing the free
x-algebra on N? variables by the relations in the statement.

Regarding now the bijection claim, some elementary algebra shows that C' = Uy,
implies A = A¢,, and also that C' C C}, is automatic. Thus we are left with proving
Cy4. C C. But this latter inclusion can be proved indeed, by doing a lot of algebra, and
using von Neumann’s bicommutant theorem, in finite dimensions. See [68]. O

All the above was of course quite short. We generally recommend here Woronowicz’s
papers [99], [100], under the assumption S? = id, which simplifies many things. We
will be back to the above results, and in particular to Tannakian duality, with concrete
illustrations and applications, later on, once we will have some examples to study.

As a last piece of general theory, let us discuss fusion rules, and Cayley graphs. In the
group dual case, A = C*(I') with Fy — I, the elements of I' can be recovered as being
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the irreducible corepresentations of A, which are all 1-dimensional, and their product and
inversion corresponds to the tensor product and conjugation of corepresentations.

This suggests that in the general case, where A = C*(I') with I' discrete quantum
group, the structure of I', or rather its combinatorics, comes from the fusion rules on
Irr(A). This is indeed the case, and as a basic result here, we have:

Proposition 1.19. Let (A,u) be a Woronowicz algebra, and assume, by enlarging if
necessary u, that we have 1 € uw = u. The formula

d@mg:mm{keN

1C6®w®uw}

defines then a distance on Irr(A), which coincides with the geodesic distance on the
associated Cayley graph. Moreover, the moments of the main character,

/ x" = dim (Fiz(u®))
G
count the loops based at 1, having lenght k, on the corresponding Cayley graph.

Proof. Observation first the result holds indeed in the group dual case, where A = C*(I)
with I' =< § > being a finitely generated discrete group. Indeed, our normalization
condition 1 € v = % means that the generating set must satisfy 1 € S = S~!. But this is
precisely the usual normalization condition for the discrete groups.

In general now, the fact that the lengths are finite follows from Peter-Weyl theory. The
symmetry axiom is clear as well, and the triangle inequality is elementary to establish as
well. Finally, the last assertion, regarding the moments, is elementary as well. O

It is possible to build on the above result, notably with a theory of growth for the
discrete quantum groups. We will discuss this later, once we will have examples.

Let us discuss now the basic examples of compact and discrete quantum groups. We
know so far that the compact quantum groups include the usual compact Lie groups,
G C Uy, and the abstract duals G = T of the finitely generated groups Fy — I.

Equivalently, we know that the discrete quantum groups include the finitely generated
groups Fy — I', and the abstract duals I' = G of the compact Lie groups, G C Uy.

We can combine these examples by performing basic operations, as follows:

Proposition 1.20. The class of Woronowicz algebras is stable under taking:

(1) Tensor products, A = A" @ A", with w =« +u”. At the quantum group level we
obtain usual products, G = G x G" and ' =T1" x I'".

(2) Free products, A = A’x A", with u = v +u". At the quantum group level we obtain
dual free products G = G' *G" and free products I' =T x I"".

Proof. Everything here is clear from definitions. In addition to this, let us mention as
well that we have the formulae | odr = Juo® [4and [, . = [, %[, and that the
corepresentations of the products can be explicitely computed. See [92]. O
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Here are some further basic operations, once again from [92]:

Proposition 1.21. The class of Woronowicz algebras is stable under taking:

(1) Subalgebras A" =< wj; >C A, with u' being a corepresentation of A. At the

quantum group level we obtain quotients G — G’ and subgroups I C T.
(2) Quotients A — A’ = A/I, with I being a Hopf ideal, A(I) C AR +1® A. At
the quantum group level we obtain subgroups G' C G and quotients I' — T".

Proof. Once again, everything is clear, and we have as well some straightforward supple-
mentary results, regarding integration and corepresentations. See [92]. O

Finally, here are two more operations, which are of key importance:

Proposition 1.22. The class of Woronowicz algebras is stable under taking:

(1) Projective versions, PA =< wjq j, >C A, where w = u® u. At the quantum group
level we obtain projective versions, G — PG and PT' CT.
(2) Free complexifications, A =< zu;; >C C(T) x A. At the quantum group level we

obtain free complexifications, denoted G and T.

Proof. This is clear from the previous results, because the projective version is a particular
csse of the subalgebra construction, and the free complexification appears by combining
the free product operation and the subalgebra construction. See [92]. O

As already mentioned, we can use the commutative or cocommutative Woronowicz
algebras as input for these constructions, in order to obtain Woronowicz algebras which
are not commutative, nor cocommutative. We will be back to these constructions.

Once again following [92] and subsequent papers, let us discuss now a number of truly
“new” quantum groups, obtained by liberating and twisting. In what regards the libera-
tion, and the half-liberation as well, the very first result is as follows:

Theorem 1.23. The following universal algebras are Woronowicz algebras,
C<OX]) = <<uij)i,j:1,...,N‘U:ﬁ,ut u’l)

CUy) = C* ((uij)i,jzl,...,N‘u* =yl = a—1>

and the same goes for the following quotient algebras,
C(Oy) = C’(OX,)/ <abc = cba‘Va, b,ce {Uzy}>
C(Uy) = C(UJJ\;)/ <abc = cba

Va,b,c € {uij, uj >

so the underlying spaces Ok, Uy and Ok, Ul are compact quantum groups.
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Proof. The first assertion follows from the elementary fact that if a matrix u = (u;;) is
orthogonal or biunitary, then so must be the following matrices:

A § € _ S, S %
k

Thus, we can define morphisms A, e, S as in Definition 1.2, by using the universality

property of C(OF;), C(Uy). As for the second assertion, the proof here is similar, based on

the fact that if the entries of u satisfy abc = cba, then so do the entries of u®,us,v®. O

We will see later on that the liberation procedure G — G applies to many other
compact Lie groups. As for the half-liberation procedure G — G*, this can be actually
performed without the need of liberating first, and we will discuss this later.

Our first task is to verify that Theorem 1.23 provides us indeed with new quantum
groups. For this purpose, we can use the notion of diagonal torus:

Proposition 1.24. Given a closed subgroup G C Uy, consider its diagonal torus, which
is the closed subgroup T' C G constructed as follows:

(1) = (@) {wiy = 0¥ # )
This torus is then a group dual, T = K, where A =< g1,...,gn > is the discrete group
generated by the elements g; = u;;, which are unitaries inside C(T).

Proof. Since u is unitary, its diagonal entries g; = u;; are unitaries inside C'(T"). Moreover,
from A(u;;) =Y, ui ® ug; we obtain, when passing inside the quotient:

A(gi) = 9: @ gi
It follows that we have C(T") = C*(A), modulo identifying as usual the C*-completions
of the various group algebras, and so that we have T'= A, as claimed. O

We can now distinguish between our various quantum groups, as follows:

Theorem 1.25. The diagonal tori of the basic unitary quantum groups are

Uy U Uy ZN ZeN Z*N
%
O O of, zy Z zs~

with o standing for the half-classical product operation for groups.

Proof. This is clear for U, where on the diagonal we obtain the biggest group dual,
namely Fy. For the other quantum groups this follows by taking quotients, which corre-
sponds to taking quotients as well, at the level of the diagonal torus dual A =T Il
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Let us discuss now the representation theory of these quantum groups. We are especially
interested in computing the associated Tannakian categories:

Ckl = Hom(u®k, u®l)

For Oy, Uy the results are well-known since Brauer, and the idea will be that Oy, Uy
and O, Uy will be subject as well to Brauer type theorems. In order to formulate our
results, we use the modern notion of “easiness”, from [32]:

Definition 1.26. A closed subgroup G C Uy; is called easy when we have

Hom/(u®* u®) = span (T7r

= D(k,l))

for any colored integers k,l, for certain sets of partitions D(k,l) C P(k,l), where

Tﬂ(ei1®"'®eik): Zéﬂ(l} Z.k)ej1®...®ejl

J -

with the Kronecker type symbols 0, € {0,1} depending on whether the indices fit or not.

To be more precise here, let P(k,l) be the set of partitions between an upper row of
k points, and a lower row of [ points. Our claim is that given N € N, any partition
7 € P(k,l) produces a linear map between tensor powers of CV, as follows:

T,T . ((CN)QZ)k N (CN)@)Z

Indeed, if we denote by e, ..., ey the standard basis of CV, we can define T, by the
formula in Definition 1.26, with the Kronecker symbols appearing there being computed
by putting the multi-indices 7, 7 on the legs of 7, in the obvious way. If all the blocks of
7 contain equal indices we set §, = 1, and if not, we set §, = 0.

With this definition for T, we can talk about easy quantum groups, as above.

All this might seem a bit complicated, at a first glance, but it is not. We cannot expect
C to come from something simpler than partitions. Thus, philosophically, easiness means
that “the Tannakian category appears in the simplest possible way: from partitions”.

With this notion in hand, we can recover and extend Brauer’s result, as follows:

Theorem 1.27. The basic unitary quantum groups are all easy, with

Uy U U P, P; NCy

On 0% o P, P; NG,

being the associated categories of partitions D C P.
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Proof. This is something that requires some work, the idea being as follows:

(1) OF. Consider the set NCy of all noncrossing pairings. It is routine to check that
span(T|m € NCs) is a Tannakian category, and also that this category is the smallest
possible one allowed by the Tannakian axioms, in the u = u setting. Thus, the associated
quantum group must be the biggest subgroup G C Oy, which is O} itself.

(2) Oy. Since Oy C O appears by adding the commutation relations ab = ba between
coordinates, which are implemented by the linear map T} coming from the basic crossing
X, we obtain here the category < NCy, X >= P, of all pairings.

(3) On. Here we obtain the category < NCjy, { >= Py of pairings having the property
that, when legs are labelled clockwise o @ o ® ... each string connects o — e.

(4) Uy, Un,U%. The situation is similar here, but due to u # u everything is now
colored, and we obtain in all cases pairings which are “matching”, in the sense that the
vertical strings connect o — o or @ — e, and the horizontal ones connect o — e. U

Here are some concrete consequences of the above result:

Theorem 1.28. The quantum groups O, Uy have the following properties:
(1) We have isomorphisms as follows, up to the standard equivalence relation:

PO}, = PUS | OL =U;;

(2) The fusion rules for OF are the same as the Clebsch-Gordan rules for SU,:
T QT = Tlk—1] + Tk—t)+2 + - + Tkpi
(3) Those for U, are as follows, with the representations being indexed by N * N:
rE QT = Z Tz
k=wy, =gz
(4) The main characters follow the Wigner semicircle and Voiculescu circular law:
v for O, N >2

XN{Pl for Uj; , N >2

(5) With N — oo, the truncated characters follow the t-versions of these laws:

v for OF , N — oo
Xt I, for Uy, N—

Proof. All this follows from our Brauer type results, via standard techniques. We will be
back to this. Let us mention that some similar results regarding O, Uy are available as
well, and also that we can twist everything at ¢ = —1 too. We will be back to this. [
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2. QUANTUM PERMUTATIONS

Welcome to quantum permutations. The rest of this book is dedicated to them. And,
good news, the presentation will be far less intense than that in the previous section,
which was meant to be a quick introduction to the quantum groups, survey style.

Our aim now will be that of explaining things in detail. However, this book being at
the same time an introduction to the subject, and a survey, we will have to make some
compromises, and sometimes omit details, and refer to the literature.

In order to get started, let us look at the usual symmetric group Sy. This is the
permutation group of {1,..., N}, but since our general philosophy here is that of looking
at algebraic groups G C Uy, we will rather regard Sy as being the permutation group of
the N coordinates axes of RY. We are led in this way to the following result:

Proposition 2.1. Consider the symmetric group Sy, viewed as the permutation group of
the N coordinate axes of R™. The coordinate functions on Sy C Oy are then given by

Uij = X (0 € G’a(j) = z)

and the matriz uw = (u;;) that these functions form is magic, in the sense that its entries
are projections (p* = p* = p), summing up to 1 on each row and each column.

Proof. Everything here follows from definitions. The formula of the coordinates wu;; is
obviously the good one, and the fact that u = (u;;) is magic is clear too. U

With a bit more effort, we obtain the following nice characterization of Sy:
Theorem 2.2. The algebra of functions on Sy has the following presentation,
C(Sy)=Cx ((uij)i7j:17,__7]v‘u = magic)
and the multiplication, unit and inverse map of Sy appear from the maps

A(ug) = Zuzk Qugj , e(uy) =706y , Suy)=1uy
k

defined at the algebraic level, by transposing.

Proof. This is something elementary as well. Indeed, the universal algebra in the state-
ment is a commutative C*-algebra, so by the Gelfand theorem it must be of the form C'(X),
with X being a certain compact space. Now since we have coordinates u;; : X — R, we
conclude that we have X C My(R). Moreover, since we know that these coordinates
from a magic matrix, we deduce from this that we have X = Sy. U

Summarizing, our idea of looking at Sy as a real algebraic group, Sy C Oy, has led us
to a very simple description of the associated algebra C'(Sy).
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Following now Wang [93], we can liberate Sy, simply by lifting the commutativity
condition in Theorem 2.2. To be more precise, we have the following result:

Theorem 2.3. The following universal algebra
C(Sy)=C" ((Uz’j)z‘,jzl,...,N
has a comultiplication, counit and antipode map, defined as follows,

A(uij) = Zuzk Q Uk 5(%‘3’) = 5z'j ) S(“z’j) = Uji
3

U= magic)

s0 1ts spectrum S;(, 18 a compact quantum group, called quantum permutation group.

Proof. As a first observation, the universal algebra in the statement is indeed well-defined,
because the projection conditions p? = p* = p satisfied by the coordinates give ||u;;|| <1
for any 7, j, so the universal C*-norm on the underlying *-algebra is bounded.

In order to construct now A, e, S, consider the following matrices:

A _2 : e _ S.. Sy
k

Since u is magic, so are these matrices, and so we can define indeed A, e, S by the
formulae in the statement, by using the universality of the algebra C'(S%).

As a conclusion, the algebra C'(S}) satisfies Woronowicz’s axioms from Definition 1.2
above, and so its abstract spectrum Sy is a compact quantum group, as claimed. U

Our first task is to make sure that Theorem 2.3 produces indeed a new quantum group,
which does not collapse to Sy. Quite surprisingly, this is indeed the case:

Theorem 2.4. We have an embedding Sy C Sy, given at the algebra level by:
Uij = X (U‘U(j) = Z)
This is an isomorphism at N < 3, but not at N > 4, where S5 is not classical, nor finite.

Proof. The fact that we have indeed an embedding as above follows from Theorem 2.2.
Observe that in fact more is true, because Theorem 2.2 and Theorem 2.3 give:

C(Sy) = C(S%) / <ab - ba>

Thus, the inclusion Sy C Sy is a “liberation”, in the sense that Sy is the classical
version of S3;. We will often use this basic fact, in what follows.
Regarding now the second assertion, we can prove this in four steps, as follows:

Case N = 2. The fact that Sy is indeed classical, and hence collapses to Sy, is trivial,
because the 2 x 2 magic matrices are as follows, with p being a projection:

(2 '7)
I—p p
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Indeed, this shows that the entries of U commute. Thus C(S5) is commutative, and
so equals its biggest commutative quotient, which is C'(Ss). Thus, Sy = Ss.

Case N = 3. By using the same argument as in the N = 2 case, and the symmetries of
the problem, it is enough to check that w1, ugss commute. But this follows from:

Up oy = UppUga(Uiy + Ura + Uis)
U1 U22U11 T U1 U22U13
U U2ty + u1r (1 — w9y — uoz)uss

= U11U22U11

Indeed, by applying the involution to this formula, we obtain from this that we have
UgolU1] = UpilUgotyy as well, and so we get uq1us9 = ugouyy, as desired.

Case N = 4. Consider the following matrix, with p, ¢ being projections:

P 1—-p O 0
P 0 0
0 0 q 1—¢q
0 1—gq q
This matrix is magic, and we can choose p,q as for the algebra < p,q > to be non-

commutative and infinite dimensional. We conclude that C(S) is noncommutative and
infinite dimensional as well, and so S is non-classical and infinite, as claimed.

Case N > 5. Here we can use the standard embedding S} C S}, obtained at the level
of the corresponding magic matrices in the following way:

_ U 0
0 1y

Indeed, with this in hand, the fact that S} is a non-classical, infinite compact quantum
group implies that S3; with N > 5 has these two properties as well. See [93]. U

The above result is quite surprising, and understanding all this will be our next goal.
As a first observation, we are not wrong with our formalism, because we have as well:

Theorem 2.5. The quantum permutation group Sy, acts on the set X = {1,..., N}, the
corresponding coaction map ® : C(X) — C(X) ® C(S};) being given by:

(I)(GZ) = Z €; (%9 Ugjs
J

In fact, S% is the biggest compact quantum group acting on X, by leaving the counting
measure invariant, in the sense that (tr ® id)® = tr(.)1, where tr(e;) = +, Vi.
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Proof. Our claim is that given a compact matrix quantum group G, the formula ®(e;) =

> ;€ ® uj; defines a morphism of algebras, which is a coaction map, leaving the trace

invariant, precisely when the matrix u = (u;;) is a magic corepresentation of C(G).
Indeed, let us first determine when & is multiplicative. We have:

D(e;)P(ex) = Z eje @ ujuy, = Z e; & i
Jl J
@(eiek) = 5116(1)(61) = 5zk Z €; &® Ujj
J
We conclude that the multiplicativity of ® is equivalent to the following conditions:

Ujiujk:5ikuji , Vi, gk

Regarding now the unitality of ®, we have the following formula:

d(1) = Z@(ei) = Zej ® uj; = Zej ® (Z sz’)

ij J

Thus ® is unital when the following conditions are satisfied:
Z uj =1, Vj

Finally, the fact that ® is a x-morphism translates into:

uij = U;} s \V/Z,j

Summing up, in order for ®(e;) = Zj e; ® uj; to be a morphism of C*-algebras, the
elements u;; must be projections, summing up to 1 on each row of u. Regarding now the
preservation of the trace condition, observe that we have:

(tr @ id)®(e;) = % Z Uyj;

Thus the trace is preserved precisely when the elements w;; sum up to 1 on each of
the columns of u. We conclude from this that ®(e;) = >, e; ® uj; is a morphism of C*-
algebras preserving the trace precisely when u is magic, and since the coaction conditions
on ® are equivalent to the fact that u must be a corepresentation, this finishes the proof
of our claim. But this claim proves all the assertions in the statement. U

Summarizing, the quantum permutation group S}; appears as a natural free analogue of
the usual permutation group Sy, from several possible viewpoints. This quantum group
is by definition compact, and at N > 4 we know that it is not finite.

In order to study now Sj;, we can use various methods from section 1 above. Let us
begin with some basic algebraic results, in connection with the product operations, with
the diagonal tori, and with the notion of half-liberation as well:
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Theorem 2.6. The quantum groups Sy, have the following properties:
(1) We have S§ %Sy, C S u» for any N, M.
(2) In particular, we have an embedding Dy, C Sy .
(3) S4 C Sf are distinguished by their spinned diagonal tori.
(4) The half-classical version Sy = S5 N O} collapses to Sy.

Proof. These results are all elementary, the proofs being as follows:
(1) If we denote by u,v the fundamental corepresentations of C(S};), C(S;;), the fun-
damental corepresentation of C'(Sy % S;;) is by definition:

=)

But this matrix is magic, because both u, v are magic. Thus by universality of C'(Sy )
we obtain a quotient map C'(S3_,,) — C(S§ *53;,), as desired.

(2) This result, which refines our N = 4 trick from the proof of Theorem 2.4, follows
from (1) with N = M = 2. Indeed, we have the following computation:

S;%S;r = S5 %95,
= Zo47Zs

Ly

Ty * L

—

— Do

Here we have used the formula T# A = [ % A for discrete groups, which is clear from
definitions, plus at the end the standard identification D, = Zqy * Zs.

(3) As a first observation here, the quantum groups Sy C S} are not distinguished by
their diagonal torus, which is {1} for both of them. However, according to the general
results of Woronowicz in [99], the group dual Do C S; that we found in (2) must be a
subgroup of the diagonal torus of (S}, FuF™), for a certain unitary F € Uj.

Now since this group dual D, is not classical, it cannot be a subgroup of the diagonal
torus of (Sy, FuF*). Thus, the diagonal torus spinned by F' distinguishes S, C S; .

(4) Consider the quantum group S = S3 N O%, whose coordinates satisfy abc = cba.
In order to prove that we have S} = Sy, we can use the fact that for a magic matrix,
the entries in each row sum up to 1. Indeed, by using abc = cba, and making ¢ vary over
a full row of u, we obtain by summing ab = ba, and so Sy, = Sy, as claimed. U

Summarizing, we have some advances, including a more conceptual explanation for our
main observation so far, namely S; # S;. We will be back to all this material, which by
the way might seem quite wizarding, at a first glance. This is how algebra goes.
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Let us discuss now the representation theory of S¥, which will eventually lead to a
clarification of all this. Our main result here, which is quite conceptual, will be the fact
that Sy C S is a liberation of easy quantum groups. We will derive as well some explicit
consequences of this, in the N — oo limit. More technical aspects, regarding the case
where N € N is fixed, will be discussed later on, in section 3 below.

We have already seen the definition and basic properties of easiness, in section 1 above.
However, the presentation there was lightning quick, and focusing on the general complex
case. Here we will just need the real case, which is simpler to explain, so let us start by
discussing in detail all this material. Following [32], let us formulate:

Definition 2.7. Let P(k,l) be the set of partitions between an upper row of k points, and
a lower row of | points. A set D =| |, D(k,l) with D(k,l) C P(k,l) is called a category
of partitions when it has the following properties:

(1) Stability under the horizontal concatenation, (w,0) — [wo].
(2) Stability under the vertical concatenation, (mw,0) — [2].
(3) Stability under the upside-down turning, ™ — w*.
(4) Each set P(k,k) contains the identity partition || ...||.
(5) The set P(0,2) contains the semicircle partition .
As a basic example, we have P itself. Other basic examples include the category of
pairings Ps, or the categories NC, NC5 of noncrossing partitions, and pairings.

The relation with the Tannakian categories and duality comes from:
Proposition 2.8. Each © € P(k,1) produces a linear map Ty : (CN)®* — (CV)®!,

Tﬂ(ei1®"'®eik): Z(Sw(lnl Z.k>€j1®...®6jl

Juo-e
with the Kronecker type symbols 0, € {0,1} depending on whether the indices fit or not.
The assignement m — T}, is categorical, in the sense that we have
T @Ty =Tiwo) » Tuly=NTITo | TF =T
where c(m,0) are certain integers, coming from the erased components in the middle.
Proof. The concatenation axiom follows from the following computation:

(T, @T,)(€, ®..Qe, ey, ®...Rex,)

= E Eéﬁ(;i ;'p>6"(111 l)6j1®---®€jq®€zl®--~®€ls
oo Jg oo

j1~--jq l1...l3
jl'“jq ly...ls q s

= T[wa](eil ®"'®€ip®ek1 ®®€kr)
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The composition axiom follows from the following computation:

TﬂTg(eil ®...Q eip)

S ST CR D o (RS PR

Ji---J k1...ky
_ Z Nemo) 5 (S 2 ?
2] k k €k e €k,
ki..ky Lo

= NC(W’U)ﬂg](eil ® .. ® elp)
Finally, the involution axiom follows from the following computation:
T ®...®€j,)
= Z<T7>:(ej1®"'®€jq)7ei1®"'®eip>€il®"'®€ip

i1..ip

_ Zéfr(;i ;p>ei1®...®eip

q

= Tﬂ-*<€j1 ® Ce ® ejq)
Summarizing, our correspondence is indeed categorical. U
In relation with the quantum groups, we have the following result, from [32]:

Theorem 2.9. Each category of partitions D = (D(k,l)) produces a family of compact
quantum groups G = (Gy), one for each N € N, via the formula

Hom(u®* u®") = span (T7r 7 € D(k, l))

which produces a Tannakian category, and the Tannakian duality correspondence.

Proof. This follows indeed from Woronowicz’s Tannakian duality, in its “soft” form from
[68], as explained in Theorem 1.18 above. Indeed, let us set:

C(k,1) = span (TW e D(k, 5))

By using the axioms in Definition 2.7, and the categorical properties of the operation
7 — T, from Proposition 2.8 above, we deduce that C' = (C(k,l)) is a Tannakian
category. Thus the Tannakian duality applies, and gives the result. Il

We can now formulate the following key definition:

Definition 2.10. A compact quantum group Gy is called easy when we have

Hom(u®* u®") = span <T7r TE D(k;,l))

for any colored integers k,l, for a certain category of partitions D C P.
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In other words, a compact quantum group is called easy when its Tannakian category
appears in the simplest possible way: from a category of partitions. The terminology is
quite natural, because Tannakian duality is basically our only serious tool.

Observe that the category D is not unique, for instance because at N = 1 all the
categories of partitions produce the same easy quantum group, namely G; = {1}. We
will be back to this issue on several occasions, with various results about it.

In relation now with our quantum groups, here is our main result:

Theorem 2.11. The quantum permutation and rotation groups are all easy,

Sy

o7, NC NG,

SN P2

o P

with the corresponding categories of partitions being those on the right.
Proof. This is something quite fundamental, the proof being as follows:
(1) Of. Consider the Tannakian category of O%, formed by the following spaces:
Cr = Hom/(u®* u®)
By using Proposition 2.8, consider as well the following Tannakian category:

D = span (T7r

T e NC’g)

We want to prove that we have C' = D. In one sense, this follows from:
u =u — The(C
= <In>CC
= span (T .

ﬂ€<ﬂ>>CC
= DcC

In the other sense, Tannakian duality tells us that associated to D is a certain closed
subgroup G C O},. But since Tannakian duality is contravariant, at the level of categories
G C Of; translates into C' C D. Thus we have C'= D, and we are done.

(2) Oy. Since Ox C Oj; appears by adding the commutation relations ab = ba between
coordinates, which are implemented by the linear map 7} coming from the basic crossing
X, this group is indeed easy, coming from the following category:

<NCQ,X>: b
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Alternatively, if this argument was too fast, the above proof for O} can be simply
rewritten, by adding at each step the basic crossing X, next to the semicircle N.

(3) S%. We know that the algebra C'(Sy;) appears as follows:

C(Sy) = C(O;{,)/<u = magic>
In order to interpret the magic condition, consider the fork partition:
Y € P(2,1)
The linear map associated to this fork partition Y is then given by:
Ty (e; ® ej) = djje;
Thus, in usual matrix notation, this linear map is given by:
Ty = (8ijk)ijk
Now given a corepresentation u, we have the following formulae:

(TYU®2)i,jk = Z(TY)i,lm(u®2)lm,jk = Ui Uik

lm

(uTy )ik = Zuil(TY)l,jk = 0k Ui;
!
We conclude that we have the following equivalence:

Ty € Hom(u®? u) <= Wijip = Ojij, Vi, 5, k
The condition on the right being equivalent to the magic condition, we obtain:
C(SH) = C(0%) / <Ty € Hom(u®2,u)>
Thus S} is indeed easy, the corresponding category of partitions being:

D=<Y >=NC

(4) Sy. Here there is no need for new computations, because we have Sy = S}, N Oy,
which at the categorial level means that Sy is easy, coming from:

<NC,P2 >=P

Alternatively, if this was too fast, we can rewrite the proof for S}, or Oy, by adding at
each step the basic crossing/fork next respectively to the fork/basic crossing. U

As already mentioned in section 1, in the context of the unitary quantum groups,
this kind of easiness result has a massive number of applications. We will explore these
applications in what follows, gradually. Let us start with something philosophical:
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Theorem 2.12. The inclusions On C O;\r, and Sy C S;{, are liberation operations in the
easy quantum group semse, given by

Dg+ = DN NC
at the level of the associated categories of partitions.

Proof. This is clear indeed from Theorem 2.11 above, and from the trivial equalities
NCy; = P,NNC and NC = PN NC, connecting the categories found there. O

Let us get now into the real thing, namely classification of the irreducible representa-
tions, computation of their fusion rules, and of the associated Cayley graph, plus compu-
tation of the laws of characters, and other probabilistic questions.

As explained in section 1 above, all these problems are related, and their solution
basically requires the knowledge of the associated Tannakian category, given by:

Cr = Hom/(u®* u®")

But in the easy case, where our quantum group G comes from a category of partitions
D, and which covers our 4 main examples, this problem is half-solved, because:

Cl = span (T7r

= D(k,l))

The remaining half-problem to be solved is that of investigating the linear independence
properties of the maps T, and then deriving explicit consequences from this.

Let us begin with some standard combinatorics, as follows:

Definition 2.13. Let P(k) be the set of partitions of {1,...,k}, and let 7,0 € P(k).

(1) We write m < o if each block of 7 is contained in a block of o.
(2) Welet mV o € P(k) be the partition obtained by superposing ,o.

Also, we denote by |.| the number of blocks of the partitions m € P(k).

As an illustration here, at k = 2 we have P(2) = {||,M}, and we have || < M. Also, at
k = 3 we have P(3) = {|||,M],m, |, T}, and the order relation is as follows:

< mp,mn<m
Observe also that we have 7,0 < 7V o, and that 7 V ¢ is the smallest partition with

this property. Due to this fact, 7 V o is called supremum of 7, o.

Now back to quantum groups, and to the questions that we want to solve, by Frobenius
duality it is enough to study the partitions having no upper legs. We have:
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Proposition 2.14. The vectors &, = T, with m € P(k) are given by
fﬂ- = Z (Sﬂ(’il,...,ik)eil ®®elk
i
and their scalar products are given by the formula
< 57”50 >= N|7TVO'|

where \ is the superposition operation, and |.| is the number of blocks.

Proof. According to the formula of the vectors &, we have:

<& > = Y Oalin, k)0, (i, i)

i1

_ Z Onvo(it, .y ik)

010k
— N|7T\/O’|
Thus, we have obtained the formula in the statement. Il

In order to study the Gram matrix G, = NI™° and more specifically to compute its
determinant, we will use several standard facts about the partitions. We have:

Definition 2.15. The Mobius function of any lattice, and so of P, is given by

1 fr=0
/,L(7T70') = - Eﬂ§7<a /,L(7T,T) if <o
0 ifrLo

with the construction being performed by recurrence.

As an illustration here, let us go back to the set of 2-point partitions, P(2) = {||,M}.
We have by definition u(|], ||) = pu(M,M) = 1. Also, we know that we have || < M, with no
intermediate partition in between, and so the above recurrence procedure gives:

pudl, ) = =] 1)) = -1

Finally, we have M £ ||, and so (M, ||) = 0. Thus, as a conclusion, the Mdbius matrix
M,y = pu(m, o) of the lattice P(2) = {||,M} is as follows:

1 -1
u=(o )
The interest in the Mobius function comes from the Mobius inversion formulas:
flo) =) g(x) = glo) =) p(m a)f(x)

<o <o

In linear algebra terms, the statement and proof of this formula are as follows:
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Theorem 2.16. The inverse of the adjacency matriz of P, given by

A = 1 %fﬁga
0 frLo

is the Mdébius matriz of P, given by My, = u(mw, o).

Proof. This is well-known, coming for instance from the fact that A is upper triangular.
Indeed, when inverting, we are led into the recurrence from Definition 2.15. U

As a first illustration, for P(2) the formula M = A~! appears as follows:
1 -1\ _ (1 1\
0 1) \01

Also, for P(3) = {||],M],m, |7, rM} the formula M = A~! reads:

-1

1 -1 -1 -1 2 11111
o 1 0 0 -1 01001
0o 0 1 0 —-1]=]0012071
o 0 0 1 -1 000171
o 0 0 0 1 0 00O01

Now back to our Gram matrix considerations, we have the following result:
Proposition 2.17. The Gram matriz of the vectors &, with m € P(k),
GmT — N|7T\/O’|

decomposes as a product of upper/lower triangular matrices, G = AL, where

L(ﬂ',o‘):{N(N_l)"'(N_|7T‘+1) fo<nm

0 otherwise

and where A = M~ is the adjacency matriz of P(k).

Proof. Given a multi-index i = (i,...,1), let us denote by keri € P(k) the partition
collecting the equal indices of . With this convention, we have:

N\ﬂ'VU| _ #

—

ih”wme{L“wNHkmiEWVJ}

- #{hwnjke{L”wNHkai:T}

= Y N(N-1)...(N-|r|+1)
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According to Theorem 2.16 and to the definition of A, L, this formula reads:
GT(O’ - Z LTO’ - ZATI'TLTU - (AL)ﬂ'O'
T>T T
Thus, we obtain in this way the formula in the statement. U

As an illustration for the above result, at k = 2 we have P(2) = {||,M}, and the above
formula G = AL appears as follows:

N2 N\ (1 1\ (N*=N 0
N NJ) \0 1 N N
At k = 3 we have P(3) = {|||,M], M, |7, M}, which leads to a similar formula.

With the above result in hand, we can now investigate the linear independence prop-
erties of the vectors &,. To be more precise, we have the following result:

Theorem 2.18. The determinant of the Gram matriz G, = N'™°l is given by:

N!

weP (k)
In particular, for N > k, the vectors {&:|m € P(k)} are linearly independent.

Proof. According to the formula in Proposition 2.17 above, we have:
det(G) = det(A) det(L)

Now if we order P(k) as above, with respect to the number of blocks, and then lexico-
graphically, we see that A is upper triangular, and that L is lower triangular.

Thus det(A) can be computed simply by making the product on the diagonal, and we
obtain 1. As for det(L), this can computed as well by making the product on the diagonal,
and we obtain the number in the statement, with the technical remark that in the case
N < k the convention is that we obtain a vanishing determinant. See [24]. O

Now back to the laws of characters, we can formulate:

Theorem 2.19. For an easy quantum group G = (Gy), coming from a category of
partitions D = (D(k, 1)), the asymptotic moments of the main character are given by

lim X" = #D(k)

N—oo Gn

where D(k) = D(0, k), with the limiting sequence on the left consisting of certain integers,
and being stationary at least starting from the k-th term.
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Proof. According to the Peter-Weyl theory, and to the definition of easiness, the moments
of the main character are given by the following formula:

/x’“ = / Xuok
Gn GnN

= dim (Fiz(u®™))
= dim <span (fﬂ T E D(@))

By using now the linear independence result from Theorem 2.18 above, with N — oo
we obtain the formula in the statement. Il

Let us see now what happens for our 4 main quantum groups, from Theorem 2.11
above. The result here, obtained by counting partitions, is as follows:

Theorem 2.20. The asymptotic k-moments for the main examples of quantum permu-
tation and quantum rotation groups are given by

Sy O% Crp ———— Ch)2

SN On B, ——K!!

with the numbers on the right being as follows,
(1) kM =135...(k—=3)(k—1),
(2) By = |P(k)| are the Bell numbers,

(3) Cy = ﬁ(%f) are the Catalan numbers,

and with the conventions kK!! =0 and Cljo = 0 for k ¢ 2N.

Proof. According to Theorem 2.11 and Theorem 2.19, the asymptotic moments in question
appear by counting the following sets of partitions:

NC(k) NCy(k)

P(k)

Py (k)
By these counting questions are all standard, as follows:

(1) Regarding k!! = | P2(k)|, this formula is clear, because we have k — 1 choices for the
pair of 1, then k — 3 choices for the pair of the next number, and so on.
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(2) Regarding By, = |P(k)|, there is nothing much to be done here, because these
numbers, called Bell numbers, cannot be explicitely computed.

(3) Regarding C/o = |NCy(k)|, which are the Catalan numbers, these can be explicitely

computed by recurrence, and we obtain Cy = k+r1 (Qkk), as stated.

(4) Regarding Cy, = |[NC(k)|, this formula can be established either by recurrence, or
deduced from (3), via fattening/shrinking. O

As a comment here, we are definitely on the good way, because the numbers appearing
in the above statement are the main numbers in combinatorics.

By doing now some calculus, we can compute the asymptotic laws of characters:

Theorem 2.21. The asymptotic laws of characters for the main examples of quantum
permutation and quantum rotation groups are given by

Sy

o) T N

SN On Prh—H

with the measures on the right being as follows:

(1) g1 = \%6_5’32/2 dx is the Gaussian law of parameter 1.

27
(2) ;1 = %Zp% is the Poisson law of parameter 1.
(3) 1 = %\/4 — 22dx is the Wigner semicircle law of parameter 1.
(4) m = %\/ 4x~! — 1dx is the Marchenko-Pastur law of parameter 1.

Proof. This follows indeed from Theorem 2.20, by doing some calculus:

(1) By partial integration, we have the following formula:

1 k 2 1 2
N _w/Zd =(k—1 _/ k—2 —:c/Qd
xTr e X X X (& Xz
\/271'/]1@ ( ) \/27‘( R

Thus the moments of g; satisfy the same recurrence as the numbers £!!.

(2) The moments of the Poisson law p; are the following numbers:

1 pk
M, =-S5
AN

peEN

Computations show that the recurrence is the same as for the Bell numbers By.
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(3) The moment generating function for the semicircle law 7, is given by:
IR
dx
27T 9 1 — zx

By doing some computations, the coefficients of f are the Catalan numbers.

(4) The moment generating function for the Marchenko-Pastur law ; is:

/ Vax—1l —
27T 1 — zx

By computation, we obtain the generating series of the Catalan numbers. U

Summarizing, the representation theory of our basic quantum groups is something
extremely simple and fundamental, in the N — oo limit.

We will see in the next section that the results in the free case can be improved, with
the convergences there being actually stationary, starting from N = 2.

Also, we will see later on that the above results can be extended to the case of truncated
characters, with the limiting N — oo measures being py, g;, 7, V¢, with ¢ € (0, 1].
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3. REPRESENTATION THEORY

We have seen so far that the inclusion Sy C SF;, as well as its companion inclusion
On C Oy, are liberations in the sense of easy quantum groups, and that some interesting
representation theory consequences, in the N — oo limit, can be derived from this.

We discuss here the case where N € N is fixed. Among the problems to be solved, we
must classify the irreducible representations, compute their fusion rules, and the Cayley
graphs as well, and also study the laws of characters at fixed values of N.

We will get as well into the structure of the subgroups G C S3;. These are not easy,
in general, but we will present a result refining the Tannakian duality for them, stating
that the spaces P, = Fiz(u®*) form a planar algebra in the sense of Jones [57].

In order to get started, we need a lot of preliminaries, the lineup being von Neumann
algebras, I1; factors, subfactors of II; factors, and finally planar algebras.

Let us go back to the operator algebra B(H), from Theorem 1.1. Inspired by its
properties there, we can formulate as well, in parallel to the C*-algebra theory:

Definition 3.1. A von Neumann algebra is a x-algebra of operators A C B(H) satisfying
one of the following equivalent conditions:

(1) A is closed under the weak topology, making each T'— Tz continuous.
(2) A is equal to its bicommutant, A = A”.

Here the equivalence between (1) and (2) is von Neumann’s bicommutant theorem,
whose proof uses basic spectral theory and functional analysis.

The basic theory of the von Neumann algebras is as follows:

Theorem 3.2. The von Neumann algebras have the following properties:

(1) They are special types of C*-algebras. In fact, they are exactly the C*-algebras of
operators A C B(H) having a predual A,.

(2) In the commutative case, they are the algebras of type A = L*>(X), with X mea-
sured space, represented on H = L*(X), up to a multiplicity.

(3) If we write the center as Z(A) = L*(X), then we have a decomposition of type
A= [, Ay dx, with the fibers A, being factors, Z(A,) = C.

Proof. This is something standard, the idea being as follows:

(1) We know that von Neumann implies C*, and the fact that the converse fails follows
from (2) below. As for the A, result, this is something technical, due to Sakai.

(2) Tt is clear, via basic measure theory, that L°>°(X) is indeed a von Neumann algebra
on H = L*(X). The converse can be proved as well, by using spectral theory.

(3) This holds in finite dimensions, where A = M,,, (C) & ... ® M, (C). In general, this
is von Neumann’s reduction theory result, based on advanced functional analysis. U
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We can see now the exact difference between C*-algebras and von Neumann algebras.
While the C*-algebras are the algebras of the form C'(X), with X being a noncommutative
compact space, the von Neumann algebras are the algebras of the form L*>(X), with X
being a noncommutative measured space. Both these algebras are very useful.

At a more advanced level now, we know from Theorem 3.2 (3) that things basically
reduce to “factors”. And, regarding these factors, we have:

Theorem 3.3. The von Neumann factors, Z(A) = C, have the following properties:

(1) They can be fully classified in terms of 11y factors, which are by definition those
satisfying dim A = oo, and having a faithful trace tr : A — C.

(2) The 11y factors enjoy the “continuous dimension geometry” property, in the sense
that the traces of their projections can take any values in [0, 1].

(3) Among the 11y factors, the smallest one is the Murray-von Neumann hyperfinite
factor R, obtained as an inductive limit of matriz algebras.

Proof. This is something quite heavy, the idea being as follows:

(1) This comes from results of Murray-von Neumann and Connes, the idea being that
the other factors can be basically obtained via crossed product constructions.

(2) This is subtle functional analysis, with the rational traces being relatively easy to
obtain, and with the irrational ones coming from limiting arguments.

(3) Once again, heavy results, by Murray-von Neumann and Connes, the idea being
that any finite dimensional construction always leads to the same factor, called R. U

All the above was of course quite brief, but there are many books on the subject, a
standard reference here being the book by Blackadar. We recommend as well the original
papers of Murray-von Neumann and Connes, which are as must-read.

Let us discuss now subfactor theory, following Jones’ paper [55]. Jones looked at the
inclusions of II; factors A C B, called subfactors, which are quite natural objects in
quantum physics. Given such an inclusion, we can talk about its index:

Definition 3.4. The index of an inclusion of 11y factors A C B is the quantity
[B: Al =dimy B € [1, 0]
constructed by using the Murray-von Neumann continuous dimension theory.

The discovery of Jones is that each such subfactor produces a representation of the
Temperley-Lieb algebra T Ly C B(H). As a consequence, the index is quantized:

N € {40052 <%) ’n € N} U [4, o0

In order to discuss all this, which is useful for us, we first need to talk about the
Temperley-Lieb algebra. This algebra, discovered by Temperley and Lieb in the context
of general statistical mechanics [86], has a very simple definition, as follows:
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Definition 3.5. The Temperley-Lieb algebra of index N € [1,00) is defined as
TLn(k) = span(NCy(k, k))
with product given by vertical concatenation, with the rule () = N.

In other words, the algebra T'Ly(k), depending on parameters k € Nand N € [1,00), is
the formal linear span of the pairings 7 € NCy(k, k). The product operation is obtained by
linearity, for the pairings which span 7Ly (k) this being the usual vertical concatenation,
with the conventions that things go “from top to bottom”, and that each floating circle
that might appear when concatenating is replaced by a scalar factor, equal to V.

In order to explain now Jones’ result, it is better to relabel our subfactor as Ag C A;.
We can construct the orthogonal projection e; : Ay — Ag, and set Ay =< Ay, e >.

This remarkable procedure, called “basic construction”, can be iterated, and we obtain
in this way a whole tower of II; factors, as follows:

Ag Cey A1 Cey Ay Cey A3 C et
Quite surprisingly, this construction leads to a link with the Temperley-Lieb algebra
T Ly, and with many other things, which can be summarized as follows:

Theorem 3.6. Let Ay C Ay be an inclusion of 11y factors.

(1) The sequence of projections ey, ez, es,... € B(H) produces a representation of the
Temperley-Lieb algebra T Ly C B(H), where N = [Aq, Ag].

(2) The index N = [A1, Ag], which is a Murray-von Neumann continuous quantity
N € [1,00], must satisfy N € {4 cos®(Z)|n € N} U [4, oc].

Proof. This is something quite tricky, the idea being as follows:
(1) The idea here is that the functional analytic study of the basic construction leads to

the conclusion that the sequence of projections ey, es, €3, ... € B(H) behaves algebrically
exactly as the sequence of diagrams €1, e9,¢3,... € T'Ly given by:
gle ) 82:|% ) 63:“% )

But these diagrams generate T'Ly, and so we have an embedding T'Ly C B(H), where
H is the Hilbert space where our subfactor Ag C A; lives, as claimed.

(2) This is something quite surprising, which follows from (1), via some clever positivity
considerations, involving the Perron-Frobenius theorem. In fact, the subfactors having
index N € [1,4] can be classified by ADE diagrams, and the obstruction N = 4 cos*(Z)
itself comes from the fact that N must be the squared norm of such a graph. O

Quite remarkably, the above result is just the “tip of the iceberg”. One can prove
indeed that the planar algebra structure of T'Ly, taken in an intuitive sense, extends to
a planar algebra structure on the sequence of commutants P, = Aj N Ag.

In order to discuss this key result, that we will need as well, let us start with:
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Definition 3.7. The planar algebras are defined as follows:

(1) A k-tangle is a rectangle in the plane, also called box, with 2k marked points on
its boundary, containing r small boxes, each having 2k; marked points, and with
the 2k + > 2k; marked points being connected by noncrossing strings.

(2) A planar algebra is a sequence of finite dimensional vector spaces P = (Py), to-
gether with linear maps Py, ® ...®Q Py, — Py, one for each k-tangle, such that the
gluing of tangles corresponds to the composition of linear maps.

As basic example of a planar algebra, we have the Temperley-Lieb algebra T'Ly. Indeed,
putting T'L (k;) diagrams into the small r boxes of a k-tangle clearly produces a T'Ly (k)
diagram, and so we have indeed a planar algebra, of somewhat “trivial” type.

In general, the planar algebras are more complicated than this, and we will be back
later with some explicit examples. However, the idea is very simple, namely “the elements
of a planar algebra are not necessarily diagrams, but they behave like diagrams”.

In relation now with subfactors, the result, which extends Theorem 3.6 (1) above, and
which was found by Jones in [57], almost 20 years after [55], is as follows:

Theorem 3.8. Given a subfactor Ay C Ay, the collection P = (Py) of linear spaces
Py = Ay N Ay
has a planar algebra structure, extending the planar algebra structure of T'Ly.
Proof. As a first observation, since e; : Ay — Ay commutes with Ay we have e; € Py, and
by translation we obtain eq,...,e._1 € P, for any k, and so T Ly C P.
The point now is that the planar algebra structure of T'Ly, obtained by composing

diagrams, can be shown to extend into an abstract planar algebra structure of P.
This is something quite heavy, and we will not get into details here. See [57]. U

As it was the case with other things, our explanations here were very brief. For all this,
and more, we recommend Jones’ papers [55], [56], [57], along with [86].

Getting back now to quantum groups, all this is very interesting for us. Let us begin
with a key technical result, making the connection with our questions:
Proposition 3.9. Consider the representation i : TLy(k) — B((CV)®%), 7 — T,.

(1) We have Tr(T,) = NP(<™>) where m —< m > is the closing operation.
(2) The linear form T =Troi:TLy(k) — C is a faithful positive trace.
(3) The representation i : TLy (k) — B((CN)®*) is faithful.

Proof. By using the categorical properties of the construction @ — T}, from Proposition
2.8 above, we conclude that we have indeed a representation as follows:

i:TLy(k) = B((CM)*") | 7 =T,

Regarding now (1-3), these basically come from Theorem 3.6, as follows:
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(1) This follows indeed from the following computation:
i i
T Tﬂ' = 57r . .
= 2o
01... 05
= #{z’l,...,z’k € {1,...,N}‘ker (lek) 271'}
11 ...
— Nloops(<7r>)

(2) The traciality of 7 is clear, because T'r is tracial. Regarding now the faithfulness,
this is best viewed via the formula 7(7) = N™°P(<™>) Indeed, in the subfactor context,
the Temperley-Lieb trace appears as a I1; factor trace, and so it is faithful.

(3) This follows from (2) above, via a standard positivity argument. d

We can use the above result in the quantum group context, as follows:
Proposition 3.10. We have an isomorphism as follows, given by m — T,
TLy(k) ~ End(u®*) c B((CY)®¥)
with u being the fundamental representation of the quantum group OF.

Proof. We know from easiness, Theorem 2.11 above, that the algebra of intertwiners of
u®® appears from the partitions in NCy(k, k), as follows:

End(u®) = span (T,r e NCy(k, k;)) C B((CN)®k)

On the other hand, the faithfulness result from Proposition 3.9 tells us that we have a
concrete realization of the Temperley-Lieb algebra, as follows:

TLy(k) = span(NCy(k,k)) € B(CM)®*) | 7 =T,
Thus, we are led to the conclusion in the statement. Il

We can work out now the representation theory of O}, as follows:

Theorem 3.11. The quantum groups O with N > 2 have the following properties:

(1) The even moments of the main character are the Catalan numbers, fxzk = C}.
(2) The main character follows the Wigner semicircle law, x ~ 7.

(3) The fusion rules are ri @ 11 = Tjp_y + Vg—tj42 + - - . + Ty, as for SUs.

(4) g where ¢ — Ng+1=0.

4) The dimensions are dim(ry) = =15

Proof. The proof of this result, going back to [1], is as follows:
(1) We have indeed the following computation, based on Proposition 3.10:

/ = dim(End(u®™)) = dim TLy (k) = #NCa(k, k) = C;
of

(2) This follows from (1), as explained in the proof of Theorem 2.21 (3) above.
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(3) Let {xx}ren be the characters of the irreducible representations of SU,. These
characters span a complex subalgebra A C C(SU,), which is isomorphic to C[X], via
X — x1. We can find integers ¢g; € N such that ¢, = 1 and:

k
Xi = Z CrIX
1=0

Also, we can define a morphism ¥ : A — C(OF;) by x1 — f1, where f; is the character
of the fundamental representation of OF. The elements f; = W(xy) verify then:

Tt = fie—y + fle—ys2 + -+ fren

We prove now by recurrence on k that each fj is the character of an irreducible corep-
resentation ry, of C(O}), non-equivalent to rg,...,7x_1. At k= 0,1 this is clear.

Assume now that the result holds at kK — 1. We have fr_of1 = fri_3 + fr_1, and so we
get rp_o®1r; = rg_3+7r_1, which gives rp,_1 C rp_o ®1r1. Now since r;_s is irreducible, by
Frobenius reciprocity we have ry_o C r,_1 ® 71, so there exists a representation r; such
that r,_1 ® r{ = rp_9 + 7. Since fr_1f1 = fr_2 + fi, the character of ry is fj.

It remains to prove that r is irreducible, and non-equivalent to rq,...,r,_1. For this
purpose, observe that we have an inequality as follows:
k
Zczl < dim(End(u®*)) = Cy
1=0

Indeed, the inequality on the left comes from the fact that we have fF = Zf:o crf,
with the remark that the equality case holds precisely when r; is irreducible, and non-
equivalent to rq,...,rg_1. As for the equality on the right, this comes from (1).

On the other hand, a standard computation involving SU, and the Clebsch-Gordan
rules shows that we must have overall equality. Thus, we obtain the result.

(4) The dimension formula there is clear by recurrence. 4

In order to pass now to quantum permutations, we can use the following well-known
trick, relating noncrossing pairings to arbitrary noncrossing partitions:

Proposition 3.12. We have a bijection NC(k) ~ NC5(2k), constructed as follows:

(1) The application NC(k) — NC5(2k) is the “fattening” one, obtained by doubling
all the legs, and doubling all the strings as well.

(2) Its inverse NCy(2k) — NC(k) is the “shrinking” application, obtained by collaps-
ing pairs of consecutive neighbors.

Proof. The fact that the two operations in the statement are indeed inverse to each other
is clear, by computing the corresponding two compositions, with the remark that the
construction of the fattening operation requires the partitions to be noncrossing. U

At the level of the associated Gram matrices, the result is as follows:
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Proposition 3.13. The Gram matrices of NCs(2k), NC(k) are related as follows, where
m — 7' is the shrinking operation, and Ay, is the diagonal of Gy, :

Gopn(m,0) = nF (AL Gl AL (7, 0)
In particular, we have det(Ghy) # 0 for any N = n? > 4, and so the family of vectors
{&m € NC(k)} C (CN)®F is linearly independent.

Proof. In the context of the general fattening and shrinking bijection from Proposition
3.12 above, it is elementary to see that we have:
|ITrVo|=k+27'Vd|—|r|—|o
We therefore have the following formula, valid for any n € N:
n\ﬂ\/o\ _ nk+2\7r’VU’|—\7r’|—|0’\

Thus, we obtain the formula in the statement. Now by applying the determinant, we
obtain from this of formula of the following type, with C' > 0 being a constant:

det(ng,n) =C- det(kaz)

Since we know from Proposition 3.9 above that we have det(Gar,) # 0, we conclude
that we have as well det(Gy ,2) # 0, as claimed. O

We can work out now the representation theory of Sy, as follows:

Theorem 3.14. The quantum groups Sy, with N > 4 have the following properties:

(1) The moments of the main character are the Catalan numbers, [ x* = C.
(2) The main character follows the Marchenko-Pastur law, x ~ .

(3) The fusion rules are T, @ 17 = rjg—y| + Tk—tj41 + - - - + Tp, as for SOs.

(4) The dimensions are dim(ry) = 2 +ql:1q_k, where ¢> — (N —2)g+ 1 =0.

Proof. We know from Proposition 3.13 that the vectors {&;|m € NC(k)} C (CV)®* are
linearly independent, and by using this, the proof, from [1], goes as follows:
(1) We have indeed the following computation, based on the above:

/S X X" = dim(Fiz(u®)) = #NC (k) = #NCy(2k) = C,,
N

(2) This follows from (1), as explained in the proof of Theorem 2.21 (4) above.

(3) This is standard, by using the moment formula in (1), and the known theory of
SOj3. Let indeed A = span(xi|k € N) be the algebra of characters of SO3. We can define
a morphism W : A — C(Sy) by x1 — f1 —1, where f; is the character of the fundamental
representation of Sy. The elements fr = W(xy) verify then:

Jefi = fie—iy + fle—g1 + -+ frn

We prove now by recurrence on k that each fj is the character of an irreducible corep-
resentation ry, of C(S};), non-equivalent to rg,...,r,_;. At k= 0,1 this is clear.
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Assume now that the result holds at £ — 1. By integrating characters we have then
Te—2,Tk—1 C Tr—1 ® 11, exactly as for SOs, so there exists a corepresentation r; such that
Tr_1 ® 1y = rg_o + rp_1 + 7. Once again by integrating characters, we conclude that ry
is irreducible, and non-equivalent to rq,...,7x_1, as for SO3. This proves our claim.

Finally, since any irreducible representation of S3; must appear in some tensor power
of u, and we have a formula for decomposing each u®* into sums of representations r;, we
conclude that these representations r; are all the irreducible representations of Sy.

(4) The dimension formula there is clear by recurrence. O

The above results are quite surprising, and there are many things that can be said
about O}, Sy, in analogy with SU,, SOs. However, all this is quite technical, needing
some solid algebraic knowledge, and we defer the discussion here to section 4 below.

Let us record however the following simple consequence of the above results:

Theorem 3.15. The quantum groups OF, SY; have the following properties:

(1) O3, 8] are coamenable, and of polynomial growth.
(2) O, S% with N > 3,5 are not coamenable, and have exponential growth.

Proof. The various coamenability assertions follow from the Kesten criterion from Theo-
rem 1.15 (4), the support of the spectral measure of x being respectively:

supp(m) = [—2,2] , supp(m) = [0,4]

As for the growth assertions, which can be of course improved with explicit exponents
and so on, these follow from the fact that the corresponding Cayley graphs are N. g

In the remainder of this section we keep developing useful general theory, in relation
with subfactors and planar algebras. We first have the following result, from [3]:

Theorem 3.16. Assume that a closed subgroup G C Uy acts minimally on a 11y factor
A, in the sense that we have (A%) N A = C.

(1) In the case G C S, the inclusion AS C (CN @ A)C is a subfactor of index N,
whose planar algebra is P, = Fix(u®Fr).

(2) In the case G C OF, the inclusion AS C (My(C) ® A)Y is a subfactor of index
N2, whose planar algebra is P, = End(u®*).

(3) In the case G C U}, the inclusion AS C (My(C) ® A)Y is a subfactor of index
N2, whose planar algebra is P, = End(u @ u @ u®u ® ...), k terms.

Proof. These results look quite similar, and they are indeed particular cases of some more
general results, to be gradually discussed, later on. The idea is as follows:

(1) The above statements are particular cases of a general statement, involving group
actions on finite dimensional algebras, and the associated fixed point subfactors:

GnB = A°cC (B®A)°
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We will discuss all this in section 4 below, the idea being that with B = C'(X) we need
an action G ~ X, and so a generalized quantum permutation group, G C S¥.

(2) Even more generally, we can consider quantum groups acting on inclusions of finite
dimensional algebras, and we have a construction of the following type:

G~ (BO C Bl> - (B(] X A)G C (Bl X A)G

We will discuss this in section 4 below as well, the idea being that with B; = C(X;) we
have a fibration X; — X, and so we need an action G ~ X7, leaving X invariant.

(3) Let us briefly explain, however, what happens in the general case, where we have a
subfactor as above. Consider the Jones tower for the inclusion By C Bj:

It is elementary to check that the Jones tower for our subfactor is as follows:
(Bo@ A)° C (Bi@ A Cc (ByoA)YC......

The point now is that when looking at the commutants, the factor A dissapears in the
computation, and so the associated planar algebra is given by:

Py = [(Bo® A N (By ® A)¢ = (B) N By)®

This result is something quite general, and with By = C we obtain the various state-
ments formulated above. As already mentioned, we will be back to this. U

Generally speaking, the about result is something quite heavy, which is mainly useful
in connection with subfactors, and with von Neumann algebras in general.

For concrete applications to quantum groups, the interesting statements are those re-
garding the planar algebras. Our purpose in what follows will be that of explaining in
detail these results, and especially (1), and establishing some converse results too.

As a first observation, the construction G — P being contravariant, we have impli-
cations as follows, with Sy, Ty being respectively the planar algebras associated to the
trivial group G = {1}, in each of the cases under investigation:

GCSy = PcCSy

GCOf/GCUy = PCTy

Thus, our first goal will be that of explaining the precise definition of Sy, 7Tx. These two
algebras, called spin planar algebra, and tensor planar algebra, are among the “simplest”
planar algebras, and their construction goes back to Jones’ paper [57].

Let us begin with the construction of 7. This is as follows:
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Definition 3.17. The tensor planar algebra Ty is the sequence of vector spaces
P, = My (C)%*
with the multilinear maps associated to the various k-tangles
T Py ®...0 P, — P

being given by the following formula, in multi-index notation,

Te(e;, ®...0¢,) = 25 (t1,. .50 1 J)e;

with the Kronecker symbols 6, being 1 if the mdzces fit, and being 0 otherwise.

In other words, we are using here a construction which is very similar to the construction
m — T} from easy quantum group theory. We put the indices of the basic tensors on the
marked points of the small boxes, in the obvious way, and the coefficients of the output
tensor are then given by Kronecker symbols, exactly as in the easy case.

In what regards now the spin planar algebra Sy, the construction here is quite similar,
but using this time the algebra CV instead of the algebra My(C).

There is one subtlety, however, coming from the fact that the general planar algebra
formalism, from Definition 3.7 above, requires the tensors to have even length. Note that
this was automatic for Ty, where the tensors of My (C) have length 2.

In the case of the spin planar algebra Sy, where we want the vector spaces to be
P, = (CY)®* we must double the indices of the tensors, in the following way:

Definition 3.18. We write the standard basis of (CY)®* in 2 x k matriz form,
e i1 97 Gy Ty 03 ... ...
et U U Thel o e e .

by duplicating the indices, and then writing them clockwise, starting from top left.

We will be back in a second with examples of this. Now with this convention in hand,
we can formulate the construction of Sy, also from [57], as follows:

Definition 3.19. The spin planar algebra Sy s the sequence of vector spaces
Pk —_ ((CN)®k
written as above, with the multilinear maps associated to the various k-tangles
Tﬂlpk1®...®PkT—>Pk

being given by the following formula, in multi-index notation,

Te(e;, ®...Q¢,.) = 25 W1yt g)eg

with the Kronecker symbols 0, being 1 if the mdzces fit, and being 0 otherwise.
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In other words, we are using exactly the same construction as for the tensor planar
algebra Ty, which was itself very related to the easy quantum group formalism, but with
My (C) replaced by CV, with the indices doubled, as in Definition 3.18.

As already mentioned, the reasons for doubling basically come from the general planar
algebra formalism, from Definition 3.7 above, which requires the tensors to have even
length. At a more conceptual level, all this is related to the fattening and shrinking
operations from Proposition 3.12 above. We will be back to this.

The planar calculus for tensors is quite simple, and doesn’t really require diagrams. It
suffices to imagine that the way various indices appear, travel around and dissapear is by
following some obvious strings connecting them. Here are some illustrating examples:

Example 3.20. Identity, multiplication, inclusion.

The identity 1 is the (k,k)-tangle having vertical strings only. The solutions of
01, (z,y) = 1 being the pairs of the form (x,z), this tangle 1; acts by the identity:

L (e
F\iy i PR

The multiplication M, is the (k, k, k)-tangle having 2 input boxes, one on top of the
other, and vertical strings only. It acts in the following way:

]m(cln.n)®(m1”.m9)_émf“%m(u.”u

The inclusion [y, is the (k, k 4+ 1)-tangle which looks like 1, but has one more vertical
string, at right of the input box. Given z, the solutions of d;, (x,y) = 1 are the elements
y obtained from z by adding to the right a vector of the form (}), and so:

Jioeee k) g gkl
hgu.ﬁ_;cyﬂao

Observe that I} is an inclusion of algebras, and that the various I are compatible with
each other. The inductive limit of the algebras Sy (k) is a graded algebra, denoted Sy.

Example 3.21. Ezxpectation, Jones projection.

The expectation Uy, is the (k+ 1, k)-tangle which looks like 1, but has one more string,
connecting the extra 2 input points, both at right of the input box:

[TRE M TR N & TR
W(h“.uimj_%WW<ﬁ“.@)
Observe that Uy is a bimodule morphism with respect to I.

The Jones projection Ej is a (0, k+2)-tangle, having no input box. There are k vertical
strings joining the first £ upper points to the first £ lower points, counting from left to
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right. The remaining upper 2 points are connected by a semicircle, and the remaining
lower 2 points are also connected by a semicircle. We have the following formula:

B S YA B
En(1) _Z<i1 ST l)
ijl
The elements e, = N~!E}(1) are projections, and define a representation of the infinite
Temperley-Lieb algebra of index N inside the inductive limit algebra Sy .
Example 3.22. Rotation.

The rotation Ry is the (k, k)-tangle which looks like 1;, but the first 2 input points are
connected to the last 2 output points, and the same happens at right:

||
Ry = | |
1]y

The action of Ry on the standard basis is by rotation of the indices, as follows:
Ri(€iy...ip) = Cinis..igiy

Thus Ry, acts by an order k linear automorphism of Sy (k), also called rotation.

There are many other interesting examples of k-tangles, but in view of our present
purposes, we can actually stop here, due to the following useful fact:

Theorem 3.23. The multiplications, inclusions, expectations, Jones projections, and ro-
tations generate the set of all tangles, via the gluing operation.

Proof. This is something well-known and elementary, obtained by “chopping” the various
planar tangles into small pieces, as in the above list. See [57]. Il

Finally, in order for things to be complete, we must talk as well about the x-structure.
Once again this is constructed as in the easy quantum group calculus, as follows:

i e *: TR
T T

Summarizing, the sequence of vector spaces Sy(k) = C(X*) has a planar *-algebra
structure, called spin planar algebra of index N = |X|. See [57].

Let us get now to the second part of our program, namely proving that any quantum
permutation group G C S}, produces a planar subalgebra of Sy.

As already mentioned, this is something which follows from Theorem 3.16, but in view
of concrete applications, we would like to have a purely algebraic proof of this fact.

Following [4], the precise statement, and its proof, are as follows:
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Theorem 3.24. Given a quantum permutation group G C Sy, consider the associated
coaction map on C(X), where X = {1,..., N},

@C(X)-)C(X)@C(G) s €j—>Z€j®Uﬂ
J
and then consider the tensor powers of this coaction, which are the following linear maps:
(I)k : C(Xk) - C<Xk) ® C(G> yo Ciygy, T Z €1 @ Wjriy - - - Wipiy,
J1---Jk

The fized point spaces of these latter coactions, which are by definition the spaces
Py = {x € C(X'“)‘(I)k(x) —1® x}
are given by P, = Fiz(u®*), and form a planar subalgebra of Sy.

Proof. Since the map ® is a coaction, coming from the corepresentation wu, its tensor
powers ®F are coactions too, coming fron the corepresentations u®*, and at the level of
the fixed point algebras we have the following formula, which is standard:

Py, = Fiz(u®*)

In order to prove now the planar algebra assertion, we will use Theorem 3.23.

Consider the rotation R;. Rotating, then applying ®*, and rotating backwards by R,;l
is the same as applying ®*, then rotating each k-fold product of coefficients of ®.

Thus the elements obtained by rotating, then applying ®*, or by applying ®*, then
rotating, differ by a sum of Dirac masses tensored with commutators in A = C(G):

P Ri(z) — (Rp ®id)®"(2) € C(X*) ® [A, A]

Now let [ 1 be the Haar functional of A, and consider the conditional expectation onto
the fixed point algebra P, which is given by the following formula:

s )

The square of the antipode being the identity, the Haar integration [ 4 1s a trace, so it
vanishes on commutators. Thus R, commutes with ¢y:

op R = Ry

The commutation relation ¢xT = T'¢; holds in fact for any (I, k)-tangle 7. These
tangles are called annular, and the proof is by verification on generators of the annular
category. In particular we obtain, for any annular tangle 7"

o T = Ty



50 TEO BANICA

We conclude from this that the annular category is contained in the suboperad P’ C P
of the planar operad consisting of tangles T satisfying the following condition, where
¢ = (¢), and where i(.) is the number of input boxes:

¢T¢®i(T) — T¢®i(T)

On the other hand the multiplicativity of ®* gives M) € P’. Since P is generated by
multiplications and annular tangles, it follows that we have P’ = P

Thus for any tangle T" the corresponding multilinear map between spaces Py, (X)) restricts
to a multilinear map between spaces P;. In other words, the action of the planar operad
P restricts to P, and makes it a subalgebra of Sy, as claimed. U

As a third and last result now, also from [4], completing our study, we have:

Theorem 3.25. Given a planar subalgebra () C Sy, there is a unique quantum permu-
tation group G C S3; whose associated planar algebra is Q.

Proof. This will follow by applying Tannakian duality to the annular category over Q).
This is constructed as follows. Let n, m be positive integers. To any element T},1,, € Qpnim
we associate a linear map Ly (Thim) @ Po(X) = Ppn(X) in the following way:

||| | Tn—i-m’
Lom | Toom | lan | = | || ||

| | an| | |
u

That is, we consider the planar (n,n +m, m)-tangle having an small input n-box, a big
input n + m-box and an output m-box, with strings as on the picture of the right. This
defines a certain multilinear map, as follows:

Po(X)® Prim(X) = Pp(X)

Now let us put the element 7}, ,, in the big input box. We obtain in this way a certain
linear map P, (X) — P,,(X), that we call L,,y,.

The above picture corresponds to n = 1 and m = 2. This is illustrating whenever
n < m, suffices to imagine that in the general case all strings are multiple.

If n > m there are n + m strings of a,, which connect to the n + m lower strings of
Tim, and the remaining n — m ones go to the upper right side and connect to the n —m
strings on top right of 7},.,,. Here is the picture for n = 2 and m = 1:

| m
TR
an Tn+m : an — H |||

a
1T\ all

u|
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This problem with two cases n < m and n > m can be avoided by using an uniform
approach, with discs with marked points instead of boxes. See [57].
Consider the linear spaces formed by such maps:

Qnm = {an(Tn—l—m) : Pn(X) — Pm(X> | Tn—i—m S Qn+m}

Pictures show that these spaces form a tensor C*-subcategory of the tensor C*-category
of linear maps between tensor powers of the Hilbert space H = C(X). If j is the antilinear
map from C'(X) to itself given by j(!) = (!) for any 4, then the elements ¢;(1) and ¢;-1(1)
constructed by Woronowicz in [100] are both equal to the unit of Q2 = Q. In other
words, the tensor C*-category has conjugation, and Tannakian duality in [100] applies.

We get a pair (H,v) consisting of a unital Hopf C*-algebra H and a unitary corepre-
sentation v of H on C'(X), such that the following equalities hold, for any m, n:

Hom(v®™ v®") = Quun

We prove that v is a magic biunitary. We have Hom(1,v%?) = Qpa = @2, so the unit
of Q2 must be a fixed vector of v®2. But v®? acts on the unit of Q5 as follows:

V(1) = (Z ( )) > (5 4) o= ) (3 §) e o

From v®%(1) = 1® 1 ve get that vo’ is the identity matrix. Together with the unitarity

of v, this gives the following formulae:
vt =0t =07

Consider the Jones projection F; € Q3. After isotoping Loj(E7) looks as follows:

N |
U Ll | .
() 55) = [352) =0
)\ |

In other words, the linear map M = Loy (£}) is the multiplication §; ® d; — 0;;6;:
wli s (i
ji) =%\
Consider now the following element of C'(X) ® H:
(M ® id)v®? i gr) = (M @id) (Y MR @ vy
j ] — 11 kiVlj

k
= Z (k) Ok @ VkiUk;

k
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Since M € Qo1 = Hom(v®?,v), this equals the following element of C'(X) ® H:

wnen((; 1) = +(u)eer)

= Z </]z> Ok @ 07Uk
k
Thus vgvg; = 05Uk for any 7, j, k. With i = j we get vZ, = v, and together with the
formula v* = v* this shows that all entries of v are self-adjoint projections. With i # j we
get vg;v; = 0, so projections on each row of v are orthogonal to each other. Together with
v' = v~! this shows that each row of v is a partition of unity with self-adjoint projections.
The antipode is given by the formula (id ® S)v = v*. But v* is the transpose of v, so
we can apply S to the formulae saying that rows of v are partitions of unity, and we get
that columns of v are also partitions of unity. Thus v is a magic biunitary.
Consider the planar algebra P associated to v. We have the following equalities:

Hom(1,v®") = P,

Thus P, = @, for any n and this proves the existence assertion.

As for uniqueness, let (K, w) be another pair corresponding to ). The functorial
properties of Tannakian duality give a morphism f : (H,v) — (K, w). Since morphisms
increase spaces of fixed points we have the following inclusions:

Qr = Hom(1,v®%) € Hom(1,w®") = Qy

We must have equality for any k, and by using Frobenius reciprocity and a basis of
coefficients of irreducible corepresentations, and Peter-Weyl theory, we see that f must
be an isomorphism on this basis, and we are done. Il

Summarizing, we are done with the case G C Sy, with a full explanation of the planar
algebra assertion in Theorem 3.16 (1), coming with a direct proof, and with a useful
converse statement as well, obtained by suitably modifying Tannakian duality.

Still in relation with Theorem 3.16, but in connection with (2,3) there, in the case
G C Uy, the spaces P, = End(u®@ 4 ®@ u® 4 ® ...) can be shown to form a subalgebra
of the tensor planar algebra 7Ty. Any subalgebra P C 7Ty appears in this way, the
correspondence with the subgroups of POY, = PU}; being bijective. See [5].
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4. SYMMETRY GROUPS

We have seen in the previous section, as a main result, that S¥ with N > 4 has the
same fusion rules as SO3. This is something quite surprising. Although our explanations
were quite conceptual, with N > 4 being regarded as a Jones index, and with everything
coming from the magics of the Temperley-Lieb algebra, the occurrence of SOj5 in this
quantum permutation business, supposed to be “discrete”, remains quite mysterious.

In this section we investigate the quantum permutation groups S¥ of the finite non-
commutative spaces X. Besides providing a useful generalization of our results regarding
S, this will eventually explain the connection with SOj, in an elegant way. As a bonus,
we will obtain as well a conceptual result on the connection between Sy and OF.

In order to get started, let us first talk about finite noncommutative spaces. According
to our general Gelfand duality philosophy, these spaces should be the abstract duals of
the finite dimensional C*-algebras. And these latter algebras are subject to:

Theorem 4.1. Let B be a finite dimensional C*-algebra.

(1) We can write 1 = py + ... + pg, with p; € B central minimal projections.
(2) Each of the linear spaces B; = p; Bp; is a non-unital x-subalgebra of B.

(3) We have a non-unital x-algebra sum decomposition B = By @ ... ® B.

(4) We have unital *-algebra isomorphisms B; ~ M, (C), where n; = rank(p;).
(5) Thus, we have a C*-algebra isomorphism B ~ M, (C) & ... & M,, (C).

Proof. This is something well-known, the idea being as follows:
(1) This is rather a definition.
) This follows indeed from p? = p} = p;.
) The various verifications here are routine.
) This follows from the minimality assumption on the p;.
) This is the final conclusion, which follows from (3,4). O

Ol > W N

(
(
(
(

We can now formulate our definition, as follows:

Definition 4.2. A finite noncommutative space X is the abstract dual of a finite dimen-
sional C*-algebra B, according to the following formula:

C(X) =B

The number of elements of such a space is by definition |X| = dim B. By decomposing
the algebra B, as above, we have a formula of the following type:

C(X) = M, (C) & ...® M, (C)

With ny = ... = ny = 1 we obtain in this way the space X = {1,... k}. Also, when
k =1 the equation is C(X) = M, (C), and the solution will be denoted X = M,,.
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In order to talk now about the quantum symmetry group S%, the situation is a bit
more complicated than before, because the magic condition has no simple extension to
this setting. Thus, we must use coactions, and a result similar to Theorem 2.5.

Now recall from Theorem 2.5 that, in order for things to work, we must endow our
space X with its counting measure. In general, this can be done as follows:

Definition 4.3. We endow each finite noncommutative space X with its counting mea-
sure, corresponding as the algebraic level to the integration functional

tr: C(X) — B(I*(X)) = C
obtained by applying the reqular representation, and then the normalized matrix trace.

To be more precise, consider the algebra B = C(X), which is by definition finite
dimensional. We can make act B on itself, by left multiplication:

7:B—L(B) , a— (b—ab)

The target of m being a matrix algebra, £(B) ~ My(C) with N = dim B, we can
further compose with the normalized matrix trace, and we obtain t¢r:

t'r:NTrow

As basic examples, for both X = {1,..., N} and X = My we obtain the usual trace.
In general, with C(X) = M, (C) @ ... ® M,, (C), the weights of tr are n?/>". n?.

Let us study now the quantum group actions G ~ X. We denote by pu,n the multipli-
cation and unit map of the algebra C'(G). Following [1], we first have:

Proposition 4.4. Consider a linear map ® : C(X) — C(X) ® C(G), written as
(I)(ez) - Z ej X Uji
J

with {e;} being a linear space basis of C(X), orthonormal with respect to tr.

(1) @ is a linear space coaction <= wu is a corepresentation.
(2) @ is multiplicative <= p € Hom(u®? u).

(3) @ is unital <= n € Hom(1,u).

(4) ® leaves invariant tr <= n € Hom(1,u*).

(5) If these conditions hold, ® is involutive <= w is unitary.

Proof. This is a bit similar to the proof of Theorem 2.5 above, as follows:
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(1) There are two axioms to be processed here. First, we have:

(id@ A)® = (P ®id)d — ZeJ@)Auﬂ Z@ek@@u,ﬂ
— Ze]@)Auﬂ Z€3®Ujk®um
k

As for the axiom involving the counit, here we have as well, as desired:

(ld@e)® =id <<= Z e(uji)e; = e;
J
<~ E('Lbji) = 5j’i

(2) We have the following formula:

@(61) = Z@j@%ﬂ
J

= (Zeﬂ(@uﬂ) e;®1)

= u(e; ®1)
By using this formula, we obtain the following identity:
D(ejer) = uleer®1)
= u(p®id)(e; ®e,®1)

On the other hand, we have as well the following identity, as desired:

O(e;)P(er) = Z ejer @ UjiUy
i

= (p®id) Z €; @ e & ujuy
i
= (L®id) (Z eji @ e @ sz'ulk> (e, ®@ep®1)
ikl
= (p®id)u®(e; ®ep® 1)

(3) The formula ®(e;) = u(e; ® 1) found above gives by linearity ®(1) = u(1®1), which
shows that & is unital precisely when u(1 ® 1) =1 ® 1, as desired.
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(4) This follows from the following computation, by applying the involution:
(tr @id)®(e;) = tr(e)l <= > _tr(e;)u; = tr(e;)l

J

— u'l=1

(5) Assuming that (1-4) are satisfied, and that ® is involutive, we have:

(W) = Y uju
!
= Ztr(e;el)u;iulk
jl

= (tr ®id) Z ejer @ wi

jl

= (tr@id)(®(e;) P(exr))
= (tr @ id)®(ejey)
= tr(ejeg)l
= O
Thus u*u = 1, and since we know from (1) that u is a corepresentation, it follows that
u is unitary. The proof of the converse is standard too, by using similar tricks. U

Following now [1], we have the following result, extending the basic theory of Sy from
the previous section to the present finite noncommutative space setting:

Theorem 4.5. Given a finite noncommutative space X, there is a universal compact
quantum group S acting on X, leaving the counting measure invariant. We have

C(S%) = C(UJJ\G)/</¢ € Hom(u®?,u),n € Fm(u)>

where N = | X| and where u,n are the multiplication and unit maps of C(X). For X =
{1,..., N} we have S§ = S¥. Also, for the space X = My we have S% = SOs.

Proof. This result is from [1], the idea being as follows:

(1) This follows from Proposition 4.4 above, by using the standard fact that the complex
conjugate of a corepresentation is a corepresentation too.

(2) Regarding now the main example, for X = {1,..., N} we obtain indeed the quan-
tum permutation group Sy, due to the abstract result in Theorem 2.5 above.
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(3) In order to do now the computation for X = M, we use some standard facts about
SU,, SO5. We have an action by conjugation SUs n~ My(C), and this action produces,
via the canonical quotient map SU; — SOj3, an action SO3 ~ Ms(C).

On the other hand, it is routine to check, by using arguments like those in the proof of
Theorem 2.4 at N = 2,3, that any action G ~ Ms(C) must come from a classical group.
We conclude that the action SO3 ~ My(C) is universal, as claimed. 4

Regarding now the representation theory of these generalized quantum permutation
groups S¥, the result here, also from [1], is very similar to the one for Sj;, as follows:

Theorem 4.6. The quantum groups S5. have the following properties:

(1) The associated Tannakian categories are TL(N), with N = |X]|.
(2) The main character follows the Marchenko-Pastur law 71, when N > 4.
(3) The fusion rules for S¥ with |X| > 4 are the same as for SOj.

Proof. Once again this result is from [1], the idea being as follows:

(1) Our first claim is that the fundamental representation is equivalent to its adjoint,
u ~ u. Indeed, let us go back to the coaction formula from Proposition 4.4:

Oler) = Y e; Dy
j

We can pick our orthogonal basis {e;} to be the stadard multimatrix basis of C'(X),
so that we have ef = e;+, for a certain involution ¢ — ¢* on the index set. With this
convention made, by conjugating the above formula of ®(e;), we obtain:

@(6@*) = Z €, (29 U;l
J

Now by interchanging i <+ ¢* and j <> 7%, this latter formula reads:
(I)(GZ) - Z ej ® Uj*i*
J

We therefore conclude, by comparing with the original formula, that we have:

¥ — s

But this shows that we have an equivalence u ~ u, as claimed. Now with this result
in hand, the proof goes as for the proof for S}, from the previous section. To be more
precise, the result follows from the fact that the multiplication and unit of any complex
algebra, and in particular of C'(X), can be modelled by the following two diagrams:

m=|U| , u=n

Indeed, this is certainly true algebrically, and this is something well-known. As in what
regards the x-structure, things here are fine too, because our choice for the trace from
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Definition 4.3 leads to the following formula, which must be satisfied as well:
upt = N -id
But the above diagrams m, u generate the Temperley-Lieb algebra T'L(N), as stated.

(2) The proof here is exactly as for S};, by using moments. To be more precise, according
to (1) these moments are the Catalan numbers, which are the moments of ;.

(3) Once again same proof as for Sy, by using the fact that the moments of y are the
Catalan numbers, which naturally leads to the Clebsch-Gordan rules. O

It is quite clear now that our present formalism, and the above results, provide alto-
gether a good and conceptual explanation for our SOs result regarding Sy. To be more
precise, we can merge and reformulate the above results in the following way:

Theorem 4.7. The quantun groups S% have the following properties:
(1) For X ={1,..., N} we have S} = Sf.
(2) For the space X = My we have S§ = PO}, = PU}.
(3) In particular, for the space X = My we have S§ = SOs.
(
(

)

3)

4) The fusion rules for S with | X| > 4 are independent of X.
5) Thus, the fusion rules for S% with | X| > 4 are the same as for SO;.

Proof. This is basically a compact form of what has been said above, with a new result

added, and with some technicalities left aside:

(1) This is something that we know from Theorem 4.5.

(2) This is new, the idea being as follows. First of all, we know from Theorem 1.28
above that the inclusion POY;, C PU}; is an isomorphism, with this coming from the free
complexification formula Ot = Uy, but we will actually reprove this result.

Consider the standard vector space action Uy ~ CV and then its adjoint action
PUY ~ My(C). By universality of S, , we have inclusions as follows:

PO}, C PUY C Si;.

On the other hand, the main character of O} with N > 2 being semicircular, the
main character of POy must be Marchenko-Pastur. Thus the inclusion POy C S} has
the property that it keeps fixed the law of main character, and by Peter-Weyl theory we
conclude that this inclusion must be an isomorphism, as desired.

(3) This is something that we know from Theorem 4.5, and that can be deduced as well
from (2), by using the formula POJ = SOs, which is something elementary.

(4) This is something that we know from Theorem 4.6.
(5) This follows from (3,4), as already pointed out in Theorem 4.6. O
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Summarizing, we have now a good explanation for the occurrence of SOj, in connection
with quantum permutation questions. Philosophically, the idea is that S5 does not depend
that much on X, and so in order to obtain results, it is enough to take X = My, where
the corresponding symmetry group is simply S+ = SOs, and then to conclude.

Let us focus now on the case N = 4, where the similarity between S}, and SOs is
even more striking, because the irreducible representations have the same dimensions.
According to the above philosophical considerations, the link comes as follows:

{1,2,3,4}NM2 - SZ_NSO;),

This is of course quite philosophical, but it is possible to get beyond this, with a very
precise result, stating that S is a twist of SO3. Let us start with:

Definition 4.8. C(SO3 ") is the universal C*-algebra generated by the entries of a 3 x 3
orthogonal matriz a = (a;;), with the following relations:
(1) Skew-commutation: a;jay = taga;;, with sign + if i # k, j # 1, and — otherwise.
(2) Twisted determinant condition: ¥yecs,010(1)020(2)030(3) = 1.

We should mention here that this looks a bit like a Drinfeld-Jimbo twist at ¢ = —1, but
it is not. There are in fact many other instances of this phenomenon, with the correct
q = —1 twists being known from the compact quantum group literature.

Normally, our first task would be to prove that C(SO3') is a Woronowicz algebra.
This is of course possible, by doing some computations, but we will not need to do these
computations, because the result follows from the following result, from [9]:

Theorem 4.9. We have an isomorphism of compact quantum groups
S§ = 5051
given by the Fourier transform over the Klein group K = Zo X Zs.

Proof. Consider indeed the matrix a™ = diag(1, a), corresponding to the action of SO;*
on C*, and apply to it the Fourier transform over the Klein group K = Zy x Zsy:

1 1 1 1 1 0 0 O 1 1 1 1
1 1 -1 -1 1 0 ay; a1 ai13 1 -1 -1 1
401 =1 1 —=1]|0 an an as||1 -1 1 -1
1 1 -1 -1 0 as1 Q32 ass 1 1 -1 -1

u =

It is routine to check that this matrix is magic, and vice versa, i.e. that the Fourier
transform over K converts the relations in Definition 4.8 into the magic relations in
Proposition 2.1. Thus, we obtain the identification from the statement. O

The above result is very useful for investigating S;” and its closed subgroups G C S} .
We have the following classification result, also from [9]:
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Theorem 4.10. The closed subgroups of S; = SO3 ' are as follows:
(1) Infinite quantum groups: S;, Oy ", De.
(2) Finite groups: Sy, and its subgroups.
(3) Finite group twists: S;*', As'.
(4) Series of twists: Dy} (n > 3), DC;! (n > 2).
(5) A group dual series: D,, with n > 3.

Moreover, these quantum groups are subject to an ADE classification result.

Proof. The idea here is that the classification result can be obtained by taking some
inspiration from the McKay classification of the subgroups of SO3. See [9]. O

An interesting extension of the S = SO; ! result comes by looking at the general case
N = n?, with n € N. We will prove that we have a twisting result, as follows:

PO, = (S%)°

This will actually appear as a particular case, with ' = Z,, X Z,,, with standard Fourier
cocycle, of a more general twisting result, involving a finite group F"

+ +\o
St =(S})

In order to explain this material, from [14], which is quite technical, requiring good
algebraic knowledge, let us begin with some generalities. We first have:

Proposition 4.11. Given a finite group F, the algebra C’(S;I) 15 isomorphic to the ab-
stract algebra presented by generators xg, with g,h € F', with the following relations:

Tig = Tg1 = 519 y  Lsgh = E Tgt—1 gTth , Lghs — § Tgt—1Thts
teF ter

The comultiplication, counit and antipode are given by the formulae

A(ﬂjgh> = me & Tsp €(l’gh) = O0gh S(l’gh) = .’L‘h—lg—l

seF

on the standard generators xp,.

Proof. This follows indeed from a direct verification, based either on Theorem 4.5 above,
or on its equivalent formulation from Wang’s paper [92]. O

Let us discuss now the twisted version of the above result. Consider a 2-cocycle on F',
which is by definition a map o : F' x F' — C* satisfying:

Ogh,sOgh = OghsOhs 5, Og1 = 019 = 1

Given such a cocycle, we can construct the associated twisted group algebra C' (F\J), as
being the vector space C'(F) = C*(F), with product as follows:

€g€n = Ogh€yh
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We have then the following generalization of Proposition 4.11:

Proposition 4.12. The algebra C’(Sg) 18 isomorphic to the abstract algebra presented
by generators x g, with g, h € G, with the relations x14, = x5 = 014 and:

Z -1 Z ~1
Oghls,gh = Ost=1,tTst=1,gTth Ugh Lgh,s = Ut—lytsxgt—lxh,ts
teF teF
The comultiplication, counit and antipode are given by the formulae
_ } : _ _ ~1
A(xgh) = Lgs D Tsh E(xgh) — Ogh S(-rgh) = Uh‘1}10-9—1g$h—1g—1
sEF
on the standard generators xg.

Proof. Once again, this follows from a direct verification. Note that by using the cocycle
identities we obtain 0,41 = 04-14, needed in the proof. O

In what follows, we will prove that the quantum groups SE and S;{ are related by a

o

cocycle twisting operation. Let us begin with some preliminaries.

Let H be a Hopf algebra. We use the Sweedler notation A(z) = > 21 ® xo. Recall that
a left 2-cocycle is a convolution invertible linear map o : H ® H — C satisfying:

Oz1y10w2y2,2 = Oy1z210zypze 5 Ozl = Olg = E(.CE)

Note that o is a left 2-cocycle if and only if 0~!, the convolution inverse of o, is a right
2-cocycle, in the sense that we have:

-1 -1 -1 -1 -1
o Oy = O o , Om

_ 1 _
T1Y1,27 T1Y2 T,Y121° Y222 =01z _5(1‘)

Given a left 2-cocycle ¢ on H, one can form the 2-cocycle twist H? as follows. As a
coalgebra, H? = H, and an element x € H, when considered in H?, is denoted [z]. The
product in H? is defined, in Sweedler notation, by:

[QZ] [y] = Z leylo—x_:;lyg [nyQ]

Note that the cocycle condition ensures the fact that we have indeed a Hopf algebra.
Note also that the coalgebra isomorphism H — H? given by  — [z] commutes with the
respective Haar integrals, as soon as H has a Haar integral.

We are now in position to state and prove our main theorem:
Theorem 4.13. If F' is a finite group and o is a 2-cocycle on F', the Hopf algebras
+ +
c(sp) . C(sE)

are 2-cocycle twists of each other, in the above sense.
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Proof. In order to prove this result, we use the following Hopf algebra map:
T C’(S;{) - C(F) Zgn — Ogney
Our 2-cocycle 0 : F'x F' — C* can be extended by linearity into a linear map as follows,
which is a left and right 2-cocycle in the above sense:
o:C(F)®C(F) = C
Consider now the following composition:
a=o(r@m): C(SE)®C(Sh) = C(F) @ C(F) - C

Then « is a left and right 2-cocycle, because it is induced by a cocycle on a group
algebra, and so is its convolution inverse a~!. Thus we can construct the twisted algebra
C (S;)O‘_l, and inside this algebra we have the following computation:

[ﬁgh][l’m] = Oéil('rgaxr)a<xhaxs>[xghxrs]
= O—;nlo—hs[xghxrs]

By using this, we obtain the following formula:

Z Ost=1¢ [l"stfl,g] [Tn] = Z Usrl,tUS_tL’tUgh xstfl,gxth]
teF teF
= Ogn[Tsgn]

Similarly, we have the following formula:

Z O.I;ll,ts [g-1][Tnes] = U;hl [gns]

tel

We deduce from this that there exists a Hopf algebra map, as follows:
a1
D : C’(S;g) — C(S;I) . Tgh — [Xgn]

This map is clearly surjective, and is injective as well, by a standard fusion semiring
argument, because both Hopf algebras have the same fusion semiring. U

Summarizing, we have proved our main twisting result. Our purpose in what follows
will be that of working out versions and particular cases of it. We first have:

Proposition 4.14. If F is a finite group and o is a 2-cocycle on F', then

D(Tginy - Tgpnn) = g1, s ) QR BTy - Ty,
with the coefficients on the right being given by the formula

m—1
9(91, e 7gm) = H O91...9%:9k+1
k=1

is a coalgebra isomorphism C’(S; ) — C(S;f), commuting with the Haar integrals.



QUANTUM PERMUTATIONS 63
Proof. This is indeed just a technical reformulation of Theorem 4.13. O

Here is another useful result, that we will need in what follows:

Theorem 4.15. Let X C F be such that o4, = 1 for any g,h € X, and consider the
subalgebra Bx C C’(S;I ) generated by the elements x4, with g,h € X. Then we have an

injective algebra map ®¢ : Bx — C(S;I), given by Tgp — Tgp.

Proof. With the notations in the proof of Theorem 4.13, we have the following equality
in C’(S;I)afl, for any g¢;, hi, 7,5 € X:

[Tgihy - Tgphy) * [Trisy - - Trgsy] = [Tgrhy - TgphyTrysy - - - Trys,]

Now @ can be defined to be the composition of ®p, with the linear isomorphism
C’(S;)O‘_l — C(S}) given by [x] — z, and is clearly an injective algebra map. O

Let us discuss now some concrete applications of the general results established above.
Consider the group F' = Z2, let w = ¢*™/" and consider the following map:

c:F'x F—C* y OG5 (kD) :wjk

It is easy to see that o is a bicharacter, and hence a 2-cocycle on F. Thus, we can
apply our general twisting result, to this situation.

In order to understand what is the formula that we obtain, we must do some compu-
tations. Let E;; with ¢, j € Z,, be the standard basis of M,,(C). We have:

Proposition 4.16. The linear map given by
n—1
Ulews) = Y W By
k=0
defines an isomorphism of algebras 1 : C(F,) ~ M,(C).
Proof. Consider indeed the following linear map:
1 n—1
V(Ey) = - > w e
k=0

It is routine to check that both 1,1’ are morphisms of algebras, and that these maps
are inverse to each other. In particular, 1 is an isomorphism of algebras, as stated. [

Next in line, we have the following result:
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Proposition 4.17. The algebra map gz’ven by

ai—bj
o(uijup) § W X (0 ki), (b1—j)
ab 0

defines a Hopf algebra isomorphism o : C(S]J\}n) ~ C’(S;Ia).
Proof. Consider the universal coactions on the two algebras in the statement:
a: M,(C) — M, (C)@C’(S”r )
B:C(F,) — C(F,)@C(St)
In terms of the standard bases, these coactions are given by:

(L) = Z B @ upiug
Bleay) = Z E(kt) & Tk 1), (i.5)
kl

We use now the identification C (ﬁg) ~ M,(C) from Proposition 4.16. This identifica-
tion produces a coaction map, as follows:

v : M,(C) = M,(C)® C(S;Ig)

Now observe that this map is given by the following formula:

1 ar—i
E]) — E Z Eu,® Z w kx(r,b—a),(k‘,j—i)
ab kr

By comparing with the formula of «, we obtain the isomorphism in the statement. [J
We will need one more result of this type, as follows:

Proposition 4.18. The algebra map gz’ven by

ki+lj—ra—sb
(T (ap). i) E W o k)
klrs

defines a Hopf algebra isomorphism p : C’(S;) ~ C(S}).
Proof. We have a Fourier transform isomorphism, as follows:
C(F) ~ C(F)
Thus the algebras in the statement are indeed isomorphic. U

As a conclusion to all this, we have the following result:
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Theorem 4.19. Let n > 2 and w = e*™/™. Then
n—1

1 —a(k—i)+b(l—j
O(ugjup) = - > R
ab=0
defines a coalgebra isomorphism

C(POS) — C(S:;)
commuting with the Haar integrals.

Proof. We recall from Theorem 4.7 (2) that we have identifications as follows, where the
projective version of (A, u) is the pair (PA,v), with PA =<v;; > and v =u® @

PO} = PU} = S,

With this in hand, the result follows from Theorem 4.13 and Proposition 4.14, by
combining them with the various isomorphisms established above. U

Here is a useful version of the above result, that we will need later on:

Theorem 4.20. The following two algebras are isomorphic, via u?j — Xij:

(1) The algebra generated by the variables ui; € C(O;).
(2) The algebra generated by Xij = = >0, Diajo € C(S}2)

Proof. We have @(ufj) = Xj;, so it remains to prove that if B is the subalgebra of C'(S}; )
generated by the variables ufj, then O is an algebra morphism. Let us set:
X ={(i,0)|i € Z,} C 72

Then X satisfies the assumption in Theorem 4.14, and ¢(B) C Bx. Thus by Theorem
4.15, the map ©|p = pFyp|p is indeed an algebra morphism. U

We will be back to this in section 6 below, with some probabilistic consequences.

As an overall conclusion, the twisting formula Sj = SO;' ultimately comes from
something of type X, ~ My, where Xy = {1,2,3,4} and My = Spec(Ms(C)), and at
N > 5 there are some extensions of this, and notably when N = n? with n > 3.

Let us go back now to the quantum groups S¥, and develop some general theory. In

connection with planar algebra and subfactors, we have the following result:

Theorem 4.21. Assume that a closed subgroup G C S% acts minimally on a 11y factor
A, in the sense that we have (AY) N A = C, the inclusion

A° C (B® A)“
with B = C(X), is a subfactor of index N = |X|. The associated planar algebra is
Py, = Fiz(u®") C Sx (k)

and any subalgebra of the generalized spin planar algebra Sx is of this form.



66 TEO BANICA

Proof. This is something quite heavy, the idea being as follows:

(1) As a first observation, the various subfactor assertions generalize those in Theorem
3.16 above, which can be recovered by setting B = CV and B = My(C).

Regarding now the proof, the factoriality is clear. In order to compute the commutants,
consider the Jones tower for the inclusion (By C B;) = (C C B):

ByCcBiCBy,CByC......
It is elementary to check that the Jones tower for our subfactor is as follows:
(Bo@ A C(Bi®A)Y C(ByoA)“C......

The point now is that when looking at the commutants, the factor A dissapears in the
computation, and so the associated planar algebra is given by:

Py = [(Bo® A)%)' N (By @ A)° = (Byn By)©
Via some standard identifications, we obtain the formula in the statement, namely:
Py, = Fiz(u®*)

(2) In what regards the last assertion, this is something more technical. We already
know from section 3 that the result holds for B = CV, in the sense that any subalgebra
P C Sy of the spin planar algebra appears from a closed subgroup G' C Sj,.

As mentioned at the end of section 3, the same method, based on Tannakian duality,
gives a similar result in the tensor planar algebra case, stating that any subalgebra P C Ty
of the tensor planar algebra appears from a quantum group, as follows:

G C PO}, = PUY,

The point now is that these results can be unified, by using Jones’ construction from
[58] of the planar algebra of a bipartite graph. To be more precise, let us define the
generalized spin planar algebra Sx to be the algebra associated as in [58] to the bipartite
graph of the inclusion C C B. Given a subfactor as in the statement, we have:

PCSX

Now by using Tannakian duality, as in the cases B = C¥ and B = My(C), which lead
to results regarding the subalgebras P C Sy and P C Ty, we obtain a general result,
stating that any subalgebra P C Sx must come from a subgroup G C S¥.

(3) Finally, let us mention that all this can be still further generalized, by considering
arbitrary fixed point subfactors, of the following type:

G (ByCB) = (By®A)Y C (B ®A°

The computation of the relative commutants can be done as in (1) above, and the
corresponding planar algebra is a subalgebra of the planar algebra associated as in [58]
to the bipartite graph of the inclusion By C B;. Moreover, we have as well a Tannakian
result, involving subalgebras of this latter planar algebra. We will be back to this. U
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Let us discuss now some applications of all this to the subfactors associated to the
commuting squares. The subject here is quite technical. Let us start with:

Definition 4.22. A commuting square in the sense of subfactor theory is a commuting
diagram of finite dimensional algebras with traces, as follows,

C’01 Cl 1

C100 C110

having the property that the conditional expectations Cyy — Cop and Cy — Chg commute,
and their product is the conditional expectations Cy; — Cyp.

The idea now is that, under some suitable extra mild assumptions, any such square
C produces a subfactor of the hyperfinite II; factor R. Indeed, by performing the basic
construction, in finite dimensions, and we obtain a whole array of squares, as follows:

Ag Ay As

A A ;
G Cla———Cry By
Co1 Ch Clyp v - B,
Coo Cho Clg o > By

Here the various A, B letters stand for the von Neumann algebras obtained in the limit,
which are all isomorphic to the hyperfinite II; factor R, and we have:

Theorem 4.23. In the context of the above diagram, the following happen:
(1) Ap C Ay is a subfactor, and {A;} is the Jones tower for it.
(2) The corresponding planar algebra is given by Ay N Ax = Cy N Cho.
(3) A similar result holds for the “horizontal” subfactor By C Bj.

Proof. Here (1) is something quite routine, (2) is a subtle result, called Ocneanu com-
pactness theorem, and (3) follows from (1,2), by flipping the diagram. O

The commuting squares having C in the lower left corner can be investigated with
quantum groups techniques, and in particular we have the following result:



68 TEO BANICA

Theorem 4.24. Any commuting square having C in the lower left corner, and in partic-
ular the commuting squares associated to the vertex and spin models, come from compact
quantum groups, and the associated subfactors are fized point subfactors.

Proof. Once again, this is something heavy. The idea is that the initial commuting square,
and the whole array of squares that can be obtained from it, can be written as:

DO ®G Eoo Dl ®G Eoo D2 ®G Eoo
A A A
Dy @ Es Dy @ Es Dy @ B+ Do ®c B
Dy ®¢ Er D1 ®¢ Er Dy @ By e > Doo @ En
Dy ®¢ Eo D1 ®¢ Eq Dy @ Eg e > Do ®@c Eo
With a bit more work, consisting in converting the ®4 products into fixed point alge-
bras, this shows that we obtain indeed fixed point subfactors. See [3]. g

All this is of course a bit heavy, but, as already mentioned on several occasions, and
notably in the proof of Theorem 4.21, can be still further generalized. The statement
here, which is advanced, generalizing all that has being said so far, is as follows:

Theorem 4.25. Consider a fibration X — Y of finite noncommutative spaces, which
corresponds by definition to a Markov inclusion of finite dimensional algebras:

C(Y) c C(X)

(1) The category of compact quantum groups acting on X in a measure-preserving
way, and by leaving Y invariant, has a universal object, denoted S% .y .

(2) This quantum group SY .y appears via the relations coming from m,u, e, the mul-
tiplication and unit of C(X), and the expectation onto C(Y).

(3) The planar algebra of S% .y is the Fuss-Catalan algebra. In general, the planar
algebra of G C S%_y appears as subalgebra of the spin-type algebra Sx_y .

(4) Associated to any closed subgroup G C S¥% .y, acting minimally on a 11; factor A,
is a fived point subfactor (C(Y) ® A)Y C (C(X) ® A)“.

(5) The general theory of the above planar algebras and subfactors is similar to the
theory from the Y = {.} case, discussed above.

Proof. This is quite technical, but rather routine, by generalizing the Y = {.} case,
discussed above. We refer here to [4], [58], and to subsequent papers. O
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5. LAWS OF CHARACTERS

Let us go back to the diagram in Theorem 2.21, describing the asymptotic laws of the
main characters y = >, u;;, for the basic quantum permutation and rotation groups:

Che o}, m—mn

SN On Prh—q

The measures pq, g1, 7,7 on the right are the Poisson, Gaussian, Marchenko-Pastur
and Wigner laws of parameter 1, given by the following formulae:

VAl —1de ——— =V4 — 22 dw

Op —x?
% Zp P! \/%76 % dx
All this is very nice, and quite conceptual, but at a more advanced level, there are a
number of troubles with this, as follows:

(1) According to the more specialized results from section 3, dealing with the case
where N € N is fixed, the convergence is in fact stationary for S, starting from
N =4, and for Oy, starting from N = 2. This is in stark contrast with the classical
case, where the convergence for Sy, Oy is definitely not stationary.

(2) Standard free probability shows that 7, ~; are indeed the free analogues of py, g;.
However, at a more advanced level, that of the Bercovici-Pata bijection, the correct
statement is that the free convolution semigroups {7}, {7} are the free analogues
of the convolution semigroups {p;},{g:}. Thus, we need a parameter ¢ > 0.

Our purpose in this section will be to discuss a “fix” for this. The idea will be that of
looking at truncated characters, with respect to a parameter ¢ € (0, 1]:

[tN]

Xt = Z Ui
i=1

We will see that the asymptotic laws of these variables are respectively py, g, 7, 7, and
that the convergence at generic ¢ € (0, 1] is not stationary, thus fixing both (1,2).

As a bonus, all this will get us into advanced representation theory and free probability.
We will explore further aspects in this section, and in the next section as well.
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In order to get started, let us recall the main motivations for the computation of the
law of the main character. These can be summarized as follows:

Theorem 5.1. Given a Woronowicz algebra (A, u), the law of the main character

N
X = Z Ui
i=1

with respect to the Haar integration has the following properties:
(1) The moments of x are the numbers My, = dim(Fiz(u®*)).

)

) law(x) is the Kesten measure of the associated discrete quantum group.
) When u ~ 4 the law of x is a usual measure, supported on [—N, N].

) The algebra A is amenable precisely when N € supp(law(Re(x)))-

) Any morphism f : (A,u) — (B,v) must increase the numbers Mj,.

) Such a morphism f is an isomorphism when law(x,) = law(x.).

Proof. All this is very standard, the idea being as follows:

(1) This comes from the Peter-Weyl type theory in [99], which tells us the number of
fixed points of v = u®* can be recovered by integrating the character y, = x*.

(2) This is something true, and well-known, for A = C*(I'), with I' =< ¢y,...,g95 >
being a discrete group. In general, the proof is quite similar.

(3) This is actually the definition of the Kesten measure, in the case A = C*(I"), with
['=<g,...,gn > being a discrete group. In general, this follows from (2).

(4) The equivalence u ~ @ translates into y, = x, and this gives the first assertion.
As for the support claim, this follows from vu* =1 = ||uy|| < 1, for any i.

(5) This is the Kesten amenability criterion, which can be established as in the classical
case, A = C*(I"), with I =< ¢y, ..., gn > being a discrete group.

(6) This is something elementary, which follows from (1) above, and from the fact that
the morphisms of Woronowicz algebras increase the spaces of fixed points.

(7) This follows by using (6), and the Peter-Weyl type theory from [99], the idea being
that if f is not injective, then it must strictly increase one of the spaces Fiz(u®*). O

Summarizing, regardless of our precise motivations and philosophy, computing the law
of x = >, u; is a central and luminous question, and the “main problem” to be solved.
Here is as well some extra motivation from this, coming from subfactor theory:

Proposition 5.2. In the quantum permutation group case, G C Sy, the Poincaré series
of the associated planar algebra Py, = (Fiz(u®*)), which is by definition the series

f(z) = dim(P)*

appears as Stieltjes transform of the law of the main character x =, w;.
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Proof. This is more or less an empty statement, coming from the fact that the moments
of x are the numbers M} = dim(Fy), that we know from Theorem 5.1 (1). 0

As a side comment here, following Jones’ influential paper [57] and its various follow-
ups, that we will not get into here, computing the Poincaré series of the planar algebras,
and further manipulating them, is the “main problem” in subfactor theory.

Let us recall as well how the law of x can be computed in the easy case:

Theorem 5.3. For an easy quantum group G = (Gy), coming from a category of parti-
tions D = (D(k,1)), the asymptotic moments of the main character are given by

lim X" = #D(k)

N—oo GN

where D(k) = D(0, k), with the limiting sequence on the left consisting of certain integers,
and being stationary at least starting from the k-th term.

Proof. This is something that we already know, from Theorem 2.19, the idea being that
by Peter-Weyl theory, and by easiness, the moments of x are given by:

/GN X" = dim (Fiz(u®")) = dim (spcm (&r T € D(k)))

Now since the vectors &, become linearly independent with N — oo, as established in
Theorem 2.18 via Gram determinants, we obtain the formula in the statement. Il

Finally, let us recall how the above result applies to our main quantum groups:
Theorem 5.4. The asymptotic character laws for the basic quantum groups are

Che o} m———m

SN

with p1, g1, 71,71 being the Poisson, Gaussian, Marchenko-Pastur and Wigner laws.

On pr— g1

Proof. This is something that we already know, from Theorem 2.21, coming from the fact
that the above quantum groups are all easy, the categories and moments being:

NC NCy Cp ———— Ci2

P

Py By ——— k!l
The moments on the right being those of pq, g1, 71, v1, this gives the result. O
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Summarizing, the computation of law(x) is a very interesting question, and in the
simplest case, where our quantum group is easy, the N — oo computation can be done
by counting partitions, and then by recapturing the measure from its moments.

In order to have a better understanding of this, and prior to any further computation,
we must do some probability theory. The Gaussian laws ¢; and Poisson laws p; appear
via the Central Limit Theorem (CLT) and the Poisson Limit Theorem (PLT), and our
first task will be that of explaining these results. The first of them is as follows:

Theorem 5.5 (CLT). Given random variables fi, fa, f3,... € L®(X) which are i.i.d.,
centered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
= Z Ji~ g
v i=1
where g; is the Gaussian law of parameter t, given by g, = \/%me_wz/%dx.

Proof. We use the well-known fact that the log of the Fourier transform Fy(z) = E(e'/)
linearizes the convolution. The Fourier transform of the variable in the statement is:

o - ()]

ta? "
= [1-—+4+0(n"?
~ e—tm2/2

On the other hand, the Fourier transform of g, is given by:
1 2 ,
F (x — / e Y /2t+zxyd
gt( ) \/% R Y
_ / o~V Tt 2 g
V27t Jr

1 / _Q_t 2/2
= — | e 77" /%dz
VT Jr

e—tx2/2

Thus, we are led to the conclusion in the statement. Il
Regarding now the Poisson Limit Theorem (PLT), this is as follows:

Theorem 5.6 (PLT). We have the following convergence, in moments,

t t *n
((-2)s-2e)
n n

where p; is the Poisson law of parameter t > 0, given by py =e ", o

k! -
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Proof. Once again, we use the fact the log of the Fourier transform Fj(z) = E(e**/)
linearizes the convolution. The Fourier transform of the variable in the statement is:

F(z) = lim ((1 - E) + iem>
n—00 n n

i 1 n
n—00 n

= exp ((e" — 1)t)
On the other hand, the Fourier transform of p, is given by:
tk
—t

Fple) = et el
k

B L (ezzt)k
= ') el

k

= exp(—t) exp(e™t)
= exp ((e" — 1)t)
Thus, we are led to the conclusion in the statement. U
In order to discuss now the free version of these results, we first need to talk about
moments, laws and freeness. Let us start with the following definition:

Definition 5.7. Let A be a x-algebra, given with a trace tr.

(1) The elements a € A are called random variables.
(2) The moments of such a variable are the numbers My(a) = tr(a®).
(3) The law of such a variable is the functional p, : P — tr(P(a)).

Here k = oeeo... is by definition a colored integer, and the powers a* are defined by
the formulae a’ = 1,a° = a,a® = a* and multiplicativity. As for the polynomial P, this
is a noncommuting *-polynomial in one variable, P € C < X, X* >.

Observe that the law is uniquely determined by the moments, because:

P(X) =Y MX*" = po(P) =) MeMi(a)

Let us discuss now the independence, and its noncommutative versions. As a starting
point here, we have the following notion:

Definition 5.8. We call two x-subalgebras B,C' C A independent when the following
condition 1s satisfied, for any x € B and y € C':

tr(z) =tr(y) =0 = tr(zy) =0

Also, two variables b,c € A are called independent when the x-algebras that they generate
B =<b> and C' =< ¢ > are independent, in the above sense.
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It is possible to develop some theory here, but all this is ultimately not very interesting,
being just an abstract generalization of usual probability theory.

As a much more interesting notion, we have the following definition:

Definition 5.9. Given a pair (A, tr), we call two subalgebras B,C C A free when the
following condition is satisfied, for any x; € B and y; € C':

tr(xz;) =tr(y;)) =0 = tr(ziy1x2ys...) =0
Also, two noncommutative random variables b,c € A are called free when the C*-algebras

B =<b>,C =< ¢ > that they generate inside A are free, in the above sense.

Thus, freeness appears by definition as a kind of “free analogue” of independence.

As a basic result now regarding these notions, and providing us with examples, we have:

Proposition 5.10. We have the following results, valid for group algebras:
(1) C*(I"),C*(A) are independent inside C*(I" x A).
(2) C*(I"),C*(A) are free inside C*(I" x A).

Proof. In order to prove these results, we can use the fact that each group algebra is
spanned by the corresponding group elements. Thus, it is enough to check the indepen-
dence and freeness formulae on group elements, and this is in turn trivial. U

In short, we have now a notion of freeness, dealing with noncommutativity itself, in
its most pure form, where there are no algebraic relations at all. This is very nice, and
philosophically speaking, this should normally be enough, as a motivation.

Next, we need an analogue of the Fourier transform, or rather of the log of the Fourier
transform. The result here, due to Voiculescu [88], is as follows:

Theorem 5.11. Given a probability measure u, define its R-transform as follows:

6ue) = [ P9 = 6, R0+ ) =¢

rRE—1

The free convolution operation is then linearized by the R-transform.
Proof. The proof here, which is quite tricky, is in three steps, as follows:

Step 1. In order to model the free convolution operation, the best is to use the monoid
algebra C*(N x N). Indeed, we have some freeness here, a bit in the same way as for the
above group algebras C*(I" x A), and the point is that the variables of type S* + f(95),
with S € C*(N) being the shift, and with f € C[X] being a polynomial, are easily seen
to model in moments all the distributions u : C[X] — C.
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Step 2. Now let f, g € C[X] and consider the variables S* + f(S) and T* + ¢g(7T'), where
S, T € C*(NxN) are the shifts corresponding to the generators of N N. These variables
are free, and by using a 45° argument, their sum has the same law as S* + (f + ¢)(.9).

Step 3. Thus the operation p — f linearizes the free convolution. We are therefore
left with a computation inside C*(N), which is elementary, and whose conclusion is that
R, = f can be recaptured from p via the Cauchy transform G, as in the statement. [

We are now ready to state and prove the free CLT:

Theorem 5.12 (FCLT). Given self-adjoint variables xq,xs, x3, ..., which are f.i.d., cen-
tered, with variance t > 0, we have, with n — 0o, in moments,

1 n
%lei’\“%t

where vy, is the Wigner semicircle law of parameter t, having density %m\/ 412 — 22dw.

Proof. We follow the same idea as in the proof of the CLT, Theorem 5.5 above.
At t = 1, the R-transform of the variable in the statement can be computed by using
the linearization property from Theorem 5.11, and is given by:

R(€) = nR, (%) ~

On the other hand, some standard computations show that the Cauchy transform of
the Wigner semicircle law ~; satisfies the following equation:

1
G ) =
S*+S

Thus we have R, (§) = ¢, which by the way follows as well from 5= ~ 71, and this

gives the result. The passage to the general case, t > 0, is routine, by dilation. O
We can state and prove as well the free PLT, as follows:

Theorem 5.13 (FPLT). We have the following convergence, in moments,

Hn
((1—2)50—|—£51) — Tt
n n

the limiting measure being the Marchenko-Pastur law of parameter t > 0,

VAt —(z —1—1)?

2rx

dzx

m = max(1 —¢,0)dg +

also called free Poisson law of parameter t > 0.
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Thus the equation satisfied by R = R m.(y) = nR,(y) is as follows:

L 1 1 B
n)yt+R/n n y—1+R/n—1—y

By multiplying by n/y, and rearranging terms, this equation can be written as:

t+yR t
1+yR/n  14+yR/n—y
With n — oo we obtain t + yR = ﬁ, and so R = ﬁ = R,,, as desired. O

As in the classical case, there are several interesting generalizations of the above results.
We will be back to all this, gradually, in what follows.

As a conclusion to this, let us formulate the following philosophical statement:

Theorem 5.14. The main limiting results in classical and free probability are

FPLT FCLT T ————— VY

PLT — CLT Pt ——————— G
the limiting measures being Gaussian, Poisson, Wigner and Marchenko-Pastur.

Proof. This follows indeed by putting together all the above results, classical and free,
and with g;, p;, v, 7 being respectively the measures in the statement. O

Summarizing, we have now a much better understanding of our quantum group scheme,
from Theorem 5.4 above:

Che o} m—m

SN

Indeed, the laws on the right are not some “random” probability measures, but rather
the main laws in classical and free probability, coming from Theorem 5.14 at ¢t = 1.

On b1 — g1

In order to get beyond this, and reach to an even better understanding of all this, we
must still discuss the introduction of a parameter ¢ > 0.
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As already mentioned in the beginning of this section, this can be done by truncating
the main character. However, before getting into this, let us do some more free probability,
and understand the meaning of this parameter ¢ > 0, in the abstract setting.

Given a noncommutative random variable a, we can define its classical cumulants k()
and its free cumulants k,(a) by the following formulae:

log Fu(€) =D k()" Ra(§) = kn(a)”

With this notion in hand, we can define then more general quantities k,(a), k.(a),
depending on partitions m € P(k), by multiplicativity over the blocks.
We have then the following result:

Theorem 5.15. We have the classical and free moment-cumulant formulae

My(a) = Y kela) , Mi(a)= > #xla)
)

meP(k TeNC(k)
where kr(a), kr(a) are the generalized cumulants and free cumulants of a.

Proof. This is standard, by using the formulae of F,, R,, or by doing some direct combi-
natorics, based on the Mdbius inversion formula from Theorem 2.16. See [91]. U

In connection now with the main laws in Theorem 5.14, we have:

Theorem 5.16. The moments of the main limiting laws are given by M = ZWGD(k) ¢l
where D C P are the following categories of partitions,

T ———————— % NC ——— NCy

Pt — Ot P— P

and on the vertical we have the Bercovici-Pata bijection, which states that “the classical
cumulants of the classical measures equal the free cumulants of the free measures”.

Proof. Regarding the first assertion, this is something that we already know at t = 1,
from Theorem 2.21 above. The proof at general values of ¢ > 0, as well as the proof of
the last assertion, are standard combinatorics, based on Theorem 5.15 above. U

We can now upgrade Theorem 5.14, into a final statement, as follows:
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Theorem 5.17. The main limiting results are as follows, with gy, p;, Vi, T being the Gauss-
ian and Poisson semigroups, and Wigner and Marchenko-Pastur free semigroups,

FPLT

FCLT TVt

PLT ——CLT Pt——— Gt

which are related by the Bercovici-Pata bijection, which states that “the classical cumulants
of the classical measures are equal to the free cumulants of the free measures”.

Proof. This follows indeed by putting together all the above results, classical and free,
and with the moment and cumulant computations being standard. U

Summarizing, we have now a perfect understanding of the liberation operation, at the
purely probabilistic level, and as a main remark, this requires a parameter ¢ > 0.

Let us discuss now the introduction of a parameter ¢ > 0 in all this, in order to solve
the problems mentioned in the beginning of this section. We will be using:

Definition 5.18. Associated to any Woronowicz algebra (A,u) are the variables

[tN]

Xt = Z Ugj
i=1

with t € (0,1], called truncations of the main character.

In order to understand what these variables are about, let us first investigate the sym-
metric group Sy. The result here, which is extremely beautiful, is as follows:

Theorem 5.19. Consider the symmetric group Sy, regarded as a compact group of ma-
trices, Sy C Oy, via the standard permutation matrices.

(1) The main character x € C(Sn), defined as usual as x =, w;;, counts the number
of fized points, x(o) = #{i|o(i) =i}.

(2) The probability for a permutation o € Sy to be a derangement, meaning to have
no fized points at all, becomes, with N — oo, equal to 1/e.

(3) The law of the main character x € C(Sy) becomes with N — oo a Poisson law of
parameter 1, with respect to the counting measure.

(4) In fact, the law of any truncated character x; = Zyzj\? uy; becomes with N — oo a
Poisson law of parameter t, with respect to the counting measure.

Proof. This is something very classical, the proof being as follows:
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(1) We have indeed the following computation:
X0) =S wi(0) = boii = # {i‘a(i) — z}
(2) This is best viewed by using the inclusion-exclusion principle. Let us set:

itk _ {J c SN‘U(ZE) =i1,...,0(ix) = ’Lk}

By using the inclusion-exclusion principle, we have:

P(XZO):%<|SN|—Z|S§V|+Z|S%|—...+(—1)N > |5§¢---iN|>

i i<j 1< <IN

Now since |S4"*| = (N — k)! for any 4, < ... < iy, we obtain from this:

1 1 1 1
Py=0)=1——=+——. ..+ ()" 10— 4+ (-1D)V—
(x=0) TR AR S Y s s TR S v
Since on the right we have the expansion of %, we conclude that we have:
. 1
W P=0=7

(3) This follows by generalizing the computation in (2). To be more precise, a similar
application of the inclusion-exclusion principle gives the following formula:

1
A POc=k) = 72
Thus, we obtain in the limit a Poisson law of parameter 1, as stated.
(4) As a first observation, and in analogy with the formula in (1) above, the truncated
characters count as well certain fixed points, as follows:
[tN]

[tN]
X(0) = 3 ualo) = D doiou = # {1 € {1, [IN]}]o (i) = i}

Regarding now the computation of the law of y;, this follows by generalizing the com-
putation in (3). Indeed, an application of the inclusion-exclusion principle gives:

: t
o
Thus, we obtain in the limit a Poisson law of parameter ¢, as stated. U

Summarizing, the truncated characters y; are objects which are quite interesting, and
whose laws are worth computing, independently of our abstract motivations.

In general now, and in particular in what regards Oy, S}, O, here there is no simple
trick as for Sy, and we must use general integration methods, from [44], [96].
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First, we have the following very general result:

Theorem 5.20. Assuming that A = C(G) has Tannakian category C = (C(k,1)), the
Haar integration over G is given by the Weingarten type formula

e1
/uiljl" ug'; g 07 (2)06 (J)Wi(m, o)
G T,0€ Dy
for any colored integer k = ey ...ep and any multi-indices 1, j, where Dy is a linear basis

of C(0,k), 6,(i) =< 7,65, ® ... ®e;, >, and Wy = G, with Gy(7,0) =< 7,0 >.

Proof. We know from section 1 above that the integrals in the statement form altogether
the orthogonal projection P* onto the space Fix(u®*) = span(Dy). Consider now the
following linear map, with Dy = {&;} being as in the statement:

= Z <x7£ﬂ>§ﬂ'

TFEDk

By a standard linear algebra computation, it follows that we have P = W E, where W
is the inverse on span(T,|m € Dy) of the restriction of E. But this restriction is the linear
map given by Gy, and so W is the linear map given by Wy, and this gives the result. [

In the easy quantum group case, the above formula simplifies, as follows:

Theorem 5.21. For an easy quantum group G C O%,, coming from a category of parti-
tions D = (D(k, 1)), we have the Weingarten zntegmtzon formula

/C;Uiljl U’lk]k = Z 5 WkN(TF O')

m,oeD(k)

for any k € N and any i,j, where D(k) = D(0,k), ¢ are usual Kronecker symbols, and
Win = Gy, with Gy (w,0) = NI™l where |.| is the number of blocks.

Proof. With notations from Theorem 5.20, the Kronecker symbols are given by:
0, (1) = <&y ®@...Re€, >
= Op(i1,. .-, 0k)
The Gram matrix being as well the correct one, we obtain the result. See [17]. O

With the above formula in hand, we can go back now to the question of computing the
laws of truncated characters. First, we have the following formula, from [17]:

Theorem 5.22. The moments of truncated characters are given by the formula
/(un 4+ ...+ uss)k = TT(WkNGks)
a

where Gy and Wyn = G,;ﬁ, are the associated Gram and Weingarten matrices.
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Proof. We have indeed the following computation:

/G(uu + ...+ uss)k = Z Z /uz1Z1 e Uiy

111 Zkl

= Z WkNTFUZ Z(S

moeD(k =1 =1
= Z WkN (7, 0)Gs(o, )
moeD(k)
= Tr(WinGis)
Thus, we have obtained the formula in the statement. U

In order to process now the above formula, things are quite technical, and won’t work
well in general. We must impose here an uniformity condition, as follows:

Theorem 5.23. For an easy quantum group G = (Gy), coming from a category of
partitions D C P, the following conditions are equivalent:

(1) Gn_1 = Gy NUR_,, via the embedding Uy;_, C U given by u — diag(u, 1).
(2) Gy-1 =GNy NUN_y, via the N possible diagonal embeddings Uy, C Uy,
(3) D is stable under the operation which consists in removing blocks.

If these conditions are satisfied, we say that G = (Gy) is “uniform”.

Proof. We use the general easiness theory from section 1 above.

(1) <= (2) This is something standard, coming from the inclusion Sy C Gy, which
makes everything Sy-invariant. The result follows as well from the proof of (1) <= (3)
below, which can be converted into a proof of (2) <= (3), in the obvious way.

(1) <= (3) Given a subgroup K C Uy _,, with fundamental corepresentation u,
consider the N x N matrix v = diag(u, 1). Our claim is that for any 7 € P(k) we have:
& € Fiz(v®) «— & € Fiz(v®), Vo' € P(K),n' C =

In order to prove this, we must study the condition on the left. We have:

§r € Fix(v®k) <~ (U®k§w)i1...z'k = (&n)iroip, Vi

= Z ®k z'1 AkJ1e--Jk (éﬂ)jlmjk = (£7T>i1~~-ik7Vi
< Z(S jl,...,jk Viyjgy - - .Uikjk:(sw(il,...,ik),Vi

Now let us recall that our corepresentatlon has the special form v = diag(u,1). We
conclude from this that for any index a € {1,...,k}, we must have:
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With this observation in hand, if we denote by ', 7/ the multi-indices obtained from 7, j
obtained by erasing all the above i, = j, = N values, and by &’ < k the common length
of these new multi-indices, our condition becomes:

25 ]1,"'7]k ( ®k’)i’j’ :5ﬂ(i1,...,ik),\VIi

Here the index j is by definition obtained from j’ by filling with N values. In order to
finish now, we have two cases, depending on ¢, as follows:

Case 1. Assume that the index set {ali, = N} corresponds to a certain subpartition
7' C 7. In this case, the N values will not matter, and our formula becomes:

25 jl,...,jk/( ®k)lj/: W(Z&,,Z;C/)
Case 2. Assume now the opposite, namely that the set {a|i, = N} does not correspond
to a subpartition 7’ C 7. In this case the indices mix, and our formula reads:
0=0

Thus, we are led to & € Fixz(v®*), for any subpartition 7’ C 7, as claimed.
Now with this claim in hand, the result follows from Tannakian duality. U

At the level of examples, the uniformity axiom is something very natural and useful,
substantially cutting from complexity, and we have the following result, from [32]:

Theorem 5.24. The classical and free uniform orthogonal easy quantum groups, with
inclusions between them, are as follows,

H 0%

:
wdmwe
0
Sn By

with Hy = Zy ! Sy and By = {U € On| ) ;ui; = ) uij = 1} being the hyperoctahedral
and bistochastic groups, and with HJ;, BY; being their free analogues.
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Proof. The above quantum groups are indeed easy and uniform, the corresponding cate-
gories of partitions being as follows, with 12 standing for “singletons and pairings”:

N Cn N C
e e
Peyen P
e e
P Py

Regarding now the classification, consider an easy quantum group Sy C Gy C Oy.
This most come from a category P, C D C P, and by doing some combinatorics, we
can see that D is uniquely determined by the subset L C N consisting of the sizes of the
blocks of the partitions in D, with the admissible sets being as follows:

(1) L = {2}, producing Ox.

(2) L ={1,2}, producing By.

(3) L ={2,4,6,...}, producing Hy.
(4) L =1{1,2,3,...}, producing Sy.

In the free case, S}, C Gx C O}, the situation is quite similar, the admissible sets
being once again the above ones, producing this time O, B, Hy, S%. See [32]. O

By getting back now to the truncated characters, we have the following result:
Theorem 5.25. For a uniform easy quantum group G = (Gy), we have the formula
li k _ ||
dm s 2
weD(k)
with D C P being the associated category of partitions.

Proof. We use the general moment formula from Theorem 5.22 above. With s = [tN],
this formula becomes:

/ X,’f = TT(WkNGk[tN])
GnN

The point now is that in the uniform case the Gram and Weingarten matrices are
asymptotically diagonal, and this leads to the formula in the statement. See [17], [18]. O

We can now improve our quantum group results, as follows:
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Theorem 5.26. The asymptotic laws of the truncated characters x; = Zyﬁ] for the
quantum rotation and permutation groups are

Sy ———Ox T ="

Sy — Oy PGt

with gi, pe, Vi, ™ being the Gaussian, Poisson, Wigner, Marchenko-Pastur laws, and with
the vertical arrows coming from liberation, and from the Bercovici-Pata bijection.

Proof. The first assertion follows from Theorem 5.16 and Theorem 5.25, and the second
assertion is something that we already know, from Theorem 5.17. U

Summarizing, we have completed the program outlined in the beginning of this section,
and everything is now very well understood, and flawless.
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6. ANALYTIC ASPECTS

We have seen so far that, in what concerns the probability theory on classical or quan-
tum groups, the very first problem which appears, and which is of key importance, is that
of computing the laws of characters, and more generally of truncated characters:

[tN]
X = Z Uiz 5 Xt = Uss
i i=1

For the quantum rotation and permutation groups, this problem can be investigated
by using easiness and combinatorics, and satisfactory results in this sense, which are in
tune with free probability theory, can be obtained in the N — oo limit.

That was for the basic theory. In this section we discuss more advanced aspects,
regarding the case where N € N is fixed, or variables which are more general than the
truncated characters y;, or regarding both, more advanced variables at fixed N € N.

Technically speaking, this requires either a good understanding of the Weingarten for-
mula, with estimates for the entries of the Weingarten matrix, or some alternative inte-
gration formulae. Let us begin with the latter, with some tricks concerning Sy, Oy .

In what regards the symmetric group Sy, we have already seen that the laws of trun-
cated characters can be computed by using the inclusion-exclusion principle.

In fact, the Weingarten formula is not really needed for the symmetric group, because
the computations can always be done with elementary combinatorics.

The arbitrary integrals over Sy can be in fact computed as follows:

Theorem 6.1. Consider the symmetric group Sy, together with its standard matrix co-
ordinates u;; = x(0 € Sylo(j) =1). We have the formula

/ o UEREE A keri=kerj
SN . 0 otherwise

where ker i denotes as usual the partition of {1,. .., k} whose blocks collect the equal indices
of 1, and where |.| denotes the number of blocks.

Proof. According to the definition of u,;, the integrals in the statement are given by:

1 ) : . )
/ WUiygy -« - - Wiggy, = ﬁ# {U € SN‘O'(]l) =i1,...,0(jk) = Zk}
SN °

Since the existence of o € Sy as above requires i,, = i, <= J, = Jn, this integral
vanishes when keri # ker j. As for the case keri = ker j, if we denote by b € {1,...,k}
the number of blocks of this partition, we have N —b points to be sent bijectively to N —b

points, and so (N — b)! solutions, and the integral is (N]\?!b)!, as claimed. U
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As an illustration for the above formula, we can recover the computation of the as-
ymptotic laws of the truncated characters y;. This was already done, first by using the
inclusion-exclusion principle, and then by using the Weingarten formula. Here is now our
third proof, based on the above formula, and which is probably the best:

Theorem 6.2. For the symmetric group Sy C Oy, regarded as a compact group of
matrices, Sy C Op, via the standard permutation matrices, the truncated character

[tN]
Xt = Z U
i=1
counts the number of fixed points among {1,...,[tN]}, and its law with respect to the

counting measure becomes, with N — oo, a Poisson law of parameter t.

Proof. The first assertion comes from w;; = x(o|o(j) = i). Regarding now the second
assertion, we use Theorem 6.1. With Sy, being the Stirling numbers, we have:
[tN]

k
/ Xt = E , / Wsyiy - - - Wigiy,
Sn i in—=1Y SN

(tN]! (N —b)!
:;([W]—b)!' N O

In particular with N — oo we obtain the following formula:

k
lim/ XF =
N—o0 S

N b

But this is a Poisson(¢) moment, and so we are done. O

Sypt?
1

Summarizing, the integration formula in Theorem 6.1 is extremely simple and efficient.
We will regularly use it in what follows, for other questions, to be formulated later.

Regarding now the orthogonal group Oy, here the situation is more complicated, and
the Weingarten formula is generally needed. In fact, explicitely integrating over Oy, Uy
was historically the main motivation for developing the Weingarten calculus.

However, in certain special situations, we can use the following trick:

Theorem 6.3. Fach row of coordinates on Oy has the same joint distribution as the
sequence of coordinates on the real sphere SN,

(Uﬂ,'--,uiN) ~ (551,---,751\/)

and the same happens for the columns.
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Proof. Given an index i € {1,..., N}, our claim is that we have an embedding as follows,
which commutes with the corresponding uniform integration functionals:

O(SN_I) C C(ON) , Z; — Wjj

In order to prove this claim, consider the subalgebra C'(S) C C(Oy) generated by the
variables w;;, with ¢ being fixed, and with j = 1,..., N. Since these N variables are real,
and their squares sum up to 1, we have a quotient map, as follows:

C(SNil) — C(S) C C(ON) y o Lj > Uy

Now observe that S C SV¥~! must be an isomorphism, because by Gram-Schmidt we
can complete any vector of SV~ into an orthogonal matrix. Thus, the above composition
of morphisms is an embedding. As for the commutation with the uniform integration
functionals, this follows from the fact that we have an action Oy ~ S. U

Summarizing, in what regards the law of the individual coordinates u;; € C(On),
and more generally the joint law of coordinates belonging to the same row or column of
u = (u;j), we can use here spherical integrals, instead of the Weingarten formula.

In view of this, let us discuss now the integration over S¥~!. We first have:

Proposition 6.4. We have the formula

/ Tiy ... T, dr =0
gN—1

unless each x; appears an even number of times.

Proof. This follows from the fact that for any i we have an automorphism given by z; —
—x;. Indeed, this automorphism must preserve the trace, so if x; appears an odd number
of times, the integral in the statement satisfies I = —1, so I = 0. O

In order to compute now the nonzero integrals, we will use polar coordinates and the
Fubini theorem, which reduce the computation to the case N = 2.
So, let us start with the case N = 2. Here we have the following result:

Proposition 6.5. The integrals over S* =T are given by the formula

9 /2 9 5(p,q) Nl
—/ cosP tsin?t dt = (—) o L
T Jo T (p+qg+ 1N

where 6(a,b) = 0 if both a,b are even, and 6(a,b) =1 otherwise.
Proof. This follows indeed by double recurrence, using a partial integration. (|

In general, the nonzero integrals over SN~! can be computed as follows:



88 TEO BANICA

Theorem 6.6. For any ky,...,k, € N we have

Sk, skp)
/ |:zc’“1 k| de = 2 (N — D)NE 1R
gN-—1 1 P s (N + 3k, — DIl

with ¥ = [odds/2] if N is odd and ¥ = [(odds +1)/2] if N is even, where “odds” denotes
the number of odd numbers in the sequence ki, ..., k.

Proof. The formula holds indeed at N = 2, due to Proposition 6.5 above, with the remark
that the ¢ symbols used there are given by the following formula:

mez{@@gghi]

In general now, the integral in the statement can be written in spherical coordinates,
in the following way:

oN w/2 /2
1_——/ .”/ aht kN T dty L dty
vV 0 0

Here V is the volume of the sphere, J is the Jacobian, and the 2V factor comes from
the restriction to the 1/2Y part of the sphere where all the coordinates are positive.
The normalization constant in front of the integral is:

2N 2N N 2 [N/2]
— = — I =41 = - (N—l)!!
V. Nah/2 2 s

As for the unnormalized integral, this is given by:

w/2 /2
I :/ / (costy)k
0 0

(sint; cos ty)™

(sinty sinty...sinty_ocos tN_l)kN*1
(SiIl tl sin t2 ...sin tN_g sin tN_l)kN
sin™ 2 t1 sin?V =3 to... sin? tn_3sinty_o
dty ... dty_q
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By rearranging the terms, we get:

w/2

osk1 ¢ sinf2 v eN=24 g

I =
/2

ko t2 Sink’3+...+k’]\]+N—3 t2 dtz

/2
COSkN_2 tN_Q SinkN_1+kN+1 tN_Q dtN_Q

/2
cosFN=1 ¢y sinfN ty dty_q

S— —

Now by using the formula at N = 2, we get:

7 7 kiWko+...+ky+N— 2 I (Q)J(kl,k2+...+kN+N—2)
2 (b+...+ky+N-DI \7
7 koll(ks 4 ...+ ky + N — 3)!! (Q)J(kg,k3+...+kN+N—3)
2 (b2t +/€N+N—2” T
7 kn_oMkn_1+ky+ 1) (kn—2,kN—14+kN+1)
2 (kn—o+ kn_1 +Ekn +2)!! (%)
T k1 Nkn!! 92\ 2tkn—1:kn)
2 (kn—1 4+ kn+ )N <;)

In this expression most of the factorials cancel, and the § exponents on the right sum
up to the following number:

N-1
Ak, k) =Y 0(ki ki + ...+ ky + N —i—1)
i=1

In other words, with this notation, the above formula reads:

]/ o (7T>N1 kﬂ'kg”]ﬂN” 2 Ak, k)
- \2 (ki +...+ky+ N -1l \ 7

9\ Ao fn) =N e\l k!
- (‘) (ki +...+ky+ N — 1)l
2\ Bkt k) = IN/2) e\l k!
- (‘) (ki +...+ ky+N— 1)
Here the formula relating A to X follows from a number of simple observations, the first

of which is the following one: due to obvious parity reasons, the sequence of 4 numbers
appearing in the definition of A cannot contain two consecutive zeros.

™

™
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Together with I = (2 /V)I’, this gives the formula in the statement. O

As a remark, the exponent ¥ appearing in the statement of Theorem 6.6 can be written
as well in the following compact form:
N—i—odds—l—l] [N+1}

Z(kl,...,kp):{ . 5

However, for concrete applications, the writing in Theorem 6.6 is more convenient.

As an application, we can compute the laws of the individual coordinates u;; € C(Oy),
and work out their asymptotics. The result here is as follows:

Theorem 6.7. The individual coordinates u;; € C(Oy) follow the same law as the coor-
dinates x; € C(SN1). This common law, called hyperspherical, has as moments

(N — 1)IEN

(N + k-1

and with N — oo, the hyperspherical variables rescaled by 1/\/N become normal.

k:

Proof. The first assertion follows from Theorem 6.3 above. In order to compute now the
moments of the hyperspherical law, we can use Proposition 6.4 and Theorem 6.6.

Indeed, Proposition 6.4 with i; = ... = i tells us that the odd moments vanish. As
for the even moments, Theorem 6.6 with k; = k € 2N and ky = ... = k, = 0 gives:
N — DN
/ xlf dr = —( )
GN-1 (N+k—1)!!

With our usual convention that the double factorials k!! make vanish the expression
they appear in, when k is odd, this gives the formula in the statement.
Regarding now the last assertion, observe that with N — oo we have:

/ a¥ de ~ N*2E
SN-1

Thus, by rescaling by 1/ V/N, we obtain the following formula:

k
T
— | dx ~ k!
/le (\/N)

It follows that we have x;/ VN ~ g; with N — oo, as desired. U

All this is quite interesting, and there are some further applications of Theorem 6.3 and
Theorem 6.6. However, as already mentioned, and unlike in the case of the symmetric
group Sy, for the group Oy we have to use in general the Weingarten formula.

Let us discuss now the case of the quantum groups S3; and OF;. Here there is no simple
combinatorial or geometric trick, and the Weingarten formula is the only integration tool
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that we have. However, this is not an issue, because this formula is after all something
quite elementary, and working out the combinatorics always leads to results.

As a first question regarding S, Oy, let us discuss the computation and asymptotics of
the free hyperspherical and free hypergeometric laws. Regarding the free hyperspherical
laws, these are by definition the laws of the variables u;; € C'(O%).

We should mention that it is possible to talk as well about a free real sphere Sﬂg ;1, and
about a free analogue of Theorem 6.3, but in practice this is not very interesting, because
integrating over Sﬂg ;1 requires using the Weingarten formula for O}, or at least there is

no known alternative trick, and so we cannot get to new results in this way.

Summarizing, the problem is that of computing the law of u;; € C(O};), using the
Weingarten formula. This is something non-trivial, and the result here is as follows:

Theorem 6.8. The moments of the free hyperspherical law are given by

/u2l— 1 g+1 1 lf:(_m A+2\
or T N+ g-1 1+1 &~ l+r+1)1+¢

+
N

where q € [—1,0) is such that ¢ +q* = —N.

Proof. The idea is that u;; € C(O3) has the same law as a certain variable w € C(SUJ),
with ¢ € [—1,0) being as above, and this latter variable can be modelled by an explicit
operator on [%(N), whose law can be computed by using advanced calculus.

Let us first explain the relation between O and SUy. To any matrix F € GLy(R)
satisfying F2 = 1 we associate the following universal algebra:

C(Oy) =C* <(Uz‘j)i,j=1,...,N

Observe that O}FN = O};. In general, the above algebra satisfies Woronowicz’s general-
ized axioms in [99], which do not include the antipode condition S? = id.

At N = 2, up to a trivial equivalence relation on the matrices F', and on the quantum
groups O}, we can assume that F is as follows, with ¢ € [—1,0):

7= (= o)
1//—¢ 0
Our claim is that for this matrix we have O} = SU{. Indeed, the relations u = FuF
tell us that u must be of the following special form:

()
Y «

Thus C(O}) is the universal algebra generated by two elements v, with the relations
making the above matrix u unitary. But these unitarity conditions are:

u= FuF = unitary)

ay = qra



TEO BANICA

92
ay” =q7v"a
="
aFa+y'y=1

ad” +¢’yy =1
We recognize here the relations in [99] defining the algebra C'(SUy), and it follows that
we have an isomorphism of Hopf C*-algebras:
C(OF) ~ C(SU3)
Now back to the general case, let us try to understand the integration over Of.. Given
m € NCy(2k) and @ = (i1, ..., d9), We set:

08 (i) = [ B,

sem

Here the product is over all the strings s = {s; ~ s,} of 7. Our claim is that the
following family of vectors, with 7 € NCy(2k), spans the space of fixed vectors of u®?*

for the quantum group O}:
gﬁ = 2(55(2)6“ X...® Ciog

Indeed, having & fixed by u®? is equivalent to assuming that v = FuF is unitary.
By using now the above vectors, we obtain the following Weingarten formula:

[t i = 3 @S () Wi ()

F TO

With these preliminaries in hand, let us start the computation. Let N € N, and consider
the number ¢ € [—1,0) satisfying ¢ + ¢~* = —N. Our claim is that we have:

/%so(\/muij):/ ol 40t 47— 1)

SUg

Indeed, the moments of the variable on the left are given by:

L, = Wt
ON e

On the other hand, the moments of the variable on the right, which in terms of the
fundamental corepresentation v = (v;;) is given by w =}, v;;, are given by:

J IR SACTAGIANCYS

ij mo

We deduce that w/+/N + 2 has the same moments as w;;, which proves our claim.
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In order to do now the computation over SUJ, we can use a matrix model due to
Woronowicz [99], where the standard generators a,~ are mapped as follows:

mu(a)er = /1 —q¢**ep_y
m(y)er = uq’ex

Here u € T is a parameter, and (eg) is the standard basis of [>(N). The point with this
representation is that it allows the computation of the Haar functional. Indeed, if D is
the diagonal operator given by D(ex) = ¢**ey, then the formula is as follows:

/Sng — (- /Ttr(Dﬂu(a:))Qiqzu

With the above model in hand, the law of the variable that we are interested in is as
follows, where M (ex) = ep1 + ¢"(u — qu™)ex + (1 — ¢*)ej_1:

/ plata +v—gr)=(1—¢) / tr(D(M))
Sud T

du
2miu

The point now is that the integral on the right can be computed, by using advanced
calculus methods, and this gives the result. U

The computation of the joint free hyperspherical laws remains an open problem. Open
as well is the question of finding a more conceptual proof for the above formula.

Following now [15], let us discuss now the free hypergeometric laws. We will use here
the twisting result established in section 4 above, which is also from [15].
We know from that twisting result that we have, at the probabilistic level:

Theorem 6.9. The following two algebras are isomorphic, via u?j — Xij,
(1) The algebra generated by the variables u3; € C(O;f),
(2) The algebra generated by Xi; = & 30—y Piags € C(S2),

and this isomorphism commutes with the respective Haar integration functionals.
Proof. This follows indeed from the general twisting result from section 4. U

As pointed out in [15], it is possible to derive as well this result directly, by using the
Weingarten formula, and manipulations on the partitions. Let us start with:

Proposition 6.10. We have a bijection NC(k) ~ NC5(2k), constructed as follows:

(1) The application NC(k) — NC5(2k) is the “fattening” one, obtained by doubling
all the legs, and doubling all the strings as well.

(2) Its inverse NCy(2k) — NC(k) is the “shrinking” application, obtained by collaps-
ing pairs of consecutive neighbors.
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Proof. The fact that the two operations in the statement are indeed inverse to each other
is clear, by computing the corresponding two compositions, with the remark that the
construction of the fattening operation requires the partitions to be noncrossing. U

We have the following key observation:

Theorem 6.11. The Gram matrices of NCy(2k), NC(k) are related as follows,
Gt (m,0) = 0" (A, Grn2 Ay, ) (', )
where m — 7' is the shrinking operation, and Ay, is the diagonal of Gy,,.
Proof. In the context of Proposition 6.10, it is elementary to see that we have:
|t Vo|=k+2|7"Vd|—|r|— |0
We therefore have the following formula, valid for any n € N:
nlmvel — pk+2lr’vo'|=|x'|—|o’|
Thus, we obtain the formula in the statement. Il

We can now basically reprove Theorem 6.9, as follows:

Theorem 6.12. The following families of variables have the same joint law,

(1) {ufi} € C(OF),

(2) {Xij = 3 Zappiags} € C(S2),
where w = (u;;) and p = (piajp) are the corresponding fundamental corepresentations.
Proof. As already mentioned, this result can be obtained via twisting methods. An al-

ternative approach is by using the Weingarten formula for our two quantum groups, and
the shrinking operation # — 7’. Indeed, we obtain the following moment formulae:

/ u?f = Z Wopn(, 0)
o

m,o0€NCo(2k)
k. _ ' |+|o’ |-k ro
+Xij = E n™ =R 2 () o)
Sn2 W,UGNCz(Qk)

According to Theorem 6.11 the summands coincide, and so the moments are equal, as
desired. The proof in general, dealing with joint moments, is similar. U

In what follows we will be interested in single variables. We have here:
Theorem 6.13. The free hypergeometric variable
1 n
Xij = E ;1 uiad'b € C(S:L_Q)

has the same law as the squared free hyperspherical variable u?j e C(O)).
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Proof. This follows indeed from Theorem 6.12 above. U
The variables X;; appearing above have the following generalization:

Definition 6.14. The noncommutative random variable
X(n,m,N) =Y > uy; € C(S5)
i=1 j=1
is called free hypergeometric, of parameters (n,m, N).

The terminology comes from the fact that the variable X'(n,m, N), defined as above,
but over the algebra C'(Sy), follows a hypergeometric law of parameters (n, m, N).

Here is an exploration of the basic asymptotic properties of these laws:

Theorem 6.15. The free hypergeometric laws have the following properties:

(1) Let n,m, N — oo, with % — t € (0,00). Then the law of X (n,m,N) converges
to Marchenko-Pastur law .
(2) Letn,m,N — oo, with i — v € (0,1) and §f — 0. Then the law of S(n,m,N) =

(X (n,m,N) —mv)//mv(l —v) converges to the semicircle law ;.
Proof. This is standard, by using the Weingarten formula, as follows:
(1) From the Weingarten formula, we have:
/X(n,m, N)¥ = Z Wi (7, o)n/™mlo!
m,0eNC (k)
The point now is that we have the following estimate:
N~ O(N-I7=1) if 7 =0
Win(m, o) = {O(N|7rva|—7r—|al) if 740
It follows that we have:

tl it =0

Wi (. o)l lmlel =
v (T, o) m 0 ifns#o

Thus the k-th moment of X (n,m,N) converges to > cnoa ATl which is the k-th
moment of the Marchenko-Pastur law 7;, and we are done.

(2) We need to show that the free cumulants satisfy:
1 ifp=2

/{(p)[S(n;myN)7’S(n’m’N)]_}{O 1fp7£2
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The case p = 1 is trivial, so suppose p > 2. We have:
kP [S(n,m,N),...,S(n,m,N)]
— (mv(1 = 1) 2RO (X (n,m, N), .., X (n,m, N)]
On the other hand, from the Weingarten formula, we have:
kP [X (n,m,N),...,X(n,m,N)]
= Z fp(w, 1p) H Z Wewn (v, ov)nl™ Imlov]

weNC(p) Vewny,oyeNC(V)
= Z pp(w, 1,) H Z (N_|WV|H|V\(7TVa0'V) +O<N—|7FV\—1))H\7TV\m|UV\
weNC(p) Vew ry,oyeNC(V)
= Y (Vo) ONTT i 3y (w,1,)
m,0€NC(p) weNC(p)
<o o<w

We use now the following standard identity:

1 ifoe=1
2 #ylw1y) = {0 ifa7é1p
weNC(p) p
o<w
This gives the following formula for the cumulants:
FOIX (0, m, N), o, X (m N =m0 S (N, 1,) + OVl

TeNC(p)

It follows that for p > 3 we have, as desired:
kP[S(n,m,N),...,S(n,m,N)] =0

As for the remaining case p = 2, here we have:

1
’i(2) [S(n7 m, N)7 S(nv m, N)] — m Z V|7F|IU/2(7T7 ]-2)
TeNC(2)
— 1 2
(1 —v) (v=v%)
= 1

This gives the result. U

Summarizing, the twisting result relating O}, S;; is very interesting, analytically speak-
ing, and the results that can be obtained in this way have no classical counterpart.

Let us discuss now another family of interesting results, this time regarding Gram
matrix determinants. We first recall from section 2 above that for Sy we have:
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Theorem 6.16. The determinant of the Gram matriz for Sy is given by

N!
detGo) = 11 =
r€P(k) )

with our usual convention that negative factorials make the expression vanish.

Proof. As explained in the proof of Theorem 2.18 above, this comes from a formula of
type Ggyny = AL, with A being upper triangular, and L being lower triangular. O

The interesting feature of the above formula is the fact that we have a decomposition
over all the partitions associated to Sy, with each partition contributing to det(Gyy).

As explained in [24], this is part of a more general phenomenon, involving the easy
quantum groups in general. We will discuss here the case of Oy, and then of S}, O%.

In what concerns Oy, here the combinatorics is that of the Young diagrams. We denote
by |.| the number of boxes, and we use quantity f*, which gives the number of standard
Young tableaux of shape . With these conventions, the result is as follows:

Theorem 6.17. The determinant of the Gram matriz for Oy is given by
det(Gyn) = H v
[Al=k/2
where fn(A) = [T er(V +25 —i—1).

Proof. This follows from the various results of Collins and Matsumoto and Zinn-Justin.
Indeed, it is known from them that the Gram matrix is diagonalizable, as follows:

Gy = Z fN(/\)PZ\
I\|=k/2
Here 1 = X P, is the standard partition of unity associated to the Young diagrams

having k/2 boxes, and the coefficients fy()\) are those in the statement.
Now since we have Tr(Py) = f?*, this gives the result. d

Let P, be the Chebycheff polynomials, given by Py =1, P, = X and P,y; = XP.—P,_;.
Consider also the following numbers, depending on k,r € Z:

for = 2k \ 2k
e \k—r kE—r—1
We set fi, = 0 for k ¢ Z. The following key result was proved in [47]:

Theorem 6.18. The determinant of the Gram matriz for Oy is given by
[k/2)
det GkN H P dk/2*r

where dk:r = fkr - fk+1,r-
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Proof. As already mentioned, the result is from [47]. We present below a short proof. The
result holds when £ is odd, all the exponents being 0, so we assume that £ is even.

Step 1. We establish a useful formula of type Gin(mw,0) =< fr, fo >

For this purpose, let I' be a locally finite bipartite graph, with distinguished vertex 0
and adjacency matrix A, and let pu be an eigenvector of A, with eigenvalue N.

Let Lj be the set of length k loops [ = [y...l; based at 0, and Hy = span(Ly). For
7 € Py+ (k) define f, € Hy, by:

Z(Hazz,zg )z

€Ly \ir~rj

Here e — ¢e° is the edge reversing, and the “spin factor” is v = \/pu(t)/u(s), where s, ¢
are the source and target of the edges. The point is that we have:

GkN(ﬂ', U) =< f7r7 fo >
We refer to [58] for details regarding all this.

Step 2. With a suitable choice of (T, i), we obtain a fomula of type Gy = TinT} -

Indeed, let us choose I' = N to be the Cayley graph of Oy, and the eigenvector entries
u(r) to be the Chebycheff polynomials P,(N), i.e. the orthogonal polynomials for OF.

In this case, we have a bijection P,+(k) — Ly, constructed as follows. For m € P+ (k)
and 0 < i < k we define h.(i) to be the number of 1 < j < ¢ which are joined by 7 to a
number strictly larger than i. We then define a loop I(7) = (7)1 ... (%), where I(7); is
the edge from h,(i — 1) to h.(7). Consider now the following matrix:

Tin(m,0) H ol ) (U(o)i)

i~og]
We have fr = > Tyn(m,0) - l(c), so we obtain as desired Gyn = TpnT} -
Step 3. We show that, with suitable conventions, T}y is lower triangular.

Indeed, consider the partial order on P,+(k) given by m < o if h,(i) < h,(i) for
i=1,..., k. Our claim is that ¢ € 7 implies Tjn(m, o) = 0.

Indeed suppose that ¢ £ 7, and let j be the least number with h,(j) > h.(j). Note
that we must have h,(j — 1) = h,(j — 1) and h,(j) = h.(j) + 2. It follows that we have
i ~y j for some i < j. From the definitions of T}, and [(¢), if Ty,(m, o) # 0 then we
must have h,(i — 1) = hy(j) = h(j) + 2. But we also have h, (i — 1) = h,(j), so that
ho(i —1) = hg(i — 1) + 2, which contradicts the minimality of j.

Step 4. End of the proof, by computing the determinant of Tjy.
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Since Ty is lower triangular we have:
k/2

det(Tyy) = HTkN (m, ) H H w<> HPekT/Q

T i~

Here the exponents appearing on the right are by definition as follows:

- Z Z Ohn (i) — Ol ()41

T i~g]

Our claim now, which finishes the proof, is that for 1 < r < k/2 we have:

Z Z Ohu(iyr = frj2nr

T irog]

Indeed, note that the left term counts the number of times that the edge (r,r + 1)
appears in all loops in L;. Define a shift operator S on the edges of I' by S(s,t) =
(s+1,t+1). Givenaloop I =1y...l; and 1 < s < k with Iy = (r,r + 1), define a path
S™(ls) ... S"(Ig)l2_y ... 17. Observe that this is a path in I' from 2r to 0 whose first edge is
(2r,2r + 1) and first reaches r — 1 after k — s + 1 steps.

Conversely, given a path fi ... fi in I" from 2r to 0 whose first edge is (2r,2r + 1) and
first reaches r — 1 after s steps, define a loop f2... f2S7"(f1)... S "(fs—1). Observe that
this is a loop in I based at 0 whose k — s+ 1 edge is (r,r + 1).

These two operations are inverse to each other, so we have established a bijection
between k-loops in I' based at 0 whose s-th edge is (r,7 + 1) and k-paths in I" from 2r to
0 whose first edge is (2r,2r + 1) and which first reach r — 1 after k — s + 1 steps.

It follows that the left hand side is equal to the number of paths in I' = N from 2r to
0 whose first edge is (2r,2r + 1). By the usual reflection trick, this is the difference of
binomials defining fj /2, and we are done. O

Regarding now the quantum group S5, we have here:

Theorem 6.19. The determinant of the Gram matriz for S is given by
det(Gry) = (VN)® H P.(V/N)%r

where aj = ZWE'P (2|7T| k).

Proof. We use the shrinking operation m — 7, obtained by collapsing neighbors. We have
the following formula:

|mVo|=k/2+2|7Vao|—|r|— |0
In terms of Gram matrices, if we denote by G’ the Gram matrix for Of;, we have the
following formula, with Dyy = diag(NﬁVQ—k/‘l):

Grn = DkNG/Qk’\/NDkN
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With this formula in hand, the result follows from Theorem 6.18.

We refer to [24] for further computations of this type, and for comments.
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7. FINITE GRAPHS

We have seen that the quantum permutation groups S}, are understood quite well. In
what follows we explore, with similar methods, some of the subgroups G C S}..

Many interesting examples of quantum permutation groups appear as particular cases
of the following general construction from [4], involving finite graphs:

Proposition 7.1. Given a finite graph Z, with adjacency matric d € My(0,1), the
following construction produces a quantum permutation group,

C(GH(Z)) = C(SH) / <du — ud>
whose classical version G(Z) is the usual automorphism group of Z.

Proof. The fact that we have a quantum group comes from the fact that du = ud refor-
mulates as d € End(u), which makes it clear that we are dividing by a Hopf ideal.
Regarding the second assertion, we must establish here the following equality:

C(G(2)) = C(Sy) / <du - ud>

For this purpose, observe that with u;; = x(c|o(j) = i), as in Proposition 2.1 above,

which is the same as saying that u;;(0) = d,(;);, we have:

du z] Z dzkuk] Z dzk(s Nk — za(]
Z uzk dk] Z 5a(k)idkj = dafl(z')j
k

Thus du = ud reformulates as dij = dy(i)o(j), and we are led to the usual notion of an
action of a permutation group on Z, which leaves invariant the edges, as claimed. O

Let us work out some basic examples. We have the following result:

Theorem 7.2. The construction Z — G*(Z) has the following properties:

(1) For the N-point graph, having no edges at all, we obtain Sy.

(2) For the N-simplez, having edges everywhere, we obtain as well S5.
(3) We have G (Z) = GT(Z¢), where Z is the complementary graph.
(4) For a disconnected union, we have GH(Z)*GT(T) C GH(Z UT).
(5) For the square, we obtain a non-classical, proper subgroup of Sy .

Proof. All these results are elementary, the proofs being as follows:

(1) This follows from definitions, because here we have d = 0.

(2) Here d = I is the all-one matrix, and since the magic condition gives ull = Iu = N1,
we conclude that du = ud is automatic in this case, and so G*(Z) = S}..
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(3) The adjacency matrices of Z, Z¢ being related by the formula dz + dz. = I, we can
use here the above formula ull = Iu = NI, and we conclude that dzu = udy is equivalent
to dzeu = udze. Thus, we obtain GT(Z) = GT(Z°), as claimed.

(4) The adjacency matrix of a disconnected union is given by dz r = diag(dz,dr).
Now let w = diag(u,v) be the fundamental corepresentation of G*(Z)*G*(T). Since
dzu = udz and dpv = vdy imply dz rw = wdyz,r, this gives the result.

(5) We know from (3) that we have G*(OJ) = G*(| |), and we know as well from (4) that
we have Zy % Zy C G7(] |). It follows that G™(O) is non-classical. Finally, the inclusion
GT(O) C S is indeed proper, because S; C S does not act on the square. g

Summarizing, our notion of quantum automorphism group is quite interesting, and as
a basic example, coming from the empty graph, we have Sy itself. Also, for the simplest
non-trivial graph, namely the square L], we are led into some interesting questions.

In order to further advance, and to explicitely compute various quantum automorphism
groups, we can use the spectral decomposition of d, as follows:

Proposition 7.3. A closed subgroup G C S3; acts on a graph Z precisely when
Pu=uP, , VAER
where d =), X - Py is the spectral decomposition of the adjacency matriz of Z.

Proof. Since d € My(0,1) is a symmetric matrix, we can consider indeed its spectral
decomposition, d = Y, A - Py. We have then the following formula:

< d >= span {P)\’)\ € R}
But this shows that we have the following equivalence:
d € End(u) <= P\ € End(u),Y\ € R
Thus, we are led to the conclusion in the statement. U
In order to exploit this, we will often combine it with the following standard fact:

Proposition 7.4. Consider a closed subgroup G C S, with associated coaction map
d:CN - CYN®C(G). For a linear subspace V.C CV, the following are equivalent:

(1) The magic matriz u = (u;j) commutes with Py .
(2) V is invariant, in the sense that (V) C V @ C(G).

Proof. Let P = Py. For any i € {1,..., N} we have the following formula:

(P(P(el)) =0 (Z Pk16k> = ZPkiej @ Ujk = Z@j & (’LLP)W



QUANTUM PERMUTATIONS 103

On the other hand the linear map (P ® id)® is given by a similar formula:
(P ® id)(® ZP (er) ® up; = Z ke © g = Y e; ® (Pu)ji
J
Thus uP = Pu is equivalent to P = (P ® id)q), and the conclusion follows. U

We have as well the following useful complementary result, from [4]:

Proposition 7.5. Let p € My(C) be a matriz, and consider its “color” decomposition,
obtained by setting (p.)ij = 1 if p;j = ¢ and (p.);; = 0 otherwise:

p= Z CPec
ceC
Then u = (u;;) commautes with p if and only if it commutes with all matrices p..

Proof. Since the multiplication map M : e;®e; — e;e; and the counit map C': ¢; — €;®e;
intertwine u, u®?, their iterations M® C*) intertwine u, u®*, and so we have:

P = MOSC® = 3" by, € Bnd(u)
ceC

Let S = {c € C|p. # 0}, and f(c) = c. By Stone-Weierstrass we have S =< f >, and
so for any e € S the Dirac mass at e is a linear combination of powers of f:

SR NI s o Tt
ceS ceS
The corresponding linear combination of matrices p*) is given by:

;Akp Z/\k (Zc pc> =3 (Z Akck) Pe

ceS ceS k

The Dirac masses being linearly independent, in the first formula all coefficients in the
right term are 0, except for the coefficient of d., which is 1. Thus the right term in the
second formula is p,., and it follows that we have p. € End(u), as claimed. O

The above results can be combined, and we are led to the following statement:

Theorem 7.6. A closed subgroup G C S}, acts on a graph Z precisely when u = (u;;)
commutes with all the matrices coming from the color-spectral decomposition of d.

Proof. This follows by combining Proposition 7.3 and Proposition 7.5, with the “color-
spectral” decomposition in the statement referring to what comes out by succesively doing
the color and spectral decomposition, until the process stabilizes. O
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The above statement might seem in need of some further discussion, and axiomatization,
in what regards the two operations used there. In answer to all this, the point is that we
are in fact doing planar algebras. We have the following result, from [4]:

Theorem 7.7. The planar algebra associated to G (Z) is equal to the planar algebra
generated by d, viewed as a 2-box in the spin planar algebra Sy, with N = |Z|.

Proof. We recall from section 3 above that any quantum permutation group G C S}
produces a subalgebra P C Sy of the spin planar algebra, given by:

Py, = Fiz(u®F)

In our case, the idea is that G = G*(Z) comes via the relation d € End(u), but we can
view this relation, via Frobenius duality, as a relation of type &; € Fiz(u®?).

Indeed, let us view the adjacency matrix d € My(0,1) as a 2-box in Sy, by using the
canonical identification between My (C) and the algebra of 2-boxes Sy (2):

(dij) <> ;dij <; ;)

Let P be the planar algebra associated to G*(Z) and let @ be the planar algebra
generated by d. The action of v®2? on d viewed as a 2-box is given by:

(506 ) -palt onn-$( oo
ij ijkl kl

Since v is a magic unitary commuting with d we have vdv® = dvv! = d. This means
that d, viewed as a 2-box, is in the algebra P, of fixed points of v®2. Thus  C P.

For P C @ we use the duality found in section 3. Let indeed (B, w) be the pair whose
associated planar algebra is ). The same computation with w at the place of v shows
that w commutes with d. Thus we have a morphism A — B sending v;; — w;;. Since
morphisms increase spaces of fixed points we have the following inclusions:

P, = Hom(1,v®%) € Hom(1,w®*) = Qo = Qs
It follows that we have P C @), and we are done. Il

With the above results in hand, it is quite clear that our assumption that d € My/(0, 1)
is the adjacency matrix of a usual graph Z is somehow unnatural, and that we can look at
more general objects. We can consider for instance general permutation quantum groups
of the following type, depending on an arbitrary matrix d € My(C):

C(GH(Z)) = O(ST) / <du - ud>

Here Z stands for the combinatorial object associated to d, namely the complete graph
having as vertices {1,..., N}, with each oriented edge ¢ — j colored by d;; € C.
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Generally speaking, the theory extends well to this setting, and we have analogues
of the above results, some valid for any d € My(C), and some other valid under the
asumption d = d*. We refer to [4] and subsequent papers for a full discussion here.

We can of course further enlarge our formalism, by looking at subgroups G*(Z) C S¥
of the quantum symmetry groups S5 from section 4, of the following type:

C(GH(Z)) = O(ST) / <du - ud>

To be more precise, X is here a finite noncommutative space, coming from a finite
dimensional algebra B = C(X). With N = |X| = dim B, the other piece of data is a
matrix d € My(C). As for Z, this stands for the graph-type structure (X, d).

With these abstract issues discussed, so let us get back now to concrete things. As a
basic application of the above results, we can further study G*(0), as follows:

Theorem 7.8. The quantum automorphism group of the N-cycle is as follows:
(1) At N # 4 we have GT(Z) = Dy.
(2) At N =4 we have Dy C GT(Z) C Sy, with proper inclusions.

Proof. We already know that the results hold at N < 4, so let us assume N > 5.

Given a N-th root of unity, w” = 1, the vector £ = (w’) is an eigenvector of d, with
cigenvalue w 4+ w¥~=!. Now by taking w = €>™/V it follows that 1, f, f2,..., fN~! are
eigenvectors of d. More precisely, the invariant subspaces of d are as follows, with the last
subspace having dimension 1 or 2 depending on the parity of N:

Cl,CfecCf -t cfreoCchN—2 ...
Consider now the associated coaction ® : C¥ — CV @ C(G), and write:
P(f)=f@a+ N '®b
By taking the square of this equality we obtain:
(A =fod+ @b+ 1® (ab+ ba)
It follows that ab = —ba, and that ®(f?) is given by the following formula:
O(f2) = f2@ad® + [N @b
By multiplying this with ®(f) we obtain:
(Y =red+ NP+ N ®ad?+ f @ bd®

Now since N > 5 implies that 1, N — 1 are different from 3, N — 3, we must have
ab® = ba* = 0. By using this and ab = —ba, we obtain by recurrence on k that:

q)(fk) — fk®ak‘+fN—k:®bk
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In particular at £ = N — 1 we obtain:
(NN = N g 4 e
On the other hand we have f* = f¥~1 so by applying * to ®(f) we get:
OV = N o+ fob
Thus a* = a™V~! and b* = bV~!. Together with ab® = 0 this gives:
(ab)(ab)* = abb*a* = ab™a™¥ "' = (ab®)BV 2N =0

From positivity we get from this ab = 0, and together with ab = —ba, this shows that
a,b commute. On the other hand C(G) is generated by the coefficients of ®, which are
powers of a, b, and so C'(G) must be commutative, and we obtain the result. O

Summarizing, this was a bad attempt in understanding G*(0J), which appears to be
“exceptional” among the quantum symmetry groups of the N-cycles.

An alternative approach to G*(0J) comes by regarding the square as the N = 2 par-
ticular case of the N-hypercube [y. Indeed, the usual symmetry group of [y is the
hyperoctahedral group Hy, so we should have a formula of type G(0O) = H, .

Quite surprisingly, we will see that GT(0y) is in fact a twist of Oy. So, in order to
discuss this material, we first need some twisting preliminaries:

Theorem 7.9. There is a signature map € : Py, — {—1,1}, given by (1) = (—1)¢,
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For T € Sk, this is the usual signature.
(2) For T € P, we have (—1)°, where c¢ is the number of crossings.
(3) For 7 <1 € NCeyen, the signature is 1.

Proof. The fact that e is indeed well-defined comes from the fact that the number ¢ in
the statement is well-defined modulo 2, which is standard combinatorics.

In order to prove the remaining assertion, observe that any partition 7 € P(k,l) can
be put in “standard form”, by ordering its blocks according to the appearence of the first
leg in each block, counting clockwise from top left, and then by performing the switches
as for block 1 to be at left, then for block 2 to be at left, and so on.

Here is an example of such an algorithmic switching operation, with block 1 being first
put at left, by using two switches, then with block 2 left unchanged, and then with block
3 being put at left as well, but at right of blocks 1 and 2, with one switch:
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With this convention, the proof of the remaining assertions is as follows:

(1) For 7 € S the standard form is 7/ = id, and the passage 7 — id comes by composing
with a number of transpositions, which gives the signature.

(2) For a general 7 € P,, the standard form is of type 7/ = |...|22, and the passage
T — 7’ requires ¢ mod 2 switches, where ¢ is the number of crossings.

(3) Assuming that 7 € P.,e, comes from m € NCp, by merging a certain number of
blocks, we can prove that the signature is 1 by proceeding by recurrence. O

With the above result in hand, we can now formulate:

Definition 7.10. Associated to a partition m € Poyen(k,1) is the linear map

Tﬂ’(eil®"'®eik)zzg7r(z~l Z.k)ejl(g)...@@jl

Juo-- T
where 6. € {—1,0,1} is 6, = e(7) if T > &, and 6, = 0 otherwise, with T = ker(}).

In other words, what we are doing here is to add signatures to the usual formula of T.
Indeed, observe that the usual formula for T, can be written as folllows:

Tﬂ<ei1®--~®eik): Z ejl®"'®ejl

jZkCI‘(;)Zﬂ'

Now by inserting signs, coming from the signature map e : P, — {1}, we are led
to the following formula, which coincides with the one from Definition 7.10:

Tﬂ(eh@...@eik):Zg(T) Z e, ®...Q0e€,

T>m j:ker(;):'r

We will be back later to this analogy, with more details on what can be done with it.
For the moment, we must first prove a key categorical result, as follows:

Proposition 7.11. The assignement m — T, is categorical, in the sense that

T @ T =Ty, LT, =Ny, Ty =T
where ¢(m, o) are certain positive integers.

Proof. In order to prove this result we can go back to the proof from the easy case, and
insert signs, where needed. We have to check three conditions, as follows:
1. Concatenation. It is enough to check the following formula:

 (ker i o ( ker ki...k, — - ker i p ki...k,
J1---Jq ll"-ls J1---Jq ll--'ls

Let us denote by 7, v the partitions on the left, so that the partition on the right is of
the form p < [rv]. Now by switching to the noncrossing form, 7 — 7’ and v — 1/, the
partition on the right transforms into p — p’ < [r'v/]. Now since [7'1/] is noncrossing, we
can use Theorem 7.9 (3), and we obtain the result.
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2. Composition. Here we must establish the following formula:

il"'ip jl]q o Zl@p
g(ker (jl...jq>)6 <ker <k:1k)) —° (ker (k:lk))

Let 7, v be the partitions on the left, so that the partition on the right is of the form
p < [7]. Our claim is that we can jointly switch 7,v to the noncrossing form. Indeed, we
can first switch as for ker(j; ... j,) to become noncrossing, and then switch the upper legs
of 7, and the lower legs of v, as for both these partitions to become noncrossing.

Now observe that when switching in this way to the noncrossing form, 7 — 7’ and
v — /, the partition on the right transforms into p — p’ < []. Now since [7] is
noncrossing, we can apply Theorem 7.9 (3), and we obtain the result.

3. Involution. Here we must prove the following formula:

5, (1) i, (3
"\J1--Jq T\

But this is clear from the definition of §,, and we are done. Il

T/
l//

As a conclusion, our construction 7 — T, has all the needed properties for producing
quantum groups, via Tannakian duality. So, we can now formulate:

Theorem 7.12. Given a category of partitions D C P,,e,, the construction

Hom(u®* u®") = span (Tﬁ

© € D(k, 1))
produces via Tannakian duality a quantum group G C O%, for any N € N.

Proof. This follows indeed from the Tannakian results from section 1 above, exactly as in
the easy case, by using this time Proposition 7.11 as technical ingredient. U

We can unify the easy quantum groups, or at least the examples coming from categories
D C P,.yen, with the quantum groups constructed above, as follows:

Definition 7.13. A closed subgroup G C O} is called q-easy, or quizzy, with deformation
parameter ¢ = £1, when its tensor category appears as follows,

Hom(u®* u®") = span (Tﬁ

Te D(k,l))

Jor a certain category of partitions D C Peyen, where T =T,T for q = —1,1. The
Schur-Weyl twist of G is the quizzy quantum group G C O} obtained via ¢ — —q.

We can now twist the orthogonal group. The result here is as follows:

Theorem 7.14. The twist of Oy 1is obtained by replacing the relations ab = ba with
ab = +ba, with anticommutation on rows and columns, and commutation otherwise.
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Proof. The basic crossing, ker (;]Z) with ¢ # j, comes from the transposition 7 € Sy, so its

signature is —1. As for its degenerated version ker (Z), this is noncrossing, so here the
signature is 1. We conclude that the linear map associated to the basic crossing is:

- —e;®e; fori#jg
Ty(e;, ®e;) = J
X( i) {ej R e; otherwise

We can proceed now as in the untwisted case, and since the intertwining relations
coming from Ty correspond to the relations defining Oy, we obtain the result. U

Getting back now to graphs, recall that our question was that of computing the quantum
symmetry group of (y. And we have here the following result, from [13]:

Theorem 7.15. The quantum symmetry group of the N-hypercube is
GT(Oy) = On
with the corresponding coaction map on the vertex set being the map
®:C*(Zy) = C(Zy)@C(On) , gi— Zgj & uji

J

—

via the standard identification Oy = ZY .

Proof. We use here the fact that the cube Oy, when regarded as a graph, is the Cayley
graph of the group Z%. The eigenvectors and eigenvalues of [y are as follows:

Viy.iy = Z (_1)i1j1+”'+iNjN9{1 X -Q%V
J1e-JN
Nipin = (D" 4 4 (=1)™
Modulo some standard computations, explained in [13], it is enough to construct a map
® as in the statement. For this purpose, consider the following variables:

G; = Zgj & Uj;
J

We must show that these variables satisfy the same relations as the generators g; € Z%'.
The self-adjointness being automatic, the relations to be checked are therefore:

Glz = 1 5 GZGJ = GJGl
We have the following formulae:

G? = Z Jegi @ ugpuy = 1+ Z kgt @ (Wipty + Wity
Kkl k<l
Gi,Gy] = nggl @ (Wirlji — Wil + Ul — Wjily)
k<l
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From the first relation we obtain ab = 0 for a # b on the same row of u, and by using
the antipode, the same happens for the columns. From the second relation we obtain:

[%’k;%‘l] = [Uﬂmuu] , Vk 7’é l

Now by applying the antipode we obtain [w;;, ug;] = [w, ug;|, and by relabelling, this
gives [ug, uji] = [uwi,u;] for j # i. Thus for i # j,k # [ we must have [uj,u;] =
[k, uy] = 0, and we are therefore led to G C Oy, as claimed. O

In connection with the various extensions of our formalism, regarding colored graphs,
or finite metric spaces, let us record as well the following result, also from [13]:

Theorem 7.16. The quantum isometry group of the N-hypercube, regarded as a finite
metric subspace of RN, is the twisted orthogonal group Oy .

Proof. We recall, from the discussion after Theorem 7.7, that the quantum symmetry
group of a finite colored graph is produced by du = ud, with d € My(C) being the
adjacency matrix. This construction applies in particular to the finite metric spaces,
which can be regarded as complete graphs, with the edges colored by their lengths.

The distance matrix of the cube has a color decomposition as follows:

d=dy+V2dy+V3ds+ ...+ VNdy

Since the powers of d; can be computed by counting loops on the cube, we have formulae
as follows, with z;; € N being certain positive integers:

d% = Toly + X92ds
di = z31ly + z30ds + T33d3
d{v = 37N11N+~TN2d2+-TN3d3+---+xNNdN

But this shows that we have the following equality of algebras:
<d>=<d; >

Now since d; is the adjacency matrix of [y, viewed as graph, this proves our claim,
and we obtain the result from Theorem 7.15. O

As a comment here, the similarity between Theorem 7.15 and Theorem 7.16 is part of
a wider phenomenon, the idea being that the various “familiar” finite metric spaces have
the same classical and quantum automorphism groups as the graphs that are usually used
for representing them. For more on this topic, we refer to [4] and related papers.

Our purpose now is to understand which representation of Oy produces by twisting
the magic representation of Oy. In order to solve this question, we will need:
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Proposition 7.17. The Fourier transform over 7% is the map

917 9N

O‘C(Zé\]) —C (Zév) ) 51’1 iy 7 2_N Z (_1)<7]>g{1"'95\§v
JiJN
with the usual convention < i,j >= Y, ixjr, and its inverse is the map
B : O*(Zév) — C<Zév> ) gil e ‘gj\]fv — Z (_1)<i7j>5g{1mngN
JiJN
with all the exponents being binary, iy, ..., iy, ji,.--,jn € {0,1}.
Proof. Observe first that the group ZY can be written as follows:

111

Thus both «, § are well-defined, and it is elementary to check that both are morphisms

of algebras. We have as well af = fa = id, coming from the standard formula:

N

1 <%,j> 1 irJr

5o 3 o =TT () <
Ji-JN k=1 Jr

Thus we have indeed a pair of inverse Fourier morphisms, as claimed.

g

As an illustration here, at N = 1, with the notation Zs = {1, g}, the map « is given by

0, — %(1 +9), 0, — %(1 — ¢) and its inverse [ is given by 1 — &; + d,4, g — 61 — 0.

By using now these Fourier transforms, we obtain following formula:
Theorem 7.18. The magic unitary for the embedding Oy C S;N s given by

it = g 3 30 0T ()

Ji---JN b1...bN

where ky = (ky,, .., ky ), with respect to multi-indices i,k € {0,1}" as above.

Proof. By composing the coaction map ¢ from Theorem 7.15 with the above Fourier

transform isomorphisms «, 3, we have a diagram as follows:

C*(z)) T C*(Z)) ® C(Oy)
o B®id
Sl/ ) m— Yo = C(2Y)® C(On)

In order to compute the composition on the bottom W, we first recall from Theorem
7.15 above that the coaction map ® is defined by the formula ®(gy) = >, 9o ® ug, for
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any a € {1,...,N}. Now by making products of such quantities, we obtain the following
global formula for ®, valid for any exponents iy,...,ix € {1,..., N}:

. : 1\ #(0€9) . . . :
oo = () X dealy o,
b1..bn

The term on the right can be put in “standard form” as follows:

i1 IN Zb 1% Zb 23
oy - Gpy = 91 e gN "t

We therefore obtain the following formula for the coaction map ®:

' 4 1 #(0€1) > ) > ) ' )
7 i bp=1"'x bp=N tx 7 )
D9y 9y) = (N) E g 9N ®u11bl"‘u1<fvbz\f
by1...bx

Now by applying the Fourier transforms, we obtain the following formula:

1 o .
= (B@id)® (2—N 3 (—1)<w>g{1...gg¢v>

Ji---JN
1 igs (1 #0<) Syt da Sbp—n Jo ; ;
S D I D I ) M (e T
J1-Jn b1...by

By using now the formula of 3 from Proposition 7.17, we obtain:

1 1 #(0€j)
W) = w2 X Y (§)
J1--JN b1..bn k1. kN
(_1)<i,j> (_1)<(be=1 Jore2 by Ja)y (k1 kN )>

O Ky ok ®uj1 ...ujN
g gty 161 Nbx

Now observe that, with the notation k, = (ks,, . .., kpy ), we have:
< (Z]waa Z jx)a(kla"'ka) >=< jakb >
by=1 =N

Thus, we obtain the following formula for our map W:

1 ' ' 1 #(0€y5) ) _
) ) _ N\ <itky,g> [ J J
VO ) =gx 2 2 2 ()T (N) Ogtr.ghy by -+ Uy

J1--JN bi..by k1...kN

But this gives the formula in the statement for the corresponding magic unitary, with
respect to the basis {5g¢1 giN} of the algebra C(ZY'), and we are done. O
19N
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We can now solve our original question, namely understanding where the magic repre-
sentation of Oy really comes from, with the following final answer to it:

Theorem 7.19. The magic representation of Oy, coming from its action on the N-cube,
corresponds to the antisymmetric representation of Oy, via twisting.

Proof. This follows from the formula of w in Theorem 7.18, by computing the character,
and then interpreting the result via twisting, as follows:
(1) By applying the trace to the formula of w, we obtain:

1 o 1\*0) .
XS (v ) (5) e,

J1.-.JN b1...bn 11...IN

(2) By computing the Fourier sum in the middle, we are led to the following formula,
with binary indices ji,...,jy € {0,1}, and plain indices by, ..., by € {1,...,N}:

1\ #0€9) , .
X = Z Z (N) 5j172bz:1 PR 6jN7sz:ijU'ﬁ)1 ce U%N

Ji--Jn b1...bn

(3) With the notation r = #(1 € j) we obtain a decomposition of type x = Zivzo Xrs
with the variables y, being as follows:

1 . 4
Xr = W Z Z 53‘1’21)1:1 G ot (5jN’ZbI:ijuﬁ71 . U?V]\;)N
#(1€j)=r b1..bn
(4) Consider now the set A C {1,...,N} given by A = {a|j, = 1}. The binary
multi-indices j € {0, 1} satisfying #(1 € j) = r being in bijection with such subsets A,
satisfying |A| = r, we can replace the sum over j with a sum over such subsets A.
We therefore obtain a formula as follows, where j is the index corresponding to A:

1
Xr = NN-r Z Z 5]’172%:1% s 5jszbx:ij H Ugb,

|Al=rb1...bN acA

(5) Let us identify b with the corresponding function b : {1,..., N} — {1,..., N}, via
b(a) = b,. Then for any p € {1,..., N} we have:

03,5y, ie = 1 = [071(p) N Al = xa(p) (mod 2)

We conclude that the multi-indices b € {1,..., N} which effectively contribute to the
sum are those coming from the functions satisfying b < A. Thus, we have:

1
I 3D Y |

|Al=r b<A acA
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(6) We can further split each y, over the sets A C {1,..., N} satisfying |A| = r, and
the point is that for each of these sets we have:

1
v 2 e = 2 [ ot

b<AacA sesh a€A

Thus, the magic character of Oy is given by y = Zf»v:o X, wWhere:

Xr = Z Z Huacr(a)

|Al=r ses5 a€A

(7) The twisting operation Oy — Oy makes correspond the following products:
5(0_) H Uao(a) —7 H U (a)
a€A acA

Now by summing over sets A and permutations o, we conclude that the twisting oper-
ation Oy — Oy makes correspond the following quantities:

Z Z ) Huaa(a) — Z Z Huaa(a)

[Al=r oesg acA |Al=r ceSg acA
Thus, we are led to the conclusion in the statement. O

Let us go back now to the square problem. In order to present the correct, final solution
to it, the idea will be that to look at the quantum group G (| |) instead, which is equal
to it, according to Theorem 7.2 (3). We will need the following result, from [36]:

Theorem 7.20. Given closed subgroups G C Uy, H C S, with fundamental corepre-
sentations u, v, the following construction produces a closed subgroup of Uy, :

C(Gu H) = (C(G)* * C(H))/ < [ul ,va) = 0 >
In the case where G, H are classical, the classical version of G 1, H is the usual wreath
product GV H. Also, when G is a quantum permutation group, so is G 1, H.

Proof. Consider indeed the matrix wjq j» = ul(-?)vab, over the quotient algebra in the state-
ment. Then w is unitary, and in the case G C Sy, this matrix is magic.

With these observations in hand, it is routine to check that G, H is indeed a quantum
group, with fundamental corepresentation w, by constructing maps A, ¢, S as in Definition
1.2, and in the case G C Sy, we obtain in this way a closed subgroup of Sy,. See [36]. O

We refer to [7], [36], [84] for more details regarding the above construction.

With this notion in hand, we can now formulate a non-trivial result, as follows:
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Theorem 7.21. Given a connected graph Z, and k € N, we have the formulae
GkZ)=G(Z)1Sx , G'(kZ)=G"(Z)u S}
where kZ = Z U ... Z is the k-fold disjoint union of Z with itself.

Proof. The first formula is something well-known, which follows as well from the sec-
ond formula, by taking the classical version. Regarding now the second formula, it is
elementary to check that we have an inclusion as follows, for any finite graph Z:

GH(2)1 Sf € G (kZ)

Regarding now the reverse inclusion, which requires Z to be connected, this follows by
doing some matrix analysis, by using the commutation with u. To be more precise, let us
denote by w the fundamental corepresentation of G*(kZ), and set:

W' =S wi Vap = > 0
g ia,jb ab — ab
b 7

It is then routine to check, by using the fact that Z is indeed connected, that we have
here magic unitaries, as in the definition of the free wreath products. Thus we obtain the
reverse inclusion G (kZ) C G*(Z) 1. S;, and this gives the result. See [7]. O

We are led in this way to the following result:

Theorem 7.22. Consider the graph consisting of N segments.

(1) Its symmetry group is the hyperoctahedral group Hy = Zo ! Sy.
(2) Its quantum symmetry group is the quantum group Hy = Zy . Sy

Proof. Here the first assertion is clear from definitions, with the remark that the relation
with the formula Hy = G(Oy) comes by viewing the N segments as being the [—1, 1]
segments on each of the N coordinate axes of RY. Indeed, a symmetry of the N-cube is
the same as a symmetry of the N segments, and so G(dy) = Zy ! Sy, as desired.

As for the second assertion, this follows from Theorem 7.21 above, applied to the
segment graph. Observe also that (2) implies (1), by taking the classical version. O

Now back to the square, we have G*(0J) = H,, and our claim is that this is the
“good” and final formula. In order to prove this, we must work out the easiness theory
for Hy, Hy;, and find a compatibility there. We first have the following result:

Proposition 7.23. The algebra C(Hy;) can be presented in two ways, as follows:

(1) As the universal algebra generated by the entries of a 2N x 2N magic unitary
having the “sudoku” pattern w = (§ %), with a,b being square matrices.

(2) As the universal algebra generated by the entries of a N x N orthogonal matriz
which is “cubic”, in the sense that w;ju;, = wjur; = 0, for any j # k.

As for C(Hy), this has similar presentations, among the commutative algebras.
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Proof. We must prove that the algebras A, A. coming from (1,2) coincide.
We can define a morphism A. — A by the following formula:

p(uij) = aij — b

We construct now the inverse morphism. Consider the following elements:

2 . 2 ..
uij—i-um 6“_””‘ Ujj
B - =1~

2 ’ J 2

These are projections, and the following matrix is a sudoku unitary:
M= (aij) (Bij))
((5@‘) (aij)
Thus we can define a morphism A, — A, by the following formula:
uzj + Uy u? Uig

Y(ay) = ZT ;o Y(by) = %

We check now the fact that 1, ¢ are indeed inverse morphisms:
ij

bepluig) = Play — by) = —— 5
As for the other composition, we have the following computation:

o(ai) = ¢ (U?J + Uij) _ (aij — bij)* + (ai; — bij) B
ij

Oéij =

2 2
U’ij + uij u;: — uij

5 =

2 i
A similar computation gives ¢t(b;;) = b;;, which completes the proof.

g

We can now work out the easiness property of Hy, Hy;, with respect to the cubic

representations, and we are led to the following result, which is fully satisfactory:

Theorem 7.24. The quantum groups Hy, Hy are both easy, as follows:

(1) Hy corresponds to the cateqory P.yen.
(2) Hy corresponds to the category NCeyen.

Proof. These assertions follow indeed from the fact that the cubic relations are imple-

mented by the one-block partition in P(2,2), which generates NCqyep.

U

As a final conclusion now, to the long story told here, the correct analogue of the
hyperoctahedral group Hy is the quantum group Hj; constructed above, with Hy — H};

being a liberation, in the sense of easy quantum group theory.
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8. REFLECTION GROUPS

We have seen in the previous section that the correct analogue of the hyperoctahedral
group Hy = 75! Sy is the quantum group Hy, = Zy l Sy. These key quantum groups
belong in fact to series, depending on a parameter s € NU {oo}, as follows:

HY =75y , Hy =7, 8%

We discuss here, following [6], [33], the algebraic and analytic structure of these latter
quantum groups. The main motivation comes from the cases s = 1, 2, oo, where we recover
respectively Sy, Sy and Hy, Hy, and the full reflection groups Ky, K3

Let us start with a brief discussion concerning the classical case. The result that we
will need, which is well-known and elementary, is as follows:

Proposition 8.1. The group HY, = Zs1 Sy of N x N permutation-like matrices having
as nonzero entries the s-th roots of unity is as follows:

(1) Hy = Sy s the symmetric group.

(2) H% = Hy is the hyperoctahedral group.

(3) HY = Ky is the group of unitary permutation-like matrices.

Proof. Everything here is clear from definitions. U

Let us mention as well that the groups H$ are part of a more general series H3Z,
depending on an extra parameter d|s, via the condition det(M)? = 1, which is the series
of complex reflection groups. We will be back to this in the next section.

The free analogues of the reflection groups H3 can be constructed as follows:

Definition 8.2. C(H}") is the universal C*-algebra generated by N* normal elements
u;;, subject to the following relations,
(1) u = (u;;) is unitary,
(2) u' = (uj;) is unitary,
(3) pij = wijuy; is a projection,
(4) ui; = pij,
with Woronowicz algebra maps A, e, S constructed by universality.

Here we allow the value s = oo, with the convention that the last axiom simply disap-
pears in this case. Observe that at s < oo the normality condition is actually redundant.
This is because a partial isometry a subject to the relation aa* = a® is normal.

As a first result, making the connection with Hy,, we have:

Theorem 8.3. We have an inclusion Hy C HY", which is a liberation, in the sense that
the classical version of HY", obtained by dividing by the commutator ideal, is Hy .
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Proof. This follows as for Oy C O} or Sy C Sy, by using the Gelfand theorem. O
In analogy with Proposition 8.1 above, we have the following result:

Proposition 8.4. The algebras C(H3') with s = 1,2, 00, and their presentation relations
in terms of the entries of the matriz u = (u;;), are as follows.
or = , the matriz w is magic: all its entries are projections,
(1) For C(HNT) = C(S%), th tri ' ic:all its entri jecti
summing up to 1 on each row and column.
or = e matriz u is cubic: it is orthogonal, and the products o
2) For C(HY") = C(HY) the matriz u is cubic: it is orthogonal, and the product
pairs of distinct entries on the same row or the same column vanish.
or = e matriz w is unitary, its transpose is unitary, and a
3) For C(Hy") = C(K},) th triz u is unitary, its t s unitary, and all
its entries are normal partial isometries.

Proof. Here (1) and (2) follow from definitions and from standard operator algebra tricks,
and (3) is just a translation of the definition of C(H3"), at s = co. 0

Let us prove now that HY with s < oo is a quantum permutation group. For this
purpose, we must change the fundamental representation. Let us start with:

Definition 8.5. A (s, N)-sudoku matrixz is a magic unitary of size SN, of the form

a o ... a?
as—l CLO as—2
m = ,
at  a? a’
where a°, ..., a*" ' are N x N matrices.

The basic examples of such sudoku matrices come from the group H;. Indeed, with
w = e?/% each of the N? matrix coordinates u;; : H3, — C takes values in the set
{0} U{l,w,...,w¥ '}, hence decomposes as follows:

s—1
§ rT_.T
r=0

Here each aj; is a function taking values in {0,1}, and so a projection in the C*-algebra
sense, and it follows from definitions that these projections form a sudoku matrix.
With this notion in hand, we have the following result:

Theorem 8.6. The following happen:

(1) The algebra C(HY,) is isomorphic to the universal commutative C*-algebra gener-
ated by the entries of a (s, N)-sudoku matriz.

(2) The algebra C(HY") is isomorphic to the universal C*-algebra generated by the
entries of a (s, N)-sudoku matriz.
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Proof. The first assertion follows from the second one, via Theorem 8.3. In order to prove
now the second assertion, consider the universal algebra in the statement, namely:

A= (| (@), = (5.) - sudokn )

Consider also the algebra C'(Hy"). According to Definition 8.2, this is presented by
certain relations R, that we will call here level s cubic conditions:

C(HY) =Cr (uij

u=N x N level s cubic)

We will construct a pair of inverse morphisms between these algebras.

(1) Our first claim is that U;; = Zp w~Pay; is a level s cubic unitary. Indeed, by using

the sudoku condition, the verification of (1-4) in Definition 8.2 is routine.
(2) Our second claim is that the elements A}, = %Zr w™uy;, with the convention
u?j = pij, form a level s sudoku unitary. Once again, the proof here is routine.

(3) According to the above, we can define a morphism ® : C(H3") — A by the formula
®(uy;) = Uy, and a morphism W : A — C(HY") by the formula ¥(af;) = A7

(4) We check now the fact that ®, U are indeed inverse morphisms:

\I/(I)(U”) = Z’w—pA%
p
- ISrsem
P r

1 r—1 r
= - Z w( )puij
pr

As for the other composition, we have the following computation:

(ID\IJ(afj) = %Zw”’UZZ
= % Z w' Z w_Tqa?j
r q
_ % zq: a?j ZT: w9

—_ p
= &ij

Thus we have an isomorphism C(H3}") = A, as claimed. 0
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Let us discuss now the interpretation of Hy, Hy' as classical and quantum symmetry
groups of graphs. We will need the following simple fact:

Proposition 8.7. A sN x sN magic unitary commutes with the matrix

0 Iy 0 ... 0

0 0 Iy ... 0
y=1:

0 0 0 ... Iy

Iy 0 0 ... 0

if and only if it is a sudoku matriz in the sense of Definition 8.5.

Proof. This follows from the fact that commutation with > means that the matrix is
circulant. Thus, we obtain the sudoku relations from Definition 8.5 above. U

Now let O4 be the oriented cycle with s vertices, and consider the graph N O4 consisting
of N disjoint copies of it. Observe that, with a suitable labeling of the vertices, the
adjacency matrix of this graph is the above matrix 3. We obtain from this:

Theorem 8.8. We have the following results:
(1) Hy; is the symmetry group of N Os.
(2) Hy is the quantum symmetry group of N Os.

Proof. Here (1) follows from definitions, and (2) follows from Theorem 8.6 and Proposition
8.7, because C(HY") is the quotient of C(SYy) by the relations making the fundamental
corepresentation commute with the adjacency matrix of N O. Il

Next in line, we must talk about wreath products. We have here:

Theorem 8.9. We have the following results:
(1) HY = 7Zs 1 Sn.

Proof. This follows from Theorem 8.8 and from the following formulae, valid for any
connected graph X, and explained in the previous section, applied to N O:

GNX) = ( S
GHNX) — G

Alternatively, (1) follows from definitions, and (2) can be proved directly, by construct-
ing a pair of inverse morphisms. For details here, we refer to [33]. O

Regarding now the easiness property of the quantum groups Hy,, Hy'", we already know
that this happens at s = 1,2. In general, we have the following result, from [6]:
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Theorem 8.10. The quantum groups Hy,, Hy' are easy, the corresponding categories
pPPcP , NC°CNC
consisting of partitions having the property
#o —#e=0(s)
as a weighted sum, in each block.
Proof. Observe that the result holds at s = 1, trivially, and at s = 2 as well, where our

condition is equivalent to # o +#e = 0(2), in each block. In general, this follows as in
the proof of Theorem 7.24, by using the one-block partition in P(s, s). See [6]. O

The above proof was of course quite brief, but we will not be really interested here in
the case s > 3, which is quite technical. In fact, the above result, dealing with the general
case s € N, is here for providing an introduction to the case s = oo, where we have:

Theorem 8.11. The quantum groups Ky, K}, are easy, the corresponding categories
Peven C P, NCepen C NC
consisting of partitions having the property
Yo = e
as a weighted equality, in each block.

Proof. This follows from Theorem 8.10 above, or rather by proving the result directly, a
bit as in the s = 1, 2 cases, because the s = 0o case is needed first, in order to discuss the
general case, s € NU {oo}. For details here, we refer once again to [6]. O

Let us discuss now, following [33], the classification of the irreducible representations
of Hy", and the computation of their fusion rules. For this purpose, let us go back to the
elements u;;, p;; in Definition 8.2 above. We recall that, as a consequence of Proposition
8.4, the matrix p = (p;;) is a magic unitary. We first have the following result:

Proposition 8.12. The elements w;; and p;; satisfy:
(1) pijuij = ;.
(2) u?j = ufjil'
(3) wijuwip =0 for j # k.
Proof. We use the fact that in a C*-algebra, aa* = 0 implies a = 0.
(1) This follows from the following computation, with a = (p;; — 1)w;;:
aa” = (pij = )pij(pi; — 1) = 0
(2) With a = uj; — ufj_l we have aa* = 0, which gives the result.
(3) With a = u;;u;; we have aa* = 0, which gives the result. O

In what follows, we make the convention u% = pij- We have then:
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Theorem 8.13. The algebra C(H3") has a family of N-dimensional corepresentations
{uk|k € Z}, satisfying the following conditions:

(1) wp = (ujy) for any k> 0.

(2) up = upys for any k € Z.

(3) up = u_y for any k € Z.

Proof. Let us set uy = (u};). By using Proposition 8.12 (3), we have:
A(ufj) = Z Wity -+ Wig,, @ Upyj .Uy = Zufl ® ufj
I

ly..ly

We have as well e(uf;) = d;; and S(uf;) = uif, trivially, so we are done with (1).

Regarding now (2), this follows once again from Proposition 8.10 (3), as follows:

k+s _ ,k,s _  k .,k
Uiy = WUy = WyiDij = Uy
Finally (3) follows from Proposition 8.12 (2), and we are done. O

Let us compute now the intertwiners between the various tensor products between the
above corepresentations u;. For this purpose, we make the assumption N > 4, which
brings linear independence. In order to simplify the notations, we will use:

Definition 8.14. Foriq,...,i; € Z we use the notation
Uiy gy = Uy O .o @ Uy,
where {w;|i € Z} are the corepresentations in Theorem 8.13.

Observe that in the particular case iy,...,i; € {£1}, we obtain in this way all the
possible tensor products between u = u; and @ = wu_;, known by [99] to contain any
irreducible corepresentation of C(H3"). Here is now our main result:

Theorem 8.15. We have the following equality of linear spaces
pe NCs(il...ik,jl...jl)}

where the set on the right consists of elements of NC(k,l) having the property that in
each block, the sum of 1 indices equals the sum of 7 indices, modulo s.

Hom(us, ..\, uj,..5,) = span {Tp

Proof. This result is from [33], the idea of the proof being as follows:

(1) Our first claim is that, in order to prove D, we may restrict attention to the case
k = 0. This follow indeed from the Frobenius duality isomorphism.

(2) Our second claim is that, in order to prove D in the case k = 0, we may restrict
attention to the one-block partitions. Indeed, this follows once again from a standard
trick. Consider the following disjoint union:

NC, = |J NC(0,i .. .ix)

k=0141...ip
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This is a set of labeled partitions, having property that each p € N is noncrossing,
and that for p € NCy, any block of p is in NCy. But it is well-known that under these
assumptions, the global algebraic properties of NCy can be checked on blocks.

(3) Proof of D. According to the above considerations, we just have to prove that the
vector associated to the one-block partition in NC(I) is fixed by u;,. ;, when:

sljr+ ...+ i

Consider the standard generators e,, € My (C), acting on the basis vectors by eq(e.) =
dpc€q. The corepresentation u;, . j, is given by the following formula:

- E E Ji Ji
Uy = Werby = - Uayp, X €aby @ .. D €qpp

ai...ap by...by

As for the vector associated to the one-block partition, this is § = >, eg@l. By using

now several times the relations in Proposition 8.12; we obtain, as claimed:

uy 5, (1®&) = Z Zuﬁb . uillb Req V...QR eq

aj..a; b
ii+...+7 l
= Yuli e
ab
= 1®¢

(4) Proof of C. The spaces on the right in the statement form a Tannakian category
in the sense of [100], so they correspond to a certain Woronowicz algebra A.

This algebra is by definition the maximal model for the Tannakian category. In other
words, it comes with a family of corepresentations {v;}, such that:

p € NCs(iy...ik, 51 ---jl)}

On the other hand, the inclusion D that we just proved shows that C(H3") is a model
for the category. Thus we have a quotient map A — C(HY"), mapping v; — u;.

But this latter map can be shown to be an isomorphism, by suitably adapting the proof
from the s = 1 case, for the quantum permutation group Sy. See [6], [33]. O

Hom(vi,. iy, vj,. j,) = span {Tp

As an illustration for the above result, we have the following statement:

Theorem 8.16. The basic corepresentations ug, . ..,us_1 are as follows:
(1) uq,...,usq are irreducible.
(2) ug = 1+ rg, with ro irreducible.
(3) 7o, u1, ..., us_1 are distinct.

Proof. We apply Theorem 8.15 with £k =1 =1 and ¢; =1, j; = 7. This gives:
dim(Hom/(u;, u;)) = #NCs(1, j)
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We have two candidates for the elements of NC(i,7), namely the two partitions in
NC(1,1). So, consider these two partitions, with the points labeled by i, j:

We have to check for each of these partitions if the sum of ¢ indices equals or not the
sum of j indices, modulo s, in each block. The answer is as follows:

p € NCs(i,j) <= i=]j
q € NCs(i,j) <= i=7=0

By collecting together these two answers, we obtain:

0 ifi#j
UNC(i,j) =31 ifi=j£0
2 ifi=j=0
Now (1) follows from the second equality, (2) follows from the third equality and from
the fact that we have 1 € u,, and (3) follows from the first equality. O

Let us record as well, as a second consequence, the following result:
Theorem 8.17. We have the formula
#lew, ®@...0u;,)=#NC(iy...i)
where the set on the right consists of noncrossing partitions of {1, ...k} having the prop-
erty that the sum of indices in each block is a multiple of s.

Proof. This is clear indeed from Theorem 8.15 above. U

With these ingredients in hand, we can now compute the fusion semiring for H3". The
result here, once again from [33], is as follows:

Theorem 8.18. Let ' =< Z, > be the monoid formed by the words over Zg, with
involution (i1 ...1x)" = (—ig) ... (—11), and with fusion product given by:
(1. i) (J1-o-gi) =d1 - ig_1(ix + J1)J2- - 71
The irreducible representations of HY" can then be labeled r, with x € F, such that the
involution and fusion rules are 7, = rz and
Te @ Ty = Z Tow + Tow
T=V2,Yy=ZW

and such that we have r; = u; — 6,01 for any i € Z.
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Proof. This basically follows from Theorem 8.15, the idea being as follows:

(1) Consider the monoid A = {a,|r € F'}, with multiplication a,a, = a,,. We denote
by NA the set of linear combinations of elements in A, with coefficients in N, and we
endow it with fusion rules as in the statement:

ay & Ay = Z Ay F Ay
T=02,Yy=2zWw
With these notations, (NA, +, ®) is a semiring. We will use as well the set ZA, formed
by the linear combinations of elements of A, with coefficients in Z. The above tensor
product operation extends to ZA, and (ZA, +,®) is a ring.

(2) Our claim is that the fusion rules on ZA can be uniquely described by conversion
formulae as follows, with C being positive integers, and D being integers:

E E J1---J1
all ®alk C’Ll Zkajl---jl

L J1---Ju

J1.--J1
iy ..y, = E : E : Dzl zkah - ® as,
Ji---Ji

Indeed, the existence and uniqueness of such decompositions follow from the definition
of the tensor product operation, and by recurrence over k for the D coefficients.

(3) Our claim is that there is a unique morphism of rings ® : ZA — R, such that
®(a;) = r; for any i. Indeed, consider the following elements of R:

E E J1---J1 .
T’Ll A T Dzl 'Lkrjl ‘®r]l

I ji--di

In case we have a morphism as claimed, we must have ®(a,) = r, for any = € F. Thus
our morphism is uniquely determined on A, so it is uniquely determined on ZA.

In order to prove the existence, we can set ®(a,) = r, for any x € F, then extend ¢ by
linearity to the whole ZA. Since ® commutes with the above conversion formulae, which
describe the fusion rules, it is indeed a morphism.

(4) Our claim is that ® commutes with the linear forms x — #(1 € ). Indeed, by
linearity we just have to check the following equality:

#(1€a¢1®...®aik):#(167@»1@...@7’%)

Now remember that the elements r; are defined as r; = u; — d;01. So, consider the
elements ¢; = a; + d;01. Since the operations r; — u; and a; — ¢; are of the same nature,
by linearity the above formula is equivalent to:

#(16621(@®Czk):#(16u“®®ulk)
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Now by using Theorem 8.15, what we have to prove is:
#1 €, ®...0¢,) =#NC(iy...i)
In order to prove this formula, consider the product on the left:
P = (a;; +6;,01) ® (ai, + dipol) @ ... ® (@i, + 6i0l)

This quantity can be computed by using the fusion rules on A. A recurrence on k shows
that the final components of type a, will come from the different ways of grouping and
summing the consecutive terms of the sequence (iy,...,i), and removing some of the
sums which vanish modulo s, as to obtain the sequence x. But this can be encoded by
families of noncrossing partitions, and in particular the 1 components will come from the
partitions in NCs(iy .. .ix). Thus #(1 € P) = #NCs(iy ... 10x), as claimed.

(5) Our claim now is that ® is injective. Indeed, this follows from the result in the
previous step, by using a standard positivity argument:

P(a)=0 = P(aa™)=0
= #(1leP(aa™)=0
= #(le€aa")=0
— a=0
Here « is arbitrary in the domain of ®, we use the notation af = az, where a — #(1, a)
is the unique linear extension of the operation consisting of counting the number of 1’s.

Observe that this latter linear form is indeed positive definite, according to the identity
#(1, aza;) = 04y, which is clear from the definition of the product of ZA.

(6) Our claim is that we have ®(A) C R;... This is the same as saying that r, € Ry,
for any x € I, and we will prove it by recurrence on the length of x.
Assume that the assertion is true for all the words of length < k, and consider an
arbitrary length & word, x =7 ...1;,. We have:
a’i1 ® a’iz...ik = Qy + ai1+’i2,i3...ik + 5i1+i2,0a’i3...ik
By applying ® to this decomposition, we obtain:
Tiy @ Tig. i, = To T Tiitinig...i T 0i1tia,07i5...ix
We have the following computation, which is valid for y = i1 + 9,13 . .. i, as well as for
Yy =13...% in the case i1 + 15 = 0:
#(Ty € ri1 ® rig...ik) - #(17 T:lj ® Til ® Tig...ik)
= #(17 aﬂ ® a’il ® aiz.“ik)
#(ay € iy ® ai2-~-ik)
=1
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Moreover, we know from the previous step that we have r;, 4, s iy 7 Tis.ip, SO We
conclude that the following formula defines an element of R™:

o = ril ® Tiz...ik - ril-‘riz,ig...ik - 5i1+i2,ori3...ik

On the other hand, we have o = r,, so we conclude that we have r, € R™. Finally, the
irreducibility of r, follows from the following computation:

#1er,@7r) = #1Er,@rz)

= #(l €a,®az)

= #(le€a,®a,)

= 1

(7) Summarizing, we have constructed an injective ring morphism ® : ZA — R, having
the property ®(A) C R;.-. The remaining fact to be proved, namely that we have ®(A) =
Rir, is clear from the general results in [99]. Indeed, since each element of NA is a sum of
elements in A, by applying ® we get that each element in ®(NA) is a sum of irreducible

corepresentations in ®(A). But since ®(NA) contains all the tensor powers between the
fundamental corepresentation and its conjugate, we get ®(A) = Ry, and we are done. [

For further results regarding representation theory, we refer to [33].

Let us discuss now the computation of the asymptotic laws of characters. We begin
with a discussion for Hy, from [14], which has its own interest:

Theorem 8.19. The asymptotic law of x; for the group Hy is given by

=& (/)

"= k_ZOO k; (Ik] + p)'p!

where 0y, is the Dirac mass at k € Z.

Proof. We regard the hyperoctahedral group Hy as being the symmetry group of the
graph Iy = {I',..., IV} formed by N segments. The diagonal coefficients are then:

0 if g moves I*
uii(g) = § +1if g fixes I
—1 if g returns I

Let s = [tN], and denote by 1 g, g the number of segments among {I', ..., I*} which
are fixed, respectively returned by an element g € Hy. With this notation, we have:

U11+...+u35:/]\g_¢g
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We denote by Py probabilities computed over the group Hy. The density of the law
of u11 4+ ...+ uss at a point k > 0 is given by the following formula:

D(k) = Pn(tg—1lg=Fk)

= > Px(tg=k+plg=p)
p=0
Assume first that we have t = 1. We use the fact that the probability of ¢ € Sy to
have no fixed points is asymptotically 1/e. Thus the probability of o € Sy to have m
fixed points is asymptotically 1/(em!). In terms of probabilities over Hy, we obtain:

. . k+2p
— k+2p —
Jim D(k) = lim pE_O(l/Q) (k p) Py(t g+l g=Fk+2p)
ZOO k+2p 1
= k+p ) e(k+2p)

1 > 1 /2 k+2p
T e ZO k+p)'p!
The general case t € (0,1] follows by performing some modifications in the above
computation. The asymptotic density is computed as follows:

. - k+2
dm ) = tim S/ (52t gn Lo k)
p=0

tk+2p

- k+ 2p
— 1 2k+2p s
>0 (350 o

eftz (t/2)+2
« (k+p)'p!
Together with D(—k) = D(k), this gives the formula in the statement. O

Observe that the measure found above is by = e™*> "7 _ 0y fu(t/2), where f, is the
Bessel function of the first kind:

fi(t) =

. ¢lRl+2e
— ([k| +p)'p!
Next, we have the following result, once again from [14]:
Theorem 8.20. The Bessel laws b, have the additivity property
bs * by = bspy

so they form a truncated one-parameter semigroup with respect to convolution.
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Proof. The Fourier transform of b; is given by:

(e 9]

Fby(y) =e™ Z e fiu(t/2)

k=—o0

We compute now the derivative with respect to ¢:

—t [e.e]

Fh(y) = ~Fbuly) + 5 > e fi(t/2)

k=—oc0

On the other hand, the derivative of f; with £ > 1 is given by:

(k + 2p)thk+ar-1

filt) = 2; e
> (k: +p>tk+2p71 o ptk+2p71
N pzzg (k+p)'p! s (k+p)'p!
o0 tht2p=1 o $ht2p—1
RPN VD DY e Ty

0

3
I

f(k=1)+2p % D) +2(p—1)

RSP L (CES Ay ey

I
»smg

o

= Jfo1(t) + fea(t)
This computation works in fact for any k, so we get:

t [ee]

PO = —F0)+ 5 3 Mt/ + (1))

k=—o0

= —Fbt<y)+67_t i BTV fi(t/2) + e*T D fi(t/2)

k=—00
eV +eY

= —Fb(y) + 5 Fby(y)

_ (*T - 1) Fh(y)

Thus the log of the Fourier transform is linear in ¢, and we get the assertion. U

In order to discuss now the free analogue f3; of the above measure b;, as well as the
s-analogues by, 8/ of the measures b;, 3;, we need some free probability.

We have the following notion, extending the Poisson limit theory from section 5:
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Definition 8.21. Associated to any compactly supported positive measure p on R are the
probability measures

1 *n 1 Hn
pp = lim ((1—£> (50—|——p) , m,= lim ((1—£> 50+—p>
n—00 n n n—oo n n

where ¢ = mass(p), called compound Poisson and compound free Poisson laws.

In what follows we will be interested in the case where p is discrete, as is for instance
the case for p = d; with ¢ > 0, which produces the Poisson and free Poisson laws.

The following result allows one to detect compound Poisson/free Poisson laws:

Proposition 8.22. For p=>""_, ¢;0, with ¢; >0 and z; € R, we have

> DN : CiZ;
Fp,(y) = exp (Z ci(eV* — 1)) . Re,(y)=>_ -

=1 i=1

where F, R denote respectively the Fourier transform, and Voiculescu’s R-transform.

Proof. Let p, be the measure appearing in Definition 8.21, under the convolution signs.
In the classical case, we have the following computation:

c 1< vz
Fu.(y) = (1—5>+ﬁzci€yl
i=1

c 1 < : "
F*n — (1__) - ZAzyz,-
= Fuy) ( S+ =3 e )

i=1

= I, (y) =exp (Z ci(eV — 1))

i=1

In the free case now, we use a similar method. The Cauchy transform of p,, is:

eyl 1 C;
Gu(© = (1-2) 2+~ l
l‘«n(g) n §+n;£_zz
Consider now the R-transform of the measure 2", which is given by:

Rp%" (y) = nR;m (y)
The above formula of G, shows that the equation for R = R @n is as follows:

S

c 1 1 c
( n y*1+R/n+nZy*1+R/n—zi Y

i=1

& 1 1 ci
— 1——)— - i —1
( n 1+yR/n+nZI+yR/n—yzi

=1



QUANTUM PERMUTATIONS 131

Now by multiplying by n, rearranging the terms, and letting n — co, we get:
ct+yR i i
1+yR/n p 1+ yR/n—yz
S

C;
= c+yR.(y) = Z [
i=1 ?

: CizZi
— Rﬂﬂ(w - Z 1—yz
i=1 v

This finishes the proof in the free case, and we are done. Il
We have as well the following result, providing an alternative to Definition 8.21:
Theorem 8.23. For p = Zle ci0,, with ¢; > 0 and z; € R, we have
Pp/ T, = law (Z ziozZ)
i=1
where the variables o; are Poisson/free Poisson(c;), independent/free.

Proof. Let a be the sum of Poisson/free Poisson variables in the statement. We will show
that the Fourier/R-transform of « is given by the formulae in Proposition 8.22.
Indeed, by using some well-known Fourier transform formulae, we have:

Fo(y) = exp(ci(e¥ = 1)) = Fuq,(y) = exp(ei(e™™ — 1))

— Fu(y) = exp (Z (e — 1>>

i=1
Also, by using some well-known R-transform formulae, we have:

¢ CiZi
Ra» _ 1 — Rz~a~ _ 147
() T i (Y) —
°L oz
— Ra _ 147
() ;;1—9%
Thus we have indeed the same formulae as those in Proposition 8.22. O

We can go back now to quantum reflection groups, and we have:

Theorem 8.24. The asymptotic laws of truncated characters are as follows, where €,
with s € {1,2,...,00} is the uniform measure on the s-th roots of unity:

(1) For Hj, we obtain the compound Poisson law b] = pe, .
(2) For H3" we obtain the compound free Poisson law [ = m.,.

These measures are in Bercovici-Pata bijection.
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Proof. This follows from easiness, and from the Weingarten formula. To be more precise,
at t = 1 this follows by counting the partitions, and at ¢t € (0, 1] general, this follows in
the usual way, for instance by using cumulants. For details here, we refer to [6]. U

The above measures are called Bessel and free Bessel laws. This is because at s = 2 we
have b7 = et > 77 fi(t/2)dy, with fi being the Bessel function of the first kind:

0 i tlkl+2p
fe) =D
= ([k[+p)'p!
The Bessel and free Bessel laws have particularly interesting properties at the parameter
values s = 2,00. So, let us record the precise statement here:

Theorem 8.25. The asymptotic laws of truncated characters are as follows:

(1) For Hy we obtain the real Bessel law by = pye,.

(2) For Ky we obtain the complex Bessel law By = pye_, .

(3) For Hy; we obtain the free real Bessel law By = e, .

(4) For K}, we obtain the free complex Bessel law By = ., .

Proof. This follows indeed from Theorem 8.24 above, at s = 2, co. U

In addition to what has been said above, there are as well some interesting results
about the Bessel and free Bessel laws involving the multiplicative convolution x, and the
multiplicative free convolution X from [88]. For details, we refer here to [6].
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9. COMPLEX REFLECTIONS

We have seen in the previous section that the basic reflection groups HY = Zs ! Sy
have free analogues Hy' = Zg 1. S¥, and that the theory of these quantum groups, both
classical and free, is very interesting, algebrically and analytically speaking.

In this section we explore more general classes of quantum reflection groups. As we will
see, the subject is extremely interesting, and there are many open questions, currently
under investigation. In fact, this is one of the main “hot areas” in quantum groups.

In order to get started, let us recall the theory from the classical case. The theorem
here, a celebrated result by Shephard and Todd, from the 50s, is as follows:

Theorem 9.1. The irreducible complex reflection groups are

H = {U € H3|(det U)e = 1}

along with 34 exceptional examples.

Proof. This is something quite advanced, and we refer here to the paper of Shephard and
Todd [81], and to the subsequent literature on the subject. g

In the general quantum case now, the axiomatization and classification of the quantum
reflection groups is an interesting question, which is not understood yet.

We will be interested in what follows in the “twistable” case, where the theory is more
advanced than in the general case. Let us start with the following definition:

Definition 9.2. A closed subgroup G C Uy, is called:

(1) Half-homogeneous, when it contains the alternating group, Ay C G.
(2) Homogeneous, when it contains the symmetric group, Sy C G.
(3) Twistable, when it contains the hyperoctahedral group, Hy C G.

Observe that in the classical case, the complex reflection groups H3 are all half-
homogeneous, but only some of them are homogeneous, or twistable.

In general, the above notions are mostly motivated by the easy case. Here we have by
definition Sy C G C Uy, and so our quantum group is automatically homogeneous. The
point now is that the twistability assumption corresponds to the following condition, at
the level of the associated category of partitions D C P:

D C PEU@’H

We recognize here the condition which is needed for performing the Schur-Weyl twisting
operation, explained in section 7 above, and based on the signature map:

€: Poyen = {£1}
As a conclusion, in the easy case our notion of twistability is the correct one. In general,

there are of course more general twisting methods, usually requiring ZY C G only. But
in the half-homogeneous case, the condition ZY C G is equivalent to Hy C G.
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With this discussion done, let us formulate now the following definition:

Definition 9.3. A twistable quantum reflection group is an intermediate subgroup
Hy C K C K},
between the group Hy = Zol Sy, and the quantum group Kj =T, S§.
As already mentioned, this is something quite restrictive, mainly motivated by the easy
quantum group case, and in the classical case, not all the complex reflection groups H3¢

from Theorem 9.1 fit into this scheme. However, the theory is quite advanced under the
twistability assumption, and explaining it will be our main purpose in this section.

Here is now another definition, which is important for general compact quantum group
purposes, and which provides motivations for our formalism from Definition 9.3:

Definition 9.4. Given a closed subgroup G C Uy, which is twistable, in the sense that we
have Hy C G, we define its associated reflection subgroup to be

K=GnK}
with the intersection taken inside Uy,. We say that G appears as a soft liberation of its

classical version G gss = G N UN when G =< Gugss, I >.

These notions are important in the classification theory of compact quantum groups,
and in connection with certain noncommutative geometry questions as well. As a first
observation, with K being as above, we have an intersection diagram, as follows:

K G

Kclass Gclass

The soft liberation condition states that this diagram must be a generation diagram.
We will be back to this in a moment, with some further theoretical comments.

Let us work out some examples. As a basic result, we have:
Theorem 9.5. The reflection subgroups of the basic unitary quantum groups are

Uy U Uy Ky K3, K5

Oy O% o7 Hy H, Hj;

and these unitary quantum groups all appear via soft liberation.
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Proof. The fact that the reflection subgroups of the quantum groups on the left are those
on the right is clear in all cases, with the middle objects being by definition:

Hy=HyNnOy , Ky=KynUy
Regarding the second assertion, things are quite tricky here, as follows:

(1) In the classical case there is nothing to prove, because any classical group is by
definition a soft liberation of itself.

(2) In the half-classical case the results are non-trivial, but can be proved by using the
technology developed by Bichon and Dubois-Violette.

(3) In the free case the results are highly non-trivial, and the only known proof so far
uses the recurrence methods developed by Chirvasitu in [42]. O

Summarizing, we are here into recent and interesting quantum group theory. We will
discuss a bit later the concrete applications of Theorem 9.5.

There is a connection here as well with the notion of diagonal torus, introduced in
section 1 above. We can indeed refine Definition 9.4, in the following way:

Definition 9.6. Given Hy C G C Uy, the diagonal tori T = G N'TY and reflection
subgroups K = G N K}, for G and for Guuss = G N Uy form a diagram as follows:

T K G

Tclass

Kclass

Gclass

We say that G appears as a soft/hard liberation when it is generated by Goqss and by
K/T, which means that the right square/whole rectangle should be generation diagrams.

It is in fact possible to further complicate the picture, by adding free versions as well,
with these free versions being by definition given by the following formula:

Giree =< G, S% >

Importantly, we can equally add the parameter N € N to the picture, the idea being
that we have a kind of “ladder”, whose steps are the diagrams in Definition 9.6, perhaps
extended with the free versions too, at fixed values of N € N.

The various generation and intersection properties of this ladder are important proper-
ties of G = (G ) itself, with subtle relations between them. In fact, as already mentioned
in the proof of Theorem 9.5 above, the proof of the soft generation property for Of;, Uy
uses in fact this ladder, via the recurrence methods developed in [42].
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All this is quite technical, so as a concrete result in connection with the above hard
liberation notion, we have the following statement, improving Theorem 9.5:

Theorem 9.7. The diagonal tori of the basic unitary quantum groups are

Un Uy Uy Ty

On Ox (0) Ty T Ty
and these unitary quantum groups all appear via hard liberation.

Proof. The first assertion is something that we already know, from section 1 above, with
the various tori appearing there being by definition the following group duals:

75 7N 7N
7N 70N 7+ N
ZQ ZQ Z2

As for the second assertion, this can be proved by carefully examining the proof of
Theorem 9.5, and performing some suitable modifications, where needed. O

As an interesting remark, some subtleties appear in the following way:

Proposition 9.8. The diagonal tori of the basic quantum reflection groups are

Ky K3 K} Ty T% T}
%
Hy HY, H; T T T

and these quantum reflection groups do not all appear via hard liberation.

Proof. The first assertion is clear, for instance as a consequence of Theorem 9.7, because
the diagonal torus is the same for a quantum group, and for its reflection subgroup:

GNT{ =(GNKy)NTY
Regarding the second assertion, things are quite tricky here, as follows:

(1) In the classical case the hard liberation property definitely holds, because any
classical group is by definition a hard liberation of itself.



QUANTUM PERMUTATIONS 137

(2) In the half-classical case the answer is again positive, and this is non-trivial, but
can be proved by using the technology developed by Bichon and Dubois-Violette.

(3) In the free case the hard liberation property fails, due to some intermediate quantum
groups H][\C;O], KJ[\C;O], where “hard liberation stops”. We will be back to this. U

As a conjectural solution to these latter difficulties, coming from Proposition 9.8, we
have the notion of Fourier liberation, to be discussed later on, in section 9 below.

Finally, as a last piece of general theory, let us mention that all this is interesting in con-
nection with noncommutative geometry. From a very naive viewpoint, which is actually
a very good viewpoint, an abstract noncommutative geometry theory should include at
least a noncommutative sphere S, a noncommutative torus 7', a unitary quantum group
U, and a quantum reflection group K, with connections between them, as follows:

S T

U K

The point now is that when trying to axiomatize such quadruplets (S, T, U, K), we are
led in particular to the study of the relations between 7', U, K, and so to the above soft
and hard liberation questions. We refer here to the literature on the subject.

With this done, let us go back now to Definition 9.3, and try to do some classification
work there. We are interested in intermediate quantum groups, as follows:
Hy C K C K},

We have already met a few examples of such quantum groups, in the various results
above, and their proofs. We can put these examples together, as follows:

Proposition 9.9. We have quantum reflection groups as follows, with HJ[\(;O}, KJ[\(;O] being
obtained via the relations abc = 0, for any a # ¢ on the same row or column of u,u:

Ky K3 K K3

Hy H HE HY

In addition, we can intersect these quantum groups with HY with s € 2N U {oo}, with
the s = 2,00 intersections corresponding to the lower and upper row.
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Proof. These are quantum groups that we already know, with the exception of H ][\C;o ], K ][\C;o ],
that only appeared briefly, in the proof of Proposition 9.8 above.

But these latter quantum groups can be indeed be defined via the relations abc = 0 in
the statement, with the construction of A, e, .S being standard, by universality, and with

the inclusions Hjy C H][\?O] and Ky C K ][30 ) being clear as well. U
Remarkably, all the above quantum groups are easy, as follows:

Theorem 9.10. The above quantum groups are all easy, the categories of partitions being
as follows, with PR —< n > with n = ker (”y) , and with plel = plel n Peven:

Yy
Peven ~ P:ven ~—— Pe[%z]n NC'eUen
Peven Pe*ven Pe[gz]n NCeyen

When intersecting with Hy" with s € 2N U {oo}, the quantum groups that we obtain are
easy as well, the corresponding categories being DGmHlstr =< D¢, P? >.

Proof. These are basically results that we already know, with the exception of the results
for H][\?O], K ][\C;O]. In order to prove easiness here, consider the following partition:

e}

o o _

o

It is routine to check that this partition implements the relations abc = 0 defining
the quantum group H][\C;O], and we conclude that this quantum group is indeed easy, the

] _ ]

corresponding category being Pl =< n >. The proof for K ][\C;O is similar. U

The above quantum groups Hy, H ][30 I are quite interesting objects. Here are some
further results regarding the associated categories Pe[ﬂl, P> .., that we will need later:

Proposition 9.11. We have the following formulae,
P[OO} = {ﬂ- € Peven

even

e(r) =1,V < 77}

Pe*ven = {ﬂ- S Peven 6(7-) = 17VT S ™, |T| = 2}

where |.| denotes the number of blocks.
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Proof. We first prove the second equality. Given m € P.,e,, we have 7 < 7, |7| = 2
precisely when 7 = 7 is the partition obtained from 7 by merging all the legs of a certain
subpartition 3 C 7, and by merging as well all the other blocks. Now observe that 7° does
not depend on 7, but only on 3, and that the number of switches required for making 7
noncrossing is ¢ = Ny — N, modulo 2, where N,/N, is the number of black/white legs of
3, when labelling the legs of 7 counterclockwise o e o e ... Thus e(7”) = 1 holds precisely
when 8 € 7 has the same number of black and white legs, and this gives the result.
We prove now the first equality. We recall that we have:

Pe[jjj]n(k,l):{ker (Z.l ?’f)
Ju oo Tl

In other words, the partitions in Pe[f,z}n are those describing the relations between free

variables, subject to the conditions g? = 1. We conclude that PRI appears from NC.,,.,,

Giy - - - Gip, = Gjy - - - gj, inside Z;N}

by “inflating blocks”, in the sense that each 7w € P2l can be transformed into a partition
7' € NClepen by deleting pairs of consecutive legs, belonging to the same block.

Now since this inflation operation leaves invariant modulo 2 the number ¢ € N of
switches in the definition of the signature, it leaves invariant the signature ¢ = (—1)°
itself, and we obtain in this way the inclusion “C” in the statement.

Conversely, given m € P, satisfying (1) = 1, V7 < 7, our claim is that:

pLoCmlpl=2 = ¢e(p) =1

Indeed, let us denote by «, 8 the two blocks of p, and by 7 the remaining blocks of
7, merged altogether. We know that the partitions 71 = (a« A7, 8), o = (B A 7, q),
73 = («, 8,7) are all even. On the other hand, putting these partitions in noncrossing
form requires respectively s+t, s’ +1t, s+ s 4+t switches, where t is the number of switches
needed for putting p = («, 8) in noncrossing form. Thus ¢ is even, and we are done.

With the above claim in hand, we conclude, by using the second equality in the state-

[oo]

ment, that we have o € P* . Thus we have m € Pipen, which ends the proof of “>”. [

even*

Summarizing, the quantum groups Hy, H ][\?o I are quite interesting objects, and we have
a variety of combinatorial methods for investigating them, via partitions.

Following now [78], let us discuss the classification of the easy reflection groups in the
real case, Hy C G C H;. For various reasons, including those coming from the general
results presented above, providing motivation for the subject, it is convenient to include
the unitary quantum groups as well. We first have the following result:
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Proposition 9.12. The easy quantum groups Hy C G C Of; are as follows,

Oy o3 oF;

Hy oo S 2 A - HY
with the dotted arrows indicating that we have intermediate quantum groups there.

Proof. This is a key result in the classification of easy quantum groups:

(1) The first dichotomy, Oy C G C Ox vs. Hy C G C Hjy;, comes from the early
classification results, from [17], [32], [33]. In addition, these results solve as well the first
problem, Oy C G C OF, with G = O% being the unique non-trivial solution.

(2) The second dichotomy, Hy C G C H][\C;O] Vs. HJ[\?O] C G C Hy;, comes from various
papers, and more specifically from the final classification paper [78], where the quantum

groups Sy C G C Hy with G ¢ HJ[\?O} were classified, and shown to contain H][\C;O]. 4

Regarding now the case H][\?O] C G C Hy;, the precise result here, from [78], is:

Proposition 9.13. Let H][G] C H}; be the easy quantum group coming from:

1
We have then inclusions of quantum groups as follows,
Hy =HU>HISHI 5 . > H
and we obtain in this way all the intermediate easy quantum groups
HY ¢ G c H:
satisfying the assumption G # H ][\?O I
Proof. Once again, this is something technical, and we refer here to [78]. O

It remains to discuss the easy quantum groups Hy C G C H][\C;O], with the endpoints
G=Hy,H ][f;o Vincluded. Once again, we follow here [78]. First, we have:

Definition 9.14. A discrete group generated by real reflections, g? = 1,
I'=<g1,...,9n >

is called uniform if each o € Sy produces a group automorphism, g; — Go(i)-
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Given a uniform reflection group Zi¥ — I' — ZY, we can associate to it a family of
subsets D(k,l) C P(k,l), which form a category of partitions, as follows:

D(k,l) = {7r € P(k:,l)‘ker(é-) <7T = ¢ :9j1-~9j1}

Observe that we have Pe[’?)glm C D C P,.yen, with the inclusions coming respectively from

n € D, and from I' — ZY. Conversely, given a category of partitions Pl cbDc Poen,
we can associate to it a uniform reflection group Z3¥ — I' — ZY | as follows:

I'= <glv'--gN Gy gzk = gjl -'-gjlaVimj) k7lvker(§) € D(kvl)>

As explained in [78], the correspondences I' — D and D — T are bijective, and inverse
to each other, at N = co. We have in fact the following result, from [78]:

Proposition 9.15. We have correspondences between.:
(1) Uniform reflection groups Z5° — T' — Z.
(2) Categories of partitions P, cDc Peyen.
(3) Easy quantum groups G = (Gy), with H][\?O] OGN D Hy.

Proof. As an illustration, if we denote by Z3" the quotient of Z3" by the relations of type
abc = cba between the generators, we have the following correspondences:

Zy zgN zsN

Hy H?, H

More generally, for any s € {2,4,...,00}, the quantum groups H](\f) CH ][\s,] constructed

in [17] come from the quotients of Z3" <« Z3N by the relations (ab)® = 1. See [78]. [
We can now formulate a final classification result, as follows:

Theorem 9.16. The easy quantum groups Hy C G C O are as follows,

On 0% Ox

Hy HY, H Y H;

with the family HYy covering Hy, H][\?O}, and with the series H][G] covering Hy.
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Proof. This follows indeed from Proposition 9.12, Proposition 9.13 and Proposition 9.15
above. For further details, we refer to the paper of Raum and Weber [78]. O

As an application of the above results, we can fully classify the Schur-Weyl twists as
well, in the orthogonal case. Here are some basic examples of such twists:

Proposition 9.17. Oy, O C O are obtained respectively by imposing the relations

b —ba for a # b on the same row or column of u
ao =
ba otherwise

b —cba forr<2,s=3orr=3,s<2
abc =
cba forr<2,s<2o0orr=s=3

where r,s € {1,2,3} are the number of rows/columns of w spanned by a,b,c € {u;;}.

Proof. Assume that a compact quantum group G C OF appears via a relation of the
following type, for a certain partition © € P(k,():

T, € Hom(u®", u®")

_ According to our general theory of Schur-Weyl twisting, from section 7 above, its twist
G C O} must appear then via the following relation:

T, € Hom(u®", u®")
~ We conclude that the quantum groups On, O} appear respectively via the relations
Ty € End(u®?), Ty € End(u®?), and the result follows. O
We will show that Oy, O} are in fact the only possible twists. First, we have:
Proposition 9.18. The basic quantum groups Hy C G C Hy;, namely
Hy C Hiy c HY ¢ HY
are equal to their own twists.

Proof. We know that the corresponding categories of partitions are:

Poen D P D> P> S NC,..

even even

With this observation in hand, the proof goes as follows:
(1) Hy;. We know that for 7 € NCepen we have T, = Ty, and since we are in the
situation D C NCyyen, the definitions of G, G coincide.

(2) H ][ﬁo ] Here we can use the same argument as in (1), based this time on the descrip-

tion of P, found in Proposition 9.11 above.
(3) Hy. We have Hy = HZ[\O,O] NO%, so Hy C H][\?O] is the subgroup obtained via the
defining relations for O%. But all the abc = —cba relations defining Hy, are automatic,
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of type 0 = 0, and it follows that Hj C H ][\C;o lis the subgroup obtained via the relations
abc = cba, for any a,b, c € {u;;}. Thus we have Hi = H[OO] NOy = H}(,, as claimed.

(4) Hy. We have Hy = Hj N Oy, and by functomahty, Hy = H;NOyx = Hi N Oy.
But this latter intersection is equal to Hy, as claimed. O

In order to investigate now the general case, we need to establish the precise relation
between the maps T}, T,. As an example here, we have:

Ty = =Ty + 2Ther(zs)
Ty = =Ty + 2icerger) + 2Then(epr) + 2Thening) — ATz

In general, the answer comes from the Mobius inversion formula. We recall that the
Mobius function of any lattice, and in particular of P,,.,, is given by:

1 ifo=mn
IM(O', 7T) =\ Zg§7—<ﬂ— M(O-7 T) ifo<m
0 if o L

With this notation, we have the following result:

Proposition 9.19. For any partition © € P.,., we have the formula
=Yt
T

where g = Y e(T)u(o, ), with p being the Mdbius function of Peyen.

Proof. The linear combinations "= >____«,T, acts on tensors as follows:

T<m

T(611®®61k) = ZOéT 6Zl ®€Zk>

<

= ZaTZ Z e ®... 08¢y

<7 o< j: ker

— Z(Z aT> Z e, ®...0¢€,

o<m \o<7<7 j:ker(g'.):cr

Thus, in order to have T = > ___«,T;, we must have, for any o <
> o
o<rt<m

But this problem can be solved by using the Mobius inversion formula, and we obtain
the numbers o, = > &(7)u(o, 7) in the statement. O
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Observe that the above formula fits with the examples given above.

Now back to the general twisting problem, the answer here is:

Proposition 9.20. The twists of the easy quantum groups Hy C G C OF are:

(1) For G = Oy, O% we obtain G :_ON, O%.
(2) For G # On,O% we have G = G.

Proof. We use the classification result in Theorem 9.16 above. We have to examine the 3
cases left, namely G = O}, HJ[\T,], HY,, and the proof goes as follows:

(1) Let G = O%. We know that for 7 € N Ceven We have T, = T,, and since we are in
the situation D C NC,yen, the definitions of G, G coincide.

(2) Let G=H ][\7}]. We know that the generating partition is:

K 1 ... rr ... 1

[ T S S |
By symmetry, putting this partition in noncrossing form requires the same number of
upper switches and lower switches, and so requires an even number of total switches.
Thus 7, is even, and the same argument shows in fact that all its subpartitions are even

as well. It follows that we have T}, =T, , and this gives the result.
(3) Let G = HY. We denote by P c D C P.., the corresponding category of

partitions. According to the description of PR worked out above, this category contains
the following type of partition:

©) @) O )

The point now is that, by “capping” with such partitions, we can merge any pair of
blocks of m € D, by staying inside D. Thus, D has the following property:

T<meD = t7€D

We deduce from this that T, is an intertwiner for G, and so G C G. By symmetry we
must have G C G as well, and this finishes the proof. Il

We can now formulate a final result in the orthogonal case, regarding the easy quantum
groups, their twists, and the intersections as well, as follows:
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Theorem 9.21. The easy quantum groups Hy C G C O and their twists are
On

Hy HY, HSE

/1\

On

and the set formed by these quantum groups is stable by intersections.

Proof. The first assertion follows from the above results. Regarding now the intersection
assertion, the point is that we have the following intersection diagram:

Hy

Oy

\/

More precisely, this diagram has the property that any intersection G N H appears on
the diagram, as the biggest quantum group contained in both G, H.

With this diagram in hand, the assertion follows. Indeed, the intersections between the
quantum groups Oy are their twists are all on this diagram, and hence on the diagram
in the statement as well. Regarding now the intersections of an easy quantum group
Hy C G C Hj; with the twists Oy, O3, we can use again the above diagram. Indeed,

from Hy N Oy = Hj we deduce that both K = G N Oy,K' = G N O} appear as
intermediate easy quantum groups Hy C K* C Hjy;, and we are done. O

/I\

Oy o,
H Hy
O 0%,

Getting back now to the reflection groups, we have the following result, from [78]:

Proposition 9.22. The easy quantum groups Hy C Gx C Hy, and the corresponding
diagonal tori, are as follows,

Hy HY, H Y H;

Ty r T T T

with the family HY and the series HJ[\T,] being constructed as above.
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Proof. The classification result follows by combining the above results, and the assertion
about the diagonal tori is clear from definitions. See [78]. O

With these results in hand, we can go back now to our hard liberation questions.
Regarding the quantum groups of type H},, we have here the following result:

Theorem 9.23. The quantum groups HY appear via hard liberation, as follows:
HY =< Hy,T >
In particular, we have the “master formula” H][\?O] =< Hy, Ty >.

Proof. We use the basic fact, from [78], and which is complementary to the easiness
considerations above, that we have a crossed product decomposition as follows:

H}:/ = f X SN
With this result in hand, we obtain that we have the missing inclusion, namely:
HY =< Sy, T>C < Hy,T >

Finally, the last assertion is clear, by taking I' = Z3". Indeed, this group produces
H ][\?O ], and the corresponding group dual is the free real torus Ty . U

Let us discuss now the general complex case. We first have:

Proposition 9.24. We have easy quantum groups K} as follows,

Ky K5 K K K

Hy HY, H H) — [}

obtained by soft intermediate liberation, K3 =< Ky, Hy >.

Proof. This is more of an empty statement, with perhaps the only thing to be justified
being the fact that Ky, K ][f;o ], K3, which are already known, appear indeed via soft liber-
ation. But this latter fact follows by interesting categories, with input from [1], [85]. O

In relation now with our hard liberation questions, we first have:
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Proposition 9.25. The diagonal tori of the quantum groups K5 are as follows,

Ky K5 K KU K#

Ty L. TS TS, Ty

with I' — ', being a certain complexification operation, satisfying < Ty, T>c f‘\c

Proof. As a first observation, the results are clear and well-known for the endpoints
Ky, K3 and for the middle point K ][30 J as well. Indeed, these are known quantum groups.

By functoriality it follows that the diagonal torus of K][(,] must be the free complex
torus T}, for any r € N, so we are done with the right part of the diagram.

Regarding now the left part of the diagram, concerning the quantum groups KY;, if we
denote by Tj(.) the diagonal torus, we have:

T\(Ky) = Ti(< Ky, Hy >)
> < Ty (Ky),Ti(Hy) >
= <TyT>

Thus, we are led to the conclusion in the statement. O

Observe that the above inclusion < Ty, T >cC fc fails to be an isomorphism, and this
for instance for I' = Z3". However, the construction I' — T'. can be in principle explicitely
computed, for instance by using Tannakian methods. Indeed, our soft liberation formula
K} =< Ky, HY, > translates into a Tannakian formula, as follows:

P = Pen N PL

even even

The problem is that of explicitely computing the category on the left, corresponding
to KY, and then of deducing from this a presentation formula for the associated diagonal

torus T, .. Now back to the hard liberation question, we have the following result:

Theorem 9.26. The quantum groups K% appear via hard liberation, and this even in a
stronger form, as follows:

KN =< Ky, T >

In particular, we have the formula K][\?O} =< Ky, Ty >.
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Proof. This follows from the above results. Indeed, we have:
Ky = <Ky, Hy >
= < Ky, Hy, r>
= < Ky, r>

Thus we have the formula in the statement, and the fact that this implies the fact that
KY appears indeed via hard liberation follows from the above results.

Finally, with T' = ZzV we obtain from this the formula K59 =< Ky, T3 >. O

]

Regarding the hard liberation question for the quantum groups K][\T, , the problem here

is open, the difficulties being similar to those for the quantum groups HJ[\T,].
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10. ORBITS, ORBITALS

We have seen so far that the quantum permutation groups Sy, as well as some of their
subgroups, such as the quantum reflection ones Hy', can be quite well understood.

In this section and in the next two ones we discuss the structure of the arbitrary
subgroups G C S}, with a number of general results on the subject.

We will first discuss, here in this section, the notions of orbits and orbitals, with some
general results, and then with applications to toral subgroup questions.

The notions of orbits, and of transitivity, for the subgroups G' C S}; go back to Bichon’s
paper [37]. Bichon constructed there the orbits, and used them for classifying the group
dual subgroups I' C Sy. We will explain here this material. Let us start with:

Theorem 10.1. Given a closed subgroup G C Sy, with standard coordinates denoted
u;; € C(G), the following defines an equivalence relation on {1,..., N},

that we call orbit decomposition associated to the action G ~{1,...,N}. In the classical
case, G C Sy, this is the usual orbit equivalence coming from the action of G.

Proof. We first check the fact that we have indeed an equivalence relation:
(1) The reflexivity axiom i ~ i follows by using the counit, as follows:
e(uj) =6;; = e(uy) =1
= u; #0
(2) The symmetry axiom i ~ j = j ~ i follows by using the antipode:
S(uij) = uji = [uy #0 = ;i # 0]

(3) As for the transitivity axiom i ~ j,j ~ k = i ~ k, this follows by using the
comultiplication. Consider indeed the following formula:

Alug) = Z Uij & Ujg
J

On the right we have a sum of projections, and we obtain from this:
ui; #0,ujs #0 = uj; @ujp >0
= A(uy) >0
== Uy #0
Finally, in the classical case, where G C Sy, the standard coordinates are the charac-
teristic functions u;; = x(0 € Glo(j) = 7). Thus the condition u;; # 0 is equivalent to

the existence of an element o € G such that o(j) = 4, and this means precisely that i, j
must be in the same orbit under the action of GG, as claimed. U
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Generally speaking, the theory from the classical case extends well to the quantum
group setting, and we have in particular the following result, also from [37]:

Theorem 10.2. Given a closed subgroup G C S5, consider the associated coaction
:0(X) > CX)RC(G) , Dle) =) e Duy
J
where X ={1,...,N}. The fized point algebra of this coaction is then given by
Fia(®) = {€ € C(X)|i ~ j = €(0) =£(7)}

where ~ 1is the orbit decomposition constructed in Theorem 10.1.
Proof. Consider the fixed point algebra of the coaction in the statement:

Fia(®) = {5 cecV o) =¢® 1}

By doing a number of manipulations, we obtain the result. See [37]. U

We can derive some explicit consequences of the above result, of representation theory
flavor, by using the standard fact that the fixed point space of a corepresentation coincides
with the fixed point space of the associated coaction. Indeed, this gives:

Fix(®) = Fiz(u)
As a first consequence, we have an algebraic result, as follows:
Proposition 10.3. Given a closed subgroup G C S, we have
Fix(u):{fe(CNiwj — gl:gj}
and in particular, with F' = Fix(u), the following happen:

(1) dim(F) = Y. N?, where N = >_ N; is the orbit decomposition.
(2) dim(Z(F')) is the number of orbits of the action G ~ {1,...,N}.

Proof. This follows indeed from Theorem 10.2 above, by using the above-mentioned iden-
tification Fixz(®) = Fiz(u), relating fixed points of actions and representations. O

We have as well a useful analytic result, as follows:

Theorem 10.4. Given a closed subgroup G C S§;, consider the following matriz:

P :/Uij
G

Then P is the orthogonal projection onto the linear space
F={¢eCi~nj = &=¢]}

and so the orbits and their sizes can be deduced from the knowledge of P.
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Proof. This follows from the above results, and from the standard fact, coming from the
Peter-Weyl theory, that P is the orthogonal projection onto Fiz(u). U

There are of course many explicit formulae that can be deduced from Theorem 10.4,
and we will work out some of them in the next section, in connection with the transitive
case, the idea being that G C S}, is transitive precisely when the following happens:

/ 1
Ui = —
¢ N

As another comment, the result in Theorem 10.4 makes it clear that the various notions
in relation with the orbit decomposition, coming from Theorem 10.1, in the quantum
permutation group case, G C Sy, can be normally extended, for instance by using an
analytic approach, to the general quantum symmetry group case:

G C S%

There is quite some work to be done here, but instead of getting into this subject, which
is quite technical, let us stay with the usual quantum permutation groups, G C Sj;, and
try to understand if a theory of higher orbitals for them can be developed.

Let us start with the following standard definition, from the classical case:

Proposition 10.5. Given a subgroup G C Sy, consider its magic unitary v = (u;;),
given by u;; = x{o € Glo(j) =1i}. The following conditions are then equivalent:

(1) o(i1) = j1,--.,0(ix) = j, for some o € G.

(2) wirjy - - Uipjp #0.
These conditions produce an equivalence relation (i1, ... ix) ~ (j1,-..,Jx), and the corre-
sponding equivalence classes are the k-orbitals of G.

Proof. The fact that we have indeed an equivalence as in the statement, which produces
an equivalence relation, is indeed clear from definitions. Il

In the quantum case, the situation is more complicated. We follow the approach to the
orbits and orbitals developed in [37], [67], and in [74] as well. We first have:

Proposition 10.6. Let G C S¥ be a closed subgroup, with magic unitary u = (u;;), and
let k € N. The relation (i, ...,0) ~ (J1, .., Jk) when W, ... u;j, 7 0 is:

(1) Reflexive.

(2) Symmetric.

(3) Transitive at k = 1,2.

Proof. This is basically known from [37], [67], [74], the proof being as follows:
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(1) This simply follows by using the counit:

5(”1}2}) = 1,VT - 5(“2‘11’1 C ulk%) =1

— (217,Zk)N(117,Zk)

(2) This follows by applying the antipode, and then the involution:
> Ujyjy - - Wiy 7é 0
— Ujpip - - - Wjpiy # 0
= Ujyiq - - - Uiy, 7é 0
- (jl,,jk)N(Zl,,Zk)

(3) This is something more tricky. We need to prove that we have:

(il,...,ik) ~ (]1a7.]k)

Uiy gy -+ Uig g 7& 0 y Ujply - - Uiy, 7é 0 = Wil - - - Uigly, 7é 0

In order to do so, we use the following formula:

Ay - Uipg,) = g Uiysy - - Wipsy @ Ugyly -+ - Ugy

At k = 1 the result is clear, because on the right we have a sum of projections, which
is therefore strictly positive when one of these projections is nonzero.
At k = 2 now, the result follows from the following trick, from [67]:

(uiljl ® ujlll)A(uilllui2lz)(ui2j2 ® ujle)

= E ui1j1uilslui2s2ui2j2®uj111u8111u82l2uj212
51892

Wiy jy Uin gy @ Ujy1, Wjoly
Indeed, we obtain from this that we have u;,;,u;,, # 0, as desired. g
In view of the results that we have so far, we can formulate:

Definition 10.7. Given a closed subgroup G C S, consider the relation ~y, defined by
(11, yik) ~ (J1,- - Jk) when g, ... w4, , # 0.

(1) The equivalence classes with respect to ~1 are called orbits of G.

(2) The equivalence classes with respect to ~o are called orbitals of G.

In the case where ~y with k > 3 happens to be transitive, and so is an equivalence relation,
we call its equivalence classes the algebraic k-orbitals of G.

Generally speaking, examples and counterexamples for all this can be found by using
group duals. Regarding now the quantum permutation group S}; itself, we have here:
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Theorem 10.8. For the quantum permutation group Sy, with N > 4, we have
i =1y == J1=1J2
ity in) ~ (oo i) = Q2708 S 2508
-1 = Uk <= Jk-1 = Jk
and so ~ is an equivalence relation, at any k € N. The number of orbits is 2871

Proof. The implication = is clear, because if one of the conditions on the right does
not hold, we have u;,j, ... u; j, = 0, due to a cancellation between consecutive terms.

Conversely now, we have to show that a vanishing formula of type u;,;, ... ;. , = 0 can
only come from “trivial reasons”, as in the statement. But this follows by using group
duals, and more specifically by using an embedding as follows:

T+ Tn C SF C ST

Finally, the last assertion is clear, because when counting the orbits for ~, at the level
of the pairs (i1i2) we have one binary choice to be made, namely iy = iy vs. ig # i, then
for the pairs (izi3) we have another binary choice, and so on up to a final binary choice,
for (ix_1ix). Thus, we have k — 1 binary choices, and so 25! orbits. O

As an interesting consequence, the algebraic 3-orbitals differ for Sy and S}

Proposition 10.9. The algebraic 3-orbitals for Sy and S3; are as follows:

(1) For Sy we have 5 such orbitals, corresponding to IT1, M|, |11, 11, ||].

Proof. For the symmetric group Sy, it follows from definitions that the k-orbitals are
indexed by the partitions m € P(k), as follows:

(Jﬂz{(z’l,...,z’k)

Regarding now Sy, the k-orbitals are those computed above, and at k = 3 they can be
naturally indexed by the above diagrams, with the last one standing for the fact that the
corresponding 3-orbital merges the 1 and ||| 3-orbitals from the classical case. U

keri = 7r}

Let us discuss now an analytic approach to all this. We first have:

Proposition 10.10. For a subgroup G C Sy, which fundamental corepresentation de-
noted u = (u;j), the following numbers are equal:

(1) The number of k-orbitals.
(2) The dimension of space Fix(u®F).
(3) The number [, X", where x =, ui;.
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Proof. This is well-known, the proof being as follows:
(1) = (2) Consider an element o € G, and a vector, as follows:

§= Z Qi i€y ... &€y

010

We have then the following formulae:

O'®k5 = Z Qi €a(iy) @ - & €q(iy)
in ik
£ = Z Qg (i)...o(ir) €o(in) @ - - - @ €o(iy)
1.0
Thus 0®%¢ = ¢ holds for any o € G precisely when « is constant on the k-orbitals of
G, and this gives the equality between the numbers in (1) and (2).
(2) = (3) This follows from the Peter-Weyl theory, because x = ). u;; is the character
of the fundamental corepresentation w. O

In the general case now, G C S¥;, by the general Peter-Weyl type results established
by Woronowicz in [99], we still have the following formula:

dim(Fiz(u®*)) = / X"

a
The problem is that of understanding the k-orbital interpretation of this number. We
first have the following result, basically coming from [37], [67]:

Proposition 10.11. Given a closed subgroup G C Sf;, and a number k € N, consider
the following linear space:

Fy = {f € (CN)®*

gzlzk = 5]1]kav(zla cee 7“€) ~ (jl) cee 7]k)}

1) We have F}, C Fix(u®*).

2) Atk =1,2 we have F, = Fiz(u®*).

3) In the classical case, we have F}, = Fix(u®*).

4) For G = S§; with N > 4 we have Fy # Fiz(u®?).

(
(
(
(

Proof. The tensor power u®® being the corepresentation (w;, i, i1 ju)ir. inir..jes the cOI-
responding fixed point space Fiz(u®*) consists of the vectors ¢ satisfying:

Z Wirjy - Wir i &jree = Givie 5 Vi, -5 0k
J1--Jk
With this formula in hand, the proof goes as follows:
(1) Assuming & € Fj, the above fixed point formula holds indeed, because:

E (O RS E Wiyjy - - - WirgsSin.i, = Sin.ig

J1e-Jk Ji---Jk
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(2) This is something more tricky, coming from the following formulae:

K (Z uii&G — &') = (& — &)

Witk (Z uilhuizjzéjljz - 52'11'2> Wigky = Wiy ky Wigks (€k1k2 - £i1i2)
J1j2
(3) This follows indeed from the results above.
(4) This follows from the results above, and from the representation theory of S}, with
N > 4, the dimensions of the two spaces involved being 4 < 5. U

The above considerations suggest formulating the following definition:

Definition 10.12. Given a closed subgroup G C Uy, the integer

dim(Fiz(u®)) = / x*
a
15 called number of analytic k-orbitals.
We have the following result, which brings more support for our definition:

Proposition 10.13. For G C S}, and k < 3, the following are equivalent:

(1) G is k-transitive, in the sense that Fiz(u®*) has dimension 1,2,5.
( The k-th moment of the main character is fGX =1,2,5.

)

N k
) qulljl . ulm = (
) fG WUgygy - - - Wiy gy, equals

for distinct indices i, and distinct indices j,.
M when keri = ker j, and equals 0, otherwise.
Proof. Most of these implications are known since [4], the idea being as follows:

(1) <= (2) This follows from the Peter-Weyl type theory from [99], because the k-th
moment of the character counts the number of fixed points of u®*

(2) <= (3) This follows from the Schur-Weyl duality results for Sy, Sy and from
P(k) = NC(k) at k < 3, as explained in [4].

(3) <= (4) Once again this follows from P(k) = NC(k) at k£ < 3, and from a
standard integration result for Sy, as explained in [4]. O

As a conclusion to all these considerations, we have:

Theorem 10.14. For a closed subgroup G C S3;, and an integer k € N, the number
dim(Fiz(u®)) = [, X" of “analytic k-orbitals” has the following properties:

(1) In the classical case, this is the number of k-orbitals.

(2) In general, at k = 1,2, this is the number of k-orbitals.

(3) At k = 3, when this number is minimal, G is 3-transitive in the above sense.

Proof. This follows indeed from the above considerations. U
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Let us discuss now some applications of all this material, following [31], [37], to general
structure and classification questions for the compact quantum groups.
As a starting point, we have the following basic statement:

Proposition 10.15. Let G C Uy be a compact quantum group, and consider the group
dual subgroups A C G, also called toral subgroups, or simply “tori”.

(1) In the classical case, where G C Uy is a compact Lie group, these are the usual
tori, where by torus we mean here closed abelian subgroup.

(2) In the group dual case, G = T with T =< 91,---,9n > being a discrete group,
these are the duals of the various quotients I' — A.

Proof. Both these assertions are elementary, as follows:

(1) This follows indeed from the fact that a closed subgroup H C Uy is at the same
time classical, and a group dual, precisely when it is classical and abelian.

(2) This follows from the general propreties of the Pontrjagin duality, and more precisely

from the fact that the subgroups A C I' correspond to the quotients I' — A. O

At a more concrete level now, most of the tori that we met appear as diagonal tori. Let
us first review this material. We first have:

Proposition 10.16. The diagonal torus T' C G, which appears via the formula
(1) = (@) {wiy = 0¥ £ 5)
can be defined as well via the following intersection formula, inside U,
T=GNT§
where T C Uy is the dual of the free group Fy =< g1, ...,gn >, with u = diag(g;).
Proof. According to our results above, the free torus T}, appears as follows:
C(T}) = CUy) [ {wy = 0vi £ 5)
Thus, by intersecting with G' we obtain the diagonal torus of G. O

Most of our computations so far of diagonal tori concern various classes of easy quantum
groups. In the general easy case, we have the following result:

Proposition 10.17. For an easy quantum group G C Uy, coming from a category of
partitions D C P, the associated diagonal torus is'T' = 1", with:

F—FN/<gil...gik = g1 ... 9; Vi, j. k1,31 € D(k,1), 6, (]) ¢o>

Moreover, we can just use partitions ™ which generate the category D.
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Proof. If we denote by g; = u;; the standard coordinates on the associated diagonal torus
T, then we have, with g = diag(g1,...,9n):

c(T) = [C’(Uﬁ)/ <T7r € Hom(u®k,u®l)’V7T € D>} /<uZJ = 0|Vi # j>
[C(Uﬁ)/ <u,-j = O‘Vi # ]>] /<T7r € Hom(u‘g’k,u@l)’Vﬁ € D>
= C*(FN)/ <T7r € Hom(g®k,g®l)’V7T € D>

Thus, we obtain the formula in the statement. Finally, the last assertion follows from
Tannakian duality, because we can replace everywhere D by a generating subset. U

In practice now, in the continuous case we have the following result:

Theorem 10.18. The diagonal tori of the basic unitary quantum groups, namely

Un Uy Uy
On Ox 0)e
and of their ¢ = —1 twists as well, are Ty = Z5 , Txy =TV and their liberations:
Ty TN T
Ty Ty T~

Also, for the quantum groups By, By, Cn, Cy;, the diagonal torus collapses to {1}.

Proof. The main assertion, regarding the basic unitary quantum groups, is something
that we already know, from section 1 above, with the various liberations Ty, T of the
basic tori T, T in the statement being by definition those appearing there.

Regarding the invariance under twisting, this is best seen by using Proposition 10.17.
Indeed, the computation in the proof there applies in the same way to the general quizzy
case, and shows that the diagonal torus is invariant under twisting.

Finally, in the bistochastic case the fundamental corepresentation g = diag(¢i, ..., gn)
of the diagonal torus must be bistochastic, and so g; = ... = gy = 1, as claimed. U

Regarding now the discrete case, the result is as follows:
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Theorem 10.19. The diagonal tori of the basic quantum reflection groups, namely

Ky K3, K

Hy HY, Hj;

are the same as those for O, UX, given above. Also, for Sx, Sk we have T = {1}.

Proof. The first assertion follows from the general fact that the diagonal torus of G C Uy
equals the diagonal torus of the discrete version G4, = Gy N K}, which follows from
definitions. As for the second assertion, this follows from Sy C By, S C By O

As a conclusion, the diagonal torus T" C G is usually a quite interesting object, but
for certain quantum groups like the bistochastic ones, or the quantum permutation group
ones, this torus collapses to {1}, and so it cannot be of use in the study of G.

In order to deal with this issue, the idea, from [31], will be that of using:

Proposition 10.20. Given a closed subgroup G C Uy, and a matriz Q € Uy, we let
Ty C G be the diagonal torus of G, with fundamental representation spinned by Q:

C(Tg) = C(G) [ ((QuQ)y = 0[vi # )

This torus is then a group dual, Ty = KQ, where Ag =< g1, ...,gn > is the discrete group
generated by the elements g; = (QuQ*);;, which are unitaries inside C(Tg).

Proof. This follows indeed from our results, because, as said in the statement, Ty is by
definition a diagonal torus. Equivalently, since v = Qu@* is a unitary corepresentation,
its diagonal entries g; = v;;, when regarded inside C'(1y), are unitaries, and satisfy:

Algi) = 9:® gi
Thus C(TY) is a group algebra, and more specifically we have C(Ty) = C*(Ag), where
Ag =< ¢1,...,9n > is the group in the statement, and this gives the result. U

Summarizing, associated to any closed subgroup G' C Uy is a whole family of tori,
indexed by the unitaries U € Uy. We use the following terminology:

Definition 10.21. Let G C Uy be a closed subgroup.

(1) The tori Ty C G constructed above are called standard tori of G.
(2) The collection of tori T = {TQ C G’Q € UN} is called skeleton of G.

This might seem a bit awkward, but in view of various results, examples and coun-
terexamples, to be presented below, this is perhaps the best terminology.
As a first general result regarding these tori, we have:
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Theorem 10.22. Any torus T' C G appears as follows, for a certain () € Uy :
TcTyCcG

In other words, any torus appears inside a standard torus.

Proof. Given a torus T C G, we have an inclusion T'C G C Uy;. On the other hand, we

know that each torus 7 = A C Uy, coming from a discrete group A =< gy, ..., gy >, has
a fundamental corepresentation as follows, with Q) € Uy:

u = Qdiag(g,...,9n)Q"
But this shows that we have T" C T, and this gives the result. O

Let us do now some computations. In the classical case, the result is as follows:
Proposition 10.23. For a closed subgroup G C Uy we have
T, =GN (Q'TYQ)
where TV C Uy is the group of diagonal unitary matrices.

Proof. This is indeed clear at () = 1, where I'; appears by definition as the dual of the
compact abelian group G'NTY. In general, this follows by conjugating by Q. U

In the group dual case now, we have the following result:

Proposition 10.24. Given a discrete group I' =< g1, ..., gy >, consider its dual compact
quantum group G =T, diagonally embedded into Uy,. We have then

with the embedding Ty C G = r coming from the quotient map I' — Ag.

Proof. Assume indeed that I' =< ¢q,...,gn > is a discrete group, with FcuU ~ coming
via u = diag(gy, . .., gn). With v = Qu@Q*, we have:

Z @sivsk - Z QsiQst@ktgt
s st
= Z 5it@ktgt
t
= Qkigi

Thus v;; = 0 for ¢ # j gives Qrivik = Qrigi, which is the same as saying that Q; # 0
implies g; = vg,. But this latter equality reads:

gi=>_|Qul"g
J

We conclude from this that Q; # 0,Qk; # 0 implies g; = g;, as desired. As for the
converse, this is elementary to establish as well. O
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According to the above results, we can expect the skeleton T" to encode various algebraic
and analytic properties of G. We first have the following result:

Theorem 10.25. The following results hold, both over the category of compact Lie groups,
and over the category of duals of finitely generated discrete groups:

(1) Injectivity: the construction G — T is injective, in the sense that G # H implies
To(G) # To(H), for some Q € Un.

(2) Monotony: the construction G — T is increasing, in the sense that passing to a
subgroup H C G decreases at least one of the tori Ty.

(3) Generation: any closed quantum subgroup G C Uy has the generation property
G =<Ty|Q € Uy >. In other words, G is generated by its tori.

Proof. In the classical case, where G C Uy, the proof is elementary, based on standard
facts from linear algebra, and goes as follows:

(1) Injectivity. This follows from the generation statement, explained below.

(2) Monotony. Once again, this follows from the generation statement.

(3) Generation. We use the following formula, established above:

To=GNQE'TVQ
Since any group element U € G is diagonalizable, U = Q*DQ with Q € Uy, D € TV,
we have U € Ty for this value of () € Uy, and this gives the result.
Regarding now the group duals, here everything is trivial. Indeed, when the group duals

are diagonally embedded we can take () = 1, and when the group duals are embedded by
using a spinning matrix () € Uy, we can use precisely this matrix Q). O

We have as well the following result, also from [31]:

Theorem 10.26. The following results hold, both over the category of compact Lie groups,
and over the category of duals of finitely generated discrete groups:

(1) Characters: if G is connected, for any nonzero P € C(Q)centrar there ezists Q € Uy
such that P becomes nonzero, when mapped into C(1g).

(2) Amenability: a closed subgroup G C Uy is coamenable if and only if each of the
tort Ty 1s coamenable, in the usual discrete group sense.

(3) Growth: assuming G C Uy, the discrete quantum group G has polynomial growth
if and only if each the discrete groups Ty has polynomial growth.

Proof. In the classical case, where G' C Uy, the proof goes as follows:

(1) Characters. We can take here Q € Uy to be such that QT'Q* C TV, where T C Uy
is a maximal torus for G, and this gives the result.

(2) Amenability. This conjecture holds trivially in the classical case, G C Uy, due to
the fact that these latter quantum groups are all coamenable.

(3) Growth. This is something nontrivial, well-known from the theory of compact Lie
groups, and we refer here for instance to the literature.
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Regarding now the group duals, here everything is trivial. Indeed, when the group duals
are diagonally embedded we can take () = 1, and when the group duals are embedded by
using a spinning matrix ) € Uy, we can use precisely this matrix Q). O

The various statements in Theorem 10.25 and Theorem 10.26 are conjectured to hold
for any compact quantum group. We refer to [31] and to subsequent papers for a number
of verifications, notably covering many basic examples of easy quantum groups.

Let us focus now on the generation property, from Theorem 10.25 (3), which is perhaps
the most important. In order to discuss the general case, we will need:

Proposition 10.27. Given a closed subgroup G C Uy, and a matriz Q € Uy, the corre-
sponding standard torus and its Tannakian category are given by

Tb ::CIFVEQ , Chb =R<(jg,6ﬁ@ >

where Tg C Uy is the dual of the free group Fy =< g1, ...,gx >, with the fundamental
corepresentation of C(Tq) being the matriz v = Qdiag(gi, . .., gn)Q*.

Proof. The first assertion comes from the well-known fact that given two closed subgroups
G, H C Uy, the corresponding quotient algebra C(Uy,) — C(G'N H) appears by dividing
by the kernels of both the quotient maps C(U};) — C(G) and C(Uy) — C(H).

Indeed, the construction of Ti; amounts precisely in performing this operation, with
H = Tg, and so we obtain Ty = G N Ty, as claimed.

As for the Tannakian category formula, this follows from this, and from the general
duality formula Cgng =< Cg, Cy >. O

We have the following Tannakian reformulation of the toral generation property:

Theorem 10.28. Given a closed subgroup G C Uy, the subgroup G' =< Tg|Q € Uy >
generated by its standard tori has the following Tannakian category:

Cq = (\ <:C1;,C&Q >

Qeln

In particular we have G = G" when this intersection reduces to Cg.

Proof. Consider indeed the subgroup G’ C G constructed in the statement. We have:

Co= () Cr,
QeUnN
Together with the formula in Proposition 10.27, this gives the result. U

The above result can be used for investigating the toral generation conjecture, but the
combinatorics is quite difficult, and there are no results yet, along these lines.

Now back to the tori, we have the following key result, from [37]:
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Theorem 10.29. Consider a quotient group as follows, with N = Ny + ...+ Nj:
Zn, * ...x Ly, — T

We have then T C S, and any group dual subgroup of S, appears in this way.

Proof. The fact that we have a subgroup as in the statement follows from:

I' C ZNl*- -*ZNk:ZN1>T‘ >?<Z]\/k
>~ ZN1>T<. -;‘ZN;CCSN1’T< >T<S]\[k
C St %... %Sh CS%

Conversely, assume that we have a group dual subgroup T c SY. By Theorem 10.22,
the corresponding magic unitary must be of the following form, with U € Uy:

u=Udiag(g1,...,g9n)U"

Now if we denote by N = Ny + ...+ Nj the orbit decomposition for I c S5, coming
from Theorem 10.1, we conclude that v has a N = Ny + ...+ N; block-diagonal pattern,
and so that U has as well this N = N; + ...+ N; block-diagonal pattern.

But this discussion reduces our problem to its k = 1 particular case, with the statement

here being that the cyclic group Zy is the only transitive group dual Tc S. The proof
of this latter fact being elementary, we obtain the result. See [37]. O

Here is a related result, which is useful for our purposes:

Theorem 10.30. For the quantum permutation group Sy, we have:
(1) Given Q € Uy, the quotient Fy — Ag comes from the following relations:

gi =1 if ZZQ’L'Z#O
9ig; =1 if >, QuQ #0
9i9igr =1 if 32, QuQuQu # 0
(2) Given a decomposition N = Ny+ ...+ Ny, for the matriz Q = diag(Fn,, ..., Fn,),
where Fy = \/Lﬁ(fij)ij with ¢ = e*™/N is the Fourier matriz, we obtain:
Ao =Zy, *... %Ly,
(3) Given an arbitrary matriz QQ € Uy, there exists a decomposition N = Ni+. ..+ Ny,
such that Ag appears as quotient of Zn, * ... * Zy,.

Proof. This is more or less equivalent to the classification of the group dual subgroups
[' C S¥ from Theorem 10.29, but with the result formulated in an alternative way, and
the proof can be deduced either from it, or from some direct computations. U

Summarizing, in the quantum permutation group case, the standard tori parametrized
by Fourier matrices play a special role. All this discussion suggests formulating:



QUANTUM PERMUTATIONS 163

Definition 10.31. Consider a closed subgroup G C Uy;.

(1) Its standard tori Tp, with F = Fy, ® ... ® Fy,, and N = Ny + ... + Ny being
regarded as a partition, are called Fourier tori.

(2) In the case where we have Gy =< G5, (Tr)r >, we say that G appears as a
Fourier liberation of its classical version G§;.

The conjecture is that all the easy quantum groups should appear as Fourier liberations.
The situation in the free case is as follows:

(1) OF, Uy are diagonal liberations, so they are Fourier liberations as well.
2) B, C% are Fourier liberations too, by using a Fourier transform.
Ny UN
(3) S% is a Fourier liberation too, being generated by its tori [39], [43].
(4) Hy;, Ky remain to be investigated, by using the general theory in [78].

As an application of all this, let us go back to quantum permutation groups. One
interesting question is whether G*(X) appears as a Fourier liberation of G(X).

Generally speaking, this is something quite difficult, because for the empty graph itself
we are in need of the above-mentioned technical results from [39], [43].

In order to discuss however this question, let us begin with:

Proposition 10.32. The Fourier tori of Gt (X) are the biggest quotients
Zn, * ... %Ly, =T
whose duals act on the graph, T~ X.

Proof. We have indeed the following computation, at F' = 1:
C(TI(GT(X)) = C(GT(X))/ <uy=0,Yi#j>
= [C(Sy)/ <ld,u] =0>]/ <uy =0,Vi#j>
— [C(S3)] < gy = 0,%i £ >)/ < [d,u] = 0 >
= C(T(SY))// <ldu] =0>
Thus, we obtain the result, with the remark that the quotient that we are interested in

appears via relations of type d;; =1 = g; = g;. The proof in general is similar. U

An interesting question is whether the “non quantum symmetry” property can be seen
at the level of Fourier tori. In order to comment on this, let us start with:

Proposition 10.33. Consider the following conditions:
(1) We have G(X) = GH(X).
(2) G(X) C G¥(X) is a Fourier liberation.
(3) I' ~ X implies that I" is abelian.

We have then (1) < (2) + (3).
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Proof. This is something elementary, the proof being as follows:

(1) = (2,3) Here both the implications are trivial.

(2,3) = (1) Assuming G(X) # GT(X), from (2) we know that GT(X) has at least
one non-classical Fourier torus, and this contradicts (3). 4

With this observation in hand, our question is whether (3) = (1) holds.

In other words, our conjecture would be that a graph X has no quantum symmetry
if and only if any action I' ~ X of a quotient Zy, * ... * Zy, — I' must come from an
abelian quotient Zy, x ... x Zy, — I'. This would be of course something very useful.

We have the following result, regarding the torus coactions on finite graphs:

Proposition 10.34. For a quotient group/\Z]\;1 *...x 2Ly, — I', and a graph X having
N = Ny + ...+ N vertices, the condition I' ~ X is equivalent to

where F' = diag(Fy,, ..., Fy,), and where I = diag(Iy,...,1I}) is the diagonal matriz
formed by the elements of the images of Zy,, . .., Zn,.

Proof. We know that with F, I being as in the statement, we have u = FIF*. Now with
this formula in hand, we have the following equivalences:
I'nX < du=ud
< JdFIF*=FIF*d
< [F*dF,I]=0
Also, since the matrix I is diagonal, with M = F*dF have:
MI=IM << (MI);=IM);
= Ml = LM,
= [M; #0 = I, =1
Thus, we obtain the condition in the statement. U

Observe now that in the cyclic case, where F' = Fly is a usual Fourier matrix, associated
to a cyclic group Zy, we have the following formula, with w = e?™/N:

(FdEF); :Z( JikdrFij = Zwl] k= Zwla ik

kl kel
All this suggests that the random graphs should be “weakly rigid”, in the sense that
there are no group dual actions on them. Indeed, this should follow in principle from
the observation that if d € My(0,1) is random, then we will have (F*dF);; # 0 almost
everywhere, and so we will obtain /; = I; almost everywhere, and so abelianity.
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11. TRANSITIVE GROUPS

We have seen in the previous section that a theory of orbits and orbitals can be de-
veloped for the closed subgroups G C Sy, and that all this is particularly interesting in
connection with tori. In this section we restrict the attention to the transitive case.

Let us first review the basic theory, that we will need in what follows. The notion of
transitivity, which goes back to Bichon’s paper [37], can be introduced as follows:

Definition 11.1. Let G C Sy be a closed subgroup, with magic unitary u = (u;;), and
consider the equivalence relation on {1,...,N} given by i ~ j <= u;; # 0.

(1) The equivalence classes under ~ are called orbits of G.
(2) G is called transitive when the action has a single orbit.

In other words, we call a subgroup G C S¥ transitive when u;; # 0, for any i, j.

This transitivity notion is standard, coming in a straightforward way from Theorem
10.1. In the classical case, we obtain of course the usual notion of transitivity.

We will need as well the following result, once again coming from [37]:

Theorem 11.2. For a closed subgroup G C S§;, the following are equivalent:

(1) G is transitive.
(2) Fiz(u) = C&, where & is the all-one vector.

(3) [ouiy =, for any i,j.
Proof. This is well-known in the classical case. In general, the proof is as follows:
(1) <= (2) We use the standard fact that the fixed point space of a corepresentation
coincides with the fixed point space of the associated coaction:
Fiz(u) = Fizx(®)

Thus, Theorem 10.2 above, also from [37], tells us that the fixed point space of the
magic corepresentation u = (u;;) has the following interpretation, in terms of orbits:

Fiz(u) = {5 S C(X)‘z’ ~j = &) = £<J)}

In particular, the transitivity condition corresponds to Fixz(u) = C¢&, as stated.
(2) <= (3) This is clear from the general properties of the Haar integration, and
more precisely from the fact that ([, u;;);; is the projection onto Fiz(u). O

Let us recall now that in the classical case, in the situation where we have a transitive
subgroup G C Sy, by setting H = {o € G|o(1) = 1} we have:

G/H={1,...,N}

Conversely, any subgroup H C G produces an action G ~ G/H, given by g(hH) =
(gh)H, and so a morphism G — Sy, where N = [G : H].
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This latter morphism is injective when the following condition is satisfied:
hgh™ € HYh e G = g=1

In the quantum case now, it is very unclear how to generalize this structure result. To
be more precise, the various examples from [7] show that we cannot expect to have an
elementary generalization of the above G/H = {1,..., N} isomorphism.

However, we can at least try to extend the obvious fact that G = N|H| must be a
multiple of N. And here, we have the following result, from [19]:

Theorem 11.3. If G C S}, is finite and transitive, then N divides |G|. Moreover:

(1) The case |G| = N comes from the classical finite groups, of order N, acting on
themselves.

(2) The case |G| = 2N is possible, in the non-classical setting, an example here being
the Kac-Paljutkin quantum group, at N = 4.

Proof. In order to prove the first assertion, we use the coaction of C'(G) on the algebra
CN =C(1,...,N). In terms of the standard coordinates u;;, the formula is:

<I>:(CN—>(CN®C'(G) , ei—)zej@)uji
J

For a € {1,..., N} consider the evaluation map ev, : C¥ — C at a. By composing ®
with ev, ® id we obtain a C'(G)-comodule map, as follows:

I, :CN = C(G) |, e — g

Our transitivity assumption on G ensures that this map I, is injective. In other words,
we have realized CV as a coideal subalgebra of C(G).

We recall now that a finite dimensional Hopf algebra is free as a module over a coideal
subalgebra A provided that the latter is Frobenius, in the sense that there exists a non-
degenerate bilinear form b: A ® A — C satisfying b(xy, z) = b(z,yz).

We can apply this result to the coideal subalgebra I,(CY) c C(G), with the remark
that CV is indeed Frobenius, with bilinear form as follows:

W) =+ D ()

Thus C(G) is a free module over the N-dimensional algebra CV, and this gives the
result. Regarding now the remaining assertions, the proof here goes as follows:

(1) Since C(G) =< w;; > is of dimension N, and its commutative subalgebra < u; >
is of dimension N already, C'(G) must be commutative. Thus G must be classical, and
by transitivity, the inclusion G C Sy must come from the action of G on itself.

(2) The closed subgroups G C S; are fully classified, and among them we have indeed
the Kac-Paljutkin quantum group, which satisfies |G| = 8, and is transitive. O
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Here is now a list of examples of transitive quantum groups, coming from the various
constructions from the previous sections:

Theorem 11.4. The following are transitive subgroups G C S5;:
(1) The quantum permutation group Sy itself.
2) The transitive subgroups G C Sy. These are the classical examples.
(2) group p
(3) The subgroups G C S|, with G abelian. These are the group dual examples.
4) The quantum groups F C S}, which are finite, |F| < 0o, and transitive.
(4) q group N : :
(5) The quantum automorphism groups of transitive graphs G*(X), with | X| = N.
In particular, we have the hyperoctahedral quantum group HT C ST, with N = 2n.
n N
(7) We have as well the twisted orthogonal group O,* C S¥;, with N = 2",

In addition, the class of transitive quantum permutation groups {G C S3|N € N} is stable
under direct products X, wreath products ! and free wreath products (.

)
6
7

Proof. All these assertions are well-known. In what follows we briefly describe the idea of
each proof, and indicate a reference. We will be back to all these examples, gradually, in
the context of certain matrix modelling questions, to be formulated later on.

(1) This comes from the fact that we have an inclusion Sy C Sj;. Indeed, since Sy is
transitive, so must be S¥, because its coordinates u;; map to those of Sy. See [29)].

(2) This is again trivial. Indeed, for a classical group G C Sy, the variables u;; =
X(o € Sy|o(j) = 1) are all nonzero precisely when G is transitive. See [29].

(3) This follows from the general results of Bichon in [37], who classified there all the
group dual subgroups I' C S};. For a discussion here, we refer to [29].

(4) Here we use the convention |F| = dimc C(F'), and the statement itself is empty,
and is there just for reminding us that these examples are to be investigated.

(5) This is trivial, because X being transitive means that G(X) ~ X is transitive, and
by definition of G*(X), we have G(X) C GT(X). See [1].

(6) This comes from a result from [14], stating that we have H;" = G*(I,,), where I, is
the graph formed by n segments, having N = 2n vertices.

(7) Once again this comes from a result from [14], stating that we have O,' = GT(K,),
where K, is the n-dimensional hypercube, having N = 2" vertices.

Finally, the stability assertion is clear from the definition of the various products in-
volved, from [36], [92]. This is well-known, and we will be back later on to this. O

Summarizing, we have a substantial list of examples. We will see in the next section
that there are several other interesting examples, coming from the matrix models.
We will be back with more general theory at the end of this section.

Let us discuss now classification results at small values of N. We first have:
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Theorem 11.5. The closed subgroups of S; = SO3 ' are as follows:
(1) Infinite quantum groups: S;, Oy ", Dee.
(2) Finite groups: Sy, and its subgroups.
(3) Finite group twists: Sy, As'.
(4) Series of twists: Dy} (n > 3), DC;' (n > 2).
(5) A group dual series: D,,, with n > 3.
Moreover, these quantum groups are subject to an ADFE classification result.

Proof. The idea here is that the classification result can be obtained by taking some
inspiration from the McKay classification of the subgroups of SO3. See [9]. O

By restricting the attention to the transitive case, we obtain:

Theorem 11.6. The small order transitive quantum groups are as follows:

(1) At N = 1,2,3 we have {1}, ZQ, Zg, Sg.
(2) At N =4 we have Zy X Zy, Ly, Dy, Ay, Ss, O34, ST and Sy, A5

Proof. This follows from the above result, the idea being as follows:

(1) This follows from the fact that we have Sy = S at N < 3, from [93].

(2) This follows from the ADE classification of the subgroups G C S, from [7], with
all the twists appearing in the statement being standard twists. See [7]. O

As an interesting consequence of the above result, we have:
Proposition 11.7. The inclusion of compact quantum groups
S, C S
s maximal, in the sense that there is no quantum group in between.
Proof. This follows indeed from the above classification result. See [9]. g

Let us study now the quantum subgroups G C S5". We first have the following elemen-
tary observations, regarding such subgroups:
Proposition 11.8. We have the following examples of subgroups G C S :

(1) The classical subgroups, G C Ss. There are 16 such subgroups, having order
1,2,3,4,4,5,6,6,8,10,12,12, 20, 24, 60, 120.

(2) The group duals, G = T c S#. These appear, via a Fourier transform construc-
tion, from the various quotients I' of the groups Zy, Lo * Zig, g * Z3.

In addition, we have as well all the ADE quantum groups G C S C Si from Theorem
11.5 above, embedded via the 5 standard embeddings S C Si .

Proof. These results are well-known, the proof being as follows:
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(1) This is a classical result, with the groups which appear being respectively the cyclic
groups {1}, Zs,Z3, Zy4, the Klein group K = Zy X Zs, then Zs, Zg, S3, Dy, D5, Ay, then a
copy of S3 X Z, the general affine group GA;(5) = Zs x Z4, and finally Sy, As, Ss.

(2) This follows from Bichon’s result in [36], stating that the group dual subgroups
G=TcC S5 appear from the various quotients Zy, *. . .xZy, — [, with Ni+...+N, = N.
At N =5 the partitions are 5 =1+4,1 4+ 2+ 2,2 + 3, and this gives the result. O

Summarizing, the classification of the subgroups G C S5 is a particularly difficult task,
the situation here being definitely much more complicated than at N = 4.

Consider now an intermediate compact quantum group, as follows:
Sy C GCSE

Then G must be transitive. Thus, we can restrict the attention to such quantum groups.
Regarding such quantum groups, we first have the following elementary result:

Proposition 11.9. We have the following examples of transitive subgroups G C Si :

(1) The classical transitive subgroups G C Ss. There are only 5 such subgroups, namely
ZS, D57 GA1(5)7 AB, 85-

(2) The transitive group duals, G = Tc S . There is only one example here, namely
the dual of I' = Zs, which is Zs, already appearing above.

In addition, all the ADE quantum groups G C S C S5 are not transitive.

Proof. This follows indeed by examining the lists in Proposition 11.8:

(1) The result here is well-known, and elementary. Observe that GA;(5) = Zs X Zy,
which is by definition the general affine group of 5, is indeed transitive.

(2) This follows from the results in [36], because with Zy, * ... * Zy, — T" as in the
proof of Proposition 11.8 (2), the orbit decomposition is precisely N = Ny + ...+ Ny.

Finally, the last assertion is clear, because the embedding S} C Si is obtained precisely
by fixing a point. Thus S} and its subgroups are not transitive, as claimed. U

In order to prove the uniqueness result, we will use the recent progress in subfactor
theory [60], concerning the classification of the small index subfactors.
For our purposes, the most convenient formulation of the result in [60] is:

Theorem 11.10. The principal graphs of the irreducible index 5 subfactors are:

(1) Aw, and a non-extremal perturbation of AY.
(2) The McKay graphs of Zs, Ds, GA1(5), As, Ss.
(3) The twists of the McKay graphs of As, Ss.

Proof. This is a heavy result, and we refer to [60] for the whole story. The above formu-
lation is the one from [60], with the subgroup subfactors there replaced by fixed point
subfactors [3], and with the cyclic groups denoted as usual by Zy. O
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In the quantum permutation group setting, this result becomes:

Theorem 11.11. The set of principal graphs of the transitive subgroups G C S4 coincide
with the set of principal graphs of the subgroups Zs, Ds, GA;(5), As, S5, S+ .

Proof. We must take the list of graphs in Theorem 11.10, and exclude some of the graphs,
on the grounds that the graph cannot be realized by a transitive subgroup G' C Sy .
We have 3 cases here to be studied, as follows:

(1) The graph A., corresponds to S5 itself. As for the perturbation of AY , this
dissapears, because our notion of transitivity requires the subfactor extremality.

(2) For the McKay graphs of Zs, D5, GA;(5), As, S5 there is nothing to be done, all
these graphs being solutions to our problem.

(3) The possible twists of As, S5, coming from the graphs in Theorem 11.10 (3) above,
cannot contain S5, because their cardinalities are smaller or equal than |S;| =120. O

In connection now with our maximality questions, we have:
Theorem 11.12. The inclusion Ss C S5 is mazimal.

Proof. This follows indeed from Theorem 11.11, with the remark that S5 being transitive,
so must be any intermediate subgroup S5 C G C S5 . O

With a little more work, the above considerations can give the full list of transitive
subgroups G C SF. To be more precise, we have here the various subgroups appearing in
Theorem 11.11, plus some possible twists of Ay, S5, which remain to be investigated.

In general, the maximality of Sy C Sy is a difficult question. The only known general
result here is in the easy case, as follows:

Theorem 11.13. There is no intermediate easy quantum group Sy C G C Sy.

Proof. This follows by doing some combinatorics. To be more precise, the idea is to show
that any m € P— NC has the property < m >= P. And, in order to establish this formula,
the idea is to cap m with semicircles, as to preserve one crossing, chosen in advance, and
to end up, by a recurrence procedure, with the standard crossing. Il

The corresponding orthogonal quantum group questions are somehow easier, and our
purpose in what follows will be that of discussing all this. We first have:

Theorem 11.14. There is only one proper intermediate easy quantum group
On C G COF
namely the half-classical orthogonal group O3;.

Proof. We must compute here the categories of pairings NCy C D C P,, and this can be
done via some standard combinatorics, in three steps, as follows:

(1) Let m € P, — NCs, having s > 4 strings. Our claim is that:
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— If m € P, — Py, there exists a semicircle capping ' € P, — Pj.
— If m € Py — NCs, there exists a semicircle capping ' € Py — NCs.
Indeed, both these assertions can be easily proved, by drawing pictures.

(2) Consider now a partition m € Py(k,l) — NCs(k,l). Our claim is that:

—If m € Py(k,l) — P;(k,l) then < m >= P,.

~If m e Py(k,l) — NCy(k,l) then < 7m >= Pj.

This can be indeed proved by recurrence on the number of strings, s = (k +1)/2, by
using (1), which provides us with a descent procedure s — s — 1, at any s > 4.

(3) Finally, assume that we are given an easy quantum group Oy C G C O3, coming
from certain sets of pairings D(k,l) C Pa(k,l). We have three cases:

~If D ¢ Py, we obtain G = Oy.

~If DC P,,D ¢ NCj, we obtain G = Oy.

—If D € NCy, we obtain G = O}.

Thus, we are led to the conclusion in the statement. O

We have as well the following result, going beyond easiness:

Theorem 11.15. The following inclusions are maximal:

(1) TOy C Ux.
(2) PON C PUy.

Proof. In order to prove these results, consider as well the group TSOpy. Observe that
we have TSOy = TOy if N is odd. If N is even the group TOxN has two connected
components, with TSOpx being the component containing the identity.

Let us denote by soy, uy the Lie algebras of SOy, Uy. It is well-known that uy consists
of the matrices M € My(C) satisfying M* = —M, and that sox = uy N My(R). Also, it
is easy to see that the Lie algebra of TSOy is soy & iR.

Step 1. Our first claim is that if N > 2, the adjoint representation of SOy on the space
of real symmetric matrices of trace zero is irreducible.

Let indeed X € My(R) be symmetric with trace zero. We must prove that the following
space consists of all the real symmetric matrices of trace zero:

V = span {UXUt

U e SON}

We first prove that V' contains all the diagonal matrices of trace zero. Since we may
diagonalize X by conjugating with an element of SOy, our space V' contains a nonzero
diagonal matrix of trace zero. Consider such a matrix:

D= diag(dl, dg, ce ,dN)
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We can conjugate this matrix by the following matrix:

0 -1 0
1 0 0 € SON
0 0 In_o

We conclude that our space V' contains as well the following matrix:
D/ = diag(dg, dl, dg, N 7dN)

More generally, we see that for any 1 < 4,7 < N the diagonal matrix obtained from
D by interchanging d; and d; lies in V. Now since Sy is generated by transpositions, it
follows that V' contains any diagonal matrix obtained by permuting the entries of D. But
it is well-known that this representation of Sy on the diagonal matrices of trace zero is
irreducible, and hence V' contains all such diagonal matrices, as claimed.

In order to conclude now, assume that Y is an arbitrary real symmetric matrix of trace
zero. We can find then an element U € SOy such that UYU! is a diagonal matrix of
trace zero. But we then have UYU! € V, and hence also Y € V, as desired.

Step 2. Our claim is that the inclusion TSOy C Uy is maximal in the category of
connected compact groups.

Let indeed GG be a connected compact group satisfying TSOy C G C Uy. Then G is a
Lie group. Let g denote its Lie algebra, which satisfies:

soy PR CgCuy

Let adg be the action of G on g obtained by differentiating the adjoint action of G on
itself. This action turns g into a G-module. Since SOy C G, g is also a SOpy-module.

Now if G # TSOy, then since G is connected we must have soy @ iR # g. It follows
from the real vector space structure of the Lie algebras uy and soy that there exists a
nonzero symmetric real matrix of trace zero X such that:

1X €g
We know that the space of symmetric real matrices of trace zero is an irreducible

representation of SOy under the adjoint action. Thus g must contain all such X, and
hence g = uy. But since Uy is connected, it follows that G = Uy.

Step 3. Our claim is that the commutant of SOy in My (C) is as follows:

a f
(1) SO, = {(_5 a) ‘a,ﬂ = @}.
(2) If N >3, SOy = {aly|a € C}.
Indeed, at N = 2 this is a direct computation. At N > 3, an element in X € SO
commutes with any diagonal matrix having exactly N — 2 entries equal to 1 and two

entries equal to —1. Hence X is a diagonal matrix. Now since X commutes with any even
permutation matrix and N > 3, it commutes in particular with the permutation matrix
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associated with the cycle (4,7, k) for any 1 < i < j < k, and hence all the entries of X
are the same. We conclude that X is a scalar matrix, as claimed.

Step 4. Our claim is that the set of matrices with nonzero trace is dense in SOy.

At N = 2 this is clear, since the set of elements in SO, having a given trace is finite.
So assume N > 2, and let T € SOy ~ SO(RY) with Tr(T) = 0. Let £ C RY be a
2-dimensional subspace preserved by T, such that Tjp € SO(E).

Let e > 0 and let S. € SO(F) with ||Tig — S:|| < ¢, and with Tr(Tjg) # Tr(S:), in the
N =2 case. Now define 7. € SO(RY) = SOy by:

Tip =95 , Typr=Tp:
It is clear that ||T'— T.|| < ||Tig — S:|| < € and that:
Tr(T:) =Tr(S.) +Tr(Tigr) #0
Thus, we have proved our claim.

Step 5. Our claim is that TOy is the normalizer of TSOy in Uy, i.e. is the subgroup
of Uy consisting of the unitaries U for which U7'XU € TSOy for all X € TSOy.

It is clear that the group TOx normalizes TSOp, so in order to prove the result, we
must show that if U € Uy normalizes TSOy then U € TOy.

First note that U normalizes SOy. Indeed if X € SOy then U7'XU € TSOy, so
U™'XU = \Y for some A € T and Y € SOy. If Tr(X) # 0, we have A € R and hence:

Y =U"'XU € SOy
The set of matrices having nonzero trace being dense in SOy, we conclude that
U=XU € SOy for all X € SOy. Thus, we have:
X eSOy = UXUHWUXUY =1y
— XU'UX=UU
= U'U e SOy

It follows that at N > 3 we have U'U = aly, with o € T, since U is unitary. Hence
we have U = ol/?(a~Y2U) with a™Y/2U € Oy, and U € TOy. If N =2, (U'U)! = U'U
gives again that U'U = aly, and we conclude as in the previous case.

Step 6. Our claim is that the inclusion TOy C Uy is maximal in the category of
compact groups.

Suppose indeed that TOy C G C Uy is a compact group such that G # Uy. It is a
well-known fact that the connected component of the identity in G is a normal subgroup,
denoted GGy. Since we have TSOy C Gog C Uy, we must have Gy = TSOy. But since Gy
is normal in G, the group G normalizes TSOy, and hence G C TOpy.

Step 7. Our claim is that the inclusion POy C PUp is maximal in the category of
compact groups.
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This follows from the above result. Indeed, if POy C G C PUy is a proper intermediate
subgroup, then its preimage under the quotient map Uy — PUy would be a proper
intermediate subgroup of TOyN C Uy, which is a contradiction. O

Summarizing, we have many interesting questions here, and both the maximality of
Sy C Sy and of O3 C OF are main problems in the area.

Let us go back now to the theoretical questions, in relation with the notion of transi-
tivity. It is convenient to introduce a few more related objects, as follows:

Definition 11.16. Associated to a quantum group G C S5, producing the equivalence
relation on {1,..., N} given by i ~ j when w;; # 0, are as well:

(1) The partition m € P(N) having as blocks the equivalence classes under ~.

(2) The binary matriz e € My(0,1) given by ;5 = by, 0.

Observe that each of the objects ~, 7, e determines the other two ones.
We will often assume, without mentioning it, that the orbits of G C S}, come in
increasing order, in the sense that the corresponding partition is as follows:

7T:{1,...,K1},...,{K1+...+KM_1+1,...,K1+...+KM}
Indeed, at least for the questions that we are interested in here, we can always assume

that it is so, simply by conjugating everything by a suitable permutation o € Sy.

In terms of these objects, the notion of transitivity reformulates as follows:

Definition 11.17. We call G C S} transitive when u;; # 0 for any i, j. Equivalently:

(1) ~ must be trivial, i ~ j for any i, 7.
(2) ™ must be the 1-block partition.
(3) € must be the all-1 matriz.

Let us discuss now the quantum analogue of the fact that given a subgroup G C S,
with orbits of lenghts K, ..., Kj;, we have an inclusion as follows:

GCS[QX...XSKM

Given two quantum permutation groups G C S}, H C S}, with magic corepresenta-
tions denoted u, v, we can consider the following algebra, and matrix:

A=C(G)*xC(H) , w=diag(u,v)

The pair (A, w) satisfies Woronowicz’s axioms, and since w is magic, we therefore obtain
a quantum permutation group, denoted G % H C Sj L1 See [92].

With this notion in hand, we have the following result:
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Proposition 11.18. Given a quantum group G C SY;, with associated orbit decomposition
partition m € P(N), having blocks of length K, ..., Ky, we have an inclusion

GCS}%@ %S}M
where the product on the right is constructed with respect to the blocks of w. In the classical
case, G C Sy, we obtain in this way the usual inclusion G C Sk, X ... X Sk,,.

Proof. Since the standard coordinates w;; € C(G) satisfy u;; = 0 for i ¢ j, the algebra
C(G) appears as quotient of the following algebra:

C(SH) [ (uy =0.¥i it j) = C(Sk)+...+C(SE,)
= C(SE 4 ... #SE)

Thus, we have an inclusion of quantum groups, as in the statement. Finally, observe
that the classical version of the quantum group S;gl ...k S};M is given by:

(S?ﬁ * ... ’T‘S?(M)class = (SKl X ... X SKM)class
= Sle---XSKM
Thus in the classical case we obtain G C Sk, x ... x Sk,,, as claimed. O

Let us discuss now what happens in the group dual case, where the situation is non-
trivial. Following the work of Bichon in [37], we have the following result:

Proposition 11.19. Given a decomposition N = Ky + ...+ Ky, and a quotient group
Li, * ... x Lg,, = ', we have an embedding, as follows:

[ CZg % ... %Lg, C Sk %... %S CS%

Moreover, modulo the action of Sy x Sy on the magic unitaries, obtained by permuting
the rows and columns, we obtain in this way all the group dual subgroups I' C Sy;.

Proof. Given a quotient group I' as in the statement, by composing a number of standard
embeddings and identifications, we obtain indeed an embedding, as follows:

A~ —_—

I' C ZKl*”'*ZKM
= ZKl*- -*ZKM
~ L, * ... %Lk,
C SK1>T< ’T‘SKM

+ 4 ot
C Sg* ... %Sk

+
C Skt iKy

Regarding now the last assertion, this basically follows/]\ay letting N = K1+ ...+ Ky
be the decomposition coming from the orbit structure of I' C Sj. See [37]. O
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Let us now consider the case where the decomposition N = K;+. ..+ Kj; is “minimal”,
in the sense that the quotient map Zg, * ... Zg,, — I' is faithful on each Zg,.
With this assumption made, we have the following result:

Theorem 11.20. Assume that T C S comes from a quotient group Zy, *...xLx,, — T
with Ki + ...+ Ky = N, such that the quotient map is faithful on each Z, .

(1) The associated orbit decomposition is N = Ky + ...+ K.
(2) The inclusions I' C Sy % ... % Si  from Propositions 11.18 and 11.19 coincide.

Proof. We recall from Proposition 11.18 that the subgroup Tc S appears as follows:

T C Zg %... %%k,
C Sk *...%S5%
c Sy

(1) By construction of T c S, the orbit decomposition for this quantum group must
appear via a refinement of the decomposition N = K7 + ...+ Ky,.
On the other hand, consider the following elements:

(Ki+ ...+ Kiq)+1,...... (K4 K+ K
Since the quotient map Zg, * ... * Zg,, — I is faithful on each Zg,, these elements
must belong to the same orbit under the action of I', and we are done.
(2) This is just an observation, which is clear from (1) above. O
Let us discuss now an extension of the notion of transitivity, as follows:

Definition 11.21. A quantum permutation group G C Sy, is called quasi-transitive when
all its orbits have the same size. Equivalently:

(1) ~ has equivalence classes of same size.
(2) m has all the blocks of equal length.
(3) € is block-diagonal with blocks the flat matrixz of size K.

As a first example, if G is transitive then it is quasi-transitive. In general now, if we
denote by K € N the common size of the blocks, and by M € N their multiplicity, then
we must have N = K M. We have the following result:

Proposition 11.22. Assuming that G C S§; is quasi-transitive, we must have
GCSEx... %Sk
—_——
M terms

where K € N is the common size of the orbits, and M € N is their number.

Proof. This simply follows from the above results, because, with the previous notations,
in the quasi-transitive case we must have K; = ... = K); = K. O
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Observe that in the classical case, we obtain in this way the usual embedding:
G C SK X ... X SK
—_——

M terms

Let us discuss now the examples. Assume that we are in the following situation:
GCSE*x... %Sk

If u,v are the fundamental corepresentations of C(S};),C(S}), consider the quotient
map ; : C(S}) — C(S}) constructed as follows:

U,—)di@g(lK,...,lK, v ,1[(,...,1]{)

i—th term

We can then set C(G;) = m;(C(G)), and we have the following result:
Proposition 11.23. If G; is transitive for all v, then G is quasi-transitive.

Proof. We know that we have embeddings as follows:

Gix...xGyuCGCSEx... xSk
—_—

M terms

It follows that the size of any orbit of G is at least K, because it contains G; X ... X G}y,
and at most K, because it is contained in S % ... %S}, Thus, G is quasi-transitive. [

We call the quasi-transitive subgroups appearing as above “of product type”. Observe
that there are quasi-transitive groups which are not of product type, as for instance the
group G = Sy C Sy x Sy C S, obtained by using the embedding o — (0, 0). Indeed, the
quasi-transitivity is clear, say by letting G act on the vertices of a square. On the other
hand, since we have Gy = G5 = {1}, this group is not of product type.

In general, we can construct examples by using various product operations:
Proposition 11.24. Given transitive subgroups Gy,...,Gy C Si, the following con-
structions produce quasi-transitive subgroups G C S % ... %S}, of product type:

—_——

M terms

(1) The usual product: G = Gy X ... X Gy.
(2) The dual free product: G = Gy % ... *Gyy.

Proof. All these assertions are clear from definitions, because in each case, the quantum
groups G; C Sj- constructed before are those in the statement. g

In the group dual case, we have the following result:
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Proposition 11.25. The group duals T C SE% ... xS which are of product type are
—_——

M terms
precisely those appearing from intermediate groups of the following type:

ZK**ZK—)F—)ZKXXZK
N—— N /

~
M terms M terms

Proof. 1t is clear that any intermediate quotient I' as in the statement produces a quantum
permutation group I' C Sy which is of product type.
Conversely, glven a group dual T c S, coming from a quotient group Z3 — T, the

subgroups G; C T constructed above must be group duals as well, G; = FZ, for certain
quotient groups I =T,
Now if T is of product type F C S must be transitive, and hence equal to ZK We

then conclude that we have ZM C F and so I' — Z. O

In order to construct now some other classes of examples, we use the notion of normality
for compact quantum groups. This notion is introduced as follows:

Definition 11.26. Given a quantum subgroup H C G, coming from a quotient map
m: C(G) — C(H), the following are equivalent:

(1) A={a e C(G)|(id® m)A(a) = a ® 1} satisfies A(A) C AR A.
(2) B={a € C(G)|(r®id)A(a) =1® a} satisfies A(B) C B® B.
(3) We have A = B, as subalgebras of C(Q).

If these conditions are satisfied, we say that H C G is a normal subgroup.

In the classical case we obtain the usual normality notion for the subgroups. Also, in
the group dual case the normality of any subgroup, which must be a group dual subgroup,
is automatic. Now with this notion in hand, we have:

Theorem 11.27. Assuming that G C S} is transitive, and that H C G is normal,
H C SF; follows to be quasi-transitive.

Proof. Consider the quotient map 7 : C(G) — C(H), given at the level of standard
coordinates by u;; — v;;. Consider two orbits Oy, Oy of H and set:

:Zuij ) yizzuij

J€01 J€O2
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These two elements are orthogonal projections in C'(G) and they are nonzero, because
they are sums of nonzero projections by transitivity of G. We have:

(dom)A@) = Y Y ux®uvy

k jeO1

= Z Zuik®vkj

keO; jeO,

= Zuik®1

keO,

Thus by normality of H we have the following formula:
(m®id)A(z;) =1 ® x;
On the other hand, assuming that we have i € Oy, we obtain:

(m ®id)A(z;) = Z Z Uik @ Ug;

k j€O1
= E Vik & T,
keO2

Multiplying this by v;, ® 1 with k € O, yields v, ® x, = v, ® x;, that is to say xp = x;.
In other words, z; only depends on the orbit of <. The same is of course true for y;.
By using this observation, we can compute the following element:

S D) 3™

k€Oq j€O,

- Y

keO2
= |Oq]z;

On the other hand, by applying the antipode, we have as well:

S(z) = ZZ“J’“

k€02 j€0O1
= DU
je01
= [O1ly;
We therefore obtain the following formula:

_104]

S(x;) = myj
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Now since both z; and y; have norm one, we conclude that the two orbits have the
same size, and this finishes the proof. O

Some additional interesting transitivity questions appear in the graph context.
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12. MATRIX MODELS

One interesting method for the study of the subgroups G C S}, that we have not tried
yet, consists in modelling the coordinates u;; € C(G) by concrete variables U;; € B.

Indeed, assuming that the model is faithful in some suitable sense, that the algebra B is
something quite familiar, and that the variables U;; are not too complicated, all questions
about GG would correspond in this way to routine questions inside B.

We discuss here these questions, first for the arbitrary quantum groups G C Uy, and
then for the quantum permutation groups G C S};.

Regarding the choice of the target algebra B, some very convenient algebras are the
random matrix ones, B = Mg (C(T)), with K € N, and T being a compact space.

These algebras generalize indeed the most familiar algebras that we know, namely the
matrix ones Mg (C), and the commutative ones C(T).

We are led in this way to the following general definition:

Definition 12.1. A matriz model for G C Uy is a morphism of C*-algebras
m:C(G) - Mg(C(T))
where T 1s a compact space, and K > 1 is an integer.
There are many examples of such models, and will discuss them later on. For the
moment, let us develop some general theory. The question to be solved is that of under-

standing the suitable faithfulness assumptions needed on 7, as for the model to “remind”
the quantum group. As we will see, this is something quite tricky:.

The simplest situation is when 7 is faithful in the usual sense. This is of course some-
thing quite restrictive, because the algebra C'(G) must be of type I in this case.

However, there are many interesting examples here, and all this is worth a detailed
look. Let us introduce the following notion, which is related to faithfulness:

Definition 12.2. A matriz model 7 : C(G) — Mg (C(T)) is called stationary when

fi= (e f)r

where fT 15 the integration with respect to a given probability measure on T'.

Here the term “stationary” comes from a functional analytic interpretation of all this,
with a certain Cesaro limit being needed to be stationary, and this will be explained later.
Yet another explanation comes from a certain relation with the lattice models, but this
relation is rather something folklore, not axiomatized yet. We will be back to this.

As a first result now, which is something which is not exactly trivial, and whose proof
requires some functional analysis, the stationarity property implies the faithfulness:
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Theorem 12.3. Assuming that subgroup G C Uy, has a stationary model,

1 C(G) = Mi(C(T)) /G: <t’r’®/T)7r

it follows that G must be coamenable, and that the model is faithful.

Proof. Assume that we have a stationary model, as in the statement. By performing
the GNS construction with respect to fG, we obtain a factorization as follows, which
commutes with the respective canonical integration functionals:

7:C(G) = C(G)rea € Mg (C(T))

Thus, in what regards the coamenability question, we can assume that 7 is faithful.
With this assumption made, observe that we have embeddings as follows:

C™(G) C C(G) Cc Mg(C(T))
Now observe that the GNS construction gives a better embedding, as follows:
L*(G) € Mg (L>™(T))

Now since the von Neumann algebra on the right is of type I, so must be its subalgebra
A = L*(G). This means that, when writing the center of this latter algebra as Z(A) =
L*>(X), the whole algebra decomposes over X, as an integral of type I factors:

In particular, we can see from this that COO ) C L*(G) has a unique C*-norm, and so
(G is coamenable. Thus we have proved our ﬁrst assertion, and the second assertion follows
as well, because our factorization of 7 consists of the identity, and of an inclusion. O

Summarizing, what we have so far is a slight strengthening of the notion of faithfulness.
We will see later on that are many interesting examples of such models.

Let us discuss now the general, non-coamenable case, with the aim of finding a weaker
notion of faithfulness, which still does the job, of “reminding” the quantum group.

The idea comes by looking at the group duals G = I'. Consider indeed a general model
for the associated algebra, which can be written as follows:

m:C*(T) — Mg (C(T))
The point now is that such a representation of the group algebra must come by lin-
earization from a unitary group representation, as follows:
p:I' = C(T,Uk)
Now observe that when p is faithful, the representation 7 is in general not faithful,

for instance because when 7' = {.} its target algebra is finite dimensional. On the other
hand, this representation “reminds” I', so can be used in order to fully understand I'.
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Summarizing, we have a new idea here, basically saying that, for practical purposes,
the faithfuless property can be replaced with something much weaker. This weaker notion
is called “inner faithfulness”, and the theory here, from [9], is as follows:

Definition 12.4. Let 7 : C(G) — Mg (C(T)) be a matriz model.

(1) The Hopf image of m is the smallest quotient Hopf C*-algebra C(G) — C(H)
producing a factorization of type © : C(G) — C(H) — Mg(C(T)).

(2) When the inclusion H C G is an isomorphism, i.e. when there is no non-trivial
factorization as above, we say that 7 is inner faithful.

These constructions work in fact for any C*-algebra representation 7 : C(G) — B, but
here we will be only interested in the random matrix case, B = Mg (C(T)).

In the case where G = T is a group dual, 7 must come from a group representation
p:I'— C(T,Ug), and the above factorization is simply the one obtained by taking the
image, p: I' = A C C(T,Uk). Thus 7 is inner faithful when I' C C(T, Uk).

Also, given a compact group GG, and elements g1, ..., gx € GG, we have a representation
7:C(G) — CK given by f — (f(q1),---, f(9x)). The minimal factorization of 7 is then
via C(H), with H =<g1,...,gx >, and 7 is inner faithful when G = H.

In general, the existence and uniqueness of the Hopf image comes from dividing C'(G)
by a suitable ideal, as explained in [9]. In Tannakian terms, we have:

Theorem 12.5. Assuming G C Uy, with fundamental corepresentation w = (u;;), the
Hopf image of m: C(G) — Mg (C(T)) comes from the Tannakian category

Ckl = Hom(U®k, U®l>
where U;; = m(u;;), and where the spaces on the right are taken in a formal sense.

Proof. Since the morphisms increase the intertwining spaces, when defined either in a
representation theory sense, or just formally, we have inclusions as follows:

Hom(u®*, u®") ¢ Hom(U®* U®")

More generally, we have such inclusions when replacing (G, u) with any pair producing
a factorization of w. Thus, by Tannakian duality, the Hopf image must be given by the
fact that the intertwining spaces must be the biggest, subject to the above inclusions.

On the other hand, since u is biunitary, so is U, and it follows that the spaces on the
right form a Tannakian category. Thus, we have a quantum group (H,v) given by:

Hom(v®* v®) = Hom(U®* U®")
By the above discussion, C'(H) follows to be the Hopf image of 7, as claimed. O

Regarding now the study of the inner faithful models, a key problem is that of computing
the Haar integration functional. The result here, from [94], is as follows:
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Theorem 12.6. Given an inner faithful model w : C(G) — Mg(C(T)), we have

1o [T
= lim =

where fé = (pom)*, with p =tr ® fT being the random matriz trace.

Proof. As a first observation, there is an obvious similarity here with the Woronowicz
construction of the Haar measure, explained in section 1 above. In fact, the above result
holds more generally for any model 7 : C(G) — B, with ¢ € B* being a faithful trace.
With this picture in hand, the Woronowicz construction simply corresponds to the case
m = id, and the result itself is therefore a generalization of Woronowicz’s result.

In order to prove now the result, we can proceed as in section 1. If we denote by fé
the limit in the statement, we must prove that this limit converges, and that we have
/. é = fG. It is enough to check this on the coefficients of corepresentations, and if we let
v = u®* be one of the Peter-Weyl corepresentations, we must prove that we have:

(iae [Jo=(iae [ )

We already know, from section 1 above, that the matrix on the right is the orthogonal
projection onto Fiz(v). Regarding now the matrix on the left, the trick in [99] applied to
the linear form (7 tells us that this is the orthogonal projection onto the 1-eigenspace of
(id ® pm)v. Now observe that, if we set V;; = m(v;;), we have:

(id @ pm)v = (id @ p)V

Thus, we can apply the trick in [99], or rather use the same computation as there, which
is only based on the biunitarity condition, and we conclude that the 1-eigenspace that we
are interested in equals Fiz(V'). But, according to Theorem 12.5, we have:

Fix(V) = Fiz(v)
Thus, we have proved that we have fcl; = fG, as desired. Il
In order to detect the stationary models, we have the following criterion:

Theorem 12.7. For 7 : C(G) — My(C(T)), the following are equivalent:
(1) Im(m) is a Hopf algebra, and (tr ® [,)m is the Haar integration on it.
(2) ¥ = (tr ® [, )7 satisfies the idempotent state property 1 * i = 1.
(3) T2 =T., V¥p € N, Ve € {1,}?, where (T.)i,..ip .50 = (tr @ [ )UY, - Ufp’;p)

If these conditions are satisfied, we say that w is stationary on its image.

Proof. Given a matrix model 7 : C(G) — Mg (C(T)) as in the statement, we can factorize
it via its Hopf image, as in Definition 12.4 above:

7:C(G)— C(H) — Mg(C(T))
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Now observe that the conditions (1,2,3) in the statement depend only on the factorized
representation v : C(H) — Mg(C(T)). Thus, we can assume in practice that we have
G = H, which means that we can assume that 7 is inner faithful.

With this assumption made, the general integration formula from Theorem 12.6 applies
to our situation, and the proof of the equivalences goes as follows:

(1) = (2) This is clear from definitions, because the Haar integration on any compact
quantum group satisfies the idempotent equation v * 1) = 1.

(2) = (1) Assuming ¢ * ¢ = 1), we have ¢*" = 1) for any r € N, and Theorem 12.6
gives [ ¢ = ¥. By using now Theorem 12.3, we obtain the result.

In order to establish now (2) <= (3), we use the following elementary formula, which
comes from the definition of the convolution operation:

Y (g, - uf:]p) = (T)ir g i

(2) = (3) Assuming ¢ * ¢ = 1, by using the above formula at r = 1,2 we obtain
that the matrices T, and T have the same coefficients, and so they are equal.

(3) = (2) Assuming T? = T, by using the above formula at » = 1,2 we obtain that

the linear forms 1 and v x 1 coincide on any product of coefficients u;! u?. . Now

i1j1 " " Tipp”
since these coefficients span a dense subalgebra of C'(G), this gives the result. g

Let us get now into the quantum permutation group case. With the convention that
we identify the rank one projections in Mg (C) with the corresponding elements of the
complex projective space Pg ~! we have the following result, from [29]:

Theorem 12.8. Given a quasi-transitive group G C Sy, with orbits having size K, the
associated universal quasi-flat model space is Xg = Fg X L]C{}yK, where:

By = {Pl,...,PK e PX-1p, L Pj,‘v’i,j}

L x = {01, N G‘O’l(i), ...,0x(2) distinet, Vi € {1,... ,N}}

In addition, assuming that we have L% x 7 0, the universal quasi-flat model is stationary,
with respect to the Haar measure on Eyc times the discrete measure on L .

Proof. This result is from [29], the idea being as follows:

(1) Let us call “sparse Latin square” any matrix L € My(x,1,..., K) whose rows and
columns consists of a permutation of the numbers 1,..., K, completed with * entries.

(2) Our claim is that the quasi-flat representations 7w : C'(Sy) — Mg (C) appear as
follows, where Py,..., Pk € Mg(C) are rank 1 projections, summing up to 1, and where
L € My(x,1,...,K) is a sparse Latin square, with the convention P, = 0:

Ui > PLij
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Indeed, assuming that 7 : C(Sx) — Mk (C) is quasi-flat, the elements P;; = m(u;;) are
projections of rank < 1, which pairwise commute, and form a magic unitary.

Let Py,...,Px € Mg(C) be the rank one projections appearing in the first row of
P = (P;;). Since these projections form a partition of unity with rank one projections, any
rank one projection @) € Mg (C) commuting with all of them satisfies Q € {P,..., Px}.
In particular we have P;; € {P,, ..., Pk} for any i, j such that P,; # 0. Thus we can write
ug; — P, for a certain matrix L € My(,1,..., K), with the convention P, = 0.

In order to finish, the remark is that u;; — P, defines a representation m : C(Sy) —
Mg (C) precisely when the matrix P = (P, ); is magic. But this condition tells us
precisely that L must be a sparse Latin square, as desired.

(3) In order to finish, we must compute the Hopf image. Given a sparse Latin square
L € My(x,1,...,K), consider the permutations oy, ...,0x € Sy given by:

Our claim is that the Hopf image associated to a representation 7 : C'(Sy) — Mg (C),
ug; — Pr,; as above is then the algebra C(GL), where Gp =< 01,...,0x >C Sy.

Indeed, the image of m being generated by Pi,..., Px, we have an isomorphism of
algebras a : Im(mw) ~ C(1,..., K) given by P; — ;. Consider the following diagram:

C(Sy) —=—= Im(r)

Mg (C)

Here the map on the right is the canonical inclusion and ¢ = aw. Since the Hopf image
of 7 coincides with the one of ¢, it is enough to compute the latter. We know that ¢
is given by ¢(u;) = dr,;, with the convention 6, = 0. By Gelfand duality, ¢ must come
from a certain map o : {1,..., K} — Sy, via the transposition formula ¢(f)(z) = f(0.).

With the choice f = u;;, we obtain dr,,(x) = u;;(0,). Now observe that:

50, (2) = {1 if Lj; =x | i (02) = {1 if 0,(j) =1

0 otherwise 0 otherwise
We conclude that o, is the permutation in the statement. Summarizing, we have shown
that ¢ comes by transposing the map r — o,, with o, being as in the statement. Thus

the Hopf image of ¢ is the algebra C(Gp), with G, =< 0y,...,0x >, as desired. O

We have the following result:
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Proposition 12.9. Assuming that © : C(G) — Mg(C(X)) is inner faithful and quasi-
flat, mapping ui; — Proj(&5), with [|€5]| € {0,1}, the above matrices T, are given by

7, - [ T

where the matriz T,(£) € My»(C), associated to an array & € My(CK) is given by

1
Tp(é-)ll dpdiedp K < £Z1J17512J2 >< 612]27 523]3 ----- < éipjpa 5i1j1 >
with the scalar product being the usual one on CX, taken linear at right.

Proof. We have the following well-known computation, valid for any vectors &;,...,§,
having norms ||&]|| € {0, 1}, with the scalar product being linear at right:

Proj(&)e =< &,z > &, Vi
=  Proj(&)...Proj(&,)(x) =<&,&% > ... ... <&p1,6p >< & > &
= Tr(Proj(&)...Proj(&)) =< &,6 > ... <&p1,6p >< &6 >

Thus, the matrices 7}, from Theorem 12.7 can be computed as follows:

(Tp)isvipinogy = / tr (Proj( ml)Proy( Z2j2) . Proj( ;";jp)) dx

= K / < 511]1’ i2]2 géh’éixﬁ > < §ig;jp,§ijl > dx
S G
X
We therefore obtain the formula in the statement. See [8], [30]. O

One can do even better than this, with a more conceptual result, as follows:
Theorem 12.10. Given an inner faithful quasi-flat model
7:C(G) = Mg(C(X)) , wy;— Proj( fj)

with ||§5]| € {0,1}, the law of the normalized character x /K with respect to the truncated
integral fé coincides with that of the Gram matriz of the vectors

x —

T \/_— 51122 ® 51213 - ® gzru

with respect to the normalized matriz trace, and to the integration functional on X".

Proof. This was proved in [8], [30] under various supplementary assumptions on the model,
which are actually not needed. First of all, by using the above results, the moments C,
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of the measure that we are interested in are given by:
r 1 .
Z Wii (Tp )il...ip,i1...ip - ﬁ . TT(Tp)
21...ip

The trace on the right is given by the following formula:

Tr(Ty) = Z (Tp)z}...i},,i%...ig ------ (Tp)i{...z';,i;..i;

1
Zl...Zp

In view of the formula in Proposition 12.9, this quantity will expand in terms of the
matrices T),(§) constructed there. To be more precise, we have:

X
/ E Tp(€ )it iviziz - Tp(€ )iy ip it iy d
.

By using now the explicit formula of each T,(£), from Proposition 12.9, we have:

Tr( 512, %12% > <§lez, 2 >
zl zT
<£M,£”§T1> ...... <&, & > da
PP 1°1

By changing the order of the summation, we can write this formula as:

Tr(T,

<§12, 12> ...... <§ml,§.,fil>
2 1215

£Z1Z2,£12> ...... 5 1,6 >d:[j

But this latter formula can be written as follows:

TT(T / Z_<§ §r17 %% ®§T1>
Tzl zT
1

Z1 Ty T1 T
?<€i;i% ®£ 17 1% ®€z§z%>d'x
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In terms of the vectors in the statement, and of their Gram matrix G, we obtain:

THIT) = / DRI I <& i Eh > da

T
7,1 Z

= N 1 > (G, .);1 sr;1 r ... 1 e 1 e QX
/T 11 BRI A v /ip. 0,0y 0]

T
117,

_ g / (G

Summarizing, the moments of the measure in the statement are given by:

S /X TG

= (tr@/r> (GP)

This gives the formula in the statement of the theorem. O

Following [30], let us discuss now some more subtle examples of stationary models,
related to the Pauli matrices, and Weyl matrices, and physics. We first have:

Definition 12.11. Given a finite abelian group H, the associated Weyl matrices are
Wi i €p =< 1, b> €a+b
where i € H, a,b € PA[, and where (1,b) =< i,b > is the Fourier coupling H X H—T.

As a basic example, consider the cyclic group H = Zy = {0,1}. Here the Fourier
coupling is given by < i,b >= (—1)®, and so the Weyl matrices act via Wyg : e, — e,
Wio ey — (—1)%, Wit : ey — (—1)%epy1, Wor @ €y — epy1. Thus, we have:

1 0 1 0 0 —1 01
WOO:(O 1) 7W10:<0 _1) 7W11:<1 0) JW()I:(l O)

We recognize here, up to some multiplicative factors, the four Pauli matrices.
Now back to the general case, we have the following well-known result:

Proposition 12.12. The Weyl matrices are unitaries, and satisfy:
(1) Wt =<i,a>W_; .

(2) Wil =< 0,5 > Wit

(3) VVwa—<j i,b > I/VZ ia—b-

(4) ]b—<l(l—b>W] ib—a-

Proof. The unitary follows from (3,4), and the rest of the proof goes as follows:
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(1) We have indeed the following computation:

k
wr = (Z <ib> Eﬁb,b) =Y < —i,b> Eyau
b b
= Z < —ib—a> By oy =<i,a>W__,
b

(2) Here the verification goes as follows:

WieWi, = (Z <i,b+d> Ea+b+d,b+d) (Z <J,d> Eb+d,d>

d d

= Z <i,b><i+j,d> FEoypraa =< t,0 > Wigja4p
d

(3,4) By combining the above two formulae, we obtain:
WilWh = <, b>WiW_j p=<j,b><i,—b>W, ;.
WiWi = <i,a>W_, _ Wy =<i,a><—1,0>W,;_;,_,
But this gives the formulae in the statement, and we are done. U

Observe that, with n = |H|, we can use an isomorphism [2(H) ~ C" as to view each
Wi, as a usual matrix, W;, € M, (C), and hence as a usual unitary, W, € U,,.

Given a vector &, we denote by Proj(£) the orthogonal projection onto C&.

Now let N = n? and consider Wang’s quantum permutation algebra C(S};), with
standard generators denoted wjq j5, using double indices. We have:

Proposition 12.13. Given a closed subgroup E C U,, we have a representation
T C(SY) = My(C(E)) = Wiage = [U = Proj(Wi,UW3)]
where n = |H|, N = n?, and where W;, are the Weyl matrices associated to H.
Proof. The Weyl matrices being given by W;, : e, =< i,b > €414, we have:
e

Together with the formulae in Proposition 12.12; this shows that the Weyl matrices
are pairwise orthogonal with respect to the scalar product < z,y >= tr(z*y) on M, (C).
Thus, these matrices form an orthogonal basis of M,,(C), consisting of unitaries:

W — {W

ieH,aefI}

Thus, each row and each column of the matrix &, j, = Wi U W]?kb is an orthogonal basis
of M,,(C), and so the corresponding projections form a magic unitary, as claimed. U
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We will need the following well-known result:
Proposition 12.14. With T' = Proj(x;) ... Proj(z,) and ||z;|| = 1 we have
<ETn>=<& 01 >< 21,02 > ... < Tpo1, Tp >< Ty, N >
for any &,m. In particular, Tr(T) =< x1,13 >< X9, T3 > ... < Tp, T3 >.
Proof. For ||z|| = 1 we have Proj(z)n =« < x,n >, and this gives:

Tn = Proj(z,)...Proj(x,)n
= Proj(z1)...Proj(zy_1)z, < xp,1n >
= Proj(z1)... Proj(xp_2)Tp—2 < Tp_1,xp >< Tp,n >

= 1 <Z1,T2 > ... < Tp-1,Tp >< Tp,N >

Now by taking the scalar product with £, this gives the first assertion. As for the second
assertion, this follows from the first assertion, by summing over £ = n = e¢;. O

Now back to the Weyl matrix models, let us first compute 7;,. We have:
Proposition 12.15. We have the formula

1
(Tp)ia,jb = N < il,al — Qg > ... < ip,ap—al >< jg,bg —bl > ... <j1,b1 —bp >
/Etr(Wiz—iMm—al Uw/jl—jz,bl—bz U*) s tlr‘(Wil_ipyal_apUI/I/jp_jlybp_bl U*)dU

with all the indices varying in a cyclic way.

Proof. By using the trace formula in Proposition 12.14 above, we obtain:

(T)iags = (tr@ /E ) (ij(mlal(fw;bl)...Proj(WiP%UW]f;w

Jib1

1 i} . ) *
= N/E‘ < m1a1U j1b17 mQGQU j2b2 > P < mpapUijbp7 I/I/i1a1U > dU

In order to compute now the scalar products, observe that we have:

< WilUW5, Wi UWig > = tr(WpU Wi Wi UWp)
= tr(WWiUWeWU”)
= <i,a—c>< l, d—>b> tT(kai,cfaUVijl,bde*)
By plugging these quantities into the formula of 7},, we obtain the result. U

Consider now the Weyl group W = {W;,} C U, that we already met in the proof of
Proposition 12.13 above. We have the following result, from [30]:
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Theorem 12.16. For any compact group W C E C U, the model
7y C(Sy) = My(C(E))  : wiajp — [U = Proj(W;,,U )]

constructed above is stationary on its image.

Proof. We must prove that we have Tp2 = T,. We have:

(TZ?)ia,jb = Z(Tp>ia,kc(Tp)kc,jb

ke

1 , .
= mz<zl,a1—a2>...<zp,ap—a1><k2,02—cl>...</<:1,cl—cp>
<k1,Cl—C2>...<]{Zp,Cp—C1><j2,b2—b1>...<j1,b1—bp>

/ tT(Wig—z‘l,@—al UWk‘1—k’2,C1—cz U*) c. tT(Wil—z‘p,al—apUWkp—kl,cp—cl U*)dU
E

/ tr’ﬁ(Wk’Q*klyCQ*Cl VVle*jQ,M*bQV*) .. 'tT<Wk1*kp701*CpVij*jlybp*bl V*)dv
E

By rearranging the terms, this formula becomes:

1
2 .
(T )ia,jb = <7/1,CL1—CL2> <2p,ap a; >< ]2,b2_b1 .. <]1,b1—bp>

p
// <l{31 k2,01—02> <l€p—k317cp—01>
E ke

( i2—11,a2— a1UWk1 —ka,c1— CzU )tr<Wk2 k1,co— Clvvvjl —Jj2,b1— b2v)

tT(VI/il—ip,a1—ap UWk:p—khcp—cl U*)tT<Wk1—kp,cl—cp Vm/jp—jl,bp—bl V*)dUdV

Let us denote by I the above double integral. By using Wy, =< k,c > W_; _. for each
of the couplings, and by moving as well all the U* variables to the left, we obtain:

*
// 22 11,02 — a1UWk1 ko,c1— CQ)tr(Wkl kz,c1—csz/j1—j27b1—bzv)
E

tr(U*Wil—imal —ap UWkp_kl ,Cp—C1 )tr<Wl::kp—k1 ,Cp—C1 Vij—jl ,bp—b1 V*)dUdV
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In order to perform now the sums, we use the following formula:

1
tT’(Ach)tT(W]:cB) = N Z Aqr(ch)rq<W]:c)stBts

qrst

1
= N ZAqr < k,q > 5r7q,c < k, —5 > 5tfs,ths

qgrst

1
= N Z < k, q— s> Aq,q+ch+c,s

If we denote by A,, B, the variables which appear in the formula of I, we have:

] = NP//E‘,Z<]€1 kg,ql—81> kp—kl,qp—5p>

kegs
(A1) gr.qter—es (B1)syter—easy - - - (Ap>qp,qp+cpfc1 (Bp)sercpiCl’sp
= Np//E <ki,gg—=s51—q@+Sp> ... <kpay— 5 — Q-1+ Sp-1>
kegs
(A qrqi+er—cs (B1)si+er—easst - - - (Ap)apaprep—cr (Bp)sy+ep—ci sy
Now observe that we can perform the sums over ki, ..., k,. We obtain in this way a

multiplicative factor n?, along with the condition ¢; — s1 = ... = ¢, — s,. Thus we must
have ¢, = s, 4+ a for a certain a, and the above formula becomes:

/ / Z Al 81+a s1tci— 02+a<Bl>S1+C1 2,81 * * ¢+ (Ap)sp+a,sp+cp7c1+a(Bp>sp+cp7cl,sp

csa

Consider now the variables r, = ¢, — c,11, which altogether range over the set Z of
multi-indices having sum 0. By replacing the sum over ¢, with the sum over r,, which
creates a multiplicative n factor, we obtain the following formula:

sﬁ-a S1+7”1+a(Bl)S1+r1781 ce (Ap>sp+a,sp+rp+a(Bp)sp-i-rp,sp
rEZ sa

Since for an arbitrary multi-index r we have 521 70 = %ZZ <,y > ... < 14,1y >, We
can replace the sum over € Z by a full sum, as follows:

/ / Z < Z ry > A1)81+a 81+r1+a(Bl)81+7"1,81

rsia

< Z., Tp > (Ap)sp—‘ra,Sp"rT‘p"Fa(BP>SP+TP7SP
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In order to “absorb” now the indices i, a, we can use the following formula:

VVZ‘ZAI/VW = (Z < ia —b> Eb,a—f—b) (Z Ea—l—b,a—l—cAa—I—b,a—i-c) (Z < ia c> Ea-‘rc,c)
b c

be
= Z < i, c—b> EbcA(z+b,a+c
be

Thus we have (W AW;o)pe =< i,¢ — b > Auibate, and our formula becomes:

I = / / Z W* A VVza 51 S1+71 <Bl>51+7“1,81 Ce (WiZAPM/ia)sp,serrp (Bp)sp+rp,sp
— / / Z tr(Wi AW By) . ..... tr(W; A, Wi B,)
EJE ia

Now by replacing A,, B, with their respective values, we obtain:

//Ztr W* U* 12 11 ag— alUV[/ZaVWH ]2 bl b2V)

tT’(VV;U*ml_ipﬂl —ap UWiaijp—jl,bp—bl V*)dUdV
By moving the W} U* variables at right, we obtain, with S;, = UW;,V:

Z//tr<wi22'1,a2alsialejmbl525:a>
ia YEJE

tr(Wilfip,alfapSiaij —j1,bp—b1 Za)dUdV

Now since S, is Haar distributed when U,V are Haar distributed, we obtain:
I = N/ / tT<Wi2—i1,a2—a1 UWj1—j2,b1—b2U*) .. ~tr(Wz‘l—ip,al—apUm/jp—jl,bp—bl U*)dU
EJE

But this is exactly N times the integral in the formula of (7)) s, from Proposition
12.15 above. Since the N factor cancels with one of the two N factors that we found in
the beginning of the proof, when first computing (sz )ia,jb, We are done. U

As an illustration for the above result, going back to [19], we have:
Theorem 12.17. We have a stationary matriz model
7 O(S1) © My(C(SU))
given on the standard coordinates by the formula
m(u;j) = [ — Proj(c;xc;)]

where x € SUs, and cy, ¢, c3,cq4 are the Pauli matrices.
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Proof. As already explained in the comments following Definition 12.11, the Pauli matrices
appear as particular cases of the Weyl matrices. By working out the details, we conclude
that Theorem 12.16 produces in this case the model in the statement. U

Observe that, since the matrix Proj(c;zc;) depends only on the image of x in the
quotient SU; — SO3, we can replace the model space SUy by the smaller space SOs, if
we want to. This is something that can be used in conjunction with the isomorphism
Sy ~ SOz from section 4 above, and as explained in [8], our model becomes in this way
something quite conceptual, algebrically speaking, as follows:

m: C(SO;") C My(C(S03))

Finally, let us discuss the Hadamard models, which are of particular importance. Let
us start with the following well-known definition:

Definition 12.18. A complex Hadamard matriz is a square matrizc
H e MN(C)
whose entries are on the unit circle, and whose rows are pairwise orthogonal.

Observe that the orthogonality condition tells us that the rescaled matrix U = H/vVN
must be unitary. Thus, these matrices form a real algebraic manifold, given by:

Xy = My(T) NV NUy

The basic example is the Fourier matrix, Fiy = (w"”) with w = ¢*™/N. More generally,

we have as example the Fourier coupling of any finite abelian group G, regarded via the
isomorphism G ~ G as a square matrix, Fg € Mg(C):

Fo=<1,j >ieG,je@

Observe that for the cyclic group G = Zy we obtain in this way the above standard
Fourier matrix Fly. In general, we obtain a tensor product of Fourier matrices Fly.

There are many other examples of Hadamard matrices, some being elementary, some
other fairly exotic, appearing in various branches of mathematics and physics. The idea
is that the complex Hadamard matrices can be though of as being “generalized Fourier
matrices”, and this is where the interest in these matrices comes from. See [83].

In relation with the quantum groups, the starting observation is as follows:

Proposition 12.19. If H € My(C) is Hadamard, the rank one projections

H;
Pij = P?”Oj (F)
J

where Hy, ..., Hy € TV are the rows of H, form a magic unitary.
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Proof. This is clear, the verification for the rows being as follows:
H; H; H; Hy Hy,
—, =)= : = — = NJ;
<Hj’ Hk> Zl: H; H, Zl: H, o

The verification for the columns is similar. O

We can proceed now in the same way as we did with the Weyl matrices, namely by
constructing a model of C'(S};), and performing the Hopf image construction:

Definition 12.20. To any Hadamard matric H € My(C) we associate the quantum
permutation group G C S} given by the fact that C(G) is the Hopf image of

H;
T C(Sj\_;) — MN(C) y o Ui — P’I"Oj (F)
J
where Hy,...,Hy € TN are the rows of H.

Summarizing, we have a construction H — G, and our claim is that this construction
is something really useful, with G encoding the combinatorics of H. To be more precise,
our claim is that “H can be thought of as being a kind of Fourier matrix for G”.

This is of course quite interesting, philosophically speaking. There are several results
supporting this, with the main evidence coming from the following result, which collects
the basic known results regarding the construction:

Theorem 12.21. The construction H — G has the following properties:

(1) For a Fourier matrix H = Fg we obtain the group G itself, acting on itself.
(2) For H € {Fg}, the quantum group G is not classical, nor a group dual.
(3) For a tensor product H= H' ® H" we obtain a product, G = G' x G".

Proof. All this material is standard, and elementary, as follows:

(1) In the cyclic group case, H = Fl, all the objects involved in the construction
H — G have an obvious cyclic structure, and we obtain from this G = Zx. We can pass
then to the general case by using (3), whose proof is independent of this.

(2) This is something more tricky, needing some general study of the representations
whose Hopf images are commutative, or cocommutative. For details here, along with a
number of supplementary facts on the construction H — G, we refer to [11].

(3) This is elementary, the idea being that the tensor products of matrix models are
matrix models, and that at the level of corresponding Hopf images, under suitable as-
sumptions, the compatibility holds as well. Once again, we refer here to [11]. O

Going beyond the above result is an interesting question, and we refer here to [10], and
to follow-up papers. There are several computations available here, for the most regarding
the deformations of the Fourier models. The unification of all this with the Weyl matrix
models is a very good question, related to many interesting things.
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