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FOREWORD

These are extended notes from a lecture series given at the University of Copenhaguen from
May 29 to June 3, 2019 on the occasion of the Masterclass Subfactors and Quantum Groups. The
aim of these lectures was to give an introduction to the theory of compact quantum groups and to
some of their combinatorial aspects linked to noncrossing partitions. This is a recent and rapidly
growing field of research, enriched by its many connections to other parts of mathematics like
free probability, representation theory or quantum information theory. We therefore decided, in
an attempt to make these lectures stimulating, to focus on applications.

All participants of the masterclass were assumed to have a background in operator algebras,
roughly equivalent to a first graduate course on the subject. This is the reason why basic defini-
tions and results concerning C*-algebras and von Neumann algebras are usually used in the text
without references. However, all the applications we consider involve a specific class of compact
quantum groups which can be treated entirely in an algebraic way. This enabled us to give an
account of the theory which only involves undergraduate level algebra. In that way, assuming a
small amount of operator algebraic statements in the last two lectures, these notes should be rea-
dable to any graduate students with some algebra background. For convenience, we also included
a small appendix with the proofs of two results in representation theory which are needed at some
point.

The present document was first intended as a support for the lectures, not as an official publi-
cation. As a consequence, we have not done justice to all the authors involved in the development
of the theory. Because we do not want to lengthen these notes by turning them into a book-style
text, we will rather refer the reader to the two existing books on the theory of compact quantum
groups, namely [Tim08] and [NT13], for historical and bibliographical comments. Moreover, we
have only picked a few results that we considered striking or that we were asked to present by
the organizers. Giving an account of all the works extending these or which were developed in the
same vein would make a long survey paper, doomed to quickly become obsolete. As a consequence,
we simply mentioned a few related works inside the text, in the form of comments or of remarks.

It is a pleasure to thank the organizers of the Masterclass, Rubén Martos and Ryszard Nest,
for their invitation which gave me the occasion to write these notes, as well as my co-lecturers
Michael Brannan and Stefaan Vaes for providing a rich and stimulating environment. I am also
grateful to Moritz Weber for reading a preliminary version and sharing his remarks and com-
ments on this text.
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LECTURE 1

INTRODUCING QUANTUM GROUPS

The purpose of this lecture series is to show how the combinatorics of partitions can be used
to study compact quantum groups. This of course first requires to introduce the notion of compact
quantum group. Since we will later on focus on applications to concrete examples, we will not
need the theory of topological quantum groups in full generality, hence we will only introduce a
subclass named compact matrix quantum groups.

We believe that there is no better way to introduce a new concept than by giving examples.
We will therefore spend some time introducing one of the most important examples of compact
matrix quantum groups, due to S. Wang in [Wan98] and called the quantum permutation groups.

1.1 THE GRAPH ISOMORPHISM GAME

There are several ways of motivating the definition of quantum permutation groups, because
these objects are related to several important notions like quantum isometry groups in the sense
of noncommutative geometry (see for instance [Bic03] or [Ban05]) or quantum exchangeability in
the sense of free probability (see for instance [KS09]). In this lecture, we will start from a very
recent connection, discovered in [LMR17], between quantum permutation groups and quantum
information theory. This connection appears through a game, called a graph isomorphism game
and introduced in [AMR™" 18], which we now describe.

As always in quantum information theory, the game is played by two players named Alice
(denoted by A) and Bob (denoted by B). In this so-called graph isomorphism game, they cooperate
to win against the Referee (denoted by R) leading the game. The rules are given by two finite
graphs X and Y with vertex sets having the same cardinality, which are known to A and B. At
each round of the game, R sends a vertex vg € X to A and a vertex vg € X to B. Each of them
answers with a vertex wq € Y, wp €Y of the other graph and they win the round if the following
condition is matched :

The relation ! between v4 and vp is the same as the one between w4 and wg 2.

Now, the crucial point is that once the game starts, A and B cannot communicate in any
way. The question one asks is then : under which condition on the graphs X and Y can the players
devise a strategy which wins whatever the given vertices are? It is not very difficult to see that
the answer is the following (see [AMR* 18, Sec 3.1] for a proof) :

Proposition 1.1.1. There exists a perfect strategy if and only if X and Y are isomorphic. Moreover,
perfect strategies are then in one-to-one correspondence with isomorphisms between X and Y.

This settles the problem in classical information theory, but in the quantum world, A and B
can refine their strategy without communicating through the use of entanglement. This means

1. Here by relation we mean either being equal, being adjacent, or not being adjacent.
2. This is not the most general version of the graph isomorphism game. We refer the reader to [AMR™" 18] for a more
comprehensive exposition.
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that they can set up a quantum mechanical system and then split it into two parts, such that
manipulating one part instantly modifies the other one. We will not go into the details, but it
turns out that this gives more strategies, which are said to be quantum 3. Using these quantum
strategies, the previous proposition can be improved. Before giving a precise statement, let us fix
some notations :

¢ Given a Hilbert space H, we denote by %(H) the bounded (i.e. continuous) linear maps on
H

* Given a graph X, we denote by Ax the adjacency matrix of A.

The following result is proven in [AMR* 18, Thm 5.8].

THEOREM 1.1.2 (Atserias-Manéinska—Roberson-Samal-Severini-Varvitsiotis) There exists a
perfect quantum strategy if and only if there exists a matrix P = (p;;)1<; j<n With coefficients
in BB(H) for some Hilbert space H, such that :

* pijis an orthogonal projection for all 1 <i,j <N,

N N
¢ ZpkaldH= pipforalll<i,j<N,
k=1 k=1

° AXp ZPAy.

Remark 1.1.3. From the perspective of quantum physics, this definition is very natural. Indeed,
a family of orthogonal projections summing up to one is somehow the same as a measurement
system, i.e. a complete system of pairwise commuting observables. In this context, the projections
come from the eigenspaces of the observables. We are therefore considering a collection of measu-
rement systems with compatibility conditions coming from the graphs.

Remark 1.1.4. It is not straightforward to produce a pair of graphs for which there is a perfect
quantum strategy but no classical one. The first example, given in [LMR17, Fig 1 and 2], has 24
vertices and may be the smallest possible one.

An intriguing point of Theorem 1.1.2 is the operator-valued matrices which appear in the
statement. To understand them, let us consider the case H = C. Then, the coefficients are scalars
and since they are projections, they all equal either 0 or 1. Moreover, the sum on any row is 1,
hence there is exactly one non-zero coefficient on each row. The same being true for the columns,
we have a permutation matrix! We should therefore think of the operator-valued matrices as
quantum version of permutations and this leads to the following definition :

DEFINITION 1.1.5. Let H be a Hilbert space. A quantum permutation matrix in H is a matrix
P =(p;j)i<i,j<n With coefficients in %8(H) such that :

* pijis an orthogonal projection for all 1 <i,j <N,
N N

¢ ZpijIde Zpik forall 1<i,j<N.
k=1 k=1

Moreover, with this point of view the last point of Theorem 1.1.2 has a nice interpretation.
Indeed, if ¢ is a permutation and the corresponding matrix P, satisfies

AXP(T :PO'AY>

then this means that the bijection induced by o between the vertices of X and those of Y respects
the edges. In other words, it is a graph isomorphism. Therefore, if the conditions of Theorem 1.1.2
are matched, one says that the graphs are quantum isomorphic.

3. The concept of quantum strategy turns out to be quite subtle, depending on the type of operators allowed. We
here use the term in a purposely vague sense.
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1.2 THE QUANTUM PERMUTATION ALGEBRA

The brief discussion of Section 1.1 suggests that quantum permutation matrices are interes-
ting objects which require further study. However, their definition lacks several important fea-
tures of classical permutation matrices. In particular, there is no obvious way to "compose" quan-
tum permutation matrices, especially if they do not act on the same Hilbert space, so that one
could recover an analogue of the group structure of permutations. To overcome this problem, it is
quite natural from an (operator) algebraic point of view to introduce a universal object associated
to quantum permutation matrices.

DEFINITION 1.2.1. Let «/;(IN) be the universal *-algebra generated by N? elements (pij)i<i,j<N
such that

1. p}=pij=p}

N N
2. Forall1<i,j<N, ) pir=1=) ppj,
k=1 k=1

3. Forall1< i,j,k,[SN, DijPik :5jkpij and Dijbej :5iipij-

This will be called the quantum permutation algebra on N points.

Remark 1.2.2. The third condition in the definition may seem strange since it is automatically
satisfied for projections in a Hilbert space. However, a *-algebra may not have a faithful repre-
sentation on a Hilbert space, hence Condition (3) does not directly follows from the two other
ones.

We now have a nice object to study, but the link to the classical permutation group is somewhat
blurred. To clear it, let us consider the function c;; : Sy — C defined by

¢ij(0) =6 jo(i).

This is nothing but the function sending the permutation matrix of o to its (i, j)-th coefficient. In
particular, c;; always takes the value 0 or 1, hence c;‘j =c;j = c?j. Similarly, it is straightforward to
check that Conditions (2) and (3) are satisfied. Hence, by universality, there is a *-homomorphism

, { A(N) — F(Sy)
Tab - .. ..
Dij — Cij

where #(Sy) is the algebra of all functions from Sy to C. Moreover, since the functions c;; ob-
viously generate the whole algebra & (Sy), m,p is onto.

We will now use this link to investigate a possible "group-like" structure on «/;(N). At the level
of the coefficient functions, the group product satisfies the following equation :

N N
cij(o109) =) cip(o1)ep (02) = (Z Cik ®ij)(01,02).
k=1 k=1

Here, we have used the fact that the injective map

L.{ F(SN)eF(Sy) — F(Sn xSN)
' feg —  ((o1,02)— f(o1)g(02)

is onto for dimension reasons. Considering the elements p;; as "coefficient functions", this sug-
gests to encode a kind of "group law" through the map

N
A:pij— Y Dik®Dkj (1.1)
k=1

Proposition 1.2.3. There exists a unique *-homomorphism A : ofs(N) — oAs(N)® o4s(N) satisfying
the formula (1.1).
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Proof. Let usset, for 1<i,j<N,

N
qij=)_Dik®Dkj-
k=1
We claim that the q;;’s satisfy Conditions (1) to (3) of Definition 1.2.1. The existence of A then
follows from the universal property. ]

Exercise 1. Prove the claim in the preceding proof.

Solution. It is clear that qu = q,;. Let us now compute the square :

N
2
q;;= Z DikPi¢®DPEjDC;
k,0=1
N
= Y Opepir®Prj
k=1
=4qij-

We have therefore checked Condition (1). Moreover,

N N
ZQij = Z Pik ® Pkj
i=1 k=1

N
= Zpik ®PEj
i=1

>
>

k=1
1®pkj

Il
_
® —

1

hence Condition (2) is also satisfied. Eventually, for j # j/,

N
qijqij = PikDi¢®Prjpej
k=1
The first tensor in the sum vanishes unless 2 = ¢, but in that case the second one vanishes and
Condition (3) follows. [ ]

The map A is called the coproduct and is a reasonable substitute for matrix multiplication
(i.e. the group law of a matrix group). In particular, it satisfies an analogue of the associativity
property of the group law, called coassociativity :

(A®id)o A =(id®A)oA.

Exercise 2. Prove that the coproduct on </s(N) is indeed coassociative. Check also that the cor-
responding equation on the coefficient functions in Sy is equivalent to associativity of the compo-
sition of permutations.

Solution. Because A is a #-algebra homomorphism, it is enough to check coassociativity on the
generators, and this is straightforward :

N
(A@id)OA(uij) = Z A(uik)®ukj
k=1
N
= uig®ugk®ukj
k,0=1

N
Il

M=

wir®ANuygj)
/=1

=@1d®A)o A(uij).

4 —
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As for the second assertions, we have already seen that A(c;;)(g,h) =c;j(g,h). Thus,
(A®id)oAlcij)0o1,02,03) = Alc;j)o102,03) = c;j((0102)03)

while

(id®A)o Alcij)01,02,03) = Alci;)01,0203) = ¢;j(01(0203))

so that coassociativity is equivalent to f((c102)03) = f(01(g203)) for all f € #(Sy) and 01,092,053 €
S, which is in turn equivalent to the associativity of the group law. [ ]

The coproduct certainly indicates that we are on the right track to product a "group-like"
structure on the quantum permutation algebra. However, we still need a neutral element and
an inverse but instead of trying to translate each of them, we will take advantage of the fact
that we are considering a matrix group. Indeed, for any permutation, the corresponding matrix is
orthogonal, so that for any permutation o,

N N
cir(0)cjp(0)=0;5= ) cri(0)ck;(0). (1.2)
k=1 k=1

Since this holds for any o, it can be written as an equality of functions in &% (Sy) and it turns out
that the same equality holds in /() :

Proposition 1.2.4. Forany 1<i,j<N,

N N
Y pPirPjk =06ij= Y PriDkj- (1.3)
k=1 k=1

Proof. This is a direct consequence of Conditions (1) to (3). [ |

This means that the quantum permutation algebra is somehow "made of orthogonal quantum
matrices" and this property should contain all information about the unit and the inverse. As a
conclusion, the algebra </;(IN) with its generators (u;;)1<; j<N seems to have all the properties one
can expect for a "group-like" object. It therefore deserves the name of quantum group that we will
define in the next section.

Remark 1.2.5. The fact that Condition (1.3) yields a full "group-like" structure can be encoded in
the two following maps :

* The antipode S : As(N) — «4;(N), which is a *-antihomomorphism induced by
Pij— Dji-
Since the transpose of P is its inverse, this plays the role of the inverse map.
® The counit € : «/;(N) — C, which is a *-homomorphism induced by
pij— bij.
Since the matrix (6;;)1<; j<n is the identity, this play the réle of the neutral element.
Equation (1.3) then becomes
mo(ideS)=e=mo(S ®id),
where m : o (N) ® of;(N) — «/(N) is the multiplication map. Our focus in these lectures is on the

matricial aspect of quantum groups, and we will therefore never use these maps. Note however
that (#,(N),A,¢,S) is a Hopf algebra.
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1.3 COMPACT MATRIX QUANTUM GROUPS

Our study of the quantum permutation algebras has given us enough motivation to introduce
a notion of compact quantum group. There is a nice and complete theory of these objects, which
was developped by S.L. Woronowicz in [Wor98]. There are to our knowledge two books explaining
this theory in detail, [Tim08] and [NT13] to which the reader may refer for alternative and more
comprehensive expositions.

1.3.1 A FIRST DEFINITION

The purpose of these lecture is to give some examples of the interaction between the combi-
natorics of partitions and the theory of compact quantum groups. The most striking examples
involve compact quantum groups which belong to a specific class which is, in a sense, simpler to
define and handle. It was introduced by S.L. Woronowicz in [Wor87] as a generalization of compact
groups of matrices and as a first attempt to a general definition of compact quantum groups. We
will therefore focus on this class for the moment, even though our definition differs from [Wor87,
Def 1.1] and is closer to [Wan95, Def 2.1°].

DEFINITION 1.3.1. An orthogonal compact matrix quantum group of size N is given by a *-algebra
o generated by N? self-adjoint elements (u; M1<i,j<n such that

1. There exist a *-homomorphism A: </ — of ® of such that forall 1<i,j<N,

N
Awij) =) wir ®upj,
k=1

2. Forall1<i,j<N,
N

N
D Uikljr =0ij = ) Upillj.
k=1 k=1
Denoting by u € My(</) the matrix with coefficients (u;;)1<; j<n, we will denote the orthogonal
compact matrix quantum group by (<f,u).

Remark 1.3.2. Let us briefly explain how this relates to [Wor87, Def 1.1]. First note that since
the generators have norm less than one because of Condition (2), o/ has a universal enveloping
C*-algebra i : & — A. By universality, the map

(i®i)oA: e - i(A)Ri(A)cARA

extends to a map A: A — A®A *. The coassociativity is easily checked on the elements v; j=i(uij)
and therefore extends to the closure of the algebra that they generate, which is A. Only the
properties linked to the antipode remain to be proven, but they follow from the fact that u is
orthogonal, hence its transpose is invertible. Indeed, setting S(v;;) = v;; and extending this map
to i(«f) by antimultiplicativity, all the properties of [Wor87, Def 1.1] are satisfied.

As the notation "i" suggests, it turns out that </ always embeds in its universal enveloping
C*-algebra. This is however a quite non-trivial fact which will not be needed in these lectures and

will be proven in Lecture 4, as a Corollary of the existence of the Haar state (see Corollary 4.1.6).

By analogy with our reasoning on Sy, &/ will be thought of as the algebra of functions on
a non-existent "quantum space". However, if we consider general "compact quantum spaces", we
cannot use all the functions like for Sy . Since we work in an algebraic setting, the correct analogy
is the algebra of regular functions, that is to say functions which are polynomial in the matrix
coefficients. The usual notation for this is G(G), whence the notation «f = G(G) if G denotes the
orthogonal compact matrix quantum group. We can now formalize the properties of the quantum
permutation algebras established in Section 1.2 :

DEFINITION 1.3.3. For any integer N, the pair (</;(N),P) is an orthogonal compact matrix quan-
tum group, where P = (p;;)1<; j<n. It is called the quantum permutation group on N points and is
usually referred to using the notation S;(,.

4. Note that we can take any C*-algebra tensor product here.

— 6 —
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Consequently, we may from now on write ﬁ(S;(,) instead of «/;(N). This quantum group was
first defined by S. Wang in [Wan98]. It is natural (and crucial for applications to quantum infor-
mation theory) to wonder whether this is really different from Sy.

Exercise 3. Prove that for N =1,2,3, SX, = Sn. Prove that for any N =4, @’(S;v) is noncommu-
tative, hence not isomorphic to Sy.

Solution. For N = 1, «/,(1) is generated by one self-adjoint projection, hence is isomorphic to
C=0(S1). For N =2, observe that the relations force

p-| Pu 1-pnn
1-p11 pu

making </,(2) abelian, hence equal toG(S2).

For N = 3, we give here a simple argument from [LMR17]. It is enough to prove that pi;
commutes with pgg since any independent permutation of the rows and columns of P yields an
automorphism of </;(N) by the universal property. We start by observing that

u11lge = u11ug2 (U1l + U112 +U13) = U11lUo2U11 + U11U22U13.
But
uitugeu1z =u11(l—ugy —ug3)u13 = U11U13 — U11U21U13 — U11U23U13 =0,

hence
*
U119 = u11u2u11 = (W11ug2u11)” = U22U11.

For N = 4, consider a Hilbert space H and two orthogonal projections q1,q2 € 8(H) which do
not commute. Then, consider the matrix

p 1-p 0 0
1-p p 0 0

0 0 q 1-q

0 0 1-¢g q

and complete it to an N x N matrix by putting it in the upper left corner, setting the other diagonal
coefficients to 1 and all the other coefficients to 0. This yields a quantum permutation matrix,
hence a *-homomorphism 7 : @(S;{,) — %PB(H). Because m(u11) = p and n(us3) = ¢ do not commute,
we infer that @’(SX,) is not commutative. [ ]

To get a better understanding of Definition 1.3.1, it is worth working out the link with the
classical case.

Exercise 4. Let (<f,u) is an orthogonal compact matrix quantum group such that <f is commu-
tative. Prove that there exists a compact subgroup G of On and an isomorphism

g =0(G)

sending u;; to c;;.

Hint : ©(Oy) is the universal *-algebra generated by elements (c;;)1<; j<ny Which pairwise com-
mute and form an orthogonal matrix°.

Solution. By universality, there is a surjective *-homomorphism
n1:000N)— A
sending c;; to u;;. Set now I = ker(x), which is a polynomial ideal, and let

G={MeOWN)| p(M)=0 for all pel}.

5. This is straightforward once one notices that the algebra of regular functions on the algebraic manifold Mp(C)
is just C[X;; [1<i,j<N]
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This is a closed, hence compact, subset of O and &« = G(G), so that it only remains to prove that
G is a subgroup. If p € I, let us write

A(p) = Zpi ®q; €0(0ON)®O(ON)

with linearly independent tensors. Because
(r®m)oA(p)=Aon(p)=0,
for all i, either p; or q; belongs to I. Thus, for any M1, M3 € G,
p(M1M3) = A(p)(M1,Ms) =) pi(M1)q;(M2)=0
i
and M1M5 € G. One can conclude with a sledgehammer argument : G is a group because it is a

compact bisimplifiable semigroup. It is also possible to exploit the idea used for the coproduct a
little more. Indeed, if S is the map induced by ¢;; — cj;, then

7oS(p)=Soa(p)=0
so that p(M~1) = p(M*) = S(p)(M) = 0 for any M € G, hence M~ € G. Eventually, if € is the map
induced by c;; — 6;;, one has e o = € so that I c ker(¢). As a consequence,
pdN) =e(p)=0
for all p € I, yielding Idy € G. [ ]

1.3.2 THE QUANTUM ORTHOGONAL GROUP

Before delving into the general theory of compact quantum groups, let us give another funda-
mental example which is also due to S. Wang but earlier in [Wan95]. After a look at Definition
1.3.1, it is natural to wonder about the "largest" possible orthogonal compact matrix quantum
group. Its definition relies on the following simple fact :

Exercise 5. Let N be an integer and let <f,(N) be the universal *-algebra generated by N? self-
adjoint elements (U;j)1<i j<n such that

N
> UitUjr =6 = UpiUy;.
k=1
Then, there exists a x-homomorphism A : o,(N) — f,(N) ® «/,(N) such that for all 1<i,j <N,

N
AWU;j) = ) Uip @ Uy
k=1

Proof. The proof is similar to that of Proposition 1.2.3. We set

N
Vij= ) U ®Uy;
k=1
and have to check that the corresponding matrix V is orthogonal. Indeed,

N N
VitVie =Y. UitUjm®UpUpnp
k=1 k0 m=1

N N
=2 Uiijm@’( U[kUmk)
-1

{,m=1 k
N
=Y UjUjm®bim
{,m=1

N
= Z UicUjr®1
/=1
=0;;1e1.

— 8 —
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The other equality is proved similarly and it then follows from universality that there exists a
*-homomorphism sending U;; to V;;. ]

This motivates the following definition :

DEFINITION 1.3.4. The pair («,(N),U) is an orthogonal compact matrix quantum group called
the quantum orthogonal group. It is usually referred to using the notation O;{,.

As the name suggest, O;{, is linked to orthogonal groups. Indeed, if ¢;; : Oy — C are the matrix
coefficient functions, then there is a surjective *-homomorphism

Tab : 0(03) — G(On)

sending U;; to c¢;;. Thus, OX, is a "quantum version" of Oy just as SX, is a "quantum version" of
Sn.

Note that it follows from this discussion that there is a surjective *-homomorphism ¢ (O;(,) —
@’(S;{]), so that @’(O;(]) is not commutative as soon as N = 2. However, more is true in that case.

Proposition 1.3.5. The x-algebra @(O;{,) is non-commutative as soon as N = 2.

Proof. Let Zs denote the cyclic group of order 2, and consider the free product Z;N with canonical
generators ai,---,an. Seeing these elements as unitaries in the complex group algebra C [Z;N I,
the diagonal matrix with coefficients a1,---,a satisfies the relations of Definition 1.3.1. Hence,
there is a surjective *-homomorphism @’(O;{,) —-C [Z;N | sending Uj; to a; and Uj; to 0 for i # j.
This proves in particular that U;1; and Usgg do not commute. [ ]

1.3.3 THE UNITARY CASE

Exercise 4 illustrates the fact that orthogonal compact matrix quantum groups generalize sub-
groups of Oy . This can be made rigorous in the following way : by universality, for any orthogonal
compact matrix quantum group G = (0(G),u), there is a surjective *-homomorphism

n:0(0y) — O(G)
sending Uj;; to u;; and therefore satisfying
Aom(x)=(m®m)oAx)
for all x € O(G). Thus, orthogonal compact matrix quantum groups are "quantum subgroups" of
Oy
One may wonder whether it is possible to consider analogues of closed subgroups of the unitary
group Uy instead of the orthogonal one. This is possible, but we will not need it in this lecture

series. Moreover, this more general setting involves subtleties which make some arguments tricky.
This can already be seen on the following definition :

DEFINITION 1.3.6. A unitary compact matrix quantum group of size N is given by a *-algebra </
generated by N 2 elements (u; j)1<i,j<n such that

1. There exist a *-homomorphism A: &/ — «f ® of such that forall 1<i,j<N,
N
Awij) =) wir ®upj,
k=1
2. Forall1<i,j<N,

N N

* *
D Uikl =0ij= ) upup;
k=1 k=1

and
N N
* *
D Urity;=8ij= ) upuj
k=1 k=1

hold.
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Remark 1.3.7. The relations in the previous definition mean that both the matrix u and its conju-
gate u (the matrix where each coefficient is replaced with its adjoint) are unitary. The second one
does not follow from the first one in general (see [Wan95, Sec 4.1] for a counter-example), so that
both need to be included in the definition.

Even though we will focus on orthogonal compact matrix quantum groups in these lectures,
and therefore may use the orthogonality assumption whenever it simplifies things, some state-
ments are proved likewise for general unitary compact matrix quantum groups. In that case, we
will give the general statement and proof.

1.4 REPRESENTATION THEORY

Now that we have a definition of a quantum group, it is time to investigate their general
structure. It turns out that compact groups are mainly tractable because they have a very nice
representation theory. It is therefore natural to start by looking for a suitable notion of represen-
tation for compact quantum groups.

1.4.1 FINITE-DIMENSIONAL REPRESENTATIONS

Following our now usual strategy, we will restate the notion of representation in terms of func-
tions. Recall that for a group G, a continuous representation on a vector space V is a continuous
group homomorphism

p:G— ZL(V).
Assume for instance that V is finite-dimensional so that we can identify £(V) with M,,(C) for

some n. Composing p with the coefficient functions produces new functions (p;;)1<i j<n € o).
The fact that p is a representation translates into two properties :

* The matrix [p;;j(g)] is invertible for all g € G,

n
* Forany 1<i,j<n, p;j(gh)= ) pir(8)pr;h).
k=1

The second point is reminiscent of the discussion around the definition of the coproduct and we
therefore know how to translate it. As for the first one, it means that p is an invertible element
in the algebra of polynomial functions from G to M, (C), which is isomorphic to the algebra of
n x n matrices with coefficients being functions on G. As a conclusion, we may give the following
definition :

DEFINITION 1.4.1. Let G = (0(G),u) be an orthogonal compact matrix quantum group and let n
be an integer. A continuous n-dimensional representation of G is an element v € M,,(0(G)) such
that

* p isinvertible,

N
* AWij)= ) ik ®Upj.
k=1

If moreover v is unitary, then it is said to be a unitary representation.

Example 1.4.2. The first, extremely important, example is u, which is a unitary representation.
Since it defines the quantum group, it ought to determine all the representations. This idea will
become clearer in Lecture 2, but because of this peculiar role, u is called the fundamental repre-
sentation of G.

Example 1.4.3. The second important example is the element
e=1e M1(0(G)) =0(G),

which is also a representation, called the trivial representation.

6. We are using here a result from the classical theory of representations of compact groups : if p is a continuous
finite-dimensional representation, then its coefficients belong to G(G).

— 10 —
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The standard operations on representations generalize to this setting and will be crucial for
the sequel. For instance, if v and w are two finite-dimensional representations of dimension n and
m respectively, then

0
vew =( 0w )eMn+m<@(G)>
is their direct sum, while
vOW = (VijWhe)1<; jenii<hr<m € Mn(O(6) ® My (G(G)) = My (0(6))

is their tensor product.

1.4.2 INTERTWINERS

The heart of representation theory is understanding the link between various representations,
which given by intertwiners. In the following definitions, we see scalar matrices as matrices with
coefficients in @(G) through the embedding C.1 c G(G).

* An intertwiner between v and w is a linear map T : M,(C) — M(C) such that

Tv=wT,

¢ The representations v and w are said to be equivalent if there exists an invertible intertwi-
ner between them. If this intertwiner is moreover unitary, then they are said to be unitarily
equivalent.

¢ The representation w is said to be a subrepresentation of v if there exists an isometric inter-
twiner between v and w.

* A representation is said to be irreducible if it has no subrepresentation except for 0 and
itself.

To get more understanding of these notions, we can give an alternate picture. Let v be a
representation of dimension n and let (e;)1<j<n be the canonical orthonormal basis of C". Then,
we can define a linear map p, : C"* — 0(G) ® C" through the formula

n
Pv(ei)z Z vij®ej;.
k=1

As one may expect, the previous definition can be easily translated :

Exercise 6. Prove that T intertwines v and w if and only if

(id®T)op, = pyo(ideT).

Solution. The fact that T is an intertwiner is equivalent to the fact that for any 1 < i < dim(w)
and 1 <j <dim(v),

n m
Y Tiwvej= Y wirThj.
k=1 /=1

Tensoring with ¢; and summing yields
(id®T)opy(e)) = pyo(id®T)(e;),
hence the result. u

In this picture, the direct sum translates into

n n
Pvewl(e)) =) vir®ep and pyew(f)) =) wjr®ey
k=1 =1
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while the tensor product becomes
n m
Pvaw(e; ® f;) = Z Z Uipljr®er® fy.
k=1¢=1

More importantly, a subspace W c V is said to be invariant if
po(W)cO(G)o W

and taking an orthonormal basis of W we can then build a subrepresentation w of v. Let us
illustrate this with some simple examples involving the two compact quantum groups defined
above.

Example 1.4.4. Consider the fundamental representation P of S;(,, let (e;)1<i<n be the canonical
orthonormal basis of CV and set

N
=) e
i=1

It is a straightforward consequence of Condition (2) that pp(¢) = 1®¢. In other words, pp has a
fixed vector, which is equivalent to P having a trivial subrepresentation.

This phenomenon is analogous to a well-known fact for permutation groups : the permutation
representation p of Sy on CV decomposes as the direct sum of the trivial representation and an
irreducible representation ’. Let us show that the same holds for Sz+v by exploiting the idea that
Sy is a "subgroup" of S},.

Example 1.4.5. We set V = ¢t ¢ CY which is invariant under pp by unitarity, and consider a
subspace W c V which is invariant under pp. Letting

0:V—->F(SNy)eV=%F(Sy,V)
be the map sending x to g — p(g)(x). We have the equality
(ap ®idy)opp = p,

from which it follows that W is invariant under p. Hence, W = {0} or W =V and V is irreducible
for P.

We can use the same strategy for the fundamental representation of O;(, :

Exercise 7. Let N = 2 be an integer and consider the fundamental representation U of O]+\,.

1. Show that U is irreducible.

2. Let (e;)1<i<n be the canonical basis of CN. Show that the vector
N
=) e;i®e;
i=1

is fixed for pysU.

Solution. The strategy is the same as for S}, so let us denote by p the defining representation of
Oy on V =C¥ and by p the map x — (g — p(g)(x)).

1. Because (75, ®id) o pyy = p and the right-hand side is irreducible, we infer that pyr, hence U
is irreducible.

7. Simply notice that ¢ contains the vector e] —es and that letting S N act on it one can obtain e; —e; for any i # j,
which generate &1
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2. We compute

As one sees from these examples, pushing further the study by considering higher tensor
powers of u or P, one will have to deal with the full representation theory of Sy and Opy. We
will see in Lecture 2 that there is another way of investigating the representation theory of these
quantum groups which completely avoids the use of classical groups. This is fortunate because
the representation theory of O%,, for instance, turns out to be much simpler than that of Oy.

1.4.3 STRUCTURE OF THE REPRESENTATION THEORY

Observe that @(G) is spanned by products of coefficients of u, which are nothing but the co-
efficients of tensor powers of u. In other words, the whole orthogonal compact matrix quantum
group can be recovered from its finite-dimensional representations. The main theorem of this sec-
tion, which is fundamental, turns this observation into a tractable tool for the study of orthogonal
compact matrix quantum groups. Before getting to this, let us warm up by observing that the
celebrated Schur Lemma still holds in our setting.

Lemma 1.4.6 (Schur’s Lemma). Let G be a unitary compact matrix quantum group and let v and
w be irreducible representations of dimension n and m respectively. Then, if T is an intertwiner
between v and w, then either T =0 or T is invertible (hence v is equivalent to w). Moreover, in the
latter case T is a scalar multiple of the identity.

Proof. Consider the subspace Z =ker(T') c C*. Then, for any x € Z,
(id®T)opy(x)=pypoT(x)=0

so that p,(Z) cker(ideT)=0(G)® Z 8. Hence, Z is stable, meaning that the restriction of v to it
is a subrepresentation. By irreducibility, we conclude that either Z = C”, in which case T' =0, or
Z ={0}. In the second case, applying the same reasoning to 7" shows that ker(7*) = {0}, implying
that T is also surjective. Eventually, if T' is invertible, let A be one of its eigenvalues. Then, T'—A.id
is an intertwiner between v and w and is not invertible, thus 7' = A.id by the first part of the
statement. ]

We can now turn to the statement and proof of the main theorem on the structure theory of
unitary compact matrix quantum groups. It was first proven (in a slightly different version) by
S.L. Woronowicz in [Wor87, Prop 4.6 and Lem 4.8] and is the cornerstone of the study of compact
quantum groups, hence of the sequel of these lectures.

THEOREM 1.4.7 (Woronowicz) Let G =(0(G),u) be a unitary compact matrix quantum group.
Then,

1. Any finite-dimensional unitary representation splits as a direct sum of irreducible uni-
tary representations,

2. Coefficients of inequivalent irreducible finite-dimensional representations are linearly

8. This can be proven using the fact that the tensor product of two algebraic bases is an algebraic basis of the tensor
product.

— 13 —
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independent,

3. Any finite-dimensional representation is equivalent to a unitary one.

Proof. 1. Let v be a finite-dimensional unitary representation of dimension n and assume that
it is not irreducible. It therefore has an invariant subspace W < C”. Picking an orthonormal
basis of W and completing it into an orthonormal basis of V, we get a unitary matrix B €
M, (C) such that w = B*vB is block upper triangular, i.e. has the form

w:(An Alz)
0 Ay

Since it is unitary, Aj2 = 0 so that w is a direct sum of unitary sub-representations. The
result therefore follows by induction.

2. Let {v(l),--- ,v(n)} be pairwise inequivalent irreducible representations with v® acting on
a finite-dimensional vector spaces V. For a linear form f € G(G)*, we denote by f(v) the
matrix with coefficients (f(v;)),_; <dim(v) and we set

n . n .
B= {Z f(v(’)) | f € OG)* } <Pz (V(”) - B
i=1 i=1
We claim that this inclusion is an equality. The proof goes through several steps :
(a) By definition B is a vector space. Moreover, setting f « g = (f ® g)o A € G(G), we have

. dim(v) o
(Fwgw),;= Y. fomgwr)=(Freiw)
k=1

iLj
so that B is an algebra.

(b) Let p; be the minimal central projection in 98 corresponding to the i-th summand and
consider

n;:x€EB— pijxp; €$(V(i)).

This is an algebra representation which is irreducible by irreducibility of v*. Thus, by
Burnside’s Theorem (see Theorem A in the Appendix),

n(B) =2 (V).

(c) We now claim that there is no intertwiner between 7; and n; for i # j. Indeed, let
T:V® - VY be such that Tox; = n;oT. This means that for any f € 0(G)*,

17 (o) = (o).
By linearity, this is equivalent to
F(To®-07) =0

and since linear forms separate points, this is also equivalent to Tv® = v’ T. Because
v and v are assumed to be irreducible and inequivalent, Lemma 1.4.6 forces T = 0,
concluding the proof.
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(d) Noticing that &;7m; =idg, we conclude that?

B =Endp(B)

n

DB

=1

= @Endg (7;(B))
i=1

=Endpg

Now let, for each 1<i<n, (ﬂt(i)

% g) __be complex numbers and set
) 1<k, 0<dim(®)

dim(v®) @
l
x = Z Z Ak/vk ’
i=1 k,0=1

If we denote by A; the matrix with coefficients XZ,)[, then
A=(Ay,--,Ap)EB =B,
thus there exists f € O(G) such that for all i, f (v®) = A;. As a consequence,

n dim@®)

F=Y Y Al

i=1 k(=1

and x therefore vanishes if and only if all the coefficients vanish, proving linear indepen-
dence.

3. Observe that @(G) is spanned by the products of coefficients of u, that is to say coefficients
of tensor powers of u which, by point 1, are linear combinations of coefficients of irreducible
unitary representations. If now v is a finite-dimensional representation, its coefficients are
in the linear span of coefficients of unitary representations, hence by point 2 it is equivalent
to a unitary representation.

|

We have proved along the way a useful result which we restate here for later reference :

Lemma 1.4.8. Let v and w be representations of a unitary compact matrix quantum group G
of dimension n and m respectively. Then, T € £L(V,W) is an intertwiner if and only if, for all
f e 0G)*,

Tf©) = f@)T.

Proof. The fact that T is an intertwiner reads, forany 1<i<mand 1<j<n,

n m
Y Tirvej= Y Trjwir.
k=1 k=1

Applying f to both sides yields the only if condition. The converse follows because linear maps
separate the points. [ ]

Let us outline the following crucial consequence of Theorem 1.4.7 :

9. For the first and last lines, observe that for any unital algebra B, the map b — (x — x.b) gives an isomorphism
B — Endpg(B) with inverse T'— T'(1).

— 15 —
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Corollary 1.4.9. Let G = (O(G),u) be an orthogonal compact matrix quantum group. Then, any
irreducible representation is equivalent to a subrepresentation of u®*.

Proof. Because O(G) is generated by the coefficients of u, it is the linear span of coefficients of
irreducible subrepresentations of tensor powers of u. Thus, any finite-dimensional representation
is equivalent to one of these by point 2 of Theorem 1.4.7. [ ]



LECTURE 2

PARTITIONS ENTER THE PICTURE

Now that the quantum group stage is set, it is time for the second main objects of these lec-
tures to enter the picture, namely partitions. The idea to use partitions of finite sets to study the
representation theory of compact groups dates, at least, to the work of R. Brauer [Bra37]. Howe-
ver, it stayed unnoticed to the quantum group community for some time, probably because the
seminal works of T. Banica [Ban96] and [Ban99b] relied on the alternative picture of Temperley-
Lieb algebras. Only with the breakthrough article of T. Banica and R. Speicher [BS09] did the
systematic formalization and study of the relationship between partitions and compact quantum
groups started to spread as a research subject of its own.

The introduction of partitions in the work of T. Banica and R. Speicher partly had to do with
the combinatorial approach to free probability (which is beautifully explained in the book [NS06])
and its emerging connections with quantum group theory. We will describe some of these connec-
tions in Lecture 4, but for the present time we will rather follow the path of R. Brauer.

2.1 INVARIANTS OF THE (QUANTUM) ORTHOGONAL GROUP

2.1.1 THE ORTHOGONAL GROUP : PAIR PARTITIONS

In order to introduce the main ideas of the theory, we will start by revisiting the work of
R. Brauer who, in [Bra37], studied the orthogonal group Oy using partitions of finite sets. Let
us therefore start with the group Opy. The defining representation of On as matrices acting on
V = C¥ should by definition "contain everything". The precise meaning of this last expression
is that, by Corollary 1.4.9, given any finite-dimensional representation 7 of Oy, there exists an
integer % such that 7 is unitarily equivalent to a subrepresentation of p®*.

This means that we can focus on subrepresentations of tensor powers of p. Going back to the
definition, we see that subrepresentations can be read of from the intertwiner spaces. Indeed,
if T is an isometric intertwiner between 7 and p®*, then TT* is an orthogonal projection inter-
twining p®* with itself. In other words, it should in principle be possible to recover the whole
representation theory of Oy from the algebra structure of the spaces

Moro, (p®*, p®*) = {T Vo vk | Tpok(g) = p®* ()T for all g € ON} = 0% (ON).

The study of these algebras is usually known under the name of Schur-Weyl duality. In our setting,
orthogonality allows us to further reduce the problem thanks to the following elementary result :

Proposition 2.1.1. For any integer k, there exists a canonical linear isomorphism
®;, : Mor (p®k,p®k) =~ Mor (p®(2k),£),

where € denotes the trivial representation of On.
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Proof. Since the elements of Oy are unitary, they leave the inner product on V invariant. Ho-
wever, this inner product does not yield a linear form on V ® V since it is not bilinear but only
sesquilinear. It can however be made linear using the duality map D :V ® V — C defined by

D(x®y)={x,y),

where y is the image of y in the conjugate Hilbert space V '. The key fact is that because the
coefficients of matrices in Oy are real-valued, the map D is invariant under the representation
p®2. Now, any map
T - V®k - V®k
can be turned into a map
T:V®2k :V®k ®V®k -C

via the formula
T:x1®~~~®xk QY1 ®:-®Yp —>D(T(x1®~~~®xk),y1®---®yk).
One easily checks that T is an intertwiner if and only if T is, hence the result. |

As a consequence, we are now looking for the invariants of the orthogonal group, that is to
say the polynomial maps to C which are invariant under a given representation. Let us practice
a little by computing Morg,, (p®2,£). We know that D yields a non-trivial element of this space.
Moreover, because p is irreducible, it follows from Schur’s Lemma that

dim (Moro,, (0®2,¢)) = dim (Moro, (p,0)) = 1,

so that Morg,, (0®2,¢) = C.D.

We can extend this idea to build non-trivial elements of Mor(p®2k,£) for any % = 1 by pairing
tensors using the map D. To do this, we just need a partition p of {1,---,2k} into subsets of size 2.
Such a partition is called a pair partition and the set of pair partition of {1,---,2k} is denoted by
P9(2k). Given such a pair partition p, we set

fp:x1®---®x9p = H D(xg,xp).
{a,blcp

We can then produce many intertwiners by taking linear combinations and one of the main results
of R. Brauer’s work [Bra37] is that we indeed get everything :

THEOREM 2.1.2 (Brauer) For any integer %, we have

Mor (p®2k+1,€) ={0}

Mor (p®2k,€) =Vect{f, | p € P2(2k)}.

2.1.2 THE QUANTUM ORTHOGONAL GROUP : NONCROSSING PARTITIONS

Building on the previous discussion, we now want to use the same strategy to investigate the
spaces MOI‘OIJ:/' (U ®2k,£). One easily checks that the map D is still an invariant of U®?2 :

(id®D)o pyrez(e; ® ej) = (id®D) (ZUikUjg ®ey, ®e[)
k0

I
M=

UirUj

ol
Il

1

Il
2 O

i

€ (D(ei ®ej)).

~.

1. Recall that this is just the same abelian group as V but with scalar multiplication given by 1.% = 1.x.
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So what will be the difference between Oy and O;(, ? Let us look at U®* and the Oy-intertwiner
of p®* given by the partition
Peross = {{1,3},{2,4}}.

Does this yield an interwiner for O;(, ? Let us compute :

Exercise 8. Prove that for any orthogonal compact matrix quantum group G = (C(G),u),
N
(id®fpmss)0pu®4(eil®ei2®ei3®ei4)= Ui RUig¢ Uik Uiyl (2.1)
ko=1
and
pgo(id®fpcross):6i1i36i2i4' (22)

Solution. This is an elementary computation :

M=

(id®fpcross)opu®4(eil ®ej, ®ej;®e;,)= Uiyj " ui4j4fp(ej1 ®ej,®ej; ® ej4)

J1,,ja=1

M=

Uiyji "'ui4j4611j36jzj4
Ji.ja=1
N
= Z UiyjiWisjolisjiUiygjs
J1,J2=1
and Equation (2.1) follows from the changes of indices & = j1, £ = jo. As for the second one, this is
the definition of £}, .. |

Understanding the meaning of this relation is the key to the world of partition quantum
groups. We will therefore state it as a proposition :

Proposition 2.1.3. Let G = (O(G),u) be an orthogonal compact matrix quantum group and let
Deross = {1,34,{2,4}}. Then, fp,,,.. € Morg (u®4,£) if and only if G is a classical group.

Proof. We will play around with the equality (2.1) = (2.2) to show that the coefficients of u
pairwise commute. More precisely, multiplying each side by u;,;,u;,;,, for two arbitrary indices
1<ji1,j2 <N, and summing over i4 and i3 yields

N N
Y Ui kWil Uik Uiy = D OiyiyBigislisjoliisg,
k,0,i3,i4=1 i3,ig=1
=Uigjalliqgg-

The left-hand side above can be simplified using the fact that u is orthogonal. Indeed,

N
D Uigrliyjy, =00),
i4:1
and similarly for i3 so that
N N
Z Ui RUigt Uik Uit Uiy joUisf, = Z uilkuizfui3k5[j2uisjl
k,l,i3,i4=1 kl,iz=1
N
= ) WikUiyeBrj,8ej,
k,0=1
= Uirjilisge-

Thus, we have proven that if f;, is an intertwiner, then the coefficients of u pairwise commute.
Moreover, it is clear that the converse holds. It now follows that &(G) is commutative so that by
Exercise 4, G is in fact a classical group. ]
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As a consequence of Proposition 1.3.5, f, is not an intertwiner of 01+v and in the construction
of R. Brauer we have used, without noticing it, the commutativity of G(Op). So what is really the
smallest space of intertwiners that one can build from D using pair partitions? The answer relies
on the following definition :

DEFINITION 2.1.4. A partition is said to be crossing if there exists k1 < ko < k3 < k4 such that
* %1 and kg are in the same block,
® k9 and k4 are in the same block,
¢ the four elements are not in the same block.

Otherwise, it is said to be noncrossing.

To illustrate this notion we now introduce a very useful pictorial description of partitions : we
draw % points in a row and then connect two points if and only if they belong to the same subset
of the partition. It is then clear that for instance

{{1,3},{2,4}} = .

cannot be drawn without letting the lines cross. It is therefore a crossing partition.

It is certainly not clear at the moment that non-crossing partitions have to do with the quan-
tum orthogonal groups O;(, and there is indeed still some work needed to see the link. As a moti-
vation, let us state the quantum analogue of R. Brauer’s result, which was proven by T. Banica in
[Ban96]. We will denote the set of non-crossing pair partitions on 2% points by NCa(2k).

THEOREM 2.1.5 (Banica) For any integer k, we have

Moro;. (p®2k+1,8) = {0}
Moroy, (p°2*,¢) = Vect{f, | p € NCa(2k)).

The proof will be a consequence of the general theory that we will develop in the remainder of
this lecture.

2.2 PARTITION QUANTUM GROUPS

The previous section can be summarized in the following way : the representation theory of
Oy is determined by the pair partitions P2 while the representation theory of OX, is determined
by the noncrossing pair partitions NCs9. This raises the question : what other (quantum) groups
have their representation theory determined by partitions ?

2.2.1 PARTITION MAPS

The answer requires to extend our setting. First, we will from now on consider arbitrary par-
titions of finite sets, not only those in pairs. To define a linear form associated to such a general
partition p, we need to extend the definition of the maps f,,. For this purpose, let p € 22(k) and let
1<iy,---,i; < N. Place these indices on the points of p from left to right. Then, if whenever two
indices are connected, they are equal, we set §,(i1,---,i) = 1. Otherwise, we set 6,(i1,---,i) = 1.
For instance, with the following partition

i1 ig i3 i4 i5 ig
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we get
5])(1’171’271’351’4’1’5’1’6) = 6i1i2i45i3i6'
DEFINITION 2.2.1. Let p € 22(k) and let N be an integer. Then, we define a map £, : (CN)®k —-C

by the formula
folei,®-®e;)=06,(i1, - ,ip).

Exercise 9. Check that for pair partitions, this coincides with the previous definition. ‘

Solution. Simply observe that for a pair partition,

8plis, -+ ia)= [] Oula,in)= [] Dl(ei, ®ei,)
abicp abicp

Second, if 2 and ¢ are integers, then we claimed earlier that the space Morg (V®k,V®[ ) should
be recoverable from the invariants of G. Let us explain how this follows from extending the
construction of the maps ®; introduced before. Indeed, using the duality map one can build a
canonical isomorphism

Vo L (V®k’V®2) Ly (V®(k+1),V®((_1))

by the formula
Wy 1(T)x1 ®-+ 0.5 8 x41) = (15 T @D (Tw1 9+ @ 211) ®.5.41)
and iterating gives isomorphisms
Dp o= Vhep1100 0 W e £ (VR V) — 2 (vero g,
In particular, if p is a partition of {1,---,% + ¢}, we can define an operator
Tp= q)l;,{ﬁ(fp)

which is an intertwiner as soon as f), is.

The drawback of our previous construction is that we have lost the pictorial description of the
operator. To recover it, notice that we can also draw a partition p € 2(k + £) on two rows instead
of one, drawing for instance & points corresponding to {1,---,%} in the upper row and ¢ points
corresponding to {£ +1,---,k + ¢} in the lower row. With this description, the operator T, admits
an explicit description which generalizes that of f,,. Let (e;)1<;<n be the canonical basis of V = cV,
For a partition p € P(k +¢) drawn with % upper points and ¢ lower points, we extend the definition
of the function 6,, taking now as arguments a k-tuplei= (i1, --,i;) and an /-tuple j = (j1, -, j0),
in the following way :

* We draw the indices of i on the upper points of the partitions (from left to right) and the
indices of j on the lower points of p (from left to right),

¢ If whenever two points are connected by a string, their indices are equal, we set §,(i,j) = 1,
* Otherwise, we set §,(i,j) = 0.
With this in hand, we have :
Proposition 2.2.2. For any tuples i and j, we have
N
Tyle;,®--®e;,)= Z Op(i,jle;, ®---®ej,.
Jiyje=1
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Proof. Unwinding the definition of T',, we have for any j1,---,j,
(Tple;,®--®e;,)ej,®®ej,)=fp(e;,®®e;, ®ej ®--®ej,).
Moreover, it follows from our definition ? that
6p(L,j) =6,(i®j),

where ® denotes the concatenation of tuples, hence the result. [ ]

2.2.2 OPERATIONS ON PARTITIONS

Assume that we have a collection % of partitions made of subsets 6 (%, ¢) for all integers &
and ¢ and that we want to find an orthogonal compact matrix (quantum) group G such that for all
k,0eN,

Morg (u®*,u®) = Veet{T, | p € € (%, 0)}.

Obviously, the set ¥ must satisfy some stability conditions in order for the spaces above to be
intertwiner spaces. For instance, when two intertwiners can be composed, their composition must
again be an intertwiner so that we need to ensure that T, o T, is a linear combination of maps T'.
This condition is linked to the following operation on partitions : given two partitions p € 22(k,¢) et
q € 2(¢,m), we can perform their vertical concatenation q o p by placing g below p and connecting
the lower points of p to the corresponding ones in the upper row of ¢. This process may produce
loops, which we erase and only remember their number, denoted by rl(q, p). Here is an example
with rl(g,p)=1:

_— —

B T

At the level of the operators T'p, this translates into the following formula :

T, 0T, =dim(V)"¢PT, . (2.3)

Exercise 10. Prove Equation (2.3).

Solution. Assume that p € 2(k,¢) and q € 2(¢,m). For a tuplei=(i1,---,iz), we have

N
TgoTpe;,®--®e;)= Y 6,(Lj)T4lej, ® - ®ej,)
Jije=1

N N
= Z Z 0p1,§)04G,s)es, ®---®e; ).
Jieje=181,8m=1
It follows from the definition that if there is a j such that §,,(i,j) # 0 and 6,(j,s) # 0, then 5,4, (i,s) #
0. Conversely, for given tuples i and s, any tuple j which coincides with i on the lower row of p
and with s on the upper row of ¢ will do. Therefore, the number of such tuples j is the number of
possible indexing of the loops which get removed in the composition gp. This gives the formula in
the statement. ]

Stability under vertical concatenation is not sufficient to produce commutants of (quantum)
group representations. For instance, if T, and T, are intertwiners, then T, ® T'; also is and must
therefore come from partitions. This corresponds to the so-called horizontal concatenation : if p
and q are two partitions of {1,---,2k} and {1,---,2¢} respectively, then we build a partition p ® ¢ of
{1,---,2(k + )} by simply drawing ¢ on the right of p. For instance

2. Note that we have two definitions of the symbol 6, which should not be confused : one has two arguments
corresponding the choice of an upper and a lower row in p, while the original one has only one argument.
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As for vertical concatenation, this operation has a nice interpretation at the level of operators,
namely
T,8Tq=Tpeq (2.4)

Exercise 11. Prove Equation (2.4).

Solution. Assume that p € 2(k,¢) and q € 22(m,s). For a tuplei=(i1,---,ip+m), We have

N
(Tp®Tq)(ei1®"'®eik+m):( Z 5p((i1,"',ik),(jl,"',jg))€j1®”'®ej[)
J1ysje=1

N
®( Yoo 8kt ikem)s U1, s Joes)) € ®~--®ejm)
Je+1sJers=1
N
= Z Opeq(d)ej; ® - ®ej,,
J1aJers=1

=Tpeqlei, ®---®ej,,)
|

There is a third, very elementary operation which is needed. Because we are only considering
unitary representations, if T' is an intertwiner then so is its adjoint 7'*. Noticing that

N
Op(i,t) = < Z Op(i,jlej, ®---®ej,, ez ®---®et£>
Ji,je=1

N
:<ei1®---®eik, Z 6p(j,t)ej1®---®ejh>,
Jigr=1

we see that
T; =Ty, (2.5)

where p* is the partition obtained by reflecting p with respect to an horizontal axis between the
two rows. Here is a example :

B

Do we now have everything needed to product an orthogonal compact matrix quantum group
out of € ? The answer is yes, but the proof of it requires a detour through a more abstract struc-
ture.

2.2.3 TANNAKA-KREIN RECONSTRUCTION

Reconstructing a group from its representations is the subject of Tannaka-Krein duality. The
main point of this theory is that the representations of the group and their intertwiner can be
assembled into one rich algebraic structure called a tensor category. The reader may for instance
refer to the book [EGNO15] for a comprehensive introduction to tensor categories. For our pur-
pose, we can restrict to a specific type of such categories for which we will use the following more
"down-to-earth" definition.
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DEFINITION 2.2.3. Let V be a finite-dimensional Hilbert space. A concrete baby rigid C*-tensor
category € is a collection of spaces Morg(k, £) € L(V® V®) for all £ and ¢ such that

1. If T € Morg(k,¢) and T' € Morg(k',¢'), then T ® T' € Morg(k + k', 0 + '),
2. If T € Morg(k,¢) and T' € Morg(¢,r), then T' o T € Morg(k,7),

3. If T € Morg(k,¢), then T* € Mor(¢, k),

4. id:x — x € Morg(1,1),

5. D:x®y— (x,y) € Morg(2,0).

If moreover 0 : x® y — y ® x € Mor(2,2), then € is said to be symmetric.

The fundamental example is of course given by (quantum) groups :

Example 2.2.4. Let G be an orthogonal compact matrix quantum group with a fundamental
representation u of size N. Set V =C" and

Morg(%, ) = Morg (u®k, uw) .

This defines a concrete baby rigid C*-tensor category called the representation category of G and
denoted by Z(G).

That this example is in fact the general case is the content of the quantum Tannaka-Krein
theorem proved by S.L. Woronowicz in [Wor88] :

THEOREM 2.2.5 (Woronowicz) Let € be a concrete baby rigid C*-tensor category associated
to a Hilbert space V. Then, there exists an orthogonal compact matrix quantum group G with
a fundamental representation u of dimension dim(V') such that for all 2 and [,

Morg (u®k, uw) = Morg(k, /).

Moreover, the quantum group G is unique up to isomorphism and is a classical group if and
only if € is symmetric.

There are several proofs of this result using a different amount of categorical machinery, see
for instance [NT13] or [Wor88]. However, due to our restricted definition of concrete rigid C*-
tensor category, we can give a very elementary proof which is close to that of [Mal18].

Proof. The idea is to build G = (G(G),u) as a quotient by all the relations making the maps T
intertwiners of tensor powers of its fundamental representation. So let N be the dimension of V
and consider the universal complex algebra </ generated by N? elements X; ;j with the involution
given by X ;j = X;;. Fixing an orthonormal basis (e;)1<;<n 0of V once and for all, we introduce some

useful shorthand notations : ifi=(i1,---,iz),j =1, - ,j¢) and T € L(V® V®) then we set

ej=e;; ®---®e;,
Ty =(T(ei),e;)
Xij=Xiyjy - Xigjy (k=0

Consider now the following non-commutative polynomial
Prij= ;XisTsj —Tis Xsj.
Then, for a compact quantum group (G(G),u), T intertwines u®* with ©®¢ if and only if
Pri;(w):=Pri;((wiji<ijen) =0
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for all tuples i and j. Let us therefore consider the sets

.0 =Vect{Pr;;(X)| T € Morg(k,0),i= (i1, - ,iz),j =1, ,Jo)}

k
I=P 4,
i,j=0
I =P S.
keN

According to our basic idea, let us set of = <7/.7 (this makes sense at least as a quotient of vector
spaces) and let u;; be the image of X;; in this quotient. If (.QZ 1) is an orthogonal compact matrix
quantum group, then it certainly is the one we are looking for. But for this to hold, .# must satisfy
some extra conditions, namely

1. . is an ideal, so that o is an algebra,
2. ¥ =9%, sothat o is a x-algebra,

3. NI IRA+A®F , so that the coproduct is well-defined on o. Indeed, if 7 4 denotes the
quotient map, then for any x € @(O;,) and y€ .#,

mg@mg)oAx+y)=(Tg®mg)oAx)
so that the coproduct factors through the quotient.

As one may expect, these properties follow from the axioms of concrete baby rigid C*-tensor
categories, and here is how :

1. Observe that ifi’,j’ are m-tuples, then
Xij Pri§(X) = Pigem o1 jr0i j0j(X)

where ® denotes the concatenation of tuples. Thus, .# absorbs monomials, hence also poly-
nomials, on the left. The same property on the right follows from a similar argument. As a
consequence, .# is an ideal.

2. Denoting by i™! = (i,--,i1) the reversed tuple, we have
1T

PT,i,j(AXY|< = ZXiflsflT_sj—Xs—lj
s

*
ljfl TSl

= ;xiflsflTj’; -X,
=) Xi1518(T g 151 — Xg15-1S(T " )11
s
= Pg(r+)i-151
where S(T') is defined to be the operator with coefficients
S(T) = Tj-15-1.
To see that S(T') is in Morg(¢4,k) if T € Morg(k,¢), let us define inductively operators
D:V®* —~C

by
Dk+1 :Dk o (idv®k ®D ®idv®k) .

Then, a straightforward computation shows that
(idvak ®D[) (idvak ®T ® idV@[) (DZ ®idV®1) = S(T).

— 25 —
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3. This follows from a straightforward calculation :

A(Pr;ij(X)) =) Xis ® Xt Ttj — X¢s ® X Tt

t,s

=) Xis® (ZXstth —thTst)
s N

+ (ZthTst _thTit) ® Xsj
t

= Y Xis ® Proj(X) + Pris(X) © Xg.
S

As a consequence, G = (,527, u) is an orthogonal compact matrix quantum group (observe that
the relations Pp ; j(u) = 0 are precisely the orthogonality condition in Definition 1.3.1). Moreover,
by construction,

Morg (%, ) = Morg (u®k,u®[)
for all %,¢ € N. This implies that setting u;, = 69?:0 u® acting on Hj = @?:0 He,

k
By, = @ Morg(i,j) c Morg(up,ur).
i,j=0

To show the converse inclusion, let us first note that by universality, all the monomials in </ are
linearly independent. Hence denoting by X}, the matrix with coefficients Xj;, there exists for any
operator T € £(H}) a linear map f € of* such that f(X;) = T. Setting 9}, = {f(Xk) | f EJk}, we
have

fXp) e B, = o(T,f(Xp)])=0,VT € By, Yo € L(Hp)*
= (e )T, X)) =0,YT € B, Yo € L(H})*
= f(weid)(T, X)) =0,YT € B, Yo € L(H})*
:>f€ka.

As a consequence, %,’e c 94, so that by the Double Commutant Theorem (see Theorem B in the
Appendix), 2, c %;,. By Lemma 1.4.8, any T € Morg (u®*,u®%) commutes with f(uy) for all f €
0(G)*. Equivalently, T commutes with f(X}) for all f € ., that is to say with 2;. In other words,
T € 9;, < B, and the equality is proved.
Let us turn to uniqueness. Let us consider an orthogonal compact matrix quantum group H
such that
Morg(k, £) = Mory (u®k, u® )

for all £,¢ € N. By definition there exists an ideal ¢ € &/ such that G(H) = «// ¢ and we can,
up to isomorphism, identify the copies of «f used for G and for H. Moreover, with the previous
notations, . < _¢. If now _#; denotes the intersection of # with the span of coefficients of X},
then the computations above show that

{F&X) I f € 2} =Mory(up,up) =2, = B = {fXp) | f € 5}

so that _#, =.%. Thus, #=U_%, =UY%, =% and H=G.

The last point concerns symmetry. But we have already seen that ¢ € Mor¢(2,2) is equivalent
to having f,_ .. € Morg(4,0), and we proved in Proposition 2.1.3 that this is equivalent to G being
classical. [ ]

Recall that we want to apply Tannaka-Krein reconstruction to build a compact quantum group
out of a category of partitions. Considering the axioms in Definition 2.2.3, we see that Axioms (1)
to (3) correspond to the three operations defined in Section 2.2.2. As for the last two axioms, they
follow from the following elementary computations :

— 26 —
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° T|_|:D.

To simplify later statement, let us give a name to this

DEFINITION 2.2.6. A category of partitions % is a collection of sets of partitions €(k,¢) for all
integers k£ and ¢ such that

1. If pe6(k,¢) and q e €(k',¢'), then p®qe €k +Ek' ,(+1),
2. If peb(k,f)and g€ 6(¢,r), then gop e €(k,r).

3. If pe€(k,?), then p* € 6€(¢,k).

4. |[e€Q1,1).

5. LEX(2,0).

If moreover {{1,3},{2,4}} € €(2,2), then ¥ is said to be symmetric.

We conclude this section by a theorem which rather a summary and rewriting of the whole
construction that we have done :

THEOREM 2.2.7 (Banica-Speicher) Let N be an integer and let 6 be a category of partitions.
Then, there exists an orthogonal compact matrix quantum group G = (G(G),u), where u has
dimension N, such that for any %.,¢ € N,

Morg(k,¢) = Vect {T, | p € €k, 0)}.

Moreover, G is a classical group if and only if € is symmetric. The compact quantum group G
will be denoted by Gn (%) and called the partition quantum group associated to N and 6.

Remark 2.2.8. The quantum groups associated to a category of partitions as we defined them
here were first introduced by T. Banica and R. Speicher in [BS09] under the name of easy quan-
tum groups. It was already clear that this setting could be extended to unitary compact matrix
quantum groups by adding black and white colours to the points of the partition. The formal
description of this extended formalism was made in [TW17]. However, it had by then become
apparent that one can even allow arbitrary colourings of the partitions and that idea led to the
general setting of partition quantum groups introduced in [Frel7].

Remark 2.2.9. One the first questions raised by the definition of partition quantum groups is
their classification, based on the categories of partitions. For easy quantum groups, there is a
complete classification, as a result of many works including [BS09], [Web13], and [RW16]. The
classification of the unitary versions of easy quantum groups is more subtle, but many results
are now known, starting with [TW17] and followed by several authors like [Gro19] or [MW19].
As for the general setting of partition quantum groups, the only known results are restricted to
noncrossing partitions with two colours, see [Frel9].

2.2.4 EXAMPLES OF PARTITION QUANTUM GROUPS

We conclude this lecture by some examples. To determine Gy (%), one only has to consider
generators of €, that is, a subset F' such that € is the smallest category of partitions containing
F. Then, O(Gy(%¥)) is the quotient of @(O;(,) by the relations given by the fact that T, is an
intertwiner for p € F.

Example 2.2.10. The smallest category of partition is the category NCsg of noncrossing pair par-
titions. It is generated by LI, whose associated intertwiner is the duality map D. Thus, the cor-
responding compact quantum group is O;(]. Moreover, adding the crossing partition {{1,3},{2,4}}
yields the abelianization of OF;, which is Op. We have therefore recovered R. Brauer’s Theorem
2.1.2, as well as T. Banica’s Theorem 2.1.5.
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The quantum permutation group of course also falls into this class, but this requires a bit of
work.

Exercise 12. Let G =(0(G),u) be an orthogonal compact matrix quantum group. Prove that O(G)
satisfies the defining relations of «fs(N) if and only if it has the following intertwiners :

* Conditions (1) and (3) : T € Mor(u®2,u) where p is the partition with one block in 2(2,1),

* Condition (2) : Ty € Mor(P,¢) where q is the singleton partition in 22(1,0).

Solution. We compute on the one hand

(id@Tp)opyen (ei; ®ei,) = Wiy j Wiz, ® Tp(e)y ®ej,)

1

J1,J2

M=

- A uiljlui2j2®5jlj26j1
J1,J2=1
N

= ) Wiyjliyj®e;
Jj=1

~

and on the other hand

puoTy(ei, ®eiy) = pu(8iyirei)
N

:5i1i2 Z ui1j®ej
j=1

By linear independence, we conclude that for any iy,i9,J,
Wiy jUisj = Oiyiy Uiy j-

Moreover, T, satisfies the corresponding relations with u* = ut, yielding Conditions (1) and (3) 2.
The converse straightforwardly follows from the same computation.
As for the second point,

N

(ideTy)opyle;) = Z u;ij®Ty(e;)
j=1
N
= Z uij®1
j=1
while e0Ty(e;) =1® 1. Thus,
N
2 uij=1
Jj=1
and using u* instead, we see that Condition (2) holds. Once again, the converse is straightforward.

Remark 2.2.11. We have included the map T, in the statement of Exercise 12 because it is a nice
and important example of partition map. However, it is redundant because of the orthogonality
assumption. Indeed, if T\, and T, are intertwiners, then so is

TueioTp =Twepop =Tq-

Example 2.2.12. It follows from Exercise 12 that S;{] is a partition quantum group and that its
category of partitions is generated by p and ¢. Let us show that this category of partitions is in
fact NC. This can be done in two steps :

3. Recall that u;‘j =u;;j is part of the axioms of an orthogonal compact matrix quantum group.

— 28 —
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1. Let 2 =1 and consider the partition
(|®|®(u®|)®(k_1)®|®|)0p®k. (2.6)

This is a partition on k£ +3 points with only one block. In other words, any one-block partition
is in the category of partitions {(p) generated by p.

2. Let us prove by induction on n that any noncrossing partition on at most n points is in (p).
This is clear for n < 3. If it is true for some n, let p be a partition on n+1 points. If p has only
one block, then it is in {p) by the first point. Otherwise, because it is noncrossing there is an
interval b in p, i.e. a block with all points consecutive (this results from a straightforward
induction argument). Rotating p we can then write it as b ® p’ for some partition p’ on at
most n points. The result now follows form the induction hypothesis.

Abelianization yields that Sy corresponds to the category & of all partitions, a result which
was proved independently around the same time by P. Martin in [Mar94] and by V. Jones in
[Jon93].

We conclude by another example, of a slightly different flavour :

Exercise 13. Let @(H;{,) be the quotient of @(07\7) by the relations
uijuir=0=upu;; 2.7

for all 1<i <N and j# k. Prove that this is the partition quantum group corresponding to the
category N Cyen of all even noncrossing partitions, meaning noncrossing partitions such that all
blocks have even size. Why is this called the hyperoctaedral quantum group ?

Solution. Let p € NC(2,2) be the partition with only one block. Then,

N
(id®Tp)Opu®4(ei1 ®e;,)= Z UiijiUigjy ® Tp (ejl ®ej2)
J1,j2=1
N
= Z UiyjiUigjy ®6j1j2ej1 ®ej,
J1,J2=1
N

=Y uijui,j®e;0e;
=

while

pye2o Ty (eil ®ei2) =06i,i,Pue2 (eil ® eil)
N
=8iriy ) Wiyjlizj ®€j.
j=1
Replacing u by u* = u’, we get that T, is an intertwiner if and only if the relations in the state-
ment hold.

We have therefore shown that p generates the category of partitions of HX, Note that NCeyen
is indeed a category of partitions, since all the operations preserve even blocks. Thus, (p) € NCgyen
and the converse inclusion follows from the same argument as in Example 12 : the analogue of
Equation (2.6) yields that any one-block partition on an even number of points in is (p), and from
then on the proof goes by induction.

Consider the abelianization G of HX, Its coefficient functions satisfy Equation (2.7), so that on
each row and each column of any element of G, there is at most one non-zero coefficient. Since G is
moreover made of orthogonal matrices, it follows that there is exactly one non-zero coefficient on
each row and column, and that this coefficient is —1 or 1. In other words, G is the group of signed
permutation matrices, i.e. permutation matrices where one allows —1 instead of 1 as a coefficient.
This group is also known as the hyperoctaedral group Hy, hence the name of H;(, ]
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LECTURE S

ALGEBRAIC APPLICATION : REPRESENTATION THEORY

Our goal in this lecture is to describe the representation theory of the quantum groups O;{, and
S]+\,. This was first done by T. Banica in [Ban96] and [Ban99b] respectively, using Temperley-Lieb
categories and their variants. However, the setting of partition quantum groups allows us to take
a more general approach. We will therefore give a description of the representation theory of any
partition quantum group associated to noncrossing partitions, and then apply it to our favourite
examples. This is the approach developped in [FW16].

3.1 BUILDING PROJECTIONS

Let us fix once and for all a category of partitions ¥. Our first task is to find all the irredu-
cible representations of Gy (%). By Corollary 1.4.9, we know that it is enough to find irreducible
subrepresentations of u®* for all £ € N, which by definition are given by minimal projections in
MOI‘GN(%) (u®k , u®k) .

3.1.1 LINEAR INDEPENDENCE OF NONCROSSING PARTITION OPERATORS

The good news is that we have a nice generating family of this space, namely the maps T',
for p € €. However, this generating family may not be linearly independent and this is a source
of troubles. We will therefore, for the sake of simplicity, rule it out in this lecture thanks to the
following result :

THEOREM 3.1.1 Let N be an integer,
1. If N =2, then the linear maps (7') peNCy(k0) @re linearly independent for all 2,4 €N,

2. If N > 4 and % is any category of noncrossing partitions, then (7)) peé(k,0) AT€ linearly
independent for all £,¢ € N.

Proof. Our strategy will be to deduce the second point from the first one.

1. It is sufficient to prove that for any & € N, the vectors ¢, = f;‘ are linearly independent for
all p e NC2(%,0). For this, we can try to show that the Gram determinant is non-zero. Given
two partitions p and q,

(péq)= 2. 2. (Sp(Dei, ®-®e;,,04()ej, @ ®ejy).
AEN I AT )3
= Z 0p()d4(1).

il,... yik
The last expression is the number of tuples which are compatible with both p and ¢. Let us
denote by p Vv q the partition obtained by gluing together blocks of p and ¢ having a common
point. Then,

Op(D)dy(i) =6pvq(i)
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so that
<£p,€q> :Nb(pv(I)‘

The determinant of this matrix is known as the meander determinant and was computed by
P. Di Francesco, O. Golinelli and E. Guitter in [DFGG97, Sec 5.2] (see also [BC10, Thm 6.1]
for another proof), yielding the following result :

k
det = [T P; (V)™

i=i

(o) 2 ) [ 2
Ui =\ p—i) \r—i-1)"r-i-2

and P; is the i-th dilated Chebyshev polynomial of the second kind, defined recursively by
PyX)=1,Pi1(X)=X and forany i =1,

where

XPi(X)=P;.1(X)+P;_1(X).

One easily checks that the roots of P; are exactly {cos(2j7/i) |0 < j < i} c]-2,2[ and the
result follows.

2. The idea will be to reduce the problem to the previous case. For that, notice that given a
partition p € NC2(2k,2¢), one can produce another partition p € NC(k,¢) by gluing points
two-by-two. Conversely, if p € NC(k,¢), it can be "doubled" in the following way :

(a) Assume for simplicity that p lies on one line. For each point a of p, draw a point a, on
its left and a, on its right.

(b) Then, connect a, to b, if a and b are connected and b is the closest (travelling from left
to right cyclically) point of the block.

(c) Here is an example :

Because of the linear independence proved in the first part, ¢, — {5 yields a well-defined
surjective linear map

N ®2k N2 ®Fk

®: Vect(¢, | NC5(2k, 00 < (CN] ™ — Vect¢, | p e NC(k, 00} < (CV')

Now, it follows from [KS08, Prop 3.1], that for p,q € NCo(2k),

k <‘fﬁa€§>

=N .
“préq) 1€z

This means that the Gram matrices of the two families are conjugate by the diagonal matrix
with coefficients N*/2||& 5l which is invertible, hence the linear independence.
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3.1.2 PROJECTIVE PARTITIONS

Assuming therefore € <« NC and N = 4, how can we build projections in Morg,«)(k,2)? A
natural thing to do is to look first for operators T, which may be projections. The partition p
should then satisfy p = pp = p*, but one easily sees that this does not yield a projection in general
for normalization reasons :

T,T,=N"PPT,.

This is however easy to fix and leads to the following key definition :

DEFINITION 3.1.2. A partition p is said to be projective if pp = p = p*. Then, there is a multiple
Sp of T, which is an orthogonal projection.

To questions immediately arise :
* Are all T'),’s which are proportional to a projection of this form?
* Are there many projective partitions?

The answers to both questions rely on a fundamental fact that we will now explain. Given
a partition p, we call through-blocks the blocks containing both upper and lower points and we
denote their number by #(p).

Proposition 3.1.3. Any noncrossing partition p € 22(k,¥¢) can be written in a unique way in the
form p = p’py, where py € P(k,t(p)), pq € P(¢,t(p)) and both satisfy

1. All lower point are in different blocks,
2. Each lower point is connected to at least one upper point,

3. If i < j are lower points and a(i),a(Jj) the leftmost upper point connected to i and j respecti-
vely, then a(i) < a(j).

This is called the through-block decomposition of p.

Proof. This statement is obvious pictorially, for instance :

_—

yields

Pu and pg=

This suggests the procedure to build the partitions. Let b1,---,b4,) be the through-bblocks of p
ordered by their leftmost point in the upper row. Then, to build p, we start with the upper row of
p and connect b; to the i-th (starting from the left) lower point. The construction of py is similar,
using the lower parts of the through-blocks b),---,b),. The crucial thing is that b; and b’ are
the two parts of the same through-block. Indeed, if there exists i < j and %2 < ¢ such that b; is
connected to b’f and b; to b;e, then this produces a crossing. As a consequence, p;py = p.

To prove uniqueness, simply notice that if p&* p,, is another through-block decomposition,
then non-through-block parts must coincide since they are the non-through-blocks of p, and the

through-blocks are completely determined by the properties in the statement. [ ]

Let us show how useful this is by answering the two previous questions in one shot :
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Proposition 3.1.4. A partition p is projective if and only if there exists a partition r such that
p =r*r. As a consequence,

* T, is a multiple of a partial isometry for all p,
* T, is a multiple of a projection if and only if p is projective.

Proof. If p is projective, then p = p*p. Conversely, let r be any partition and let r = r;r, be its
through-block decomposition. The properties of Proposition 3.1.3 imply that

*

rary = 124 = p i

Thus,
* * * *
r r:rurdrdru =ryru
and
* * * * * *
(ruru) (ruru) =ryruryru=ryry.

Using this we can now transfer the usual notions of equivalence and comparison of projection
to projective partitions :

DEFINITION 3.1.5. Let p,q be two projective partitions. Then,
¢ We say that p is dominated by q, and write p <q, if pg =p =¢gp,

* We say that p is equivalent to q, and write p ~ q, if there exists a partition r such that
r‘r=pandrr*=gq.

All this is nice and encouraging since it shows that partitions encode a structure comparable
to that of matrix algebras. However, for a projective partition p, the projection S, usually fails to
be minimal. For instance, T'ex = Id. To get smaller projections, we can use the comparison relation
and substract smaller projections. This yields

DEFINITION 3.1.6. Let ¥ be a category of noncrossing partitions and let p € € be a projective
partition. We set

R,= sup S,
qe€,q<p
and
pP,=S,-R,

Note that it is not even clear that P, # 0. A little linear algebra argument is needed to show
that the supremum in the definition is a linear combination of maps T, with #(r) < ¢(p) :

Proposition 3.1.7. The projection Ry is a linear combination of maps T, with t(r) < t(p). As a
consequence, P, # 0.

Proof. We first claim that if M is a direct sum of matrix algebras and (P;);e; are orthogonal
projections, then R = sup;.;P; is a linear combination of projections (Q;);es such that for any
J € dJ, there exists i € I with Im(Q;) < Im(P;). Indeed, there is a basis (es)1<¢<s of Im(R) such
that for every 1 < ¢ < s, there is an index i € I such that e, € Im(P;). Complete this basis with an
orthonormal basis of the orthogonal complement of Im(R) and let B be the change-of-basis matrix
from this basis to the canonical basis of C". This means that

R :B—l( Y Eg)B,

1sfss

where the (¢, ¢)-th coefficient of E, is 1 and all the others are 0. Setting @, = B"1E,B for 1 <
¢ < s, we get minimal projections summing up to R. Moreover, Im(®,) = Ce, < Im(P;) for some i.
Eventually, up to splitting the Pl’. s in direct sums, we may assume that they belong to one of the
blocks of M. Then, @, € M for all ¢ and the claim is proven.
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Let now R, =}/ Q/ be the decomposition given by the previous claim. For each ¢,
Qr= Z ATy
r
but since its range is contained in the range of some T'; for g < p, we have

Qe = TqQ( = ZAY‘T(IT'
r

Because t(qr) < t(q) < t(p), the proof of the first statement is complete. As for the second one, it
follows from the linear independence of Theorem 3.1.1. |

3.2 FROM PARTITIONS TO REPRESENTATIONS

We have constructed orthogonal projections in the space of self-intertwiners of u®*, we can
therefore obtain subrepresentations from this :

DEFINITION 3.2.1. We set
Up = Ppu®ka.
3.2.1 IRREDUCIBILITY

We will proceed to describe the whole representation theory of Gy (%) using the representa-
tions up. The first problem concerning u, is irreducibility.

THEOREM 3.2.2 The representation u,, is irreducible for all projective partitions p € €. Mo-
reover, for any irreducible representation v of Gy (%), there exists a projective partition p € €
such that v ~u,.

Proof. We have to prove that
Pp MOI‘GN(cg) (u®k, u®k) Pp = CPp

and it is of course enough to prove that P,T,P, € CP), for all r € €. If ¢(prp) < t(p), then r is an
equivalence between two projective partitions strictly dominated by p, hence T, is dominated by
R,. It follows that P, T, P, = 0. If t(prp) = t(p), consider the partition

q=DPul'Py,.
It has #(p) lower points and #(p) upper points. Moreover,
pPrp=p,qPu

has #(p) through-blocks so that in g, any lower point is connected to exactly one upper point. The
only noncrossing partition having this property is |®8) hence prp = p,pu = p. It follows that

P,T,P,=P,T,P,cCP,.

To prove the second part of the statement, it is enough to show that any irreducible subrepre-
sentation of u®" is equivalent to some u p- By Theorem 1.4.7, this will follow from the fact that
the supremum of the projections P, is the identity. So let & be this supremum. An easy induction
on the number of through-blocks shows that @ dominates T', for all p. In particular, it dominates
T'ex =1d, hence the result. u

We now have found all the irreducible representations of Gy (%), but our list is certainly highly
redundant. In other words, our second task is to decide whether u, and u, are equivalent or not.
Once again, this matches perfectly with our previous definitions.

Proposition 3.2.3. Let p and q be projective partitions in €. Then, u, ~uq if and only if p ~q.
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Proof. Assume first that p ~ ¢ and let r € € be such that r*r = p and rr* = q. In then follows from
arguments similar to the proof of Theorem 3.2.2 that V = P, T, P, satisfies

V*V=P,and VV* =P,

i.e. V is an equivalence between u, and u,.
Conversely, assume that there exists a unitary intertwiner

k 14
vV EMOI‘GN(%) (up,uq) =PqMOI‘GN(<g)(u® ,u® )Pp

and extend it to a partial isometry W : Morg, () (u®k,u®[ ) Then, there exists partitions r; € €
such that
W= Z ATy,
i

Let i be any index and note that because WP, =W, T, P, # 0 hence P, T,;riPp #0. But as we saw
in the proof of Theorem 3.2.2, this implies that r;r; = p. Doing the same reasoning for P,W = W
shows that r;r’ = g, hence p ~q. [ ]

3.2.2 FUSION RULES

The last step to describe the representation theory is to compute the so-called fusion rules.
This means that for two irreducible representations v and w, we will find all the irreducible
subrepresentations of v ® w. Note that the given two projective partitions p € 6(k,k) and q €
€(¢,0), the intertwiner space of u, ® u4 is by definition

Morgy ) (up,uq) = (Pp ®Pq) Morg, () (u®(k+[), u®(k+[)) (Pp ®Pq) .

A good starting point is therefore to find the projective partitions r such that (P, ® Py) P, # 0.

Proposition 3.2.4. Let X¢(p,q) be the set of projective partitions r < p ® q such that there is no
projective partition p’ < p or q' < q satisfying r <p'®q or r < p®q’'. Then, there exists a unitary
equivalence

Up®ug ~ Z Up.
reX«4(p,q)

Proof. We will proceed in two steps, analyzing the operators (P, ® P,) P,.
1. Let us first prove that if r ¢ X« (p,q), then (P, ® P,) P, = 0. Indeed,
Pp®Py=(Tp~Rp)®(Tq—Ry)

=Tp8Tq— (Tp®Rq+R,®Ty—R,®Ry)
=Tpeq—(A+B-C).

Noticing that AB =BA =C, we see that
R=A+B-C

is the supremum of the two commuting projections A and B. To conclude, let us note that a
straightforward induction shows that for any noncrossing partition s, R is the supremum of
the projections Py for all s’ <s. Thus, if 7 € X4(p,q) then S, is dominated either by T, ® R,
or by R, ® Ty and the same holds for P, <S,. It then follows that (Pp ®Pq)Pr =0.

2. If now r € X«(p,q), P, is a minimal projection by Theorem 3.2.2 hence there exists 1 =0
such that
P.RP, = AP,

and because P, is not dominated by R, A < 1. Thus, setting
V= (Pp ®Pq)Pr,
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we have
V*V =(1-A»P, =u2P,

for some u > 0. It follows that setting W = uV we get an equivalence between P, and a sub-
projection of P, ® P,. Therefore, the range of this subprojection yields a subrepresentation
equivalent to u,.

To conclude, simply notice that by the two points of this proof,

sup (P, ®Py)P,(P,®Py)= sup (P,®Py)P,(PpoP,)=(P,®P,).
reX«4(p,q) r=p®q

The previous result means that any irreducible subrepresentation of u, ® u, is equivalent to
u, for some r € X¢(p,q), and that any u, appears at least once. But it does not say that different
but equivalent r’s need both appear. To see this, we first need a better description of the set
X«(p,q). The intuitive idea is that a partition r € X (p, q) is obtained by "mixing" some blocks of
p with some blocks of q. Concretely, this mixing is done thanks to the following partitions :

DEFINITION 3.2.5. We denote by hé the projective partition in NC(2k,2k) where the i-th point
in each row is connected to the (2k —i + 1)-th point in the same row (i.e. an increasing inclusion
of & blocks of size 2). If moreover we connect the points 1, 2, 1’ and %/, then we obtain another
projective partition in NC(2k,2k) denoted by h’fﬂ.

Here is a pictorial representation :

and

allE

From this, we define binary operations on projective partitions, using | to denote the identity
partition :

PO = (preq) (1P ehtel” @) (p,eq.)

(903 (1P o hl 0120 (p, 0q,)

pHrq

where p = p; p, and q = q} q, are the through-block decompositions. We are now ready to com-
plete the description of the representation theory of partition quantum groups :
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Proposition 3.2.6. Let € be a category of noncrossing partitions, let N = 4 be an integer and
let p,q € € be projective partitions. Then, r € X¢(p,q) \ {p ® q} if and only if there exists 1 <k <
min(¢(p), t(q)) such that r = pO%q or r = p[0* q. Moreover,

min(¢(p),t(q))
Up®lUg=Upeg® D Vyorg ®Upmtg
k=1
where v, =u, if r € € and v, = 0 otherwise.

Proof. The first assertion is a deep result and its proof would take us too far for this lecture. We
therefore simply hope to have given enough motivation for the reader to endeavour reading the
proof of [FW16, Prop 2.28].

As for the second part of the statement, first notice than as a consequence of the first part, the
partitions in X«(p,q) all have a different number of through-blocks. But it follows from the defi-
nition of equivalence that two equivalent projective partitions have the same number of through-
blocks. Thus, the irreducible subrepresentations of u, ® u, are pairwise non-equivalent and this
forces the direct sum decomposition. [ ]

3.3 EXAMPLES

We have now done the hard work and it is high time to be repaid of our efforts by easily
deducing from the previous results the representation theory of our main examples.

3.3.1 QUANTUM ORTHOGONAL GROUP

As already mentioned, the representation theory of quantum orthogonal groups was first com-
puted by T. Banica in [Ban96]. The proof relied on the identification of the category ,%(OX,) of re-
presentations of O;(, with the Temperley-Lieb category TL(N). With our setting, the result follows
from elementary calculations.

THEOREM 3.3.1 (Banica) For N = 2, the irreducible representations of O;(, can be labelled
by the non-negative integers in such a way that u° = ¢, u! =U and for any n € N,

ul ou” = un+1 ® un—l

Proof. Recall that if two projective partitions p and g are equivalent, then #(p) = t(q). Assume
now that p and g are noncrossing projective pair partitions with ¢(p) = t(q). Denoting by p = p; py
and q = q;,q, their through-block decompositions, observe that p,,q, € NCq, so that r =¢q; p, €
NC(2). Since r*r = p and rr* = q, we have proven that the equivalence class of p is given by its
number of through blocks. Setting u" = u|e» therefore gives all irreducible representations.

Since the empty partition corresponds to the trivial representation, u° = ¢. Since NCa(1,1)
only contains the identity partition, P| = T| = Id so that u' = U. Eventually, #(|0") = n -1 and
|[1]™ ¢ NCg, hence the fusion rules. [ ]

3.3.2 QUANTUM PERMUTATION GROUP

The case of quantum permutation groups was studied by T. Banica in [Ban99b]. Once again,
his strategy relies on the Temperley-Lieb category where the number of strands is doubled. Using
noncrossing partition, the proof is almost the same as for Oy,.

THEOREM 3.3.2 (Banica) For N = 4, the irreducible representations of S;(, can be labelled
by the non-negative integers in such a way that u’ =¢, P =eou! and for any n €N,

1 n

u-®u n-1

=u"eou"ou
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Proof. The same argument as for O;(, shows that equivalence classes of projective partitions in
NC correspond to the number of through-blocks, so that we set u" = ujen and u® = ¢. However,
this time NC(1,1) has two elements, | and the double-singleton. The second one gives a copy of
the trivial representation since it has no through-block, yielding the decomposition. Eventually,
t(O")=n -1 and t(|J|") = n, hence the fusion rules. [ ]

3.3.3 QUANTUM HYPEROCTAEDRAL GROUP

The two preceding examples may have given the impression that the number of through-
blocks is the only important data of a projective partition. To show that this is not the case, let
us consider the quantum hyperoctaedral group HX, Recall that the corresponding category of
partitions consists in all even partitions. Let p € NCeyen(2,2) be the partition with only one-block.
Then, t(p) =1 but p;| € NC(1,2) is a block of size three. Thus, u, is not equivalent to x| and this
turns out to be the only obstruction to equivalence :

Exercise 14. Prove that the irreducible representations of Hf\, can be indexed by words on {0, 1},

with e=u®, u=u' and up = ul.

Solution. Let p € NC(k,k) and g € NC(k',k’) have only one block. Then, p} q, € NC(k',k) is even
if and only if 2 and %2’ have the same parity. If now p € NCeyen, it follows from a straightforward
induction that

DP=DpP1® @ Pyp)
where for all 1 <i <#(p), p; is a projective partitions with its endpoints connected and #(p;) = 1.
If p; is the one-block partitions on the same number of points as p;, then

D~D1® " ®Pyp)

and we conclude the we can label the irreducible representations as in the statement. The last
thing is to check that different labels do not yield equivalent partitions. Let w # w' be different
words and set p* = p,,, ®--® p,,, where p1 =| and po = p. Let i be an integer such that w; #

w'. Then, py" va, contains as a subpartition p,,  qu, which is a block of size three. Thus, the
partitions are not equivalent. ]

We still have to compute the fusion rules, but here again a surprise awaits us. Applying Pro-
position 3.2.6, we see that

Weu’=uloulec

u0®u1=u0

loules

Because 110 # 1%, we see that the fusion rules are non-commutative! This is a purely quantum
phenomenon. The complete description of the representation theory of HX] was established by T.
Banica and R. Vergnioux in [BV09]. To state it conveniently we need some notations. Let W be
the set of words on {0,1} = Zy and endow it with the following operations :

. W:wﬁl'“wfly

!
m

/

[ ] wl...wn.w&...w :wl...wnw&...wm,

/
m

/

[ ] wl...wn*wa...w :wl...wn_l(wn+w£)w/2...wm’

THEOREM 3.3.3 (Banica-Vergnioux) The irreducible representations of Hy, can be indexed
by W in such a way that e = 4?, u = u! and Uup = u®. Moreover, given two words w,w’ € W, we

have

! ! !
Weu = @ uVeu

w=vez,w'=zev’
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Proof. The first part of the statement was proven in Exercise 14. As for the fusion rules, let us
consider two words w = wi---w, and w' = w] ---wy, and let & < max(m,n). Setting po = p, p1 = |
and

pw :pr ®'“®pwn,

we see that in wakpw/, Pw,_;., 1s glued to Puw!- But if w,,_;j41 # w;, then this yields a block of
size three, which therefore does not belong to NCeyen. Thus, p Mul Pw' € NCeyen if and only if the
last % letter of w match the first & letters of w’, i.e. w =vez and w’ = ze v’ with z of length .
Moreover, the through blocks of p,,00p,, are just the first n — i through-blocks of p,, followed by
the last m —i through-blocks of p,, and this corresponds to p,.,,. Considering now p,, [ p,,, the
same decomposition is needed for it to be in NCeyepn, but this time the result contains an extra
through-block obtained by gluing p,,, ,,, and Puw) - If they have the same parity, then the result
has eight points hence is equivalent to pg while it is equivalent to p; if their parity differ. Hence,
this is equivalent to py.y. [ ]



LECTURE 4

PROBABILISTIC APPLICATION : THE HAAR STATE

We have taken the bias, throughout these lectures, to work exclusively in an algebraic setting.
This may seem odd given that the name of compact groups suggest that they are compact objects.
From an operator algebraic perspective, compact quantum groups should therefore be given by
unital C*-algebras instead of x-algebras. There is indeed a bridge between our setting and the
more usual definition of compact quantum groups using operator algebras. Since the goal of Lec-
ture 5 will be to prove analytical results about S;(, using combinatorics, we will now describe the
path from algebra to analysis.

4.1 FROM ALGEBRA TO ANALYSIS

To explore the analytical properties of a compact matrix quantum group G, on may simply
consider the universal enveloping C*-algebra of ©(G), to which the coproduct extends by univer-
sality. To understand why this is unsatisfying, let us give examples of compact matrix quantum
group of a different type than those encountered up to now.

4.1.1 A DISCRETE DETOUR

Let I' be a finitely generated discrete group with a generating set {g1,---,gn}. Recall that its
group algebra is the vector space C[I'] of all finitely supported linear combinations of elements of
I', endowed with the product coming from the group law. Let us consider the matrix

u =diag(gi,---,gn) € Mn(CIT)D).

Then, (C[T'],u) is a compact matrix quantum group in the sense of Definition 1.3.6. It is usually
denoted by I and called the dual of T.

Thus, finitely generated discrete groups are examples of compact matrix quantum groups and
the enveloping C*-algebra C[I'] is nothing but the universal group C*-algebra C*(I). It is well-
known that this is not the correct operator algebra to look at when investigating geometric or
probabilistic properties of I' (like amenability, property (T) and so on). One should instead consi-
der the reduced C*-algebra C(I') and its associated von Neumann algebra L(I'). These reduced
operator algebras are constructed by embedding C[I'] into (¢%(I')) through the left regular re-
presentation. Alternately, this embedding is the GNS construction (we refer the reader to [Bla06,
I1.6.4)) of the state ! &, on T.

To find an analogue of this, first note that the irreducible representations of I are all one-
dimensional and given (up to equivalence) by the elements of g. Since §, vanishes by definition
on all elements g # e, the following definition is natural :

DEFINITION 4.1.1. Let G be a compact matrix quantum group, let Irr(G) be the set of equivalence
classes of irreducible representations of G and let u® be a representative of a € Irr(G). The Haar

1. A state on a *-algebra is a positive linear map ¢ such that ¢(1) = 1, see for instance [Bla06, 11.6.2.1].
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integral of G is the linear map A : G(G) — C defined on the basis of coefficients of irreducible
representations by

h (u“J) = 6.(a).

The name needs some explanations. To understand where it comes from, first note that for
any a € Irr(G) and any 1< i,j < dim(a),

h @id)oA(ugj) :h(u:-"j).lz(id®h)oA(u?j). (4.1)

This is an invariance property which recalls that of the Haar measure on a classical compact
group. In particular if A’ is another linear form on @(G) satisfying Equation (4.1), then

h(x) = h(x)h'(1) = ' (h®id)o A(x)) = (h® h') o A(x) = h'(x)h(1) = ' (x).

With this we can give a better justification of the name "Haar integral"” :

Exercise 15. Prove that if G is a compact matrix group, then the Haar integral on O(G) coincides
with the integration with respect to the Haar measure.

Solution. Notice first that for any f € O(G), A(f)(x,y) = f(xy). If now ¢ denotes the linear map
given by integration with respect to the Haar measure y, then

(p®id)o A(f)(y) = fG fxy)du(x) = fG f)du(x) = o(f).1

and the same works for (id ®¢) o A. As explained above, this implies that ¢ = A. |

4.1.2 POSITIVITY OF THE HAAR INTEGRAL

The only non-trivial fact about 4 is that it is positive. This will indeed be the first important
result of this lecture. To prove it, let us first give a straightforward, though important, corollary
of Theorem 1.4.7 :

Corollary 4.1.2. For any irreducible runitary representation v, v = v*! is also an irreducible uni-
tary representation.

Proof. By Corollary 1.4.9, v is unitarily equivalent to a subrepresentation of u®* for some % € N.
Thus, there exist a unitary matrix B and a unitary representation w satisfying

*®k_vo
B u B—(O w)

As a consequence, v*! is a direct summand of B'u®*B*!, hence is a unitary representation. If V is
the subspace fo (CN )®k on which v acts, then v naturally acts on the conjugate Hilbert space V.
Moreover, T intertwines v with itself if and only if T'= T*! intertwines v with itself. Thus,

dim (Morg(v,v)) = dim (Morg(v,v)) =1
and v is irreducible. [ ]

DEFINITION 4.1.3. Let G be a compact matrix quantum group and let v = (v;;)1<; j<n be an irredu-
cible representation acting on V = C". Then, v = (v j)1<i, j<n is called the conjugate representation
of v.

Let us now proceed to prove that the Haar integral is a state. The Haar state for compact
matrix quantum groups was first constructed by S.L. Woronowicz in [Wor87] in a completely
different way :he directly proved the existence of a state satisfying Equation (4.1). Our more
algebraic approach is due to [DK94].



4.1. FROM ALGEBRA TO ANALYSIS

THEOREM 4.1.4 (Woronowicz) Let (G,u) be an orthogonal compact matrix quantum group.
Then, the Haar integral 4 is a state on G(G). Moreover, it is faithful.

From now on, & will be called the Haar state of G.

Proof. It turns out that positivity and faithfulness will be proved at the same time. For the sake
of clarity, we proceed in several steps.

1. Let v be any finite-dimensional representation acting on V, and let W be the subspace of
fixed vectors. The proof of the first point in Theorem 1.4.7 shows that v decomposes along
WeW+. Since vy, does not contain the trivial representation, h(v) vanishes on W+, while it
acts by the identity on W by definition. Thus it is the orthogonal projection onto the subspace
of fixed vectors.

2. Let us show that for any irreducible representation v acting on V, the vector

dim(V) _
{= ) e;®eg;eVaV
i=1

is fixed for v ® v. Indeed,

dim(V)dim(V)
. _
Poss()= ), ) vijviej®e

i=1 jk=1
dim(V) dim(V)

= Z Z 6j’kej®5k
i=1 jk=1

=1®¢.

3. We now claim that for any a, § € Irr(G),
Morg (s,v“ ®v_ﬂ) ~ Morg (Uﬁ,v“) )

Indeed, if T € % (VP,V?®), then
dim(v?)
ér= ). Tl(e)®e;

=1

is fixed for v® ® vP if and only if T' is an intertwiner, where (e;)1<;<gim(v%) is an orthonormal
basis. This is a simple computation :

dim(v?)
(Pyes7) €1) = Zl pue o Tle) ® pse;
dim(v?)
= Z (deT)op,s(e;) ® p,zei
dim(v?)
=(id®T)0pUﬁ®vﬁ( Zl ei®5i)

dim(v#)
Z 1®e; ®Ei)
i=1

=(@deT)

=1&¢r.

Conversely, (e VY ® V6 is a fixed vector for v* ® v_ﬁ, if and only if
Te:x— (1dex™)(¢)

is an intertwiner between v” and v%, because & r,=¢and Tg, =T.
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4. It follows from Schur’s Lemma (Lemma 1.4.6) that Morg (U(ﬁ), v(@) = {0} if a # B. In particu-
lar,

Ao 65) =0
in that case.

5. For a = 3, the space Morg (E,v(“) ®U(“)) is one-dimensional (again by Schur’s Lemma) and is
spanned by
dim(o®)
= Z e;®e;.
i=1

Thus, if P; denotes the orthogonal projection onto C.¢, then

E(UE?) ®v§fl‘)*) = (ej ®El,P5(ei ®Ek)>
1
=005 ] —————.
I dim (v®)
6. If now

dim(v'®@) @

a

x= 3, ) AT

aclrr(G) ij=1
then

dim(v(@)
hax)= Y. Y AL P=0

aelrr(G) i,j=1

and this vanishes if and only if x = 0.
[ |

Remark 4.1.5. It follows from the proof above that 4 is tracial in the sense that A(xy) = h(yx) for
any x,y € O(G). This is not true for arbitrary compact quantum groups, in fact it is equivalent
to the property that for any unitary representation v, v is also unitary (in general it is only
equivalent to a unitary representation).

We can now build an embedding of O(G) into a Hilbert space. The sesquilinear form
(x,y) = h(xy™)

is an inner product on &(G) by Theorem 4.1.4. Taking the completion, we get a Hilbert space
denoted by L?(G) together with a faithful representation

1:0(G) — B(LA(G)).

The weak closure of the range of 1 is then a von Neumann algebra denoted by L°°(G). We can
now prove as a corollary a result which was mentioned in Remark 1.3.2 after the definition of
orthogonal compact matrix quantum groups :

Corollary 4.1.6. Let G be a compact matrix quantum group. Then, O(G) embeds as a dense subal-
gebra of its universal enveloping C*-algebra.

4.2 WEINGARTEN CALCULUS

The definition of the Haar state given in the proof of Theorem 4.1.4 is in a sense explicit
since it is given in the basis of coefficients of irreducible representations. However, when doing
computations, one sometimes has to compute the Haar state for arbitrary polynomials in the
coefficients of the fundamental representation u. There is no practical general formula for this,
but if we restrict to partition quantum groups, then it is possible to express the image of these
polynomials using the corresponding category of partitions.



4.2. WEINGARTEN CALCULUS

When trying to compute A(u;,;, ---u;,;,) for arbitrary indices, the basic idea is to recall that
h(u®*) is the orthogonal projection onto the subspace of fixed points of w®*. Therefore, if we have
enough data on this subspace, we may be able to derive information on its orthogonal projector.
And it turns out that being a partition quantum group precisely means that we have a combina-
torial description of the space Morg (8, u®k), which is the space of fixed points.

More precisely, if € is a category of partitions and G = Gy(%), then writing ¢, = f, we have

Morg (£,u®k) =Vect{¢, | p € €(0,k)}.

Now, to describe the orthogonal projection, a convenient tool is the Gram matrix of a basis. This
one was already computed in the proof of Theorem 3.1.1 and we summarize this in a definition :

DEFINITION 4.2.1. The Gram matrix associated to €,k and N is the |4(0,k)| x |€(0, k)|-matrix
Gry(€6,k)
with coefficients
Gr(6,k)p,q = NOPVD

for p,q € €(0,k). The corresponding Weingarten matrix is, if it exists,
Wn(6,k) = Grn(€, k) .

As one may expect from this definition, the final formula for the Haar state will involve Wy
rather than Gry, so that it will not be completely explicit. We will however show in the next
section that it is possible to obtain asymptotic estimates on the coefficients of the Weingarten
matrix which give free probabilistic information on @(G). The first proof of this result was done
by T. Banica and B. Collins for Oy, and Uy, in [BC07] and then extended to arbitrary partition
quantum groups with the same argument in [BS09, Thm 5.4].

THEOREM 4.2.2 (Banica-Collins) Let % be a category of partitions and let N be an integer.
For any k € N, if {{,, | p € €(0,k)} is linearly independent, then

B(wijy i)=Y Oplit,,ik)8qU1, i) WN(E, R)pg. (4.2)
P,9€%6(0,k)

Proof. Let us denote by W c (CN )®k the subspace of fixed vectors. As already mentioned, the left-

hand side in Equation (4.2) is a coefficient of the orthogonal projection Pw onto W. Consider the
N\®k .

map @: (CY)™ — W given by

D)= Y (,Ep)Ep.
pe€6(0,k)

This is a surjective map but it is not idempotent. Indeed,

q)(fp): Z (fp,fq>§q=GrN(Cg,k)ép-
qe€(0,k)

In other words, ® = Gry(%4,k) o Pw, which readily yields Py = Wn(6,k) o ®. The proof now ends
with an easy computation :

<7Z(u®k)ei1®---®eik,ejl®---®ejk> =(Wn(€,k)oD(e;, ®---®e;,),ej, ® - ®ej,)

= <gz(0k)<eil ®--®e;,,Ep) (WN(E,E)Ep),e), ® - ®ej,)
pe »

= Y 5, (WN(E,R)Ep) e , @ ®ej,)
pe€(0,k)

= )Y Op(WN(E,k)pg(Ege)y @ ®ey)
P,q€€(0,k)

= Z 6p(i)()‘q(j)WN(<€,k)pq.
p,q€€(0,k)
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4.3 APPLICATIONS

We will now give applications of Theorem 4.2.2 with a probabilistic flavour. This will only be
a glimpse of a field of its own, which owes much to the combinatorial approach to free proba-
bility theory (see the book [NS06]). In particular, the use of free cumulants leads to spectacular
applications of Weingarten calculus to noncommutative de Finetti theorems as in [BCS12] or to
asymptotics of random matrices with noncommutative entries a la Diaconis-Shahshahani like in
[BCS11].

4.3.1 SPECTRAL MEASURES

To be more precise, consider an element x € L°°(G) which is self-adjoint. Then, it generates a
von Neumann subalgebra (x) < L>°(G) which is commutative, hence isomorphic to L>=(Sp(x)) by
Borel functional calculus (see for instance [Bla06, I.4]). The restriction of A to this algebra is still
a state, hence coincides with integration with respect to a Borel probability measure p,. We can
therefore see x as a random variable and wonder about its spectral measure p,. We mainly have
access to the moments of p,, which are given by

mp (tx) = fsp(x) t*du ()= h (xk)

This means that we will compute moments and then try to reconstruct the probability mea-
sure. This is not always possible, but it will work on our cases. For later use, let us recall some
facts about one of the most important probability distributions in free probability.

DEFINITION 4.3.1. The semicircle distribution (or Wigner distribution) pg. is the probability dis-
tribution on [—-2,2] with density

%v4—x2

with respect to the Lebesgue measure.

The computation of the moments of ug is a standard exercise in undergraduate integration.

Exercise 16. Prove that the moments of the semicircle distribution are given by mop.1(s.) =0

and
(1) = 1 (2k
mop\Hsc) = E+1l e |

Solution. Observe that because (s has an even density, all its odd moments vanish. We can
therefore focus on even moments and compute

1 2
map,(lse) = ;fzx%v4—x2dx

_ 2271<;+2 foz (g)zk /1_ (g)zdx

22k+2

/2
f (sin(8))?* cos(0)%dO
0

2 (2kkD)? 2 (25L(k + D)D)

1 [2k
T Ek+1l R

_22k+2(n @k 1 (2k+2) )
T
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4.3.2 TRUNCATED CHARACTERS

We will now investigate the character of the fundamental representation, that is to say the
element

N
X= Z Uiji-
i=1

Based on our probabilistic intuition, we will use from now on the following fancy but sugges-
tive notation for the Haar state : J;. The moments of y are easy to compute and do not require
Weingarten calculus :

Proposition 4.3.2. Let € be a category of noncrossing partitions and let N = 4. Then,
mp(x) =|6(k,0).
Proof. Denoting by Fix(v) the subspace of fixed points of p,, we have by definition

my=| i
Gn(6)
=Tr (h@®h)
=dim (Fix (u®k))
=dim (Vect{¢, | p € €(k,0)})
=[€(k,0)

where the last lines comes from the linear independence of the partition vectors proven in Theo-
rem 3.1.1. u

Let us illustrate this result in the case of the quantum orthogonal groups :

Example 4.3.3. Assume that ¥ = NCy and first observe that for odd 2, NCs(%,0) = 0. We now
have to compute the number of noncrossing pairings on 2% points and this can be done by induc-
tion on k. Denoting by (C})zen the numbers we are looking for, we have C1 = 1. Moreover, consider
a noncrossing pair partition p on 2%k points and let ¢ be the point connected to 1. Then, p induces
noncrossing pairings on {2,---,¢—1} and {¢ +1,---,2k}. Conversely, given such pairings one can
reconstruct p with the condition that 1 should be connected to ¢. In other words, we have

2k

Cr=) Ci1Cop_is1.
i—2

This uniquely defines the sequence (Cp)ren, and it turns out that the moments of the semicircle
distribution satisfy this recursion relation. Thus, y is a semicircular element.

For quantum permutation group, we can resort to the "doubling trick" explained in the proof
of Theorem 3.1.1 :

Example 4.3.4. For S,, we have to compute the number of noncrossing partitions on % points.
But the bijection p — p used in the proof of Theorem 3.1.1 shows that

INC(%,0)] = INC2(2k,0)|.

As a consequence, xs has the same distribution as )(%);v. This is known as the free Poisson distri-
bution (or the Marschenko-Pastur distribution) with parameter 1. It is supported on [0,4] and has
density

1 /4

—1/=--1
2n \ x

with respect to the Lebesgue measure.
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The quantum hyperoctaedral group is more involved and the distribution of Xm; is the free
Bessel distribution introduced in [BBCC11]. Instead of proving this we will, following the work
of T. Banica and R. Speicher in [BS09], try to get more understanding on the previous results by
considering truncated characters in the following sense :

DEFINITION 4.3.5. Let € be a category of noncrossing partitions and let N =4 be an integer. The

truncated characters are the elements
[tN]

Xt = Z Ujj.
i=1
for t € [0,1].

The previous result can then be refined thanks to the Weingarten formula. This first requires
an estimate on the Gram and Weingarten matrices. In the sequel, O(N~V2) means a matrix all of
whose coefficients are dominated by N~12.

Lemma 4.3.6. Let € be a category of partitions, let N,k be integers and let I'y(6,k) be the diago-
nal of Gry(€6,k). Then,

Gry(€6,k)=Tn(€6,k) (1 +0 (N—1/2))
Wn(€,k)=TN(E,k)" (1 +0 (N—l/z))

Proof. For clarity we will omit 4 and % in the computations. The trick is to consider the coeffi-
cients of F]’Vl/ 2Ger"I’\,l/ 2.

(FZ_\Il/z GrNr]—Vl/z)pq — (r]—vuz)pp (Gra)pg (FZ_VI/z)

_ Nb(qu)— b(p);b(q) .

qq

If p = q, the result is 1. Otherwise, there is at least two blocks of p or of ¢ which are merged in
p Vg, hence the result is less than N~2. In other words, the matrix

By = F]_VIQGI‘NFI_V}& -1Id

1/2

has all its coefficients dominated by N ~#, yielding the first part of the statement.

As for the second part, we have

TV W' T2 =(1d+By)""
+00
=Id+ ) (-1)"BY,
n=1

and each term in the sum is dominated by N~2, yielding the second part. ]

THEOREM 4.3.7 (Banica-Speicher) Let N = 4, let ¥ be a category of partitions and let u be
the fundamental representation of Gy (€). Then,

lim ¥k = o),

N—+00JGy(€) pEE(R)

Proof. For clarity, we will omit £ and % in the notations since no confusion is possible. Let us first
consider the sum of the first ¢ diagonal coefficients. We claim that

f (u11+--~+uM)k =Tr(WnGryp).
Gn(6)
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Indeed, by Theorem 4.2.2,

¢ k ¢
LN(f) L;l 122 Z f@ 1111 Lplp

i1, ,ip=1

4
Y Y 5,08,0Wn(p,q)

i1,,ip=1p,q€€

¢
Z( Y 6p<i>6q(i>)wN<p,q).

P,q€€ \i1,,ix=1

If both 6, and 6, do not vanish on i, then this means that i matches p v q. Because the indices
run over a set of cardinality ¢, there are therefore ¢°PV® = (Gr¢)pq tuples yielding a non-zero
contribution, hence the result.

Using Lemma 4.3.6, we can now write

f xF =Tr(WxGry)
Gy (6)
=Tr(T5'T¢) + N1Tr (0 (Tx'T0))

— ( é"(k)[b(p)N—b(p)) (1 +0 (N—l))
pE

- (p%(k) (“Nﬂ)b(p)) 1+o(N7Y)

and this converges to the announced limit as N goes to infinity. ]

Example 4.3.8. For € = NCg, the limit of the odd moments vanish since there is no pair partition
on an odd number of points, and we have

1 [2k

) k k_ L,k

th +)(? = ) t :tk 1(k)
—+00JOo}; peNCy(2k) +

This is the same as the semi-circle distribution, except that the radius of the circle has been
changed to 2¢ instead of 2. We therefore see that the distribution of y; smoothly approximates the
distribution of y.

Example 4.3.9. For € = NC, the computation requires the theory of free cumulants (see the book
[NS06]) which we will not introduce here. Let us simple mention that using it, one can prove that
x: is asymptotically free Poisson with parameter ¢, i.e. its distribution has density

with respect to the Lebesgue measure.

4.3.3 SINGLE COEFFICIENTS AND FREENESS

We will end with another result of the same type, but focusing on the joint behaviour of several
elements. More precisely, let us consider all the coefficients u;; of the fundamental representation
of O;(,. Contrary to the character, the distribution of u;; is very complicated and depends on N
(see [BCZJ09] for an explicit computation). But the asymptotics can be easily obtained by the
Weingarten formula :

Proposition 4.3.10. For N = 2, set x;j = VNU; j» where U is the fundamental representation of
Oy Then,

0 if kodd

lim Kk = (

N—+ooJot, 24 1 k

k/2) if keven

k
§+1
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In other words, the coefficients are asymptotically semicircular.

Proof. Because there is no pair partition on a odd number of points, Theorem 4.2.2 implies that
the odd moments vanish. As for the even ones, using again Theorem 4.2.2 we have

[/ D M USSR CATIIL o
Oy p,qeNCq(k)

= Z N* (WN)pg -
Dp,geNCs(k)

By Lemma 4.3.6, N* (WN)pg = N* (FN);é(l +ON~Y2)) If p = g, since we are considering pair

partitions on 2% points the number of blocks is % so that the right-hand side equals 1+ O(N~"2).
If p # q, the right-hand side equals
N*(TN),p A+ 0N ), =OWN %),
which goes to 0 as N goes to infinity. Summing up,
Jhim |, x& = INCatk,0)
and the result follows. |

Remark 4.3.11. For S;{,, the computation is trivial. Indeed, since p;; is a projection, pfj = p;;j for
all £ so that all the moments are equal to N 1.

We can even go further and compute the limit of mixed moments, that is to say arbitrary
monomials involving the coefficients x;;. In general in probability theory, it is difficult to compute
such mixed moments because of the correlations between the variables. However, the situation
greatly simplifies if these correlation vanish, i.e. if the variables are independent. In our setting,
since the variables do not commute with one another, independence is not the correct notion.
Nevertheless, there is a concept of free independence which translates the fact that there is "no
correlation". We will not define this concept here because this would take us too far (but we once
again highly recommend reading the book [NS06]) but simply give a formula for arbitrary joint
moments. This requires some terminology.

DEFINITION 4.3.12. Given a monomial X = x; ;, ---x;,;, and a partition p € 22(k), we will say p
matches X if for any points ¢ and ¢2 connected by p, we have iy, =iy, and j,, = j¢,. The set of
matching partitions will be denoted by 22(X).

Proposition 4.3.13. We have, for any monomial X = x;,j, "+ Xi, j,,

N { 0 if kodd
N—+c0Jo, | 122(X)NNCo(k)| if keven

Proof. The proof starts as for Proposition 4.3.10 using Theorem 4.2.2. The odd moments vanish
so let us consider a moment of length 2% :

| X= ¥ 808,00,
Oy p,qeNC(2k)

The same computation as in the proof of Proposition 4.3.10 shows that as N goes to infinity, all
the terms in the right-hand side vanish except for those with p = q. We therefore have

lim X = Z 6,{1)0,().
N=+00JOy  peNCy(k) P

To conclude, simply notice that both d-functions do not vanish, if and only if p matches X. [ ]



LECTURE O

ANALYTIC APPLICATION : THE CONNES EMBEDDING
PROBLEM

One important subject in the theory of operator algebras is be able to approximate the algebra
using finite-dimensional data. The main example of such an approximation property is of course
amenability, but there are several others like the Haagerup property and weak amenability. The
book [BOO08] gives a comprehensive overview of this subject for operator algebras and discrete
groups. As for quantum groups, we refer the reader to the survey [Bral7].

5.1 APPROXIMATING OPERATOR ALGEBRAS BY MATRICES

But there are also other ways of approximating the structure of an operator algebra by finite-
dimensional objects and one of the most famous ones comes from a question of A. Connes in
[Con76] :

Problem. Given a finite 111 factor M, does there exist an ultraproduct Z¢ of the hyperfinite 111
factor X in which M embeds ?

We will refer to this as the Connes embedding problem and say that M has the Connes embed-
ding property if the Connes embedding problem has a positive answer for M. We will not define
the terms in this statement but rather give an equivalent "down-to-earth" definition.

Assume that we have a generating family a1, --,a, of M consisting in self-adjoint elements.
Then, the Connes embedding problem has a positive answer for M if and only if for any € >0 and
any integer m > 0, there exists an integer £ and matrices M+1,---,M, € M};(C) such that for any
i1,-,ip €{1,---,n} with p <m,

1
h(ai1 ---aip)— ETI‘(Mil"'Mip) <E.

In free probability, the preceding property corresponds to the fact that the noncommutative
random variables (a1,---,a,) have enough microstates. This is important since it means that we
can define their free entropy and therefore use free probability to investigate the structure of the
von Neumann algebra M.

Remark 5.1.1. To this day, no example of II; factors without the Connes embedding property
is known, and the existence of such a non-embeddable von Neumann algebra is related to an
important conjecture in quantum information theory called Tsirelson’s problem (see [JNP*11]).

In this lecture, we will prove the Connes embedding property for the von Neumann algebras
L°°(S;(,) associated to the quantum permutation groups S;(] but we will not have to deal with von
Neumann algebras at any moment. In fact, we will prove a stronger, purely algebraic property
which also corresponds to embedding the algebra into matrices :

1. The reader may refer for instance to [] for the definiton of this object.



LECTURE 5. ANALYTIC APPLICATION : THE CONNES EMBEDDING PROBLEM

DEFINITION 5.1.2. A x-algebra A is said to be residually finite-dimensional (RFD for short) if
there exists integers (n;);e; such that there is an embedding of *-algebras 2

A= [[M,,©).

iel
A compact quantum group G is said to be residually finite if O(G) is RFD.

In other words, finite-dimensional *-representations separate the points, hence the name. If I’
is a discrete group and A = C[I'], then this is the same as saying that I is a residually finite group.
It turns out that this is stronger that the Connes embedding property, as proven in [BBCW19,
Thm 2.1] :

THEOREM 5.1.3 (Bhattacharya-Brannan-Chirvasitu-Wang) Let G be a residually finite or-
thogonal compact matrix quantum group. Then, L°°(G) has the Connes embedding property.

Sketch of proof. Pick any faithful tracial state T on the product of matrix algebras in which G(G)
embeds and restrict it to a faithful tracial state T on @(G) which is by construction amenable
(i.e. a pointwise limit of traces which factor nicely through finite-dimensional algebras, see for
instance [BOO0S8, Def 6.2.1 and Thm 6.2.7]). It then follows from [Wor87, Prop 4.1] that any weak
accumulation point of the sequence

1 ~%0
- T
=

is the Haar state and amenability of traces is preserved under such limits, so that [ is amenable.
Eventually E. Kirchberg proved in [Kir94, Prop 3.2] that the von Neumann algebra coming from
the GNS construction of an amenable trace has the Connes embedding property. |

We can therefore focus on residual finite-dimensionality. Here is the main result we want to
discuss from now on :

THEOREM 5.1.4 (Brannan-Chirvasitu-F.) The quantum permutation groups S;{, are RFD for
all N.

5.2 THE PROOF

5.2.1 TOPOLOGICAL GENERATION

The strategy for the proof of Theorem 5.1.4 for SX, is induction on N, using the key notion
of topological generation. This idea was first introduced by A. Chirvasitu in [Chil5] (though not
under that name). To explain it, let us write H < G if G = (0(G),u) and H = (G(H),v) are compact
quantum groups with a surjective *-homomorphism 7 : C(G) — C(H) such that n(u;;) =v;;.
DEFINITION 5.2.1. Consider G1,G2 < G given by surjections 71 and m2. We say that G is topologi-
caly generated by Gi and Gg if the map

m:=m1®n2)oA:0(G) — O(G1) ® O(Gg)

does not factor through any orthogonal compact matrix quantum group.

Remark 5.2.2. For the sake of simplicity, we will work exclusively with orthogonal compact matrix
quantum groups in this section. However, all the general arguments carry to the setting of unitary
compact matrix quantum groups (and even general compact quantum groups). We leave it to the
interested reader to find the natural analogues of the statements and proofs.

The core result we need is the following :

Proposition 5.2.3 (Chirvasitu). If G is topologically generated by two RFD orthogonal compact
matrix quantum subgroups G1 and Go, then G is RFD.

2. No assumption is made concerning the cardinality of the set I.
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Proof. Let .# be the intersection of the kernels of all finite-dimensional *-representations of 0(G),
let o/ = O(G)/.¥ and let v;; be the image of u;; in this quotient. By definition, because 0(G;) and
O(Gg2) are RFD, the map r factors through «/. To conclude we therefore have to show that («/,v)
is an orthogonal compact matrix quantum group. Note that .# is an intersection of *-ideals, hence
o is a x-algebra. Moreover, if x € ., and 7 is a finite-dimensional representation, then (T ® m)o A
is also a finite-dimensional representation, hence (1 ®w)oA(x) = 0. Thus, if ¢ ¢ is the quotient map,
then there exists a *-homomorphism A : of — of ® o uniquely determined by

Aogys=(qs®qs)oA.

In particular,

N
Aw;j)= ) vir @ U
k=1
and («/,v) is an orthogonal compact matrix quantum group. [ ]

In the sequel, we will need a criterion to prove topological generation, which is the following
one :

Proposition 5.2.4. Let G be an orthogonal compact matrix quantum group and let G1,Gg < G be
quantum subgroups. If for any k € N,

Morg (u®k,£) = Morg, (ufk,e) N Morg, (ugk,s) ,
then G is topologically generated by G1 and Go.

Proof. First note that if f is invariant under p, ., then it is also invariant under
(id ®ﬂi)0 Pyek = Py sk

so that the left-hand side is always contained in the right-hand side. Let us now consider the
x-ideal
=0 ker(ﬂ®k OA(k)).
keN

Then, because
(n®k o AP @ 7@k o A(k)) oA =12k o ACK,

we have A(¥) c O(G)® ¥ + £ ® O(G) by definition, hence the quotient «f = O(G)/.# has an ortho-
gonal compact matrix quantum group structure coming from the images v;; of u;;. Moreover, by
construction any orthogonal compact matrix quantum group through which 7z factors is a quotient
of H=(<,v).

Moreover, .¢ < ker(r;) for i = 1,2 so that n;0q 4 = m;, hence G; < H. The comment at the
beginning of the proof therefore yields

Mory(v®,e) Morg, (u?k,e) N Morg, (ugk,e) )

Similarly, because H < G,
Morg(u®*, &) « Mory(v®, €)

Using now our assumption, we deduce that Morg(u®*,¢) = Mory(v® ) for all £ € N. The same
equality then holds for any tensor powers of © and v, hence G =H by Theorem 2.2.5. ]
5.2.2 AT LEAST SIX POINTS

The following result [BCF18, Thm 3.3 and Thm 3.12] is the key tool to prove residual finite-
dimensionality. In this statement, we see the inclusion S;(,_l < S;(, through the surjection

11 :0(S};) — 6(S}; )

sending u11 to 1.
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THEOREM 5.2.5 (Brannan-Chirvasitu-F.) For any N = 6, the quantum permutation group
S} is topologically generated by Sy,_; and Sx.

Proof of Theorem 5.2.5. Set V = CN and let Py,Py_1 and Pf\}ass denote the fundamental repre-
sentations of Sy, S},_; and Sy respectively. We will say that a map is S}, (resp. S},_;, resp.
Sp) invariant if it commutes with appropriate tensor powers of Py (resp. Py-1, resp. ch\lfass). By
Proposition 5.2.4, it is enough to prove that if

f:vekc

is a linear map which is both SX,_ ;-invariant and Sy-invariant, then f is S;(,-invariant.

Let us therefore consider such a map f and, for 1<i <N, let V; = eiL. Because [ is SX,_I
invariant, its restriction to Vf"k is a linear combination of partitions maps : there exist complex
numbers (Ap),enc(r) such that

f|V1®k = 2 Mofp

peNC(k)

Let us set
f=r- Z Apfp-
peNC(k)
This is still invariant under S;{,_l and Sy and vanishes on V1®k. Our task is to show that it
vanishes on the whole of V&%,
For this purpose, let us set Vi' =Ce;, so that

vek= @ Vile--e Vit

€1, €k

where € is either prime or nothing. Let us consider one of these summand where V; appears ¢
times and denote it by W. Since S;(]_l acts trivially on V/, there exists a linear S;\,_l-equivariant
isomorphism

O:W— VL

As a consequence, there exist complex numbers (u,),enc(r) such that

fOQ)_l: Z Kpfp-

peNC(0)

The idea now is to use the linear independence of the partition maps to conclude that u, =0 for
all p, hence that fo®~1 =0.
To do this, set Vi 5y = V1 nVx and observe that

o (Vg ) e iRk,

Now, by Sy-invariance, we can exchange e; and ey without changing the value of f, hence it
vanishes on Vﬁk. Thus, f o®~! vanishes on V1®]<,. Since N = 6, dim(V7 n) = 4 so that noncrossing

partition maps on Vf’ﬁ, are linearly independent by Theorem 3.1.1. This forces u, = 0 for all p,
hence f =0. [ ]

5.2.3 AT MOST FIVE POINTS

So far, Theorem 5.2.5 is useless for an inductive proof since we do not know the base case : is
O(S;) RFD? Before adressing this question, let us comment on the case N = 4. In that case, we
have a genuinely compact quantum group which can be shown to be isomorphic to the deformation
S0O_1(3). Moreover, it was shown by B. Collins and T. Banica in [BC08, Thm 4.1] that there is an
embedding

m:C(Sy) — C(SU(2),M4(C)).
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As a consequence, the *-representations 7, : x — 7n(x)(g) for all g € SU(2) separate the points, i.e.
Sy is RFD.

Only N =5 remains, and this is indeed a non-trivial matter which can be solved using the
classification of subfactors. It was showed by T. Banica in [Ban18, Thm 7.10] that Sg enjoys a
much stronger property : the canonical map

Tap : O(ST) — O(S5)

does not factor through any compact matrix quantum group. The idea of the proof is that by
[Ban99a] and [TW18], any quantum subgroup of S} yields a subfactor planar algebra at index 5,
with extra properties if it contains S5. Moreover, this correspondence is injective. Now one has
to look at the complete list of subfactor planar algebras at index 5 satisfying the extra properties
(see for instance the survey [JMS14]) and check that none of the corresponding quantum groups
contains S5, which is not very difficult. We can now complete our proof :

Proof of Theorem 5.1.4 for S;(,. First, we can extend the statement of Theorem 5.2.5 to N = 5.
Indeed, if we repeat the construction of the proof of Proposition 5.2.4, we get a quantum subgroup
H < S7 which contains S5. Since it also contains S}, it must be equal to S7 by the previous
discussion. Thus, the map 7 does not factor through a compact matrix quantum group, i.e. S; and
S5 topologically generate S;. We can now conclude by induction starting from the fact that S is
RFD. [ |

Remark 5.2.6. Let us mention the following interesting problem : is there a compact matrix quan-
tum group through which the quotient map

Tab 1 O(SE) — O(SN)

factors ? If not, then the inclusion Sy < SX, is said to be maximal. For N < 3, the result trivially
follows from the equality of the two quantum groups. For N =4, it can be proven by checking the
list of all quantum subgroups of S given in [BB09] and we already mentioned the proof of T.
Banica in [Ban18, Thm 7.10] for N = 5. This is all that is known to this day. Note that for N > 5,
the subfactor approach will not work, because it is known that classification at index 6 and higher
is much more involved.

5.3 FURTHER EXAMPLES

To conclude, we will prove that our other travelling companions O;{, and HX, also have the
Connes embedding property. We will start with H?,, using a trick relying on the fact that H;(,
decomposes as a free wreath product of the cyclic group Zs by the quantum permutation group
S;(]. We will not define this here (see [Bic04]) but simply use it as a black box.

THEOREM 5.3.1 The quantum group H;(, is RFD for all N, hence L°°(H;(,) has the Connes
embedding property.

Proof. It was proven in [Bic04] that Hy, = Z 1. S}, and this can be restated in the following way :
consider the sequence of *-algebras <}, where &) = «/;(IN) and for any k2 =0,

1= ClZs] * dk/<[C[Z2],uk+1j] [1<j< N>

Then, ofy = @(HX,). All that we need is therefore a stability result for residual finite-dimension-
ality. Let us first notice that (uz4111<j<N)=C so that

lys1 = (ClZ® CV) s sty — (ClZo] ® ty) v (ClZz] ® ).

It therefore suffices to show that of x5 of is RFD as soon as <f is and 2 is finite-dimensional. We
will not give the proof but simply explain the two steps :
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1. Using a free product decomposition of a Hilbert space on which &« acts faithfully, it is easy
to see that any element has non-zero image into a similar free product with </ replaced by
a finite-dimensional quotient. It is therefore sufficient to do it for finite-dimensional <.

2. The result is then a particular case of [ADEL04, Thm 4.2], where the strategy is to embed
&/ in a matrix algebra in a trace-preserving way. One can then use [BD04, Thm 2.3] to
conclude. [ ]

Remark 5.3.2. The same strategy works to prove that if I is a finite group, then "2, S;(, is RFD.
Observing with the same argument as in [BCF18, Lem 2.13] that if T is residually finite, then
T SX, is topologically generated by A, S;(, for all finite quotients A of I', we see that the free
wreath product is residually finite as soon as I is.

For O;(,, there are two available proofs of residual finiteness. One uses topological generation
in the spirit of Theorem 5.2.5 (this is [BCV17, Thm 4.1]) and the other one first proves the result
for the free unitary quantum groups U ;\} and then uses the fact that OX, contains a "finite-index"
subgroup which is also a subgroup of U;\} (this is [Chil5, Thm 3.1]). Here, we will indicate how
the result for H;, can be used to simplify the topological generation approach.

THEOREM 5.3.3 The quantum group Oy, is RFD for all N, hence L*°(0};) has the Connes
embedding property.

Proof. We will use a topological generation result to prove the result by induction. First note that
by definition, Hy, < O},. Let now « be the quotient of G(O},) by the ideal generated by U1 - 1.
We claim that «f = @(07\7—1)' Indeed, if we consider any matrix (v;;)1<; j<v-1) of operators which
is orthogonal, then the map sending U11 to 1, Uy;,Uj1 to 0 and Uj; to v_1y-1) for i,j > 1 factors
through a surjection from < to the *-alebra generated by the v;;’s so that the claim is proven. We
will write BX, =(/,v), where v is the image of U in the quotient.

Let us now show that «f in fact comes from a partition quantum group. Let p € NC(1,0) be
the singleton partition, whose corresponding linear map T', :CN — C sends all basis vectors to 1.
Then,

N
(id®T)0pU(ei) = Z Uij® 1
J=1

while €0 T'(e;) = 1, so that if we add p to the category of partitions, we get the extra relation
N
2. Uij=1
=1

for all 1 <i,j < N. In other words, BX, is the partition quantum group associated to the category
of partitions NC12 = (p,NC3).

A straightforward induction shows that NC1 s is the category of all partitions with blocks of
size at most two. It therefore follows from Theorem 3.1.1 that for N =4,

Morg: (u®*,) "\ Morg: (u®,€) = Vect {f, | p € NCa 1(R)} N Vect{f, | p € NCeven(k)}
= Vect{fp |p € NCzyl(k) mNCeven(k)}
=Vect{f, | p e NCa(k)}

= MorOXI(U@’k,E),

i.e. Oy, is topologically generated by Hy, and By, =~ Oy,_;.

To conclude we would need the result for Og . Unfortunately, this is the only case which is still
open at the time these notes are written. It is nevertheless possible to "jump over it" thanks to
[BCV17, Thm 4.2] : Oy is topologically generated by the free product O3 %03 and the permutation
group S4. As a consequence, it is RFD, and we can now conclude. ]



APPENDIX : TWO THEOREMS ON COMPLEX MATRIX
ALGEBRAS

For the sake of completeness, we give a detailed proof of two results from the representation
theory of algebras which were used in these lectures. Since we only need them for algebras of
matrices over the field of complex number, we will only give the proofs in that case, allowing us to
simplify some of the arguments.

Let us recall a few basic facts for convenience : a subalgebra A < M, (C) is said to be irreducible
if there is no vector in C” fixed by all the elements of A. The nature of irreducible matrix algebras
is elucidated by the following celebrated result of Burnside :

THEOREM A (Burnside’s Theorem) Let A ¢ M,,(C) be an irreducible subalgebra. Then, A =
M, (C).

Proof. The proof proceeds in two steps. First, we will prove that A contains a rank 1 matrix. Then,
we will deduce from this that it contains all rank 1 matrices, hence all matrices. We will do this
following [HR80]. Before we start, note that by irreducibility, for any non-zero x € C",

Ax:={Tkx)|TecA}=C".

For the first part, we will proceed by contradiction. Let T € A be a matrix with minimal rank
and assume that d = rk(T') = 2. Then, there exists x1,x9 € C" such that the vectors T'(x1) and T'(x9)
are linearly independent. Let us choose S € A such that ST'(x1) = x9. Then, T'(x1) and

TST(x1) = T(x2)

are linearly independent, so that the operator T'ST — AT is non-zero for all A € C. However, notice
that T'S — ulId is a linear operator on the range of 7', hence it has an eigenvalue : there exists pe€ C
such that T'S — u1Id is not invertible. Then,

TST—uT =(TS — pld)T

has rank strictly between 0 and d, contradicting minimality. As a conclusion, there is a rank-one
matrix in A.
The rank-one matrix obtained in the previous paragraph can be written as the operator

Tpy:x— Pplx)y

for some linear form ¢ € (C")* and a vector y € C". Because Ay = C", we also have T, € A for all
z € C". Similarly, A acts on (C™)* by

(S,y)—wyoS.
Assume that there is a fixed linear form 1 and pick vectors y; ¢ ker(n) and ys € ker(n). By irredu-
cibility there exists S € A such that S(y;) = y9, but then

noS(x1) =0 #n(x1),
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contradicting invariance. Therefore, A acts irreducibly on (C")*, hence {¢poS | S € A} = (C")".
Putting things together, for any v € (C")* and z € C", there exists S1,Ss € A such that

S10To0Sg:x— w(x)z.
As a consequence, A contains all rank-one matrices, hence equals M, (C). [ ]

Note that the argument only requires the existence of an eigenvalue for the matrix ST, hence
works for any algebraically closed field.

Using this, we can prove our second result concerning the double commutant of a matrix *-
algebra. Recall that given a subalgebra A c M,(C), its commutant A’ is by definition

A'={TeM,(C)|AT =TA}.

THEOREM B (Double Commutant Theorem) Let A < M,,(C) be a subalgebra which is stable
under taking adjoints. Then, A" = A.

Proof. By definition A c A”. Moreover, if V < C" is stable under the action of A, then by stability
under taking adjoints, its orthogonal complement is also stable. As a consequence, there is an
orthogonal decomposition

c” =Vie.---aV,

into irreducible subspaces. Each of these subspaces yields an irreducible representation of A, and
some of them may be equivalent. Let {i1,---,iz} be such that any subspace is equivalent to V;; for
some j, and let us denote by n; the number of such subspaces. By Schur’s Lemma, A is then block
diagonal with % blocks corresponding to the restrictions to each V il

Let us consider one of those diagonal blocks, which has size n j x dlm(V ), and assume that this
is all of C". The restriction of A to any of the summand is M dlm(Vlj)(C) by Theorem A. Moreover,
for a given element T € A, and two summands V,V’ of Vi, the fact that they are equivalent means
that there is a linear isomorphism ¢ : V — V' such that

poTyy =Ty ogp.

By Schur’s Lemma, ¢ is a multiple of the identity, hence Ty = T|y'. As a conclusion, A consists in
all matrices of the form diag(T',---,T) for T € M, dim(V y(C). We now investigate the commutant of

A, which is nothing but the self-intertwiners of V Such an intertwiner is given by a block nj xn ;
matrix, where the (a,b)-th block is an 1ntertw1ner from the a-th copy of V;; to the b-th one. By
Schur’s Lemma again, each block must be a scalar matrix so that A’ is M J(C) seen as block scalar
matrices in M,, jxdim(Vij)(C)- As a consequence, the bicommutant consists in all M, dim(vij)(C)—block
diagonal matrices that is, A again.

Back to the general case, a final application of Schur’s Lemma shows that A is block diagonal,
with blocks of the previous form and the result follows. [ ]
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