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FREE QUANTUM GROUPS AND RELATED TOPICS
TEO BANICA

ABSTRACT. The unitary group Uy has a free analogue Ult, and the study of the closed
subgroups G C Ult is a problem of general interest. We review here the general theory
of Uy, and its subgroups, with all the needed preliminaries included. We discuss as well
a number of more advanced topics, selected for their beauty, and potential importance.
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One important discovery, going back to the beginning of the 20th century, is that at the
subatomic level the “coordinates” of the various moving objects (particles) do not neces-
sarily commute. In fact, at this level, our ambient space R? gets replaced with something

not commutative, and infinite dimensional - typically a space of infinite matrices.
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Understanding why is it so, and working out all the details, remains an open problem,
belonging of course to physics. However, mathematically speaking, the problem makes
sense as well. To be more precise, the challenge is that of developing a theory of “non-
commutative geometry”, as nice and beautiful as the classical geometry. With a bit of
luck, such a theory could be exactly what the physicists are looking for.

The quantum groups belong to this circle of ideas. They are meant to play the role of
“symmetry groups” in this hypothetical noncommutative geometry theory.

There is no simple way of introducing the quantum groups. Indeed, these objects are of
“quantum” nature, in the sense that, as for the elementary particles, their coordinates do
not necessarily commute. This is not much of an issue in the long run, after getting used
to the “think quantum” philosophy, but in order to get started, some sort of algebraic
geometry formalism is definitely needed. We will use here the operator algebra one.

As a basic, central example of a quantum group, we have the free analogue Uy of the
unitary group Uy. This quantum group appears as follows:

C(Uy) =C" ((Uz’j)z’,j=1,m,N‘“* =uu' = Tfl)

To be more precise, on the right we have a certain universal algebra, constructed with
generators and relations. Our claim is that if we call this algebra C(UY,), then Uy, is a
compact quantum group, which can be thought of as being a “free analogue” of U.

Our first task is that of explaining the definition of the universal algebra on the right.
The details here are as follows:

(1) Consider an abstract square matrix u = (u;;). Assuming that the entries u;; live
in some complex algebra having an involution *, we can form the adjoint matrix,
according to the formula u* = (u};). With this convention, our first condition,
u* = u~!, is a shorthand for the usual unitarity condition uu* = u*u = 1.

(2) We recall that for the usual matrices U € My(C) the transpose of a unitary
matrix is unitary too, and we have U* = U™' = U’ = U~'. However, this
latter implication fails for the abstract matrices u = (u;;) that we are interested
in, and this is why we have to impose the condition u* = ! as well.

(3) With these observations in hand, we can consider the universal complex algebra
with involution generated by N? abstract variables (wij)ij=1,..n, subject to the
4N? relations coming from the matrix equalities vu* = v*u = vl = wut = 1,
which make our unitarity conditions u* = u~%, u* = @~! hold.

(4) Finally, we would like to have a norm on our algebra, having the C*-algebra
property |laa*|| = ||a]|?>. In order to do so, we can simply consider the abstract
biggest C*-norm on our algebra, and complete with respect to this norm. We
obtain in this way the universal C*-algebra that we are interested in.
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Summarizing, we have constructed so far a certain universal C*-algebra, say A. Now
observe that we have an obvious arrow A — C'(Uy), mapping the abstract variables u;;
to the coordinates of the unitary matrices, U — U;;. With a bit more work, one can
prove that we have in fact Apmm = C(Uy), where the quotient A — Agomm is obtained
by assuming that the variables w;;, u;; commute. Thus, our algebra A appears as a
“liberation” of C(Uy), so it is natural to denote it by C(U};), with the abstract symbol
Uy standing for some kind of “quantum space”, obtained by enlarging Uy.

In order to further build now on this construction, observe that the algebra C(U},)
has a comultiplication, a counit and an antipode map, constructed by using the universal
property of C(Uy), according to the following formulae:

Auy) = Zu’k Qug; 5 e(uiy) =05 ,  Slugy) = uj
k

There is an obvious similarity here with the group operations for the usual unitary
matrices, namely (UV )y = >, UsVij, (In)i; = 05, (U™")y; = Uj;. In fact, A,e, S can
be thought of as coming from a multiplication map m : Uy x Uy, — Uy, a unit map
u: {.} = Uf, and an inverse map i : Uy, — Uy. Thus our quantum space Uy is a
compact quantum group, which appears by definition as a free version of Uy.

All this might seem of course a bit mysterious, but will be explained in great detail,
in what follows. We will first review the operator algebra theory, and the space/algebra
correspondence X < C(X) coming from it. Then we will discuss the Hopf algebra
formalism, which amounts in replacing the structure maps m,u,: of a group or quantum
group G by the corresponding maps A, e, S at the level of the associated function algebra
C(G). With these ingredients in hand, we will be able to talk then about compact
quantum groups in general, and about the above quantum group Uy in particular.

More generally, we will be interested here in the closed quantum subgroups G C Uy,
the main examples of such quantum groups being:

1) The compact Lie groups, G C Uy.

(1)

(2) The duals G =T of the finitely generated groups I' =< ¢,...,gn >.
(3) Deformations of the compact Lie groups, with parameter ¢ = —1.

(4) Liberations, half-liberations, quantum permutation groups, and more.

Once again, all this remains to be explained. Let us mention, however, that the key
examples are the compact Lie groups, which appear first in the above list. It is known,
indeed, that any such group G appears as a subgroup of a unitary group, so we have
embeddings G C Uy C Uy, which make G a quantum group in our sense. Thus, by
getting back now to the general case, we can think of the closed quantum subgroups
G C U, that we are interested in as being the “compact quantum Lie groups”.
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We will present here the main tools for dealing with such objects, and we will discuss
as well a number of more advanced topics. The general idea is that such quantum groups
do not have a Lie algebra, or much differential geometric structure, but one can study
them via representation theory, with a mix of algebraic and probability techniques.

Regarding the possible applications of all this, the problem is open. The closed sub-
groups G C Uy are potentially related to many things, and can normally be of help in
connection with a number of questions in quantum physics. This remains to be seen.

The present text is organized in four parts, as follows:

(1) Sections 1-3 are an introduction to the closed subgroups G C Uy, with the main
examples (Oy, Oy, O%, Un, Uk, UY) explained in detail.

(2) Sections 4-6 contain basic theory, with the main examples, their bistochastic ver-
sions (By, Bf;, Cy, CY) and their twists (O, Ok, Un, Ux) worked out.

(3) Sections 7-9 are concerned with quantum permutations (Sy, S%), quantum reflec-
tions (Hy, Hy, Hy;, Kn, K, K3), and other related quantum groups.

(4) Sections 10-12 deal with some further topics, which are in need of more develop-
ment: toral subgroups, homogeneous spaces, and modelling questions.
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1. OPERATOR ALGEBRAS

In order to introduce the quantum groups, we will use the space/algebra correspon-
dence coming from operator algebra theory. Here by “operator” we mean bounded linear
operator T': H — H on a Hilbert space, and our starting point will be:

Definition 1.1. A Hilbert space is a complex vector space H given with a scalar product
< x,y >, satisfying the following conditions:

(1) < x,y > is linear in x, and antilinear in y.

(2) <x,y > =<y,x >, for any x,y.

(3) <x,x>>0, for any x # 0.

(4) H is complete with respect to the norm ||z|| = /< z,z >.

Here the fact that ||.|| is indeed a norm comes from the Cauchy-Schwarz inequality,
| < x,y > | <||z|| - ||y||, which can be established by using the fact that the degree 2
polynomial f(t) = ||z + ty||*> being positive, its discriminant must be negative.

As a basic example, we have H = CV, which scalar product < z,y >= > Tl
Another example is H = [*(N), the space of sequences = = (z;) satisfying >, |z:|* < oo,
with similar scalar product. In fact, given a measured space X, we have as example
H = I[*(X), with < f,g >= [, f(z)g(z)dz. Observe that with X = {1,..., N} and
X =N, with the counting measure, we obtain the spaces H = C¥ and H = [*(N).

Given a Hilbert space H, any algebraic basis { f; }ic; can be turned into an orthonormal
basis {e; }ier, by using the Gram-Schmidt procedure. Thus, we have H ~ [>(I). When [
is countable, H is called separable. As a basic example, H = L?[0, 1] is separable, because
we can use the basis f; = 2° with ¢ € N, coming from the Weierstrass theorem.

Let us get now into the study of operators. We first have:

Proposition 1.2. Let H be a Hilbert space, with orthonormal basis {e;}ic;. The algebra
L(H) of linear operators T : H — H 1is then isomorphic to the matriz algebra M;(C),
with T corresponding to the matriz M;; =< Te;,e; >. In particular:

(1) In the finite dimensional case, where dim(H) = N < oo, we obtain in this way a
usual matriz algebra, L(H) ~ My(C).

(2) In the separable infinite dimensional case, where I ~ N, we obtain in this way the
usual algebra of infinite matrices, L(H) ~ M (C).

Proof. The correspondence 1" — M is indeed linear, its kernel is {0}, and its image is the
whole M (C). As for the last two assertions, these are clear as well. O

The above result is something quite theoretical, because for basic spaces like L?[0, 1],
which do not have a simple orthonormal basis, the isomorphism L£(H) ~ M, (C) that
we obtain is not very useful. Thus, while the operators T': H — H are basically some
infinite matrices, it is better to think of these operators as being objects on their own.

In what follows we will be interested in the operators T : H — H which are bounded.
Regarding such operators, we have the following result:
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Theorem 1.3. Given a Hilbert space H, the linear operators T : H — H which are
bounded, in the sense that ||T|| = sup, < [[Tx]| is finite, form a complex algebra with
unit, denoted B(H). This algebra has the following properties:

(1) B(H) is complete with respect to ||.||, and so we have a Banach algebra.
(2) B(H) has an involution T'— T*, given by < Tx,y >=< x,T*y >.

In addition, the norm and the involution are related by the formula ||TT*|| = ||T||?.
Proof. The fact that we have indeed an algebra follows from:
IS+ T <SI+ T [T = AT ST < AISI]- 17

Regarding now (1), if {T,,} € B(H) is Cauchy then {7z} is Cauchy for any = € H, so
we can define the limit 7" = lim,, .o, T, by setting Tz = lim,,_,, T, x.
As for (2), here the existence of T* comes from the fact that ¢(z) =< Tx,y > being
a linear map H — C, we must have ¢(x) =< z,T*y >, for a certain vector T*y € H.
Moreover, since this vector is unique, 7™ is unique too, and we have as well:
(S+T)Y =S*+T* , (\I)*=XXT* , (ST)"=T*S* , (T*)"=T
Observe also that we have indeed T* € B(H), because:

|T|| = sup sup < Twx,y>= sup sup <z, Ty >=||T"|]

|lzl1=1 [|yl|=1 llyll=1[|=[|=1
Regarding the last assertion, we have ||[TT*|| < ||T|| - [|T*|| = ||T||*>. Also, we have:
IT||?= sup | < Tz, Tz >|= sup | <, T*Tx > | < ||T*T||
[lz]|=1 [][=1
By replacing T — T* we obtain from this ||T||*> < ||TT*||, and we are done. d

In view of Proposition 1.2 above we have an embedding B(H) C M;(C), with the
subalgebra B(H) consisting of the I x I complex matrices satisfying a certain technical
boundedness condition. Moreover, in this picture the adjoint operation T" — T™ takes a
very simple form, namely (M*);; = M; at the level of the associated matrices.

We will be interested here in the algebras of operators, rather than in the operators
themselves. The axioms here, coming from Theorem 1.3, are as follows:

Definition 1.4. A unital C*-algebra is a complex algebra with unit A, having:

(1) A norm a — ||a||, making it a Banach algebra (the Cauchy sequences converge).
(2) An involution a — a*, which satisfies ||aa*|| = ||al|?, for any a € A.

We know from Theorem 1.3 that the full operator algebra B(H) is a C*-algebra, for any
Hilbert space H. In particular, any usual matrix algebra My (C) is a C*-algebra. Observe
that at N = 1 our C*-algebra is A = C, with norm z — |z| and involution z — z, and
with the condition ||aa*|| = ||a||? corresponding to the formula |zz| = |z|*.
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More generally, any closed #-subalgebra A C B(H) is a C*-algebra. The celebrated
Gelfand-Naimark-Segal (GNS) theorem states that any C*-algebra appears in fact in this
way. This is something non-trivial, and we will be back to it later on.

For the moment, we are interested in developing the theory of C*-algebras, without
reference to operators, or Hilbert spaces. Our first task will be that of understanding the
structure of the commutative C*-algebras. As a first observation, we have:

Proposition 1.5. If X is an abstract compact space, the algebra C(X) of continuous
functions f: X — C is a C*-algebra, with structure as follows:

(1) The norm is the usual sup norm, ||f|| = sup,cx |f(2)].

(2) The involution is the usual involution, f*(x) = f(x).

This algebra is commutative, in the sense that fg = gf, for any f,g € C(X).

Proof. Almost everything here is trivial. Observe also that we have indeed:

17 £71l = sup [ f(2)f(2)| = sup | f()]* = [|fI]
zeX rzeX

Finally, we have fg = gf, since f(z)g(x) = g(z)f(x) for any z € X. O

Our claim now (the Gelfand theorem) is that any commutative C*-algebra appears in
this way. This is a non-trivial result, which requires a number of preliminaries.
We will need some basic spectral theory. Let us begin with:

Definition 1.6. The spectrum of an element a € A is the set
ola)={reCla—x¢g A"}
where A™1 C A is the set of invertible elements.

As a basic example, the spectrum of a usual matrix M € My(C) is the collection of its
eigenvalues. Also, the spectrum of a continuous function f € C(X) is its image. In the
case of the trivial algebra A = C, the spectrum of an element is the element itself.

As a first, basic result regarding spectra, we have:

Proposition 1.7. We have the following formula, valid for any a,b € A:
o(ab) U {0} = o(ba) U {0}
Moreover, there are examples where o(ab) # o(ba).

Proof. We first prove that 1 ¢ o(ab) = 1 ¢ o(ba). Assume indeed that 1 — ab is
invertible, with inverse ¢ = (1 — ab)~'. We have abc = cab = ¢ — 1, and we obtain:
(14 bca)(1 —ba) = 1+ bca —ba — bcaba
1+ bca — ba — bea + ba
1
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A similar computation shows that we have (1 —ba)(1+ bca) = 1, and we conclude that
1 — ba is invertible, with inverse 1 + bca, which proves our claim.

By multiplying by scalars, we deduce from this that we have A ¢ o(ab) = X ¢ o(ba)
for any A € C — {0}, which leads to the conclusion o(ab) U {0} = o(ba) U {0}.

Regarding now the last claim, let us first recall that for usual matrices a,b € My(C)
we have 0 € o(ab) <= 0 € o(ba), because ab is invertible if any only if ba is.

However, this latter fact fails for general operators on Hilbert spaces. As a basic
example, we can take a, b to be the shift S(e;) = e;41 on the space [*(N), and its adjoint.
Indeed, we have S*S = 1, and SS* being the projection onto eg, it is not invertible. [

Given an element a € A, and a rational function f = P/Q having poles outside o(a),
we can construct the element f(a) = P(a)Q(a)~!. For simplicity, we write:

_ Pla)
f(&) - Q(CL)

With this convention, we have the following result:

Proposition 1.8. We have the “rational functional calculus” formula

o(f(a)) = f(o(a))
valid for any rational function f € C(X) having poles outside o(a).
Proof. In order to prove this result, we can proceed in two steps, as follows:
(1) Assume first that we are in the polynomial case, f € C[X]. We pick A € C, and we
write f(X) —A=c¢(X —7r1)...(X —r,). We have then, as desired:
Ago(f(@) < fla)—reA
<~ cla—r)...(a—r,) €A
= a—ry,...,a—1, € A"
= ry,...,r, ¢0(a)
& A ¢ flofa)
(2) Assume now that we are in the general case, f € C(X). We pick A € C, we write
f=P/Q, and we set ' = P — A\(Q. By using (1), we obtain:
Aea(f(a)) F(a) ¢ A™
0€o(F(a))
0€ F(o(a))
Ju € o(a), F(p) =0
A€ f(o(a))

Thus, we have obtained the formula in the statement. O

[
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Given an element a € A, its spectral radius p(a) is the radius of the smallest disk
centered at 0 containing o(a). We have the following key result:

Proposition 1.9. Let A be a C*-algebra.

(1) The spectrum of a norm one element is in the unit disk.

(2) The spectrum of a unitary element (a* = a™1) is on the unit circle.

(3) The spectrum of a self-adjoint element (a = a*) consists of real numbers.
(4) The spectral radius of a normal element (aa* = a*a) is equal to its norm.

Proof. We use the various results established above.
(1) This comes from the following formula, valid when ||a|| < 1:

=1l4+a+ad>+...

1—a
(2) This follows by using Proposition 1.8, with f(z) = z~'. Indeed, we have:
o(a) =o(a") =0o(a") = 0(a)

Now since A™' = X characterizes the elements A € T, this gives the result.
(3) This follows by using (2), and Proposition 1.8, with f(z) = (z +it)/(z — it), with
t € R. Indeed, for ¢t >> 0 the element f(a) is well-defined, and we have:

a+it\" a—it (a4t -1
a—it) a+it \a—it
Thus f(a) is a unitary, and by using (2) its spectrum is contained in T. We conclude
that we have f(o(a)) = o(f(a)) C T, and so o(a) C f~1(T) = R, as desired.

(4) We already know from (1) that we have p(a) < ||a||. For the converse, if we fix a
number p > p(a), we have the following computation:

2" -
/ dz = E (/ z”_k_ldz) a* =a"?
jzl=p # — @ k=0 \lzl=p

By applying the norm and taking n-th roots we obtain from this:

p > lim [la”|[V"
n—oo
In the case a = a* we have ||a™|| = ||a||[* for any exponent of the form n = 2* and by
taking n-th roots we get p > ||a||. This gives the missing inequality p(a) > ||al|.
In the general case aa* = a*a we have a"(a")* = (aa*)", and we get p(a)?* = p(aa*).
Now since aa* is self-adjoint, we get p(aa*) = ||a||?, and we are done. O

Summarizing, we have so far a collection of results regarding the spectra of the elements
in C*-algebras, which are similar to the results regarding the eigenvalues of the usual
matrices. We are now in position of proving a key result, from [61], namely:
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Theorem 1.10 (Gelfand). Any commutative C*-algebra is the form C(X), with its “spec-
trum” X = Spec(A) appearing as the space of characters x : A — C.

Proof. Given a commutative C*-algebra A, we can define indeed X to be the set of
characters x : A — C, with the topology making continuous all the evaluation maps
ev, : X — X(a). Then X is a compact space, and a — ev, is a morphism of algebras
ev: A — C(X). We first prove that ev is involutive. We use the following formula:
a+a* . ila—a¥)

2 2

Thus it is enough to prove the equality ev,« = ev} for self-adjoint elements a. But this
is the same as proving that a = a* implies that ev, is a real function, which is in turn
true, because ev,(x) = x(a) is an element of o(a), contained in R.

Since A is commutative, each element is normal, so ev is isometric:

|leva]| = p(a) = [lall
It remains to prove that ev is surjective. But this follows from the Stone-Weierstrass
theorem, because ev(A) is a closed subalgebra of C(X), which separates the points. O

As a first consequence of the Gelfand theorem, we can extend Proposition 1.8 above in
the case of the normal elements (aa* = a*a), in the following way:

Proposition 1.11. Assume that a € A is normal, and let f € C(o(a)).
(1) We can define f(a) € A, with f — f(a) being a morphism of C*-algebras.
(2) We have the “continuous functional calculus” formula o(f(a)) = f(o(a)).

Proof. Since our element a is normal, the C*-algebra B =< a > that is generates is
commutative, and the Gelfand theorem gives an identification B = C(X), with X =
Spec(B). The map X — o(a) given by evaluation at a being bijective, we have an
identification X = o(a). Thus we have B = C(o(a)), and this gives all the assertions. [

The Gelfand theorem has as well some important philosophical consequences. Indeed,
in view of this theorem, we can formulate the following definition:

Definition 1.12. Given an arbitrary C*-algebra A, we write A = C(X), and call X a
noncommutative compact space. Equivalently, the category of the noncommutative com-
pact spaces is the category of the C*-algebras, with the arrows reversed.

When A is commutative, the space X considered above exists indeed, as a Gelfand
spectrum, X = Spec(A). In general, X is something rather abstract, and our philosophy
here will be that of studying of course A, but formulating our results in terms of X. For
instance whenever we have a morphism ® : A — B, we will write A = C(X),B = C(Y),
and rather speak of the corresponding morphism ¢ : Y — X. And so on.

We will see later on, after developing some more theory, that this formalism has its
limitations, and needs a fix. For the moment, however, let us explore the possibilities
that it opens up. As basic examples of such noncommutative spaces, we have:
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Definition 1.13. We have noncommutative spaces, constructed as follows,

x; :xf,fo = 1)
C’(ngrl) = C* (xl,...,xN‘ lexf = Zm?xz = 1)

called respectively the free real sphere, and the free complex sphere.

C(Sﬁi;l) =C" (.I'l, A

Here the C* symbols on the right stand for “universal C*-algebra generated by”. The
fact that such universal C*-algebras exist indeed follows by considering the corresponding
universal x-algebras, and then completing with respect to the biggest C*-norm. Observe
that this biggest C*-norm exists indeed, because the quadratic conditions give:

Sl = S ] < 1Y waif) = 1

Given a noncommutative space X, its classical version is the space X, obtained by
dividing C'(X) by its commutator ideal, and then applying the Gelfand theorem:

C(Xeaass) =C(X)/IT , I=<]a,b]>

Observe that we have an embedding of noncommutative spaces X qss C X. In this
situation, we also say that X appears as a “liberation” of X.
As a first result regarding the above free spheres, we have:

Proposition 1.14. We have embeddings of noncommutative spaces, as follows,

N-1 N-1
S¢ T —5¢+

Sp | =5y’
and the spaces on the right appear as liberations of the spaces of the left.

Proof. The first assertion is clear. For the second, we must establish the following iso-
morphisms, where C stands for “universal commutative C*-algebra generated by”:

comm
N—-1 * * E 2
C(SR7+ ) = Ccomm (331, <y TN = Ty, Ty = 1)
i
C SNfl = C* _ * 1
( C,+ ) = Ceomm | ¥15---H TN Til; = T; Xy =
i i

But these isomorphisms are both clear, by using the Gelfand theorem. U
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We can enlarge our class of basic manifolds by introducing tori, as follows:

Proposition 1.15. Given a closed subspace S C ngrl, the subspace T C S given by

1
o) =cs)/ <xx - N>
1s called associated torus. In the real case, S C Sﬁ;l, we also call T cube.

As a basic example here, for S = S(JCV ~! the corresponding submanifold 7' C S appears
by imposing the relations |x;| = \/LN to the coordinates, so we obtain a torus:

1
S=85"1 = T:{QJE(CN“$¢|:—
VN

As for the case of the real sphere, S = S]fg ~1 here the submanifold T C S appears by
imposing the relations x; = j:ﬁ to the coordinates, so we obtain a cube:

S=81"1 = T:{xeRN

1
Th=
=t
Observe that we have a relation here with group theory, because the complex torus

computed above is the group TV, and the cube is the finite group Z%'.
In general now, in order to compute 7', we can use the following simple fact:

Proposition 1.16. When S C ngrl s an algebraic manifold, in the sense that

O(S) = C(Sg;l)/<fi(x1, L TN) = o>
for certain noncommutative polynomaials f; € C < x1,..., x5 >, we have

c(T)y=cr (ul,...,uN

u; = u;l,gi(ul,...,uN) = O)

with the poynomials g; being given by gi(us, ..., uy) = fi(v'Nuy, ...,V Nuy).
Proof. According to our definition of the torus T C S, the following variables must be
unitaries, in the quotient algebra C'(S) — C(T):

Z;

VN

Now if we assume that these elements are unitaries, the quadratic conditions ), z;x] =
> Tix; = 1 are automatic. Thus, we obtain the space in the statement. U

U; =

Summarizing, we are led to the question of computing certain algebras generated by
unitaries. In order to deal with this latter problem, let us start with:
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Proposition 1.17. Let T" be a discrete group, and consider the complex group algebra
CII'], with involution given by the fact that all group elements are unitaries:

g=9g" , Vger

The mazimal C*-seminorm on C[I'] is then a C*-norm, and the closure of C[I'| with
respect to this norm is a C*-algebra, denoted C*(T).

Proof. In order to prove the result, we must find a *-algebra embedding C[I'] C B(H),
with H being a Hilbert space. For this purpose, consider the space H = [*(T'), having
{h}nrer as orthonormal basis. Our claim is that we have an embedding, as follows:

7 C[T|C B(H) , n(g)(h) = gh
Indeed, since m(g) maps the basis {h}ner into itself, this operator is well-defined,
bounded, and is an isometry. It is also clear from the formula 7(g)(h) = gh that g — 7(g)

is a morphism of algebras, and since this morphism maps the unitaries g € I' into isome-
tries, this is a morphism of x-algebras. Finally, the faithfulness of 7 is clear. U

In the abelian group case, we have the following result:
Proposition 1.18. Given an abelian discrete group I', we have an isomorphism
() ~ C(G)
where G =T is its Pontrjagin dual, formed by the characters x : I' — T.

Proof. Since T" is abelian, the corresponding group algebra A = C*(I") is commutative.
Thus, we can apply the Gelfand theorem, and we obtain A = C(X), with X = Spec(A).
But the spectrum X = Spec(A), consisting of the characters x : C*(I') — C, can be

identified with the Pontrjagin dual G = I', and this gives the result. U
The above result suggests the following definition:
Definition 1.19. Given a discrete group I, the noncommutative space G given by
C(G)=Cc*(I)
15 called abstract dual of I, and is denoted G = r.

This notion should be taken in the general sense of Definition 1.12. The same warning
as there applies, because there is a functoriality problem here, which needs a fix.

To be more precise, in the context of Proposition 1.17, we can see that the closure

* 4(I') of the group algebra C[I'] in the regular representation is a C*-algebra as well.
We have a quotient map C*(I') — C,,(I'), and if this map is not an isomorphism, which
is something that can happen, we are in trouble. We will be back to this, later on.

In short, our formalism so far is “mathematically correct, but physically wrong”. So,
taking now advantage of the freedom of thought offered by abstract mathematics, let us

just ignore this, and go ahead. By getting back to the spheres, we have:



14 TEO BANICA

Theorem 1.20. The tori of the basic spheres are all group duals, as follows,

o~

TV Fn
zy 2

where Fy s the free group on N generators, and x is a group-theoretical free product.

Proof. By using the presentation result in Proposition 1.16 above, we obtain that the
diagram formed by the algebras C(T') is as follows:

C*(Z3) C(Z5")

According to Definition 1.19, the corresponding noncommutative spaces are:

ZN — 7N

y N
Together with the Fourier transform identifications from Proposition 1.18 above, and
with our free group convention Fy = Z*V, this gives the result. U

As a conclusion to these considerations, the Gelfand theorem alone produces out of
nothing, or at least out of some basic common sense, some potentially interesting math-
ematics. We will be back later on to these objects, on several occasions.

Let us review now the other fundamental result regarding the C*-algebras, namely the
representation theorem of Gelfand, Naimark and Segal, which states that any C*-algebra
appears as an algebra of operators, A C B(H), over some Hilbert space H.

In the commutative case, the precise statement is as follows:

Proposition 1.21. Let A be a commutative C*-algebra, write A = C(X), with X being
a compact space, and let |1 be a positive measure on X. We have then an embedding

AC B(H)
where H = L*(X), with f € A corresponding to the operator g — fg.
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Proof. Given f € C(X), consider the operator T¢(g) = fg, on the Hilbert space H =
L*(X). Observe that T} is indeed well-defined, and bounded as well, because:

1 fgll2 = \//X |F (@) Plg() Pdp(z) <[ f]lllgll2

The application f — T being linear, involutive, continuous, and injective as well, we
obtain in this way a C*-algebra embedding A C B(H), as claimed. O

In general, the idea will be that of extending the above construction. In order to do so,
we must first discuss the analogues of the positive functions and measures.
Regarding the “positive functions”, we have here the following result:

Proposition 1.22. For an element a € A, the following are equivalent:
(1) a is positive, in the sense that o(a) C [0,00).
(2) a = b2, for some b € A satisfying b = b*.
(3) a = cc*, for some c € A.

Proof. Regarding (1) = (2), observe that o(a) C R implies a = a*. Thus the algebra
< a > is commutative, and by using the Gelfand theorem, we can set b = /a.

The implication (2) == (3) is trivial, because we can set ¢ = b. Observe that
(2) = (1) is clear too, because we have o(a) = o(b*) = o(b)* C R?* = [0, c0).

For (3) == (1), we proceed by contradition. By multiplying ¢ by a suitable element
of < cc* >, we are led to the existence of an element d # 0 satisfying —dd* > 0. By
writing d = x + 1y with x = 2*, y = y* we have:

dd* + d*d = 2(z* +y*) > 0
Thus d*d > 0. But this contradicts the elementary fact that o(dd*),o(d*d) must

coincide outside {0}, coming from Proposition 1.7 above. U

It remains to discuss the analogues of the positive measures. In order to do so, we
will use a functional analysis trick, coming from the Riesz theorem, which amounts in
replacing the positive measures p with the corresponding integration functionals.

To be more precise, let us start with the following definition:

Definition 1.23. Consider a linear map ¢ : A — C.

(1) ¢ is called positive when a >0 = ¢(a) > 0.
(2) @ is called faithful and positive when a > 0,a #0 = ¢(a) > 0.

In the commutative case, A = C(X), the positive linear forms appear as follows, with
1t being positive, and strictly positive if we want ¢ to be faithful and positive:

o(f) = /X f (@) dp(z)
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In general, the positive linear forms can be thought of as being integration functionals
with respect to some underlying “positive measures”. We can use them as follows:

Proposition 1.24. Let ¢ : A — C be a positive linear form.

(1) < a,b>=p(ab*) defines a generalized scalar product on A.
(2) By separating and completing we obtain a Hilbert space H .
(3) m(a) : b — ab defines a representation m: A — B(H).

(4) If  is faithful in the above sense, then m is faithful.

Proof. Almost everything here is straightforward, as follows:
(1) This is clear from definitions, and from Proposition 1.22.
(2) This is a standard procedure, which works for any scalar product.
(3) All the verifications here are standard algebraic computations.
(4) This follows indeed from a # 0 = w(aa*) # 0 = =(a) # 0. O

In order to establish the GNS theorem, it remains to prove that any C*-algebra has a
faithful and positive linear form ¢ : A — C. This is something more technical:
Proposition 1.25. Let A be a C*-algebra.

(1) Any positive linear form ¢ : A — C is continuous.

(2) A linear form ¢ is positive iff there is a norm one h € Ay such that ||p|| = ¢(h).
(3) For any a € A there exists a positive norm one form o such that p(aa*) = ||al|*.
(4) If A is separable there is a faithful positive form ¢ : A — C.

Proof. The proof here, which is quite technical, inspired from the existence proof of the
probability measures on abstract compact spaces, goes as follows:
(1) This follows from Proposition 1.24, via the following inequality:

pa)] < [lm(a)lle(1) < lalle(1)

(2) In one sense we can take h = 1. Conversely, let a € A4, ||a|| < 1. We have:
lp(h) —p(a)| < lel] - [|h — al| < ()1 = ¢(h)
Thus we have Re(p(a)) > 0, and it remains to prove that the following holds:
a=a" = ¢(a) ER

By using 1 —h > 0 we can apply the above to a = 1—h and we obtain Re(p(1—h)) > 0.
We conclude that Re(p(1)) > Re(o(h)) = ||¢||, and so ¢(1) = ||¢]|.
Summing up, we can assume h = 1. Now observe that for any self-adjoint element a,
and any t € R we have the following inequality:
lo(L+ita)? < [l ||1 + ital]*
= o(1)’|l1 + ||
< @1+ [al]?)
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On the other hand with ¢(a) = = + iy we have:

lo(1+ita)] = |p(1) — ty + itz

> (p(1) —ty)*

We therefore obtain that for any t € R we have:

p(L*(1+ [al]*) = (p(1) — ty)®
Thus we have y = 0, and this finishes the proof of our remaining claim.
(3) Consider the linear subspace of A spanned by the element aa*. We can define here

a linear form by the formula ¢(Aaa*) = A||a||*>. This has norm one, and by Hahn-Banach

we get a norm one extension to the whole A. The positivity of ¢ follows from (2).
(4) Let (a,) be a dense sequence inside A. For any n we can construct as in (3) a

positive form satisfying o, (ana’) = ||a,||?, and then define ¢ in the following way:
p = £
on
n=1

Let a € A be a nonzero element. Pick a, close to a and consider the pair (H,)
associated to the pair (A, ¢, ), as in Proposition 1.24. We have then:

pnlaa”) = ||m(a)1]]
> |lw(an)1]] = lla = a|
= |[an|| = |la = a|
> 0
Thus ¢, (aa*) > 0. It follows that we have ¢(aa*) > 0, and we are done. O

With these ingredients in hand, we can now state and prove:

Theorem 1.26 (GNS theorem). Let A be a C*-algebra.

(1) A appears as a closed x-subalgebra A C B(H), for some Hilbert space H.
(2) When A is separable (usually the case), H can be chosen to be separable.
(3) When A is finite dimensional, H can be chosen to be finite dimensional.

Proof. This result, from [62], follows indeed by combining the construction from Propo-
sition 1.24 with the existence result from Proposition 1.25 above. U

The GNS theorem is something powerful and concrete, which perfectly complements the
Gelfand theorem, and the resulting noncommutative compact space formalism. The idea
indeed is that “once you are lost into noncommutative geometry considerations, coming
from abstract C*-algebras, you can always get back to good old Hilbert spaces”.

We actually already got lost, a few pages ago, in connection with the wrong functoriality
of the Gelfand correspondence, which is something especially visible for the group duals.
So, time to fix this, by using the GNS theorem. Let us formulate:
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Definition 1.27. The category of compact measured spaces (X, p) is the category of the
C*-algebras with faithful traces (A, ), with the arrows reversed. In the case where we
have a C*-algebra A with a non-faithful trace ¢, we can still talk about the corresponding
compact measured space (X, i), by performing the GNS construction.

Observe that this definition fixes the functoriality problem with Gelfand duality, at
least for the group algebras. Indeed, in the context of the comments following Definition
1.19, consider an arbitrary intermediate C*-algebra, as follows:

C*< ) — A= red(r)

If we perform the GNS construction with respect to the canonical trace, we obtain
the reduced group algebra C7 ,(I"). Thus, all these algebras A correspond to a unique
noncommutative space in the above sense, which is the abstract group dual T.

Let us record a statement about this finding, as follows:

Proposition 1.28. The category of group duals T isa well-defined subcategory of the
category of compact measured spaces, with each individual T" corresponding to the full
group algebra C*(I"), or the reduced group algebra C*, ,(I'), or any algebra in between.

Proof. This is indeed more of an empty statement, coming from the above discussion. [

With this in hand, it is tempting to go even further, namely forgetting about the C*-
algebras, and trying to axiomatize instead the operator algebras of type L>°(X). Such
an axiomatization is possible, and the resulting class of operator algebras consists of a
certain very special type of C*-algebras, called “finite von Neumann algebras”.

However, and here comes our point, doing so would be bad, and would lead to a weak
theory, because many spaces such as the compact groups, or the compact homogeneous
spaces, do not come with a measure by definition, but rather by theorem.

In short, our “fix” is not a very good fix, and if we want a really strong theory, we must
invent something else. In order to do so, our idea will be that of restricting the attention
to certain special classes of noncommutative algebraic manifolds, as follows:

Definition 1.29. A real algebraic submanifold X C SN+1 is a closed noncommutative
space defined, at the level of the corresponding C*-algebra, by a formula of type

C(X) = OS2 [ (il on) = 0)

for certain noncommutative polynomials f; € C < zy,...,xx >. We denote by C(X) the
x-subalgebra of C(X) generated by the coordinate functions xq,...,Ty.
Observe that any family of noncommutative polynomials f; € C < xq,...,zy > pro-

duces such a manifold X, simply by defining an algebra C'(X) as above. Observe also that
the use of the free complex sphere is essential in all this, because the quadratic condition
Yo xiwl =), xfx; = 1 guarantees the fact that the universal C*-norm is bounded.
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We have already met such manifolds, in the context of the free spheres, free tori, and
more generally in Proposition 1.16 above. Here is a list of examples:

Proposition 1.30. The following are algebraic submanifolds X C Sé\fjrl:

(1) The spheres S+ C SF™, S]fg;l C Sg;l.
(2) Any compact Lie group, G C U,, when N = n?.
(3) The duals T of finitely generated groups, I' =< g1,...,gn >.

Proof. These facts are all well-known, the proof being as follows:

(1) This is true by definition of our various spheres.

(2) Given a closed subgroup G C U, we have indeed an embedding G C Sév —1 with
N = n? given in double indices by z;; = u—ijl, that we can further compose with the
standard embedding S(]CV ¢ Sg jrl. As for the fact that we obtain indeed a real algebraic
manifold, this is well-known, coming either from Lie theory or from Tannakian duality.
We will be back to this fact later on, in a more general context.

(3) This follows from the fact that the variables x; = \?iﬁ satisfy the quadratic relations

> wixy = wix; = 1, with the algebricity claim of the manifold being clear. O

At the level of the general theory, we have the following version of the Gelfand theorem,
which is something very useful, and that we will use many times in what follows:

Theorem 1.31. When X C S¥7! is an algebraic manifold, given by

C,+
C(x) = C(SYN) [ (filan, . aow) = 0)
for certain noncommutative polynomaials f; € C < xy,..., x5 >, we have

Xclass = {.T € Sgil

fi(acl, Ce ,.CI:'N> = O}
and X appears as a liberation of X ass-

Proof. This is something that already met, in the context of the free spheres. In general,
the proof is similar, by using the Gelfand theorem. Indeed, if we denote by X/, .. the
manifold constructed in the statement, then we have a quotient map of C*-algebras as

follows, mapping standard coordinates to standard coordinates:
C(XclaSS) - C( élass)

Conversely now, from X C Sg jrl we obtain X uss C S(]CV ~1 and since the relations
defining X/, .. are satisfied by X .ss, we obtain an inclusion of subspaces X5 C X[}y
Thus, at the level of algebras of continuous functions, we have a quotient map of C*-

algebras as follows, mapping standard coordinates to standard coordinates:
C( : ) — C(Xclass)

class

Thus, we have constructed a pair of inverse morphisms, and we are done. O
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With these results in hand, we are now ready for formulating our second “fix” for the
functoriality issues of the Gelfand correspondence, as follows:

Definition 1.32. The category of the real algebraic submanifolds X C Sg’jrl is the cate-
gory of the universal C*-algebras of type

C(X) = OS2 [ { il on) = 0)

with f; € C < xq,...,xn > being noncommutative polynomials, with the arrows X — Y
being the x-algebra morphisms C(Y) — C(X), mapping coordinates to coordinates.

In other words, such algebraic manifolds are those from Definition 1.29 above, with
the convention that we identify X ~ Y in the case where we have an isomorphism of
x-algebras C(Y') — C(X), mapping coordinates to coordinates.

This fix works indeed for the group algebras, because we have:

Theorem 1.33. The category of finitely generated groups I' =< g1,...,gn >, with the
morphisms being the group morphisms mapping generators to generators, embeds covari-
antly via I' — T into the category of real algebraic submanifolds X C S

Proof. We know from Proposmon 1.30 that, given a group I' =< ¢1,...,gn >, we have
an embedding I’ C Se N ! given by z; = jiﬁ. Now since a morphism C[I'] — C[A] mapping
coordinates to Coordlnates means a morphism of groups I' — A mapping generators to
generators, our notion of isomorphism is indeed the correct one, as claimed. O

We will see later on that Theorem 1.33 has various extensions to the quantum groups
and quantum homogeneous spaces that we will be interested in, in what follows.

So, this will be our formalism, and operator algebra knowledge required. We should
mention that our approach heavily relies on Woronowicz’s philosophy in [98]. Also, part
of the above has been folklore for a long time, with the details worked out in [14].

Getting back now to the main examples, namely the free analogues Sg +1, SN L of the
spheres Sp Nt Se N=1in order to further understand their structure, we would need to have
as well free analogues O}, Uy of the orthogonal and unitary groups Oy, Uy. Constructing
these free analogues will be our next purpose, in what follows.
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2. QUANTUM GROUPS

In order to construct liberations of Oy, Uy, and other “quantum groups”, the idea is
very simple, coming from the usual multiplicative formulae for unitary matrices:

(UV); = Z UiVig » (An)ij =0i5 (U_l)z‘j =U};
k

A bit of Gelfand duality thinking, to be explained in detail in the proof of Proposition
2.2 below, leads from this to the following definition, due to Woronowicz [98]:

Definition 2.1. A Woronowicz algebra is a C*-algebra A, given with a unitary matrix
u € My(A) whose coefficients generate A, such that:

(1) A(uij) = D5 uik @ uy; defines a morphism of C*-algebras A — A ® A.
(2) e(wij) = 6;; defines a morphism of C*-algebras A — C.
(3) S(uiz) = uj; defines a morphism of C*-algebras A — A°PP.

In this case, we write A = C(G), and call G a compact matriz quantum group.

In this definition A ® A is the universal C*-algebraic completion of the usual algebraic
tensor product of A with itself, and A°P is the opposite C*-algebra, with multiplication
a - b = ba. The reasons for using A°? instead of A itself will become clear later on.

The above morphisms A, €, .S are called comultiplication, counit and antipode. Observe
that if these morphisms exist, they are unique. This phenomenon is analogous to the fact
that a closed set of unitary matrices G C Uy is either a compact group, or not.

The motivating examples of Woronowicz algebras are as follows:

Proposition 2.2. Given a closed subgroup G C Uy, the algebra A = C(G), with the
matriz formed by the standard coordinates u;j(g) = g5, is a Woronowicz algebra, and:

(1) For this algebra, the morphisms A, e, S appear as functional analytic transposes of
the multiplication, unit and inverse maps m,u, of the group G.

(2) This Woronowicz algebra is commutative, and conversely, any Woronowicz algebra
which is commutative appears in this way.

Proof. Since we have G C Uy, the matrix u = (u;;) is unitary. Also, since the coordinate
functions wu,; separate the points of GG, by the Stone-Weierstrass theorem we obtain that
the s-subalgebra A C C(G) generated by them is dense. Finally, the fact that we have
morphisms A, e, S as in Definition 2.1 follows from the proof of (1) below.

(1) We use the above formulae for unitary matrices. The fact that m’ satisfies the
condition in Definition 2.1 (1) follows from the following computation, with U,V € G:

m" (u;) (U V)= (UV); = Z Ui Vij = Z(uzk ® ug; ) (U@ V)
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Regarding now the morphism u”, the verification of the condition in Definition 2.1 (2)
is trivial, coming from the following equalities:

ul (ui) = Lij = &y

Finally, the morphism 47 verifies the condition in Definition 2.1 (3) as well, because we
have the following computation, valid for any U € G"

i (uig)(U) = (U )y = Uy = uy(U)

(2) This folllows from the Gelfand theorem. Indeed, we can write A = C(G), with G
being a certain compact space. By using the matrix of coordinates u = (u;;) we obtain
an embedding G C Uy, and then by using A, ¢, .S, it follows that the subspace G C Uy
that we have obtained is in fact a closed subgroup, and we are done. O

Let us go back now to the general setting of Definition 2.1. According to Proposition
2.2, and to the general C*-algebra philosophy, the morphisms A, e, S can be thought of
as coming from a multiplication, unit map and inverse map, as follows:

m:GxG—-G , uw:{}—=-G , i:G—=>G

Of course, since G does not exist as a concrete object, nor do m,u, 7 exist. However,
we can use some inpiration from group theory in order to study A, e, S, and G itself.

Here is a first result of this type, expressing in terms of A e, S the fact that the
underlying maps m, u, ¢ should satisfy the usual group theory axioms:

Proposition 2.3. The comultiplication, counit and antipode have the following properties,
on the dense x-subalgebra A C A generated by the variables w;;:

(1) Coassociativity: (A ® id)A = (id ® A)A.
(2) Counitality: (id® e)A = (e ® id)A = id.
(3) Coinversality: m(id ® S)A = m(S @ id)A = e(.)1.
In addition, the square of the antipode is the identity, S* = id.
Proof. Observe first that the result holds in the case where A is commutative. Indeed, by

using Proposition 2.2 we can write A = m!,e = u!, S = i’, and the above 3 conditions
come by transposition from the basic 3 conditions satisfied by m, u, ¢, namely:

m(m x id) = m(id x m)
m(id x u) = m(u X id) = id
m(id ®1)0 =m(i ®id)d = 1

Here 6(g) = (g,9). Observe also that the last condition, S? = id, is satisfied as well,
coming from the identity i = id, which is a consequence of the group axioms.
In the general case now, the proof goes as follows:
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(1) This follows from the following computations:

(A ®@id)A(uij) Z Aug) @ wy = Z Uik, @ Uy & Uy
Kl

(id @ A)A(uyy) Z uik ® A(ugy) Z Uik ® U ®
(2) The proof here is quite s1m11ar as follows:

(id ® €)A(uiy) Zum@)eum

(e @ id)A(uig) = Y elui) @ wgy = uiy
k
3) By using the fact that the matrix u = (u;;) is unitary, we obtain:
(3) By using J y

m(id ® S)A(u;;) ZulkS Ukj) Zulku;‘k = (uu®);; = 9y
k

m(S @ id) A(u;;) Z S (wig)ur; = ZUZZUIC] = (u"u);; = 9y
k

Finally, the formula S? = id holds as well on the generators, and we are done. U

Observe that, by continuity, the formulae (1) and (2) above hold on the whole algebra
A. However, regarding the formula (3), the maps appearing there do not have an obvious
extension to A, and this is why we have to formulate Proposition 2.3 as it is.

By getting back now to Proposition 2.2, this statement becomes even more interesting
when coupled with the well-known fact that the closed subgroups G C Uy are exactly the
compact Lie groups. This is something non-trivial, but we can nevertheless formulate:

Definition 2.4. Let A = C(G) be a Woronowicz algebra, with coordinates w;;.

(1) The dense x-subalgebra A =< u;; > is denoted C*(G).
(2) We also call G a compact quantum Lie group.

This definition is of course something quite philosophical, because we have not discussed
here the above-mentioned result about the compact Lie groups, G C Uy, nor looked for
quantum extensions of it. In addition, all this might seem to suggest that the compact
matrix quantum groups have some kind of Lie type differential geometry structure, and
this is not the case. For instance, we will see later on that certain noncommutative tori,
such as the free group dual F v, which is a well-known space in mathematics, notoriously
having no interesting differential geometry, are compact matrix quantum groups.

As a last general comment, Definition 2.1 as formulated is not exactly the one used by
Woronowicz in [98]. The formalism there is more general, negating the condition S? = id,
in order to cover some extra examples, which were of interest at the time of [98].
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Let us discuss now another class of basic examples, namely the group duals. The result
here, which among others clarifies the use of A% instead of A, is as follows:

Proposition 2.5. Given a finitely generated discrete group I' =< g1, ..., gy >, the group
algebra A = C*(I"), together with the diagonal matriz formed by the standard generators,
u=diag(g1,...,9n), is a Woronowicz algebra. Moreover:

(1) For this algebra, the maps A, e, S are given by the formulae A(g) = g®g, €(g) =1
and S(g) = g, for any group element g € T.

(2) This Woronowicz algebra is cocommutative, in the sense that we have LA = A,
where ¥(a ® b) = b ® a is the flip map.

Proof. Since the involution on C*(T') is by definition given by g* = g~ for any group ele-
ment g € I', all these group elements are unitaries. In particular the standard generators

g1, .. .,gn are unitaries, and so must be the diagonal matrix formed by them:
g1
u =
gn
Also, since gy, ..., gy generate I', these elements generate the group algebra C*(I') as

well, in the algebraic sense. Finally, the fact that we have indeed maps A,&,S as in
Definition 2.1 follows from the explicit formulae in the proof of (1) below.

(1) This is clear from definitions, because the maps A e, S can be defined by the
formulae in the statement, by using the universality property of C*(I'). To be more
precise, consider the following map, which is a unitary representation:

- Mec () , g=g®g

By the universal property of C*(I") this representation extends then into a morphism
A:C*T) — C*(T) @ C*(T'), given by the same formula, A(g) = g ® g.
The situation for ¢ is similar, because this comes from the trivial representation:

'—{1} , g—1
Finally, the antipode S comes from the following unitary representation:
L—c @™ , g—g'

Observe that we have to use the opposite algebra, for this map to be multiplicative.
(2) This property is clear from the formula A(g) = g ® g, and from the fact that the
group elements g € I" span the whole group algebra C*(T"). U

We will see later on that any cocommutative Woronowicz algebra appears in fact as
above, up to some standard equivalence relation for such algebras.
In the abelian group case we have a more precise result, as follows:
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Proposition 2.6. Assume that I' as above is abelian, and let G = T be its Pontrjagin
dual, formed by the characters x : I' — T. The canonical isomorphism

C*(T) ~ C(G)
transforms then the comultiplication, counit and antipode of C*(I"), given by

Alg)=g®g . eg=1 ., Slg=g"
into the comultiplication, counit and antipode of C'(G), given by:
Ap(g.h) = ¢lgh) . e(p)=wp(1) , Selg)=wlg™)
Thus, the identification G = Tisa compact quantum group tsomorphism.

Proof. Assume indeed that ' =< gy,..., gy > is abelian. Our claim is that with G = r
we have a group embedding G C Uy, constructed as follows:

x(g1)
X —

x(gn)

Indeed, this formula defines a unitary group representation, whose kernel is {1}.

Summarizing, we have two Woronowicz algebras to be compared, namely C(G), con-
structed as in Proposition 2.2, and C*(I"), constructed as in Proposition 2.5.

We already know from Proposition 1.18 above that the underlying C*-algebras are
isomorphic. Now since the morphisms A, ¢, S agree on the standard generators g1, ..., gy,
they agree everywhere, and we are led to the conclusions in the statement. O

As a conclusion to all this, we can supplement Definitions 2.1 and 2.4 with:
Definition 2.7. Given a Woronowicz algebra A = C(G), we write as well
A=C*(I)
and callT =G a finitely generated discrete quantum group.

We should mention that there is a slight problem with the functoriality here, because
for certain groups like the free group I' = Fly, the group *-algebra C[I'] is known to have
several C*-algebraic completions, which are all Woronowicz algebras. In order to fix this
problem, we will use the general philosophy from section 1 above. Let us start with:

Proposition 2.8. Given a Woronowicz algebra A = C(G), we have an embedding

Gc Sy

gwen in double indices by x;; = %, where u;j are the standard coordinates of G.
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Proof. This is something that we already know for the classical groups, and for the group
duals as well, from Proposition 1.30 above. In general, the proof is similar, coming from
the fact that the matrices u, u are both unitaries, with the unitarity of « coming from the
unitarity of u, by applying the antipode. We will be back later on to this latter fact, with
full details, in the context of representation theory, in section 3 below. U

As explained in the proof of Proposition 1.30, in the classical group case we obtain in
this way an algebraic manifold, but this is not trivial. The situation in general is similar,
and we will discuss this after developing some appropriate tools, in section 4 below.

However, in waiting for all this to be complete, we can nevertheless take some inspiration
from Definition 1.32 above, and formulate the following definition:

Definition 2.9. Given two Woronowicz algebras (A, u) and (B,v), we write A ~ B, and
indentify as well the corresponding compact and discrete quantum groups, when we have an
isomorphism of x-algebras A ~ B mapping standard coordinates to standard coordinates.

In view of the various results and comments from section 1, the functoriality problem
for the compact and discrete quantum groups is therefore fixed. All this needs of course
a bit more discussion, and we will do this later on, once we will have more tools.

Let us get now into a much more interesting question, namely the construction of
examples. We can construct examples by using various operations. First, we have:

Proposition 2.10. Given two compact quantum groups G, H, so is their product G X H,
constructed according to the following formula:

C(GxH)=C(G)®C(H)

Equivalently, at the level of the associated discrete duals T'; A, we can set
C*(T' x A)=C*(T') @ C*(A)

and we obtain the same equality of Woronowicz algebras as above.

Proof. Assume indeed that we have two Woronowicz algebras, (A,u) and (B,v). Our
claim is that the following construction produces a Woronowicz algebra:

C=A®B , w=diag(u,v)

Indeed, the matrix w is unitary, and its coefficients generate C. As for the existence
of the maps A, ¢, 5, this follows from the functoriality properties of ®, which is here, as
usual, the universal C*-algebraic completion of the algebraic tensor product.

With this claim in hand, the first assertion is clear. As for the second assertion, let us
recall that when G, H are classical and abelian, we have the following formula:

GxH=GxH
Thus, our second assertion is simply a reformulation of the first assertion, with the x
symbol used there being justified by this well-known group theory formula. U
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As a consequence of the above result, we can make products of groups and group duals,
and we obtain in this way quantum groups which are not groups, nor group duals.
Here is now a more subtle construction, due to Wang [91]:

Proposition 2.11. Given two compact quantum groups G, H, so is their dual free product
G * H, constructed according to the following formula:

C(G*xH)=C(G)*C(H)

Equivalently, at the level of the associated discrete duals T'; A, we can set
C*(I'sx A) =C*(I') « C*(A)

and we obtain the same equality of Woronowicz algebras as above.

Proof. The proof here is identical with the proof of Proposition 2.10, by replacing every-
where the tensor product ® with the free product %, with this latter product being by
definition the universal C*-algebraic completion of the algebraic free product. O

Here is another construction, which once again, has no classical counterpart:

Proposition 2.12. Given a compact quantum group G, so is its free complezification é,
constructed according to the following formula, where z = id € C(T):

CG)ccM=*=C(G) , u=-zu
Equivalently, at the level of the associated discrete dual I', we can set
C*(I) c C*Z)*C*(T) , @==zu
where z =1 € Z, and we obtain the same Woronowicz algebra as above.

Proof. This follows from Proposition 2.11. Indeed, we know from there that C(T) * C(G)
is a Woronowicz algebra, with matrix of coordinates w = diag(z,u). Now, let us try to
replace this matrix with the matrix @ = zu. This matrix is unitary, and we have:

A(ty;) = (2 ® 2) Zuik ® Upj = Z Uy @ Upj
k k

Similarly, in what regards the counit, we have the following formula:
e(t;;) =1-0;5 = 6y
Finally, recalling that S takes values in the opposite algebra, we have as well:
S(uy) = U;z "Z= ﬂ;kz
Summarizing, the conditions in Definition 2.1 are satisfied, except for the fact that the
entries of @& = zu do not generate the whole algebra C'(T) x C(G). We conclude that if we

let C(G) C C(T) * C(G) be the subalgebra generated by the entries of @ = zu, as in the
statement, then the conditions in Definition 2.1 are satisfied, as desired. O

Another standard operation is that of taking subgroups:
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Proposition 2.13. Let G be compact quantum group, and let I C C(G) be a closed
x-ideal satisfying the following condition:

Al)cCG)®I+1®C(G)
We have then a closed quantum subgroup H C G, constructed as follows:
C(H)=0C(G)/I
At the dual level we obtain a quotient of discrete quantum groups, T — A

Proof. This follows indeed from the above conditions on I, which are designed precisely
as for A, e, 9 to factorize through the quotient. As for the last assertion, this is just a
reformulation, coming from the functoriality properties of the Pontrjagin duality. O

In order to discuss now the quotient operation, let us agree to call “corepresentation”
of a Woronowicz algebra A any unitary matrix w € M, (.A) satisfying:

Awy;) = sz’k Quw; , e(wy) =0y , Swy) = Wi
k

We will study in detail such corepresentations in section 3 below. For the moment, we
just need their definition, in order to formulate the following result:

Proposition 2.14. Let G be a compact quantum group, and w = (w;;) be a corepresen-
tation of C(G). We have then a quotient quantum group G — H, given by:

C(H) =< W45 >
At the dual level we obtain a discrete quantum subgroup, AcT.

Proof. Here the first assertion follows from definitions, and the second assertion is just a
reformulation, coming from the functoriality properties of the Pontrjagin duality. U

Finally, here is one more construction, which appears as a particular case of the quotient
construction in Proposition 2.14, and which will be of importance in what follows:

Theorem 2.15. Given a compact quantum group G, with fundamental corepresentation
denoted u = (u;;), the N* x N? matriz given in double index notation by

Wia,jb = Uil
s a corepresentation in the above sense, and we have the following results:

(1) The corresponding quotient G — PG is a compact quantum group.
(2) Via the standard embedding G C Sgiﬁl, this is the projective version.
(3) In the classical group case, G C Uy, we have PG = G/(GNTY).

(4) In the group dual case, with I' =< g; >, we have T =< g,-gj_1 >,
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Proof. The fact that w is indeed a corepresentation is routine, and follows as well from
the general properties of such corepresentations, to be discussed in section 3 below.

(1) This follows from Proposition 2.14 above.

(2) Observe first that, since the matrix v = (w;;) is biunitary, we have indeed an
embedding G' C S(é\f i_l as in the statement, given in double index notation by:

Uiy
VN

Now with this formula in hand, the assertion is clear from definitions.

(3) This follows from the elementary fact that, via Gelfand duality, w is the matrix
of coefficients of the adjoint representation of G, whose kernel is the subgroup G'NT¥,
where TV C Uy denotes the subgroup formed by the diagonal matrices.

(4) This is something trivial, which follows from definitions. 0

Iij =

At the level of the really “new” examples now, we first have, following [91]:
Proposition 2.16. The following universal algebras are Woronowicz algebras,
cooy) = c* ((uij)i,jzl,m,N‘u =u,u’ = ufl)
cuy) = C* ((uij)i7j:17_,_7N‘u* =y tul = ﬂ_1>
so the underlying noncommutative spaces O, Uy are compact quantum groups.

Proof. This follows from the elementary fact that if a matrix u is orthogonal or biunitary,
then so must be the following matrices:

€ S *
= E Uik @ Upg 5 Uy = oij Uiy = Uy
k

Consider indeed the matrix U = u®. This matrix is unitary, because:

* * * * *
(UU )ij = E Ukujk = E uilujm X U Uy = E uilujm & 5lm = (Sij
k klm Im
* * * * *
UU)y = § UyiUkj = § :ukluk‘m & UpUpmj = § :5lm ® UpyUm; = Oij
k klm Im

The verification of the unitarity of U is similar, as follows:

oYy = Z Z Uz Ujm @ Upp Uk = Z UipUjm @ Ot = O3

klm
(U'0);; = Z UriUy; = Z Uy Wy, @ UgiUy, ;= Z Otm & Upily,; = 0y
klm
Regarding now the matrix u® = 1y, this is clearly blunltary. Finally, regarding the
matrix u”, there is nothing to prove here either, because its unitarity its clear too.

Finally, observe that if u is real, then so are the above matrices u®, u®, u”.
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Thus, we can indeed define morphisms A, €, .S as in Definition 2.1, by using the universal
properties of C(OF), C(Uy), and this gives the result. O

Let us study now the above quantum groups, with the techniques that we have. As a
first observation, we have embeddings of compact quantum groups, as follows:

Uy Uy

Ox o,

The basic properties of O, Uy can be summarized as follows:

Theorem 2.17. The quantum groups Oy, Uy have the following properties:

(1) The closed subgroups G C Uy are exactly the N x N compact quantum groups. As
for the closed subgroups G C OF;, these are those satisfying u = 1.

(2) We have liberation embeddings Onx C OF; and Uy C U}, obtained by dividing the
algebras C(O%), C(UY) by their respective commutator ideals.

(3) We have as well embeddings EN C Of; and ﬁN C Uy, where Ly 1is the free product
of N copies of Zs, and where Fy 1is the free group on N generators.

Proof. All these assertions are elementary, as follows:

(1) This is clear from definitions, with the remark that, in the context of Definition 2.1
above, the formula S(u;;) = u}; shows that the matrix @ must be unitary too.

(2) This follows from the Gelfand theorem. To be more precise, this shows that we have
presentation results for C(Oy), C(Uy), similar to those in Proposition 2.16, but with the
commutativity between the standard coordinates and their adjoints added:

COn) = Clpm <(Uij)i7j=17.-~7N‘“ = u,u’ = u_1>

CUn) = Clm ((Uij)z’,jﬂ,...,fv

Thus, we are led to the conclusion in the statement.
(3) This follows from (1) and from Proposition 2.5 above, with the remark that with
u = diag(gi,- .., gn), the condition u = @ is equivalent to g? = 1, for any i. O

wt =yl ot = 71*1)

As an interesting philosophical conclusion, if we denote by L}, Fiy the discrete quantum
groups which are dual to OF, Uy, then we have embeddings as follows:

Ly C Lj\} , FyCF J—\t
Thus Fy is a kind of “free free group”, and L} is its real counterpart.

The last assertion in Theorem 2.17, making a connection with the noncommutative
geometry considerations from section 1 above, suggests the following construction:
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Proposition 2.18. Given a closed subgroup G C Uy, consider its “diagonal torus”, which
is the closed subgroup T C G constructed as follows:

C(T) = C(G) [ (s = 0|¥i # j)

This torus is then a group dual, T = K, where A =< gy1,...,gn > is the discrete group
generated by the elements g; = u;;, which are unitaries inside C(T).

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

A(gi) = 9 ® g

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

With this notion in hand, Theorem 2.17 (3) tells us that the diagonal tori of O, U;;

are the group duals L ~, Fn. There is an obvious relation here with the noncommutative
geometry considerations from section 1 above, that we will analyse later on.
Here is now a more subtle result on Oy, Uy, having no classical counterpart:

Proposition 2.19. Consider the quantum groups O, Uy, with the corresponding funda-
mental corepresentations denoted v,u, and let z = id € C(T).

(1) We have a morphism C(Uy) — C(T) * C(O},), given by u = 2v.

(2) In other words, we have a quantum group embedding OF; C U};.
(3) This embedding is an isomorphism at the level of the diagonal tori.

Proof. The first two assertions follow from Proposition 2.12 above, or simply from the
fact that u = zv is biunitary. As for the third assertion, the idea here is that we have a
similar model for the free group Fy, which is well-known to be faithful, Fiy C Zx Ly. [

We will be back to the above morphism later on, with a proof of its faithfulness, after
performing a suitable GNS construction, with respect to the Haar functionals.

As a conclusion here, modulo some results which are still to be worked out, the relation
between O3, Uy, is in fact simpler than the one between Oy, Uy, which appears by com-
plexification at the Lie algebra level. We will see later on that, from many other points
of view, the quantum groups O}, Uy are in fact “simpler” than Oy, Uy.

Let us construct now some more examples of compact quantum groups. As a simple
construction here, we can introduce some intermediate liberations, as follows:
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Proposition 2.20. We have intermediate quantum groups as follows,

Uy U Uy

O o oF;

*

i must satisfy the relations abc = cba.

with * standing for the fact that u;j, u

Proof. This is elementary, by using the fact that if the entries of u = (u;;) half-commute,
then so do the entries of the following matrices:

A § € _ £ S %
k

Thus, we have indeed morphisms A, ¢, S, as in Definition 2.1. See [35], [37]. O

In the same spirit, we have as well intermediate spheres as follows, with the symbol x
standing for the fact that z;, 7 must satisfy the relations abc = cba:

N—-1 N—1 N—1
S¢ —>S<c,* —>S<c,+

N—-1 N—-1 N—-1
Sg =g, — S ;

These constructions might seem quite anecdotical, but they are not. We will see later on
that, under very strong combinatorial axioms, the half-commutation relations abc = cba
are the only possible relaxations of the commutation relations ab = ba.

At the level of the diagonal tori, we have the following result:

Theorem 2.21. The tori of the basic spheres and quantum groups are as follows,

7 7N 7N
7N 70N 7+ N
ZQ ZQ ZZ

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

Proof. The result on the left is well-known, the result on the right follows from Theorem
2.17 (3), and the middle result follows as well, by imposing the relations abc = cba. O
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Let us discuss now the relation with the noncommutative spheres. Having the things
started here is a bit tricky, and as a main source of inspiration, we have:

Proposition 2.22. Given an algebraic manifold X C Sg_l, the formula
G@j:{UeUﬂqu:X}

defines a compact group of unitary matrices (a.k.a. isometries), called affine isometry
group of X. For the spheres Sg_l, S(]cv_l we obtain in this way the groups Oy, Uy.

Proof. The fact that G(X) as defined above is indeed a group is clear, its compactness is
clear as well, and finally the last assertion is clear as well. In fact, all this works for any
closed subset X C C¥, but we are not interested here in such general spaces. O

In the case of the spheres, G(X) leaves invariant as well the Riemannian metric, simply
because this metric is equivalent to the one inherited from CV, which is preserved by our
isometries U € Uy. Thus, we could have constructed as well G(X) as being the group
of metric isometries of X, with of course some extra care in relation with the complex
structure, as for X = S ! to obtain G(X) = Uy instead of G(X) = Oay. However, in
the noncommutative setting, all this becomes considerably more complicated.

We have the following quantum analogue of this construction:

Proposition 2.23. Given an algebraic manifold X C Sg;l, the category of the closed

subgroups G C Uy, acting affinely on X, in the sense that the formula

O(z;) = Zum ® T4
defines a morphism of C*-algebras ® : C(X) — C(G) ® C(X), has a universal object,
denoted G*(X), and called affine quantum isometry group of X.

Proof. Observe first that in the case where the above morphism & exists, this morphism
is automatically a coaction, in the sense that it satisfies the following conditions:

(id® ®)® = (AR id)® , (e®id)® =id

In order to prove now the result, assume that X C Sév ;1 comes as follows:

O(X) = C(sgj)/<fa<xl, L TN) = 0>

Our claim is that the universal quantum group G = G*(X) in the statement appears
as follows, where X; = > w;, ® 2, € C(Uf) ® C(X):

(@) = C(U;;)/<fa(X1, LX) = 0>

In order to prove this claim, we have to clarify how the relations f,(Xi,...,Xy) =0
are interpreted inside C(Uj;), and then show that G is indeed a quantum group.
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So, pick one of the defining polynomials, f = f,, and write it as follows:

f(a;l,...,:r;N):Z Z Ar e T T

rody.an,

With X; =) u, ® z, as above, we have the following formula:

g = A AP gg T ag
f(Xl >XN) Z Z >\r Z U'Llal U; TaT®xa1 X ,

T T i T
LA L 1A aj...ag,

Since the variables on the right span a certain finite dimensional space, the relations
f(Xq,...,Xn) = 0 correspond to certain relations between the variables w;;. Thus, we
have indeed a subspace G C U}, with a universal map ® : C(X) — C(G) ® C(X).

In order to show now that GG is a quantum group, consider the following elements:

A § € _ S, S %
k

If we consider the associated elements X, = > u) ®@x,, with v € {A, ¢, S}, then from

a “ia

the relations f(Xi,..., Xy) =0 we deduce that we have:
FXT LX) = (v®id) f(X1,...,XNn) =0

Thus we can map u;; — u]; for any v € {A, ¢, S}, and we are done. O

We can formulate a quantum isometry group result, from [4], as follows:

Theorem 2.24. The quantum isometry groups of the basic spheres, namely

N-1 N-1 N-1
SC S(C,* S(C,Jr

N-1 N-1 N-1
S]R S]R,* S]R,-i—

are the basic orthogonal and unitary quantum groups, namely

Uy U U

Ox 0% o,

modulo identifying, as usual, the various C*-algebraic completions.
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Proof. Let us first construct an action Uy, ~ Sg ;1. We must prove here that the variables
Xi =), Uiqg @ x, satisfy the defining relations for ngrl, namely > zxf =Y wix; = 1.

But this follows from the biunitarity of u, via the following computations:

ZXz’Xz‘* = Zumufb@xaxz = Zl®$a$2 =1®1

iab

ZX;‘X,- = Zufauib@)x:;xb = Zl@xéxa =1®1
7 iab a

Regarding now O} ~ Sﬂg ;1, here we must check the extra relations X; = X7, and these

are clear from w;, = u},. Finally, regarding the remaining actions, the verifications are
clear as well, because if the coordinates wu;, and x, are subject to commutation relations
of type ab = ba, or of type abc = cba, then so are the variables X; = ) u;, ® z,.

We must prove now that all these actions are universal:

S@{ jrl, Sg jrl. The universality of Uy ~ S(]C\f jrl is trivial by definition. As for the univer-

sality of O;{, N Sﬁ;l, this comes from the fact that X; = X7, with X; = Y u;, ® z, as
above, gives u;, = u},. Thus G ~ S]fg{ jrl implies G C Oy, as desired.

SH=1 SY=1 We use here a trick from [40]. Assuming first that we have an action
G S(]CV ~1in terms of the projective coordinates Wijah = UigWjp and p;; = z;27, the
projective coaction map is given by ®(p;;) = >, Wij.ab © Pab, and we have:

O(p;;) = Z(wij,ab + Wijpa) @ Dab + Z Wij.aa @ Paa

a<b a
(I)(p]z) = Z(wji,ab + wji,ba) & Pab + Z Wiji.aa ® Paa
a<b a

By comparing these two formulae, and then by using the linear independence of the
variables p,, = z,x} for a < b, we conclude that we must have:
Wij.ab T Wijpa = Wiiab T Wjiba

Let us apply now the antipode to this formula. For this purpose, observe first that
we have S(wijap) = S(umu;‘fb) = S(ujb)S(um) = Up;U;; = Wy - LThus by applying the
antipode we obtain wyq ji + Wap,ji = Wea,ij + Wap,ij, and by relabelling, we obtain:

Wi pa + Wijpa = Wjiab T Wijab

Now by comparing with the original relation, we obtain w;j. = wjpe. But, with
Wijab = UiaWpp, this formula reads Ujg Uy, = WhyUig- Thus G C Uy, as claimed.
Finally, the result for Oy ~ S]{g_l follows from Uy Sév_l and OF ~ Sﬂgll.
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Sx -t STt Assume that we have an action G ~ S&,t. From ®(z;) = 3, wi ® 7, we

obtain then that we have ®(p;;) =>__, Uiq W}, @ Pab, With pap = 2,2, We have:

O(pipr) = > Uiallylietify @ PabPed
abed

S(pupr;) = Z Umufdukcujb ® PadPeb
abed

The left terms being equal, and the last terms on the right being equal too, we deduce
that, with [a, b, ¢| = abc — cba, we must have the following equality:

Z Uiq, [U;ba Uke, uzkd] & PabPed = 0
abed
Since the variables papped = 2aZp2cZq depend only on |{a, c}|, [{b,d}| € {1,2}, and this
dependence produces the only relations between them, we are led to 4 equations:
(1) wia[w}y, Ua, ujp) = 0, Va, b.
(2) um[u;fb,uka,u;‘d] + um[u;d, Uka, Ujy] = 0, Ya, Vb # d.
(3) WialWjy, Ukes ujp) + Wic[Why, Una, ufy] = 0, Va # ¢, V.
(4) Uia([u;m Uk, U?d]WL[u;m Uke, U?b])“‘uic([u;ba Uka, U?d]+[u;d> Upa, upp]) = 0,Va # ¢, Vb # d.
From (1,2) we conclude that (2) holds with no restriction on the indices. By multiplying
now this formula to the left by «,, and then summing over 7, we obtain:
[u;bv Uka, u;kd] + [u;ch Uka, ufb] =0
By applying now the antipode, then the involution, and finally by suitably relabelling
all the indices, we successively obtain from this formula:
[war, Wy wng| + [wpr, ugy, ug) =

0
= [, Uk, Up;] + (U, Uak, ug] =0

= [uzkd’ Uka, u;b] + [u;dﬂ Uka, UZkb] =0
Now by comparing with the original relation, above, we conclude that we have:
[u;b’ Uka; u?d] - [U;w Uka; UZkb] =0
Thus we have reached to the formulae defining U}, and we are done.
Finally, in what regards the universality of Oy ~ S]fg{ !, this follows from the univer-
sality of Uy ~ S& " and of OFf ~ S§', and from U} N O} = Ox. O

Summarizing, in respect to the noncommutative geometry questions raised in section 1
above, we have some advances. In order to further advance, we would need representation
theory results, in the spirit of [95], for our quantum isometry groups.
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3. REPRESENTATION THEORY

In order to reach to some more advanced insight into the structure of the compact
quantum groups, we can use representation theory. We will be interested here in the
finite dimensional unitary smooth representations, which provide a good picture.

In algebraic terms, the definition that we need is as follows:

Definition 3.1. A corepresentation of a Woronowicz algebra A, with dense x-subalgebra
of smooth elements A C A, is a unitary matriz v € M, (A) satisfying:

(1) Alvig) = >4 vik @ v
(2) £(vij) = bis.
(3) S(vij) = vj;.
Observe that this is precisely the notion that we used in section 2, at various places.
As basic examples of such corepresentations we have the fundamental one v = (u;;),
its complex conjugate % = (u;j;), as well as the trivial corepresentation 1 = (1).
It is possible to combine these examples via various product constructions, as to obtain

a whole family of corepresentations, and we will discuss this in a moment.
In the classical case, we recover in this way the usual representations of G:

Proposition 3.2. Given a closed subgroup G C Uy, the corepresentations of the associ-
ated Woronowicz algebra C(G) are in one-to-one correspondence, given by

vi1(g) -+ vi(9)
m(g) = : :
Un1 (g) e Unn(g)

with the finite dimensional unitary smooth representations of G.

Proof. We first recall, from section 2 above, that any closed subgroup G C Uy is a Lie
group, and that with A = C(G) we have A = C*°(G). Thus, the corepresentations that
we are interested in are certain square matrices of the following type:

v € M, (C¥(G))

With this observation in hand, the fact that we have a correspondence v <+ 7 as in
the statement is clear, by using the computations from the proof of Proposition 2.2.
Alternatively, we can apply first Proposition 2.14, and then use Proposition 2.2. O

In general now, we have the following operations on the corepresentations:

Proposition 3.3. The corepresentations are subject to the following operations:
(1) Making sums, v+ w = diag(v, w).
(2) Making tensor products, (v ® W)ia,jb = VijWab-
(3) Taking conjugates, (0);; = v

*
ij -
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Proof. Observe that the result holds in the commutative case, where we obtain the usual
operations on the representations of the corresponding group. In general now:
(1) Everything here is clear, as already mentioned in the proof of Proposition 2.10.
(2) First of all, the matrix v ® w is unitary, because we have:

* * * *
D (0@ W)iagh (v @ Wiesp = D VijWapiyVhj = Oac Y VijUk; = Oikbac

jb jb J

* * * *
E (v® w)jb,z‘a(v ® w)jb,kc = E WV Vil Whe = ik E Wy, Whe = OikOqc
b b b

The comultiplicativity condition follows from the following computation:

Al((v® w)m,jb) = Z VikWae & VgjWeh = Z(U Q@ W)ig ke ® (V& w)kc,jb
ke ke

The proof of the counitality condition is similar, as follows:
e((v @ W)iajb) = Gij0ab = ia,jb
As for the condition involving the antipode, this can be checked as follows:
S((v @ w)iage) = wy,vj; = (V@ W)jp4q

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

(@00")i; = > v = > S(viyoe) = S((070);1) = 6
k k

(0'0);; = > owivi; = Y S(uvyy) = S((vv*);) = 6
k

k
As for the comultiplicativity axioms, these are all clear. Il

We have as well the following supplementary operation:
Proposition 3.4. Given a corepresentation v € M, (A), its spinned version
w = UvU"
is a corepresentation as well, for any unitary matriz U € U,.

Proof. The matrix w is unitary, and its comultiplicativity properties can be checked by
doing some computations. Here is however another proof of this fact, using a useful trick.
In the context of Definition 3.1, if we write v € M,,(C) ® A, the axioms read:

(ld@ A =vv3 , (dRe)v=1 , (Id®S)v=0"

Here we use standard tensor calculus conventions. Now when spinning by a unitary the
matrix that we obtain, with these conventions, is w = U,vU;, and we have:

(ld & A)w = Ul’Ulg’UlgUl* = UlvlgUf . U1U13Uik = W12W13
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The proof of the counitality condition is similar, as follows:
(ldew=U-1-U=1
Finally, the last condition, involving the antipode, can be checked as follows:
(1d @ S)w = Upv*U; = w*
Thus, with usual notations, w = UvU™ is a corepresentation, as claimed. U

As a philosophical comment, the above proof might suggest that the more abstract our
notations and formalism, the easier our problems will become. This is wrong. Bases and
indices are a blessing: they can be understood by undergraduate students, computers,
fellow scientists, engineers, and of course also by yourself, when you're tired or so.

In addition, in the quantum group context, we will see later on, starting from section 5
below, that bases and indices can be turned into something very beautiful and powerful,
allowing us to do some serious theory, well beyond the level of abstractions.

Back to work now, in the group dual case, we have the following result:

Proposition 3.5. Assume A = C*(I"), with I' =< ¢1,...,gn > being a discrete group.

(1) Any group element h € T" is a 1-dimensional corepresentation of A, and the oper-
ations on corepresentations are the usual ones on group elements.

(2) Any diagonal matriz of type v = diag(hy, ..., hy,), with n € N arbitrary, and with
hi,...,h, €T, is a corepresentation of A.

(3) More generally, any matriz of type w = Udiag(hy, ..., h,)U* with hy,... h, € T
and with U € U, is a corepresentation of A.

Proof. These assertions are all elementary, as follows:
(1) The first assertion is clear from definitions and from the comultiplication, counit
and antipode formulae for the discrete group algebras, namely:

A(hy=hoh , eh)=1 , Sh)=hr"
The assertion on the operations is clear too, because we have:

(9) @ (h)=(gh) , (9)=(g7")

(2) This follows from (1) by performing sums, as in Proposition 3.3 above.
(3) This follows from (2) and from the fact that we can conjugate any corepresentation
by a unitary matrix, as explained in Proposition 3.4 above. U

Observe that the class of corepresentations in (3) is stable under all the operations
from APropositions 3.3 and 3.4. When I' is abelian we can apply Proposition 3.2 with
G =T, and after performing a number of identifications, we conclude that these are all
the corepresentations of C*(I'). We will see later on that this holds in fact for any I'.

Let us go back now to the general case. Our next definition is:
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Definition 3.6. Given two corepresentations v € M,(A),w € M,,(A), we set
Hom(v,w) = {T € men((C)‘Tv = wT}

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

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

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

Proposition 3.7. We have the following results:
(1) T € Hom(u,v),S € Hom(v,w) = ST € Hom(u,w).
(2) S € Hom(p,q),T € Hom(v,w) = S®T € Hom(p®@v,q @ w).
(3) T € Hom(v,w) = T* € Hom(w,v).

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

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

STu = SvT = wST
(2) Assume indeed that we have Sp = ¢S and Tv = wT. With tensor product notations,

as in the proof of Proposition 3.4 above, we have:
(S@T)(p®v) = 51Top13vas = (Sp)13(Tv)a3

(q@w)(S®T) = qawasSi Tz = (¢5)13(wT)2s
The quantities on the right being equal, this gives the result.
(3) By conjugating, and then using the unitarity of v, w, we obtain, as desired:
Tv=wl =— v'T"=T'w"
= w'T"w = vT " w*w
= T'w=vT"
Finally, the last assertion follows from definitions, and from the obvious fact that, in

addition to (1,2,3) above, the Hom spaces are linear spaces, and contain the units. In
short, this is just a theoretical remark, that will be used only later on. O

As a main consequence of the above result, the spaces End(v) C M,(C) are unital
subalgebras stable under the involution *, and so are C*-algebras.

In order to exploit this fact, we will need a basic result, complementing the operator
algebra theory presented in section 1 above, namely:
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Proposition 3.8. Let B C M,(C) be a C*-algebra.

(1) The unit decomposes as 1 = py + ...+ pg, with p; € B minimal projections.
(2) Each of the linear spaces B; = p; Bp; is a non-unital x-subalgebra of B.
(3) We have a non-unital x-algebra sum decomposition B = By @ ... ® By.
(4) We have unital x-algebra isomorphisms B; ~ M,,(C), where r; = rank(p;).
(5) Thus, we have a C*-algebra isomorphism B ~ M, (C) & ... & M, (C).

In addition, the final conclusion holds for any finite dimensional C*-algebra.

Proof. This is something well-known, with the proof of the assertions (1,2,3,4) in the
statement being something elementary, and routine.

With these ingredients in hand, the final conclusion (5) follows.

As for the last assertion, this follows from (5) by using the GNS representation theorem,
which provides us with an embedding B C M,,(C), for some n € N. O

We can now formulate our first Peter-Weyl type theorem, from [98], as follows:

Theorem 3.9. Let v € M,(A) be a corepresentation, consider the C*-algebra B =
End(v), and write its unit as 1 = p; + ...+ p, as above. We have then

V=01 + ...+ v
with each v; being an irreducible corepresentation, obtained by restricting v to Im(p;).

Proof. This can be deduced from Proposition 3.8 above, as follows:

(1) We first associate to our corepresentation v € M, (A) the corresponding coaction
map ¢ : C" — A® C", given by ®(e;) = >, vi; ® e;. We say that a linear subspace
V C C" is invariant if ®(V) C A® V. In this case, the restriction map ¢y : V - A®@V
is a coaction map too, which must come from a subcorepresentation w C v.

(2) Consider now a projection p € End(v). From pv = vp we obtain that the linear
space V' = I'm(p) is invariant under v, and so this space must come from a subcorepre-
sentation w C v. It is routine to check that the operation p — w maps subprojections to
subcorepresentations, and minimal projections to irreducible corepresentations.

(3) With these preliminaries in hand, let us decompose the algebra End(v) as in Propo-
sition 3.8 above, by using the decomposition 1 = p; +. ..+ p into minimal projections. If
we denote by v; C v the subcorepresentation coming from the vector space V; = I'm(p;),
then we obtain in this way a decomposition v = vy + ... 4+ v, as in the statement. Il

In order to formulate our second Peter-Weyl type theorem, we will need:

Definition 3.10. We denote by u®*, with k = o e @ o ... being a colored integer, the

various tensor products between u,u, indexed according to the rules
u =1, u®=u , ¥ =u

and multiplicativity, u®* = u®* @ u®', and call them Peter-Weyl corepresentations.
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Here are a few examples of such corepresentations, namely those coming from the
colored integers of length 2, to be often used in what follows:
WP =u®u , u*=u®u
WP =u®u , v =uRu
There are some particular cases of interest, where simplifications appear:

Proposition 3.11. The Peter-Weyl corepresentations u®* are as follows:

(1) In the real case, u = u, we can assume k € N.
(2) In the classical case, we can assume, up to equivalence, k € N x N.

Proof. These assertions are both elementary, as follows:

(1) Here we have indeed the following formula, where |k| € N is the length:

u®F — @Ikl

Thus the Peter-Weyl corepresentations are indexed by N, as claimed.
(2) In the classical case, our claim is that we have equivalences v ® w ~ w ® v, imple-
mented by the flip operator ¥(a ® b) = b ® a. Indeed, we have:
VR W = V13Wa3 = Wazli3 = 1wz = U(w ® v)X
In particular we have an equivalence u ® 4 ~ @ ® u, and so the Peter-Weyl corepresen-
tations follow to be the corepresentations of type u®* ® u®', with k,1 € N. O

Observe that, modulo equivalence, the conclusion in (1) extends to the case where we
have u ~ 4. A similar discussion applies to (2), in the case u ® u ~ @ ® u.
Here is the second Peter-Weyl theorem, also from [98], complementing Theorem 3.9:

Theorem 3.12. Fach irreducible corepresentation of a Woronowicz algebra A appears
instde a tensor product of the fundamental corepresentation u and its adjoint .

Proof. Given an arbitrary corepresentation v € M, (A), consider its space of coefficients,
C(v) = span(v;;). It is routine to check that the construction v — C(v) is functorial, in
the sense that it maps subcorepresentations into subspaces.

By definition of the Peter-Weyl corepresentations, we have:

A=Y Cu®)

keNxN

Now given a corepresentation v € M, (A), the corresponding coefficient space is a finite
dimensional subspace C'(v) C A, and so we must have, for certain ki, ..., k,:

Cv) c Clu® @ ... ¢ u®k)
We deduce from this that we have an inclusion of corepresentations, as follows:
v Cu @ .. @u

Together with Theorem 3.9, this leads to the conclusion in the statement. U
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In order to further advance, with some finer results, we need to integrate over G. In
the classical case the existence of such an integration is well-known, as follows:

Proposition 3.13. Any commutative Woronowicz algebra, A = C(G) with G C Uy, has
a unique faithful positive unital linear form fG : A — C satisfying

tLﬂwa—wamm—[juwx

called Haar integration. This Haar integration functional can be constructed by starting
with any faithful positive unital form ¢ € A*, and taking the Cesaro limit

n

where the convolution operation for linear forms is given by ¢ x 1 = (¢ ® Y)A.

Proof. This is the existence theorem for the Haar measure of G, in functional analytic
formulation. Observe first that the invariance conditions in the statement read:

d(zy) =d(yz) =dz , VyeG
Thus, we are looking indeed for the integration with respect to the Haar measure on G.

Now recall that this Haar measure exists, is unique, and can be constructed by starting
with any probability measure u, and performing the following Cesaro limit:

do = Jim 7 3 du't(a)

In functional analysis terms, this corresponds precisely to the second assertion. Il

The above statement and proof are of course more of a reminder, with all the details
missing. However, we will reprove all this later on, as a particular case of a general Haar
integration existence result, in the general Woronowicz algebra setting.

In general now, let us start with a definition, as follows:

Definition 3.14. Given an arbitrary Woronowicz algebra A = C(G), any positive unital
tracial state fG : A — C subject to the invariance conditions

(L@@A:(”®L)A=LO1

15 called Haar integration over G.

As a first observation, in the commutative case, this notion agrees with the one in
Proposition 3.13. To be more precise, Proposition 3.13 tells us that any commutative
Woronowicz algebra has a Haar integration in the above sense, which is unique, and
which can be constructed by performing the Cesaro limiting procedure there.

Let us discuss now the group dual case. We have here the following result:
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Proposition 3.15. Given a discrete group I' =< g1, ...,gn >, the Woronowicz algebra
A = C*(T') has a Haar functional, given on the standard generators g € I' by:

/\g:(sg,l
N

This functional is faithful on the image on C*(I') in the reqular representation. Also, in
the abelian case, we obtain in this way the counit of C(I").

Proof. Consider indeed the left regular representation 7 : C*(I') — B(I*(T")), given by
7(g)(h) = gh, that we have already met, in the proof of Proposition 1.17 above.

By composing this representation with the linear functional 7" —< 71,1 >, the func-
tional [ that we obtain is given by the following formula:

/Ag =< gl,1 >=641
r

But this gives all the assertions in the statement, namely the existence, traciality, left
and right invariance properties, and faithfulness on the reduced algebra.
As for the last assertion, this is clear from the Pontrjagin duality isomorphism. U

With a bit of functional analysis knowledge, one can improve the above result, with a
proof of the fact that the Haar integration is unique, and appears via a Cesaro limiting
procedure, as in Proposition 3.13. We will do this directly, in the general case.

In order to discuss now the general case, let us define the convolution operation for
linear forms by ¢ * 1) = (¢ ® 1))A. We have then the following result, from [98]:

Proposition 3.16. Given an arbitrary unital linear form ¢ € A*, the limit
/a = lim 1 ig&*k(a)

exists, and for a coefficient of a corepresentation a = (T ® id)v, we have

[pa:T(p)

where P is the orthogonal projection onto the 1-eigenspace of (id ® p)v.

Proof. By linearity and continuity, it is enough to prove the first assertion for elements
of type a = (7 ® id)v, where v is one of the Peter-Weyl corepresentations, and 7 is a
linear form. Thus we are led into the second assertion, and more precisely we can have
the whole result proved if we can establish the following formula, with a = (7 ® id)v:

> ¢™(a) = 7(P)

o1
lim —
n—oo N,
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In order to prove this latter formula, observe that we have:
p*a) = (1@ ™) = 7((id @ ™")v)

Also, in terms of the matrix M = (id ® ¢)v, we have the following formula:

((Zd & Qp*k)v)ioik+l == Z Mioil s Mik’ikJrl = (Mk)ioik+1

1105

Thus (id ® p**)v = M* for any k € N, and our Cesaro limit is given by:

L <a>—,}£2og§<M>—T<A%;M

Now since v is unitary we have ||v|| = 1, and so ||M|| < 1, and the Cesaro limit on the
right exists, and equals the orthogonal projection onto the 1-eigenspace of M:

I I
fim 2 M=
k=1
Thus our initial Cesaro limit converges as well, to 7(P), as desired. O

When ¢ is chosen faithful, we have the following finer result, also from [98]:

Proposition 3.17. Given a faithful unital linear form ¢ € A*, the limit

1 n
a=lim — Y ¢*(a)

exists, and is independent of ¢, given on coefficients of corepresentations by

(z-d@/)v:p

where P is the orthogonal projection onto Fix(v) = {£ € C"|v€ = &£},

Proof. In view of Proposition 3.16, it remains to prove that when ¢ is faithful, the 1-
eigenspace of M = (id ® ¢)v equals the fixed point space Fiz(v) = {£ € C"|vg = £}
“D” This is clear, and for any ¢, because v€ = £ implies M¢ = €.
“C” Here we must prove that, when ¢ is faithful, M¢ = ¢ implies v€ = £. For this
purpose, assume that we have M§& = £, and consider the following element:

i
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We must prove that we have a = 0. Since v is biunitary, we have:
= (T i — L, Z Vi E — L€
i - 195) N 2 - ik N 2

- Zvijvfkgjgk Ugafz - N v &k + 1251‘&‘

ijk
= Zw Z%@& 2 vkt 3 leF

= H£\|2—<v€£> <v€£>+\I£H2
= 2(J|¢]]? = Re(< v, & >))

By using now our assumption M¢ = £, we obtain from this:

pla) = 20(][¢]]* — Re(< v€,€ >))
= 2([¢]]* = Re(< M¢,€ >))

= 2([€l1* = 11€11*)
= 0
Now since ¢ is faithful, this gives a = 0, and so v = £, as claimed. O

We can now formulate a main result, due to Woronowicz (98], is as follows:

Theorem 3.18. Any Woronowicz algebra has a unique Haar integration functional, which
can be constructed by starting with any faithful positive unital state o € A*, and setting

/—,}EﬁonZ@

where ¢ x 1» = (¢ @ )A. Moreover, for any corepresentation v we have

(z’d@/G)v:P

where P is the orthogonal projection onto Fix(v) = {£ € C"|v§ = &},

Proof. Let us first go back to the general context of Proposition 3.16 above. Since convolv-
ing one more time with ¢ will not change the Cesaro limit appearing there, the functional
f@ € A* constructed there has the following invariance property:

[sooe[-]
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In the case where ¢ is assumed to be faithful, as in Proposition 3.17 above, our claim
is that we have the following formula, valid this time for any ¢ € A*:

[}w:waézwwé

It is enough to prove this formula on a coefficient of a corepresentation, a = (7 ® id)v.
In order to do so, observe that with P = (id ® fw)v and @ = (id ® 1¥)v we have:

(/@ *w) - (T® /@ ®¢) (v12013) = 7(PQ)

Similarly, we have the following computation:

<1p*/w>a: <T®¢®/¢> (vi2013) = 7(QP)

Finally, regarding the term on the right, this is given by:
v [ a= v
©

Thus, our claim is equivalent to the following equality:

PQ = QP = ¢(1)P
But this latter equality follows from the fact, coming from Proposition 3.17 above, that
P=(id® f(p)v equals the orthogonal projection onto Fiz(v) = {£ € C"|v§ = &}
Thus, we have proved our claim. Now observe that our formula can be written as:

w<[0®id)A:¢(id®L)A:¢[O(.)l

This formula being true for any ¢ € A*, we can simply delete 1, and we conclude that
the invariance formula in Definition 3.14 holds indeed, with [, = f@.

Finally, assuming that we have two invariant integrals [, [/, we have:

</c®/al)A: (/G/®/G)A:/G(')1=/G/(.)1

Thus we have [, = [/, and this finishes the proof. See [98]. O
As a first illustration, for the basic product operations, we have:

Proposition 3.19. We have the following results:

(1) For a product G x H, we have [, . = [,® [

(2) For a dual free product G % H, we have |, . = [,* [}
(3) For a quotient G — H, we have [, = (fG)\C(H)'
(4)

4) For a projective version G — PG, we have fPG = (fG)\C(PG)'
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Proof. These formulae all follow from the invariance property, as follows:

(1) Here the tensor product form [, c® / 5 satisfies the left and right invariance properties
of the Haar functional | ax > and so by uniqueness, it is equal to it.

(2) Here the situation is similar, with the free product of linear forms being defined
with some inspiration from the discrete group case, where ff g=10g1.

(3) Here the restriction (fG)‘C(H)
invariance properties, so once again we can conclude by uniqueness.

(4) Here we simply have a particular case of (3) above. O

satisfies by definition the required left and right

We will need the following result, which is of independent interest:
Proposition 3.20. We have a Frobenius type isomorphism
Hom(v,w) ~ Fiz(v® w)
valid for any two corepresentations v, w.

Proof. According to the definitions, we have the following equivalences:

T € Hom(v,w) < Tv=uwT <~ ZTajvji = ZwabTbi,Va,i
j b

T €Fiz(v@w) < (o)l =¢ < Y _vw),Ty = TuVa,i
b
With these formulae in hand, both inclusions follow from the biunitarity of v,w. [

We can now formulate our third Peter-Weyl theorem, from [98], as follows:

Theorem 3.21. The dense subalgebra A C A decomposes as a direct sum
A= P Munmw(C)
velrr(A)

with this being an isomorphism of x-coalgebras, and with the summands being pairwise
orthogonal with respect to the scalar product given by

<a,b >:/ab*
G

where fG 1s the Haar integration over G.

Proof. By combining the previous Peter-Weyl results, from Theorem 3.9 and Theorem
3.12 above, we deduce that we have a linear space decomposition as follows:

A= C(v) = Z Maim(v) (C)
(4)

velrr velrr(A)
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Thus, in order to conclude, it is enough to prove that for any two irreducible corepre-
sentations v, w € Irr(A), the corresponding spaces of coefficients are orthogonal:

vobw = C(v) L C(w)
But this follows from Theorem 3.18, via Proposition 3.20. Let us set indeed:

*
Pia b = / VijWey,
G

Then P is the orthogonal projection onto the following vector space:
Fiz(v®w) ~ Hom(v,w) = {0}
Thus we have P = 0, and this gives the result. U

We can obtain further results by using characters, which are defined as follows:

Proposition 3.22. The characters of the corepresentations, given by

Xv = Zvii

behave as follows, in respect to the various operations:
Xvtw = Xvo T Xw 5 Xvew = XoXw > Xo = Xz

In addition, given two equivalent corepresentations, v ~ w, we have Xy, = Xw-

Proof. The three formulae in the statement are all clear from definitions. Regarding now
the last assertion, assuming that we have v = T~ 1wT, we obtain:

Yo =Tr() =Tr(T'wT) = Tr(w) = Yu
We conclude that v ~ w implies x, = X, as claimed. U
We have the following result, also from [98], completing the Peter-Weyl theory:
Theorem 3.23. The characters of irreducible corepresentations belong to the algebra
Accnirar = {0 € A|SA() = Aw)}
of “smooth central functions” on G, and form an orthonormal basis of it.

Proof. As a first remark, the linear space Accnira; defined above is indeed an algebra. In

the classical case, we obtain the usual algebra of smooth central functions. Also, in the

group dual case, where we have XA = A, we obtain the whole convolution algebra.
Observe also that A..,-q contains all the characters, because we have:

Alxy,) = A <Z Uii) = szj @ vj;
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Conversely, for an element a € A, written a = Zve Trr(A) Qo5 the condition a € Acentral
is equivalent to a, € Acentra; for any v € Irr(A). But a, € Acentrar means that a, must
be a scalar multiple of y,, and so the characters form a basis of A.cnira, as stated.

Finally, the fact that we have an orthogonal basis follows from Theorem 3.21. As for
the fact that the characters have norm 1, this follows from:

1
/C;XUX::%:/GUiiU;jIXi:Nzl

Here we have used the fact that the integrals [ ¢ VijUy form the orthogonal projection
onto the vector space Fiz(v® v) ~ End(v) = C1, coming from Proposition 3.20. O

As a first application of the Peter-Weyl theory, we have:

Proposition 3.24. Let ' =< ¢1,...,gn > be a finitely generated discrete group.

(1) The 1-dimensional corepresentations of C*(I') are the group elements g € T.
(2) The corepresentations of C*(I') are the direct sums of such group elements.

Proof. This follows from the Peter-Weyl theory. Indeed, the tensor products between u,
are the matrices of type u®* = diag(g;, . .. g, ), and so we are done. O

We can solve as well now a problem that we left open in section 2, namely:

Proposition 3.25. The cocommutative Woronowicz algebras appear as the quotients

Cc* ()= A—C ()

red

given by A = C*(I") with m @ m C mw, with I being a discrete group.

Proof. This follows as well from the Peter-Weyl theory. Observe that the assumption
7 ®m C 7, which should be taken in a weak containment sense, is satisfied for the regular
representation, as well as the universal representation. O

At the level of the examples coming from operations, we have:

Proposition 3.26. We have the following results:

(1) The irreducible corepresentations of C(G x H) are the tensor products of the form
v ®w, with v,w being irreducible corepresentations of C(G),C(H).

(2) The irreducible corepresentations of C(G % H) appear as alternating tensor prod-
ucts of irreducible corepresentations of C(G) and of C(H).

(3) The irreducible corepresentations of C(H) C C(G) are the irreducible corepresen-
tations of C(G) whose coefficients belong to C'(H).

(4) The irreducible corepresentations of C(PG) C C(G) are the irreducible corepre-
sentations of C(G) which appear by decomposing the tensor powers of u ® .
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Proof. This is routine, the idea being as follows:

(1) Here we can integrate characters, by using Proposition 3.19 (1), and we conclude
that if v, w are irreducible corepresentations of C'(G), C(H ), then v ® w is an irreducible
corepresentation of C'(G x H). Now since the coefficients of these latter corepresentations
span C(G x H), by Peter-Weyl these are all the irreducible corepresentations.

(2) Here we can use a similar method. By using Proposition 3.19 (2) we conclude
that if vy, vg, ... are irreducible corepresentations of C'(G) and wy, wy, ... are irreducible
corepresentations of C'(H), then vy ® w; ® vo ® we ® . .. is an irreducible corepresentation
of C(G % H), and then we can conclude by using the Peter-Weyl theory.

(3) This is clear from definitions, and from the Peter-Weyl theory.

(4) This is a particular case of the result (3) above. O

Let us discuss now the notion of amenability. We have the following result:

Theorem 3.27. Let Ay be the enveloping C*-algebra of A, and let A,.q be the quotient
of A by the null ideal of the Haar integration. The following are then equivalent:

(1) The Haar functional of Asyy is faithful.

(2) The projection map Ajpyy — Areq 15 an isomorphism.

(3) The counit map € : Apy — C factorizes through A,eq.

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

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

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

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

(2) <= (3) The implication = is trivial. Conversely, assume that we have a
counit map ¢ : A,.q — C. We use the standard fact that the comultiplication of A can
be extended, via a formula of type ®(a) = W(a ® 1)W*, into a map as follows:

D Aeqg = Area @ Apann

The composition (e ® id)® is then our desired isomorphism.

(3) <= (4) The implication = is clear, because from e(u;) = 1 for any i, we
obtain the following formula:

e(N — Re(x(u))) =0

Thus the element N — Re(x(u)) is not invertible in A,.q4, as claimed.

Conversely, with v = u@u, our assumption reads dimv € o(y,). By functional calculus
the same holds for w = v 4 1, and then again by functional calculus, the same holds for
any tensor power wy, = w®*. Now choose for each k € N a state ¢, € A’ , having the
property ex(wy) = dimwy. By Peter-Weyl we must have e;(v) = dimwv, for any v < wy,
and since, again by Peter-Weyl, each irreducible corepresentation of A appears in this
way, the sequence &, converges to a counit map ¢ : A,.q — C, as desired. See [75]. O
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Here are some basic applications of the above result:

Proposition 3.28. We have the following results:
(1) The compact Lie groups G C Uy are all coamenable.

(2) A group dual G =T is coamenable precisely when I' is amenable.
(3) A product G x H of coamenable compact quantum groups is coamenable.

Proof. This follows indeed from the results that we have:

(1) This is clear by using any of the criteria in Theorem 3.27 above, because for an
algebra of type A = C(G), we have Apy = Ayea-

(2) Here the various criteria in Theorem 3.27 above correspond to the various equivalent
definitions of the amenability of a discrete group.

(3) This follows from the description of the Haar functional of C(G x H), from Propo-
sition 3.19 (1) above. Indeed, if [, [;; are both faithful, then so is [, x [, O

Summarizing, we have a fully satisfactory generalized Peter-Weyl theory, which can be
used for various purposes, including the study of amenability.
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4. TANNAKIAN DUALITY

In order to have more insight into the structure of the compact quantum groups, and
to effectively compute their representations, we can use algebraic geometry methods, and
more precisely Tannakian duality. We will present here Woronowicz’s Tannakian duality
result from [99], in its “soft” form, worked out by Malacarne in [70].

Let us start with the following definition:

Definition 4.1. The Tannakian category associated to a Woronowicz algebra (A, u) is
the collection C' = (C(k,1)) of vector spaces

C(k,1) = Hom(u®* u®")
where u®* with k = o e @ o ... colored integer are the Peter-Weyl corepresentations.

We know from Proposition 3.7 above that C'is a tensor x-category. To be more precise,
if we denote by H ~ C¥ the Hilbert space where u € My(A) coacts, then C is a tensor
x-subcategory of the tensor *-category formed by the following linear spaces:

E(k,1) = L(H®* H®

Here the tensor powers H®* with k = o @ @ o ... colored integer are those where the
corepresentations u®* act, defined by the following formulae, and multiplicativity:

H®=C , H®*®=H , H®*=H~H

Our purpose in what follows will be that of reconstructing (A, u) in terms of the category
C = (C(k,1)). As a first, elementary result on the subject, we have:

Proposition 4.2. Given a morphism 7 : (A,u) — (B,v) we have inclusions
Hom(u®*, u®") € Hom(v®*, v®")
for any k,l, and if these inclusions are all equalities, w is an isomorphism.

Proof. The fact that we have indeed inclusions as in the statement is clear from definitions.
As for the last assertion, this follows from the Peter-Weyl theory. Indeed, if we assume
that 7 is not an isomorphism, then one of the irreducible corepresentations of A must
become reducible as a corepresentation of B. But the irreducible corepresentations being
subrepresentations of the Peter-Weyl corepresentations u®*, one of the spaces End(u®*)
must therefore increase strictly, and this gives the desired contradiction. U

The Tannakian duality result that we want to prove states, in a simplified form, that
in what concerns the last conclusion in the above statement, the assumption that we
have a morphism 7 : (A, u) — (B, v) is not needed. In other words, if we know that the
Tannakian categories of A, B are different, then A, B themselves must be different.

In order to get started now, our first goal will be that of gaining some familiarity with
the notion of Tannakian category. And, as a starting point here, we have to use the only
general fact that we know about u, namely that this matrix is biunitary.
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The biunitarity condition translates as follows:

Proposition 4.3. An abstract matriz uw € My(A) is biunitary if and only if
Re Hom(l,u®u) , Re Hom(l,u® u)
R* € Hom(u®u,1) , R*€ Hom(u®u,l)
where R : C — CN ® CN is the linear operator given by R(1) =Y, e; Qe;.
Proof. With R being as in the statement, we have the following computation:
(u@u)(R(1)®1) = Z e; ® e @ ugjuy,; = Z ei ® e @ (uu”)i
ijk ik
We conclude from this that we have:
Re Hom(l,u®u) <= wu* =1
Consider now the adjoint operator R* : CV ® C¥ — C, which is given by:
R*(e; ®ej) = 6
We have then the following computation:

(R @id)(u@u)(e;®e @ 1) = uyuy = (u'n);

We conclude from this that we have:
R* € Hom(u® u,1) < v'ui=1

Similarly, or simply by replacing v in the above two conclusions with its conjugate u,
which is a corepresentation too, we have as well the following two equivalences:

Re Hom(l,u®u) < uu' =1
R* € Hm(u®u,1) <= v'u=1
Thus, we are led to the biunitarity conditions, and we are done. Il

As a consequence of this computation, we have the following result:

Proposition 4.4. The Tannakian category C' = (C(k,l)) associated to a Woronowicz
algebra (A, u) must contain the operators

R:1_>261L®€i ., R'(e; ®ej) =6

in the sense that we must have:
ReC(h,0ce) , ReC(h,e0) , R*e€C(oce,) , R*eC(e0,0)
In fact, C' must contain the whole tensor category < R, R* > generated by R, R*.

Proof. The first assertion is clear from the above result. As for the second assertion, this
is clear from definitions, because C' = (C(k,[)) is indeed a tensor category. O
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Let us formulate now the following key definition:

Definition 4.5. Let H be a finite dimensional Hilbert space. A tensor category over H
is a collection C' = (C(k,1)) of subspaces C(k,1) C L(H®*, H®") satisfying:

) If S,T € C are composable, then ST € C.

) T € C implies T* € C.

) Each C(k,k) contains the identity operator.

) C(0,00) and C(0, ®0) contain the operator R:1— 3. €; ® e;.

As a first observation, this formalism generalizes the Tannakian category formalism
from Definition 4.1 above, because we have:

Proposition 4.6. Let (A, u) be a Woronowicz algebra, with fundamental corepresentation
u € My(A). The associated Tannakian category C = (C(k,l)), given by

C(k,1) = Hom(u®", u®")
is then a tensor category over the Hilbert space H = CV.

Proof. The fact that the above axioms (1-4) are indeed satisfied is clear, and the validity
of the axiom (5) follows from Proposition 4.4 above. O

Our main purpose in what follows will be that of proving that the converse of the above
statement holds. In other words, we would like to prove that any tensor category in the
sense of Definition 4.5 must appear as a Tannakian category.

As a first result on this subject, we have:

Proposition 4.7. Given a tensor category C' = (C(k,l)), the following algebra, with u
being the fundamental corepresentation of C(UY,), is a Woronowicz algebra:

Ac=CUY)/ <T € Hom(u®,u®)|Vk,1,VT € C(k, l)>
In the case where C' comes from a Woronowicz algebra (A,v), we have a quotient map
Ac — A. Moreover, this map is an isomorphism in the discrete group algebra case.

Proof. Given colored integers k,l and an arbitrary linear operator T € L(H®* H®),
consider the following *-ideal of the algebra C'(U},):

I = <T € Hom(u®k,u®l)>

Our claim is that [ is a Hopf ideal. Indeed, with U =), u;, ® ug;, it is elementary to
check that we have the following implication, which proves our claim:

T € Hom(u®", u®) = T € Hom(U®*, U®")
With this claim in hand, A¢ appears from C(Uy) by dividing by a collection of Hopf

ideals, and is therefore a Woronowicz algebra. It is also clear that we have a quotient
map Ac — A, simply because the relations defining Aq are satisfied in A.
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Regarding now the last assertion, assume that we are in the case A = C*(I"), with
['=<g¢,...,gy > being a finitely generated discrete group. If we write I' = Fiy/R, with
R being the complete collection of relations between the generators, then we have:

)
Thus the quotient map Ac — A is indeed an isomorphism, as claimed. O

With the above construction in hand, the Tannakian duality theorem that we want to
prove states that the operations A — Ac and C — (4 are inverse to each other.
We have the following result, which simplifies our work:
Proposition 4.8. Consider the following conditions:
(1) C = Ca., for any Tannakian category C'.
(2) A= Ac,, for any Woronowicz algebra (A, u).
We have then (1) = (2). Also, C' C Cy,, is automatic.
Proof. Given a Woronowicz algebra (A, u), let us set C'= C4. By using (1) we have then
Ca = Ca.,- On the other hand, by Proposition 4.7 above we have an arrow Ac, — A.
Thus, we are in the general situation from Proposition 4.2 above, with a surjective arrow
of Woronowicz algebras, which becomes an isomorphism at the level of the associated
Tannakian categories. We conclude that Proposition 4.2 can be applied, and this gives
the isomorphism of the associated Woronowicz algebras, Ac, = A, as desired.
Finally, the fact that we have an inclusion C' C C}y,, is clear from definitions. g

Summarizing, we would like to prove that we have Cs, C C, for any Tannakian category
C'. Let us begin with some abstract constructions. Following [70], let us formulate:

Proposition 4.9. Given a tensor category C = C((k,l)) over a Hilbert space H,

EY = P ey @ BH H) =B | P H™

|| |l <s || |l <s k|<s

s a finite dimensional C*-subalgebra. Also,

Ec =@ C(k,1) c @ BH H*)C B (@ H®’“>
k.l k.l k

is a closed x-subalgebra.

Proof. This is clear indeed from the categorical axioms from Definition 4.5. U

Now back to our reconstruction question, given a tensor category C' = (C'(k,[)), we want
to prove that we have €' = C4, which is the same as proving that we have Ec = Ec, .
Equivalently, we want to prove that we have isomorphisms as follows, for any s € N:

5 = 58,
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We will use a standard commutant trick, as follows:

Proposition 4.10. For any C*-algebra B C M, (C) we have
B=B"
where prime denotes the commutant, X' ={T € M,,(C)|Tz = 2T ,Vx € X}.

Proof. This is a particular case of von Neumann’s bicommutant theorem [73], which fol-
lows as well from the explicit description of B given in Proposition 3.8 above. To be more
precise, let us decompose B as there, as a direct sum of matrix algebras:

B=M,(C)&...® M, (C)

The center of each matrix algebra being reduced to the scalars, the commutant of this
algebra is then as follows, with each copy of C corresponding to a matrix block:

B =Ceo...6C
By taking once again the commutant we obtain B itself, and we are done. U

We recall that we want to prove that we have C' = Uy, for any Tannakian category
C. By using the above notions, and the bicommutant theorem, we have:

Proposition 4.11. Given a Tannakian category C', the following are equivalent:
(1) C =Cy,.
(2) Ec = Ec e
(3) E((j) = Eéjc, for any s € N.

!

(4) Eg) = E(CSZC, for any s € N.
In addition, the inclusions C, C, C, D are automatically satisfied.

Proof. Here (1) <= (2) is clear from definitions, (2) <= (3) is clear from definitions
as well, and (3) <= (4) comes from the bicommutant theorem. As for the last assertion,
we have indeed C' C Cy,, from Proposition 4.8, and this shows that we have as well Ex C

Ec,,, and then Eg) C E(Csjc, and finally Eg) D E(Csjc, by taking the commutants. U
Summarizing, in order to finish, given a tensor category C' = (C(k,1)), we would like
to prove that we have inclusions Eg ¢ Egj/
Let us first study the commutant on the right. As a first observation, we have:

, for any s € N.

Proposition 4.12. Given a Woronowicz algebra (A, u), we have

Eéfj = End @ u®k

k| <s

as subalgebras of B(D<,H*).
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Proof. The category C is given by Cx(k, 1) = Hom(u®*, u®"), so according to Proposition

(s)

4.9 above, the corresponding algebra E appears as follows:

ES = P Hom@®™ u®)c @ BH™ H)=B|P H*

k], |l<s k], |l<s k| <s

On the other hand, the algebra of intertwiners of EBl Kl<s u®* is given by:

End @u@“ = @ Hom(u®", u®") @ B(H®* H*"Y = B @H@)k

|k|<s |kl ll<s |k],l<s |k|<s
Thus we have indeed the same algebra, and we are done. U

We have to compute the commutant of the above algebra. For this purpose, we can
use the following general result, valid for any corepresentation:

Proposition 4.13. Given a corepresentation v € M, (A), we have a representation
Ty AT = Mo (C) o = ((vi))y
whose image is given by I'm(m,) = End(v)'.
Proof. The first assertion is clear, with the multiplicativity claim coming from:
(Mo ))i; = (9 @¢)A(vy)
= Z¢(Uik)¢(vkj)
k
= > (m(@)ar(m(¥)s

= (mo(@)mo(¥))i

Let us first prove the inclusion C. Given ¢ € A* and T € End(v), we have:

mo(9), T =0 <= Y oa)Tiy =Y Tup(vr), Vi, j

— ¢ (Z Uikaj> = (Z Tiij) Vi, g
= o((vT)i;) = o((Tv)ij), Vi, j

But this latter formula is true, because T € End(v) means that we have vT' = Tv.
As for the converse inclusion D, the proof is quite similar. Indeed, by using the bicom-
mutant theorem, this is the same as proving that we have Im(m,)" C End(v). But, by
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using the above equivalences, we have the following computation:
T € Im(m,) <= [m(p),T] =0,V
= o((WT)y) = e((Tv)i;), Ve, i, j
— vI'=Tv
Thus, we have obtained the desired inclusion, and we are done. O
By combining the above results, we obtain:
Proposition 4.14. Given a Woronowicz algebra (A, u), we have
ES = Im(m,)
as subalgebras of B(@|k|§3H®k), where the corepresentation v is the sum
v = GB u®*
|k|<s
and where m, : A* — M, (C) is given by o — (p(vij))ij-
Proof. This follows indeed from Proposition 4.12 and Proposition 4.13. U

We recall that we want to prove that we have Eéf e Eéfj;, for any s € N. For this

purpose, we must first refine Proposition 4.14, in the case A = Ac.

Generally speaking, in order to prove anything about As, we are in need of an explicit
model for this algebra. In order to construct such a model, let < wu;; > be the free
-algebra over dim(H)? variables, with comultiplication and counit as follows:

A(Ul]> = Z Uik X Uk;j y S(Uij) = 51’]’
k

Following [70], we can model this *-bialgebra, in the following way:

Proposition 4.15. Consider the following pair of dual vector spaces,
F=@BHEH™) , FF=BH™)
k k

and let fij, fi; € F™* be the standard generators of B(H)*, B(H)*.

(1) F* is a *-algebra, with multiplication @ and involution fi; < f7.

(2) F* is a x-bialgebra, with A(fi;) = >, fik ® fr; and e(fij) = 6i;.

(3) We have a *-bialgebra isomorphism < w;; >~ F*, given by u;; — fi;.
Proof. Since I is spanned by the various tensor products between the variables fi;, f7,
we have a vector space isomorphism < w;; >~ F* given by u;; — fij, uj; — f;, and the
corresponding *-bialgebra structure induced on F™ is the one in the statement. O

Now back to our algebra Ac, we have the following modelling result for it:
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Proposition 4.16. The smooth part of the algebra Ac is given by
AC ~ F*/J

where J C F* is the ideal coming from the following relations,

Z Ti1~~il,P1-~-pkfp1j1 ®...Q fpkjk = Z Tq1---Qij1---jkfilq1 ®...Q fizQz ) Vi,j

P1,--Pk q1,--591

one for each pair of colored integers k,l, and each T € C(k,1).

Proof. Our first claim is that Ag appears as enveloping C*-algebra of the following uni-
versal x-algebra, where u = (u;;) is regarded as a formal corepresentation:

Ac::<WU%FiMNPWEHbm@@ﬁu@LVhLVTEECM;U>

Indeed, this follows from Proposition 4.3 above, because according to the result there,
the relations defining C(U};) are included into those that we impose.

With this claim in hand, the conclusion is that we have a formula as follows, where [
is the ideal coming from the relations 7' € Hom(u®* u®), with T € C(k,1):

.AC =< Ujj > /I

Now if we denote by J C F* the image of the ideal I via the x-algebra isomorphism
< u;; >~ F* from Proposition 4.15, we obtain an identification as follows:

ACZF*/J

In order to compute J, let us go back to I. With standard multi-index notations,
and by assuming that k,I € N are usual integers, for simplifying, a relation of type
T € Hom(u®*, u®") inside < u;; > is equivalent to the following conditions:

E Tilmiz,mmpkumjl o Upgg, = § : TtI1~~~ql,j1~~jkuilql cee Ui VZJ

P1,--Pk q1;---,91

Now by recalling that the isomorphism of *-algebras < w;; >— F* is given by u;; — fij,
and that the multiplication operation of F* corresponds to the tensor product operation
®, we conclude that J C F™* is the ideal from the statement. U

With the above result in hand, let us go back to Proposition 4.14. We have:

Proposition 4.17. The linear space Ay, is given by the formula
g:{aeﬂT%:aﬁﬁTecw@}

and m, : AL — B(®y<sH®*) appears diagonally, by truncating, m, : a — (ag)kk-
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Proof. We know from Proposition 4.16 that we have A ~ F*/.J, and this gives a quotient

map F* — Ag, and so an inclusion A7, C F. To be more precise, we have:

A = {a e F)f(a) —0,¥f ¢ J}

Now since J =< fr >, where fr are the relations in Proposition 4.16, we obtain:

A = {a € F(fT(a) —0,%T € c}
Given T € C(k,1), for an arbitrary element a = (ay), we have:

fr(a) =

<~ E Elmil»pl-npk(a'k’>P1~--pk7jl-~-jk: = E 1 -QL,J1---Jk al)u 41,91 quz J

P1y---y Pk q1,---,q1
= (Tar)i.ipjrgn = (@T)iy. i gy g Vis J
<— Ta=aT

Thus, the dual space A7, is given by the formula in the statement.
It remains to compute the representation m,, which appears as follows:

T Ap = B @H@“

|k|<s
With a = (ax), we have the following computation:

ﬂ-'U(a)il---ikyjl---jk = a’(vh---ik,jl---jk)

= (filjl ®...® flk]k)(a)

- (ak)ilv--ik-yjlnjk

Thus, our representation 7, appears diagonally, by truncating, as claimed.

In order to further advance, consider the following vector spaces:
F,=@ B(H®) | Fr=EPB(H™)
|k|<s |k|<s

We denote by a — a, the truncation operation F' — F;. We have then:

Proposition 4.18. The following hold:

(1) EY c F,.

(2) EL C F.

(3) AL = Et.

(4) Im(m,) = (E¢)s.
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Proof. These results basically follow from what we have, as follows:
(1) Since F, C B <®\k\§s H®k) is the diagonal subalgebra, its commutant is:

Fs’:{ber

b= (by), by € C,Vk}

On the other hand, we know from the identity axiom for C' that this algebra is contained
inside E(CS ), Thus, our result follows from the bicommutant theorem, as follows:

F/ CEY — F,>EY

(2) This follows from (1), by taking inductive limits.
(3) With the present notations, the formula of A}, from Proposition 4.17 reads:

& =FnNE;
Now since by (2) we have E{, C F, we obtain from this A}, = Ef,.
(4) This follows from (3), and from the formula of 7, in Proposition 4.17. 0

Following [70], we can now state and prove our main result, as follows:

Theorem 4.19. The Tannakian duality constructions
C—Ac , A—=Cy

are inverse to each other, modulo identifying full and reduced versions.

Proof. According to Proposition 4.8, Proposition 4.11, Proposition 4.14 and Proposition
4.18, we have to prove that, for any Tannakian category C', and any s € N:

EG" C (Ep),
By taking duals, this is the same as proving that we have:
{# & 7|, =0} < {1 € F2] s =0}

In order to establish these inclusions, we use the formula A}, = Ef,, from Proposition
4.18. Since we have Ac = F*/J, we conclude that the ideal J is given by:

J = {f S F*’f\E’C = 0}
Our claim is that we have the following formula, for any s € N:
JNFr = {feF; Fo :o}
|E¢

Indeed, let us denote by X, the spaces on the right. The categorical axioms for C'
show that these spaces are increasing, that their union X = U,X, is an ideal, and that
Xs =X NFE;. We must prove that we have J = X, and this can be done as follows:

“C” This follows from the following fact, for any T € C(k, 1) with |k|, |I| < s:

(fr)yry =0 = (fT)‘EgV =0 = freX,
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“D” This follows from our description of J, because from Eéf ) ¢ FE¢ we obtain:
f\E(CS)/ =0 = flg, =0
Summarizing, we have proved our claim. On the other hand, we have:

JNFr = {feF*ﬁE'C:O}ﬂF;
= {fer*ﬁE’C:O}
= {rer|fim. =0}

Thus, our claim is exactly the inclusion that we wanted to prove, and we are done. [

As a first application, let us record the following theoretical fact, from [14]:

Proposition 4.20. Fach closed subgroup G C Uy, appears as an algebraic manifold of

the free complex sphere, G C Sgi:l, the embedding being given by x;; = :}%

Proof. This follows from Theorem 4.19, by using the inclusions G C Uy, C Sg i’l. Indeed,
both these inclusions are algebraic, and this gives the result. U

As a second application of the above results, let us study the quantum groups O3, Uy,
In order to get started, let us get back to the operators R, R*. We have:

Proposition 4.21. The tensor category < R, R* > generated by the operators
R31—>261®6i , R*(ei®6j):5ij

produces via Tannakian duality the algebra C(UY,).

Proof. By Proposition 4.4 the intertwining relations coming from R, R*, and so from any
element of the tensor category < R, R* >, hold automatically, so the quotient operation
in Proposition 4.7 is trivial, and we obtain the algebra C(U},) itself, as stated. O

Our goal now will be that of reaching to a better understanding of R, R*. In order to
do so, we use a diagrammatic formalism, as follows:

Definition 4.22. Let k, [ be two colored integers, having lengths |k|, || € N.

(1) Py(k,1) is the set of pairings between an upper row of |k| points, and a lower row
of |l| points, with these two rows of points colored by k.

(2) Po(k,l) C Pa(k,l) is the set of matching pairings, whose horizontal strings connect
o—o or e—e, and whose vertical strings connect o — e.

(3) NCy(k,l) C Py(k,l) is the set of pairings which are noncrossing, in the sense that
we can draw the pairing as for the strings to be noncrossing.

(4) NCa(k,l) C Po(k,l) is the subset of noncrossing matching pairings, obtained as
an intersection, NCq(k,1) = NCy(k,1) N Pa(k,1).
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The relation with the Tannakian categories of linear maps comes from the fact that we
can associate linear maps to the pairings, as in [35], as follows:

Definition 4.23. Associated to any pairing m € Py(k,l) and any N € N is the linear map
T, : (CM)®k — (CM)® given by

Tﬂ(6i1®"'®6ik): Zaw(l-l Z.k)€j1®...®€jl

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

To be more precise here, in the definition of the Kronecker symbols, we agree to put
the two multi-indices on the two rows of points of the pairing, in the obvious way. The
Kronecker symbols are then defined by d, = 1 when all the strings of 7 join equal indices,
and by 0, = 0 otherwise. Observe that all this is independent of the coloring.

Here are a few basic examples of such linear maps:

Proposition 4.24. The correspondence m — T} has the following properties:
(1) TH = R.
(2) T, = R
(3) T u 1S id.
(4) T

Proof. We can assume if we want that all the upper and lower legs of 7 are colored o.
With this assumption made, the proof goes as follows:

(1) We have N € Py(f),00), and so the corresponding operator is a certain linear map
Tr : C — CN @ CV. The formula of this map is as follows:

D= bn(ijlei@e; = djei®@e; =Y e;@e;

We recognize here the formula of R(1), and so we have T, = R, as claimed.
(2) Here we have U € Py(0o, (), and so the corresponding operator is a certain linear
form Tr : CN @ CN — C. The formula of this linear form is as follows:

Th(ei ®ej) = 0n(i j) = 0y
Since this is the same as R*(e; ® e;), we have T, = R*, as claimed.

(3) Consider indeed the “identity” pairing ||...|| € Pa(k, k), with k =oo...00. The
corresponding linear map is then the identity, because we have:

Tiglen®...®ey) = Y 6. ||(1 jk)%@--@ejk

n
J1--Jk

= E Oirjr -+ 0ipjnCjs ® ... D ey,

Ji---Jk

= €i1®‘-'®€ik
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(4) In the case of the basic crossing X € P(oco,00), the corresponding linear map
Ty : CYN ® CN — CY @ CV can be computed as follows:

Ty(e; ® e;) = Z5X </i: %) er Qe = Z&léjkek Qe =e; Ve
Kl Kl

Thus we obtain the flip operator ¥(a ® b) = b ® a, as claimed. O

Summarizing, the correspondence m — T}, provides simple formulae for the operators
R, R* that we are interested in, and has as well some interesting categorical properties.
Let us further explore these properties. We have the following result, from [35]:

Proposition 4.25. The assignement m — T} is categorical, in the sense that we have
T @Ty =Tiwo) » Tuly=NTITo | TF =T
where c(m,0) are certain integers, coming from the erased components in the middle.

Proof. The concatenation axiom follows from the following computation:

(T, @T,)(€, ®..Q¢€, ey, ® ... ex,)

= Y 5ﬁ<2 ;'p>5"(lll f)ej1®...®ejq®el1®...®els
g L

jl---jq l1..0ls
J1--Jg li..ls q s

= T‘[ﬂ'a](eil ®“'®€ip®6k1 ®®€kr)
The composition axiom follows from the following computation:

TﬂTg(eil ® Ce ® eip)

B i o
B T P,

jl---jq ki...ky
e Z Nc(ﬂ-vo')d Zl et ip ® ®
2] k k €k, Ce €k,
ky .k Lo

— NC(”’J)T[%](Gil ®... Qe
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Finally, the involution axiom follows from the following computation:
T ®...®€;,)
B Z<T:(eﬁ®-~-®€jq)7€i1®'-~®eip>€i1®---®eip

i1..ip

= 2(57r Z.l l.p €i1®---®ei
) Juo-.. jq P
= Tﬂ-*<€j1 ®X...Q0 €jq)
Summarizing, our correspondence is indeed categorical. Il
We can now formulate a first result regarding OF, Uy, as follows:
Theorem 4.26. For the quantum groups O, Uy we have

Hom/(u®* u®) = span (T7r € D(k, l))

with D = NCy, NCy respectively, with m — T, being constructed as above.

Proof. We know from Proposition 4.21 that Uy corresponds via Tannakian duality to the
category < R, R* >. On the other hand, it follows from the above categorical considera-
tions that this latter category is given by the following formula:

< R, R* >= span <T,T TE J\/'Cg)

As for the result from OF, this follows by adding to the picture the self-adjointness
condition u = u, which corresponds, at the level of pairings, to removing the colors. [

As a first application, regarding O}, we have the following result, from [1]:

Theorem 4.27. The irreducible corepresentations of Oy are labelled by positive integers,
and their fusion rules are the Clebsch-Gordan ones, namely

T QT = Tlk—1| + Vk—t)+2 + - + Tkpi

as for the group SUs. The dimensions of these corepresentations are given by

s

q—q!
where q,q~" are the solutions of X*> — NX +1 = 0.

dimr, =

Proof. Let {xx}ren be the characters of the irreducible representations of SU,. These
characters span a complex subalgebra A C C(SU,), which is isomorphic to C[X], via
X — x1. We can find integers ¢y € N such that ¢, = 1 and:

k

X’f = Z CriXi

=0
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Also, we can define a morphism ¥ : A — C(O;) by x1 — f1, where f; is the character
of the fundamental representation of OF. The elements f; = W(xy) verify then:

Tefi = fie—y + fe—ge2 + o+ frn

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

Assume now that the result holds at kK — 1. We have f,_of1 = fi_3 + fi_1, and so we
get r,_o®1r; = rp_3+1r_1, which gives rp_1 C r,_o®1r;. Now since r,_» is irreducible, by
Frobenius reciprocity we have ry_s C r,_1 ® rq, so there exists a representation r; such
that r,_1 ® 11 = r_o + 1. Since fr_1f1 = fr_2 + fx, the character of ry is f;.

It remains to prove that r, is irreducible, and non-equivalent to rq,...,r._;. For this
purpose, observe that we have inequalities as follows:

k
> ¢y < dim(End(u®*)) < #NCy(k, k)
=0

Indeed, the first inequality comes from the fact that we have fF = Zf:o crfi, with the
remark that the equality case holds precisely when r; is irreducible, and non-equivalent
to rq,...,rg_1. As for the second inequality, this comes from Theorem 4.26.

Our claim now, which will end the proof, is that we have equalities everywhere. But
in order to prove this claim, we can ignore of course the middle quantity, and we are left
with a question regarding the numbers ¢y, and so with a question regarding SUs.

In order to solve this latter question, let w be the fundamental representation of SUs.
We have then some well-known equalities, as follows:

k
> ety = dim(End(w®™)) = #NCy(k, k)
=0

Indeed, the first equality follows from the definition of the numbers ¢;;. As for the
second equality, this is something standard, coming for instance from the fact that we
have an isomorphism SU, ~ S3, as compact measured spaces, which makes the main
character y,, correspond to a semicircular variable, having the numbers #NCs(k, k) as
moments. All this is standard, and will be discussed in section 6 below, and everything
can be deduced as well directly from the Clebsch-Gordan rules.

Summariring, we have equalities everywhere, and this proves our claim. Finally, since
any irreducible representation of O} must appear in some tensor power of u, and we have
a formula for decomposing each u®* into sums of representations r;, we conclude that
these representations r; are all the irreducible representations of Oy .

Finally, from the Clebsch-Gordan rules we have in particular:

TET1 = Tp—1 + Th1

But this gives the dimension formula in the statement, and we are done. O
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Let us investigate now the quantum group Uy,. We first have:
Theorem 4.28. The canonical free complexification model
C(UY) = C(T) = C(OR)
is faithful, at the level of the reduced version algebras.

Proof. We have embeddings as follows, with the first one coming by using the counit, and
with the second one coming from the universality property of Uy

0% C O C Uy,

If we denote by v, zv, u the corresponding fundamental corepresentations, at the level
of the associated Hom spaces we obtain reverse inclusions, as follows:

Hom(v®* v®) D> Hom((20)®*, (20)®) D Hom(u®*, u®")

The spaces on the left and on the right are known from Theorem 4.26 above, the result
there stating that these spaces are as follows:

span <T7r € NCyk, l)) D span <T7r m e NCy(k, l))

Regarding the spaces in the middle, these are obtained from those on the left by “color-
ing”, so we obtain the same spaces as those on the right. Thus, by Tannakian duality, our

embedding OF; C Uy, is an isomorphism, modulo identifying full and reduced versions. [
We can now compute the fusion rules for Uy, and we have:

Theorem 4.29. The irreducible corepresentations of Uy, are labelled by N x N, and

TE QT = E Tzz

k=xy,l=yz
which appear as “free complexifications” of the Clebsch-Gordan ones.

Proof. This follows by combining Theorem 4.27 and Theorem 4.28 above. Indeed, the

fusion rules for O3, can be explicitely computed, and appear as “free complexifications”
of the fusion rules for Oy, which are the Clebsch-Gordan ones. Alternatively, we can use
a recurrence argument as in the proof of Theorem 4.27 above, with r, C ©®* being the
“new components” which appear. All this is quite technical, see [1], [77] for details. [

As a conclusion, the Tannakian duality methods allow us to have a very good insight
into the structure of O%, Uy, and the same methods can be in principle applied to any
quantum group whose algebra of functions is given by a simple presentation formula.

We will systematically exploit this point of view, in what follows.
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5. EASINESS, EXAMPLES

Our purpose now will be that of extending the main findings about OF;, Uy from the
previous section to Oy, Uy too, and to other compact quantum groups as well.
Let us begin with a general definition, from [35], [83], as follows:

Definition 5.1. Let P(k,l) be the set of partitions between an upper colored integer k,
and a lower colored integer I. A set D = | |, D(k,l) with D(k,l) C P(k,l) is called a
category of partitions when it has the following properties:

(1) Stability under the horizontal concatenation, (w,0) — [mo].
(2) Stability under vertical concatenation (7, 0) — [2], with matching middle symbols.
(3) Stability under the upside-down turning *, with switching of colors, o <> e.
(4) Each set P(k,k) contains the identity partition ||...||.
(5) The sets P(D,0e) and P((, ®0) both contain the semicircle N.
We have already met a number of such categories, in Definition 4.22 above. Indeed,
the sets there are categories of pairings, with inclusions between them as follows:

Py NC,y

P, N,

There are many other examples of such categories, as for instance P itself, or the
category NC C P of all noncrossing partitions. We will gradually explore these examples,
in what follows. For the moment, we will rather focus on the categories of pairings.

The relation with the Tannakian categories comes from:

Proposition 5.2. Fach m € P(k,l) produces a linear map T : (CV)®* — (CN)®!,

Tﬂ(ei1®"'®eik): Zéﬂ(z-l Z.k>€j1®...®€jl

Jr -

with the Kronecker type symbols 6, € {0,1} depending on whether the indices fit or not.
The assignement m — T is categorical, in the sense that we have

TW ® T" = T[WU] ) T7TTO' = NC(FJ)T{Z] ; T = T7r*

™

where c(m,0) are certain integers, coming from the erased components in the middle.

Proof. This is something that we already know for the pairings, from Proposition 4.25
above. In general, the proof is identical. To be more precise, the proof of Proposition
4.25 does not use the fact that the partitions there are actually pairings. U

In relation with the quantum groups, we have the following result, from [35]:
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Theorem 5.3. Fach category of partitions D = (D(k,l)) produces a family of compact
quantum groups G = (Gy), one for each N € N, via the formula

Hom(u®* u®) = span (T7r T E D(k,l))

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

Proof. This follows indeed from Woronowicz’s Tannakian duality, in its “soft” form from
[70], as explained in section 4 above. Indeed, let us set:

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

By using the axioms in Definition 5.1, and the categorical properties of the operation
m — Ty, from Proposition 5.2 above, we deduce that C = (C(k,l)) is a Tannakian
category. Thus the Tannakian duality applies, and gives the result. U

We already know, from section 4 above, that the quantum groups O, Uy appear in
this way, with D being respectively NCy, NCs. In general now, let us formulate:

Definition 5.4. A closed subgroup G C Uy, is called easy when we have

Hom/(u®* u®") = span (T7r € D(k, l))

for any colored integers k.1, for a certain category of partitions D C P.

In other words, a compact quantum group is called easy when its Tannakian category
appears in the simplest possible way: from a category of partitions. The terminology is
quite natural, because Tannakian duality is basically our only serious tool.

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

We will see in what follows, in this section and in the next few ones, that many in-
teresting examples of compact quantum groups are easy. Moreover, most of the known
series of “basic” compact quantum groups, G = (Gy) with N € N, can be in principle
made fit into some suitable extensions of the easy quantum group formalism.

In practice now, what we know so far is that Oy, U}, are easy. Here is a simplified proof
for this fact, using the main Tannakian result from section 4 as ingredient:

Proposition 5.5. We have the following results:

(1) The quantum group Uy, is easy, coming from the category NC.
(2) The quantum group O3 is easy as well, coming from the category NCs.

Proof. We use the Tannakian duality result from section 4 above:
(1) Uy is defined via the relations u* = ™', u* = ™!, which tell us that the operators
T,, with # = [l and 7 = [, must be in the associated Tannakian category C. We

oe [ Tepi

therefore obtain C' = span(Ty|m € D), with D =< [, | I} >= NCy, as claimed.

oce ) @O
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(2) OF, C Uy is defined by imposing the relations u;; = ;;, which tell us that the
operators T, with 7 = { and 7 = §, must be in the associated Tannakian category C. We
therefore obtain C' = span(T,|m € D), with D =< NC»,{,} >= NC5, as claimed. O

Next in our lineup, we have the following result, due to Brauer [47]:

Proposition 5.6. We have the following results:

(1) The unitary group Uy is easy, coming from the category Ps.
(2) The orthogonal group Oy is easy as well, coming from the category P;.

Proof. As already mentioned, this result is due to Brauer [47]. The classical proof is via
classical Tannakian duality, for the usual closed subgroups G' C Uy.

In the present context, we can deduce this result from the one that we already have,
for O%,Uy. The idea is very simple, namely that of “adding crossings”, as follows:

(1) Uy C Uy is defined via the relations [u;;, ur] = 0 and [ugj, ] = 0, which tell
us that the operators Ty, with 7 =¥ and 7 = J{, must be in the associated Tannakian
category C. Thus C = span(T, | € D), with D =< NCq,%,{ >= P,, as claimed.

(2) In order to deal now with Oy, we can simply use the formula Oy = O% N Uy.
At the categorical level, this tells us that the associated Tannakian category is given by
C = span(Ty|r € D), with D =< NCy, Py >= P,, as claimed. O

Regarding now the half-liberations, we have here:

Proposition 5.7. We have the following results:
(1) Uy is easy, coming from the category Py C Po of pairings having the property that,

when the legs are relabelled clockwise o @ o e ..., each string connects o — e.
(2) Ox is easy too, coming from the category Py C Py of pairings having the same
property: when legs are labelled clockwise o e o e ..., each string connects o — e.

Proof. We can proceed here as in the proof of Proposition 5.6 above, by replacing the
basic crossing by the half-commutation crossing, as follows:

(1) Regarding U} C Uy, the corresponding Tannakian category is generated by the
operators T}, with m = Y, taken with all the possible 23 = 8 matching colorings. Since
these latter 8 partitions generate the category P, we obtain the result.

(2) Finally, for O} we can proceed similarly, by using the formula O3 = OF N Uy.
At the categorical level, this tells us that the associated Tannakian category is given by
C = span(T,|r € D), with D =< NC,, P; >= Pj, as claimed. d

Let us collect now the results that we have so far in a single theorem, as follows:
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Theorem 5.8. The basic unitary quantum groups are all easy, as follows,

Un Uy Uy Po Ps NC,

On Oy o% Py Py Ny

with the corresponding categories of partitions being those on the right.
Proof. This follows indeed from the above results. O

We have seen in section 4 above that the easiness property of Oy, Uy leads to some
interesting consequences. Regarding O3, Uy, as a main consequence, we can now compute
their projective versions, as part of the following general result:

Theorem 5.9. The projective versions of the basic quantum groups are as follows,

Uy U Uy PUy PUy PU}

On Oy o) POy PUy PUY;
when identifying, in the free case, full and reduced version algebras.

Proof. In the classical case, there is nothing to prove. Regarding the half-classical versions,
consider the inclusions Oy, Unx C Uy These induce inclusions POy, PUy C PUy;, and
our claim is that these latter inclusions are isomorphisms.

In order to prove this, let u, v, w be the fundamental corepresentations of O}, Uy, Ux.
We have then the following equalities, coming from Theorem 5.8 above:

Hom ((u® )", (u® u)') = span <T,r T € Py((o®)", (oo)l)>

Hom ((u ® )", (u® ﬂ)l) = span (T,T T € Py((ce)F, (oo)l)>

Hom ((u ®u)", (u® ﬂ)l) = span <T7r T € P;((ce)", (oo)l)>

The sets on the right being equal, we conclude that the inclusions Oy, Uy C Uy, preserve
the corresponding Tannakian categories, and so must be isomorphisms.

Finally, in the free case the result follows either from the free complexification result in
Theorem 4.28, or from Theorem 5.8, by using the same method. U
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The above result is quite interesting, philosophically, because it shows that, in the
nocommutative setting, the distinction between R and C becomes “blurred”. We will be
back to this in section 11 below, with some noncommutative geometry considerations.

In order to enlarge now our list of examples, and develop some general theory as well,
we have several directions to be explored. A first natural question is that of computing
the quantum group associated to the category P itself, and we have here:

Theorem 5.10. The symmetric group Sy, regarded as a compact quantum group,
SN c Uy C U]-\i,_
via the permutation matrices, is easy, coming from the category of all partitions P.

Proof. Consider indeed the symmetric group Sy, regarded as a group of unitary matrices,
with each permutation ¢ € Sy corresponding to the associated permutation matrix,
o(e;) = eq(). We have in this way an embedding Sy C Uy C Uy, as above.

Cons&der as well the easy quantum group G C Oy coming from the category of all
partitions P. Since P contains the basic crossing, we have G C Opn. Moreover, since P is
generated by the one-block partition p € P(2,1), we have:

C(G) = C’(ON)/<TM € Hom(u®2,u)>

The linear map associated to p being given by T),(e; ® e;) = 0;;e;, we have:

u = (uij)ij ) u®? = (uz’jukl)z‘k,jl ) Tu = (&jk)i,jk

We therefore obtain the following formulae:

(Tuu®)igi = Y (T)itm (U )im ke = ijttin

Ilm

'L]k E U'Ll l]k ]kuz]

Thus, the relation defining G C Oy reformulates as follows:
T, € Hom(u®?, u) <= Wi, = Ojxij, Vi, J, k

In other words, the elements wu;; must be projections, and these projections must be
pairwise orthogonal on the rows of u = (u;;). We conclude that G C Oy is the subgroup
of matrices U € Oy having the property U;; € {0,1}, and so G = Sy, as desired. O

With the above result in hand, and after a quick look at Theorem 5.8, it is tempting
to define the “quantum permutation group” as being the easy quantum group associated
to the category of noncrossing partitions NC. We will discuss this in section 7 below.

For the moment, let us stay at the general level. We have:
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Proposition 5.11. Any easy quantum group G C Uy appears as an intermediate subgroup
Sy C G C Uy,. Also, the intermediate subgroups Sy C G C Uy are those satisfying

Hom(u®", u®") C span (T,r

T P(k,l))

for any k,l, and the easy ones are those having the property that these inclusions come
from an inclusion of categories of partitions D C P, via the m — T, construction.

Proof. The first assertion follows from Theorem 5.10, by functoriality. The first part of
the second assertion follows as well from Theorem 5.10, by functoriality. As for the second
part of the second assertion, this is just a reformulation of Definition 5.4. O

All this suggests looking, more generally, at the arbitrary intermediate closed subgroups
Sy C G C Uy, by using combinatorial methods. We have here, as a basic result:

Proposition 5.12. Given an intermediate quantum group Sy C G C Uy, with Tannakian
category Cq, the following is a category of partitions,

D’:{wePT,,eCG}

and the corresponding easy quantum group G' C Uy is smallest easy quantum group
containing G. Moreover, the same holds under the sole assumption G C Uy,

Proof. The fact that D’ satisfies the axioms for the categories of partitions comes from
the fact that Cg satisfies the axioms for the Tannakian categories. By functoriality we
have an inclusion G C G’, and the fact that G’ is the smallest easy quantum group having
this property is clear as well, once again by functoriality considerations. O

The quantum group G’ constructed above is called “easy envelope” of G. The con-
struction G — G’ is something quite interesting, and we will be back to it, later on.

When G is easy, coming from a category of partitions D, we have of course G = G'.
By functoriality we have D C D', and the category D', called “saturation” of D, is the
biggest category of partitions producing the same easy quantum group as D.

Observe however that the construction D — D’ depends on N € N, so it is does not
provide a good answer to the functoriality issues mentioned after Definition 5.4.

Let us discuss now composition operations. We will be interested in:

Proposition 5.13. The closed subgroups of U, are subject to operations as follows:
(1) Intersection: H N K is the biggest quantum subgroup of H, K.
(2) Generation: < H, K > is the smallest quantum group containing H, K.

Proof. We must prove that the universal quantum groups in the statement exist indeed.
For this purpose, let us pick writings as follows, with I, J being Hopf ideals:

C(H)=CUY)/I . C(E)=CUy)/J
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We can then construct our two universal quantum groups, as follows:
CHNK)=C0Uy)/<I,J>
C(< H /K >)=C(Uy)/(INnJ)

Thus, we obtain the result. O

In practice, the operation N can be usually computed by using:

Proposition 5.14. Assuming H, K C G, the intersection H N K is given by
C(HNK)=C(G)/{R,P}
whenever C(H) = C(G)/R and C(K) = C(G)/P, with R, P being certain sets of poly-

nomial x-relations between the standard coordinates w;;.

Proof. This follows from Proposition 5.13 above, or rather from its proof, and from the
following trivial fact, regarding relations and ideals:

[=<R>J=<P>=<I,J>>=<R,P>
Thus, we obtain the result. U

In order to discuss now the generation operation, let us call Hopf image of a repre-
sentation C'(G)) — A the smallest Hopf algebra quotient C'(L) producing a factorization
C(G) — C(L) — A. The fact that such a quotient exists indeed is routine, by dividing
by a suitable ideal, and we will be back to this, with details, in section 12 below.

This notion can be generalized to families of representations, and we have:

Proposition 5.15. Assuming H, K C G, the quantum group < H, K > is such that
CG)—CHNK)—C(H),C(K)
is the joint Hopf image of the quotient maps C(G) — C(H),C(K).

Proof. In the particular case from the statement, the joint Hopf image appears as the
smallest Hopf algebra quotient C'(L) producing factorizations as follows:

C(G) - C(L) - C(H),C(K)
We conclude from this that we have L =< H, K >, as claimed. See [49]. O

In the Tannakian setting now, we have the following result:

Theorem 5.16. The intersection and generation operations N and <,> can be con-
structed via the Tannakian correspondence G — Cgq, as follows:

(1) Intersection: defined via Cogng =< Cq,Cy >.

(2) Generation: defined via Ccq ps = Ce N Ch.

Proof. This follows from Proposition 5.13, or rather from its proof, by taking I, .J to be
the ideals coming from Tannakian duality, in its soft form, from section 4 above. U
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In relation now with our easiness questions, we first have the following result:
Proposition 5.17. Assuming that H, K are easy, then so is H N K, and we have
Dynx =< Dy, Dk >
at the level of the corresponding categories of partitions.
Proof. We have indeed the following computation:
Cung = <Cy,Ck >
< span(Dg), span(Dg) >
= span(< Dy, Dk >)

Thus, by Tannakian duality we obtain the result. U
Regarding the generation operation, the situation is more complicated, as follows:
Proposition 5.18. Assuming that H, K are easy, we have inclusions
<H,K>C< H,K >c{H, K}
coming from inclusions of Tannakian categories as follows,

Cy N Cg D span (T,r T.c€CgnN CK> D span(Dy N D)

where {H, K} is the easy quantum group having as category of partitions Dy N Dy

Proof. This follows from the definition and properties of the easy envelope operation, from
Proposition 5.1 above, and from the following computation:

Cenx> = CpNnCk
= span(Dg) N span(Dk)
D span(Dy N D)
Indeed, by Tannakian duality we obtain from this all the assertions. U

It is not very clear if the various inclusions in Proposition 5.18 are isomorphisms or
not, perhaps under a N >> 0 assumption, and this is actually a topic of active research.
Technically speaking, the problem comes from the fact that the operation # — T does
not produce linearly independent maps. We will be back to this, later on.

Summarizing, we have a gap in our theory, and we must cheat, as follows:

Theorem 5.19. The intersection and easy generation operations N and {,} can be con-
structed via the Tannakian correspondence G — Dg¢, as follows:

(1) Intersection: defined via Dgng =< Dg, Dy >.

(2) Easy generation: defined via Dig uy = Dg N Dy.

Proof. Here (1) is an honest result, coming from Proposition 5.17, and (2) is an empty
statement, related to the difficulties that we met in Proposition 5.18. U
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Observe that we are actually cheating twice here, once for each of the 2 inclusions in
Proposition 5.18. This is how mathematics goes. In what follows we will use the above
operations N and {, } several times, in order to formulate certain results.

Let us go back now to more concrete things, and explore a number of further examples
of easy quantum groups. With the convention that a matrix is called bistochastic when
its entries sum up to 1, on each row and each column, we have:

Proposition 5.20. We have the following groups and quantum groups:
(1) By C O, consisting of the orthogonal matrices which are bistochastic.
(2) Cn C Uy, consisting of the unitary matrices which are bistochastic.
(3) B C OF, coming via ué = &, where £ is the all-one vector.
(4) Cy C Uy, coming via ué = &, where £ is the all-one vector.

Also, we have inclusions By C B and Cy C Cy, which are both liberations.

Proof. Here the fact that By, Cy are indeed groups is clear. As for By, C};, these are
quantum groups as well, because the relation ¢ € Fiz(u) is categorical.

Finally, observe that for U € Uy the condition U¢ = € is equivalent to U*¢ = €. By
conjugating, these conditions are equivalent as well to U¢ = ¢, and to Ut¢é = £. Thus
U € Uy is bistochastic precisely when U¢ = &, and this gives the last assertion. U

The above quantum groups are all easy, and following [35], [83], we have:

Theorem 5.21. The basic orthogonal and unitary quantum groups and their bistochastic
versions are all easy, and they form a diagram as follows,

Cy
By —'— Oy
By On
which is an intersection and easy generation diagram, in the sense that any of its faces
P C Q,R C S satisfies the condition P = Q N R, {Q,R} = S.

Proof. The first assertion comes from the fact that the all-one vector £ used in Proposition
5.20 above is the vector associated to the singleton partition, { = 7|. Indeed, we obtain
from this that the quantum groups By, Cy, By, Cy are indeed easy, appearing from the
categories of partitions for Oy, Uy, O, U, by adding singletons.

In practice now, according to this observation, and to Theorem 5.8 above, the corre-
sponding categories of partitions are as follows, where the symbol 12 stands for “singletons

Uy
Un
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and pairings”, in the same way as the symbol 2 stands for “pairings”:

NC12 NCZ

Nclg 4~7 NCQ
P12 *~7 P
P,
Now since both this diagram and the one the statement are intersection diagrams, the
quantum groups form an intersection and easy generation diagram, as stated. U

P12

The above result looks quite nice, theoretically speaking, but there are a few problems
with it. First, we cannot really merge it with Theorem 5.8, as to obtain a nice cubic
diagram, containing all the quantum groups considered so far, and this because the half-
classical versions of the bistochastic quantum groups collapse, as follows:

Proposition 5.22. The half-classical versions of By, CY: are given by:
B;NOy=Bx , CinUy=Cy
In other words, the half-classical versions collapse to the classical versions.

Proof. This follows for instance from Tannakian duality, by using the fact that when
capping the half-classical crossing with 2 singletons, we obtain the classical crossing. [J

Yet another problem with the bistochastic groups and quantum groups comes from the
fact that these objects are not really “new”, because, following [77], we have:
Proposition 5.23. We have isomorphisms as follows:

(1) BN ~ ON—17 B;} ~ O]—tf—l'
(2) ON ~ UN—l; C]-{_, ~ U]—\i;_l.
Proof. Let us pick F' € Uy satisfying Fey = \/Lﬁg , where £ is the all-one vector, the basic

example here being the Fourier matrix, Fiy = (w”) with w = ¢*™/N. We have then:

ué =§& <= ukFey= Fey
<— [MuFeq= ¢
<— F*uF =diag(l,w)

Thus we have isomorphisms as in the statement, given by w;; — (F*uF);;. U
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Summarizing, we have some examples of easy quantum groups, but we are not ready
yet for some serious structure and classification work. We will be back to all this later
on, in section 9 below, after introducing and studying some more examples.

Back to generalities now, let us point out the fact that the easy quantum groups are
not the only ones “coming from partitions”, but are rather the simplest ones having this
property. There are many other classes of such quantum groups, see [4], [33], [59].

In what follows we discuss one such construction, which is of particular interest, coming
from the twisting philosophy of Drinfeld [58] and Jimbo [65]. Their idea was to deform
the compact Lie groups with the help of a parameter ¢ € C, the interesting case being
q € T. However, as explained by Woronowicz in [97], in the extended compact quantum
group setting the parameter needs to be real, ¢ € R. We are therefore led to:

ge TNR = {1}

In practice now, we can think for instance of the easy quantum groups as corresponding
to the case ¢ = 1, and we are led to the question of “twisting” them, at ¢ = —1.

All this is quite tricky, and in order to start, best is to deform first the simplest objects
that we have, namely the noncommutative spheres. Our starting point will be:

Proposition 5.24. We have noncommutative spheres as follows, obtained via the twisted
commutation relations ab = +ba, and twisted half-commutation relations abc = +cba,

GN—1 aN-1 N-1
S¢ —>S<c,* —>S<c,+

QN-—1 QN—-1 N-1
S]R S]R,* S]R,-i—

where the signs at left correspond to the anticommutation of distinct coordinates, and their
adjoints, and the other signs come from functoriality.

Proof. For the spheres on the left, if we want to replace some of the commutation relations
2iz; = zj7; by anticommutation relations z;2; = —z;2;, the one and only natural choice is
2izj = —z;%; for © # j. In other words, with the notation €;; = 1 — 4;;, we must have:

ZiZj = (—1)6” ZjZi

Regarding now the spheres in the middle, the situation is a priori a bit more tricky,
because we have to take into account the various possible collapsings of {i, j, k}. However,
if we want to have embeddings as above, there is only one choice, namely:

zizjz = (—1)Futenteng, 2

Thus, we have constructed our spheres, and embeddings, as needed. Il
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Let us discuss now the quantum group case. The situation here is considerably more
complicated, because the coordinates u;; depend on double indices, and finding for in-
stance the correct signs for w;;uptUpn = TUmnurt;; looks nearly impossible.

However, we can solve this problem by taking some inspiration from the sphere case,
which was already solved. A bit of thinking suggests that each row and column of u = (u;;)
must be subject to the relations found above for the spheres, and if we want for instance
to have coactions as well, we end up with a complete picture, as follows:

Theorem 5.25. We have quantum groups as follows, obtained via the twisted commuta-
tion relations ab = £ba, and twisted half-commutation relations abc = +cba,

Uy U Uy

On O% o)

where the signs at left correspond to anticommutation for distinct entries on rows and
columns, and commutation otherwise, and the other signs come from functoriality.

Proof. As explained above, there is only one reasonable way of arranging the signs, as for
everything to work fine. So let us go ahead now, and present the solution.

Given abstract coordinates a,b,c, ... € {u;;}, let us set span(a,b,c,...) = (r,c), where
r,c € {1,2,3,...} are the numbers of rows and columns spanned by a,b,c, ..., inside the
matrix u = (u;;). Also, we make the conventions o = a, a*, f = b,b*, and so on.

With these conventions, the relations for the quantum groups on the left, which are the
only possible ones, as for having a good compatibility with the spheres, are:

0f = —Ba for a,b € {u;;} with span(a,b) = (1,2) or (2,1)
) Ba otherwise

As for the relations for the quantum groups in the middle, once again these are uniquely
determined by various functoriality considerations, and must be as follows:

—ypa for a,b,c € {u;;} with span(a,b,c) = (< 2,3) or (3,< 2)
afy = .
vBa otherwise

Summarizing, we are done with the difficult part, namely guessing the signs. What is
left is to prove that the above relations produce indeed quantum groups, with inclusions
between them, as in the statement. But this is routine, by proceeding as in the non-
twisted case, and adding signs where needed. For details on this, as well on the fact that
we have indeed quantum isometry group results in this setting, we refer to [4]. O
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All the above, while definitely not random, remains however a bit mysterious, and un-
complete. Our purpose now will be that of showing that the quantum groups constructed
above can be in fact defined in a very conceptual way, as “Schur-Weyl twists”.

Let Peyen(k,l) C P(k,l) be the set of partitions with blocks having even size, and
NCopen(k,1) C Peyen(k,1) be the subset of noncrossing partitions. Also, we use the stan-
dard embedding Sy, C Py(k, k), via the pairings having only up-to-down strings.

Given a partition 7 € P(k, 1), we call “switch” the operation which consists in switching
two neighbors, belonging to different blocks, in the upper row, or in the lower row.

With these conventions, we have the following result:

Proposition 5.26. There is a signature map € : Poyen, — {—1,1}, given by e(7) = (—1)¢,
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For 1 € Sk, this is the usual signature.

(2) For T € P, we have (—1)°, where c¢ is the number of crossings.

(3) For 7 <1 € NCeyen, the signature is 1.

Proof. In order to show that ¢ is well-defined, we must prove that the number c in the
statement is well-defined modulo 2. It is enough to perform the verification for the non-
crossing partitions. More precisely, given 7,7 € NC,,., having the same block structure,
we must prove that the number of switches ¢ required for the passage 7 — 7’ is even.

In order to do so, observe that any partition 7 € P(k,[) can be put in “standard form”,
by ordering its blocks according to the appearence of the first leg in each block, counting
clockwise from top left, and then by performing the switches as for block 1 to be at left,
then for block 2 to be at left, and so on. Here the required switches are also uniquely
determined, by the order coming from counting clockwise from top left.

Here is an example of such an algorithmic switching operation, with block 1 being first
put at left, by using two switches, then with block 2 left unchanged, and then with block
3 being put at left as well, but at right of blocks 1 and 2, with one switch:

The point now is that, under the assumption 7 € NCepen(k, 1), each of the moves
required for putting a leg at left, and hence for putting a whole block at left, requires an
even number of switches. Thus, putting 7 is standard form requires an even number of
switches. Now given 7,7 € NC,,., having the same block structure, the standard form
coincides, so the number of switches ¢ required for the passage 7 — 7’ is indeed even.

Regarding now the remaining assertions, these are all elementary:

(1) For 7 € S the standard form is 7/ = id, and the passage 7 — id comes by composing
with a number of transpositions, which gives the signature.
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(2) For a general 7 € Py, the standard form is of type 7/ = |...|37, and the passage
7 — 7' requires ¢ mod 2 switches, where ¢ is the number of crossings.

(3) Assuming that 7 € P.ye, comes from m € NCpp, by merging a certain number of
blocks, we can prove that the signature is 1 by proceeding by recurrence. U

We define the kernel of a multi-index (;) to be the partition obtained by joining the
equal indices. Also, we write m < ¢ if each block of 7 is contained in a block of o.
With these conventions, and the above result in hand, we can now formulate:

Definition 5.27. Associated to a partition m € Payen(k,1) is the linear map

Tﬂ(ei1®"'®eik): Z&r(?l Z.k>€h®...®€jl

Ju oo i
where 6. € {—1,0,1} is 6, = &(7) if T >, and 6, = 0 otherwise, with T = ker(}).

In other words, what we are doing here is to add signatures to the usual formula of T.
Indeed, observe that the usual formula for T}, can be written as folllows:

Tﬂ—<€7;1®...®€ik): Z 6j1®...®€jl
j:ker(;-)Zw

Now by inserting signs, coming from the signature map e : P, — {1}, we are led
to the following formula, which coincides with the one given above:

To(ei, @...0¢€,)= 25(7’) Z e, ®...0e
T>T j:ker(;-):T

We will be back later to this analogy, with more details on what can be done with it.
For the moment, we must first prove a key categorical result, as follows:

Proposition 5.28. The assignement m — T is categorical, in the sense that
Tﬂ' & TO’ = T[T(O’]’ TWTO' = NC(mU)T[gh T;: =T
where c(m, o) are certain positive integers.

Proof. We have to go back to the proof of Proposition 5.2, or rather to the proof of
Proposition 4.25, and insert signs. We have to check three conditions, as follows:
1. Concatenation. In the untwisted case, this was based on the following formula:

R R I A IR ) (e
(jqu) (llls [ro) J1---Jq llls

In the twisted case, it is enough to check the following formula:

- (ker et - ( ker ki...k, — - (ker i p ki...k,
J1---Jq ll"-ls J1---Jq ll--'ls
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Let us denote by 7, v the partitions on the left, so that the partition on the right is of
the form p < [rv]. Now by switching to the noncrossing form, 7 — 7/ and v — v/, the
partition on the right transforms into p — p' < [7'V/]. Now since [7'¢'] is noncrossing, we
can use Proposition 5.26 (3), and we obtain the result.

2. Composition. In the untwisted case, this was based on the following formula:

i ..., G e nre(me) i ...,
, ,6”(j1...jq>5”(k1...kr>_N 5[§]<k1...kr>

In order to prove now the result in the twisted case, it is enough to check that the signs
match. More precisely, we must establish the following formula:

i ..y TR AN i ...,
(e (o) ) e (o)) == (e (7))

Let 7,v be the partitions on the left, so that the partition on the right is of the form
p < [7]. Our claim is that we can jointly switch 7,v to the noncrossing form. Indeed, we
can first switch as for ker(j; ... j,) to become noncrossing, and then switch the upper legs
of 7, and the lower legs of v, as for both these partitions to become noncrossing.

Now observe that when switching in this way to the noncrossing form, 7 — 7’ and
v — /. the partition on the right transforms into p — p < [,]. Now since [7] is
noncrossing, we can apply Proposition 5.26 (3), and we obtain the result.

3. Involution. Here we must prove the following formula:

5, (i) i, (3
"\J1--Jq T\

But this is clear from the definition of §,, and we are done. Il

As a conclusion, our twisted construction 7 — T, has all the needed properties for
producing quantum groups, via Tannakian duality. So, let us formulate:

Theorem 5.29. Given a category of partitions D C Peye,, the construction

Hom/(u®* u®) = span (TW

7w e D(k, l))
produces via Tannakian duality a quantum group G C Uy, for any N € N.

Proof. This follows indeed from the Tannakian results from section 4 above, exactly as
in the easy case, by using this time Proposition 5.28 as technical ingredient. To be more
precise, Proposition 5.28 shows that the linear spaces on the right form a Tannakian
category, and so the results in section 4 apply, and give the result. U

We can unify the easy quantum groups, or at least the examples coming from categories
D C P,,en, with the quantum groups constructed above, as follows:
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Definition 5.30. A closed subgroup G C Uy, is called q-easy, or quizzy, with deformation
parameter ¢ = +£1, when its tensor category appears as follows,

Hom(u®* u®") = span (T7r € D(k, l))

Jor a certain category of partitions D C Peyen, where T = T,T for q = —1,1. The
Schur-Weyl twist of G is the quizzy quantum group G C Uy obtained via ¢ — —q.

The terminology here is of course a bit awkward, but there is no way of fixing this,
because the construction of the signature in Proposition 5.26 really needs the partitions
to have even blocks. We will see later on, in section 8 below, that the easy quantum group
associated to P, itself is the hyperochahedral group Hy, and so that our assumption
D C P.yen, replacing D C P, corresponds to Hy C G, replacing Sy C G. We will also
see, in section 9, that for classification purposes, this is a good assumption.

In relation now with the twists, we have the following result:

Theorem 5.31. The quantum groups ON,O}‘V,O]J(,, Un, U, Uy introduced before appear
as Schur-Weyl twists of the quantum groups Oy, Oy, OJJ{,, Un, Uy, U;Q.
Proof. The basic crossing, ker (;Jl) with ¢ # j, comes from the transposition 7 € Sy, so its

signature is —1. As for its degenerated version ker (Z), this is noncrossing, so here the
signature is 1. We conclude that the linear map associated to the basic crossing is:

— —e;®e; fori#j
Ty(e; @ ;) = !
He®e) {ej ®e;  otherwise

For the half-classical crossing, here the signature is once again —1, and by examining
the signatures of its various degenerations, we are led to the following formula:

- —ep®e; ®e; for i, 7,k distinct
TX(ez‘@ea‘@@k)—{ Lo /

er ®ej e otherwise

We can proceed now as in the untwisted case, and since the intertwining relations
coming from Ty, Ty correspond to the relations defining Uy, Uy, we obtain the result. [J

As a conclusion, we have a quite interesting notion of easy quantum group, basically
coming from the Brauer philosophy for Oy, Uy, and notably covering O3, U}, along with
some theory and examples, and with a twisting extension as well.
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6. PROBABILISTIC ASPECTS

We discuss here the computation of the various integrals over the compact quantum
groups, with respect to the Haar measure. In order to formulate our results in a conceptual
form, we use the modern measure theory language, namely probability theory.

In the noncommutative setting, the starting definition is as follows:

Definition 6.1. Let A be a C*-algebra, given with a trace tr.

(1) The elements a € A are called random variables.
(2) The moments of such a variable are the numbers My (a) = tr(a®).
(3) The law of such a variable is the functional p: P — tr(P(a)).

Here k = oeeo... is as usual a colored integer, and the powers a* are defined by the
usual formulae, namely a? = 1, a° = a, a® = o* and multiplicativity. As for the polynomial
P, this is a noncommuting *-polynomial in one variable, P € C < X, X* >.

Observe that the law is uniquely determined by the moments, because:

P(X) =) MX" = u(P) = A\eMy(a)

In the self-adjoint case, the law is a usual probability measure, supported by the spec-
trum of a. This follows indeed from the Gelfand theorem, and the Riesz theorem.
Now back to the quantum groups, let us start with:

Proposition 6.2. Given a Woronowicz algebra (A, ), with u € My(A), the moments of
the main character x =Y, u; are given by:

/G x" = dim (Fiz(u®"))

In the case u ~ u the law of x is a usual probability measure, supported on [—N, N].

Proof. The first assertion follows from the Peter-Weyl theory, which tells us that we have
the following formula, valid for any corepresentation v € M, (A):

/G Yo = dim(Fiz(v))

Indeed, with v = u®* the character is y, = x*, and we obtain the result.

As for the second assertion, if we assume u ~ @ then we have y = x*, and so the general
theory, explained above, tells us that law(x) is in this case a real probability measure,
supported by the spectrum of y. But, since u € My(A) is unitary, we have:

w' =1 = |juyl| S LVi,j = [Ix|]|< N
Thus the spectrum of the character satisfies o(y) C [-N, N], and we are done. O

Summarizing, the law of the main character encodes some important representation
theory data. Here is a second motivation for the study of such laws:
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Proposition 6.3. Consider two Woronowicz algebras (A,u) and (B,v), and assume that
we have a morphism f: A — B, mapping u;; — v;;.

(1) We have My(xn) < Mi(xv), for any colored integer k.

(2) f is an isomorphism when all these inequalities are equalities.

(3) Thus, f is an isomorphism precisely when law(x.) = law(xy)-

Proof. This is a probabilistic version of Proposition 4.2 above:
(1) This follows indeed from Proposition 4.2, via Proposition 6.2.
(2) This follows once again from Proposition 4.2, via Proposition 6.2.
(3) This follows from (2), the laws being uniquely determined by the moments. U

Here is a third motivation as well, analytic this time:

Proposition 6.4. A Woronowicz algebra (A, u), with uw € My(A), is amenable when

N € supp (law(Re(;O))

and the support on the right depends only on law(y).

Proof. According to the Kesten amenability criterion, from Theorem 3.27 (4) above, the
algebra A is amenable when the following condition is satisfied:

N € o(Re(x))

Now since Re(x) is self-adjoint, the support of its spectral measure law(Re(x)) is
precisely its spectrum o(Re(x)), and this gives the first assertion.

Regarding now the second assertion, once again the variable Re(x) being self-adjoint,
its law depends only on the moments fG Re(x)?, with p € N. But, we have:

[retor= [ (A5 =53 [

|k|=p

Thus law(Re(x)) depends only on law(y), and this gives the result. O

As yet another motivation for the study of law(x), let us work out the group dual case.
Here we obtain is a very interesting measure, called Kesten measure [67], as follows:

Proposition 6.5. In the case A = C*(I') and u = diag(g1,-..,gn), and with the nor-
malization assumption 1 € u = u made, the moments of the main character are

/AXp:#{ilw'-;ipgil'--gip:1}
T

counting the loops based at 1, having lenght p, on the corresponding Cayley graph.

Proof. Consider indeed a discrete group I' =< ¢1,...,g9xy >. The main character of
A = C*(I'), with fundamental corepresentation u = diag(gi, - .., gn), is then:

X=0g1+...+tgn
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Given a colored integer k£ = ¢, .. .e,, the corresponding moment is given by:

/AX]“:[(91+...+9N)k:#{ila---aipgiell"'g:::1}
T r

In the self-adjoint case, u ~ u, we are only interested in the moments with respect to
usual integers, p € N, and the above formula becomes:

/\Xp:#{ilw--;ipgil---gip:1}
T

Assume now that we have in addition 1 € wu, so that the normalization condition
1 € u = @ in the statement is satisfied. At the level of the generating set S = {g1,...,9n}
this means 1 € S = S~!, and so the corresponding Cayley graph is well-defined, with the
elements of I" as vertices, and with the edges ¢ — h appearing when gh™! € S.

A loop on this graph based at 1, having lenght p, is then a sequence as follows:

(1) - (gll) - (gl1gZQ> e T (gll . 'gip—1) - (gll . 'gl'p = 1)

Thus the moments of x count indeed such loops, as claimed. O

In order to generalize the above result to arbitrary Woronowicz algebras, we can use
the discrete quantum group philosophy. The fundamental result here is as follows:

Proposition 6.6. Let (A,u) be a Woronowicz algebra, and assume, by enlarging if nec-
essary u, that we have 1 € u = u. The following formula

d(v,w) :min{kGN‘l C@®w®u®k}

defines then a distance on Irr(A), which coincides with the geodesic distance on the
associated Cayley graph. In the group dual case we obtain the usual distance.

Proof. The fact that the lengths are finite follows from Woronowicz’s analogue of Peter-
Weyl theory. The symmetry axiom is clear as well, and the triangle inequality is elemen-
tary to establish as well. Finally, the last assertion is elementary as well.

In the group dual case, where A = C*(I') with I' =< S > being a finitely generated
discrete group, our normalization condition 1 € u = u means that the generating set must
satisfy 1 € S = S~!. But this is precisely the normalization condition for the discrete
groups, and the fact that we obtain the same metric space is clear. U

We can now formulate a generalization of Proposition 6.5, as follows:

Proposition 6.7. Let (A, u) be a Woronowicz algebra, with the normalization assumption
1 € u = u made. The moments of the main character,

/ X" = dim (Fiz(u®?))
a

count then the loops based at 1, having lenght p, on the corresponding Cayley graph.
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Proof. Here the formula of the moments, with p € N, is the one coming from Proposition
6.2 above, and the Cayley graph interpretation comes from definitions. U

Summarizing, the computation of the law of the main character is the “main” problem
regarding a Woronowicz algebra (A, ), from a massive variety of viewpoints.

In what follows we will be interested in computing such laws, for the main examples of
quantum groups that we have. In the easy quantum group case, we have:

Proposition 6.8. Let G be an easy quantum group, coming from a category of partitions
D = (D(k,1)). The moments of the main character are then given by

/ " = dim (spcm (SW{W € D(k)) >
G
where D(k) = D(0, k), and where for = € D(k) we use the notation & = Ty.

Proof. We recall from section 5 above that for an easy quantum group G, coming from a
category of partitions D = (D(k, 1)), we have equalities as follows:

Hom(u®* u®) = span (T7r T E D(k:,l))

By interchanging k <+ [ in this formula, and then setting [ = (), we obtain:
Fiz(u®*) = span <§7r T E D(k‘))

By using now Proposition 6.2 above, we obtain the result. U

Thus, in the easy case, we are led into linear independence questions for the vectors &,.
In order to investigate these questions, we will use the Gram matrix of these vectors. Let
us begin with some standard combinatorial definitions, as follows:

Definition 6.9. Let P(k) be the set of partitions of {1,...,k}, and let 7,0 € P(k).

(1) We write m < o if each block of 7 is contained in a block of o.
(2) We let mV o € P(k) be the partition obtained by superposing 7, 0.

As an illustration here, at k = 2 we have P(2) = {||,M}, and we have || <M. Also, at
k = 3 we have P(3) = {|||,M],m, |7, T}, and the order relation is as follows:

Ih< Al mn<rm

Observe also that we have 7,0 < 7wV o, and that 7 V ¢ is the smallest partition with
this property. Due to this fact, 7 V o is called supremum of 7, .
Now back to the easy quantum groups, we have:

Proposition 6.10. The Gram matriz Gyy(7,0) =< &:,&, > is given by
GkN(W, O‘) = N‘an‘

where |.| is the number of blocks.
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Proof. According to the formula of the vectors &, we have:

<& > = Y b, ik)0s (i, . ix)

11...0k

— Z (Sﬂ\/g(il,...,ik)

i1
_ N|7|'VO’|
Thus, we have obtained the formula in the statement. Il

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

Definition 6.11. The Mobius function of any lattice, and so of P, is given by

1 itr=o0
(o) =< =3 u(m7) ifm<o
0 if mrLo

with the construction being performed by recurrence.

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

pdll, 1) = —pd] 1) = -1

Finally, we have M £ ||, and so u(M,||) = 0. Thus, as a conclusion, the M6bius matrix
M,y = pu(m, o) of the lattice P(2) = {||,M} is as follows:

1 -1
=5 7)
The interest in the Mobius function comes from the Mobius inversion formula:

flo)=Y g(m) = glo) =) u(m, a)f(m)

<o <o

In linear algebra terms, the statement and proof of this formula are as follows:

Proposition 6.12. The inverse of the adjacency matriz of P, given by

A = 1 ?fﬂga
0 frLo

is the Mébius matriz of P, given by My, = pu(m,0).

Proof. This is well-known, coming for instance from the fact that A is upper triangular.
Indeed, when inverting, we are led into the recurrence from Definition 6.11. O
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As a first illustration, for P(2) the formula M = A~! appears as follows:
(1 —1) _ (1 1)‘1
0 1 01
Also, for P(3) = {||], M|, M, |7, M} the formula M = A~! reads:

-1

1 -1 -1 -1 2 11111
o 1 0 0 -1 01001
0o 0 1 0 —-1]=]001P071
o 0 0 1 -1 00011
o 0 0 0 1 0 00O01

Now back to our Gram matrix considerations, we have the following result:

Proposition 6.13. The Gram matrixz is given by Gyny = AL, where

L(ﬂ',o‘):{N(N_l)"'(N_hT‘—Fl) fo<m

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

Proof. We have indeed the following computation:

Nlmvel — #{il,...,iké{1,...,N}’keri27r\/a}
- ¥ #{il,...,ike{l,...,N}‘keri:T}
T>mNVo
= Y N(N-1)...(N-|r|+1)
T>1No

According to Proposition 6.10 and to the definition of A, L, this formula reads:
GkN 71'0' Z LTO’ Z AWTLTO' — AL)T(‘O’
T>T
Thus, we obtain in this way the formula in the statement. U

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

(v )=6) 5" %)

At k = 3 we have P(3) = {|||,M], M, |7, M}, which leads to a similar formula.
With the above result in hand, we can now investigate the linear independence prop-
erties of the vectors &;. To be more precise, we have the following result:



QUANTUM GROUPS 91

Theorem 6.14. The determinant of the Gram matriz Gy is given by

N!
det(Grn) = H N =)

meP (k)
and in particular, for N >k, the vectors {&:|m € P(k)} are linearly independent.
Proof. According to the formula in Proposition 6.13 above, we have:
det(Grn) = det(A) det(L)

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

Thus det(A) can be computed simply by making the product on the diagonal, and we
obtain 1. As for det(L), this can computed as well by making the product on the diagonal,
and we obtain the number in the statement, with the technical remark that in the case
N < k the convention is that we obtain a vanishing determinant. See [24]. 4

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

Theorem 6.15. For an easy quantum group G = (Gy), coming from a category of
partitions D = (D(k, 1)), the asymptotic moments of the main character are given by

lim X" = #D(k)

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

Proof. This follows indeed from the general formula from Proposition 6.8, by using the
linear independence result from Theorem 6.14 above. U

Our next purpose will be that of understanding what happens for the basic classes of
easy quantum groups. In order to deal with the orthogonal case, we will need:

Proposition 6.16. We have the following formulae:

(1) #P5(2k) = (2k)11, where (2k)1! = 1.3.5. .. (2k — 3)(2k — 1).

(2) #NCy(2k) = Cy, where Cy, are the Catalan numbers, Cy, = k_}d<2kk)

Proof. This is very standard combinatorics, the proof being as follows:

(1) We have to count the pairings of {1,...,2k}. But, in order to construct such a
pairing, we have 2k — 1 choices for the pair of the number 1, then 2k — 3 choices for the
pair of the next number left, and so on. Thus, we obtain (2k)!!, as claimed.

(2) We have to count the noncrossing pairings of {1,...,2k}. But such a pairing
appears by pairing 1 to an odd number, 2a 4 1, and then inserting a noncrossing pairing
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of {2,...,2a}, and a noncrossing pairing of {2a + 2,...,2l}. We conclude from this that
we have the following recurrence for the Catalan numbers, Cy = #NC(2k):

Cr=Y_ GG,
a+b=k—1
In terms of the generating series f(z) = >_,.,Cy2", this recurrence gives:
2fP =) CCp T =" Y GO =) Gt =1
a,b>0 k>1 a+b=k—1 k>1

Thus f satisfies the degree 2 equation zf% — f + 1 = 0, and by solving this equation,
and choosing the solution which is bounded at z = 0, we obtain:

() = 1—+v1—-4z
N 2z
By using now the Taylor formula for \/z, we obtain the following formula:
1 (2K ,
f(z)_zk+1(k>z
k>0

Thus, the Catalan numbers are given by the formula in the statement. O
With these preliminaries in hand, we can now state and prove:

Theorem 6.17. In the N — oo limit, the law of the main character x, is as follows:
(1) For On we obtain a Gaussian law, #e’ﬁﬂdm.
(2) For OF, we obtain a Wigner semicircle law, 3=v/4 — x2dx.

Proof. These results follow from the general formula from Theorem 6.15 above, by using
the knowledge of the associated categories of partitions, from section 5, then the counting
formulae from Proposition 6.16, and finally by doing some calculus:

(1) For Oy the associated category of partitions is P, so the asymptotic moments of
the main character are as follows, with the convention k!! = 0 when k is odd:

My, = #Py(k) = k!!

In order to recapture now the corresponding measure, there are some tools here, such
as the Stieltjes inversion formula, but all this is quite advanced and technical, so perhaps
best is to use our intuition. A bit of thinking at Oy, and at the associated sphere SN—1
as well, leads to the conclusion that our asymptotic law is probably Gaussian.

With this guess in mind, what we have to do is simply take the Gaussian law, and
compute its moments. And the computation here, by partial integration, gives:

1 2 1 2
—z</2 kd — (k-1 / —z4/2 k—2d
m/nf e A
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By recurrence, we obtain from this the following moment formula:

1 2
— | e Prkdy = KN
(& T axr o
\/27T/R

Thus our guess was right, and we have proved our result.
(2) For OF; the associated category of partitions is NCy, so the asymptotic moments of
the main character are as follows, with the convention C} = 0 for k & Z:

The problem now is that none of the “classical” probability measures has the Catalan
numbers as moments. Thus, we are in trouble here.

In short, we have to ask a fellow physicist. And the physicist will tell us to try the
Wigner semicircle law [96]. The moments of this law can be computed with the change
of variable x = 2 cost, and we are led to the following formula:

1 /2
— V4 — 222Fde = C,,
2 )4

Thus, our guess was right, with the remark however that, honestly speaking, this was

not really our guess, and we obtain the conclusion in the statement. O

In order to fully understand all this, and to further advance, we definitely must gain
some more familiarity with the Gaussian law, and its versions. The Gaussian law tradi-
tionally appears via the Central Limit Theorem (CLT), which is as follows:

Theorem 6.18 (CLT). Given real random variables x1, %, x3, ..., which are i.i.d., cen-
tered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
_ xi ~
\/ﬁ ZZI gt
where g; is the Gaussian law of parameter t, having as density ﬁe_"j/ztdm

Proof. This is something standard, the proof being in two steps, as follows:

(1) Linearization of the convolution. It well-known that the log of the Fourier transform
F,(&) = E(e") does the job, in the sense that if z, y are independent, then F,., = F,F,,.
Let us record as well the following useful formula for F}, in terms of moments:

R =y P

k!
k=0

(2) Study of the limit. The Fourier transform of the variable in the statement is:

P - [n(5)] = [1-E e e

But this being the Fourier transform of g;, we obtain the result. O
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In view of this, and of Theorem 6.17 above, we can expect the Winger semicircle law
to appear, conceptually speaking, via some kind of “free CLT”, at t = 1.

This is indeed true, but quite tricky. We need to develop here a free analogue of
probability theory, and our starting point will be the following definition:

Definition 6.19. Given a pair (A,tr), we call two subalgebras B,C C A free when the
following condition is satisfied, for any x; € B and y; € C:

tr(z;) =tr(y;)) =0 = tr(zyypzayz...) =0

Also, two noncommutative random variables b,c € A are called free when the C*-algebras
B =<b>,C =< ¢ > that they generate inside A are free, in the above sense.

As a first observation, there is a similarity here with the classical notion of indepen-
dence. Indeed, modulo some standard identifications, two subalgebras B, C' C L*(X) are
independent when the following condition is satisfied, for any x € B and y € C"

tr(z) =tr(y) =0 = tr(zy) =0

Thus, freeness appears as a kind of “free analogue” of independence. As a basic result
now regarding these notions, and providing us with examples, we have:

Proposition 6.20. We have the following results, valid for group algebras:
(1) C*(T"),C*(A) are independent inside C*(I' x A).
(2) C*(T"),C*(A) are free inside C*(I" x A).

Proof. In order to prove these results, we can use the fact that each group algebra is
spanned by the corresponding group elements. Thus, it is enough to check the indepen-
dence and freeness formulae on group elements, and this is in turn trivial. Il

There are many things that can be said about the analogy between independence and
freeness. We have in particular the following result, due to Voiculescu [86]:

Theorem 6.21 (Free CLT). Given self-adjoint variables x1, s, x3, ..., which are f.i.d.,
centered, with variance t > 0, we have, with n — 00, in moments,

1 n
%ZI:CU@N%

where vy, is the Wigner semicircle law of parameter t, having density %ﬂt\/ 412 — 22dw.

Proof. We follow the same idea as in the proof of Theorem 6.18 above:

(1) Linearization of the free convolution. In order to model the free convolution, the
best is to use the monoid algebra C*(N % N). Indeed, we have freeness here, a bit in the
same way as for the above group algebras C*(I'« A), and the point is that the variables of
type S* + f(5), with S € C*(N) being the shift, and with f € C[X] being a polynomial,
are easily seen to model in moments all the distributions y : C[X] — C.
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Now let f,¢g € C[X] and consider the variables S* + f(S) and T* + ¢g(T"), where S, T €
C*(N % N) are the shifts corresponding to the generators of N« N. These variables are
free, and by using a 45° argument, their sum has the same law as S* + (f + ¢)(.59).

Thus the operation p — f linearizes the free convolution. We are therefore left with a
computation inside C*(N), which is elementary, and whose conclusion is that R, = f can
be recaptured from p via the Cauchy transform G, in the following way:

60 = [P — 6. (mio+g) =

rRE—1T

(2) Study of the limit. At ¢t = 1, the R-transform of the variable in the statement can
be computed by using the linearization property, and is given by:

R(§) = nR, (%) ~

On the other hand, the computations from the proof of Theorem 6.17 (2) show that
the Cauchy transform of the Wigner law ~; satisfies the following equation:

1
G'Yl (g + g) = f
S*+S

Thus we have R, (§) = &, which by the way follows as well from === ~ 7, and this

gives the result. The passage to the general case, ¢ > 0, is routine, by dilation. U

Summarizing, we have now a more conceptual understanding of Theorem 6.17, and we
can actually reprove now this theorem, without any help from a fellow physicist.

In order to discuss now the unitary case, concerning Uy, Uy, the most straightforward
way, which would allow us to reach to the results without troubles, is by working out first
the complex versions of the above results. In the classical case, we have:

Theorem 6.22 (Complex CLT). Given variables x1,xs, 3, ..., whose real and imaginary
parts are i.1.d., centered, and with variance t > 0, we have, with n — oo,

1 n
%ZIIZNGt

where Gy is the complex Gaussian law of parameter t, appearing as the law of \%(a +ib),
where a,b are real and independent, each following the law g;.

Proof. This is clear from Theorem 6.18 above, by taking real and imaginary parts. O

Similarly, in the free case, we have the following result:
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Theorem 6.23 (Free complex CLT). Given variables x1,xs, 3, . .., whose real and imag-
inary parts are f.i.d., centered, and with variance t > 0, we have, with n — o0,

1 n
%Z;I'ZNPt

where Iy is the Voiculescu circular law of parameter t, appearing as the law of \/Li(ajtz'b),
where a,b are self-adjoint and free, each following the law ;.

Proof. This is clear from Theorem 6.21 above, by taking real and imaginary parts. U

There are of course many other things that can be said about gy, v, Gy, Iy, but for the
moment, this is all we need. We will be back later to these laws, with more details.

We know that for Oy, O}, the asymptotic law of the main character follows the laws
g1,71- This suggests that for Uy, Uy we should obtain Gy, Ty, and indeed, it is so:

Theorem 6.24. In the N — oo limit, the law of the main character x, s as follows:

(1) For Uy we obtain the complex Gaussian law Gy .
2) For Uy, we obtain the Voiculescu circular law Ty .
N

Proof. This basically follows from Theorem 6.17 above and its proof, by performing some
suitable complexification manipulations, as in [89]. To be more precise:

(1) This follows from some combinatorics. To be more precise, the asymptotic moments
of the main character, with respect to the colored integers, are as follows:

My, = #P»(k)

But, by doing some combinatorics, the moments of the variable \/Li(a + 1b), where a,b

are real and independent, each following the law g¢;, are given by the same formula.
(2) This follows too from some combinatorics. To be more precise, the asymptotic
moments of the main character, with respect to the colored integers, are as follows:

My, = #NCa(k)

But, by doing some combinatorics, the moments of the variable \%(a + 1b), where a,b

are self-adjoint and free, each following the law ~;, are given by the same formula. O

Summarizing, we have seen so far that for Oy, O, Uy, Uy, the asymptotic laws of the
main characters are the laws ¢1,v;, G1,['1 coming from the various CLT.
This is certainly nice, but there is still one conceptual problem, coming from:

Proposition 6.25. The above convergences law(x,) — g1,71,G1, 1 are as follows:

(1) They are non-stationary in the classical case.
(2) They are stationary in the free case, starting from N = 2.
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Proof. This is something quite subtle, which can be proved as follows:

(1) Here we can use an amenability argument, based on the Kesten criterion. Indeed,
On, Uy being coamenable, the upper bound of the support of the law of Re(y.,,) is precisely
N, and we obtain from this that the law of y,, itself depends on N € N.

(2) Here the result follows from the computations in section 4 above, performed when
working out the representation theory of O}, Uy, which show that the linear maps T}
associated to the noncrossing pairings are linearly independent, at any N > 2. O

In short, we are not over with our study, which seems to open more questions than
it solves. Fortunately the solution to this latest question is quite simple. The idea will
be that of improving our gy, 71, Gy, ' results with certain g, v, G¢, I'y results, which will
require N — oo in both the classical and free cases, in order to hold at any t¢.

In practice, the definition that we will need is as follows:

Definition 6.26. Given a Woronowicz algebra (A, u), the variable
[tN]

Xt = Z Ui
i=1

is called truncation of the main character, with parameter t € (0, 1].

Our purpose in what follows will be that of proving that for Oy, O, Uy, Uy, the
asymptotic laws of the truncated characters x; with ¢t € (0,1] are the laws g;, v, Gy, 'y
This is something quite technical, motivated by the findings in Proposition 6.25 above,
and also by a number of more advanced considerations, to become clear later on.

In order to start now, the basic result from Proposition 6.2 is not useful in the general
t € (0, 1] setting, and we must use instead general integration methods [51], [94]:

Proposition 6.27. Assuming that A = C(G) has Tannakian category C = (C(k,l)), the
Haar integration over G is given by the Weingarten type formula

/ ufl st =y 62(6)0, () Wil o)

G m,0€Dg

for any colored integer k = ey ...ep and any multi-indices 1, 7, where Dy, is a linear basis
of C(0,k), 6,(i) =< 7,65, ® ... ®e;, >, and Wy = G, with Gy(7,0) =< 7,0 >.

Proof. We know from section 3 above that the integrals in the statement form altogether
the orthogonal projection P* onto the space Fiz(u®*) = span(Dy). Consider now the
following linear map, with Dy = {&.} being as in the statement:

E@) =) <z,&>&
meDy

By a standard linear algebra computation, it follows that we have P = W E, where W
is the inverse on span(Ty|m € Dy) of the restriction of E. But this restriction is the linear
map given by Gy, and so W is the linear map given by Wj, and this gives the result. [J
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In the easy quantum group case, the above formula simplifies, as follows:

Theorem 6.28. For an easy quantum group G C U]J\?, coming from a category of partitions
D = (D(k,1)), we have the Weingarten integration formula

/Guflljl.. ugh; = Z 07(1)06 (1) Wien (7, 0)

moeD(k)

for any k = ey ...ex and any i, j, where D(k) = D(0,k), 0 are usual Kronecker symbols,
and Wiy = Gin, with Gyn(m,0) = NI™°| where |.| is the number of blocks.

Proof. With notations from Proposition 6.27, the Kronecker symbols are given by:
0e, (1) =< &ny€i, @ ... Q€ >=0(11,...,10k)
The Gram matrix being as well the correct one, we obtain the result. See [20]. u
We can apply this formula to truncated characters, and we obtain:

Proposition 6.29. The moments of truncated characters are given by the formula

/(un 4+ ...+ uss)k = TT(WkNGk5>
G

and with N — oo this quantity equals (s/N)*#D(k).

Proof. The first assertion follows from the following computation:

/G(ull +... .+ uss)k = Z Z /uml e Wiy

11=1 =1

= Z WkNﬂ'O'Z Zé

m,0€D(k i1=1 =1
= Z WkN (m,0)Gs(o, )
m,oeD(k)
= Tr(WinGis)

We have Gyy(m,0) = NF for 7 = o, and Gpy(7,0) < N¥1 for 7 # 0. Thus with
N — oo we have Gjx ~ N¥1, which gives:
/ (4o 4 ug)t = TrHGAGR)
G
~ Tr((N*1)™'Gy)
= kaTT(GkS)
= N *s*4D(k)

Thus, we have obtained the formula in the statement. See [20]. O
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In order to process the above formula, we will need some more theory. Given a ran-
dom variable a, we write log F,,(§) = Y, kn(a)§™ and R,(§) = >, kn(a)€™, and call the
coefficients k,(a), k,(a) cumulants, respectively free cumulants of a. With this notion in
hand, we can define then more general quantities k. (a), k.(a), depending on partitions
7 € P(k), by multiplicativity over the blocks. We have then the following result:

Theorem 6.30. We have the classical and free moment-cumulant formulae
M) = 3 kale) , M@= Y al)
reP(k) reNC(k)
where kr(a), kz(a) are the generalized cumulants and free cumulants of a.

Proof. This is standard, by using the formulae of F,, R,, or by doing some direct combi-
natorics, based on the Mobius inversion formula from Proposition 6.12. See [76]. u

We can now improve our results about characters, as follows:

Theorem 6.31. With N — oo, the laws of truncated characters are as follows:

(1) For Oy we obtain the Gaussian law gy.

(2) For O} we obtain the Wigner semicircle law ;.
(3) For Un we obtain the complex Gaussian law Gy.
(4) For Uy we obtain the Voiculescu circular law Ty.

Proof. With s = [tN] and N — oo, the formula in Proposition 6.29 above gives:
; k _ ||
Jm foxi= 2t
N weD(k)
By using now the formulae in Theorem 6.30, this gives the results. See [20]. O
As an interesting consequence, related to [38], let us formulate as well:

Theorem 6.32. The asymptotic laws of truncated characters for the liberation operations
On — OF; and Uy — Uy, are in Bercovici-Pata bijection, in the sense that the classical
cumulants in the classical case equal the free cumulants in the free case.

Proof. This follows indeed from the computations in the proof of Theorem 6.31. Il

This result will be of great use for the liberation of more complicated compact Lie
groups, because it provides us with a criterion for checking if our guesses are right.

Let us discuss now the other easy quantum groups that we have. Regarding O}, Uy
the situation is a bit complicated, but we have the following result, at t = 1:

Proposition 6.33. The asymptotic laws of the main characters are as follows:

(1) For Oy we obtain a symmetrized Rayleigh variable.
(2) For UX we obtain a complezification of this variable.
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Proof. The idea is to use a projective version trick. Indeed, assuming that G = (Gy) is
easy, coming from a category of pairings D, we have:

Tim [ (o) = #D((e0)")
In our case, where Gy = Oy, Uy, we can therefore use Theorem 5.9 above, and we are
led to the conclusions in the statement. See [25], [26], [83]. O

The above result is of course something quite modest. We will be back to the quantum
groups Oy, Uy in section 12 below, with some powerful modelling results for them.
Next in our lineup, we have the bistochastic quantum groups. We have here:

Proposition 6.34. For the bistochastic quantum groups By, By, Cn, Cy;, the asymptotic
laws of truncated characters appear as modified versions of g, v, Gy, Iy, and the operations
On — OF and Uy — U}, are compatible with the Bercovici-Pata bijection.

Proof. This follows indeed by using the same methods as for Oy, Of, Uy, Uy, with the
verification of the Bercovici-Pata bijection being elementary, and with the computation
of the corresponding laws being routine as well. See [35], [26], [83]. O

Regarding now the twists, we have here the following general result:

Proposition 6.35. The integration over Gy is given by the Weingarten type formula

/ Uijy -+ Uiy = 0x(8)05 (/) Win (T, 0)

Gn moeD(k)
where Wy is the Weingarten matriz of Gy .

Proof. This follows from the general Weingarten formula from Proposition 6.27, with the
corresponding Gram matrix being computed exactly as in the untwisted case. See [4]. O

As a consequence of the above result, we have another general result, as follows:

Theorem 6.36. The Schur-Weyl twisting operation Gy <+ Gy leaves invariant:

(1) The law of the main character.
(2) The coamenability property.
(3) The asymptotic laws of truncated characters.

Proof. This basically follows from Proposition 6.35, as follows:
(1) This is clear from the integration formula.
(2) This follows from (1), and from the Kesten criterion.
(3) This follows once again from the integration formula. 4

To summarize, we have results for all the easy quantum groups introduced so far, except
for Sy, and in each case we obtain Gaussian laws, and their versions.
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7. QUANTUM PERMUTATIONS

The quantum groups that we considered so far, namely Oy, Uy and their liberations
and twists, are of “continuous” nature. In order to have as well “discrete” examples, the
idea will be that of looking at the corresponding quantum reflection groups.

In this section we discuss the quantum permutation groups. These are the simplest
quantum reflection groups, but are interesting as well, as objects on their own.

Let us start with a functional analytic description of the usual symmetric group:

Proposition 7.1. Consider the symmetric group Sy .

(1) The standard coordinates v;; € C(Sn), coming from the embedding Sy C Oy given
by the permutation matrices, are given by v;; = x(o|o(j) = 1).

(2) The matriz v = (v;;) is magic, in the sense that its entries are orthogonal projec-
tions, summing up to 1 on each row and each column.

(3) The algebra C(Sy) is isomorphic to the universal commutative C*-algebra gener-
ated by the entries of a N x N magic matrix.

Proof. These results are all elementary, as follows:
(1) We recall that the canonical embedding Sy C Oy, coming from the standard
permutation matrices, is given by o(e;) = e,(;). Thus, we have:

0= Z €o(j);
j

It follows that the standard coordinates on Sy C Oy are given by v;(0) = 6;4(j). In
other words, we must have v;; = x(colo(j) = i), as claimed.

(2) Any characteristic function x € {0,1} being a projection in the operator algebra
sense (x? = x* = x), we have indeed a matrix of projections. As for the sum 1 condition
on rows and columns, this is clear from the formula of the elements v;;.

(3) Consider the universal algebra in the statement, namely:

A = Clomm <(wij)i,j:1,...,1v‘w = magic)

We have a quotient map A — C'(Sy), given by w;; — v;;. On the other hand, by using
the Gelfand theorem we can write A = C(X), with X being a compact space, and by
using the coordinates w;; we have X C Oy, and then X C Sy. Thus we have as well a
quotient map C'(Sy) — A given by v;; — w;;, and this gives (3). See Wang [92]. O

With the above result in hand, we can now formulate, following [92]:
Proposition 7.2. The following is a Woronowicz algebra,
C(5%) = C* ((wig)ig=.n

and the compact quantum group Sj; is called quantum permutation group.

U = magic)
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Proof. As a first remark, the algebra C'(S}) is indeed well-defined, because the magic
condition forces ||u;;|| < 1, for any C*-norm. Our claim now is that, by using the universal
property of this algebra, we can define maps A, e, S as in Definition 2.1.

Consider indeed the matrix Uy = >, uip ® ugj. We have Uy = U,
entries U;; are orthogonal projections, because we have as well:

2
U; = E Uik Uit @ UpjUyy = E Wi, @ ugj = U
Kkl k

and in fact the

In order to prove now that the matrix U = (U;;) is magic, it remains to verify that the
sums on the rows and columns are 1. But this can be checked as follows:

J Jk k
% ik k

Thus the matrix U = (U;;) is magic indeed, and so we can define a comultiplication
map by setting A(u;;) = U;;. By using a similar reasoning, we can define as well a counit
map by €(u;;) = 6;;, and an antipode map by S(u;;) = uj;. Thus the Woronowicz algebra
axioms from Definition 2.1 are satisfied, and this finishes the proof. O

The terminology comes from the following result, also from [92]:

Proposition 7.3. The quantum permutation group S3; acts on the set X = {1,..., N},
the corresponding coaction map ® : C(X) — C(Sy) ® C(X) being given by:

J

In fact, S¥ is the biggest compact quantum group acting on X, by leaving the counting
measure invariant, in the sense that (id @ tr)® = tr(.)1, where tr(5;) = +, Vi.

Proof. Our claim is that given a compact matrix quantum group G, the formula ®(¢;) =
> Ui ® d; defines a morphism of algebras, which is a coaction map, leaving the trace

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

O(6:)P(0) = Y wiuy @ ;0 = ¥ _ wjup; ®
J

4l
B(5:6%) = 0 ®(6;) = Oy Y iy ® 6
J

We conclude that the multiplicativity of ® is equivalent to the following conditions:

Uijukj=5ikuij , W,j,k
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Regarding now the unitality of ®, we have the following formula:
SURNGES WAL o] b3 B
i ij j i

Thus @ is unital when the following conditions are satisfied:

Z u; =1, Vj
Finally, the fact that ® is a *x-morphism translates into:
Vi, j
Summing up, in order for ®(J;) = Zj u;; ® 0; to be a morphism of C*-algebras, the

elements u;; must be projections, summing up to 1 on each column of u. Regarding now
the preservation of the trace condition, observe that we have:

_ k

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

As a perhaps quite surprising result now, also from [92], we have:

Proposition 7.4. We have an embedding of compact quantum groups Sy C S3;, given at
the algebra level by

Uij = X (O‘U(J') = Z)
and this embedding is an isomorphism at N < 3, but not at N > 4, where S3; is non-
classical, infinite compact quantum group.

Proof. The fact that we have indeed an embedding as above is clear from Proposition 7.1
and Proposition 7.2. Note that this follows as well from Proposition 7.3. Regarding now
the second assertion, we can prove this in four steps, as follows:

Case N = 2. The result here is trivial, the 2 x 2 magic matrices being by definition as
follows, with p being a projection:

-2, '7)
IL—p p

Indeed, this shows that the entries of a 2 X 2 magic matrix must pairwise commute,
and so the algebra C(S5) follows to be commutative, which gives the result.
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Case N = 3. This is more tricky, and we present here a simple, recent proof, from [69].
By using the same abstract argument as in the N = 2 case, and by permuting rows and
columns, it is enough to check that uq;, uss commute. But this follows from:

Ul = UppUge(Uu1y + U2 + Uis)
U1 U22U11 + U1 U22UL3
U Uotyy + w1 (1 — w9y — ugz)uss

= U11U22U11

Indeed, by applying the involution to this formula, we obtain from this that we have
Ugol11 = Up1Ugou11 as well, and so we get wuqiuoe = Uy, as desired.

Case N = 4. In order to prove our various claims about S;, consider the following
matrix, with p, ¢ being projections, on some infinite dimensional Hilbert space:

P 1—p 0 0
_|l=-p 0 0

U= 0 0 g 1—gq
0 0 1—gq q

This matrix is magic, and if we choose p,q as for the algebra < p,q > to be not
commutative, and infinite dimensional, we conclude that C'(S;) is not commutative and
infinite dimensional as well, and in particular is not isomorphic to C'(Sy).

Case N > 5. Here we can use the standard embedding S C S5, obtained at the level
of the corresponding magic matrices in the following way:

_ U 0
YN0 1w

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

At the representation theory level now, we have the following result, from [35]:

Theorem 7.5. For the quantum permutation group Sy, the intertwining spaces for the
tensor powers of the fundamental corepresentation u = (u;;) are given by:

Hom/(u®*, u®") = span <T,r

7 e NO(k, 1))

In other words, Sy, is easy, coming from the category of noncrossing partitions NC'

Proof. We use the Tannakian duality results from sections 4 and 5 above. According to
Proposition 7.2, the algebra C'(S};) appears as follows:

C(S%) = C(O]\L[)/<u = magic>
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On the other hand, we know from the proof of Theorem 5.10 that if we denote by
p € P(2,1) the one-block partition, then we have:

T, € Hom(u®* u) < wjug = dpuqy, Vi, j, k
The condition on the right being equivalent to the magic condition, we obtain:
C(Sy) = C’(O;{,)/<TH € Hom(u®2,u)>

By using now the general theory from section 5, we conclude that the quantum group
S is indeed easy, with the corresponding category of partitions being:

D=<pu>

But this latter category is NC', as one can see by “chopping” arbitrary noncrossing
partitions into u-shaped components, and so we obtain the result. U

The above result is in clear analogy with Theorem 5.10, stating that the usual permu-
tation group Sy is easy, coming from the category of all partitions P.

As a technical comment, there might seem to be a bit of a clash between Theorem 5.10
and Theorem 7.5 at N = 2,3, where Sy = S¥. However, there is no clash, because the
implementation of the partitions is not faithful. We will be back to this.

In order to clarify all this, and to understand as well the representation theory of S
at N > 4, we will need some combinatorics. Let us start with:

Proposition 7.6. We have a bijection NC(k) ~ NCy(2k), constructed as follows:

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

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

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

The above result suggests using the theory of O}, from section 4 above, in order to
obtain results about Sy;. This will be indeed our idea, and we have:

Proposition 7.7. The Gram matrices of NCy(2k), NC(k) are related as follows, where
m — 7' is the shrinking operation, and Ay, is the diagonal of G, :

Gt (m,0) = 1M (A, Grn2 A, ) (', )

In particular, we have det(Gy2) # 0 for any n > 2, and so the family of vectors
{&|m e NC(k)} C (CN)®*% with N = n?, is linearly independent.
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Proof. In the context of Proposition 7.6 above, it is elementary to see that we have:
Tt Vo|=k+2|7"Vd|—|r|— |
We therefore have the following formula, valid for any n € N:

n\ﬂ\/a\ _ nk+2\7r’Vo"|f\7r’|f|o"\

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

det(sz’n) =C- det(kaQ)

Since we know from section 4 above, from our results regarding O;, that we have
det(Gax,) # 0, we conclude that we have as well det(Gy, ,2) # 0, as claimed. O

Summarizing, we have now some good knowledge of NC(k), which includes a linear
independence result for the associated vectors &, valid at any N = n? with n > 2.

This technology covers for instance the quantum group S, whose understanding would
be our first objective here. However, in order to deal directly with the N > 4 case, we
would need linear independence results at any N > 4. We have here:

Theorem 7.8. Consider the Temperley-Lieb algebra of index N > 4, defined as
TLn(k) = span(NC(k,k))

with product given by the rule () = N, when concatenating.

(1) We have a representation i : TLy(k) — B((CN)®%), given by 7 — T.
(2) Tr(Ty) = NWors(<m) where 1 —< 7 > is the closing operation.

(3) The linear form T =Troi:TLy(k) — C is a faithful positive trace.
(4) The representation i : TLyn(k) — B((CN)®*) is faithful.

In particular, the vectors {&x|m € NC(k)} C (CN)®* are linearly independent.

Proof. All this is quite standard, but advanced, the idea being as follows:
(1) This is clear from the categorical properties of 7 — 7.
(2) This follows indeed from the following computation:

vy = (i)

i1.in
— #{il,...,ike {1,...,N}‘ker (lek) Zﬂ'}
11 ...
Nloops(<7r>)

(3) The traciality of 7 is clear, because T'r is tracial. Regarding now the faithfulness,
this is best viewed via the formula 7(7) = N°P(<™)  coming from (2).
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The point indeed is that the Temperley-Lieb algebra T'Ly(k) appears in a massive
number of mathematical contexts, with its standard trace 7(7) = N©P*(<™) playing a
key role in each of these situations, and known in particular to be faithful.

The original argument here, due to Jones [66], is very beautiful. According to the work
of von Neumann and others [73], [90], of particular importance in mathematical physics
are the C*-algebras A C B(H) which are closed under the weak topology, making the
maps a — a& with & € H continuous, which are called von Neumann algebras.

The structure and classification work for such algebras, basically due to von Neumann
and Connes, leads to the conclusion that the “building blocks” of the theory are the von
Neumann algebras A which are infinite dimensional, dim A = oo, have trivial center,
Z(A) = C, and possess a faithful trace tr : A — C. These are called 11 factors.

Now given an inclusion of II; factors A; C As, which is once again something natural in
physics, we can consider the orthogonal projection e; : Ay — Aj, and set A3 =< As, e1 >.
This procedure, discovered by Jones and called “basic construction”, can be iterated, and
we obtain in this way a whole tower of II; factors, with projections, as follows:

Ay Ce, A, Ce, As Cey Ay C ool

The point now is that the sequence of projections ey, ey, €3, ... € B(H) behaves exactly
as the sequence of diagrams ey,e9,¢3,... € TLy given by 61 = 5, g9 = |5, €3 = || 5, and

so on, with the parameter being the index, N = [As, A;]. Thus, we have a model for the
Temperley-Lieb algebra, and the trace is the one that we are interested in:

TLy = span(e;) , tr(r) = N'oors(<7>)

As a conclusion, in this situation, the Temperley-Lieb trace is the II; factor trace, so it
is faithful. Together with the standard fact that inclusions of II; factors A; C As can be
constructed for any index values N > 4, this gives the result. See Jones [66].

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

As for the last assertion, this follows from (4), by completing the partitions 7 € NC(k)
into partitions 7 € NC(k, k), by adding singletons, attached to the upper legs. U

For our purposes, the final conclusion of Theorem 7.8 is exactly what we need. The
problem, however, is that the proof of this fact remains quite heavy, based on [66]. We
will be back to this a bit later, with the outline of a few alternative arguments.

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

Theorem 7.9. The quantum groups Sy with N > 4 have the following properties:
(1) The moments of the main character are the Catalan numbers, [ x* = C,.
(2) The fusion rules are T, @ 17 = rjg—i| + Tg—tj41 + - - - + Thpa, as for SOs.

Proof. We know from Theorem 7.8 above that the vectors {&; |1 € NC(k)} C (CV)®* are
linearly independent, and by using this, the proof, from [2], goes as follows:
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(1) We have indeed the following computation, with the various equalities coming from
Proposition 6.2, Theorem 7.5, Proposition 7.6 and Proposition 6.16:

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

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

Tt = Jie—y + fle—ys1 + -+ S

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

Assume now that the result holds at £ — 1. By integrating characters we have then
Tp_2,Tk—1 C Tpr_1 ® 11, exactly as for SOs, so there exists a corepresentation r; such that
re—1 @11 = rp_s + 1._1 + 1. Once again by integrating characters, we conclude that r;
is irreducible, and non-equivalent to r1,...,7x_1, as for SO3. This proves our claim.

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

The above result is quite surprising, and raises a massive number of questions. We
would like to better understand the relation with SOs, and more generally see what
happens at values N = n? with n > 2, and also compute the law of y, and so on.

We will come up with answers to all these questions, but we will do this slowly.

One way of understanding the reltion with SO3 comes from noncommutative geometry
considerations. We recall that, according to the general theory from section 1, each finite
dimensional C*-algebra A can be written as A = C'(X), with X being a “noncommutative
finite space”. We make the convention that each such space X is endowed with its counting
measure, corresponding to the canonical trace tr: A C B(A) — C.

We have then the following general result, also from [2]:

Theorem 7.10. Given a noncommutative finite space X, there exists a universal compact
quantum group G*(X) acting on X, by leaving the counting measure invariant, and:

(1) For X ={1,...,N} we have GT(X) = S},.

(2) For X = Spec(M>(C)) we have G (X) = SOs.

(3) The fusion semiring of G*(X) is independent of X.

(4) Thus, S3; with N > 4 has the same fusion semiring as SOs.

Proof. In this statement the first assertion follows as in Proposition 7.3 above, with the
remark that what we have here is a theoretical result, and so we are not in need of working
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out the precise algebraic formulae between generators. In fact, if we denote by m, u the
multiplication and the unit of A = C'(X), the coaction conditions reformulate as:

m € Hom(u® u) , u€ Fiz(u)

Thus, we can define our quantum group by imposing these relations, and all this is
quite standard. Regarding now the other assertions, the proofs here are as follows:

(1) This is something that we already know, from Proposition 7.3 above.

(2) We use here some standard facts about SUs, SO3. We have an action by conjugation
SUy ~ My(C), and this action produces, via the canonical quotient map SU; — SOj3, an
action SO3 ~ M5(C). On the other hand, it is quite routine to check, by using arguments
like those in the proof of Proposition 7.4, that any action G ~ Ms(C) must come from a
classical group. Thus the action SO3 ~ M3(C) is universal, as claimed.

(3) This follows a bit as in the proof of Theorem 7.9 above. To be more precise, this
follows from the fact that the multiplication and unit of any complex algebra, and in
particular of CV, can be modelled by the following two diagrams:

m=|U| , u=n

But these diagrams generate the Temperley-Lieb algebra T'L, and by collapsing neigh-
bors, as in the proof of Theorem 7.9, we are led in this way to the category NC.
(4) This follows indeed from (1,2,3) above. O

All this is certainly quite conceptual, but perhaps a bit too abstract. At N = 4 we can
formulate a more concrete result on the subject, by using the following construction:

Definition 7.11. C(SO3 ") is the universal C*-algebra generated by the entries of a 3 x 3
orthogonal matriz a = (a;;), with the following relations:

(1) Skew-commutation: a;ja = taga;;, with sign + if i # k, j # 1, and — otherwise.

(2) Twisted determinant condition: Ygecg,010(1)020(2)030(3) = 1.

Observe the similarity with the twising constructions from section 5. However, SO3
being not easy, we are not exactly in the Schur-Weyl twisting framework from there.

Our first task would be to prove that C'(SO3!) is a Woronowicz algebra. This is of course
possible, by doing some computations, but we will not need to do these computations,
because the result follows from the following theorem, from [11]:

Theorem 7.12. We have an isomorphism of compact quantum groups
S§ =S50;3"!

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

11 1 1 1 0 0 O 11 1 1
1 1 -1 -1 1 0 a1; a1 ai13 1 -1 -1 1
4 1 -1 1 -1 0 21 A29 23 1 -1 1 -1
1 1 -1 -1 0 a3; aze ass 1 1 -1 -1
It is routine to check that this matrix is magic, and vice versa, i.e. that the Fourier

transform over K converts the relations in Definition 7.11 into the magic relations in
Definition 7.1. Thus, we obtain the identification from the statement. O

u =

It is possible to get beyond this, with an ADE classification of the closed subgroups of
S} = S0;*'. All this is, however, quite technical, and we refer here to [11].

As an overall conclusion, the twisting formula S; = SO;' ultimately comes from
something of type Xy o~ My, where Xy = {1,2,3,4} and My = Spec(M5(C)).

Yet another extension of Theorem 7.12, which is however quite technical, comes by
looking at the general case N = n?, with n > 2. It is possible indeed to complement
Theorem 7.10 above, with a general twisting result of type G*(H,) = G*(H)?, valid for
any finite group H and any 2-cocycle o on it. In the case H = Z2 with Fourier cocycle,
this leads to the conclusion that PO;" appears as a cocycle twist of S;;. See [17].

Let us just record here an interesting probabilistic fact, from [17] as well:

Theorem 7.13. The following families of variables have the same joint law,
(1) {uf;} € C(OF),
(2) { Xy = 5 Xy Piagn} € C(S)2),

where w = (u;;) and p = (piajp) are the corresponding fundamental corepresentations.

Proof. As already mentioned, this result can be obtained via twisting methods. An al-
ternative approach is by using the Weingarten formula for our two quantum groups, and
the shrinking operation m — 7. Indeed, we obtain the following moment formulae:

/ u?f = Z Wopn (T, 0)
On

m,0€NC2(2k)

+

ko _ |7 |+|o’ |-k o

/+ Xz'j = E n Wk,nQ(ﬂ' 70)
5o

m,0€NC2(2k)

n

According to Proposition 7.7 the summands coincide, and so the moments are equal,
as desired. The proof in general, dealing with joint moments, is similar. U

The above result is quite interesting, making a connection between free hyperspherical
and free hypergeometric laws. We will discuss this later on, in section 11 below.

Before getting into further probabilistic aspects, let us however go back to the linear
independence result in Theorem 7.8, and discuss some alternative arguments.
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We know from Proposition 7.7 that the result at N = n? with n € N can be obtained
from the results for O; from section 4, via the connecting formula for the Gram matrices.
It is possible to use this kind of argument in general as well, by using the extended compact
quantum group framework, as in Woronowicz’s papers [97], [98], [99], [100], with S? # id.
Indeed, in this framework the quantum groups O, can be deformed, as to probabilistically
have n € [2,00), and we can obtain the faithfulness result via Proposition 7.7.

Yet another approach, which is heavy too, but only computationally, not using any
extra general theory, is by explicitely computing the determinants of the Gram matrices
in Proposition 7.7. The formulae here, due to Di Francesco [57], are as follows:

Theorem 7.14. The Gram determinants for O, S} are given by the formulae

[k/2]
det Gkn H P dk/2’r s det(Gkn = ak H P dkr

where P, are the Chebycheff polynomials, Py =1, P, =n and P,y =nP, — P,_4,

o= 2k 2k

e \k - E—r—1

depending on k,r € Z, with fy, =0 for k ¢ Z, and dg, = frr — frr1.-

Proof. Let I" = N, regarded as Cayley graph of O, and consider its orthogonal polynomial

eigenvector u(r) = P,(n), with eigenvalue n. Let also Ly be the set of length & loops
[ =1...l; based at 0, and Hy = span(Ly). For m € NCy(k) we define f, € Hy, by:

Z(Haz“z; )z

leLy, \i~gj

Here e — ¢€° is the edge reversing, and the “spin factor” is v = y/pu(t)/u(s), where s, t
are the source and target of the edges. The point is that we have:

G]m(ﬂ',O') =< fmfa >

We have a bijection NCy(k) — Ly, constructed as follows. For m € NCy(k) and
0 < i < k we define h.(i) to be the number of 1 < j < ¢ which are joined by 7 to a
number strictly larger than i. We then define a loop I(7) = I(7); ... I(7)k, where I(7); is
the edge from h,(i — 1) to h(7). Consider now the following matrix:

T, ) = [] 60 11(1(0):)

i~

We have then f; =Y Tjn(m, 0)-1(c), and we obtain from this:
Gkn - TknTIEn
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If we consider the partial order on NCy(k) given by m < o if h.(i) < h, (i) for i =

1,...,k, then o £ 7 implies T, (7, o) = 0, and so T}, is lower triangular. Thus:
P, k/2
_ _ Shay ehr/2
det(Tkn) - ];[Tkn(ﬂ7 ﬂ-) - ];[111 Ph,r@),l - H Prk

Here the exponents appearing on the right are by definition as follows:
Crr = D > Onotiyr — Ohn(iyrsa
T i~g]

On the other hand, by doing some combinatorics, for 1 < r < k/2 we have:

Z Z Onr(iyr = frj2nr

T i~

Thus, we obtain the formula for O in the statement. As for the formula for S;, this
follows from this, and from the formula in Proposition 7.7. See [24], [57]. O

Summarizing, there is a lot of interesting mathematics in connnection with Sy,. Passed
the problem of understanding all this, at a first glance, this is a good thing.

Let us go back now to our main result so far, namely Theorem 7.9, and further build
on that. The dimensions of the representations appearing there are as follows:

Proposition 7.15. The dimensions of the irreducible corepresentations of Sy, are

¢ — gk

q—1
where q,q~1 are the roots of X* — (N —2)X +1 = 0.

dim(ry) =

Proof. From the Clebsch-Gordan rules we have, in particular:
TRTL = Tk—1 + Tk + Tkt1

We are therefore led to a recurrence, and the initial data being dim(rg) = 1 and
dim(r) = N —1=¢q+ 1+ ¢!, we are led to the following formula:

dim(re) =¢" +¢" "+ 4+ ¢+ g7
In more compact form, this gives the formula in the statement. Il
Let us work out now some probabilistic consequences. Following [10], we have:

Theorem 7.16. The spectral measure of the main character of Sy, with N > 4 is the
Marchenko-Pastur law of parameter 1, having the following density:

1
™ = 2—\/4x—1 — ldz
T

Also, S} is coamenable, and S}, with N > 5 is not coamenable.
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Proof. Here the first assertion follows from the following formula, which can be established
by doing some calculus, and more specifically by setting x = 4sin?¢:

1 4
= / VI— Iz Tahde = G,
T Jo

Of course, it is a bit unclear where the Marchenko-Pastur law [72] comes from. This
comes of course from our physicist friend, as it was the case with the Wigner law [96].
As for the second assertion, this follows from this, and from the Kesten criterion. [J

Summarizing, we have some results, but all this is still dependent on our physicist
friend, and his excellent knowledge of calculus, SU;/SOj3, and other things, like [88].

So, our next purpose will be that of understanding, probabilistically speaking, and in
a conceptual way, out of nothing, the liberation operation Sy — Sj.

Let us begin our study with the classical case computation, for the symmetric group
Sn. Here the result, which is truly remarkable, and well-known, is as follows:

Theorem 7.17. Consider the symmetric group Sy, regarded as a compact group of ma-
trices, Sy C Op, via the standard permutation matrices.

(1) The main character x € C(Sn), defined as usual as x =, w;;, counts the number
of fized points, x(o) = #{ilo(i) =i}.

(2) The probability for a permutation o € Sy to be a derangement, meaning to have
no fized points at all, becomes, with N — oo, equal to 1/e.

(3) The law of the main character x € C(Sn) becomes, with N — oo, a Poisson law
of parameter 1, with respect to the counting measure.

Proof. This is something very classical, and beautiful, as follows:
(1) We have indeed the following computation:

x(o) = Zuii((j) = Z So(iyi = # {z|a(z) =i}
(2) This is best viewed by using the inclusion-exclusion principle. Let us set:
Sit-ih — {a € SN‘a(il) — i1 o) = ik}
By using the inclusion-exclusion principle, we have:
1 i ij i
Pl 0)= g (15w - SIsh1 4 I (0" 3 1)
’ i i<j i1<...<in

Now since |S4"*| = (N — k)! for any 4, < ... < iy, we obtain from this:

11 1 e

P(Xz()):1—ﬂ+5—...+(—1)N—1m+(—) i
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Since on the right we have the expansion of %, we conclude that we have:
1
lim P(y =0) = -
N—oo e

(3) This follows by generalizing the computation in (2). To be more precise, a similar
application of the inclusion-exclusion principle gives the following formula:

1
PR = g
Thus, we obtain in the limit a Poisson law, as stated. U

In order to talk about free analogues of this, we will need some theory. Let us denote
by * the usual convolution of measures, and by H its free version. We have then:

Theorem 7.18. The following Poisson type limits converge, for any t > 0,

1 1.\ 1 1\
n—00 n n n— 00 n n

the limiting measures being the Poisson law py, and the Marchenko-Pastur law m,
1 o= t*§ At — (v —1—1t)2
~ —F o =max(1 —t,0)d + v (z ) dx
e k!

k=0

Pt = 2mx

whose moments are given by the following formulae:
M. (p:) Z e Mi(m) Z ¢!
TEP(k TeNC(k
The Marchenko-Pastur measure m; s also called free Poisson law.
Proof. This is something standard, which follows by using either log I, R and calculus, or
classical and free cumulants, and combinatorics. In combinatorial terms, the point is that

the limiting measures must be those having classical and free cumulants ¢, ¢, ¢, ... But this
gives all the assertions, the density computations being standard. See [76]. U

We can now formulate a conceptual result about Sy — Sy, as follows:

Theorem 7.19. The law of the main character x, is as follows:

(1) For Sy with N — oo we obtain a Poisson law py.
2) For SY, with N > 4 we obtain a free Poisson law 7.
N

In addition, these laws are related by the Bercovici-Pata correspondence.

Proof. This follows indeed from the computations that we have, from Theorem 7.16 and
Theorem 7.17, by using the various theoretical results from Theorem 7.18. U

As in the continuous case, our purpose now will be that of extending this result to the
truncated characters. In order to discuss the classical case, we first have:
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Proposition 7.20. Consider the symmetric group Sy, together with its standard matrix
coordinates u;; = x(o € Sy|o(j) =1). We have the formula

/ Wirj TT— w if keri = kerj
SN . 0 otherwise

where ker i denotes as usual the partition of {1,. .., k} whose blocks collect the equal indices
of i, and where |.| denotes the number of blocks.

Proof. According to the definition of w;;, the integrals in the statement are given by:

1 . ) ‘ .
/ Wiy gy - - - Wiy, = ﬁ# {U € SN‘U(]l) =11,... aa(]k) = Zk}
SN °

Since the existence of o € Sy as above requires i,, = i, <= J,, = Jn, this integral
vanishes when keri # ker j. As for the case keri = ker j, if we denote by b € {1,...,k}
the number of blocks of this partition, we have N —b points to be sent bijectively to N —b

points, and so (N — b)! solutions, and the integral is (N]\?!b)!, as claimed. U

We can now compute the laws of truncated characters, and we obtain:

Proposition 7.21. For the symmetric group Sy C Oy, regarded as a compact group of
matrices, Sy C Op, via the standard permutation matrices, the truncated character

[tN]
Xt = Z U
i=1
counts the number of fixed points among {1,...,[tN]}, and its law with respect to the

counting measure becomes, with N — oo, a Poisson law of parameter t.

Proof. The first assertion comes from the formula u;; = x(c|o(j) = i). Regarding now
the second assertion, a first proof can be obtained via inclusion-exclusion, along the lines
of the proof of Theorem 7.17. However, simplest here is to use the integration formula in
Proposition 7.20. With S ; being the Stirling numbers, we have:

[tN]
k
/ Xt = E , / Wiyiy - - - Wigiy,
SN SN

i1..ip=1

tN]! N — |x|!
- [tN] (N —|=[1)

([¢N] = |=|") N!

TE Py
[tN]

(tN]l (N —b)!
- bzl([uv]—b)!' NT Ok
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In particular with N — oo we obtain the following formula:

k
lim/ XF =
N—o0 S
N b

But this is a Poisson(¢) moment, and so we are done. O

Spapt”
1

In the free case now, the integration formula, from [20], is as follows:
Proposition 7.22. We have the Weingarten formula

/S+uim...uim: S 6(0)0, () Wan (. 0)

N m,0eNC (k)

where the Kronecker symbols and Weingarten matriz are defined as usual. In particular,
at k < 3 we obtain in this way the same integrals as those over Sy.

Proof. The formula in the statement is the usual one. Regarding the second assertion, we
can write a Weingarten formula for the usual symmetric group Sy as well, as follows:

/S Wiyjy « - - Wiggy, = Z 5W(i)5a<j)WléN(7ra 0)

m,0€P(k)
Now since at k < 3 all the partitions of {1,...,k} are noncrossing, we have P(k) =
NC(k), the Weingarten functions for Sy, Sy coincide, and we obtain the result. O

We can now finish our computations, and generalize Theorem 7.19, as follows:

Theorem 7.23. The laws of truncated characters x; = Zy:]\i] uy; are as follows:

(1) For Sy with N — oo we obtain a Poisson law p;.
(2) For Sf; with N — oo we obtain a free Poisson law 7.

In addition, these laws are related by the Bercovici-Pata correspondence.

Proof. This follows from the above results:

(1) This is something that we already know, from Proposition 7.21.

(2) This is something that we know so far only at ¢ = 1, from Theorem 7.19. In order
to deal with the general ¢ € (0, 1] case, we can use the same method as for the orthogonal
and unitary quantum groups, from section 6, and we obtain the following moments:

we ¥

TeNC (k)
But these being the moments of the free Poisson law of parameter ¢, as explained in
Theorem 7.18 above, or in section 8 below, we obtain the result. See [21]. O

Summarizing, the liberation operation Sy — Sj; has many common features with the
liberation operations Oy — Oy and Uy — Uy, studied in section 6 above.
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8. QUANTUM REFLECTIONS

We have seen that the quantum permutation groups S3; are understood quite well. In
this section we explore, with similar methods, some of the subgroups G C S};.

Many interesting examples of quantum permutation groups appear as particular cases
of the following general construction from [3], involving finite graphs:

Proposition 8.1. Given a finite graph X, with adjacency matriz d € My(0,1), the
following construction produces a quantum permutation group,

O(GH(X)) = C(SF) / <du - ud>
whose classical version G(X) is the usual automorphism group of X.

Proof. The fact that we have a quantum group comes from the fact that du = ud refor-
mulates as d € End(u), which makes it clear that we are dividing by a Hopf ideal.
Regarding the second assertion, we must establish here the following equality:

C(G(X)) = C(Sy) / <d e End(u)>

For this purpose, observe that with u;; = x(c|o(j) = i), as in Proposition 7.1 above,

which is the same as saying that u;;(0) = d,(;);, we have:

du z] Z dzkuk] Z dzk(s Nk — za(]
Z uzk dk] Z 5a(k)idkj = dafl(z')j
k

Thus du = ud reformulates as dij = dy(i)o(j), and we are led to usual the notion of an
action of a permutation group on X, which leaves invariant the edges, as claimed. Il

Let us work out some basic examples. We have the following result:

Proposition 8.2. The construction X — G*(X) has the following properties:

(1) For the N-point graph, having no edges at all, we obtain Sy.

(2) For the N-simplez, having edges everywhere, we obtain as well S5.
(3) We have GH(X) = GT(X°), where X is the complementary graph.
(4) For a disconnected union, we have GT(X)*GH(Y) C GH(X UY).
(5) For the square, we obtain a non-classical, proper subgroup of Sy .

Proof. All these results are elementary, the proofs being as follows:

(1) This follows from definitions, because here we have d = 0.

(2) Here d = I is the all-one matrix, and since the magic condition gives ull = Iu = N1,
we conclude that du = ud is automatic in this case, and so GT(X) = S}
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(3) The adjacency matrices of X, X¢ being related by the formula dx +dy. = I, we can
use here the above formula ull = Iu = NI, and we conclude that dxu = udy is equivalent
to dxcu = udye. Thus, we obtain GT(X) = GT(X°), as claimed.

(4) The adjacency matrix of a disconnected union is given by dx. vy = diag(dx,dy).
Now let w = diag(u,v) be the fundamental corepresentation of G*(X)%G*(Y'). Since
dxu = udx and dyv = vdy imply dx yw = wdx_y, this gives the result.

(5) We know from (3) that we have G*(OJ) = G*(| |), and we know as well from (4) that
we have Zy % Zy C GT(] |). It follows that G™(O) is non-classical. Finally, the inclusion
GT(O) C S is indeed proper, because S; C Sy does not act on the square. g

In order to further advance, we can use the spectral decomposition of d:
Proposition 8.3. A closed subgroup G C S3; acts on a graph X precisely when
Pu=uP, , VYAeER
where d =), X - Py is the spectral decomposition of the adjacency matriz of X.

Proof. Since d € My(0,1) is a symmetric matrix, we can consider indeed its spectral
decomposition, d = >, A - Py. We have then the following formula:

< d >= span {P)\‘/\ € R}
But this shows that we have the following equivalence:
d € End(u) <= P\ € End(u),Y\ € R
Thus, we are led to the conclusion in the statement. U
In order to exploit this, we will often combine it with the following standard fact:

Proposition 8.4. Consider a closed subgroup G C Sy, with associated coaction map
¢ :CN - C(G)®CN. For a linear subspace V.C CV, the following are equivalent:

(1) The magic matriz u commutes with Py .
(2) We have ®(V) C C(G)® V.

Proof. Let P = Py. For any i € {1,..., N} we have the following formula:
O(P(d;) = @ (Z Pij5j> =D up @ Pydy =Y (Pu)a ®
J gk k
On the other hand the linear map (id ® P)® is given by a similar formula:
(id @ P)(®(0:) = > ui @ P(0;) = > ui; @ Pib = 3 _(uP)ip @ oy
J Jk k
Thus PP = (P ® id)® is equivalent to Pu = uP, and the conclusion follows. El

We have as well the following useful complementary result, from [3]:
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Proposition 8.5. Let p € My(C) be a matriz, and consider its “color” decomposition,
obtained by setting (p.)ij = 1 if p;j = ¢ and (p.);; = 0 otherwise:

pIZc'pc

Then u = (u;;) commutes with p if and only if it commutes with all matrices p..

Proof. Since the multiplication M : ;&d; — 0;0; and the counit C' : §; = d;®0; intertwine
u, u®?, their iterations M®), C'*) intertwine u, u®*, and so we have:
p®) = MBpekC®) — Z *p. € End(u)
ceC

Let S = {c € C|p. # 0}, and f(c) = c. By Stone-Weierstrass we have S =< f >, and
so for any e € S the Dirac mass at e is a linear combination of powers of f:

8o = ; Mo fF = Zk: M (Z ckac> => (Z )\kck) Se

ceS ceS k

The corresponding linear combination of matrices p® is given by:

> ™ ="\ (Z ckpc> => <Z Ak0k> Pe
k k cesS ceS k

The Dirac masses being linearly independent, in the first formula all coefficients in the
right term are 0, except for the coefficient of d., which is 1. Thus the right term in the
second formula is p., and it follows that we have p, € End(u), as claimed. i

The above results can be combined, and we are led into a “color-spectral” decomposition
method for d, which can lead to a number of nontrivial results. See [3].
As a basic application of this, we can further study G*(0), as follows:

Proposition 8.6. The quantum automorphism group of the N-cycle is as follows:
(1) At N # 4 we have GT(X) = Dy.
(2) At N =4 we have Dy C GT(X) C S, with proper inclusions.

Proof. We already know that the results hold at N < 4, so let us assume N > 5.

Given a N-th root of unity, w" = 1, the vector £ = (w') is an eigenvector of d, with
eigenvalue w + w¥~'. Now by taking w = e*/V it follows that 1, f, f,..., fN~! are
eigenvectors of d. More precisely, the invariant subspaces of d are as follows, with the last
subspace having dimension 1 or 2 depending on the parity of N:

ClL,CfeCfN-t, CffaCN 2, ...
Consider now the associated coaction ® : C¥ — C(G) @ CV, and write:
d(f)=ax f+bx V!
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By taking the square of this equality we obtain:
(A= P+ N2+ (ab+ba) @1
It follows that ab = —ba, and that ®(f?) is given by the following formula:
(A =d@ fP+b*e N
By multiplying this with ®(f) we obtain:
(Y= P+ P ra? @ N+ b’ @ f
Now since N > 5 implies that 1, N — 1 are different from 3, N — 3, we must have
ab®> = ba® = 0. By using this and ab = —ba, we obtain by recurrence on k that:
O(fF) = a* @ fF 4 b @ fNE
In particular at k = N — 1 we obtain:
(V) =Vl Nl Nl g f
On the other hand we have f* = f¥~1 so by applying * to ®(f) we get:
(VY =a e N e f
Thus a* = a™~! and b* = b¥~1. Together with ab® = 0 this gives:
(ab)(ab)* = abb*a* = ab™a™ ! = (ab®)bV 2N =0
From positivity we get from this ab = 0, and together with ab = —ba, this shows that

a,b commute. On the other hand C(G) is generated by the coefficients of ®, which are
powers of a, b, and so C'(G) must be commutative, and we obtain the result. O

Summarizing, this was a bad attempt in understanding G*(O), which appears to be
“exceptional” among the quantum symmetry groups of the N-cycles.

An alternative approach to G (0J) comes by regarding the square as the N = 2 par-
ticular case of the N-hypercube y. Indeed, the usual symmetry group of [y is the
hyperoctahedral group Hy, so we should have a formula of type G(0O) = H, .

In order to clarify this, let us start with the following simple fact:

Proposition 8.7. We have an embedding as follows, g; being the generators of ZY,

7N N-1 Y
Z2 C SRH'_ 9 .TZ —

VN

whose image is the geometric hypercube Oy = {x € RN|z; = +1/v/N, Vi}.

Proof. This is something that we already know, from Theorem 1.20 above, and which
comes from the fact that the standard generators g; € C*(ZY) = C(ZY) satisfy:

gi=9 , g =1
Indeed, when rescaling by 1/ VN, we obtain the relations defining Oy. O
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We can now study the quantum symmetry groups G (Oy), and we are led to the quite
surprising conclusion, from [15], that these are the twisted orthogonal groups Oy:

Theorem 8.8. With ZY =< g1,...,gn > we have a coaction map

®:C*(Zy) = C(ON) R C*(Zy) , gi— Zuij ® g;

J

which makes Oy the quantum isometry group of the hypercube Oy = 7, as follows:
(1) With Oy viewed as an algebraic manifold, Oy C SR C S[{gfjrl.
(2) With Oy viewed as a graph, with 2 vertices and 2¥N =N edges.
(3) With Oy viewed as a metric space, with metric coming from RY.

Proof. Observe first that Oy is indeed an algebraic manifold, so (1) as formulated above
makes sense, in the general framework of Proposition 2.23. The cube [y is also a graph,
as indicated, and so (2) makes sense as well, in the framework of Proposition 8.1. Finally,
(3) makes sense as well, because we can define the quantum isometry group of a finite
metric space exactly as for graphs, but with d being this time the distance matrix.

(1) In order for G C Of; to act affinely on Oy, the variables G; = Zj u;; @ g; must
satisfy the same relations as the generators g; € Z2'. The self-adjointness being automatic,
the relations to be checked are therefore G? = 1, G;G; = G;G;. We have:

G? = Z Uikl @ gegr = 1+ Z(uzkuzl + ujig) @ grg

ki k<l
[Gi7 Gj] = E (Uikujl — UjkUsp + U Uk — ujluik) @ gk
k<l

From the first relation we obtain ab = 0 for a # b on the same row of u, and by using
the antipode, the same happens for the columns. From the second relation we obtain

[Wik, wjr] = [k, uy] for k # 1. Now by applying the antipode we obtain [w;, uk;] = [, ugj),
and by relabelling, this gives [u, wj] = [uq, uji] for j # 4. Thus for i # j, k # [ we must
have [wig, wji| = [w;k, uy] = 0, and we are therefore led to G C Oy, as claimed.

(2) We can use here the fact that the cube Oy, when regarded as a graph, is the Cayley
graph of the group ZY. The eigenvectors and eigenvalues of [y are as follows:

Viy.iy = Z (_1)i1j1+'"+iNjN9{1 X -Q%V
J1---IN
Niyiy = (D" 4. (1)
With this picture in hand, and by using Proposition 8.3 and Proposition 8.4 above, the
result follows from the same computations as in the proof of (1). See [15].

(3) Our claim here is that we obtain the same symmetry group as in (2). Indeed,
observe that distance matrix of the cube has a color decomposition as follows:

d=dy+V2dy+V3ds+ ...+ VNdy
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Since the powers of d; can be computed by counting loops on the cube, we have formulae
as follows, with z;; € N being certain positive integers:

d% = I‘QllN + l’QQdQ
4} = xyly + T3ads + w33ds
div = lelN+xN2d2+xN3d3+---+l‘NNdN
But this shows that we have < d >=< d; >. Now since d; is the adjacency matrix of
On, viewed as graph, this proves our claim, and we obtain the result via (2). U

Now back to our questions regarding the square, we have G*(0J) = Oy, and this formula
appears as the N = 2 particular case of a general formula, namely G*(Cy) = Oy.

This is quite conceptual, but still not ok. The problem is that we have G(Oy) = Hy,
and so for our theory to be complete, we would need a formula of type Hy = Oy.

And this latter formula is obviously wrong, because for Oy the character computations
lead to Gaussian laws, who cannot appear as liberations of the character laws for Hy,
that we have not computed yet, but which can only be something Poisson-related.

Summarizing, the problem of conceptually understanding G/([J) remains open. In order
to present now the correct, final solution, the idea will be that to look at the quantum
group G*(] |) instead, which is equal to it, according to Proposition 8.2 (3).

We first have the following result, extending Proposition 8.2 (4) above:

Proposition 8.9. For a disconnected union of graphs we have
GT(X)) % ... xGT(Xp) CcGET(XjU...UXy)
and this inclusion is in general not an isomorphism.

Proof. The proof of the first assertion is nearly identical to the proof of Proposition 8.2
(4) above. Indeed, the adjacency matrix of the disconnected union is given by:

XmLI...LIXk = diag(dxl, N ,ka)
w = diag(uy, ..., ug)
We have then dx,u; = u;dy,, and this implies dw = wd, which gives the result. As for
the last assertion, this is something that we already know, from Proposition 8.6 (2). O

In the case where the graphs Xi,..., X} are identical, which is the one that we are
truly interested in, we can further build on this. Let us first recall that we have:

Proposition 8.10. Given closed subgroups G C Uy, H C S, with fundamental corep-
resentations u,v, the following construction produces a closed subgroup of Uy, :

C(G U H) = (C(G)" « C(H))/ < [ul?, vp) = 0 >
In the case where G, H are classical, the classical version of G . H is the usual wreath
product GV H. Also, when G is a quantum permutation group, so is G i, H.
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Proof. Consider indeed the matrix wjq j» = uﬁ?)vab, over the quotient algebra in the state-

ment. It is routine to check that w is unitary, and in the case G C S}, our claim is that
this matrix is magic. Indeed, the entries are projections, because they appear as products
of commuting projections, and the row and column sums are as follows:

Z Wia,jb = Z uz(»?)vab = Z Vab Z ul(;) =1
Z Wia,jb = Z Ug?)vab = Z Vab Z ul(;) =1
Jjb jb b j

With these observations in hand, it is routine to check that G, H is indeed a quantum
group, with fundamental corepresentation w, by constructing maps A, ¢, S as in Definition
2.1, and in the case G C Sj;, we obtain in this way a closed subgroup of S3;,. Finally, the
assertion regarding the classical version is standard as well. See [41]. 4

We refer to [10], [41], [82] for more details regarding the above construction.
With this notion in hand, we can now formulate a non-trivial result, as follows:

Theorem 8.11. Given a connected graph X, and k € N, we have the formulae
GkX)=GX)1S: , GT(kX)=G (X)L S}
where kX = X ... U X is the k-fold disjoint union of X with itself.

Proof. The first formula is something well-known, which follows as well from the second
formula, by taking the classical version. Regarding now the second formula, it is quite
elementary to check that we have an inclusion as follows, for any finite graph X:

GT(X) Sf C GH(kX)

Indeed, we want to construct an action G (X ). S;" ~ kX, and this amounts in proving
that we have [w,d] = 0. But, the matrices w, d are given by:

Wia,jb = U,L('?)Uab s dia,jb = 6ijdab
With these formulae in hand, we have the following computations:

(dw)ia,jb = Z dikwka,jb = Z diku](;;‘)vab = (du(a))ijvab
k k

(wd)m,jb = Z wm,kbdkj = Zugz)vabdkj = (u(a)d)ijvab
k k

Thus we have [w, d] = 0, and from this we obtain:

GH(X) .S c G (kX)
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Regarding now the reverse inclusion, which requires X to be connected, this follows by
doing some matrix analysis, by using the commutation with u. To be more precise, let us
denote by w the fundamental corepresentation of G (kX), and set:

u' =S wi Vgp = Y
ij ia,jb ab — ab
b i

It is then routine to check, by using the fact that X is indeed connected, that we have
here magic unitaries, as in the definition of the free wreath products. Thus we obtain the
reverse inclusion G (kX) C GT(X) . S, and this gives the result.

To be more precise, the key ingredient is the fact that when X is connected, the *-
algebra generated by dy contains a matrix having nonzero entries. See [10]. O

We are led in this way to the following result:

Theorem 8.12. Consider the graph consisting of N segments.

(1) Its symmetry group is the hyperoctahedral group Hy = Zo ! Sy.
(2) Its quantum symmetry group is the quantum group Hy = Zs . Sy

Proof. Here the first assertion is clear from definitions, with the remark that the relation
with the formula Hy = G(Oy) comes by viewing the N segments as being the [—1,1]
segments on each of the N coordinate axes of RY. Indeed, a symmetry of the N-cube is
the same as a symmetry of the NV segments, and so G(Oy) = Z2 1 Sy, as desired.

As for the second assertion, this follows from Theorem 8.11 above, applied to the
segment graph. Observe also that (2) implies (1), by taking the classical version. i

Now back to the square, we have GT(0J) = H,, and our claim is that this is the
“good” and final formula. In order to prove this, we must work out the easiness theory
for Hy, Hy;, and find a compatibility there. We first have the following result:

Proposition 8.13. The algebra C(HY;) can be presented in two ways, as follows:

(1) As the universal algebra generated by the entries of a 2N x 2N magic unitary
having the “sudoku” pattern w = (§ %), with a,b being square matrices.
(2) As the universal algebra generated by the entries of a N x N orthogonal matriz

which is “cubic”, in the sense that w;ju, = wjur; = 0, for any j # k.

As for C(Hy), this has similar presentations, among the commutative algebras.

Proof. Here the first assertion follows from Theorem 8.12, via Proposition 8.10, and the
last assertion is clear as well, because C(Hy) is the abelianization of C(H};). Thus, we
are left with proving that the algebras Ay, A. coming from (1,2) coincide.

We construct first the arrow A, — A;. The elements a;j, b;; being self-adjoint, their
differences are self-adjoint as well. Thus a — b is a matrix of self-adjoint elements. We
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have the following formula for the products on the columns of a — b:

(a—="Db)i(a—b)jr = aixar — aibjr — bikajr + bibjk
~J0 for i # j
 ag + by fori= Ji

In the ¢ = j case the elements a;; + b, sum up to 1, so the columns of a — b are
orthogonal. A similar computation works for rows, so a — b is orthogonal.

Now by using the i # j computation, along with its row analogue, we conclude that
a — b is cubic. Thus we can define a morphism A. — A, by the following formula:

p(uij) = aij — b
We construct now the inverse morphism. Consider the following elements:

2 2
Uz; + U Uy — Ugj

. )
92 ) B@] 9
These are projections, and the following matrix is a sudoku unitary:
= ( (o) (ﬁz‘j))
<<5ij) (cij)

Thus we can define a morphism A, — A. by the following formula:

OCU =

u?; + ugy u? — uy;
Y(aij) = UTJ ;o (by) = UTJ

We check now the fact that 1, ¢ are indeed inverse morphisms:

2 . 2 _ o
Uy + Ui U — Ui

bepluig) = Play — by) = —— 5
As for the other composition, we have the following computation:

901/1<aw):S0(]2 .7>:<.7 ])2(] ]):aij

A similar computation gives pt(b;;) = b;;, which completes the proof. O

We can now work out the easiness property of Hy, Hy, with respect to the cubic
representations, and we are led to the following result, which is fully satisfactory:
Theorem 8.14. The quantum groups Hy, Hy are both easy, as follows:

(1) Hy corresponds to the cateqory Poyen.
(2) Hy corresponds to the category NCeyen.

Proof. These assertions follow indeed from the fact that the cubic relations are imple-
mented by the one-block partition in P(2,2), which generates NClyep,. O
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There is a similarity here with the easiness results for permutations and quantum
permutations, obtained in sections 5 and 7 above. In fact, the basic algebraic results
regarding Sy, Sy and Hy, H}; appear as the s = 1,2 particular cases of:

Theorem 8.15. The complex reflection groups HyY, = Zs 1 Sn and their free analogues
HY =71 Sy, defined for any s € N, have the following properties:

(1) They have N-dimensional coordinates u = (u;;), which are subject to the relations
iU = UWij, Pij = Wiju;; = magic, and uj; = pij;.

(2) They are easy, the corresponding categories P* C P, NC*®* C NC' being given by
the fact that we have # o —#e = 0(s), as a weighted sum, in each block.

Proof. We already know that the results hold at s = 1,2, and the proof in general is
similar. With respect to the above proof at s = 2, the situation is as follows:

(1) Observe first that the result holds at s = 1, where we obtain the magic condition,
and at s = 2 as well, where we obtain something equivalent to the cubic condition. In
general, this follows from a Z,-analogue of Proposition 8.13. See [37].

(2) Once again, the result holds at s = 1, trivially, and at s = 2 as well, where our
condition is equivalent to # o +#e = 0(2), in each block. In general, this follows as in
the proof of Theorem 8.14, by using the one-block partition in P(s,s). See [8]. O

The above proof is of course quite brief, but we will not be really interested here in the
case s > 3, which is quite technical. In fact, the above result, dealing with the general
case s € N, is here for providing an introduction to the case s = oo, where we have:

Theorem 8.16. The pure complex reflection groups Ky = TSy and their free analogues
K =T Sk have the following properties:

(1) They have N -dimensional coordinates u = (u;;), which are subject to the relations
uiju;‘j = u;‘juij and p;; = uiju;*j = magic.

(2) They are easy, the corresponding categories Pepen C PyNCepen C NC' being given
by the fact that we have #o = #e, as a weighted equality, in each block.

Proof. The assertions here appear as an s = co extension of (1,2) in Theorem 8.15 above,
and their proof can be obtained along the same lines, as follows:

(1) This follows indeed by working out a T-analogue of the computations in the proof
of Proposition 8.13 above. We refer here to [8].

(2) Once again, this appears as a s = oo extension of the results that we already have,
and for details here, we refer once again to [8]. O

The above results at s = 2,00 are quite interesting for us, because we can now focus
on the quantum reflection groups Hy, Hy, Ky, K3, with the idea in mind of completing
the orthogonal and unitary quantum group picture from section 5 above.

Before doing this, we have two more quantum groups to be introduced and study,
namely the half-liberations Hy, K. We have here the following result:
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Theorem 8.17. We have quantum groups Hy,, Ky, which are both easy, as follows,

(1) Hj = Hy, N Oy, corresponding to the category P

(2) Ky = K, N U, corresponding to the category Pr,...,

with the symbol x standing for the fact that the corresponding partitions, when relabelled
clockwise o @ o e ..., must contain the same number of o, e, in each block.

Proof. This is standard, from the results that we already have, regarding the various
quantum groups involved, because the interesection operations at the quantum group
level correspond to generation operations, at the category of partitions level. Il

We can now complete the “continuous” picture from section 5 above, as follows:

Theorem 8.18. The basic orthogonal and unitary quantum groups are related to the basic
real and complex quantum reflection groups as follows,

Uy Uz U Ky K} Ky

On Oy o% Hy H, HY;
the connecting operations U <> K being given by K = U N K}, and U = {K,On}.

Proof. According to the general results in section 5 above, in terms of categories of par-
titions, the operations introduced in the statement reformulate as follows:

DK =< DUaNCeven> 5 DU:DKHPQ

On the other hand, by putting together the various easiness results that we have, the
categories of partitions for the quantum groups in the statement are as follows:

PQ P; NC2 Peven ~ P* ~ Nceven

even

Py Py NCy Poyen P

even

NC@’UETL

It is elementary to check that these categories are related by the above intersection and
generation operations, and we conclude that the correspondence holds indeed. O

All this looks quite conceptual, but as a word of warning here, for more complicated
intermediate liberations, such as those found in [71], [78], the problem of establishing
correspondences is quite complicated. We will comment on this in section 9 below.
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Our purpose now will be that of showing that a twisted analogue of the above result
holds, with the quantum unitary groups being those in section 5 above, and with the
quantum reflection groups being equal to their own Schur-Weyl twists.

It is convenient to include in our discussion two more important quantum groups,

coming from [25], [78] and denoted H][\(;O], K][\(;O]7 which are constructed as follows:

Theorem 8.19. We have intermediate liberations H][\?O],K][\?O] as follows, constructed by
using the relations afy =0, for any a # ¢ on the same row or column of u,

Ky K% K

Ky

Hy H3, H Hi;

with the convention a = a, a*, and so on. These quantum groups are easy, the correspond-
ing categories Pl P.oer, and Pl Peven being generated by n = ker(%).

Proof. This is routine, by using the fact that the relations a3y = 0 in the statement are
equivalent to the condition n € End(u®*), with |k| = 3. We refer here to [25], [78]. [

In order to discuss the twisting, we will need the following technical result:

Proposition 8.20. We have the following equalities,

Pe*ven = {ﬂ-epeven €<T>:1,VT§7T, ’T‘ :2}
Pe[x}n = {ﬂ-epeveno-epe*ven,VO'Cﬂ'}
Pe[gzlw = {ﬂ_epeven 5(7_):1,v7_§7r}

where € : Poen — {£1} is the signature of even permutations.

Proof. This is routine combinatorics, from [5], [78], the idea being as follows:

(1) Given T € P.yen, we have 7 < 7,|7| = 2 precisely when 7 = 77 is the partition
obtained from 7 by merging all the legs of a certain subpartition § C 7, and by merging
as well all the other blocks. Now observe that 7 does not depend on , but only on
3, and that the number of switches required for making 7? noncrossing is ¢ = N, — N,
modulo 2, where N,/N, is the number of black/white legs of 8, when labelling the legs
of 7 counterclockwise o @ o e ... Thus e(7”) = 1 holds precisely when 3 € 7 has the same
number of black and white legs, and this gives the result.

(2) This simply follows from the equality Pl =< n > coming from Theorem 8.19, by
computing < n >, and for the complete proof here we refer to [78].
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(3) We use here the fact, also from [78], that the relations ¢;g:9; = ¢;g:9; are trivially
satisfied for real reflections. This leads to the following conclusion:

nggg(k,Z):{ker (Z.l ?’“)
i i

In other words, the partitions in P are those describing the relations between free

Giy - - - i, = Gj, - - - gj, inside Z;N}

variables, subject to the conditions g? = 1. We conclude that pll appears from NCoyep
by “inflating blocks”, in the sense that each 7w € Pe[ii]n can be transformed into a partition
7" € NCyen by deleting pairs of consecutive legs, belonging to the same block.

Now since this inflation operation leaves invariant modulo 2 the number ¢ € N of
switches in the definition of the signature, it leaves invariant the signature e = (—1)°
itself, and we obtain in this way the inclusion “C” in the statement.

Conversely, given m € P, satisfying (1) = 1, V7 < 7, our claim is that:

p<ocmlpl=2 = ¢(p)=1

Indeed, let us denote by «, 8 the two blocks of p, and by 7 the remaining blocks of
7, merged altogether. We know that the partitions 7 = (a A7, 8), 2 = (6 A 7, «),
73 = (a, B,7y) are all even. On the other hand, putting these partitions in noncrossing
form requires respectively s+t, s +1t, s+ s+t switches, where ¢ is the number of switches
needed for putting p = («, ) in noncrossing form. Thus ¢ is even, and we are done.

With the above claim in hand, we conclude, by using the second equality in the state-

ment, that we have 0 € P/ . Thus we have 7 € Pe[f,i}n, which ends the proof of “2”. [

even’

With the above result in hand, we can now prove:

Theorem 8.21. We have the following results:

(1) The quantum groups from Theorem 8.19 are equal to their own twists.
(2) With input coming from this, a twisted version of Theorem 8.18 holds.

Proof. This result, established in [5], basically comes from the results that we have.

(1) In the real case, the verifications are as follows:

- HK,. We know from Proposition 5.26 above that for 7 € NC.ye, we have Ty = T,
and since we are in the situation D C NClpen, the definitions of G, G coincide.

-H ][\?O ). Here we can use the same argument as in (1), based this time on the description
of Pe[iji]n involving the signature found in Proposition 8.20.

— Hy. We have HY = H][\C;o] N Oy, so HY C H][\?O] is the subgroup obtained via the
defining relations for O%. But all the abc = —cba relations defining Hy, are automatic,
of type 0 = 0, and it follows that H} C H ][30 lis the subgroup obtained via the relations
abc = cba, for any a,b, c € {u;;}. Thus we have H} = H][\C;O] NOx = H}, as claimed.

— Hy. We have Hy = H} N Oy, and by functoriality, Hy = Hy N On = Hy N Oy.
But this latter intersection is easily seen to be equal to Hy, as claimed.
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In the complex case the proof is similar, and we refer here to [5].
(2) This can be proved by proceeding as in the proof of Theorem 8.18 above, with of
course some care when formulating the result. Once again, we refer here to [5]. u

Let us go back now to the free examples H};, K}, or rather to the whole series H3',
with s € {1,2,...,00} and work out the fusion rules, and the probabilistic aspects.

Regarding the fusion rules, one can prove that the irreducible representations of H3"
can be labeled r,, with x being a word over Z,, such that the fusion rules are:

Te QTy = g Tow + Tow
T=VZ,Yy=ZW

Observe that at s = 1 we have here, modulo some indentifications, the Clebsch-Gordan
rules for S3;. In general, all this is quite technical, and we refer here to [36].

Regarding the probabilistic aspects, we will need some general theory. We have the
following definition, extending the Poisson limit theory from section 6 above:

Definition 8.22. Associated to any compactly supported positive measure p on R are the
probability measures

*N, HBn
1 1
pp = lim (1—£>50—|——p , m,= lim <1—£)60+—p
n—00 n n n—00 n n

where ¢ = mass(p), called compound Poisson and compound free Poisson laws.

In what follows we will be interested in the case where p is discrete, as is for instance
the case for p = §; with ¢ > 0, which produces the Poisson and free Poisson laws.
The following result allows one to detect compound Poisson/free Poisson laws:

Proposition 8.23. For p =" | ¢;0,, with ¢; >0 and z; € R, we have

: —iYyz; - Cizi
Fy(y) = exp (zcz(e yz—n) R =Y

i=1 =1

where F, R denote respectively the Fourier transform, and Voiculescu’s R-transform.

Proof. Let u, be the measure appearing in Definition 8.22, under the convolution signs.
In the classical case, we have the following computation, with Fs_(y) = e~V

c 1< iz c 1< iz "
)= (1-7)+ 3 X ae™ = Fal)= ((1 —) e )
i=1 i=1
— [, (y) =exp (Z ci(e WF — 1))

=1
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In the free case now, we use a similar method. First, we have:

R =(1-5) 3 = = (- D) g

i=1
c 1 1< C;
— v=(1-7)
n

Kol Fn 2 Tl 5

Now since K, (y) =y~' + Ry, (y) = y~" + R/n, where R = R,z (y), we get:

S

c 1 1 C;
v= (1_5) y—1+R/n+ﬁZy—1+R/n—zi

i=1

c 1 1< ci
— 1=(1-2) - 1
n 1+yR/n+nzl+yR/n—yzi

=1

Now multiplying by n, rearranging the terms, and letting n — oo, we get:

S S

c+yR C; Ci
—_— = == c+yR; =
1+yR/n Z,lenLyR/n—yzi ¢+ Yl (v) izll—yzi
e
— Rﬂ- _ 147
() Z; —ya
This finishes the proof in the free case, and we are done. O

We have as well the following result, providing an alternative to Definition 8.22:

Theorem 8.24. For p ="  ¢;0,, with ¢; >0 and z; € R, we have

Pp/ T, = law (Z zia,-)
i=1

where the variables o; are Poisson/free Poisson(c;), independent/free.

Proof. Let  be the sum of Poisson/free Poisson variables in the statement. We will show
that the Fourier/R-transform of « is given by the formulae in Proposition 8.23.
Indeed, by using some well-known Fourier transform formulae, we have:

Fo,(y) =exp(ei(e™ = 1)) = Fuq,(y) = exp(ei(e™™ = 1))

= Fuly) =ew (Z il - 1))

=1
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Also, by using some well-known R-transform formulae, we have:

Ci CiZi
Ra» _ 1 — Rz~a~ _ 147
() T i (Y) T
°L oz
— Ra _ 147
(y) ; Ty
Thus we have indeed the same formulae as those in Proposition 8.23. U

We can go back now to quantum reflection groups, and we have:

Theorem 8.25. The asymptotic laws of truncated characters are as follows, where &
with s € {1,2,...,00} is the uniform measure on the s-th roots of unity:

(1) For Hj;, we obtain the compound Poisson law bi = py., .
(2) For H3' we obtain the compound free Poisson law (3§ = m.,.

These measures are in Bercovici-Pata bijection.

Proof. This follows from easiness, and from the Weingarten formula. To be more precise,
at t = 1 this follows by counting the partitions, and at ¢t € (0, 1] general, this follows in
the usual way, for instance by using cumulants. For details here, we refer to [8]. O

There are many interesting probabilistic aspects here, that we will not get into. Con-
sider indeed the Bessel function of the first kind:

an=3 -
t) = —
S (k] )l

By doing some computations, one can show that the measure b, in the above statement,
appearing at s = 2, is given by the following formula:

The measure (; has remarkable properties as well. For instance the odd moments
vanish, and the even moments involve the Fuss-Narayana numbers:

/Rx% dpi(x) = g% (IZ: i) <b2—kl)tb

There are also some interesting results about [; involving the multiplicative free con-
volution X from [87]. All this is quite technical, and we refer here to [§].
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9. CLASSIFICATION RESULTS

We discuss here classification questions for the closed subgroups Gy C Uy, in the easy
case, and beyond. There has been a lot of work on the subject, and our objective will be
that of presenting a few basic results, with proofs, along with some discussion.

We have already met a number of easy quantum groups, as follows:

Proposition 9.1. We have the following basic examples of easy quantum groups:
(1) Unitary quantum groups: On, Ox, O%, Un, Uk, Uy

(2) Bistochastic versions: By, By, Cn, Cyr.

(3) Quantum permutation groups: Sy, Sy

(4) Quantum reflections: Hy, Hy, Hyr, Ky Ko, K.

Proof. This is something that we already know, the partitions being as follows:
(1) Py, Py, NCyq, Py, Py, NCs.
(2) Pra, NCiz, P12, NCyo.
(3) P,NC.
(4> Peven7 P:yen? Ncevena Pevena P:/Uen’ Nceven~ O
In addition to the above list, we have the quantum groups Hy,, Hy with 3 < s < oo,
as well as the related series Hyf = Hy™ N Uy. Further examples can be constructed via
free complexification, or via operations of type Gy — Z, X Gy, or Gy — Z,G N, with
r € {2,3,...,00}. There are as well many “exotic” intermediate liberation procedures,
involving relations far more complicated than the half-commutation ones abc = cba.
All this makes the classification question particularly difficult. So, our first task in
what follows will be that of cutting a bit from complexity, by adding some extra axioms,
chosen as “natural” as possible. A first such axiom, very natural, is as follows:

Proposition 9.2. For an easy quantum group G = (Gy), coming from a category of
partitions D C P, the following conditions are equivalent:
N-1 =GNy NUL_, via the embedding Uy, C gwen by u — diag(u, 1).
1) G GyNUyY_,, via th bedding Uy, _, C Uy gi b di 1
(2) Gy-1 =GNy NUN_y, via the N possible diagonal embeddings Uy;_, C Uy,
(3) D is stable under the operation which consists in removing blocks.

If these conditions are satisfied, we say that G = (Gy) is “uniform”.

Proof. We use here the general theory from section 5 above.

(1) <= (2) This is something standard, coming from the inclusion Sy C Gy, which
makes everything Sy-invariant. The result follows as well from the proof of (1) <= (3)
below, which can be converted into a proof of (2) <= (3), in the obvious way.

(1) <= (3) Given a subgroup K C Uy _,, with fundamental corepresentation u,
consider the N x N matrix v = diag(u, 1). Our claim is that for any 7 € P(k) we have:

& € Fiz(v®*) = & € Fiz(v®), Vo' e P(K),n' C =
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In order to prove this, we must study the condition on the left. We have:

& € Fiz(v®) = (0%€)i 0 = (E)iyin, Vi
— Z ®k i1 gy J1 e jk(fﬂ)hm]’k = (€W)i1~~-ik7Vi

< 25 jla---:jk Ulljl...vikjk:5ﬂ(i1,...,ik),Vi

Now let us recall that our corepresentation has the special form v = diag(u,1). We
conclude from this that for any index a € {1,...,k}, we must have:

=N = j,=N

With this observation in hand, if we denote by 4, 7/ the multi-indices obtained from 7, j
obtained by erasing all the above i, = j, = N values, and by k' < k the common length
of these new multi-indices, our condition becomes:

25 v ey o) O iy = 6 (in, . i), Vi

Here the index j is by definition obtained from j" by filling with N values. In order to
finish now, we have two cases, depending on i, as follows:

Case 1. Assume that the index set {a|i, = N} corresponds to a certain subpartition
7' C 7. In this case, the N values will not matter, and our formula becomes:

Zé Grs ey i) (O i = 00 (i, i)

Case 2. Assume now the opposite, namely that the set {a|i, = N} does not correspond
to a subpartition 7’ C 7. In this case the indices mix, and our formula reads:

0=0

Thus, we are led to & € Fix(v@)k/), for any subpartition 7’ C 7, as claimed.
Now with this claim in hand, the result follows from Tannakian duality. O

At the level of the basic examples, from Proposition 9.1 above, the classical and free
quantum groups are uniform, while the half-liberations are not. This can be seen either
with categories of partitions, or with intersections, the point in the half-classical case
being that the relations abc = cba, when applied to the coefficients of a matrix of type
v = diag(u, 1), collapse with ¢ = 1 to the usual commutation relations ab = ba.

For classification purposes the uniformity axiom is something very natural and useful,
substantially cutting from complexity, and we have the following result, from [35]:
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Theorem 9.3. The classical and free uniform orthogonal easy quantum groups, with
inclusions between them, are as follows:

HY Oy
: :
A
A R

Sx

By

Moreover, this is an intersection/easy generation diagram, in the sense that for any of its

square subdiagrams P C Q, R C S we have P=Q N R and {Q,R} = S.

Proof. We know that the quantum groups in the statement are indeed easy and uniform,
the corresponding categories of partitions being as follows:

N Cn N C
e e
N C : N Q12 :
- Pew—— R
. e
P Py

Since this latter diagram is an intersection and generation diagram, we conclude that
we have an intersection and easy generation diagram of quantum groups, as stated.

Regarding now the classification, consider an easy quantum group Sy C Gy C Oy.
This most come from a category P, C D C P, and by doing some combinatorics, we
can see that D is uniquely determined by the subset L C N consisting of the sizes of the
blocks of the partitions in D, with the admissible sets being as follows:

(1) L = {2}, producing Oy.

(2) L ={1,2}, producing By.

(3) L ={2,4,6,...}, producing Hy.
(4) L ={1,2,3,...}, producing Sy.

In the free case, S}, C Gy C O}, the situation is quite similar, the admissible sets
being once again the above ones, producing this time Oy, Bf, Hy;, Sx. See [35]. O
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The above proof is of course quite brief, but we will not be really interested here in
the classification of the uniform easy quantum groups, which is a quite technical topic.
Let us mention, however, that there are two important known extensions of Theorem 9.3,
concerning the general orthogonal case, and the classical/free unitary case. The results
here come from [78], [83], by imposing the uniformity axiom, which makes a big cleanup,
basically leading to cubes as above, with a few more objects added. See [5], [6].

The problem with all this, indeed, comes from the following negative result:

Proposition 9.4. The cubic diagram from Theorem 9.3, and its unitary analogue,

Ky Uy
e
St c
e 7
SN C’N

cannot be merged, without degeneration, into a 4-dimensional cubic diagram.

Proof. All this is a bit philosophical, with the problem coming from the “taking the
bistochastic version” operation, and more specifically, from the following equalities:

HNﬂCN:KNmCN:SN

Indeed, these equalities do hold, and so the 3D cube obtained by merging the classical
faces of the orthogonal and unitary cubes is something degenerate, as follows:

Ky Un
Sn / Cn /
Hy Oy
Sn / By /
Thus, the 4D cube, having this 3D cube as one of its faces, is degenerate too. U

Summarizing, when positioning ourselves at U};, we have 4 natural directions to be
followed, namely taking the classical, discrete, real and bistochastic versions. And the
problem is that, while the first three operations are “good”, the fourth one is “bad”.
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This is not very good news. In order to fix this, we will have to slash the bistochastic
qauntum groups By, Bf;, Cy, C¥, which after all is not a problem, but we will have to
slash as well the quantum permutation groups Sy, S}, that we definitely love.

This is life. In order to formulate now our second general axiom, doing the job, consider
the cube Ty = ZY, regarded as diagonal torus of Oy. We have then:

Proposition 9.5. For an easy quantum group G = (Gy), coming from a category of
partitions D C P, the following conditions are equivalent:

(1) Ty C Gy.
(2) Hy C Gn.
(3) D C P.yen-

If these conditions are satisfied, we say that Gy is “twistable”.

Proof. We use the general theory from section 5 above.
(1) <= (2) Here it is enough to check that the easy envelope Ty of the cube equals
the hyperoctahedral group Hy. But this follows from:

T]/V =< TN,SN >'= H]/V = Hy

(2) <= (3) This follows by functoriality, from the fact that Hxy comes from the
category of partitions P,,.,, that we know from section 8 above. Il

The teminology in the above result comes from the fact that, assuming D C P.,.,, we
can indeed twist Gy, into a certain quizzy quantum group Gy. We refer to section 5
above to full details regarding the construction Gy — Gy. In what follows we will not
need this twisting procedure, and we will just use Proposition 9.5 as it is, as a statement
providing us with a simple and natural condition to be imposed on Gy .

In practice now, imposing this second axiom leads to something nice, namely:

Theorem 9.6. The basic quantum unitary and quantum reflection groups, from Proposi-
tion 9.1 above, which are uniform and twistable, are as follows,

/ ‘ i
Py Jﬁ/

and this is an intersection and easy generation diagram.

+
KN
N

HY
Hy
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Proof. The first assertion comes from discussion after Proposition 9.2, telling us that the
uniformity condition eliminates Oy, Uy, Hx, Ky, and from the fact that the twistability
condition eliminates By, By, Cx, Cy; and Sy, SY;. Thus, we are left with the 8 quantum
groups in the statement, which are indeed easy, coming from the following categories:

NCeien NC,
e /
NCepen NCy
Peven Po
e e

Peven P2

Since this latter diagram is an intersection and generation diagram, we conclude that
we have an intersection and easy generation diagram of quantum groups, as stated. [

Let us explore now the general case, where we have an arbitrary uniform and twistable
easy quantum group. Such a quantum group appears by definition as follows:

HNCGNCU]J\;

Thus, our quantum group can be imagined as sitting inside the above cube. The point
now is that, by using the operations N and {,}, we can in principle “project” it on the
faces and edges of the cube, and then use some kind of 3D orientation coming from this,
in order to deduce some structure and classification results. This will be our plan.

In order to clarify now all this, let us start with the following definition:

Definition 9.7. Associated to any easy quantum group Hy C Gy C Uy are its classical,
discrete and real versions, given by

as well as its free, smooth and unitary versions, given by
G ={Gn.HY} . Gy={GNx.On} . G} ={Gn Ky}

where N and {, } are respectively the intersection and easy generation operations.

In this definition the classical, real and unitary versions are something quite standard.
Regarding now the discrete and smooth versions, here we have no abstract justification for
our terminology, due to the fact that easy quantum groups do not have known differential
geometry. However, in the classical case, where Gy C Uy, our constructions produce
indeed discrete and smooth versions, and this is where our terminology comes from.

Finally, regarding the free version, this is something quite subtle. The various results
that we have so far show that the liberation operation Gy — G usually appears via the
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formula G = {Gy, S5}, which expresses the fact that the category of partitions of G
is obtained from the one of Gy by removing the crossings. But in the twistable setting,
where Hy C Gy, this is the same as setting G}, = {Gxy, Hy}. All this is of course a bit
approximative, and this is why we use f, and keep + for rock-solid liberations.

In relation now with our questions, and our 3D plan, we can now formulate:

Proposition 9.8. Given an intermediate quantum group Hy C Gy C Uy, we have a
diagram of closed subgroups of Uy, obtained by inserting

G K Uy
Gu / /
P Hy O
G% Gn Gy T >
7
Gy Ky Uy
G?V HN ON

in the obvious way, with each G5, belonging to the main diagonal of each face.

Proof. The fact that we have indeed the diagram of inclusions on the left is clear from
Definition 9.7. Regarding now the insertion procedure, consider any of the faces of the
cube, P C @, R C S. Our claim is that the corresponding quantum group G = G¥%, can
be inserted on the corresponding main diagonal P C S, as follows:

/S

G
/
P R

We have to check here a total of 6 x 2 = 12 inclusions. But, according to Definition
9.7, these inclusions to be checked are as follows:

(1) Hy C G?V C Uy, where G?V =Gy NUy.

(2) Hy C G% C Ky, where G4 = Gy N K}
(3) Hy C GTN C O;\r/, where G?V =GynN O]J\r[
(4)
(5)

HY: c Gf, c U, where G§, = {Gn, H}}.

Oy C Gf\; C U]—\if_, where G?\f = {GN,ON}.

(6) Ky C G?V C UZJ\?, where Gqfv = {GN, KN}
All these statements being trivial from the definition of N and {,}, and from our
assumption Hy C Gy C Uy, our insertion procedure works indeed, and we are done. [J
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In order now to complete the diagram, we have to project as well Gy on the edges of
the cube. For this purpose we can basically assume, by replacing G with each of its 6
projections on the faces, that Gy actually lies on one of the six faces.

The technical result that we will need here is as follows:

Proposition 9.9. Given an intersection and easy generation diagram P C QQ, R C S and
an intermediate easy quantum group P C G C S, we have a diagram as follows:

Q {G,Q} S
GNQ G {G.R}
P GNR R

In addition, G “slices the square”, in the sense that this is an intersection and easy
generation diagram, precisely when G = {GNQ,GN R} and G = {G,Q} N {G, R}.

Proof. This is indeed clear from definitions, because the intersection and easy generation
conditions are automatic for the upper left and lower right squares, and so are half of
the intersection and easy generation conditions for the lower left and upper right squares.
Thus, we are left with two conditions only, which are those in the statement. Il

Now back to 3 dimensions, and to the cube, we have the following result:
Proposition 9.10. Assuming that Hy C Gy C Uy satisfies the conditions
N=GX . GY=GY¥ . GV=G¥
Gy =Gy . &l=a6l , Gy=G%

the diagram in Proposition 9.8 can be completed, via the construction in Proposition 9.9,
into a diagram dividing the cube along the 3 coordinates axes, into 8 small cubes.

Proof. We have to prove that the 12 projections on the edges are well-defined, with the
problem coming from the fact that each of these projections can be defined in 2 possible
ways, depending on the face that we choose first. The verification goes as follows:

(1) Regarding the 3 edges emanating from H )y, the result here follows from the following
formulae, which are all trivial, of type (GNQ)NR=(GNR)NQ =GN P:

G = G¥ =Gy N Ky
T =G =GyNOy

Gl = Gy = Gy N H;
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(2) Regarding the 3 edges landing into Uy, the result here follows from the following
formulae, which are again trivial, of type {{G,Q}, R} = {{G, R}, Q} = {G, S}:

G = GY = {Gx, Oy}
G =Gy = {Gn, K}
v =Gy ={Gn, Un}
(3) Finally, regarding the remaining 6 edges, not emanating from Hy or landing into

Uy, here the result follows from our assumptions in the statement. U

We are not done yet (!) because nothing guarantees that we obtain in this way an
intersection and easy generation diagram. So, we must add more axioms, as follows:

Theorem 9.11. Assume that Hy C Gy C Uy satisfies the following conditions, where
by “intermediate” we mean in each case “parallel to its neighbors”:

) The 6 compatz'bz’lity conditions in Proposition 9.10 above,

) G5, Gn, G N slice the classical/intermediate/free faces,

) GN, Gn, G slice the discrete/intermediate/smooth faces,

) Gy, G, GN slice the real/intermediate/unitary faces,

(1
(2
(3
(4

Then Gy “slices the cube”, in the sense that the diagram obtained in Proposition 9.10
above is an intersection and easy generation diagram.

Proof. This follows indeed from Proposition 9.9 and Proposition 9.10 above. U

All this is of course quite theoretical, and might actually seem to be on the verge of
insanity. Indeed, we are asking here for a total of 6 x 4 = 24 conditions to be satisfied.
For the moment, let us not bother with all this, and start the classification work.

It is quite clear that G can be reconstructed from its edge projections, so in order to
do the classification, we first need a “coordinate system”. Common sense would suggest to
use the one emanating from Hy, or perhaps the one landing into Uy;. However, technically
speaking, best is to use the coordinate system based at Oy, highlighted below:

p=d

N

This choice comes from the fact that the classification result for Oy C O}, explained
below, is something very simple. And this is not the case with the results for Hy C Hy
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and for Uy C Uy, from [71], [78] which are quite complicated, with uncountably many

solutions, in the general non-uniform case. As for the result for Ky C Ky, this is not

available yet, but it is known that there are uncountably many solutions here as well.
So, here is now the key result, from [37], dealing with the vertical direction:

Theorem 9.12. There is only one proper intermediate easy quantum group
ON C GN C O]-’\}
namely the quantum group Oy, which is not uniform.

Proof. We must compute here the categories of pairings NCy C D C P,, and this can be
done via some standard combinatorics, in three steps, as follows:

(1) Let m € P, — NCs, having s > 4 strings. Our claim is that:

— If m € P, — Py, there exists a semicircle capping ©’ € P, — Pj.

—If m € Py — NC,, there exists a semicircle capping n’ € Py — NCs.

Indeed, both these assertions can be easily proved, by drawing pictures.

(2) Consider now a partition m € Py(k,l) — NCs(k,l). Our claim is that:

—If 7 € Py(k,l) — Py(k,l) then < 7 >= P5.

~If 7 € Pj(k,1) — NCy(k,l) then < 7 >= Pj.

This can be indeed proved by recurrence on the number of strings, s = (k +1)/2, by
using (1), which provides us with a descent procedure s — s — 1, at any s > 4.

(3) Finally, assume that we are given an easy quantum group Oy C G C 0%, coming
from certain sets of pairings D(k,l) C Pa(k,l). We have three cases:

—If D ¢ Pj, we obtain G = Oy.

~If DC P, D ¢ NCs, we obtain G = Oy.

—If D € NCj, we obtain G = OF.

Thus, we have proved the uniquess result. As for the non-uniformity of the unique
solution, O}, this is something that we already know, from Theorem 9.6 above. U

The above result is something quite remarkable, and it is actually believed that the
result could still hold, without the easiness assumption. We refer here to [16].

As already mentioned, the related inclusions Hy C Hy and Uy C U}, studied in [71]
and [78], are far from being maximal, having uncountably many intermediate objects,
and the same is known to hold for Ky C K};. There are many interesting open questions
here. It is conjectured for instance that there should be a contravariant duality Hy < U,
mapping the family and series from [78] to the series and family from [83].

Here is now another basic result that we will need, in order to perform our classification
work here, dealing this time with the “discrete vs. continuous” direction:

Theorem 9.13. There are no proper intermediate easy groups
Hy Cc Gy C Oy

except for Hy,Opn themselves.
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Proof. We must prove that there are no proper intermediate categories P, C D C Poyen.
But this can done via some combinatorics, in the spirit of the proof of Theorem 9.12, and
with the idea of the proof of Theorem 9.3 in mind. For full details here, see [35]. g

As a comment here, the inclusion Hy, C OF; is maximal as well, as explained once again
in [35]. As for the complex versions of these results, regarding the inclusions Ky C Uy
and Ky C Uy, here the classification, in the non-uniform case, is available from [83].

Summarizing, we have here once again something very basic and fundamental, providing
some evidence for a kind of general “discrete vs. continuous” dictotomy.

Finally, here is a third and last result that we will need, for our classification work here,
regarding the missing direction, namely the “real vs. complex” one:

Theorem 9.14. The proper intermediate easy groups
ON C GN C Uy
are the groups Z,On with r € {2,3,...,00}, which are not uniform.

Proof. We must compute here the intermediate categories P, C D C P,. If we pick m € D,
assumed to be flat, we can first cap all mixed-colored semicircles, and then pair the black
and white semicircles, as to assume that 7 consists only of black or white semicircles. But
the number of these semicircles gives the parameter . For details here, see [83]. g

Once again, there are many comments that can be made here, with the whole subject
in the easy case being generally covered by the classification results in [83]. As for the
non-easy case, there are many interesting things here as well, as for instance the results
in [16], stating that POy C PUy, and TOyx C Uy as well, are maximal.

We can now formulate a nice classification result, as follows:

Theorem 9.15 (Ground zero). There are exactly eight closed subgroups Gy C Uy having
the following properties,

(1) Easiness,

(2) Uniformity,

(3) Twistability,

(4) Slicing property,
namely the quantum groups Oy, Uy, Hy, Ky and OF, Ut HY, K3

Proof. This follows indeed from Theorem 9.12, Theorem 9.13 and Theorem 9.14, which
show that the edge projections of G must be among the vertices of the cube. By using
the slicing axiom, we deduce from this that Gy itself must be a vertex of the cube. [

All this is quite philosophical. Bluntly put, by piling up a number of very natural
axioms, namely those of Woronowicz from [98], then our assumption S? = id, and then
the easiness, uniformity, twistability, and slicing properties, we have managed to destroy
everything, or almost. The casualities include lots of interesting finite and compact Lie
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groups, the duals of all finitely generated discrete groups, plus of course lots of interesting
quantum groups, which appear not to be strong enough to survive our axioms.

With this job done, let us try now to build something new, and more powerful, on top
of this. In order to do so, let us first examine Theorem 9.15, as it is. The easiness property
there is definitely something quite heavy. But so is the slicing axiom too, at least in our
formulation, from Theorem 9.11 above, which looks written a bit in a hurry.

In order to fix this, and reach to a more powerful 3D axiom, the idea will be that of
looking at only 2 of the 6 cubes producing the slicing, namely the lower cube, based at
Hy, and the upper cube, based at U;;. To be more precise, we have:

Definition 9.16. An easy quantum group Hy C Gy C Uy is called “bi-oriented” if

GY Gy Gl Ui
S e /7 /
GX Gly G4 e
G Gy G —'— ¥
/7 /7 v e
HN G% GN Gf\,

are both intersection and easy generation diagrams.

Observe that the diagram on the left is automatically an intersection diagram, and that
the diagram on the right is automatically an easy generation diagram.

The question of replacing the slicing axiom in Theorem 9.15 with the bi-orientability
condition makes sense. In fact, we can even talk about weaker axioms, as follows:

Definition 9.17. An easy quantum group Hy C Gy C Uy is called “oriented” if
Gy ={G%,G%,GIY Gy =GR nalnay

and “weakly oriented” if the following weaker conditions hold,
Gy ={G%,G4. Gy . Gy =GL NGy NGy

where the various versions are those in Definition 9.7 above.

Here, and in Definition 9.16 as well, the terminology comes from the fact that any Gy
not satisfying the assumptions looks a bit “disoriented” inside the cube.

In order to prove now the uniqueness result, in the bi-orientable case, we can still
proceed as in the proof of Theorem 9.15, but we are no longer allowed to use the coordinate
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system there, based at Oy. To be more precise, we must use the 2 coordinate systems
highlighted below, both taken in some weak sense, weaker than the slicing:

ot /—'»N O+/ |
/NJF/UN

Skipping some details here, all this seems to be doable, by using the known “edge
results” surveyed above, and with the key fact being that the quantum group H ][f;o ! from
[78] has no orthogonal counterpart. Thus, we obtain in principle some improvements
of Theorem 9.15, under the bi-orientability assumption, and more generally under the
orientability assumption. As for the weak orientability assumption, the situation here is
more tricky, because we would need “face results”, which are not available yet.

Let us discuss now the general, non-easy case. This is in fact the point where we wanted
to get, with all that follows being the main motivation for Theorem 9.15 above.

We must first find extensions of the notions of uniformity, twistability and orientability.
Regarding the uniformity, the situation here is as follows:

Definition 9.18. A series G = (Gy) of closed subgroups Gy C Uy, is called:
(1) Weakly uniform, if Gy_1 = Gy NUY_, for any N € N, with respect to the
embedding Uy, | C Uy, given by u — diag(u, 1).
(2) Uniform, if Gy_1 = Gy N UN_, for any N € N, with respect to the N possible
embeddings Uy, _, C Uy, of type u — diag(u, 1).

Observe the difference with what happens in the easy case, from Proposition 9.2, where
these two conditions are equivalent. In what follows we will use the condition (2) here,
for classification purposes, but we will need as well (1) later on, in section 10 below.

Regarding now the examples, in the classical case we have substantially more examples
than in the easy case, obtained by using the determinant, and its powers:

Proposition 9.19. The following compact groups are uniform,
(1) The complez reflection groups Hf\}d = {g € Zs SN’(det g)¢ = 1}, for any values
of the parameters s € {1,2,...,00} and d € N, d|s,
(2) The orthogonal group Oy, the special orthogonal group SOy, and the series of
modified unitary groups U = {g € UN‘(detg)d = 1}, with s € {1,2,...,00},
and so are the bistochastic versions of these groups.
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Proof. Both these assertions are clear from definitions. Observe that the groups in (1),
which are well-known objects in finite group theory, and more precisely form the series of
complex reflection groups, generalize the groups Hy, from section 8 above, which appear
at d = s. See [80]. The groups in (2) are well-known as well, in compact Lie group theory,
with U}, being equal to SUy, and with Ug® being by definition Uy itself. |

In the free case now, corresponding to the condition Sy, C Gy C Uy, it is widely
believed that the only examples are the easy ones. A precise conjecture in this sense,
which is a bit more general, valid for any Gy C Uy, states that we should have:

< Gy, Sy >={GY, S}

Here G’y denotes as usual the easy envelope of Gy, and {,} is an easy generation
operation. This conjecture is probably something quite difficult.

Now back to our questions, we have definitely no new examples in the free case. So,
the basic examples will be those that we previously met, namely:

Proposition 9.20. The following free quantum groups are uniform,
(1) Liberations Hy = 7, Sy, of the complex reflection groups Hy, = Z4 1 Sn,
(2) Liberations OF;, Uy of the continuous groups O, Uy,

and so are the bistochastic versions of these quantum groups.

Proof. This is something that we basically know, with the uniformity check for H3" being
the same as for S, Hy;, Ky, which appear at s = 1,2, 0o. Il

In order to cut now a bit from complexity, we would need a second axiom, such as the
twistability condition Ty C G. However, if we look at Proposition 9.19, and really like
the series there, a condition of type Ay C GGy would be more appropriate.

In order to comment on this dillema, let us recall from the discussion after Proposition
9.4 that “taking the bistochastic version” is a bad direction, geometrically speaking. But
the operations “taking the diagonal torus” and “taking the special version”, that we are
currently discussing, are bad too. Thus, we have 3 bad directions, and so a cube:

Proposition 9.21. We have the following diagram of finite groups,

Sn Hy
/
SHy
{1}4'—7%
{1} STN/

obtained from Hy by taking bistochastic, special and diagonal versions.

e
/7
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Proof. This is clear, with the operations of taking bistochastic versions, special versions
and diagonal subgroups corresponding to going left, backwards, and downwards. U

Observe that the above cube is degenerate on the bottom left, but this is certainly not
surprising, because what we are doing here is to combine 3 bad directions.

Now back to our classification questions, the vertices of the above cube are all inter-
esting groups, and assuming that our quantum groups Gy C U}, contain any of them is
something quite natural. Let us just select here three such conditions, as follows:

Definition 9.22. A closed subgroup Gy C Uy, is called:
(1) Twistable, if Ty C Gy.
(2) Homogeneous, if Sy C Gy.
(3) Half-homogeneous, if Ay C Gy.
Let us go ahead now, and formulate our third and last definition, regarding the ori-
entability axiom. Things are quite tricky here, and we must start as follows:

Definition 9.23. Associated to any closed subgroup Gx C Uy are its classical, discrete
and real versions, and mizes of those, given as usual by

C=GyNUy , GL=GyNK{ |, Gy=GyNnOfL
G¢=GyNKy T=GyNOY , G¥=GynHY
as well as its free, smooth and unitary versions, and mixes of those, given by
Gl =< Gy, HY > | Gy=<Gn,Oxy> , G%=<Gy,Ky>
GIf =< Gn, 0L > | Gl =<Gn,Kf > |, G% =<Gny,Uy >

where <, > is the usual (non-easy) topological generation operation.

Observe the difference, and notational clash, with some of the notions from Definition
9.7 and afterwards. As explained in section 5 above, it is believed that we should have
{,} =<, >, but this is not clear at all, and the problem comes from this.

There is an extra issue as well with the mixed versions of the free, smooth and unitary
versions, because we do not really know that these appear indeed by composing the basic
f, s, u operations. Once again, we agree here to use Definition 9.23 as it is.

Now back to our orientation questions, the slicing and bi-orientability conditions lead us
again into { , } vs. <, > troubles, and are therefore rather to be ignored. The orientability
conditions from Definition 9.17, however, have the following analogue:

Definition 9.24. A closed subgroup Gy C Uy, is called “oriented” if
Gy =< G¢,G%,GE > | Gy=GE NGl nay
and “weakly oriented” if the following conditions hold,
Gy =< G%,G%4,G% > . Gy=GLNGyNGY

where the various versions are those in Definition 9.23 above.
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With these notions, our claim is that some classification results are possible:

(1) In the classical case for instance, we believe that the uniform, half-homogeneous,
oriented groups are those in Proposition 9.19, with some bistochastic versions excluded.
This is of course something quite heavy, well beyond easiness, with the potential tools
available for proving such things coming from advanced finite group theory and Lie algebra
theory. Our uniformity axiom could play a key role here, when combined with [80], in
order to exclude all the exceptional objects which might appear on the way.

(2) In the free case, under similar assumptions, we believe that the solutions should be
those in Proposition 9.20, once again with some bistochastic versions excluded. This is
something heavy, too, related to the above conjecture < Gy, Sy >= {G’y, S }. Indeed,
assuming that we would have such a formula, and perhaps some more formulae of the
same type as well, we can in principle work out our way inside the cube, from the edge
and face projections to G itself, and in this process Gy would become easy.

(3) In the group dual case, the orientability axiom simplifies, because the group duals
are discrete in our sense. We believe that the uniform, twistable, oriented group duals
should appear as combinations of certain abelian groups, which appear in the classical
case, with duals of varieties of real reflection groups, which appear in the real case. All
this looks quite elementary, and nice as well, related for instance to [78], and is probably
the topic to start with, in this whole “orientable and non-easy” business.

Summarizing, we have many interesting questions here. As a philosophical conclusion,
in view of Proposition 9.8 and of Proposition 9.21, and of [33], [59] and related papers as
well, the classification problem in general looks like something quite highly dimensional,
with some of the dimensions being good, some other bad, and some other ugly.
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10. TORAL SUBGROUPS

We have seen in the previous sections that the group dual subgroups ACG play an
important role in the theory. Our purpose here is to understand how the structure of a
closed subgroup G' C Uj; can be recovered from the knowledge of such subgroups.

Let us start with a basic statement, regarding the classical and group dual cases:

Proposition 10.1. Let G C Uy be a compact quantum group, and consider the group
dual subgroups AC G, also called toral subgroups, or simply “tori”.
(1) In the classical case, where G C Uy is a compact Lie group, these are the usual
tori, where by torus we mean here closed abelian subgroup.
(2) In the group dual case, G = T with I =< Jgi,.---,9n > being a discrete group,
these are the duals of the various quotients I' — A.

Proof. Both these assertions are elementary, as follows:

(1) This follows indeed from the fact that a closed subgroup H C Uy is at the same
time classical, and a group dual, precisely when it is classical and abelian.

(2) This follows from the general propreties of the Pontrjagin duality, and more precisely

from the fact that the subgroups A C I' correspond to the quotients I' — A. Il

There are two motivations for the study of such subgroups. First, it is well-known that
the fine structure of a compact Lie group G C Uy is partly encoded by its maximal torus.
Thus, in view of Proposition 10.1, the various tori A C G encode interesting information
about a quantum group G C Uy, both in the classical and in the group dual case.

As a second motivation, any action G ~ X on some geometric object, such as a
manifold, will produce actions of its tori on the same object, A ~ X. And, due to the
fact that A are familiar objects, namely discrete groups, these latter actions are easier to
study, and this can ultimately lead to results about the action G ~ X itself.

At a more concrete level now, most of the tori that we met appear as diagonal tori, in
the sense of Proposition 2.18. Let us first review this material. We first have:

Proposition 10.2. The diagonal torus T' C G, which appears via the formula
(1) = (@) {wiy = 0¥ # )
can be defined as well via the following intersection formula, inside Uy,
T=GNT§,
where T}, C Uy is the dual of the free group Fy =< g1,...,gn >, with u = diag(g;).
Proof. According to Theorem 2.17 above, the free torus T}, appears as follows:
C(Th) = CW) / (wiy = 0[¥i £ 7)
Thus, by intersecting with G we obtain the diagonal torus of G. See [37]. O
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Most of our computations so far of diagonal tori concern various classes of easy quantum
groups. In the general easy case, we have the following result:

Proposition 10.3. For an easy quantum group G C U]JVF, coming from a category of
partitions D C P, the associated diagonal torus is T = 1", with:

F:FN/<gil...gik = g1 .., |¥i,j. k1,31 € D(k,1), 5, (;) ¢o>

Moreover, we can just use partitions m which generate the category D.

Proof. If we denote by g; = u;; the standard coordinates on the associated diagonal torus
T, then we have, with g = diag(gi, ..., gn):

c(T) = [C(U;)/ <T7r € Hom(u@’k,u@l)’Vﬁ € D>} /<uU = OIW # j>
[C’(UX,)/ <ul-j = O‘Vz’ # j>] /<T7r € Hom(u®k,u®l)’V7r € D>
= C*(FN)/ <T7T € Hom(g®k,g®l)"v’7r € D>
The associated discrete group, I' = f, is therefore given by:

= FN/ <T7T € Hom(g®k,g®l)“v’7r € D>

Now observe that, with g = diag(g1, ..., gn) as above, we have:
... i
T g% (e, ®...@¢€;,) = 25” (jl jl) €, ®...Q¢€5 " G ---Yi,
Ji--di
... i
Ji-di

We conclude that the relation T, € Hom(g®*, g*') reformulates as follows:

Wi
5#(31 jl)7£0:>gllgzk:g]lg]l

Thus, we obtain the formula in the statement. Finally, the last assertion follows from
Tannakian duality, because we can replace everywhere D by a generating subset. U

In practice now, in the continuous case we have the following result:
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Theorem 10.4. The diagonal tori of the basic unitary quantum groups, namely

Un Uk Uy
On Oy o)
and of their ¢ = —1 twists as well, are Ty = 75, Txy = TV and their liberations:
Ty Ty T
Tn T T

Also, for the quantum groups By, B, Cx,Cy;, the diagonal torus collapses to {1}.

Proof. The main assertion, regarding the basic unitary quantum groups, is something
that we already know, from Theorem 2.21 above, with the various liberations 75, Ty of
the basic tori T, T in the statement being by definition those appearing there.

Regarding the invariance under twisting, this is best seen by using Proposition 10.3.
Indeed, the computation in the proof there applies in the same way to the general quizzy
case, and shows that the diagonal torus is invariant under twisting.

Finally, in the bistochastic case the fundamental corepresentation g = diag(¢i, ..., gn)
of the diagonal torus must be bistochastic, and so g; = ... = gy = 1, as claimed. U

Regarding now the discrete case, the result is as follows:

Theorem 10.5. The diagonal tori of the basic quantum reflection groups, namely

Ky K% K

Hy H, Hi
are the same as those for O, US, given above. Also, for Sy, Sy we have T = {1}.

Proof. The first assertion follows from the general fact that the diagonal torus of G C Uy
equals the diagonal torus of the discrete version G4, = Gy N K}, which follows from
definitions. As for the second assertion, this follows from Sy C By, S¥ C By 0
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As a conclusion, the diagonal torus 7' C G is usually a quite interesting object, but
for certain quantum groups like the bistochastic ones, or the quantum permutation group
ones, this torus collapses to {1}, and so it cannot be of use in the study of G.

In order to deal with this issue, the idea, from [9], [32], will be that of using:

Proposition 10.6. Given a closed subgroup G C Uy, and a matriz Q € Uy, we let
Ty C G be the diagonal torus of G, with fundamental representation spinned by Q:

C(Tg) = C(G) [ {(QuQ*)s; = o[ i # 1)

This torus is then a group dual, Ty = KQ, where Ag =< g1,...,9n > is the discrete group
generated by the elements g; = (QuQ™*);i, which are unitaries inside C(1g).

Proof. This follows indeed from Proposition 2.18, because, as said in the statement, 7§, is
by definition a diagonal torus. Equivalently, since v = QuQ* is a unitary corepresentation,
its diagonal entries g; = v;;, when regarded inside C'(1y), are unitaries, and satisfy:

A(gi) = g: ® gi
Thus C(TY) is a group algebra, and more specifically we have C(Ty) = C*(Ag), where
Ag =< ¢1,...,9n > is the group in the statement, and this gives the result. U

Summarizing, associated to any closed subgroup G C Uy is a whole family of tori,
indexed by the unitaries U € Uy. We use the following terminology:

Definition 10.7. Let G C Uy, be a closed subgroup.

(1) The tori Ty C G constructed above are called standard tori of G.
(2) The collection of tori T = {Ty C G|Q € Un} is called skeleton of G.

This might seem a bit awkward, but in view of various results, examples and coun-
terexamples, to be presented below, this is perhaps the best terminology.
As a first general result regarding these tori, we have:

Theorem 10.8. Any torus T C G appears as follows, for a certain QQ € Uy:
TclyocCcG
In other words, any torus appears inside a standard torus.

Proof. Given a torus T C G, we have an inclusion T'C G C Uy;. On the other hand, we
know from Proposition 3.24 that each torus T'= A C Uy, coming from a discrete group

A=< gi,...,gn >, has a fundamental corepresentation as follows, with @) € Uy:
u = Qdiag(g1,...,9n)Q"
But this shows that we have T" C T, and this gives the result. O

Let us do now some computations. In the classical case, the result is as follows:
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Proposition 10.9. For a closed subgroup G C Uy we have
To =GN (QTYQ)
where TV C Uy is the group of diagonal unitary matrices.

Proof. This is indeed clear at () = 1, where I['; appears by definition as the dual of the
compact abelian group G'NTY. In general, this follows by conjugating by Q. O

In the group dual case now, we have the following result:

Proposition 10.10. Given a discrete group I' =< g1, ..., gn >, consider its dual compact
quantum group G =T, diagonally embedded into Uy,. We have then

with the embedding Ty C G = r coming from the quotient map I' — Ag.

Proof. Assume indeed that I' =< ¢q,...,gn > is a discrete group, with FcuU ~ coming
via u = diag(gy, ..., gn). With v = Qu@Q*, we have:

Z Qsivsk = Z QsiQstthgt = Z 5it@ktgt = Qkigi
S st t
Thus v;; = 0 for ¢ # j gives QriVik = Qrig:, which is the same as saying that Qp; # 0
implies g; = vg,. But this latter equality reads:

9= |Qkil’g;
j

We conclude from this that Q; # 0,Qk; # 0 implies g; = g;, as desired. As for the
converse, this is elementary to establish as well. O

According to the above results, we can expect the skeleton T" to encode various algebraic
and analytic properties of G. We first have the following result:

Theorem 10.11. The following results hold, both over the category of compact Lie groups,
and over the category of duals of finitely generated discrete groups:

(1) Injectivity: the construction G — T is injective, in the sense that G # H implies
To(G) # To(H), for some Q € Un.

(2) Monotony: the construction G — T is increasing, in the sense that passing to a
subgroup H C G decreases at least one of the tori Ty.

(3) Generation: any closed quantum subgroup G C Uy has the generation property
G =< Tp|Q € Uy >. In other words, G is generated by its tori.

Proof. In the classical case, where G C Uy, the proof is elementary, based on standard
facts from linear algebra, and goes as follows:

(1) Injectivity. This follows from the generation statement, explained below.

(2) Monotony. Once again, this follows from the generation statement.
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(3) Generation. We use the following formula, established above:
To =GNQTYQ
Since any group element U € G is diagonalizable, U = Q*DQ with Q € Uy, D € TV,
we have U € Ty, for this value of () € Uy, and this gives the result.
Regarding now the group duals, here everything is trivial. Indeed, when the group duals

are diagonally embedded we can take () = 1, and when the group duals are embedded by
using a spinning matrix ) € Uy, we can use precisely this matrix (). O

Generally speaking, going beyond Theorem 10.11 is a difficult question, because the
above properties are quite abstract. So, let us discuss now a number of more concrete
results, relating the skeleton T' to the various algebraic and analytic properties of G.

In the classical case, G C Uy, the use of the maximal tori traditionally requires G to
be connected. So, we are in need of a quantum extension of this notion. We have:

Proposition 10.12. For a closed subgroup G C Uy, the following conditions are equiva-
lent, and if they are satisfied, we call G connected:

(1) There is no finite quantum group quotient G — F # {1}.

(2) The algebra < v;j > is infinite dimensional, for any corepresentation v # 1.
In the classical case, G C Uy, we recover in this way the usual notion of connectedness.
For the group duals, G = f, this is the same as asking for I' to have no torsion.

Proof. The above equivalence comes from the fact that a quotient G — F must correspond
to an embedding C(F') C C(G), which must be of the form C(F) =< v;; >.

In the classical case, G C Uy, it is well-known that F' = G /G is a finite group, where
(51 is the connected component of the ig\entity 1 € G, and this gives the result.

As for the group dual case, G = I', here the irreducible corepresentations are 1-
dimensional, corresponding to the group elements g € I', and this gives the result. U

We will be interested in conjectures about characters, amenability and growth. The
notion of growth is something that we have not introduced yet, as follows:

Proposition 10.13. Given a closed subgroup G C Uy, with 1 € u = 4, consider the
series whose coefficients are the ball volumes on the corresponding Cayley graph,

f(z) = Zbkzk , b= Z dim(v)?

l(v)<k

and call it growth series of G. Then, in the group dual case, G = f, we obtain wn this
way the usual growth series of I'. Also, polynomial growth implies amenability.

Proof. We recall from Proposition 6.6 above that the Cayley graph of G has by definition
the elements of Irr(G) as vertices, and the distance is as follows:

d(v,w) :min{k:EN‘l C@®w®u®k}
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By taking w = 1 and by using Frobenius reciprocity, the lenghts are given by:
[(v) = min {k‘ € N)v C u®k}

Thus, we have indeed an extension of the usual notions of length, and growth.
Regarding now the last assertion, by Peter-Weyl we have a decomposition as follows,
where By, is the ball of radius k, and my(v) € N are certain multiplicities:

u®* = Z my(v) - v

vEB}

By using Cauchy-Schwarz, we obtain the following inequality:

mar(Dbr = > my(v)* > dim(v)* > (Z mi(v) dim(v)) = N

vEDBY vEDBY vEDBY

But shows that if b, has polynomial growth, then the following happens:

lim sup ma(1)/%* > N

k—o0

Thus, the Kesten type criterion applies, and gives the result. U
With the above conventions made, we have the following result, from [32]:

Theorem 10.14. The following results hold, both over the category of compact Lie groups,
and over the category of duals of finitely generated discrete groups:

(1) Characters: if G is connected, for any nonzero P € C(Q)centrar there ezists Q € Uy
such that P becomes nonzero, when mapped into C(Tg).

(2) Amenability: a closed subgroup G C Uy, is coamenable if and only if each of the
tori Ty is coamenable, in the usual discrete group sense.

(3) Growth: assuming G C Uy, the discrete quantum group G has polynomial growth
if and only if each the discrete groups Ty has polynomial growth.

Proof. In the classical case, where G' C Uy, the proof goes as follows:

(1) Characters. We can take here Q € Uy to be such that QT'Q* C TV, where T' C Uy
is a maximal torus for G, and this gives the result.

(2) Amenability. This conjecture holds trivially in the classical case, G C Uy, due to
the fact that these latter quantum groups are all coamenable.

(3) Growth. This is something nontrivial, well-known from the theory of compact Lie
groups, and we refer here for instance to [53].

Regarding now the group duals, here everything is trivial. Indeed, when the group duals
are diagonally embedded we can take () = 1, and when the group duals are embedded by
using a spinning matrix () € Uy, we can use precisely this matrix Q). O
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The above result complements quite well Theorem 10.11, and so we have a beginning
of theory here. As explained in [32], it is possible to go beyond the above verifications,
notably with some results regarding the half-classical and the free cases. However, there
is no serious idea so far, in order to deal with the general case. See [32].

Let us focus now on the generation property, from Theorem 10.11 (3), which is perhaps
the most important. In order to discuss the general case, we will need:

Proposition 10.15. Given a closed subgroup G C Uy, and a matriz Q € Uy, the corre-
sponding standard torus and its Tannakian category are given by

Tb ZIC;FVEQ , Chb =R<(7G,CﬁQ >

where Tg C Uy is the dual of the free group Fy =< g1,...,gn >, with the fundamental
corepresentation of C(Tg) being the matriz v = Qdiag(gi, - .., gn)Q*.
Proof. The first assertion comes from the well-known fact that given two closed subgroups
G, H C Uy, the corresponding quotient algebra C(Uy;) — C(G'N H) appears by dividing
by the kernels of both the quotient maps C(Uy,) — C(G) and C(Uy) — C(H).

Indeed, the construction of Ty from Proposition 10.6 amounts precisely in performing
this operation, with H = T, and so we obtain Ty = G N T, as claimed.

As for the Tannakian category formula, this follows from this, and from the general
duality formula Cong =< Cgq, Cy > from section 5 above. O

We have the following Tannakian reformulation of the toral generation property:

Theorem 10.16. Given a closed subgroup G C Uy, the subgroup G' =< Tg|Q € Uy >
generated by its standard tori has the following Tannakian category:

Cky = (\ <:(1;,C&Q >
QeUn

In particular we have G = G' when this intersection reduces to Cg.

Proof. Consider indeed the subgroup G’ C G constructed in the statement. We have:

Cor = ﬂ Cr,
QeUN
Together with the formula in Proposition 10.15, this gives the result. U

The above result can be used for investigating the toral generation conjecture, but the
combinatorics is quite difficult, and there are no results yet, along these lines.

Let us further discuss now the toral generation property, with some modest results,
regarding its behaviour with respect to product operations. We first have:

Proposition 10.17. Given two closed subgroups G, H C Uy, and Q € Uy, we have:
<T(G), To(H) >C To(< G, H >)

Also, the toral generation property is stable under the operation < ,>.
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Proof. The first assertion can be proved either by using Theorem 10.16, or directly. For
the direct proof, which is perhaps the simplest, we have:
To(G)=GNTgo C< G, H >NTg =To(< G, H >)
TQ(H) =HNTg C< G,H > NTg = TQ(< G,H >)

Now since A, B C C implies < A, B >C C, this gives the result.
Regarding now the second assertion, we have the following computation:

<G, H> = <<Tu(G)|Q e Uy >, < Tph(H)|Q € Uy >>
= <Tp(G),TH(H)|Q € Uy >
= <<Ty(G),Te(H) > |Q € Uy >
C <Ty(<G,H>)|QeUy >
Thus the quantum group < G, H > is generated by its tori, as claimed. Il

We have as well the following result:

Proposition 10.18. We have the following formula, for any G, H and R, S':
Tres(G x H) =Tgr(G) x Ts(H)
Also, the toral generation property is stable under usual products X.

Proof. The product formula in the statement is clear from definitions. Regarding now the
second assertion, we have the following computation:

<TQ(GX H)|Q ceUyn> D <TR®S(GX H)|R€ UM,SG Uy >

= <Tgr(G)xTs(H)|R € Uy, S € Uyn >

= <Tr(G)x{1},{1} x Ts(H)|R € Up;, S € Uy >
= <Tr(G|ReUy>x <Tg(H)H €Uy >

= GxH

Thus the quantum group G x H is generated by its tori, as claimed. U

In order to get beyond this, let us discuss now some weaker versions of the generation
property, which are partly related to the classification program from section 9:

Definition 10.19. A closed subgroup Gy C Uy, with classical version GS;, is called:

(1) Weakly generated by its tori, when Gy =< GS, (Tg)geuy >-
(2) A diagonal liberation of GS;, when Gy =< G, Ty >.

According to our various results above, the first property is satisfied for the groups, for
the group duals, and is stable under generations, and direct products.

Regarding now the second property, this is something quite interesting, which takes us
away from our original generation questions. The idea here, from [48] and subsequent
papers, is that such things can be usually proved by recurrence on N € N.
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In order to discuss this, let us start with:

Proposition 10.20. Assume that G = (Gy) is weakly uniform, let n € {2,3,...,00} be
minimal such that G, is not classical, and consider the following conditions:

(1) Strong generation: Gy =< G, G, >, for any N > n.
(2) Usual generation: Gy =< G%,Gn-1 >, for any N > n.
(3) Initial step generation: Gpny1 =< G5, Gy >.

We have then (1) <= (2) = (3), and (3) is in general strictly weaker.
Proof. All the implications and non-implications are elementary, as follows:
(1) = (2) This follows from G,, C Gy_; for N > n, coming from uniformity.
(2) = (1) By using twice the usual generation, and then the uniformity, we have:
GN =< G?\[»GN—I >=< G(]:\fv ?V—lv GN_Q >=< G?\/,GN_Q >

Thus we have a descent method, and we end up with the strong generation condition.

(2) = (3) This is clear, because (2) at N =n + 1 is precisely (3).

(3) == (2) In order to construct counterexamples here, simplest is to use group duals.
Indeed, with Gy =T'y and I'y =< ¢1,...,9n >, the uniformity condition tells us that
we must be in a projective limit situation, as follows:

F1<—F2(—F3%F4<—... s FN—IIFN/<QN:1>

Now by assuming for instance that I's is given and not abelian, there are many ways of
completing the sequence, and so the uniqueness coming from (2) can only fail. O

Let us introduce now a few more notions, as follows:

Proposition 10.21. Assume that G = (Gy) is weakly uniform, let n € {2,3,...,00} be
as above, and consider the following conditions, where Iy C G is the diagonal torus:
(1) Strong diagonal liberation: Gy =< G%, I, >, for any N > n.
(2) Technical condition: Gy =< GS, In_1 > for any N > n, and G, =< G¢, I, >.
(3) Diagonal liberation: Gy =< GY, Iy >, for any N.
(4) Initial step diagonal liberation: G, =< G¢, I, >.
We have then (1) = (2) = (3) = (4).
Proof. Our claim is that when assuming that G = (G y) is weakly uniform, so is the family
of diagonal tori I = (Iy). Indeed, we have the following computation:

InnUS |, = (GyNT)NUY,
= (GnNUN_)N(TyNUL )
= Gy.1NT}
]N—l

Thus our claim is proved, and this gives the various implications in the statement. [J
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We can now formulate a key theoretical observation, as follows:

Theorem 10.22. Assuming that G = (Gn) is weakly uniform, and withn € {2,3,...,00}
being as above, the following conditions are equivalent, modulo their initial steps:
(1) Generation: Gy =< GS,Gn_1 >, for any N > n.
(2) Strong generation: Gy =< G%, Gy >, for any N > n.
(3) Diagonal liberation: Gy =< G, In >, for any N > n.
(4) Strong diagonal liberation: Gy =< G, I, >, for any N > n.

Proof. Our first claim is that generation plus initial step diagonal liberation imply the
technical diagonal liberation condition. Indeed, the recurrence step goes as follows:
Gy =< GYy,Gn-1 >=< G5, GN_1, In-1 >=< Gy, In-1 >
In order to pass now from the technical diagonal liberation condition to the strong
diagonal liberation condition itself, observe that we have:
Gy =< Gy,Gno1 >=< G, Gy 1, In—1 >=< G, In_1 >
With this condition in hand, we have then as well:
Gy =< GY,Gn_1 >=< GY, GN_1, In—2 >=< Gy, In_2 >

This procedure can be of course be continued. Thus we have a descent method, and
we end up with the strong diagonal liberation condition.

In the other sense now, we want to prove that we have Gy =< G§,,Gn_1 > at N > n.
At N = n + 1 this is something that we already have. At N = n + 2 now, we have:

Gpio =< Gy 1o, I >=< G 15, G L, 1, >=< G 5, Gy >

This procedure can be of course be continued. Thus, we have a descent method, and
we end up with the strong generation condition. U

It is possible to prove that many interesting quantum groups have the above properties,
and hence appear as diagonal liberations, but the whole subject is quite technical. Here
is however a statement, collecting most of the known results on the subject:

Theorem 10.23. The basic quantum unitary and reflection groups are as follows:

(1) Oy, Uk appear via diagonal liberation.
(2) O%, Uy appear via diagonal liberation.
(3) Hy, Ky appear via diagonal liberation.
(4) Hy,, Kf; do not appear via diagonal liberation.
In addition, B}, C%, S5 do not appear either via diagonal liberation.
Proof. All this is very technical, and is a matter of ongoing research. However, since the

result is very important, in connection with the other considerations in this book, we have
preffered to state is as a “theorem”, as above, the idea being as follows:
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(1) The quantum groups Oy, U} are not uniform, and cannot be investigated with the
above techniques. However, these quantum groups can be studied by using the technology
in [14], [43], [44], which will be briefly discussed in section 12 below, and this leads to
Oy =< On, Ty >, as well as to Uy =< Uy, TR >, which implies Uy =< Uy, T} >.

(2) The quantum groups O}, U} are uniform, and a quite technical computation, from
[45], [46], [48], [49], shows that the generation conditions from Theorem 10.22 are satisfied
for OF. Thus we obtain O, =< Oy, Ty >, and from this we can deduce via the results
in [16] that we have Uy, =< Uy, Ty >, which implies Uy, =< Uy, T}, >. See [49)].

(3) The situation for Hj;, K3 is quite similar to the one for O}, Uy, explained above.
Indeed, the technology in [14], [43], [44] applies, and this leads to Hy =< Hy,T% >, as
well as to K} =< Ky, T% >, which implies K =< Ky, Ty >. In fact, these results are

stronger than the above ones for O}, Uy, via some standard generation formulae.

(4) This is something subtle as well, coming from the quantum groups H][\(;O], K][{;o] from

[78], discussed in Theorem 8.19. Indeed, since the relations g;g;,9; = ¢;g:9; are trivially
satisfied for real reflections, the diagonal tori of these quantum groups coincide with those
for Hy;, K7;. Thus, the diagonal liberation procedure “stops” at H, K1)

Finally, regarding the last assertion, here By, Cx;, Sy, do not appear indeed via diagonal
liberation, and this because of a trivial reason, namely 7' = {1}. O

Summarizing, all this is extremely technical, and working out a full proof of Theorem
10.23, or rather of the positive results there, which is uniform in nature, say based on
computations with partitions, remains an open problem, subject to ongoing research.

Regardless of these technical difficulties, and of the various positive results on the
subject, the notion of diagonal liberation is, obviously, not exactly the good one.

In order to fix this problem, and come up with a better notion of “toral liberation”, let
us first discuss the quantum permutation groups. Following [42], we have:

Proposition 10.24. Given a closed subgroup G C Sy, with standard coordinates denoted
u;j € C(QG), the following defines an equivalence relation on {1,..., N},

that we call orbit decomposition associated to the action G ~ {1,...,N}. In the classical
case, G C Sy, this is the usual orbit equivalence coming from the action of G.

Proof. We first check the fact that we have indeed an equivalence relation:
(1) i ~ i follows from e(u;;) = 0;;, which gives e(u;) = 1, and so w; # 0, for any 4.
(2)i~j = j~ifollows from S(u;;) = uj;, which gives u;; # 0 = uj; # 0.
(3)in~j,j~k = i~ kfollows from A(ui) =3, ui; ®uzz. Indeed, in this formula,
the right-hand side is a sum of projections, so assuming wu;; # 0,u;; # 0 for a certain
index j, we have u;; ® uj; > 0, and so A(u;z) > 0, which gives w;, # 0, as desired.
In the classical case now, G C Sy, the standard coordinates are the characteristic
functions w;; = x(¢ € Glo(j) = i). Thus the condition u;; # 0 is equivalent to the
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existence of an element o € G such that o(j) = i, and this means precisely that 7, j must
be in the same orbit under the action of (G, as claimed. O

Generally speaking, the theory from the classical case extends well to the quantum
group setting, and we have in particular the following result, of analytic flavor:
Proposition 10.25. For a closed subgroup G C S¥, the following are equivalent:

(1) G is transitive.
(2) Fiz(u) = C&, where & is the all-one vector.

(3) [y uis = %, for any 15
Proof. This is well-known in the classical case. In general, the proof is as follows:
(1) < (2). We use the fact that Fiz(u) is the fixed point algebra of the standard
coaction a : CV — C(G@) ® CV, given by «(6;) = > Uij ® dj, in the sense that:
Fiz(u) = {f € CN’a(f) =1 ®§}

On the other hand, as explained for instance in [42], via the standard identification
CN =C(1,...,N), this latter fixed point algebra can be written as:

Fiz(u)={£€C(1,...,N)|[i~j = £(i) =£(j)}

In particular, the transitivity condition corresponds to Fix(u) = C&, as stated.
(2) <= (3) This is clear from the general properties of the Haar integration. d

As a comment here, we should mention that the whole theory of quantum group orbits
and transitivity, originally developed in [42], has an interesting extension into a theory of
quantum group orbitals and 2-transitivity, recently developed in [69].

Now back to the tori, we have the following key result, from [42]:

Theorem 10.26. Consider a quotient group as follows, with N = Ny + ...+ N:

ZN **ZNk—>F

1

We have then T C S, and any group dual subgroup of S, appears in this way.

Proof. The fact that we have a subgroup as in the statement follows from:

I' C ZNl* ..*ZNk:ZN1>T< ;ZNIC
~ ZN1>T<...>T<ZN,€CSN1>T< %SN;C
C Si%.. %85 CSY

Conversely, assume that we have a group dual subgroup T c S¥%. By Theorem 10.8,
the corresponding magic unitary must be of the following form, with U € Uy:

U = Udlag(gh s 79N)U*
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Now if we denote by N = Ny + ... + Nj the orbit decomposition for T cC S¥, coming
from Proposition 10.24, we conclude that v has a N = N; + ... + N, block-diagonal
pattern, and so that U has as well this N = Ny + ... + Ny block-diagonal pattern.

But this discussion reduces our problem to its k = 1 particular case, Xvith the statement
here being that the cyclic group Zy is the only transitive group dual I' C S¥. The proof
of this latter fact being elementary, we obtain the result. See [42]. O

Here is a related result, from [9], which is useful for our purposes:

Theorem 10.27. For the quantum permutation group S¥, we have:
(1) Given Q € Uy, the quotient Fxy — Ag comes from the following relations:

gi =1 if ZlQil%O
9ig; =1 if >, QuQ #0
Gi9ige =1 if >, QuQQu # 0

(2) Given a decomposition N = Ny+ ...+ Ny, for the matriz Q) = diag(Fi,, ..., Fn,),
where Fy = VLﬁ(gw)w with ¢ = e*™/N s the Fourier matriz, we obtain:

AQ:ZNl*“-*ZNk

(3) Given an arbitrary matriz QQ € Uy, there exists a decomposition N = Ny+. ..+ N,
such that Ag appears as quotient of Zn, * ... * Ly, .

Proof. This is something more or less equivalent to Theorem 10.26, and the proof can be
deduced either from Theorem 10.26, or from some direct computations. See [9]. U

Summarizing, in the quantum permutation group case, the standard tori parametrized
by Fourier matrices play a special role. Now let us recall from section 5 that in what
regards the bistochastic groups, which are our second class of examples where the diagonal
liberation procedure does not apply, the Fourier matrices appear there as well.

All this discussion suggests formulating the following definition:

Definition 10.28. Consider a closed subgroup G C Uj:.

(1) Its standard tori Tp, with F = Fy, ® ... ® Fy,, and N = Ny + ... + Ny being
regarded as a partition, are called Fourier tori.

(2) In the case where we have Gy =< GS, (Tr)r >, we say that G appears as a
Fourier liberation of its classical version G¢;.

We believe that the easy quantum groups should appear as Fourier liberations. With
respect to Theorem 10.23 above, the situation in the free case is as follows:

(1) O%, Uy are diagonal liberations, so they are Fourier liberations as well.

(2) By, Cy: are Fourier liberations too, by using Proposition 5.23 above.

(3) Sy is a Fourier liberation too, being generated by its tori [45], [49].

(4) Hy;, Ky remain to be investigated, by using the general theory in [78].
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Finally, as a word of warning here, observe that an arbitrary classical group Gy C Uy
is not necessarily generated by its Fourier tori, and nor is an arbitrary discrete group
dual, with spinned embedding. Thus, the Fourier tori, and the related notion of Fourier
liberation, remain something quite technical, in connection with the easy case.

As an application of all this, let us go back to quantum permutation groups, and more
specifically to the quantum symmetry groups of finite graphs, from section 8 above. One
interesting question is whether G*(X) appears as a Fourier liberation of G(X).

Generally speaking, this is something quite difficult, because for the empty graph itself
we are in need of the above-mentioned technical results from [45], [49].

In order to discuss however this question, let us begin with:

Proposition 10.29. The Fourier tori of G (X) are the biggest quotients

ZN **ZN;C_>F

1
whose duals act on the graph, T~ X.

Proof. We have indeed the following computation, at F' = 1:
C(TI(GT(X)) = C(GT(X))/ <uy =0,Vi#j>
= [C(SR)/ <ld,ul =0>]/ <uy =0,Vi#j>
(C(SH)/ < gy = 0,%i # j 5]/ < [d,u] =0 >
= C(Ti(Sy))// <ld,u] =0>
Thus, we obtain the result, with the remark that the quotient that we are interested in

appears via relations of type d;; =1 = ¢; = g;. The proof in general is similar. U

An interesting question is whether the “non quantum symmetry” property can be seen
at the level of Fourier tori. In order to comment on this, let us start with:

Proposition 10.30. Consider the following conditions:
(1) We have G(X) = G (X).
(2) G(X) € G*(X) is a Fourier liberation.
(3) T' ~ X implies that T is abelian.
We have then (1) < (2) + (3).
Proof. This is something elementary, the proof being as follows:
(1) = (2,3) Here both the implications are trivial.
(2,3) = (1) Assuming G(X) # GT(X), from (2) we know that GT(X) has at least
one non-classical Fourier torus, and this contradicts (3). U

With this observation in hand, our question is whether (3) == (1) holds.

In other words, our conjecture would be that a graph X has no quantum symmetry
it and only if any action I' ~ X of a quotient Zy, * ... x Zy, — I' must come from an
abelian quotient Zy, x ... X Zy, — I'. This would be of course something very useful.
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We have the following result, regarding the torus coactions on finite graphs:

Proposition 10.31. For a quotient group Zy, * ... x Zn, — I', and a graph X having
N = Ny + ...+ Np vertices, the condition I' ~ X is equivalent to

where F' = diag(Fy,, ..., Fy,), and where I = diag(Iy, ..., 1) is the diagonal matriz
formed by the elements of the images of Zy,, ..., Zn,.

Proof. We know that with I I being as in the statement, we have u = FIF*. Now with
this formula in hand, we have the following equivalences:

I'nX < du=ud
<~ dFIF*=FIF*d
< [F*dF,I]=0
Also, since the matrix [ is diagonal, with M = F*dF have:
MI=IM << (MI);=IM);
— M;l; = I;M;;
= [M;;#0 = [, =1
Thus, we obtain the condition in the statement. U

Observe now that in the cyclic case, where F' = Fly is a usual Fourier matrix, associated
to a cyclic group Zy, we have the following formula, with w = >/

(F*dF)i; = Z( Jikdr Frj = Zwl] k= Zwlﬂ'—ik

kl kel
All this suggests that the random graphs should be “weakly rigid”, in the sense that
there are no group dual actions on them. Indeed, this should follow in principle from
the observation that if d € My(0,1) is random, then we will have (F*dF);; # 0 almost
everywhere, and so we will obtain /; = I; almost everywhere, and so abelianity.
This remains of course to be worked out, and would be a nice complement to the general
work in [79], and to asymptotic no quantum symmetry results from [69].

As a conclusion, the theory of toral subgroups T' C G is probably as interesting in the
compact quantum group case as it is in the compact Lie group case. Among the possible
applications, we have a potential Fourier liberation picture for the easy quantum groups,
which is related to the classification program explained in section 9 above, as well as
various applications to the quantum automorphism groups of finite graphs.
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11. HOMOGENEOUS SPACES

We have seen that the closed subgroups G C Uy can be investigated with a variety of
techniques, for the most belonging to algebraic geometry and probability theory.

Our purpose here is to extend some of these results to certain classes of “quantum
homogeneous spaces”. This is somehow the first step into extending what we have into a
theory of noncommutative geometry, of algebraic and probabilistic nature.

Let us first investigate the real and complex spheres S]f{y -1 S(JCV ~! and their free ana-
logues Sﬂg ;1, Sg jrl. We have promised on several occasions to study these spheres, but
have not done it yet, and our current knowledge of the subject reduces to:

Proposition 11.1. We have a correspondence spheres/quantum groups as follows,

N—-1 N—1 +
Sc —— 5S¢y Un Ux

N-1 N-1 -
Sk >~ Sp.+ On Oy

given by the construction X — G*(X), with X C Sé\fjrl algebraic, as well as embeddings

+ N2-1 N2-1
Un Uy Sc 5S¢4
_>
0 0% SNl gt
N N R R,+

given by the construction G C Uy, C Sgi_l, with G C Uy, closed subgroup.

Proof. The quantum isometry group results are something that we already know, from
Theorem 2.24 above. As for the embedding assertion, this is once again something that
we know, coming from Tannakian duality, as explained in Proposition 4.20 above. O

We should mention here that the above result can be extended to the half-liberations,
and the twists [4], but for simplifying the presentation, we will keep focusing here on the
classical and free cases, and use and try to generalize the above result, as it is.

As a first philosophical conclusion, the noncommutative geometry theory that we are
trying to develop should probably concern certain special classes of algebraic manifolds
X C S(]C\{ ;1, which happen to be homogeneous spaces, of some special type.

All this is of course very vague, so instead of thinking at this, let us further study the
spheres. The main strength of our quantum group theory comes from the knowledge of

the Haar functional, and in what regards the spheres, let us begin with:
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Definition 11.2. We endow each of algebras C(SY 1) with its integration functional

/ L O(SY Y = o) — C
SN 1

obtained by composing the morphism given by x; — uy; with the Haar integral of Uy.

Here, and in what follows, we agree to use the symbol x in order to denote the 4 cases
under investigation, namely real and complex, combined with classical and free.

Observe that the morphism C(SY™) — C(UY) is indeed well-defined, because the
variables X; = wuq; satisfy the defining relations for the coordinates of S]XV -1

In the real and complex classical cases, we obtain in this way the integration with
respect to the uniform measure on S]{{ -1 S(]CV ~!. This is indeed well-known.

In general now, let us first find an abstract characterization of this functional, via
invariance, similar to the one from the classical case. Following [29], we have:

Proposition 11.3. The integration functional of SY ' has the ergodicity property

(/m@z'd) cp(@:/sglx

where ® : C(SY™) — C(UX) @ C(SY™) is the affine coaction map.

Proof. In the real case, x; = x}, it is enough to check the equality in the statement on an
arbitrary product of coordinates, x;, ...x;, . The left term is as follows:

(/X ®id> Dz, . ..aq) = Z / Wirjy - Wipjp * Tjy - - - Ty
N J1-Jk

= Z Z 07(2)06 ()Win (T, 0)xj, . .. Tj,

Ji---Jk TI'O'EP (k)

= Z O ()Win (T, 0) 25 J)xj, ... x

0P, (k) Ji--Jk

Let us look now at the last sum on the right. The situation is as follows:

(1) In the free case we have to sum quantities of type z;, ...x;,, over all choices of
multi-indices j = (ji, ..., Jx) which fit into our given noncrossing pairing o, and just by
using the condition ), 7 = 1, we conclude that the sum is 1.

(2) The same happens in the classical case. Indeed, our pairing o can now be crossing,
but we can use the commutation relations x;x; = x;z;, and the sum is again 1.

Thus the sum on the right is 1, in all cases, and we obtain:

(/X®id)®(xi1...xik): S 6.()Win(m,0)

m,0€P) (k)
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On the other hand, another application of the Weingarten formula gives:

/Nll'il...l'ik = /th—l...ulik
ST U

N

Since the Weingarten function is symmetric in 7, o, this gives the result.
In the complex case the proof is similar, by adding exponents. See [4]. U

We can now formulate an abstract characterization of the integration, as follows:
Theorem 11.4. There is a unique positive unital trace tr : C(SY 1) — C satisfying
(id @ tr)®(x) = tr(z)l
where ® is the coaction map of the corresponding quantum isometry group,
d:CSYH = CcUHeCSYh
and this is the canonical integration, as constructed in Definition 11.2.

Proof. First of all, it follows from the Haar integral invariance condition for Uy that the
canonical integration has indeed the invariance property in the statement.
In order to prove now the uniqueness, let tr be as in the statement. We have:

tr (/Uﬁem'd) O(z) = /(Jﬁ(id@tr)(l)(x) — /Uﬁ(tr(m)l) = tr(x)

On the other hand, according to Proposition 11.3, we have as well:

’ ( [ d) B() = ( [ ) [

We therefore conclude that tr equals the standard integration, as claimed. U
Let us compute now some integrals. As a first observation, we have:
Proposition 11.5. We have the Weingarten type formula
/SQ’ 1 i dx = UEPZ )(5 Wepz(k Win (7, 0)
where Wiy = G,:]%,, with Gy (m,0) = N™°l and where § are Kronecker type symbols.

Proof. This follows indeed from the Weingarten formula for the quantum group Uy, via
the identification x; = uy; coming from Definition 11.2 above. O
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A basic probabilistic question regarding the spheres concerns the computation of the
associated hyperspherical laws. We have here the following result, from [4], [29]:

Theorem 11.6. With N — oo, the variables v/ Nz; € C(SY™1) are as follows:

(1) S§'~': real Gaussian.

(2) S{g;: semicircular.

(3) SN 1.' complex Gaussian.
(4) SYT1: circular.

Proof. We use the Weingarten formula, from Proposition 11.5 above. Since with N — oo
the Gram matrix Gy (7, 0) = NI™°l is asymptotically constant, Gy (7, o) ~ §W,0Nk/2,
its inverse is asymptotically constant as well, Wy (7, o) ~ 0, , N */2, and so:

/ Tiy ... Ty, do ~ N~*/? Z do(1)
s -1

o€P (k)

With this formula in hand, we can compute the asymptotic moments of each coordinate
x;. Indeed, by setting 7; = ... = 1 = i, all Kronecker symbols are 1, and we obtain:

/S o a¥de ~ N*24Px (k)

Thus, in the real case, the even asymptotic moments of v/ Nz; are the numbers # Py (21),
which are equal respectively to (20)!!, lil (21), and this gives the result. In the complex
case the proof is similar, by adding exponents everywhere. See [4], [29]. O

When N € N is fixed, the computations and conclusions are considerably more compli-
cated. We refer to [29] for the formulae in the classical real and half-classical real cases,
and to [23] for the formula in the free real case, which is extremely technical.

Summarizing, the free spheres have some interesting probability theory. We should
mention that, in addition, the free spheres have Laplacians, and some kind of differential
geometry structure in the spirit of [52] as well. We refer here to [29], [50], [54].

In addition to all this, which is already remarkable, we have the following somewhat
bizarre fact, having no classical counterpart, that we know from section 7 above:

Theorem 11.7. The free hypergeometric variable
1 n
Xz] = ﬁ Z Uja,jb € O(S:2>
a,b=1
has the same law as the squared free hyperspherical variable x? € C(Sﬁ;l).

Proof. This is something that we know from Theorem 7.13, ultimately coming from the
fact that S, and PO; are related by a cocycle twisting procedure. See [17]. O



QUANTUM GROUPS 169

The variables X;; appearing above have the following generalization:

Definition 11.8. The noncommutative random variable

X(n,m,N) ZZUUECSJF

=1 j=1

is called free hypergeometric, of parameters (n,m,N).

The terminology comes from the fact that the variable X'(n,m, N), defined as above,
but over the algebra C(S,,), follows a hypergeometric law of parameters (n, m, N).
Here are some basic asymptotic properties of the free hypergeometric laws:

Theorem 11.9. The free hypergeometric laws have the following properties:
(1) Let n,m, N — oo, with " — X € (0,00). Then the law of X(n,m,N) converges
to the free Poisson law of parameter \.
(2) Let n,m,N — oo, with i — v € (0,1) and it — 0. Then the law of S(n,m,N) =
(X (n,m,N)—mv)//mv(l —v) converges to the semicircle law.

Proof. This proof of this result, from [17], uses the Weingarten formula, along with a
number of technical estimates for Weingarten functions, the idea being as follows:
(1) From the Weingarten formula, we have:

/X(n, m, N)P = Z Wy (T, a)n™ml!
m,0€NC(p)
Now, as explained for instance in [27], we have:
N+ O(N-I7=1) if 7 =0
WNC (7‘1’ U) - {O(Nﬂva_lﬂ_la) if 7& o

It follows that we have:

AT =0

0% 7|, o] -
Ne@),N (T, o)n™m 0 ifr#o

Thus the p-th moment of X (n,m,N) converges to ZneNc A7 which is the p-th
moment of the free Poisson distribution with parameter A\, and We are done.
(2) We need to show here that the free cumulants satisfy:
1 ifp=2
kP [S(n,m,N),...,S(n,m,N)| — 1 P
0 ifp#2

The case p = 1 is trivial, so suppose p > 2. We have:
KIS (nm, N, .., S, m, N)] = (mp(1 = 1) 26X (n,m, N), ..., X (n,m, N)]



170 TEO BANICA

On the other hand, from the Weingarten formula, we have:
P [X(n,m,N),..., X(n,m,N)]

— Z /va w, 1 H Z WNC(V)N(WV UV) [Tl lov

weNC(p) Vewry,opeNC(V)

= Z fip(w, 1,) H Z (NI V'MV\(WV, oy) + O(N~ImvI=1y)plrviplovi
weNC(p) Vewry,opyeNC(V)

= Z (N_W:Up(ﬁa ) + O(N~=1))n/mm7! Z fp(w, 1p)
w,aez<VC(p) wel\ic(p)

We use now the following standard identity:

1 ifo=1
weNC(p) p
o<w

This gives the following formula for the cumulants:

KO X (., V), Xngm, N =m0 S (N, (m,1,) + OVl

TeNC(p)
It follows that for p > 3 we have, as desired:
kP [S(n,m,N),...,S(n,m,N)] =0

As for the remaining case p = 2, here we have:

1
kP[S(n,m,N),S(n,m,N)] — —— Z VI g (m, 1)

v(l1-v) TENC(2)
1 2
vl —v) (v =)
= 1
Thus, we have obtained the result. See [17]. O

All this is quite interesting, and based on the above-mentioned results from [23] for the
hyperspherical laws, it is possible to work at well N fixed results. We refer here to [17]
and various related papers, part of which were already mentioned in section 7.

As a conclusion now, and getting back to our general noncommutative geometry objec-
tives mentioned before, the free spheres belong to the same circle of ideas as the quantum
groups, having some interesting algebraic geometry and probability theory.

The unification question with the quantum groups appears. This can be done by
considering various classes of homogeneous spaces, generalizing at the same time the
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spheres and the quantum groups themselves. There has been quite some work here,
starting with [34], and then going further with [6], and even further with [7].

In what follows we will describe the formalism in [6], which is quite broad, while re-
maining not very abstract. Let us start with the following definition:

Definition 11.10. Associated to any integers L < M < N are the spaces
Oy = {T : B — F isometry

ECRN,FC]RM,dimRE:L}

Ulin = {T E—=F isometry‘E cCV FcCM dimcFE = L}
where the notion of isometry is with respect to the usual real/complex scalar products.

As a first observation, at L = M = N we obtain the groups Oy, Uy.

Yet another interesting specialization is L = M = 1. Here the elements of O1 are the
isometries T : E — R, with £ C R" one-dimensional, and such an isometry is uniquely
determined by the element 771(1) € RY, which must belong to the sphere S¥ . Thus,
we have Ol = S§~'. Similarly, in the complex case we have Ujy = Sp '

In general, the most convenient is to view the elements of O%;y, ULy as rectangular
matrices, and to use matrix calculus for their study:

Proposition 11.11. We have identifications of compact spaces

Ok =~ {U € MMxN(R)‘UUt = projection of trace L}

Uk v ~ {U € MMxN((C)‘UU* = projection of trace L}
with each partial isometry being identified with the corresponding rectangular matriz.

Proof. We can indeed identify the partial isometries T': £ — F' with their corresponding
extensions U : RN — RM U : CN — CM, obtained by setting Up. = 0, and then identify
these latter linear maps U with the corresponding rectangular matrices. O

As an illustration, at L = M = N we recover in this way the usual matrix description
of Oy, Uy. Also, at L = M = 1 we obtain the usual description of Sg ', S¥~".

Now back to the general case, observe that the isometries 7' : E — F', or rather their
extensions U : KV — KM with K = R, C, obtained by setting U = 0, can be composed
with the isometries of KM K" according to the following scheme:

A KM
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In other words, the groups Oy X Oy, Uy x Uy act respectively on O, UL, .. With
the identifications in Proposition 11.11 made, the statement here is:

Proposition 11.12. We have action maps as follows, which are transitive,
Oy xOx Ok v+ (A B)U = AUB!
Uy xUx Uy + (A BU=AUB*

whose stabilizers are respectively Op, X Opy—p, X On_, and U, X Upy—p, X Un_p.

Proof. We have indeed action maps as in the statement, which are transitive. Let us
compute now the stabilizer G of the point U = (} J). Since the elements (4,B) € G
satisfy AU = UB, their components must be of the form A = (£ #), B = (* ¥). Now since
A, B are both unitaries, these matrices follow to be block-diagonal, and we obtain:

c-{umla-(50).5-(5 )}

We conclude that the stabilizer of U = ({ ) is parametrized by triples (z, a, b) belonging
respectively to OL X OM—L X ON—L and UL X UM—L X UN—L; as claimed. O

Finally, let us work out the quotient space description of O\, UL v

Theorem 11.13. We have isomorphisms of homogeneous spaces as follows,
O]%4N = (OM X ON)/(OL X OM—L X ON—L)
U]@N = (UM X UN)/(UL X UMfL X UN—L)

with the quotient maps being given by (A, B) — AUB*, where U = (} ).

Proof. This is just a reformulation of Proposition 11.12 above, by taking into account the
fact that the fixed point used in the proof there was U = ({ §). O

Once again, the basic examples here come from the cases L =M = N and L = M =1,
where the quotient spaces at right are respectively Oy, Uy and On/On_1,Uyx/Un_1. In
fact, in the general L = M case we obtain the following spaces, considered in [34]:

O%N = (OMXON)/(OMXON,M):ON/ON,M
U]]\%N = (UMXUN)/<UMXUN_M):UN/UN_M

The idea now is that we can liberate O, UL ., as follows:

Definition 11.14. Associated to any integers L < M < N are the algebras

coHy,) = cC* ((uij),-:17.,,7M7j:17__.7N‘u = @, uu’ = projection of trace L)

C(U]\L/[J’]_V) = 7 ((uij)izl,...,M,jzl,..,,N

with the symbol C* standing as usual for universal enveloping C*-algebra.

wu*, uu' = projections of trace L)
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Observe that the above universal algebras constructed above are indeed well-defined,
because the trace conditions in the statement read:

5wty = Y v = L
ij ij
Thus we have ||u;;|| < VL, and so the universal algebras are well-defined.
As a first illustration for this construction, we have the following result:
Proposition 11.15. At L = M = N we obtain the quantum groups Oy, Ok, Un, U};.

Proof. We recall that the various quantum groups are constructed as follows, with the
symbol x standing once again for “classical” or “free”:

O(Ozfr) = C} <(uij)i,j:1,...7N‘u =u, wu! = vlu = 1)
CUy) = C <(uij)i,j:1,...,N‘Uu* =vu*u = 1,0’ =v'u = 1)

On the other hand, according to Proposition 11.11 and to Definition 11.14 above, we
have the following presentation results:

C(ONy%) = C: ((u,-j)i,jzl,m,N‘u = 4, uu’ = projection of trace N)
C(U]]\,V]\X,) = C% ((uij)i,jzl,m,N‘uu*,ﬂut = projections of trace N)

We use now the standard fact that if p = aa* is a projection then ¢ = a*a is a projection
too. Together with Tr(uu*) = Tr(u'a) and Tr(au') = Tr(u*u), this gives:

coyx) = ¢ ((uij)i,j:17...7N)u = u, uu',u'u = projections of trace N>
cugy) = o ((uij)i,jzle)uu*,u*u,ﬂut,uta = projections of trace N)

Now observe that, in tensor product notation, and by using the normalized trace, the
conditions at right are all of the form (tr ® id)p = 1, with p = wu*, u*u, au’, u'u. We
therefore obtain (tr ® ¢)(1 — p) = 0 for any faithful state ¢, and it follows that the
projections p = wu*, u*u, uu', vt must be all equal to the identity, as desired. Il

We have the following result:

Proposition 11.16. The spaces U]\Lﬁ\, have the following properties:
(1) We have an action U}y x U ~ Uiy, given by ug; — >, aix @ bl @ up-
(2) We have a map Uy, x Uy — Uily, given by ui; — > i<r @il @ by

Similar results hold for the spaces O]%/[XN, with all the x exponents removed.
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Proof. In the classical case, the transpose of the action map Uy x Uy ~ UL and of the
quotient map Uy x Uy — ULy are as follows, where J = (} J):

p — (A4, B,U) = ¢(AUB"))
p — ((4,B) = ¢(AJBY))
But with ¢ = u,;; we obtain precisely the formulae in the statement. The proof in the

orthogonal case is similar. Regarding now the free case, the proof goes as follows:
(1) Assuming uu*u = u, with Uy; = 3, ag ® b ® ug we have:

(UU*U)” = Z Z aikazmaqs (9 b* b b]t & uklumnu t

pq klmnst
= Z i, @ by @ Upg Uy Ut = Z @ik, ® by @ uge = Uy
kimt kt
Also, assuming that we have } . u;uj; = L, we obtain:
Z UZ]U* Z Z alkazs & bjlb]t X uklust == Z 1 & 1 & uklukl L
0J ij  klst

(2) Assummg uuu = u, with Vi; = >, ayg @ b}, we have:

(VVV)i =D > aiahae: @ bbbl =Y a, @ b5, =V

pq z,y,2<L <L
Also, assuming that we have Z -ui;u;; = L, we obtain:
SUTEHS 3 SRS SR
ij ij 1Ls<L I<L
By removing all the % exponents, we obtain as well the orthogonal results. U

Let us examine now the relation between the above maps. In the classical case, given
a quotient space X = GG/H, the associated action and quotient maps are given by:

a:GxX—>X : (9,H)— g¢H
p:G—X : g—gH

Thus we have a(g,p(¢g’)) = p(gg’). In our context, a similar result holds:
Theorem 11.17. With G = Gy x Gy and X = G%,,, where Gy = O, Uy, we have

GxG G
id><p| p
GxX X

where a,p are the action map and the map constructed in Proposition 11.16.
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Proof. At the level of the associated algebras of functions, we must prove that the following
diagram commutes, where ®, 7 are morphisms of algebras induced by a, p:

C(X) 2 L C@GxX)
C(G) 2 . C(Gx@)

When going right, and then down, the composition is as follows:
(id @ m)P(w;j) = (1d @ ) Z i, @ bl @ up = Z Z air, @ b @ ags @ by
kl ki s<L

On the other hand, when going down, and then right, the composition is as follows,
where Fb3 is the flip between the second and the third components:

An(uyg) = Fis(A® A) Y ai, @ by, = Fyg (Z D an®ar @5 @ b;;)

s<L s<L kl

Thus the above diagram commutes indeed, and this gives the result. U

Let us discuss now the integration over G4, . As in the case of the free spheres, the
integration functional is best introduced as follows:

Definition 11.18. The integration functional of G%,y is the composition
/ L O(Ghy) = C(Gy x Gy) = C
a

L
ML

of the representation u;; — ZlgL ai @ by with the Haar functional of Gy X G-

Observe that in the case L = M = N we obtain the integration over Gy. Also, at
L = M =1 we obtain the integration over the sphere. More generally, at any L = M we
obtain the integration over the corresponding row algebra of Gy, discussed in [34].

In the general case now, we first have the following result:

Proposition 11.19. The integration functional has the invariance property

(id@/G%lN> @(x):/GL x

MN
with respect to the coaction map given by ®(u;;) = >, aik @ bl @ up-

Proof. We restrict the attention to the orthogonal case, the proof in the unitary case being
similar. We must check the following formula:

(id®/ ) Dy, - Uiyj,) = / Wiyjy - - - Uigj,
GL GL

MN MN
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Let us compute the left term. This is given by:

. *k
X = (Zd@/L ) E Qirky - - Ak ®b31l1 "'bjsls Q) Uyl - - - Ukl
Grrn

kplr
= Airky + - Qigkg X b]lll e bjsls / Akimq -+ - Akgmyg / bllml . blsms
krlr mp<L Gum Gy
— . . * *
- Z Z Qi ey - - - Aighs / Alymy - - - Qkgmy ® Z TR / bllml ... blsms
mT‘SL kr G GN

By using now the invariance property of the Haar functionals of G/, Gy, we obtain:

x = % (¢d®/c )A(ailml...aisms)@) (z’d@/g )A(bj*lml...b;fsms)

my<L
* *
= E / Aiymq -+« - Aigmyg X / b]lml . b]sms
me<L Y GM GN
* *
- (/ ®/ ) Z @iymy - - Gigmy ® bfy iy - - O,
Gum Gn me<L

But this gives the formula in the statement, and we are done.
The integration formula over G%, is as follows:

Theorem 11.20. We have the Weingarten type formula

/G gt = 3 DS (05 Wanr (7, 0) W (7. )

MN ToOTV
where Wy = Gy, with Gy (m,0) = Mmvel.

Proof. By using the quantum group Weingarten formula for G, Gy, we obtain:

* *
/ uiljl . uisjs / Aiqly - o Aggly / (R bjsls
GL Gy GN

MN l1...1s<L

= DD 5 (O)Wan(r, o 25 Won (T, v)

= Z( Z (50(l)5l,(l>> (sw(i)(sT(j)WsM(W?U)WsN(T?V)

The coefficient on the left being LI7V¥I, we obtain the formula in the statement.

We can now derive an abstract characterization of the integration, as follows:
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Proposition 11.21. The integration functional is the unique positive unital trace
tr: C(GYy) = C
which is invariant under the action of Gy X Gy.

Proof. We use the same method as for spheres [29], or as for the spaces considered in [34],
the point being to show that the integration has the following ergodicity property:

(Lo ewe= ], -

MN
We restrict the attention to the orthogonal case, the proof in the unitary case being
similar. We must verify that the following holds:

< / ® / ®’id> D(wiy g, - - Uiyj,) = / Wiyjy - - - Wig
Gum GnNn GL

MN
By using the Weingarten formula, the left term can be written as follows:

X = / ik - - azsks/ Ojuty -+ - Ojuty = Ukyy -+ - Uiyl
G GN

k1 ksl ls

= Z Z Zéﬂ@)(scr( sM T, 0 2(5 (T V) Ukqly - - - Ukl

ki..ksly..ls mo

= g O ( Wri(m,0)Wn (T, 1) g E 0o ( Dtgeggy - - - Uk,

ToTV ki..ksly..ls

We therefore obtain the following formula:

X = Z LVoV6(0)6,(5) Wapr (70, 0 ) Wy (1, 1)

Now by comparing with the formula in Theorem 11.20, this proves our claim.
Assume now that tr : C(G%, ) — C satisfies the invariance condition. We have:

o ([, 2L ea)em = ([ o] er)oe
_ (/GM@)/GN) (id @ tr)®(x)
_ (/GM ®/GN) (tr(2)1) = tr(z)

On the other hand, according to the formula established above, we have as well:

tr(/GM®/GN®id)<I>(x):tr (/%N(x)> :/G v

L
MN

Thus tr must be the uniform integration, and this finishes the proof. Il
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We recall that, at least in the quantum group case, and of course according to our
philosophy, having a “true” liberation requires some Bercovici-Pata results.

Our purpose now will be that of establishing such liberation results, in the present
homogeneous space setting. Let us begin with some preliminary computations:

Proposition 11.22. For a sum of following type,
XE = Z Uiy
(ij)EE
with the coordinates (ij) being non-overlapping, we have

/ XSE = Z K‘WVT‘LIUVVIWSM (ﬂ-a U)WSN(T’ U)
G

L
MN ToTV

where K = |E| is the cardinality of the indezing set.

Proof. In terms of K = |E|, we can write E = {(«(i), (7))}, for certain embeddings
a:{1,..., K} c{l,...,M} and B : {1,...,K} C {1,...,N}. In terms of these maps
a, 3, the moment in the statement is given by:

M, = / i (Z ua(i)B(i))
Gun <K
By using the Weingarten formula, we can write this quantity as follows:

M, = /GL Z Ua(in)B(in) - - - Ualis)B(is)

MN 41...is<K

= > Y LYs(alin),. ., a(is)d(B(i), .. ., Blis)) W (7, 0) Wan (7, 1)

i1...is <K moTV
_ Z( 2. &(i)&(i)) LYWt (,0) W (7, v)
ToTV \i1...is<K

Now since the coefficient on the left in the last formula equals K!™7, we obtain the
formula in the statement. O

We can now formulate our liberation result, as follows:

Theorem 11.23. In the context of the liberation operations Ok, — Ot Uk — UL,
the laws of the sums of non-overlapping coordinates,

are in Bercovici-Pata bijection, in the |E| = kN, L = AN, M = uN, N — oo limit.
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Proof. This result, from [6], extends some previous findings from [34], which in turn extend
some previous findings from [29], in the sphere case, explained above.

We use the general theory in [20], [35]. According to Proposition 11.22 above, in terms
of K = |E|, the moments of the variables in the statement are given by:

M, = Z K™ LW (n, 0 )Wy (1, v)

We use now two standard facts, namely the fact that in the N — oo limit the
Weingarten matrix W,y is concentrated on the diagonal, and the fact that we have
|m Voo < m, with equality precisely when 7 = 0. See [20]. In the regime K =
kN, L =AN,M = uN, N — oo from the statement, we therefore obtain:

M, ~ Z KVl p vl g r=lel g =7l
~ Z FI I =1l =i

™

-2 (2)
- H
In order to interpret this formula, we use general theory from [76], [89]:
(1) For Gy = On/O%;, the above variables g follow to be asymptotically Gauss-
ian/semicircular, of parameter "‘7’\, and hence in Bercovici-Pata bijection.
(2) For Gy = Uy/Uy, the situation is similar, with xg being asymptotically complex
Gaussian/circular, of parameter ’%, and in Bercovici-Pata bijection. U

Summarizing, the liberation operations O%,y — O\ and UL, — UL* discussed here
are in tune with the liberation operation from probability theory [32].

As a first comment, there are several possible extensions of the above result, for instance
by using quantum reflection groups instead of unitary quantum groups, and by using
twisting operations as well. We refer here to [6], and to [34] as well, for a number of
supplementary results, which can be obtained by using the stronger formalism there.

Let us also mention that the above formalism, from [6], can be further extended, to a
certain class of “affine homogeneous spaces”, which appear as certain special submanifolds
X C Sg jrl. However, there is still no known axiomatization of the class of noncommuta-
tive algebraic manifolds that we can obtain in this way, at this level. See [7].

In relation with all this, and with noncommutative geometry in general, there are some
interesting projective geometry aspects as well. Indeed, in analogy with the isomorphism
PO} = PUy, discussed in section 5 above, one can prove that there exists a “free
projective space”, which is unique, at the same time real and complex, Pﬂgf = Pg;l.
This is quite interesting, and the further study here is not developed yet. See [30].
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As a very general comment now, the compact quantum groups are meant to act of
course, but not only on geometric objects. Besides the work regarding the actions of the
compact quantum groups on compact Riemannian manifolds [9], [39], [40], [63], [64], there
has been a lot of work as well concerning the actions on abstract von Neumann algebras
and subfactors [56], and abstract sequences of random variables [27], [68]. There is as well
an emerging differential geometry theory for the compact quantum groups and related
homogeneous spaces, and we refer here to [29], [50], [54], [55], [85].

Getting back now to noncommutative geometry, we believe that the examples of non-
commutative manifolds studied here, which obviously have some Riemannian features, are
not very far from the manifolds of Connes [52], and could eventually fit into an extension
of his theory. To be more precise, one theoretical downside of Connes’ theory is the lack
of an analogue of the Nash embedding theorem [74]. Assuming that this question will be
solved one day, and with the target of the “generalized Nash embeddings” being the free
sphere Sg jrl, the unification problem would be probably solvable.

In short, we believe in the existence of a “Nash-Connes Geometry”, covering most of

the interesting examples of noncommutative manifolds known so far.
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12. MODELLING QUESTIONS

One interesting method for the study of the closed subgroups G C Uy, that we have not
tried yet, consists in modelling the standard coordinates w;; € C'(G) by concrete variables
U;; € B. Indeed, assuming that the model is faithful in some suitable sense, that the
algebra B is something quite familiar, and that the variables U;; are not too complicated,
all questions about G would correspond in this way to routine questions inside B.

Regarding the choice of B, some very convenient algebras are the random matrix ones,
B = Mg (C(T)), with K € N, and with 7" being a compact space. These algebras gen-
eralize indeed the most familiar algebras that we know, namely the matrix ones Mg (C),
and the commutative ones C(7T"). We are led in this way to:

Definition 12.1. A matriz model for G C Uy is a morphism of C*-algebras
m:C(G) - Mg(C(T))
where T" s a compact space, and K > 1 is an integer.

More generally, we can try to model in this way the standard coordinates z; € C(X)

of the various algebraic manifolds X C Sé\f jrl. Indeed, these manifolds generalize the

compact matrix quantum groups, which appear as G C Uy, C Sg i’l, and we have many
other interesting examples, such as the homogeneous spaces discussed in section 11.

However, at this level of generality, not much general theory is available. It is elementary
to show that, under the technical assumption X¢ # (), there exists a universal K x K
model, which factorizes as follows, with X5) C X being a certain submanifold:

mx 1 O(X) = O(X5)) € Mg (C(Tx))

To be more precise, Tk appears by imposing to the complex K x K matrices the relations
defining X, and the algebra C'(X ) is by definition the image of mx. By setting as well
X)) = Upen X we are led in this way to a filtration of X, as follows:

X=X0cx®cxO o CcX®™®cx

It is possible to say a few non-trivial things about these manifolds X ) by using
algebraic and functional analytic techniques, and we refer here to [14], [48].

In the compact quantum group case, however, that we are mainly interested in here,
the matrix truncations G¥) C G are generically not subgroups at K > 2, and so this
theory is a priori not very useful, at least in its basic form presented here.

In order to reach, however, to some results, let us introduce as well:

Definition 12.2. A matriz model 7 : C(G) — My (C(T)) is called stationary when

[ (e ])r

where fT 1s the integration with respect to a given probability measure on T'.
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Observe that this definition can be extended as well to the algebraic manifold case,
X C S(C +, provided that our manifolds have certain integration functionals / P ThlS
is the case for instance with the homogeneous spaces discussed in section 11, where f X
appears as the unique G-invariant trace, with respect to the underlying quantum group
G. However, the axiomatization of such manifolds being not available yet, we will keep
this as a remark, and get back in what follows, until the end, to the quantum groups.

So, back to Definition 12.2, as it is, our first comment concerns the terminology. The
term “stationary” comes from a functional analytic interpretation of all this, with a certain
Cesaro limit being needed to be stationary, and this will be explained later on. Yet another
explanation comes from a certain relation with the lattice models, but this relation is
rather something folklore, not axiomatized yet. We will be back to this later.

As a first result now, the stationarity property implies the faithfulness:

Theorem 12.3. Assuming that G C Uy has a stationary model,

71 C(G) — My(C(T)) /G: (tr@/T)ﬂ

it follows that G must be coamenable, and that the model is faithful.

Proof. Assume that we have a stationary model, as in the statement. By performing
the GNS construction with respect to fG, we obtain a factorization as follows, which
commutes with the respective canonical integration functionals:

7 :C(G) = C(G)rea C Mg (C(T))

Thus, in what regards the coamenability question, we can assume that 7 is faithful.
With this assumption made, observe that we have embeddings as follows:

C=(G) C C(G) € Mg(C(T))

An idea here would be that of lifting the counit of C*°(G) into a linear form over
Mg (C(T)), which would restrict into a counit for C'(G). However, this is not obvious.

In short, we must ask for help a fellow mathematician. And our colleague will point
out that the GNS construction gives in fact a better embedding, as follows:

L=(G) € Mg (L>(T))

Now since the von Neumann algebra on the right is of type I, so must be its subalgebra
A = L*(G). This means that, when writing the center of this latter algebra as Z(A) =
L*>(X), the whole algebra decomposes over X, as an integral of type I factors:

In particular, we can see from this that C'°° (G) C L*(G) has a unique C*-norm, and so
(G is coamenable. Thus we have proved our first assertion, and the second assertion follows
as well, because our factorization of 7 consists of the identity, and of an inclusion. O
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All this might seem a bit mysterious, but we really need the above result, and have no
simple proof for it. For some background on these questions, which are quite beautiful,
we recommend [90] and the other papers of von Neumann, which are a must-read.

Regarding now the examples of stationary models, we first have:

Proposition 12.4. The following have stationary models:
(1) The compact Lie groups.
(2) The finite quantum groups.

Proof. Both these assertions are elementary, with the proofs being as follows:
(1) This is clear, because we can use here the identity map:

id: C(G) = My (C(Q))
(2) This is clear as well, because we can use here the regular representation:
A C(G) — M‘G|((C)

To be more precise, if we endow the linear space H = C(G) with the scalar product
< a,b >= [, ab*, we have a representation A : C(G) — B(H) given by a — [b — ab].
Now since we have H ~ Cl®l with |G| = dim A, we can view A as a matrix model map,
as above, and the stationarity axiom |, o = tro A is satisfied, as desired. O

In order to discuss now the group duals, let us recall that, according to the general
theory of group algebras, the matrix models 7 : C*(I') - Mg (C(T')) must come from
group representations p : I' — C(T, Uy ). With this identification made, we have:

Proposition 12.5. An matriz model p : I' C C(T,Uk) is stationary when:

/ tr(g®)de = 0,Vg # 1
T
Moreover, the examples include all the abelian groups, and all finite groups.

Proof. Consider indeed a group embedding p : I' € C(T, Uk ), which produces by linearity
a matrix model 7 : C*(I') - Mg(C(T)). By linearity and continuity, it is enough to
formulate the stationarity condition on the group elements g € C*(I"). With the notation
p(g) = (x — ¢*), this stationarity condition reads:

/ tr(g®)dx = 41
T

Since this equality is trivially satisfied at g = 1, where by unitality of our representation
we must have g* = 1 for any x € T, we are led to the condition in the statement.

Regarding now the examples, these are both clear. More precisely:

(1) When I' is abelian we can use the following trivial embedding:

PcC@u) = g—[x— x(g)



184 TEO BANICA

(2) When T is finite we can use the left regular representation:
I'cL(CI) : g—[h—gh]
Indeed, in both cases, the stationarity condition is trivially satisfied. U

In order to further advance, and to come up with some tools for discussing the non-
stationary case as well, let us keep looking at the group duals G = I'. We know that a
model 7 : C*(I') — Mg (C(T)) must come from a group representation p : I' — C(T, Uk).
Now observe that when p is faithful, the representation 7 is in general not faithful, for
instance because when 7" = {.} its target algebra is finite dimensional. On the other hand,
this representation “reminds” I', and so can be used in order to fully understand I'.

Summarizing, we have a new idea here, basically saying that, for practical purposes,
the faithfuless property can be replaced with something much weaker. This weaker notion
is called “inner faithfulness”, and the theory here, from [12], is as follows:

Definition 12.6. Let 7 : C(G) — Mg (C(T)) be a matriz model.

(1) The Hopf image of m is the smallest quotient Hopf C*-algebra C(G) — C(H)
producing a factorization of type m: C(G) — C(H) — Mg (C(T)).

(2) When the inclusion H C G is an isomorphism, i.e. when there is no non-trivial
factorization as above, we say that 7 is inner faithful.

These constructions work in fact for any C*-algebra representation = : C(G) — B, but
here we will be only interested in the random matrix case, B = Mg (C(T)).

In the case where G = T is a group dual, 7 must come from a group representation
p:I'— C(T,Ug), and the above factorization is simply the one obtained by taking the
image, p: I' = A C C(T,Uk). Thus 7 is inner faithful when I' C C(T, Uk).

Also, given a compact group GG, and elements g1, ..., gx € GG, we have a representation
7:C(G) — CK given by f — (f(q1),---, f(9x)). The minimal factorization of 7 is then
via C(H), with H =<g1,...,gx >, and 7 is inner faithful when G = H.

In general, the existence and uniqueness of the Hopf image comes from dividing C(G)
by a suitable ideal, as explained in [12]. In Tannakian terms, we have:

Theorem 12.7. Assuming G C Uy, with fundamental corepresentation w = (u;;), the
Hopf image of m: C(G) — Mg (C(T)) comes from the Tannakian category

Cr = Hom(U®* U®)
where U;j = m(u;;), and where the spaces on the right are taken in a formal sense.

Proof. Since the morphisms increase the intertwining spaces, when defined either in a
representation theory sense, or just formally, we have inclusions as follows:

Hom(u®* u®) ¢ Hom(U®*, U®)
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More generally, we have such inclusions when replacing (G, ) with any pair producing
a factorization of m. Thus, by Tannakian duality, the Hopf image must be given by the
fact that the intertwining spaces must be the biggest, subject to the above inclusions.

On the other hand, since u is biunitary, so is U, and it follows that the spaces on the
right form a Tannakian category. Thus, we have a quantum group (H,v) given by:

Hom(v®* v®) = Hom(U®*, U®")
By the above discussion, C'(H) follows to be the Hopf image of 7, as claimed. O

The inner faithful models 7 : C(G) — Mk (C(T')) are a very interesting notion, because
they are not subject to the coamenability condition on G, as it was the case with the
stationary models, as explained in Theorem 12.3. In fact, there are no known restrictions
on the class of closed subgroups G C Uy, which can be modelled in an inner faithful way.
Thus, our modelling theory applies a priori to any compact quantum group.

Regarding now the study of the inner faithful models, a key problem is that of computing
the Haar integration functional. The result here, from [93], is as follows:

Theorem 12.8. Given an inner faithful model 7 : C(G) — Mg (C(T)), we have

1< (7
/G kz&k;/(;

where fé = (pom)*, with ¢ = tr ® [, being the random matriz trace.

Proof. As a first observation, there is an obvious similarity here with the Woronowicz
construction of the Haar measure, explained in section 3 above. In fact, the above result
holds more generally for any model 7 : C(G) — B, with ¢ € B* being a faithful trace.
With this picture in hand, the Woronowicz construction simply corresponds to the case
m = id, and the result itself is therefore a generalization of Woronowicz’s result.

In order to prove now the result, we can proceed as in section 3. If we denote by fé
the limit in the statement, we must prove that this limit converges, and that we have
/. é = fG. It is enough to check this on the coefficients of corepresentations, and if we let
v = u®* be one of the Peter-Weyl corepresentations, we must prove that we have:

(iae [ Jo=(iae [ )o

We already know, from Theorem 3.18 above, that the matrix on the right is the or-
thogonal projection onto Fixz(v). Regarding now the matrix on the left, Proposition 3.16
applied to the linear form @7 tells us that this is the orthogonal projection onto the
1-eigenspace of (id ® ¢m)v. Now observe that, if we set V;; = m(v;;), we have:

(id @ pm)v = (id @ )V
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Thus, we can apply Proposition 3.17, or rather use the same computation as there,
which is only based on the biunitarity condition, and we conclude that the 1-eigenspace
that we are interested in equals Fiz(V'). But, according to Theorem 12.7, we have:

Fix(V) = Fiz(v)
Thus, we have proved that we have [ (; = [, as desired. O

Getting back now to the stationary models, we have the following result:

Theorem 12.9. For 7 : C(G) — Mg(C(T)), the following are equivalent:

(1) Im(m) is a Hopf algebra, and (tr ® [,)m is the Haar integration on it.
(2) ¥ = (tr ® [y )7 satisfies the idempotent state property 1 * i = 1.
(3) T2 =1T., Vp € N, Ve € {1, %}, where (T,),..i, j...j, = (tr @ [)(U U

T ipjp).
If these conditions are satisfied, we say that m is stationary on its image.

Proof. Given a matrix model 7 : C(G) — Mg (C(T)) as in the statement, we can factorize
it via its Hopf image, as in Definition 12.6 above:

71 C(G) — C(H) — Mwx(C(T))

Now observe that the conditions (1,2,3) in the statement depend only on the factorized
representation v : C(H) — Mg(C(T)). Thus, we can assume in practice that we have
G = H, which means that we can assume that 7 is inner faithful.

With this assumption made, the general integration formula from Theorem 12.8 applies
to our situation, and the proof of the equivalences goes as follows:

(1) = (2) This is clear from definitions, because the Haar integration on any compact
quantum group satisfies the idempotent equation ¥ * 1) = 1.

(2) = (1) Assuming ¢ *x ¢ = 1), we have ¢*" = 1) for any r € N, and Theorem 12.8
gives [ ¢ = ¥ By using now Theorem 12.3, we obtain the result.

In order to establish now (2) <= (3), we use the following elementary formula, which
comes from the definition of the convolution operation:

W, ) = (i

(2) = (3) Assuming ) * ¢ = 1, by using the above formula at r = 1,2 we obtain
that the matrices T, and T2 have the same coefficients, and so they are equal.

(3) = (2) Assuming T? = T, by using the above formula at 7 = 1,2 we obtain that

the linear forms v and v % v coincide on any product of coefficients uS! u;”. . Now

131 " Tipdp”
since these coefficients span a dense subalgebra of C'(G), this gives the result. g

As a conclusion, we have now a purely computational criterion for verifying the station-
arity property, which is potentially quite powerful. As a first illustration, we will apply
this criterion to certain models for the quantum groups O%, Ux. We first have:
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Proposition 12.10. We have a matriz model as follows,

C(Ox) = My(C(Uy)) “ij%(goij Uéj)

where v is the fundamental corepresentation of C(Uy), as well as a model as follows,

CUL) = Mo(C(Un x Uy)) gy — ( 0 )

Wi 0
where v, w are the fundamental corepresentations of the two copies of C(Uy).

Proof. 1t is routine to check that the matrices on the right are indeed biunitaries, and
since the first matrix is also self-adjoint, we obtain in this way models as follows:

C(O}) = Mx(C(Uy)) . C(UX) = My(C(Uy x Uy))

Regarding now the half-commutation relations, this comes from something general,
regarding the antidiagonal 2 x 2 matrices. Consider indeed matrices as follows:

0 ZT;
h= (y 0)

We have then the following computation:

0 x; 0 z; 0 z 0 TiYi Tk
XZXX = J — J
ek (?/z 0) (yj 0) (yk 0) <yz‘xjyk 0 >

Since this quantity is symmetric in 4, k, we obtain X;X;X; = X, X,;X;. Thus, the
antidiagonal 2 x 2 matrices half-commute, and so our models factorize as claimed. U

We can now formulate our first concrete modelling theorem, as folllows:
Theorem 12.11. The above antidiagonal models, namely
C(Oy) = My(C(Uy)) . C(Uy) = Ma(C(Un x Un))
are both stationary.

Proof. Let us first discuss the case of O}. We will use the stationarity criterion in Theorem
12.9 (3) above. Since the fundamental representation is self-adjoint, the various matrices
T, with e € {1,*}? are all equal. We denote this common matrix by 7.

According to the definition of T}, this matrix is given by:

— 0 Vi 0 Vipjp
s Gy V1 G DS O )
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Since when multipliying an odd number of antidiagonal matrices we obtain an atidiag-
onal matrix, we have 7, = 0 for p odd. Also, when p is even, we have:

(Tp)““'ZPJl“-JP <tr “ /H) < 0 ﬁiljl - 'Uipjp>
1 — _
= 5 Uiljl cee Uipjp + Uiljl e Uipjp
H H

== Re(viljl R Q_Jipjp>
H

We have T} = T, = 0 when p is odd, so we are left with proving that we have 1.} = T,
when p is even. For this purpose, we use the following formula:

Re(a)Re(y) = 5 (Re(xy) + Re(x7)

By using this identity for each of the terms which appear in the product, and multi-
index notations in order to simplify the writing, we obtain:

(Tp2)ij = Z (Tp)invciper ey (L) v by it
k1...kp
— / Z Re(viyk, - - Uik, ) Re(wWyyj, - . - Wy, ) dvdw
HJIH g,
1 L _ _
= 5 / / Z Re(vilkl wkljl Tt Uipkpwkpjp) + Re(vilklwkljl tee Uipkpwkpjp)dvdw
HJH kl...k}p

_ % /H [ Re((ww)uy, - (0),5) + Rel(vi)as . (0], )i

Now since vw € H is uniformly distributed when v,w € H are uniformly distributed,
the quantity on the left integrates up to (7},);;. Also, since H is conjugation-stable, w € H
is uniformly distributed when w € H is uniformly distributed, so the quantity on the right
integrates up to the same quantity, namely (7},);;. Thus, we have:

(T3)ij = %((Tp)zj + (Tp)z‘j> = (T})ij

Summarizing, we have obtained that for any p, the condition Tg =T, is satisfied. Thus
Theorem 12.9 applies, and shows that our model is stationary, as claimed.
As for the proof of the stationarity for the model for Uy, this is similar. See [21]. O

Summarizing, our notion of stationarity, and the various tools that we developed here,
have some non-trivial applications. We should mention the Theorem 12.11 has many
extensions, to more general half-classical quantum groups, or manifolds, and involving
higher versions of the relations abc = cba as well. We refer here to [14], [21], [43], [44].
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Following [31], let us discuss now some more subtle examples of stationary models,
related to the Pauli matrices, and Weyl matrices, and physics. We first have:

Definition 12.12. Given a finite abelian group H, the associated Weyl matrices are
Wia ey =< 1,0 > eqpyp
where i € H, a,b € PA[, and where (1,b) —< i,b > is the Fourier coupling H X H—T.

As a basic example, consider the cyclic group H = Zs = {0,1}. Here the Fourier
coupling is given by < i,b >= (—1)%, and so the Weyl matrices act via Wy : e, — e,
Wio s ey — (—1)%ey, Wiy ey — (—=1)Pepq1, Wor : €5 — €pp1. Thus, we have:

1 0 1 0 0 —1 01
WOO:(O 1) 7W10:<0 _1) 7W11:<1 0) JW()I:(l O)

We recognize here, up to some multiplicative factors, the four Pauli matrices.
Now back to the general case, we have the following well-known result:

Proposition 12.13. The Weyl matrices are unitaries, and satisfy:
(1) Wi =<i,a>W_; _,.
(2) WiaWi, =< 0,0 > Wigjass.

(3) Wme—<] ib>Wijap.

(4) WrWi, =<i,a—b>W;_;p_,.

Proof. The unitary follows from (3,4), and the rest of the proof goes as follows:
(1) We have indeed the following computation:

*
W;;l = (Z < 1, b > Ea+b,b) = Z < —1, b > Eb,a—i—b
b b
= Y <—ib—a>E.=<ia>W,_,
b

(2) Here the verification goes as follows:

WiaWsp = (Z <i,b+d> Ea+b+d,b+d) (Z <J,d> Eb+d,d>
d d
= Z <i,b><i+j,d> FEoypraa =< t,0 > Wigjamp

(3,4) By combining the above two formulae, we obtain:
Wi W3 = <j,b>Wi W 4 =<j,b><i,~b>W; .
WiWi = <t,a>W_, _ Wiy =<i,a><—1,b>W,;_;,_,

But this gives the formulae in the statement, and we are done. O
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~

Observe that, with n = |H|, we can use an isomorphism [?(H) ~ C" as to view each
Wi, as a usual matrix, W;, € M, (C), and hence as a usual unitary, W;, € U,,.

Given a vector £, we denote by Proj(£) the orthogonal projection onto C&.

Now let N = n? and consider Wang’s quantum permutation algebra C(S};), with
standard generators denoted wjq j5, using double indices. We have:

Proposition 12.14. Given a closed subgroup E C U,, we have a representation
7 C(SY) = Mn(C(E)) ¢ Wiajp — [U — Proj(W;, U )]

where n = |H|, N = n?, and where W;, are the Weyl matrices associated to H.

Proof. The Weyl matrices being given by W;, : e, =< i,b > €414, we have:

1 if (i,a) = (0,0)

0 if (i,a) # (0,0)

Together with the formulae in Proposition 12.13, this shows that the Weyl matrices
are pairwise orthogonal with respect to the scalar product < x,y >= tr(z*y) on M,(C).
Thus, these matrices form an orthogonal basis of M,,(C), consisting of unitaries:

tT‘(WZ):{

W = {W

z‘eH,aefl}

Thus, each row and each column of the matrix &, j, = Wi U Wfb is an orthogonal basis
of M,,(C), and so the corresponding projections form a magic unitary, as claimed. O

We will need the following well-known result:
Proposition 12.15. With T' = Proj(x;) ... Proj(z,) and ||z;|| = 1 we have
<{Tn>=<& o ><x1,2 > ... < Tp_1,Tp >< Tp, N >
for any &, n. In particular, Tr(T) =< x1,23 >< To,T3 > ... < Tp, T1 >.
Proof. For ||z|| = 1 we have Proj(z)n =z < x,n >, and this gives:

Tn = Proj(x)...Proj(x,)n
= Proj(z1)... Proj(zp,—1)z, < x,,n >
= Proj(z1) ... Proj(zp_o)Tp—o < Tp_1,x, >< Tp,n >

= T3 <Z1,T2 > ... < Tp_1,Tp >< Tp, 7] >

Now by taking the scalar product with &, this gives the first assertion. As for the second
assertion, this follows from the first assertion, by summing over £ = n = e;. g

Now back to the Weyl matrix models, let us first compute 7;,. We have:
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Proposition 12.16. We have the formula
1
(Tp)ia,jb = N <U,0] — Qg > ... < ip,ap—al >< jg,bg —by > ... <j1,b1 —bp >
/EtT<Wi2—i1,a2—a1 UVle—jz,bl—bz U*) . 'tT(Wil_ipaal_ap UI/I/jp_jlubp_bl U*)dU

with all the indices varying in a cyclic way.

Proof. By using the trace formula in Proposition 12.15 above, we obtain:

(T))iasy = (tr@ /E ) (ij(mlalUW;;bl)...ij(WiP%UW;;bp)>

1
= N/E < ‘/I/i1a1U ;lprVizaQU ;;b2 > < m UWJpr7m1a1U S U

pap Jib1

In order to compute now the scalar products, observe that we have:
< Wi UW3h, Wi UWig > = tr(WaU Wi Wi UWp)
= tr(WWilUWgWU”)
= <i,a—c>< l, d—>b> tT(Wk_LC_aUVVj_l’b_dU*)
By plugging these quantities into the formula of 7},, we obtain the result. U

Consider now the Weyl group W = {W;,} C U, that we already met in the proof of
Proposition 12.14 above. We have the following result, from [31]:

Theorem 12.17. For any compact group W C E C U, the model
mh : C(SY) = Mn(C(E)) @ Wigge — [U — Proj(Wi,UW},)]
constructed above is stationary on its image.

Proof. We must prove that we have 7’ pz =T,. We have:

(TpZ)ia,jb = Z(Tp>ia,kc(Tp)kc,jb

kc
1 , .
= mz<zl,a1—a2>...<zp,ap—a1><l{:2,cz—cl>...<k1,cl—cp>
ke
<k’1,01—C2>...<]€p,Cp—C1><j2,b2—bl>...<j1,b1—bp>

/ tT(WiQ—il,az—tn UWkJ1—]€2,Cl—CQ U*) .. ~tT(Wil—z‘p,al—apUWkp—k:hcp—cl U*)dU
E

/ tT’(WkQ,kLQ,Cl Vm1,j2’b1,b2v*) . tT<Wk1fkp,c1fchijfj1,bpfb1 V*)dV
E
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By rearranging the terms, this formula becomes:

1

//Z<k1—k2,61—02>...<k’p—l€1,cp—01>
EJE .

tT(VViz—ihaz—m UWk1—/€2,C1—02 U*)tT(Wk2_k’1702_Cl VVVJ'1—J'2,b1—b2 V*)

— < 11,61 — Qg > . <ip,ap—a1 ><j2,b2—b1 > ... <j1,b1—bp>

Zf?"(Wil —ip,a1—ap UWkp,thp,Cl U*)tr(Wklfkp,cl *CpVij*jl,bp*bl V*)dUdV

Let us denote by I the above double integral. By using Wy, =< k,c > W_; _. for each
of the couplings, and by moving as well all the U* variables to the left, we obtain:

] = /E /E Z tT(U* m2—i1,a2—a1 UWk1—k‘2,01—cz)tT(ng_k%cl e VVle b1—bo V*)
tr(U*Wil_i”’al —ap UWkZ’_kl »Cp—C1 )tr(Wl:p*h ,Cp—C1 ijp_jl ,bp—b1 V*)dUdV

In order to perform now the sums, we use the following formula:

1
tT(Ach)tT(W]:cB) = N Z Aqr(ch)rq<W]:c)stBts

qrst
1
= N ZAqr < k‘,q > 5r—q,c < k, —85 > (St—s,ths
qrst
1
= N Z < k, q— s> Aq,q+ch+c,s
qs

If we denote by A,, B, the variables which appear in the formula of I, we have:

I = Np//EZ<k’1 ko,qr —s1> ... <ky,—ki,q —

kcqs

Al ql,q1+cl co Bl)s1+c1 —C2,81 * * * (A )qp,qurcp c1 (Bp)sercpchsp

= NP// <k, —s1—qpt+sp,>...<kpqp—5p— Qp_1+ Sp_1 >
E kecqs
(Al)Q1,Q1+61762 (Bl)sl+01*02751 s (AP>QP7(1P+C;D*CI (BP>Sp+Cp701,Sp
Now observe that we can perform the sums over ki, ...,k,. We obtain in this way a
multiplicative factor n?, along with the condition ¢; — s1 = ... = ¢, — s,. Thus we must

have ¢, = s, + a for a certain a, and the above formula becomes:

/ / Z Al S1+a s1+c1— 62+a(Bl)S1+C1 —C2,81 " - (Ap)sp+a,sp+cp—C1+a(Bp)sp-i-cp—chsp

csa
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Consider now the variables r, = ¢, — c;11, which altogether range over the set Z of
multi-indices having sum 0. By replacing the sum over ¢, with the sum over r,, which
creates a multiplicative n factor, we obtain the following formula:

= np—1 / / ZZ Al 81+a 31+r1+a(Bl>81+r1,81 s (Ap>sp+a,sp+rp+a(Bp)sp+rp,sp

reZ sa

Since for an arbitrary multi-index r we have 521 70 = %ZZ <i,r1 > ... < 14,1y >, We
can replace the sum over r € Z by a full sum, as follows:

/ / Z < Z 1 > )sl+a,sl+r1+a(Bl)SHrTi,Si

rsia

< i7rp > (Ap)sp—&-msp—i-rp—&-a(Bp>sp+rp,sp

In order to “absorb” now the indices 7, a, we can use the following formula:

WiZAWia = (Z < i; —b > Eb,a+b> (Z Ea+b,a+cAa+b,a+c> (Z < i; c> Ea+c,c>
b be c

= Z < i, c—b> EbcAa+b,a+C

be
Thus we have (W AW;4)pe =< i,¢ — b > Agipate, and our formula becomes:

I = / / Z W* Al ia sl s1+71 <B1>si+r1 S§1 + - (W;Apm/ia)sp,sp+rp (Bp)sp+rp,sp

_ / / Ztr(WQZAiV%Bl) ...... tr(W;,A,WiaB,)
EJE
Now by replacing A,, B, with their respective values, we obtain:

//Zt’l" W*U* lQ i1,a0— alUM/ZaVW71 —J2,b1— bzv)

tr(WoU Wi —ipar—a, UWid VW, 5 -6, V) dU AV
By moving the W U™ variables at right, we obtain, with S;, = UW,;,V:

Z//tr<Wi2—i1,az—aiSiawjl—j%bi—b?s;a)
ia YEJE

tT(Wilfip,alfapSiaW]p —j1,bp—b1 m)dUdV

Now since S, is Haar distributed when U,V are Haar distributed, we obtain:

I = N/ / tT,(With,agfalUlesz,blszU*) Ce tr<Wi171p,a17apUVVjp —j1,bp—b1 U*)dU
EJE
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But this is exactly N times the integral in the formula of (7},);4 s, from Proposition
12.16 above. Since the N factor cancels with one of the two N factors that we found in
the beginning of the proof, when first computing (T]f)m’jb, we are done. O

As an illustration for the above result, going back to [22], we have:

Theorem 12.18. We have a stationary matriz model
m: CO(Sy) C My(C(SUs))
given on the standard coordinates by the formula
m(u;j) = [ = Proj(c;xc;)]
where x € SUs,, and cq, ca, c3, ¢4 are the Pauli matrices.

Proof. As already explained in the comments following Definition 12.12, the Pauli matrices
appear as particular cases of the Weyl matrices. By working out the details, we conclude
that Theorem 12.17 produces in this case the model in the statement. O

Observe that, since the matrix Proj(c;zc;) depends only on the image of x in the
quotient SU, — SO3, we can replace the model space SU; by the smaller space SOs,
if we want to. This is something that can be used in conjuction with the isomorphism
Sy ~ SOz' from section 7 above, and as explained in [11], our model becomes in this
way something quite conceptual, algebrically speaking, as follows:

m:C(SOz") € My(C(SO3))

As a somewhat philosophical conclusion, to this and to some previous findings as well,
no matter what we do, we always end up getting back to SUsy, SO3. Thus, we are probably
doing some physics here. This is indeed the case, the above computations being closely
related to the standard computations for the Ising and Potts models. The general relation,
however, between quantum permutations and lattice models, is not axiomatixed yet.

Getting back now to mathematical questions, we have seen so far only examples of
stationary models. Going beyond stationarity is a difficult task, and among the results
here, let us mention the universal modelling questions for quantum permutations and
quantum reflections [31], [45], various results on the flat models for the discrete groups
[19], [28], questions regarding the Hadamard matrix models [12], [18], and the related fine
analytic study on the compact and discrete quantum groups [46], [60], [84], [85].

In what follows we will only discuss the Hadamard models, which are of particular
importance. Let us start with the following well-known definition:

Definition 12.19. A complex Hadamard matriz is a square matriz
H e MN(C)

whose entries are on the unit circle, and whose rows are pairwise orthogonal.
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Observe that the orthogonality condition tells us that the rescaled matrix U = H/vV N
must be unitary. Thus, these matrices form a real algebraic manifold, given by:

Xy = My(T) NV NUy
The basic example is the Fourier matrix, Fiy = (w"”) with w = ¢*™/N. More generally,
we have as example the Fourier coupling of any finite abelian group G, regarded via the

isomorphism G ~ G as a square matrix, Fg € Mg(C):

o =<1, > ieG,je@

Observe that for the cyclic group G = Zy we obtain in this way the above standard
Fourier matrix Fly. In general, we obtain a tensor product of Fourier matrices Fly.

There are many other examples of Hadamard matrices, some being elementary, some
other fairly exotic, appearing in various branches of mathematics and physics. The idea
is that the complex Hadamard matrices can be though of as being “generalized Fourier
matrices”, and this is where the interest in these matrices comes from. See [81].

In relation with the quantum groups, the starting observation is as follows:

Proposition 12.20. If H € My(C) is Hadamard, the rank one projections

H;
Piy; = Proj (F)
J

where Hy, ..., Hy € TV are the rows of H, form a magic unitary.
Proof. This is clear, the verification for the rows being as follows:

H; H; Hy Hp Hpy
—, T = . = _— N(S
<Hj Hk> Xl: Hy Hy Zl: Hy 7k

J

The verification for the columns is similar. O

We can proceed now in the same way as we did with the Weyl matrices, namely by
constructing a model of C'(S};), and performing the Hopf image construction:

Definition 12.21. To any Hadamard matric H € My(C) we associate the quantum
permutation group G C S} given by the fact that C(G) is the Hopf image of

m:C(S%) = My(C) , wy — Proj <%>
J

where Hy,...,Hy € TV are the rows of H.

Summarizing, we have a construction H — (G, and our claim is that this construction
is something really useful, with G encoding the combinatorics of H. To be more precise,
our claim is that “H can be thought of as being a kind of Fourier matrix for G”.
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This is of course quite interesting, philosophically speaking. There are several results
supporting this, with the main evidence coming from the following result, which collects
the basic known results regarding the construction:

Theorem 12.22. The construction H — G has the following properties:

(1) For a Fourier matrix H = Fg we obtain the group G itself, acting on itself.
(2) For H € {Fg}, the quantum group G is not classical, nor a group dual.
(3) For a tensor product H = H' ® H" we obtain a product, G = G" x G".

Proof. All this material is standard, and elementary, as follows:

(1) In the cyclic group case, H = Fl, all the objects involved in the construction
H — G have an obvious cyclic structure, and we obtain from this G = Zy. We can pass
then to the general case by using (3), whose proof is independent of this.

(2) This is something more tricky, needing some general study of the representations
whose Hopf images are commutative, or cocommutative. For details here, along with a
number of supplementary facts on the construction H — G, we refer to [18].

(3) This is elementary, the idea being that the tensor products of matrix models are
matrix models, and that at the level of corresponding Hopf images, under suitable as-
sumptions, the compatibility holds as well. Once again, we refer here to [18]. U

Going beyond the above result is an interesting question, and we refer here to [13], and
to follow-up papers. There are several computations available here, for the most regarding
the deformations of the Fourier models. We believe that the unification of all this with
the Weyl matrix models is a very good question, related to many interesting things.
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