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ABSTRACT. This is an introduction to quantum algebra, from a geometric perspective.
The classical spaces X, such as the Lie groups, homogeneous spaces, or more general
manifolds, are described by various algebras A, defined over various fields F. These
algebras A satisfy a commutativity type condition, and the general idea is that of lifting
this condition, and calling quantum spaces the underlying space-like objects X. One
problem comes from the fact that different fields F' lead, via different algebras A, to
different classes of quantum spaces X. Our aim here is to identify and put at the center
of the presentation those quantum spaces X which do not depend on the choice of F'.



Preface

The classical spaces X, such as the Lie groups, homogeneous spaces, or more general
manifolds, are described by various algebras A, defined over various fields F'. These
algebras A typically satisfy a commutativity type condition, such as fg = ¢gf when A
is a usual algebra of functions, and the idea of quantum algebra is that of lifting this
commutativity condition, and calling quantum spaces the underlying space-like objects
X. With the hope that these quantum spaces X can be useful in physics.

When performed without further axioms, and precise physics motivations in mind,
this procedure can turn into something dangerous, leading to a considerable amount of
quantum spaces X. Which can be bewildering even for professionals, and with the first
victims being of course the beginners, who quickly get lost in the quantum jungle.

In short, quantum algebra is a wide discipline. There are many ways of getting intro-
duced to it, and books dedicated to this, with each book being based of course on some
sort of philosophy, usually coming from authors’ own research work and interests. The
present book is one such introduction, our main philosophy being as follows:

(1) Quantum groups come before quantum spaces. The point indeed is that quantum
groups G are far easier to construct and study than quantum spaces X, via all sorts of
algebras associated to them, such as function algebras, Lie algebras, Brauer algebras, pla-
nar algebras, and so on. As for the quantum spaces X, these can safely come afterwards,
first in the form of quotient spaces X = GG/H, and then in more general forms.

(2) Quantum groups are quantum versions of classical groups. This is something
more subtle, the idea being that a quantum group, when constructed in the most general
framework, that of the Hopf algebras, can be related or not to a classical group G. Our
policy here will be that of calling quantum groups the beasts of type G*, with G being a
classical group, and with x standing for a liberation and twisting operation.

(3) The main quantum groups and spaces are the absolute ones. Again, this is some-
thing subtle, coming from the fact that, in the general context of quantum algebra, dif-
ferent fields F' lead, via different algebras A, to different classes of quantum spaces X. In
view of this, we will center our presentation on the quantum spaces X which are absolute,
in the sense that they do not depend on the choice of the ground field F'.
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4 PREFACE

In addition to this, although we will be certainly committed to algebraic aspects, we
will be interested in analysis too, by doing some whenever the conditions permit. Finally,
regarding physics, we will be mainly mathematical here, but with the hope that “the best
quantum spaces should lead to the best quantum physics”. And with best for us meaning
absolute in the above sense. Time will tell if this is right or wrong.

The book is organized in four parts, as follows:

Part I - General introduction to Hopf algebras, which in quantum space terms means
general introduction to quantum group type objects GG, without further axioms.

Part II - Preliminary look at what can be the quantum groups, with a study, in Hopf
algebra terms, of the quantum symmetry groups of various basic objects.

Part IIT - Introduction to quantum groups, with a quantum group being for us, as
explained above, something of type G*, related to a classical group G.

Part IV - Introduction to quantum spaces, starting with basic quotient spaces of type
X = G/H, followed by more general types of quantum algebraic manifolds.

This book, while being independent and readable as such, completes my series of
quantum group books [5], [6], [7], in a somewhat circular way. To be more precise, in
case you like the material at the end, which is certainly quite specialized, and want to
know more about that, my previous books [5], [6], [7] are here for that.

The book contains, besides the basics of quantum algebra, some recent contributions
as well, and I would like to thank Julien Bichon, Benoit Collins, Steve Curran and the
others, for our joint work. Many thanks go as well to Nicolas Andruskiewitsch and Sonia
Natale, for a number of useful algebraic discussions. Finally, it is a pleasure to thank my
cats (meow) for precious help in the preparation of the present book.

Cergy, July 2025
Teo Banica
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Part 1

Hopf algebras



Nu-mi lua wubirea daca pleci
Mai lasa-ma sa cred in ea
In noptile pustii si rect
Sa-mi mai inchipui ca-i a mea



CHAPTER 1

Hopf algebras

la. Hopf algebras

The classical spaces X, such as the Lie groups, homogeneous spaces, or more general
manifolds, are described by various algebras A, defined over various fields F. These
algebras A typically satisfy a commutativity type condition, such as fg = ¢gf when A
is a usual algebra of functions, and the idea of quantum algebra is that of lifting this
commutativity condition, and calling quantum spaces the underlying space-like objects
X. With the hope that these quantum spaces X can be useful in physics.

In this chapter we start developing quantum algebra, with some inspiration from
classical group theory. We would like to develop a theory of suitable algebras A, which
are not necessarily commutative, corresponding to quantum groups G.

In what regards the classical constructions G — A that we have in mind, in view of
a noncommutative extension, there are three of them, all well-known and widely used in
group theory, which can be informally described, modulo several details, as follows:

Fact 1.1. A group G can be typically described by several algebras:

(1) We have the algebra F(G) of functions f : G — F, with the usual, pointwise
product of functions. This algebra is commutative, fg = gf.

(2) We have the algebra F|G] of functions f : G — F, with the convolution product
of functions. This algebra is commutative when G is abelian.

(3) We have the algebra Ug generated by the functions f : G — F infinitesimally
defined around 1. This algebra is commutative when G is abelian.

As already mentioned, this is something quite informal, just meant to help us in order
to start this book, and do not worry, we will come back to this later, with details. At the
present stage of things, the comments to be made on this are as follows:

(1) The construction there is something quite simple and solid, and makes sense as
stated, with the remark however that when G is a topological group, things get more
complicated, because we can further ask for the functions f : G — F' that we use to be
continuous, or even smooth, or vanishing at oo, or be measurable, and so on, leading to
several interesting versions of F'(G). Also, the recovery of G from the algebra F(G), or
one of its versions, when G is topological, is usually a non-trivial question.

11



12 1. HOPF ALGEBRAS

(2) In what regards the construction there, pretty much the same comments apply,
the point being that when G is a topological group, things get more complicated, again
leading to several interesting versions of the algebra F'[G], and with the recovery of the
group G itself, out of these algebras, being usually a non-trivial question. We will be back
to all this later, with details, and in the meantime, you can simply consider, by using
Dirac masses, that F[G] is the formal span of the group elements g € G.

(3) What we said there is definitely informal, the idea being that, when G is a Lie
group, we can consider its tangent space at the origin, or Lie algebra g = T (G), consisting
of the functions f : G — F infinitesimally defined around 1, and then the corresponding
enveloping Lie algebra Ug, with product such that the Lie bracket is given by [z,y] =
xy — yx. All this is quite non-trivial, notably with a discussion in relation with the field
F being needed, but do not worry, we will come back to it, with details.

Looking now at our list (1,2,3) above, it looks like (1) is the simplest construction,
and the most adapted to our noncommutative goals, followed by (2), followed by (3). So,
let us formulate the following goal, for the theory that we want to develop:

GoOAL 1.2. We want to develop a theory of associative algebras A over a given field
F, with some extra structure, as follows:

(1) As main and motivating examples, we want to have the algebras F(G).
(2) We also want our theory to include, later, the algebras F[G] and Ug.
(3) And we also want, later, to discuss what happens when G is topological.

Needless to say, this goal is formulated quite informally, but this is just a goal, and if
at this point you can see right away a complete and rigorous theory doing the job, that
would be of course very welcome, and I will look myself for something else to do.

Getting started now, we would first like to have a look at the algebras F(G) that we
want to generalize. But before that, let us have a closer look at the groups G themselves,
with algebraic motivations in mind, in relation with the algebras F/(G). As our first result
in this book, we have the following frightening reformulation of the group axioms:

PROPOSITION 1.3. A group is a set G with operations as follows,
m:GxG—-G , u:A{}—->G , i:G->G
which are subject to the following azioms, with 6(g) = (g,9):
m(m X id) = m(id X m)
m(u X id) = m(id X u) = id
m(i x id)6 = m(id x i)0 =1

In addition, the inverse map i satisfies i> = id.
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PROOF. Our claim is that the formulae in the statement correspond to the axioms
satisfied by the multiplication, unit and inverse map of G, given by:

m(g,h) =gh , u(.)=1 , i(g) = g !
Indeed, let us start with the group axioms for GG, which are as follows:
(gh)k = g(hk)
lg=gl=yg
g lg=g9 ' =1
With 6(g) = (g,9) being as in the statement, these group axioms read:
m(m x id)(g, h, k) = m(id x m)(g, h, k)
m(u x id)(g) = m(id x u)(g) = g
m(i x id)d(g) = m(id x i)6(g) = 1
Now since these must hold for any g, h, k, they are equivalent, as claimed, to:
m(m x id) = m(id x m)
m(u X id) = m(id X u) = id
m(i x id)d = m(id x i)0 =1
As for i? = id, this is something which holds too, coming from (¢~!)~! = 1:
(gH'=1 = i*(g) =g <= i*=1id
Thus, we are led to the various conclusions in the statement. ]

The above result does not look very healthy, and might make Sophus Lie, Felix Klein
and the others turn in their graves, but for our purposes here, this is exactly what we
need. Indeed, turning now to the algebra F'(G), we have the following result:

THEOREM 1.4. Given a finite group G, the functional transposes of the structural
maps m,u,t, called comultiplication, counit and antipode, are as follows,

A:A—-ARA |, e:A—-F |, S:A—-A
with A = F(Q) being the algebra of functions ¢ : G — F. The group azioms read:
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
m(S ®id)A = m(id ® S)A =¢(.)1
In addition, the square of the antipode is the identity, S* = id.
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PRroOOF. This is something which is clear from Proposition 1.3, and from the properties
of the functional transpose, with no computations needed. However, since the formalism
of the functional transpose might be new to you, here is a detailed proof:

(1) Let us first recall that, given a map between two sets f : X — Y, its functional
transpose is the morphism of algebras f*: F(Y) — F(X) given by:

f'le) = [z = o(f(2))]

To be more precise, this map f* is indeed well-defined, and the fact that we obtain in
this way a morphism of algebras is clear. Indeed, for the addition, we have:

flle+d) = [z = (e +¥)(f(2)]
= [z = (p(f(2)) + ¢ (f(2)))]
= |z = (p(f(@)] + [z = »(f(2))]
= flle)+f(¥)

As for the multiplication, the verification here is similar, as follows:

o) = [z = (ed)(f(2))]

= [z = (p(f(2)y(f(z)))]

= [z = (e(f(2))] - [z = ¢(f(2))]
= [ ' (@)

(2) Observe now that the operation f — f* is by definition contravariant, in the sense
that it reverses the direction of the arrows. Also, we have the following formula:

(f9)' =g'f'
In order to check this, consider indeed two composable maps, as follows:
g: X—=>Y | f:Y—=>Z
The transpose of the composed map fg: X — Z is then given by:

(f9)'(e) = [z —= o(fg(@))]
= [z = (¢f)(9(x))]
= [z = (f'(9)(9(x))]
= ¢'f'(¢)
Thus, we have indeed (fg)! = ¢'f*, as claimed above. It is of course possible to use
this iteratively, with the general formula, that we will often use, being as follows:
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(3) As a second piece of preliminaries, we will need a bit of tensor product calculus
too. In case you are familiar with this, say from physics classes, that is good news, and
if not, here is a crash course on this. Let us start with something familiar, namely:

FM+N — FM D FN
As a consequence of this, that my students quite often tend to forget, we have:
And so, question for us now, what can be the new, mysterious operation ®, which is
definitely not the direct sum @, making the following formula work:

(4) In answer, let us look at the standard bases of these three vector spaces. We can
denote by {fi,..., far} the standard basis of F* and by {gi,..., gy} the standard basis
of FN. As for the space FM¥ on the left, here you would probably say to use the notation

{e1,...,enmn}, but I have here something better, namely {ej1,...,enn}, by using double
indices. And, with this trick, the solution of our problem becomes clear, namely:
€ia = fz & Ga

Thus, as a conclusion, given two vector spaces with bases {f;} and {g,}, we can talk
about their tensor product, as being the vector space with basis { f; ® g,}. And with this,
we have the following formula, answering the question raised above:

(5) As a continuation of this, in the case where our vector spaces are algebras A, B,
their tensor product A ® B is an algebra too, with multiplication as follows:
(a®b)(d @) =ad @bV
Indeed, the algebra axioms are easily seen to be satisfied. And as a verification here,
the above identification FMN = FM & FV is indeed an algebra morphism, due to:
ity = (i ®3ga)(fj © gp)
= [ifj ® gagv
= 5z]fl ® (Sabga
= 5ia,jbfi ® Ga
= 5ia,jbeia
(6) Moving ahead, still in relation with tensor products, we can say, more abstractly,
that given two finite sets X,Y, we have an isomorphism of algebras as follows:

F(XxY)=F(X)®F(Y)
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To be more precise, we have a morphism from right to left, constructed as follows:

Y = [(7,y) = ¢()Y(y)]

Now since this morphism is injective, and since the dimensions of the domain and
range match, both being equal to | X| - |Y|, this morphism is an isomorphism.

(7) In what follows, the above formula from (6) will be what we will mostly need, in
relation with the tensor products. As a last comment here, observe that this is in fact the
formula FMY = FM @ FN that we started with. Indeed, when writing X = {1,..., M}
and Y = {1,..., N}, the above formula from (6) takes the following form:

F{1,.... M} x{1,...,.N}h)=F({L,.... M} ® F({1,...,N})
But this obviously translates into the following formula, as claimed:
And we will end with our preliminaries here. In case all this was not fully clear, may
the Gods of Algebra forgive us, and we recommend on one hand reading about tensor

products from a solid algebra book, such as Lang [67], and on the other hand, doing some
physics computations with tensor products, nothing can replace those either.

(8) Still with me, I hope, and time now to prove our theorem? With the above
ingredients in hand, let us go back indeed to our group theory problems. To start with,
the structural maps m, u, of our group G are maps as follows:

m:GxG—-G , u:{}—->G |, i:G—>G

Thus, with A = F(G) being the algebra of functions ¢ : G — F, their functional
transposes are morphisms of algebras A, e, S as follows:

AASARA , c:AsF |, S:AsA

(9) Regarding now the formulae of these transposed maps, we know that the structural
maps m, u, ¢ of our group G are given by the following formulae:

m(g,h) =gh , u()=1 , i(g)=g"
Thus, the functional transposes A, ¢, .S are given by the following formulae:
Alp) =(g:h) = wlgh)] . elp)=9) , Slp) =9 ¢lg™)]

(10) Regarding the group axioms, we know from Proposition 1.3 that in terms of the
structural maps m, u, i, these are as follows, with d(g) = (g, 9):

m(m x id) = m(id x m)
m(u X id) = m(id X u) = id
m(i x id)d = m(id x )0 = 1
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In terms of the functional transposes A, ¢, S, these axioms read:
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
m(S ®id)A =m(id® S)A =e(.)1
Finally, the formula S? = id comes by transposing i = id. O

Good news, Theorem 1.4 is all we need, or almost, in order to fulfill Goal 1.2 (1).
Indeed, based on what we found above, we can formulate the following definition:

DEFINITION 1.5. A Hopf algebra is an algebra A, with morphisms of algebras
A:A—ARA |, e:A—>F |, S:A— AP
called comultiplication, counit and antipode, satisfying the following conditions:
(A ®id)A = (id @ A)A
(e®id)A = (id®e)A =id
m(S ®id)A =m(id® S)A =¢e(.)1

If the square of the antipode is the identity, S* = id, we say that A is undeformed.
Otherwise, in the case S* # id, we say that A is deformed.

Here everything is standard, based on what we found in Theorem 1.4, we just copied
the formulae there, with a different banner for them, except for two points, namely:

(1) We chose to have the antipode S as being a morphism of algebras S : A — A%P,
instead of being a morphism S : A — A, as Theorem 1.4 might suggest. Indeed, since
the algebra A = F'(G) in Theorem 1.4 is commutative, we have A = A°? in that case, so
we can make this choice. And, we will see in a moment that S : A — AP is indeed the
good choice, with this coming from some further examples, that we want our formalism
to cover, and more specifically, coming from the algebras F[G], from Goal 1.2 (2).

(2) We also chose the antipode S not to be subject to the condition S? = id. However,
this is something debatable, because in the usual group setting i> = id, while formally
not being a group axiom, is something so trivial and familiar, that it is “almost” a group
axiom. We will be back to this issue, on several occasions. In fact, clarifying the relation
between Hopf algebras axiomatized with S? = id, and Hopf algebras axiomatized without
S? = id, will be a main theme of discussion, throughout this book.

Finally, observe also that we chose not to impose any finite dimensionality condition
on our Hopf algebra A, and this in contrast with Theorem 1.4, where the group G there
is finite. Again, this is something subtle, to be discussed more in detail later on.
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1b. Basic examples

There are several basic examples of Hopf algebras, which are all undeformed. We first
have the following result, which provides a good motivation for our theory:

THEOREM 1.6. Given a finite group G, the algebra of the F-valued functions on it,
F(G)={y¢: G — F}, with the usual pointwise product of functions,

(e)(9) = p(g9)¥(g)

1s a Hopf algebra, with comultiplication, counit and antipode as follows:
A(p) = [(g. 1) = ©(gh)]
e(p) = (1)

S(p)=1lg = ¢lg™")]
This Hopf algebra is finite dimensional, commutative, and undeformed.

Proor. This is a reformulation of Theorem 1.4, by taking into account Definition 1.5,
with the remark, already made above, that we have A = A°P? in this case, due to the
commutativity of A = F(G), and with the last assertion being something clear. O

In view of the above result, we can make the following speculation:

SPECULATION 1.7. We can think of any finite dimensional Hopf algebra A as being of
the following form, with G being a finite quantum group:

A=F(G)

That is, we can define the category of finite quantum groups G to be the category of finite
dimensional Hopf algebras A, with the arrows reversed.

Observe that, from the perspective of pure mathematics, all this is not that specu-
latory, because what we said in the end is something categorical and rigorous, perfectly
making sense, and with the category of the usual finite groups G embedding covariantly
into the category of the finite quantum groups G, thanks to Theorem 1.6.

However, still mathematically speaking, there are some bugs with this. One problem
is whether we want to include or not S? = id in our axioms, and in the lack of S? # id
examples, at this stage of things, we are in the dark. Another problem is that, even
when assuming S? = id, nothing guarantees that a finite dimensional commutative Hopf
algebra must be of the form A = F(G), which would be something desirable to have.

As for the perspective brought by applied mathematics, here things are harsher, be-
cause the use of the word “quantum” would normally assume that our notion of Hopf
algebra has something to do with quantum physics, and this is certainly not the case,
now that we are into chapter 1 of the present book. Long way to go here, trust me.

In short, Speculation 1.7 remains a speculation, with our comments on it being:
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COMMENT 1.8. The above A = F(QG) picture is something very useful, definitely worth
to be kept in mind, but we will have to work some more on our axioms for Hopf algebras
A, as for the corresponding objects G to deserve the name “quantum groups”.

Finally, still in connection with all this, axiomatics, we would like if possible the
construction in Theorem 1.6 to cover other groups as well, infinite this time, such as the
discrete ones, or the compact ones, or, ideally, the locally compact ones.

The problem with this, however, is that in the framework of Definition 1.5 this is not
exactly possible, due to the fact that the comultiplication A would have to land in the
algebra F'(G x GG), and for infinite groups G, H, we have:

F(G x H) # F(G) ® F(H)

However, there are several tricks in order to overcome this, either by allowing ® to be
a topological tensor product, or by using Lie algebras. We will be back to this question,
which is not trivial to solve, on several occassions, in what follows.

Moving ahead now, let us say that a Hopf algebra A as axiomatized above is cocom-
mutative if, with X(a ® b) = b ® a being the flip map, we have the following formula:

YA=A

With this notion in hand, we have the following result, providing us with more exam-
ples, and that we will soon see to be “dual” to Theorem 1.6, in a suitable sense:

THEOREM 1.9. Given a group H, which can be finite or not, its group algebra
F[H| = span(H)
is a Hopf algebra, with structural maps given on group elements as follows:
Alg)=g®g , clgg=1 , Slg=g"
This Hopf algebra is cocommutative, and undeformed.
PRroOF. This is something elementary, the idea being as follows:

(1) As a first observation, we can define indeed linear maps A, ¢, S as in the statement,
by linearity, and the maps A, ¢ are obviously morphisms of algebras. As for the antipode
S : A — AP this is a morphism of algebras too, due to the following computation,
crucially using the opposite multiplication (a,b) — a - b on the target algebra:

S(gh) = (gh)™"
— h—lg—l
— g—l . h—l
— S(g)- S(h)
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(2) We have to verify now that A e, S satisfy the axioms in Definition 1.5, and the
verifications here, performed on generators, are as follows:

(A®id)A(g) = (Id®@ A)A(g) =g®g®g
(e®@id)A(g) = (id®@e)Ag) =g

m(S ®id)A(g) = m(id ® S)A(g) =€(g9)l =1

(3) Finally, it is clear from definitions that our Hopf algebra satisfies indeed the co-
commutativity condition YA = A, as well as the condition S? = id. O

The fact that the group H in the above can be infinite comes as good news, and it is
tempting to jump on this, and formulate, in analogy with Speculation 1.7:

SPECULATION 1.10. We can think of any Hopf algebra A as being of the following
form, with H being a quantum group:

A = F[H]

That is, we can define the category of quantum groups H to be the category of Hopf
algebras A.

However, as before with Speculation 1.7, while this being something useful, providing
us with some intuition on what a Hopf algebra is, when looking more in detail at this,
there are countless problems with it, which are both purely mathematical, of algebraic
and analytic nature, and applied mathematical, in relation with quantum physics, which
is certainly something more complicated than what we did in the above.

Be said in passing, observe that, while both Speculation 1.7 and Speculation 1.10
formally make sense, from a pure mathematics perspective, their joint presence does not
make much sense, mathematically, at least with the results that we have so far, because
nothing guarantees that the category of finite quantum groups from Speculation 1.7 is
indeed a subcategory of the category of quantum groups from Speculation 1.10.

Thinking a bit more at all this, we are led into the following question:

QUESTION 1.11. What is the precise relation between Theorems 1.6 and 1.9, in the
finite group case, and can this make peace between Speculations 1.7 and 1.107

And the point now is that, despite its informal look, this question appears to be
well-defined, and quite interesting, and answering it will be our next objective.

For this purpose, we first need to see what happens to Theorem 1.9, when assuming
that the group H there is finite. And here, we have the following statement:
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THEOREM 1.12. Given a finite group H, the algebra of the F-valued functions on it
F[H] ={yp: H— F}, with the convolution product of functions,

(px¥)(g) = Y p(h)(k)
g=hk
15 a Hopf algebra, with structural maps given on Dirac masses as follows:
A(dg) =0,®0, , €(dg) =1 , 5(dg) =g
This Hopf algebra, which coincides with the previous F[H], in the finite group case, is

finite dimensional, cocommutative, and undeformed.

Proor. This is what comes from Theorem 1.9, when the group H there is finite.
Indeed, in this case the vector space F[H| = span(H) from Theorem 1.9 coincides with
the vector space F[H| = {¢ : H — F'} in the statement, with the correspondence being
given on the standard generators g € span(H) by the following formula:

g — 0g

Regarding now the product operation, the product on F[H] = span(H ) from Theorem
1.9 corresponds to the above convolution product on F[H]| = {¢ : H — F'}, because:

(6, %0)(g) = > _ 6,:(h)ds(k)

g=hk
6g,7"8
- 6’/‘8 (g>
Thus 6, * d5 = 0,5, as desired. We conclude that the algebra F[H] from Theorem 1.9
coincides with the algebra F'[H| constructed here, and this gives the result. O

In practice now, the above statement has a weakness, coming from the fact that our
formulae for A, e, S are in terms of the Dirac masses. Here is a better version of it:

THEOREM 1.13. Given a finite group H, the algebra of the F-valued functions on it
F[H] ={y: H — F}, with the convolution product of functions,

(pxv)(9) = > w(h)i(k)
g=hk
is a Hopf algebra, with structural maps constructed as follows:

Alp) = [(g,h) = dgnip(g)]
(o) => ¢lg)

geH
S(p) =g — ¢(g™")]
This Hopf algebra, which coincides with the previous F[H], in the finite group case, is
finite dimensional, cocommutative, and undeformed.
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ProoOF. This is what comes from Theorem 1.12, by linearity. Indeed, according to
our formula of A there, on the Dirac masses, we have:

Alp)(g,h) = A <Z @(’f)%) (g, h)

keH

= Y o(k)A(k)(g, )

keH

= > o(k)(0r @ ) (g, )

keH

= Z ©(k)OrgOrn

keH
= Ognp(9)

Also, according to our formula of € there, on the Dirac masses, we have:

e(p) = 6(29@(9)%)

geH

> 0(9)e(5y)

geH

> elg)

geH

Finally, according to our formula of S there, on the Dirac masses, we have:

S(p)g) = S (Z so(h)5h> (9)

heH

= D w(h)S(@)(9)

heH

= Z@(h)%—l(g)
heH

= (g

Thus, we are led to the conclusions in the statement. U

As a comment here, the proof of the above result relies on Theorem 1.12, which itself
relies on Theorem 1.9, and in this type of situation, when things pile up, it is better to
work out a new, direct proof, matter of doublechecking everything, and also matter of
better understanding what is going on. So, let us do this, as an instructive exercise.
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The problem is that of checking the Hopf algebra axioms directly, starting from the
formulae of A, e,.S from Theorem 1.13, and we have here the following result:

PROPOSITION 1.14. We have the following formulae over the algebra F[H],
(A ®id)A(p) = (id @ A)A(p)
(e @id)Ap) = (id @ ) Ap) = ¢
m(S ®id)A(p) = m(id @ S)A(p) = e(p)1
guaranteeing that F[H| is indeed a Hopf algebra, for any finite group H.

PROOF. As mentioned, we already know this, as a consequence of Theorem 1.13,
coming as consequence of Theorem 1.12, coming itself as consequence of Theorem 1.9,
but time now to prove this directly as well, by using the formulae of A, ¢, S, namely:

Alp) = [(g,h) = dgni(g)]

(@) => ¢lg)

geH

S(p)=1lg— ¢lg™")]
We have to prove the following formulae, for any group elements g, h, k:

(A @id)A(p)(g, h, k) = (id @ A)A(#) (g, h, k)

(e ®id)Ap)(g) = (id®e)A(p)(g9) = ¢(9)
m(S @ id)A(p)(g) = m(id ® S)A(p)(g) = e(p)1

In what regards the first formula, this is clear, because the second iteration A®) of
the comultiplication, no matter how computed, will by given the following formula:

AP (p)(g, h, k) = ,0(9)

Regarding the second formula, this is again clear, because when applying either of the
maps F; = ¢ ®id and Fy = id ® € to the quantity A(p), what we get is:

EA(9)(9) = > p(h) = ¢(g)
g=h

As for the third formula, this is similar, because when applying either of the maps
Ty = m(S ®id) and Ty = m(id ® S) to the quantity A(p), what we get is:

TA(p)(9) = Y p(g)l = £(p)1

geH

Thus, we are led to the conclusions in the statement. U
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1lc. Abelian groups

With the above done, let us try now to understand the relation between the algebras
F(G) from Theorem 1.6, and the algebras F[H] from Theorem 1.12, or Theorem 1.13.

For this purpose, we must first talk about abelian groups, and their duals. And as a
starting point here, we first have the following elementary result:

THEOREM 1.15. Given a finite group G, the multiplicative characters
x:G— F*

form a group @, called dual group, having the following properties:

(1) G is finite and abelian, and depends on both G and F.
(2) G = Gap, where Gy, = G/[G G] is the abelianization of G.
(3)

(4)

N

3
4

We have a morphism G — G producing a morph@sm G ab = G.
The dual of a product is the product of duals, GxH=GxH.

PROOF. Our first claim is that G as constructed above is indeed a group, with the
pointwise multiplication of the characters, given by the following formula:
(xp)(9) = x(9)r(g)

Indeed, if x, p are characters, so is xp, and so the multiplication is well-defined on G.
Regarding the unit, this is the trivial character, constructed as follows:

1:G—F" , g—1
Finally, we have inverses, with the inverse of x : G — F™* being as follows:
G F, g—=x(g)!
Thus the dual group G is indeed a group, and regarding now the other assertions:

(1) We have several things to be proved here, the idea being as follows:

~ Our first claim is that G is finite. Indeed, given a group element g € G, we can talk
about its order, which is smallest integer N € N such that ¢ = 1. Now assuming that
we have a character xy : G — F*, we must have the following formula:

x(g)" =1
Thus x(g) must be one of the N-th roots of unity inside F', that is, must be one of the
roots over F of the polynomial X — 1, and in particular, there are finitely many choices
for x(g). Thus, there are finitely many choices for x, and so G is finite, as claimed.

— Next, the fact that G is abelian follows from definitions, because the pointwise
multiplication of functions, and in particular of characters, is commutative.
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— Finally, the group dual G as constructed above certainly depends on G, but the
point is that it can depend on the ground field F' too. Indeed, for an illustration here,
consider the cyclic group G = Zy. A character x : Zy — F* is then uniquely determined
by its value z = x(g) on the standard generator g € Zy, and this value must satisfy:

N=1
Now over the complex numbers, F' = C, the solutions here are the usual N-th roots
of unity, so we have |Zy| = N. Moreover, by thinking a bit, we have in fact:
Zy =Ty
In contrast, over the real numbers, F' = R, the possible solutions of z¥ = 1 must be
among z = 1, and we conclude that in this case, the dual is given by:

5 {{1} (N odd)

B Zs (N even)

There are of course far more things that can be said here, with all this being related to
the structure of the group of N-th roots of unity inside F', but for our present purposes,
what we have so far, namely the above illustration using F' = R, C, will do.

(2) Let us prove now the second assertion, G = @ab. We recall that given a group G,
its commutator subgroup [G, G| C G is constructed as follows:

G, G = {ghg’lh’l g.he G}

This subgroup is then normal, and we can define the abelianization of G as being:
Guw = G/[G,G]

Now given a character y : G — F*, we have the following formula, for any g, h € G,
based of course on the fact that the multiplicative group F™* is abelian:

X(ghg™th™') =1
Thus, our character factorizes as follows, into a character of the group Gy:
X:G— Gy — F*
Summarizing, we have constructed an identification G = @ab, as claimed.
(3) Regarding now the third afsertion, as a first remark, given a finite group G we

have indeed a morphism I : G — @, appearing via evaluation maps, as follows:

[:G=G , g—x—x9)

Since the group duals, and so the group double duals too, are always abelian, we
cannot expect I to be injective, in general. In fact, due to x(ghg 'h™') = 1, we have:

|G,G]| C ker [
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Thus, the morphism [ : G — G constructed above factorizes as follows:

1:G— Gu— G
And with this, third assertion proved. There are of course some further things that

can be said here, in relation with the factorized morphism G, — G , but the examples in
(1) above, where G itself was abelian, show that, when using an arbitrary field F'; as we
are currently doing, this factorized morphism is not an isomorphism, in general.

(4) Finally, in what regards the fourth assertion, GxH=0Cx10 , observe that a
character of a product of groups x : G x H — F* must satisfy:

x(g:h) = xl(g, (1, h)]
= x(g,1)x(1,h)

= Xic(9)xiu(h)
Thus x must appear as the product of its restrictions x|q, x|z, Which must be both
characters, and this gives the identification in the statement. O

As a conclusion to what we have above, certainly some interesting things, but with

the overall situation being not very good, due to the fact that the group dual G' depends
on the ground field F', and with this preventing many interesting things to happen.

So, good time to temporarily break with our policy so far of using an arbitrary field
F. By choosing our ground field to be the smartest one around, namely F' = C, and by
assuming as well that G is abelian, in view of what we found above, we are led to:

THEOREM 1.16. Given a finite abelian group G, its complex characters
xX:G—T
form a finite abelian group CA;, called Pontrjagin dual, and the following happen:
(1) The dual of a cyclic group is the group itself, Zn = Zn.
(2) The dual of a product is the product of duals, G x H =G x H.
(3) Any product of cyclic groups G = Zy, X ... X Ly, is self-dual, G = G.

Proor. We already know some of these things from Theorem 1.15, but since we are
here simplifying that, the best is to start all over again. We have indeed a finite abelian
group, as stated, and regarding the other assertions, their proof goes as follows:

(1) A character x : Zy — T is uniquely determined by its value z = x(g) on the
standard generator g € Zy. But this value must satisfy:

N =1
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Thus we must have z € Zy, with the cyclic group Zy being regarded this time as
being the group of N-th roots of unity. Now conversely, any N-th root of unity z € Zy
defines a character x : Zy — T, by setting, for any » € N:

x(g") = 2"
Thus we have an identification Z N = Zy, as claimed.
(2) A character of a product of groups x : G x H — T must satisfy:
x(g,h) = x (g, 1)(L, h)] = x(g, 1)x(1, h)

Thus x must appear as the product of its restrictions x|, x|z, which must be both
characters, and this gives the identification in the statement.

(3) This follows from (1) and (2). Alternatively, any character x : G — T is uniquely
determined by its values x(g1),...,x(gx) on the standard generators of Zy,,...,Zn,,

which must belong to Zy,, ..., Zy, C T, and this gives G= G, as claimed. U

Let us discuss now the structure result for the finite abelian groups. This is something
which is more advanced, requiring good knowledge of group theory, as follows:

THEOREM 1.17. The finite abelian groups are the following groups,
GIZNI X .. XZNk
and these groups are all self-dual, G = G.

Proor. This is something quite tricky, the idea being as follows:

(1) In order to prove our result, assume that G is finite and abelian. For any prime
number p € N, let us define GG, C G to be the subset of elements having as order a power
of p. Equivalently, this subset G, C G' can be defined as follows:

G, = {g e G‘Hk eN, g = 1}

(2) It is then routine to check, based on definitions, that each G, is a subgroup. Our
claim now is that we have a direct product decomposition as follows:

G=]]6G
p

(3) Indeed, by using the fact that our group G is abelian, we have a morphism as
follows, with the order of the factors when computing [, g, being irrelevant:

HGp—>G , (gp)—>ng
p P

Moreover, it is routine to check that this morphism is both injective and surjective,
via some simple manipulations, so we have our group decomposition, as in (2).
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(4) Thus, we are left with proving that each component G, decomposes as a product
of cyclic groups, having as orders powers of p, as follows:

Gp:Zpﬁ X...XZprs

But this is something that can be checked by recurrence on |G|, via some routine
computations, and so we are led to the conclusions in the statement.

(5) So, this was for the quick story of the present result, structure theorem for the finite
abelian groups, and for more on all this, technical details, and some useful generalizations
too, we recommend learning this from a solid algebra book, such as Lang [67]. U

Getting back now to the Hopf algebras, we have the following result:

THEOREM 1.18. If G, H are finite abelian groups, dual to each other via Pontrjagin
duality, in the sense that each of them is the character group of the other,

Gz{x:H—>T} , Hz{p:G—ﬂI‘}
we have an identification of Hopf algebras as follows:
F(G) = F[H]

In the case G = H = Zy, this identification is the usual discrete Fourier transform
isomorphism. In general, we obtain a tensor product of such Fourier transforms.

Proor. All this is standard Fourier analysis, the idea being as follows:

(1) In the simplest case, where our groups are G = H = Zy, we have indeed an
identification of algebras as above, which is a Hopf algebra isomorphism, given by the
usual discrete Fourier transform isomorphism, whose matrix with respect to the standard

basis on each side is the following matrix, with w = e?™/" called Fourier matrix:
1 1 1 1
1 w w? wV 1
Fo— |1 w? w? W2(N-1)

(2) In the general case now, we can invoke the stucture theorem for the abelian groups,
which tells us that G must appear as a product of cyclic groups, as follows:

G:ZNl X .. XZNk
Indeed, due to the functorial properties of the Pontrjagin duality, we have as well:

H:Zle--'XZNk
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Thus, we are led to the conclusions in the statement, with the corresponding iso-
morphism of Hopf algebras being obtained by tensoring the isomorphisms from (1), and
corresponding to the following matrix, called generalized Fourier matrix:

Fo=Fyn®...®Fy,

(3) Alternatively, it is possible to be more direct on all this, and short-circuiting
the heavy results, simply by viewing the identification F'(G) = F[H] as appearing by
complexifying the characters from the definition of the dual group, namely:

H:{X:G—>T} or G:{X:H—>T}

Indeed, with this approach, which relies only on the definition of the Pontrjagin dual,
there is no need for the computations for Zy, or for the structure theorem for the finite
abelian groups. Again, we will leave the details here as an instructive exercise. O

As a comment here, we can feel that Theorem 1.18 is related to Fourier analysis, and
this is indeed the case. The point is that we have 3 types of Fourier analysis in life:

(1) We first have the “standard” one, corresponding to G = R, that you probably
know well, and which can be learned from any advanced analysis book.

(2) Then we have another one, called the “Fourier series” one, which is also something
popular and useful, corresponding to G = Z, T, that you probably know well too.

(3) And finally we have the “discrete” one, as above, over G = Zy and other finite
abelian groups. We will be back to this, on several occasions, in this book.
1d. Duality theory

Quite remarkably, the Pontrjagin duality for finite abelian groups can be extended to
the general finite group case, in the context of the Hopf algebras. To be more precise, we
have the following result, which is something truly remarkable, solving many questions,
and which will be our first general theorem on the Hopf algebras:

THEOREM 1.19. Given a finite dimensional Hopf algebra A, its dual space
A = {gp A= F linear}
is also a finite dimensional Hopf algebra, with multiplication and unit as follows,
Al A QA - A, & F — AT
and with comultiplication, counit and antipode as follows:
miAF s AR AT W AT F, ST AT A

This duality makes correspond the commutative algebras to the cocommutative algebras.
Also, this duality makes correspond F(G) to F[G], for any finite group G.
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PROOF. At the first glance, we can only expect here something more complicated than
for Theorem 1.18, that our result generalizes. However, by the power of abstract algebra,
where precise formulations matter a lot, things are in fact quite simple:

(1) To start with, we know that A is a Hopf algebra. Thus, as an associative algebra,
A has a multiplication map m, and a unit map u, which are as follows:

m:AQA—-A ., u:F— A
Also, A has a comultiplication A, counit ¢ and antipode .S, which are as follows:
A:A—-ARA |, e:A—-F , S:A— A%

(2) By taking now the functional transposes of these 5 maps, we obtain 5 other maps,
whose domains and ranges are as in the statement. Moreover, it is routine to check that
these latter 5 maps are all morphisms of algebras, with this being actually clear for all
the maps involved, except for S?, which requires some thinking at opposite algebras.

(3) Regarding now the axioms, since A is, before anything, an associative algebra, its
multiplication and unit maps m, u are subject to the following axioms:

m(m ® id) = m(id @ m)
m(u ® id) = m(id ® u) = id
We also know that A is a Hopf algebra, so the following are satisfied too:
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
m(S ®id)A =m(id @ S)A =e(.)1

(4) The point now is that the collection of the above 8 formulae is “self-dual”, in
the sense that when transposing, we obtain exactly the same 8 formulae. Indeed, the
transposes of the first two formulae are as follows:

(m' ®id)m' = (id @ m")m’
(u' @ id)m" = (id @ u')m' = id
As for the transposes of the last three formulae, these are as follows:
ANA' ®@id) = Al(id @ AY)
A" ®@id) = A'(id ® €') = id
AY(S' @ id)m' = A'(id @ S*)ym' = u'(.)1

But, we recognize here the full axioms for Hopf algebras, including those for associative
algebras. Thus A*, as constructed in the statement, is indeed a Hopf algebra.
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(5) Observe now, as a complement to what is said in the statement, and which is
something that is useful to know, in practice, that the operation A — A* is indeed a
duality, because if we dualize one more time, we obtain A itself:

A=A

(6) Regarding the assertion about commutative and cocommutative algebras, this is
clear from definitions, because we have the following equivalences:

ymt=m' = Ym'(p) =m'(p),Vy
<~ Ym'(p)(a,b) = m'(p)(a,b),Ye, a,b
<  p(ba) = ¢(ab),Vy,a,b
<= ba =ab,Va,b

Indeed, this computation gives the result in one sense, and in the other sense, this
follows either via a similar computation, or just by dualizing, and using (5).

(7) Finally, the last assertion, regarding the group algebras, is clear from definitions
too, after a quick comparison with Theorem 1.6 and Theorem 1.13.

(8) Indeed, the point is that we have dual vector spaces, and the Hopf algebra maps
from Theorem 1.6 are given by the following formulae:

() (9) = ¢(9)1(g)
1=[g—1]
Alp) = [(g9,h) = ¢(gh)]
e(p) = (1)
S(p) =g = ¢(g™)]
(9) As for the Hopf algebra maps from Theorem 1.13, these are as follows:
(px)(g) = > w(h)p(k)
g=hk
1=[g— 591]
Ay ) [(g.h) = 5gh90(9)]
()= ¢l
geH
S(p) =g — ¢(g™")]
Thus, we have indeed a pair of dual Hopf algebras, as stated.

(10) As a last observation, in the case where the finite group G is abelian, we recover in
this way what we know from Theorem 1.18, proved there the hard way. But, as mentioned
there, there are in fact several proofs for that result, with going via the heavy theorems
for the finite abelian groups being something practical, but not really necessary. U
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As a conclusion to this, we can now answer Question 1.11 in the affirmative, by merging
Speculation 1.7 and Speculation 1.10 in the finite case, in the following way:

SPECULATION 1.20. We can think of any finite dimensional Hopf algebra A, not nec-
essarily commutative or cocommutative, as being of the form

A= F(G) = F[H]

with G, H being finite quantum groups, related by a generalized Pontrjagin duality. And
with this generalizing what we know about the abelian groups.

All this is very nice, and we will leave some further categorical thinking and clarifica-
tion of all this, if needed, depending on taste, as an exercise.

As a second comment, despite the above being something nice, and quite deep, the
criticisms formulated on the occasion of Speculation 1.7 and Speculation 1.10 remain.
One problem, as usual, is whether we want to further include the condition S? = id in our
axioms for the quantum groups. Another problem is that, even when assuming S? = id,
nothing guarantees that a finite dimensional commutative Hopf algebra must be of the
form A = F(G). And also, once again when assuming S? = id, nothing guarantees that
a finite dimensional cocommutative Hopf algebra must be of the form A = F[H|. And
finally, we have the big question regarding the relation of all this, mathematics developed
in a few pages, with quantum physics, which is certainly something more complicated.
All these are good problems, and we will be back to them, in what follows.

As a third comment, all the above concerns the finite dimensional case, and when
trying to do such things in the infinite dimensional setting, which must be topological, as
per the usual Pontrjagin duality for infinite groups, there are plenty of difficulties. Again,
these are all good questions, and we will be back to them, later in this book.

le. Exercises

We had a lot of interesting algebra in this chapter, sometimes going towards basic
functional analysis, or differential geometry, and as exercises, we have:

EXERCISE 1.21. Learn everything about tensor products, from a good algebra book.
EXERCISE 1.22. Do as well some physics computations with &, matter of loving it.
EXERCISE 1.23. Clarify all details of the functional transpose operation f — f°.
EXERCISE 1.24. Learn everything about abelian groups, and Pontrjagin duality.
EXERCISE 1.25. Learn about the various types of Fourier transforms and series.
EXERCISE 1.26. Work out all details for the duality theorem for Hopf algebras.

As bonus exercise, learn some functional analysis, which is obviously related to all
this. The more you will know here, in advance, the better that will be.



CHAPTER 2

Basic theory

2a. The antipode

With the Hopf algebras axiomatized, the basic examples F'(G) and F[H| discussed,
and the duality theory discussed too, in the finite dimensional case, what is next? Many
things, and as a list of pressing topics to be discussed, for this chapter, we have:

(1) We would first like to have a more detailed look at the Hopf algebra axioms, and
what can be done with them. And notably, know more about the antipode S.

(2) Next, at the level of the basic examples, we have unfinished business, or rather
unstarted business, with the enveloping Lie algebras Ug. On our to-do list, too.

(3) Then, with the knowledge of F(G), F[H], Ug, we can try to emulate, as a contin-
uation of (1), some advanced group technology, inside the arbitrary Hopf algebras A.

(4) And finally, again with some inspiration from F(G), F[H], Ug, which will be our
main input here, we can have a discussion about Haar integration.

Which sounds quite good, and with none of the above questions (1,2,3,4) being easy
to solve, via some instant thinking, expect lots of new and interesting things, to come.

Getting started, as a first topic for this chapter, let us go back to the arbitrary Hopf
algebras, as axiomatized in chapter 1, and have a more detailed look at their antipode S.
The definition and basic properties of the antipode can be summarized as follows:

THEOREM 2.1. Given a Hopf algebra A, its antipode is the morphism of algebras
S:A— APP
A°PP being the opposite algebra, with product a - b = ba, subject to the following axiom.:
m(S ®id)A = m(id ® S)A =e(.)1

For F(G) the antipode is the transpose of the inversion map i : G — G. For F[H|, the
antipode is given by S(g) = g~*. In both these cases, the above axiom corresponds to

9 lg=997" =1
and the extra condition S* = id, coming from (¢~)~' = g, is satisfied.

33
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PRroOOF. This is something that we know well from chapter 1, and for full details about
all this, along with slightly more about .S, we refer to the material there. U

In relation with this, as a first question that you might have, are there Hopf algebras
with S? # id? Here is a key example, due to Sweedler, which is the simplest one:

THEOREM 2.2. The Sweedler algebra, A = span(1,c,x, cx) with the relations
=1, 2°=0 , cx=—xc
and with Hopf algebra structure given by
Alc)=c®c , Alz)=10z+z2z®c , Alx)=cQcr+cr®1
ele)=1 , ex)=0 , e(cx)=0
S(c)y=c , Sx)=cx , Slcx)=—x

is not commutative, nor cocommutative, and has the property S* = id, but S* # id.

ProoOF. This is something quite tricky, the idea being as follows:

(1) Consider the 4-dimensional vector space A = span(1, ¢, x, cx), with 1, ¢, z, cx being
some abstract variables. We can make then A into an associative algebra, with unit 1, by
declaring that we have indeed ¢ - x = cx, and by imposing the following rules:

=1, 2°=0 , cx=—zxc
(2) Next, by using the universal property of A, we can define a morphism of algebras
A:A— A® A, according to the following formulae, on the algebra generators ¢, z:
Ale)=c®c , Alx)=1®@zr+zr®c
Observe that by multiplying we have as well A(cz) = ¢ ® cx + cx ® 1.

(3) Now let us try to prove that A is a Hopf algebra. By using the Hopf algebra
axioms, we conclude that ¢, .S can only be given on ¢, z by the following formulae:
ec)=1 , ¢e(x)=0
Sic)=c , Sx)=cx
But, and here comes the point, we can define indeed such morphisms, ¢ : A — F and

S A — AP via the above formulae, by using the universality property of A. Observe
that by multiplying, we obtain as well e(cz) = 0 and S(cz) = —=z.

(4) Summarizing, we have our Hopf algebra, which is clearly not commutative, not
cocommutative either, and whose antipode satisfies S* = id, but S? # id. O

Getting back now to the general case, in order to further build on Theorem 2.1, our
main source of inspiration will be what happens for A = F(G), where the antipode
appears as the functional analytic transpose, S = i', of the inversion map i(g) = g~

In view of this, we have the following natural question, which appears:
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QUESTION 2.3. In group theory we have many elementary formulae involving products,
units and inverses, all coming from the group azxioms, such as

17'=1, (¢gHY'=9g , (Gh)y'=hrtg" |

which can be reformulated in terms of m,u, v, and then transposed, leading to formulae as
follows, involving A, e, S, inside the algebras A = F(G):

eS=¢ , S*=id , AS=%(S®S5)A |,
But, which of these latter formulae hold in general, inside any Hopf algebra A?

And isn’t this a good question. Indeed, as we know well from chapter 1, the answer
to the above question is definitely “yes” for the group axioms themselves, which are as
follows, and which reformulate, by definition, into the Hopf algebra axioms:

(gh)k = g(hk) , lg=gl=g , g lg=g9 ' =1

However, in what regards for instance the group theory formula (¢7!)~! = g, this
reformulates in Hopf algebra terms as S? = id, and we have seen in Theorem 2.2 that we
have counterexamples to this. Thus, Question 2.3 definitely makes sense.

In order to get familiar with this, let us first study 17! = 1. We have here:
THEOREM 2.4. We have the following formula, valid over any Hopf algebra,
eS=c¢
and with this coming from 171 =1 for A = F(G), and being trivial for A = F[H].
PRroOF. This is something elementary, the idea being as follows:

(1) In order to establish the above formula, we can use the Hopf algebra axiom for S.
Indeed, by applying the counit to this axiom, we obtain the following formula:

em(S @ id)A =em(id ® S)A = ¢
Let us compute the map on the left. By using the counit axiom, we have:
em(S ®@id)A = (e®e)(S®id)A
= (eS®e)A
= eS(id®e)A
= eSoid
= &5

Similarly, and although not needed here, the map appearing in the middle in the above
formula is €5 too. Thus, our above equality of maps reads €S = S = ¢, as desired.
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(2) Regarding now the case A = F(G), here our condition is as follows, as claimed:

eS=¢ <<= &S(p)=¢(p)

= o1 =(1)
— 17t'=1

(3) On the opposite, in the case A = F[H]| our condition is trivial, coming from:

eS=¢ <= &S(g9) =¢(9)

= e(g ) =¢ly)
— 1=1

(4) Thus, result proved, with all this being quite trivial, but with the remark that what
we have at the end, that F/(G) vs F[H| dissymmetry, is however quite interesting. O

Next on our list, still coming from Question 2.3, let us have a look at (gh)~! = h~tg~1.
Things here are more tricky, and as a first result on the subject, we have:

PROPOSITION 2.5. The antipode of both the algebras F(G) and F[H] satisfies
AS=X(S®95A
with this coming from (gh)™' = h=tg™! for A= F(G), and being trivial for A = F[H].
PRrOOF. For A = F(G) the proof goes as follows, with (g, h) = (h, g):
(gh)y=h"lg™" = im(g,h) =m(ixi)a(g,h)

< im=m(i X i)o
— mhi' =o'(i'@i"m’
— AS=X(S®95A
As for the algebra A = F[H], here the verification is trivial, as follows:

AS=3(S®SA <= AS(g)=3(S® S)A(g)

= Alg)=X(095)(ge9)
= Alg)=X(¢g'®g")
= Alg)=g'®g"
Observe that, again, we have an interesting F'(G) vs F[H] dissymmetry here. O

Before getting further with our study of (gh) ™' = h~'g!, that we will eventually show
to hold over any Hopf algebra, let us go back to Question 2.3. We have only recorded 3
possible relations there, but there are infinitely many more, and in relation with this, we
have the following result, related to (gh)~! = h='g~!, making a bit of cleanup:
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PROPOSITION 2.6. We have the following implication, over any Hopf algebra,
AS=X(S®SA = AP g = xC (S®S®S)A(2
corresponding in the case A = F(QG) to the following implication, at the group level:
(gh) '=h"lg7t = (ghk) =k'hlg"
Moreover, we can iterate this observation, as many times as we want to.
PROOF. We are presently into uncharted territory, so take the above statement as it

is, as something a bit informal. The point with all this is that, in the group theory setting,
it is quite obvious that by iterating, we have the following series of implications:

gh)'=hlgt = (ghk)‘1 =k"'hTg!
— (ghkl) T =17k Ry
—

And the question is that, can we have these implications going, I mean these implica-
tions only, not the validity of the formulae themselves, in the Hopf algebra setting. With
the answer to this latter question being definitely yes, for the first implication, with the
computation being as follows, using twice the condition AS = X(S ® S)A:

APS = (A®id)AS
= (ARidX(S®S)A
= Y. (id® A)(S®S)A
Y (S®AS)A
= Y. (S®XE(S®S)A)A

Y, (ldeX)(S®S®S)(id A)A

= ¥ ®Sws)A?

Thus, result proved, and I will leave it to you to figure out what the various versions
of ¥, A used above exactly mean. In what regards the last assertion, exercise as well. [

Summarizing, things are quite tricky. In order to further discuss this, we will need
some abstract algebraic preliminaries. Let us start with something standard, namely:

THEOREM 2.7. If we define the convolution of linear maps ¢, : A — A by
pxh=m(p@YP)A
then the Hopf algebra axiom for the antipode reads
Sxid=1idx S =¢(.)1
with the map on the right, €(.)1, being the unit for the operation .
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PRrooOF. This is something which comes from the axioms, as follows:

(1) The first assertion is clear from the Hopf algebra axiom for the antipode, as
formulated in chapter 1, or in Theorem 2.1, which was as follows:

m(S ®id)A = m(id ® S)A = ¢(.)1
Indeed, in terms of the convolution operation from the statement, px1) = m(pY)A,
this axiom takes the following more conceptual form, as indicated above:
Sxid=1d* S =¢(.)1
(2) Regarding the second assertion, this follows from the counit axiom, namely:
(e ®id)A = (id®e)A =id
Indeed, given a linear map ¢ : A — A, we have the following computation:
pxe()l = mpee())A
= p(id®e)A
= poid
= ¥
Similarly, again for any linear map ¢ : A — A, we have the following computation:
e()lxe = me()l®p)A
= p(e®id)A
poid
= ¥

Thus the linear map £(.)1 is indeed the unit for the operation *, as claimed. O

In order to do our next antipode computations, which will be sometimes quite tough,
we will need as well the following useful convention, due to Sweedler:

DEFINITION 2.8. We use the Sweedler notation for the comultiplication A,
A(z) = Z T1 ® Ty
with the sum on the right being understood to correspond to the tensor expansion of A(x).

And in the hope that this will sound quite nice and clever to you, when seeing it for
the first time. As illustrations for this Sweedler notation, or rather as a first piece of
advertisement for it, let us have a look at the Hopf algebra axioms, namely:

(A ®id)A = (id ® A)A
(e®id)A = (id®e)A =id
m(S ®id)A = m(id ® S)A =¢(.)1
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We know these axioms since the beginning of chapter 1, and we certainly have some
knowledge in dealing with them. However, the point is that by using the Sweedler notation
above, these axioms take the following form, which is even more digest:

Z Ary) @ 19 = Zﬂﬁl ® A(22)

Zs(ml)xg = les(xg) =z
Z S(x1)xe = leS(xg) = e(x)

With this discussed, let us go back now to Theorem 2.7, which is our main theoretical
result, so far. With a bit more work, we can further improve this result, as follows:

THEOREM 2.9. Given an algebra A, with morphisms of algebras
A:A>ARA , e: A= F
satisfying the usual axioms for a comultiplication and an antipode, namely
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
this is a Hopf algebra precisely when id : A — A is invertible with respect to
Y =m(p®Y)A
and in this case, the convolution inverse S = id~' is the antipode.

Proor. This follows indeed from what we have in Theorem 2.7, and from a few extra
computations, best done by using the Sweedler notation, the idea being as follows:

(1) Assume first that A is a Hopf algebra. According to Theorem 2.7 we have indeed
S = id~!, inverse with respect to convolution, so the only thing that we have to prove is
that this inverse is unique. But this is something purely algebraic, which is valid under
very general circumstances, because for any associative multiplication - we have:

ab=ba=1 ac=ca=1 = b=bac=c

(2) Conversely now, assume that the identity map id : A — A is invertible with respect
to the convolution operation *, with inverse S = id~'. As explained in Theorem 2.7, the
condition S = id~! tells us that S satisfies the usual antipode axiom, namely:

m(S ®id)A = m(id ® S)A =¢(.)1
However, we are not done yet, because our map S : A — A is just a linear map, that

we still have to prove to be a morphism, when regarded as map S : A — A°P. Thus, with
S = id ! regarded as it comes, as linear map S : A — A, we must prove that we have:

S(ab) = S(b)S(a)
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(3) In order to prove this formula, consider the following three linear maps:
m(a®@b)=ab , pla®b)=S(ab) , gla®b)=S(b)S(a)
We have then the following computation, involving the maps m, p:
(pxm)(@a®b) = > p(la®b))m((a®b))

= > play @ by)m(az @ by)

= Z S(aiby)agbs

= >_S((aby) (ab)s

= (S*1)(ab)

= ¢(ab)

= e(a)e(b)
= (e®e)(a®b)
On the other hand, we have as well the following computation, involving m, ¢:
(mx*q)(a®b) = Z m(a; @ by)g(as @ be)
= > aibiS(b2)S(az)
= Z are(b)S(ay
= (1*S)(a)-e(b
= &(a)e(b)
= (e®e)(a®D)
Summarizing, we have proved that we have the following formulae:

pxm=mxxqg=(e®e)(.)I®1

)
)

(4) But with this, we can finish our proof, in the following way:
p = px((e®e)()I®1)
= px(mxq)
= (pxm)*q
= ((e®e)()I®1)*q
= q
Thus we have p = ¢, which means S(ab) = S(b)S(a), as desired. O

With all these preliminaries discussed, time now for our first true theorem. We can
indeed formulate something non-trivial regarding the antipode, as follows:
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THEOREM 2.10. The antipode of a Hopf algebra S : A — A°PP satisfies:

(1) S =e.
(2) AS =X(S® S)A.

(3) S% =id, when A is commutative or cocommutative.
Proor. This is something quite tricky, the idea being as follows:
(1) This is something that we already know, from Theorem 2.4.
(2) We have, by using the Sweedler notation from Definition 2.8:

(AS x A)(z) = ZAS(xl)A To
= A (Z S(xl)x2>
— A
= e(x)-1®1
On the other hand, we have as well, by using the Sweedler notation, iterated:
(A*E(S@9A)(x) = Y (21 ©2:)(S(z4) @ S(x3))
= les x4) ® 225 (x3)
= les ZL’3) X e ZL’Q)
= leS x3)e(we) ® 1
= leS Z’Q)
= ¢(z)-1®1
As a conclusion to this, we have proved the following equalities:
AS*xA=A*xE(SR5NA=¢()1®1
Now by using Theorem 2.7, we obtain from this, as desired:
AS = ASx(e()1®1)
= ASx*x(AxX(S®S)A)
= (AS*xA)xX(S®S)A
= (e()1®1)*X(S®S)A
= X(S®S5A

(3) Our first claim is that when A is commutative or cocommutative, we have:

Z S(z2)x; = e(x)

41
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Indeed, in the commutative case this follows from the Hopf algebra axiom for S, in
Sweedler notation, which reads, as explained before:

Z r15(x2) = e(x)
As for the cocommutative case, here we can use again the axiom for S, namely:
m(S ® id)A(x) = e(x)1

Indeed, by replacing A(z) with YA(z), for flipping the tensors, we obtain the formula
claimed in the above. Thus, claim proved, and with this in hand, we have:

m(S @ S)A(x) = m(S® S?) (Zx1®x2)
= ) S(x1)S*(x2)
= S(ZS(xg)xl)

= S(e(x)1)
= ¢(z)1
Now by using Theorem 2.9, we obtain from this S? = id, as claimed. O

As a first comment on the above result, (2) there can be used in conjunction with
Proposition 2.6, and shows that much more is true. However, Question 2.3 as formulated
is still there, and knowing what group theory type relations hold, and what don’t, inside
an arbitrary Hopf algebra, remains something which requires some experience and skill.

Many other things can be said, as a continuation of the above, notably with some
general theory for the square of the antipode S? : A — A, which is more specialized,
again based on the general interpretation of the antipode coming from Theorem 2.9. For
more on all this, we refer to the specialized Hopf algebra literature.

2b. Lie algebras

As a second task for this chapter, again coming as a continuation of what we did in
chapter 1, let us try now to better understand what happens, at the fine level, beyond
the finite dimensional case, where we already have some good examples and results.

As already mentioned in chapter 1, when trying to cover various infinite groups, such
as the compact, discrete, or more generally locally compact ones, the standard trick is
that of modifying a bit the Hopf algebra axioms, by using topological tensor products.
But this is something quite technical, and we will discuss this later in this book.

For the moment, let us show that we can cover the compact Lie groups, without
changing our axioms, by using a Lie algebra trick. Our claim is as follows:
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CrLAam 2.11. Gwen a compact Lie group G, with Lie algebra g, the corresponding
enveloping Lie algebra Ug is a Hopf algebra, which is cocommutative.

Obviously, many non-trivial notions involved here, with this being not your routine
abstract algebra statement, that you can understand right away, armed with Love for
algebra only. So, we will explain in what follows the various notions involved, namely the
Lie groups G, the Lie algebras g, and the enveloping Lie algebras Ug, and then we will
get of course to what the above claim says, and even provide a proof for it.

Getting started now, a Lie group is by definition a group which is a smooth manifold.
So, let us start our discussion with this, smooth manifolds. Here is their definition:

DEFINITION 2.12. A smooth manifold is a space X which is locally isomorphic to RN .
To be more precise, this space X must be covered by charts, bijectively mapping open pieces
of it to open pieces of RY, with the changes of charts being C°° functions.

As basic examples of smooth manifolds, we have of course RY itself, or any open
subset X C RY, with only 1 chart being needed here. Other basic examples, in the plane,
at N = 2, include the circle, or various curves like ellipses and so on, somehow for obvious
reasons. Here is a more precise statement in this sense, covering the conics:

PROPOSITION 2.13. The following are smooth manifolds, in the plane:

(1) The circles.

(2) The ellipses.

(3) The non-degenerate conics.
(4) Smooth deformations of these.

Proor. All this is quite intuitive, the idea being as follows:

(1) Consider the unit circle, % + y* = 1. We can write then x = cost, y = sint, with
t € [0,27), and we seem to have here the solution to our problem, just using 1 chart.
But this is of course wrong, because [0, 27) is not open, and we have a problem at 0. In
practice we need to use 2 such charts, say with the first one being with t € (0,37/2),
and the second one being with ¢ € (m,57/2). As for the fact that the change of charts
is indeed smooth, this comes by writing down the formulae, or just thinking a bit, and
arguing that this change of chart being actually a translation, it is automatically linear.

(2) This follows from (1), by pulling the circle in both the Ox and Oy directions, and
the formulae here, based on the standard formulae for ellipses, are left to you reader.

(3) We already have the ellipses, and the case of the parabolas and hyperbolas is
elementary as well, and in fact simpler than the case of the ellipses. Indeed, a parablola
is clearly homeomorphic to R, and a hyperbola, to two copies of R.

(4) This is something which is clear too, depending of course on what exactly we mean
by “smooth deformation”, and by using a bit of multivariable calculus if needed. O
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In higher dimensions we have as basic examples the spheres, and I will leave it to you
to find a proof, using spherical coordinates, or the stereographic projection. Exercise as
well, to find higher dimensional analogues of the other assertions in Proposition 2.13.

Getting now to what we wanted to do here, Lie groups, let us start with:

DEFINITION 2.14. A Lie group is a group G which is a smooth manifold, with the
corresponding multiplication and inverse maps

m:GxG—-G , 1:G—=>G
being assumed to be smooth. The tangent space at the origin 1 € G s denoted
g="TG
and is called Lie algebra of G.

So, this is our definition, and as a first observation, the examples of Lie groups abound,
with the circle T and with the higher dimensional tori TV being the standard examples.
For these, the Lie algebra is obviously equal to R and RY, respectively. There are of
course many other examples, all very interesting, and more on this in a moment.

Before getting into examples, let us discuss a basic question, that you surely have in
mind, namely why calling the tangent space g = 171G an algebra. In answer, since G is a
group, with a certain multiplication map m : G X G — G, we can normally expect this
map m to produce some sort of “algebra structure” on the tangent space g = T1G.

This was for the general idea, but in practice, things are more complicated than this,
because even for very simple examples of Lie groups, what we get in this way is not an
associative algebra, but rather a new type of beast, called Lie algebra.

So, coming as a continuation and complement to Definition 2.14, we have:

DEFINITION 2.15. A Lie algebra is a vector space g with an operation (x,y) — [z,v],
called Lie bracket, subject to the following conditions:

(1) [x+y, 2l = [z, 2] + [y, 2], [w,y + 2] = [z,9] + [, 2].
(2) [Ae,y] = [, My = Al yl.

(3) [z, 2] = 0.

(4) [[z,9], 2] + lly, 2], 2] + [[2, 2], 4] = 0.

As a basic example, consider a usual, associative algebra A. We can define then the
Lie bracket on it as being the usual commutator, namely:

[x,y] = zy —yx
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The above axioms (1,2,3) are then clearly satisfied, and in what regards axiom (4),
called Jacobi identity, this is satisfied too, the verification being as follows:

[z 9l 2] + [ly, 2], =] + [[2, 2], /]
[vy — yx, 2] + [yz — 2y, 2] + [22 — 22, ]

= TYzZ — Yrz — 2TY + 2Yxr + Y2xr — 2Yr — TYZ + T2y + 2TY — T2Y — YT + YTz
0

We will see in a moment that up to a certain abstract operation g — Ug, called
enveloping Lie algebra construction, and which is something quite elementary, any Lie
algebra appears in this way, with its Lie bracket being formally given by:

[z,y] = 2y — yx

Before that, however, you might wonder where that Gothic letter g in Definition 2.15
comes from. That comes from the following fundamental result, making the connection
with the theory of Lie groups from Definition 2.14, denoted as usual by G-

THEOREM 2.16. Given a Lie group G, that is, a group which is a smooth manifold,
with the group operations being smooth, the tangent space at the identity

g="T1(G)
15 a Lie algebra, with its Lie bracket being basically a usual commutator.
PRrROOF. This is something non-trivial, the idea being as follows:

(1) Let us first have a look at the orthogonal and unitary groups Oy, Ny. These
are both Lie groups, and the corresponding Lie algebras oy, uy can be computed by
differentiating the equations defining Oy, Uy, with the conclusion being as follows:

on = {A € MN(R)‘A’* - —A}

Uy = {B € MN(C)‘B* S }

This was for the correspondences Oy — oy and Uy — uy. In the other sense, the
correspondences oy — Oy and uy — Uy appear by exponentiation, the result here
stating that, around 1, the orthogonal matrices can be written as U = e?, with A € oy,
and the unitary matrices can be written as U = e, with B € uy.

(2) Getting now to the Lie bracket, the first observation is that both oy, uy are stable
under the usual commutator of the N x N matrices. Indeed, assuming that A, B € My(R)
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satisfy A = —A, B* = —B, their commutator satisfies [A, B] € My(R), and:

[A,B]' = (AB— BA)!

= B'A'— A'B!
= BA-—-AB
= _[Av B]

Similarly, assuming that A, B € My(C) satisfy A* = —A, B* = — B, their commutator
[A, B] € Mx(C) satisfies the condition [A, B]* = —[A, BJ.

(3) We conclude from this discussion that both the tangent spaces oy, uy are Lie
algebras, with the Lie bracket being the usual commutator of the N x N matrices.

(4) It remains now to understand how the Lie bracket [A, B] = AB — BA is related
to the group commutator [U, V] = UVU V! via the exponentiation map U = e”, and
this can be indeed done, by making use of the differential geometry of Oy, Uy, and the
situation is quite similar when dealing with an arbitrary Lie group G. U

With this understood, let us go back to the arbitrary Lie algebras, as axiomatized
in Definition 2.15. There is an obvious analogy there with the axioms for the usual,
associative algebras, and based on this analogy, we can build some abstract algebra theory
for the Lie algebras. Let us record some basic results, along these lines:

PROPOSITION 2.17. Let g be a Lie algebra. If we define its ideals as being the vector
spaces i C g satisfying the condition

relL,yeg = [r,y| €i

then the quotients g/i are Lie algebras. Also, given a morphism of Lie algebras f : g — b,
its kernel ker(f) C g is an ideal, and we have g/ ker(f) = Im(f).

Proor. All this is very standard, exactly as in the case of the associative algebras,
and we will leave the various verifications here as an instructive exercise. O

Getting now to the point, remember our claim from the discussion after Definition
2.15, stating that up to a certain abstract operation g — Ug, called enveloping Lie
algebra construction, any Lie algebra appears in fact from the “trivial” associative algebra
construction, that is, with its Lie bracket being formally a usual commutator:

[x,y] = 2y —yx

Time now to clarify this. The result here, making as well to the link with the various
Lie group considerations from Theorem 2.16 and its proof, is as follows:
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THEOREM 2.18. Given a Lie algebra g, define its enveloping Lie algebra Ug as being
the quotient of the tensor algebra of g, namely

T(g) = P o™
k=0
by the following associative algebra ideal, with x,y ranging over the elements of g:
I=<z®y—y®z—|r,y] >
Then Ug 1s an associative algebra, so it is a Lie algebra too, with bracket

[z,y] = xy — ya
and the standard embedding g C Ug is a Lie algebra embedding.
Proor. This is something which is quite self-explanatory, and in what regards the

examples, illustrations, and other things that can be said, for instance in relation with
the Lie groups, we will leave some further reading here as an instructive exercise. U

Importantly, the above enveloping Lie algebra construction makes the link with our
Hopf algebra considerations, from the present book, via the following result:

THEOREM 2.19. Given a Lie algebra g, its enveloping Lie algebra Ug is a cocommu-
tative Hopf algebra, with comultiplication, counit and antipode given by

A:Ug—U(gdg) =UgeUg , z—z+x
e:Ug—F |, x—1
S:Ug—Ug”™ = Ug)? |, x— —x
via various standard identifications, for the various associative algebras involved.
PROOF. Again, this is something quite self-explanatory, and in what regards the ex-

amples, illustrations, and other things that can be said, for instance in relation with the
Lie groups, we will leave some further reading here as an instructive exercise. U

We will be back to this, and to Lie algebras in general, on several occasions, in what
follows. Among others, we will see later in this book how to reconstruct the Lie group G
from the knowledge of the enveloping Lie algebra Ug, using representation theory.

2c. Special elements

In view of the above results regarding the enveloping Lie algebras Ug, which are
cocommutative, and of the results from chapter 1 too, regarding the group algebras F[H],
which are cocommutative too, it makes sense to have a more systematic look at the Hopf
algebras A which are cocommutative, in our usual sense, namely:

YA=A
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We already know a bit about such algebras, in the finite dimensional case, and as a
complement to that material, we first have the following result:
THEOREM 2.20. Let A be a Hopf algebra. The elements satisfying the condition
Ala)=a®a
which are called group-like, have the following properties:
(1) They form a group G 4.
(2) They satisfy XA(a) = A(a).
(3) We have a Hopf algebra embedding F|G 4] C A.
(4) For a group algebra A = F[H|, this embedding is an isomorphism.
Proor. This is something elementary, the idea being as follows:

(1) Let us call indeed group-like the elements a € A satisfying A(a) = a®a, in analogy
with the formula A(g) = ¢ ® g when A = F[H], and more on this in a moment. The
group-like elements are then stable under the product operation, as shown by:

Aab) = A(a)A(b) = (a®a)(b®b) = ab® ab
We have as well the stability under taking inverses, with this coming from:
Al =Aa)'=@®a) ' =a'®a"’
Finally, the formula A(1) = 1 ® 1 shows that 1 € A is group-like. Thus, the set of
group-like elements G4 C A is indeed a multiplicative subgroup, as claimed.
(2) Assuming that a € A is group-like, we have indeed, as claimed:
YA(a) =3(a®a) =a®a=A(a)
Observe that the converse of what we just proved here does not hold, for instance

because in the case of the group algebras A = F[H], which are cocommutative, XA = A,
there are many elements a € A which are not group-like. More on this in a moment.

(3) There are several checks here, all being trivial or routine, the only point being that
of proving that the group-like elements are linearly independent. So, let us prove this.
Assume that we have a linear combination of group-like elements, as follows:

a = Z /\iai
By applying A to this element we obtain, by using the condition a € G 4:
A(G) =a®a= Z)\Z)\]al ® Q;
]
On the other hand, also by applying A, but by using a; € G4, we obtain:
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We conclude that the following equation must be satisfied, when a € G 4:
Z )\i)\jai X a; = Z )\iai X a;
ij i

But this equation shows that we must have #{i} = #{j} = 1, as desired. That is, we
have proved that the group-like elements are linearly independent, and this gives a Hopf
algebra embedding F[G 4] C A as in the statement, appearing in the obvious way.

(4) This is indeed clear from (3), because in the case of a group algebra A = F[H]
we have G4 = H, with G4 D H being clear, and with G4 C H coming from linear
independence. Thus, in this case, the embedding F[G 4] C A is an isomorphism. O

Many other things can be said about the group-like elements, and we will leave their
study in the case algebras A = F(G), and of the algebras A = g too, as an instructive
exercise. Moving on, here is another key construction, this time Lie algebra-inspired:

THEOREM 2.21. Let A be a Hopf algebra. The elements satisfying the condition
Ala)=a®1+1®a

which are called primitive, have the following properties:

(1) They form a Lie algebra Py, with bracket [a,b] = ab — ba.

(2) They automatically satisfy YA (a) = A(a).

(3) We have a Hopf algebra embedding UP, C A.

(4) For an enveloping Lie algebra A = Ug, this embedding is an isomorphism.

PROOF. Observe the similarity with Theorem 2.20, and more on this later. Regarding

now the proof of the various assertions, this is straightforward, as follows:

(1) There are several things to be checked here, all being trivial or routine, the only
point being that of proving that the primitive elements are stable under taking commu-
tators. So, let us prove this. Assuming a,b € P4, we have the following computation:

A([a,b]) = Aa-Ab—Ab-Aa
= (®14+1®ad)(b1+10b0) - (b1+11b)(a®1+1®a)
= ab®1—-ba®1+1®ab—1® ba
= [a,b]®1+1®]a,b]
Thus we have [a,b] € P4, as desired, and this gives the assertion.
(2) Assuming that a € A is primitive, we have indeed, as claimed:
YAla) = E(ae®1l+1®a)
= 1®a+a®l
= a®1l+1®a
= Afa)
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Observe that the converse of what we just proved does not hold, for instance because
in the case of the envelopoing Lie algebras A = Ug, which are cocommutative, XA = A,
there are many elements a € A which are not primitive. More on this in a moment.

(3) This indeed something quite routine, a bit as before, for the group-likes.
(4) This follows indeed from (3), again a bit as before, for the group-likes. O

Many other things can be said about the primitive elements, and we will leave their
study in the case of the function algebras A = F(G), and of the group algebras A = F[H|
too, which is something quite routine, as an instructive exercise.

Along the same lines, as a third and last construction now, motivated this time by the
function algebras A = F(G), which are commutative, we have:

THEOREM 2.22. Given a Hopf algebra A, we can talk about its center
Z(A)C A
which 1s an associative subalgebra, having the following properties:

(1) For A= F(G), and more generally when A is commutative, Z(A) = A.
(2) For A = F[H], this algebra Z(A) is the algebra of central functions on H.
(3) In particular, when all conjugacy classes of H are infinite, Z(A) = F.

Proor. This is something quite self-explanatory, and a bit in analogy with Theorem
2.20, and Theorem 2.21. Consider indeed the central elements of a Hopf algebra A:

Z(A) = {a € Alab = ba, Vb € A}

It is then clear that these central elements form an associative subalgebra, and:
(1) For A = F(G), and more generally when A is commutative, Z(A) = A.

(2) For A = F[H], consider a linear combination of group elements, as follows:
ey
g

By linearity, this element a € F[H] belongs to the center of F[H]| precisely when it
commutes with all the group elements h € H, and this gives:

a€ Z(A) <= ah=ha

= ) Agh=) Ahg
g g

= > Atk =) Nk
k k

< -t = -1
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We conclude that A must satisfy Ay, = Ay, and so must be a central function on H,
as claimed, with the precise conclusion being that the center is given by:

Z(A) = {Z)‘gg Agh = Ahg}

(3) This is a consequence of what we found in (2), and of the fact that the elements
a € F[H] have by definition finite support. Indeed, when the group H is infinite, having
the infinite conjugacy class (ICC) property, there is no central function having finite
support, except for scalar multiples of the unit, so we have Z(A) = F', as stated. O

Many other things can be said about the central elements, and we will leave their
study for the enveloping Lie algebras A = Ug as an instructive exercise.

So long for special elements, inside an arbitrary Hopf algebra. The above results are
in fact just the tip of the iceberg, and we will be back to this on several occasions, in
what follows, and notably in chapter 3 below, when doing representation theory.

Finally, for our discussion to be complete, many things can be said about the group-
like, primitive and central elements, in relation with the various possible operations for
the Hopf algebras. But here, again, we will leave all this material for later.

2d. Haar measure

As a last topic for this chapter, which is something which is of key importance too,
let us discuss now Haar integration. Let us formulate, indeed:

DEFINITION 2.23. Given a Hopf algebra A, a linear form [ : A — F satisfying

(/@M)A:/@l

is called a left integral. Similarly, a linear form [ : A — F satisfying

(M®/>A:/Q1

is called a right integral. If both conditions are satisfied, we call [ : A — F an integral.

These notions are motivated by the Haar integration theory on the various types of
groups, such as finite, compact, or locally compact. Among others, and in answer to a
question that you might have right now, we have to make the distinction between left
and right integrals, because for the generally locally compact groups, these two integrals
might differ. But more on such topics, which can be quite technical, later.

As a first illustration, in the case of the function algebras, A = F(G), with G finite
group, these notions are all equivalent, and lead to the uniform integration over G:
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THEOREM 2.24. For a function algebra, A = F(G) with G finite group, with the
notation [ ¢ = ngp )Ydg, the left integral condition takes the following form,

/Gw(gh)dQZ/GsO(g)dg

and the right integral condition takes the following form,

/G o(hg)dg = / 2(9)dg

and in both cases the unique solution is the um’form integration over G,
/ g)dg = Z w(g
G geG
under the normalization assumption [1=1.
Proor. This is something quite Self-explanatory, the idea being as follows:
(1) With the convention [ ¢ = [ ¢(g)dg from the statement, we have:

([oi)ae - ( [ @id) 0.1) (o)
= /G ©(gh)dg

Thus, the left integral condition reformulates as in the statement.

(2) Again with the convention [ ¢ = f g)dg from the statement, we have:

(id@/)A = (id@/)A[(h,g)%so(hg)}
= /Gw(hg)dg

Thus, the right integral condition reformulates as in the statement.

(3) When looking now for solutions, be that either for left invariant forms, or right
invariant forms, by taking as input Dirac masses, ¢ = J, with g € G, we are led to the
conclusion that our invariant linear form must satisfy the following condition:

/592/6h s Vg,h
G G

Thus the correspoding density function must be constant over G, and under the extra
assumption [ 1 =1, the only solution is the uniform, mass 1 integration, as stated. [

As a second illustration, for the group algebras, A = F[H], with H arbitrary group,
the notions in Definition 2.23 are again equivalent, with unique solution, as follows:
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THEOREM 2.25. For a group algebra, A = F[H|, with H arbitrary group, the various
invariance notions for a linear form [ : A — F are equivalent, with the solution being

/gzdg,l

under the normalization assumption [1=1. When H is finite and abelian we have

/=),

with H being the dual finite abelian group.

Proor. This is again something quite self-explanatory, the idea being as follows:

(1) In what regards the left invariance condition, we have the following computation,
using the fact that the group elements g € H span the group algebra F[H]:

(/@z’d)A:/(.)l PN (/@id)A(g):/g-l
— (/@id)(g@g):/g-l
— /g.g:/g.1

~ frr= [

Thus with the normalization [ 1 = 1, the solution is unique, [ g = d,1, as stated.

(2) In what regards the right invariance condition, we have the following computation,
using again the fact that the group elements g € H span the group algebra F[H]:

(z’d@/)A:/(.)l (id@/)A(g):/g-l
e oen-f>
Joom for

~ frr= [

111

Thus, with the normalization [ 1 = 1, the solution is unique, [ g = d 1, as stated.

(3) This is something which follows from the uniqueness of the integral, both from
Theorem 2.24 and from here, and which is clear as well from definitions. U
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Inspired by the above, a number of things can be said about integrals in the finite
dimensional algebra case, by using the duality A <> A* from chapter 1, as follows:

THEOREM 2.26. For a finite dimensional Hopf algebra A, in the context of the duality
A A", the left and right integrals, regarded as elements ft € A*, must satisfy

t t
[e=cen=0 ., w-cen-[ =0
for any p € A*. At the level of the main examples, of mass 1, these are as follows:
(1) For A= F(QG) the integral is ft = ‘—é' >_gec 9; as element of A* = F[G].
(2) For A = F[H] the integral is ft = 01, as element of A* = F(H).

PROOF. In what regards the left integrals, we have the following equivalences:

(/@id)A:/(.)l — (/@z’d)A:/®u
= At(/Z@m‘d)/t@z:t
— Att(/ ®i6i>90=(/ @ut)so
= [re=[ =0

Similarly, in what regards the right integrals, we have the following equivalences:

(z’d@/)A:/(.)l — (id@/)A:/@m
= At(id®/z)/t®1tf
o N(f@{)wz(/®M>w
= o[ =[ =0

Thus, main assertion proved, and in what regards now the illustrations:

(1) For A = F(G) we have A* = F[G], with the isomorphism F[G] ~ F(G)* coming
via g — 4. But this isomorphism maps ﬁ dgecd |—é| >_gec 0g, which is exactly the
normalized, mass 1 integral of F'(G), as computed in Theorem 2.24.

(2) Similarly, for the algebra A = F[H] we have A* = F(H), with the isomorphism
F(H) ~ F[H|* coming via 6, — J,. But this isomorphism maps §; — d;, which is exactly
the normalized, mass 1 integral of F[H|, as computed in Theorem 2.25. O
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As a comment here, with a bit more algebraic work, there are many other things that
can be said, in the finite dimensional case, as a continuation of the above. For more on
all this, further theory and examples, we refer to any specialized Hopf algebra book.

In the general case now, observe that the invariance conditions in Definition 2.23 can
be written as follows, in terms of the usual convolution operation ¢ % 1) = (@ * ¥)A:

/*id:id*/:/(.)l

There is a bit of analogy here with what we did in the beginning of this chapter, in
relation with the antipode S, and many things can be said here. We have indeed:

THEOREM 2.27. Both the left and right integrals [ : A — F, when normalized as to
have [1 =1, satisfy the following idempotent linear form condition:

[+]-]

At the level of the main examples, for this latter condition, these are as follows:

(1) For A = F(G) this condition is satisfied in fact by the normalized uniform inte-
gration form over any subgroup H C G.

(2) For A = F[H] this condition is satisfied in fact by the normalized uniform inte-
gration form over any quotient group H — K.

ProOF. We have several asssertions here, the idea being as follows:

(1) In what regards the first assertion, for a left integral [ : A — F, normalized as to
have [1 =1, we have indeed the following computation:

[+] = (Je))
= Jel(Jem)]
_ /OU(.)@
- fofw
- o
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(2) Also in what regards the first assertion, for a right integral [ : A — F, again
normalized as to have [ 1= 1, the computation is similar, as follows:

[+ = (=)
s
el
o
- o

(3) Finally, regarding the various generalizations of the above computations, in the
special cases A = F(G) and A = F[H], as indicated in the statement, we will leave these
as an instructive exercise. We will be back to this in the next chapter, when talking about
quantum subgroups in general, and subgroups of group duals in particular. O

Summarizing, the theory of integrals for the Hopf algebras brings us right away into a
number of interesting topics, featuring duality, subgroups, quotients, and more. We will
be back to this later, and discuss as well later the relation with representation theory.

2e. Exercises

We had a lot of interesting algebra in this chapter, sometimes going towards basic
functional analysis, or differential geometry, and as exercises, we have:

EXERCISE 2.28.
EXERCISE 2.29.
EXERCISE 2.30.
EXERCISE 2.31.
EXERCISE 2.32.

EXERCISE 2.33.

Learn more about the Hopf algebra antipode S.

Learn more about the square of the antipode S®.

Clarify the missing details for the group-like elements.
Clarify the missing details for the primitive elements.
Work out some further examples for the central elements.

Compute the Haar integral, for some algebras of your choice.

As bonus exercise, reiterated, learn some functional analysis, which is obviously related
to all this. The more you will know here, in advance, the better that will be.



CHAPTER 3

Product operations

3a. Representations

We have seen so far that some interesting general theory can be developed for the
Hopf algebras, in analogy with the basic theory of groups, by using the Hopf algebra
maps A, e, 5, and the axioms satisfied by them. However, when doing group theory, you
won’t get very far just by playing with m,u, 4, and the situation is pretty much the same
with the Hopf algebras, where you won’t get very far just by playing with A, e, S.

In order to reach to a more advanced theory, we must talk about actions and coactions,
and about representations and corepresentations. Many things can be said here, and in
what follows we will present the basics, mostly definitions, that we will use right after
for talking about various product operations, and keep for later a more detailed study of
this, notably in relation with the notion of semisimplicity, and cosemisimplicity.

Let us begin with something straightforward, namely:

DEFINITION 3.1. An action, or representation, of a Hopf algebra A on a finite dimen-
sional vector space V' is a morphism of associative algebras, as follows:
n:A— L(V)
Equivalently, by using a basis of V', this is the same as having a morphism as follows:
m:A— My(F)
In this latter situation, we write ™ = (m;;), with m;; : A — F given by m;;(a) = w(a);;.
Observe that the above notion has nothing to do with the Hopf algebra maps A, ¢, .9,

with only the associative algebra structure of A being involved. However, when A is a
Hopf algebra, as above, several interesting things can be said, as we will soon discover.

To start with, in the context of Definition 3.1, the number N = dimV is called
dimension of the representation m. The simplest situation, namely N = 1, corresponds
by definition to a representation as follows, also called character of A:

T: A= F

So, let us first study these characters, under our assumption that A is a Hopf algebra,
as in Definition 3.1. We can say several things here, as follows:

57
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THEOREM 3.2. The characters of a Hopf algebra m: A — F are as follows:
(1) When A is finite dimensional, m € A* must be a group-like element.
(2) When A = F(G) with |G| < oo, we must have w(f) = f(g), for some g € G.
(3) When A = F[H]|, our character must come from a group morphism p: H — F*.

Proor. This follows from the general Hopf algebra theory that we developed in chap-
ter 1, the details of the proof, and of the statement too, being as follows:

(1) Assuming dim A < oo, we know from chapter 1 how to construct the dual Hopf
algebra A*, consisting of the linear forms 7 : A — F. So, let us pick such a linear form,
and see when this form is a character. But this happens precisely when 7 is multiplicative,
7(ab) = w(a)mw(b), and we can process this latter condition as follows:

m(ab) = m(a)mw(b) ™(a®b) =m(r @ m)(a ® b)

mm =m(r Q@ 7)
m'tt = (7' @ 7")m!
m'7t(1) = (7" @ ©")m'(1)
mir'(1) = (7" @) (1 ®1)
min'(1) = 7*(1) ® 7'(1)

111ttt

Now forgetting about A, and using the notation A = m! for the comultiplication of
A*, and also by identifying 7'(1) € A* with = € A*, this condition reads:

Alm)=r®m
Thus, we are led to the conclusion in the statement.

(2) Assume now A = F(G), with |G| < co. Our Hopf algebra A being finite dimen-
sional, what we found in (1) above applies, and we conclude that the characters of A
correspond to the group-like elements of the following Hopf algebra:

F(Q)* = FIG]

But the group-like elements of F[G] are very easy to compute, due to:

A(Z)\gg> => XNg®yg

geG geqG

Indeed, this formula shows that the group-like elements of F'[G] are precisely the group
elements g € G. Thus, as a conclusion, the characters 7 : A — F must come from the
group elements g € GG, and now by carefully looking at what we did in the above, we can
also say that the connecting formula is the one in the statement, namely:

m(f) = f(9)
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(3) Again, this is something which comes from the general theory from chapter 1.
Indeed, assuming A = F[H], to any character 7 : A — F we can associate a group
morphism p : H — F*, simply as being the following composition:

p:HCF[H - F

Conversely now, given a group morphism p : H — F*, we can associate to it a Hopf
algebra character 7 : F[H] — F, simply by linearizing, as follows:

™ (Z A h) =3 Mup(h)

heH heH

Thus, we have our bijection, as claimed in the statement. U

Many other things can be said, as a continuation of the above. Recall for instance
from chapter 1 that to any finite abelian group G we can associate its dual G with respect
to a field F', as being the finite abelian group formed by the group characters of G:

~

Gz{p:G—)F*}

In fact, again following chapter 1, we can perform this construction for any group G,
not necessarily finite, or abelian, and we obtain in this way a certain group G. Of course,
this construction is not always very interesting, for instance because there are non-trivial,
and even infinite groups G, for which G = {1}. However, our construction makes sense,
as something rather theoretical, and with this in hand, what we found in Theorem 3.2
(3) says that the characters of A = F[H] come from the following group elements:

peH

Moving forward now, in the general context of Definition 3.1, we have so far some
good understanding on what happens in the case dim V' = 1, coming from Theorem 3.2.
In general things can be quite complicated, and as a first result here, regarding the main
examples of Hopf algebras, namely F'(G), with G finite group, and F[H|, with H arbitrary
group, we can say a few things about representations, as follows:

THEOREM 3.3. The following happen:

(1) Given a finite group G, and elements g1, ...,gn € G, we have a representation

m: F(G) = My(F), given by ©(f) = diag(f(g1),---, f(gn))-
(2) Given a group H, the representations w : F|H| — My(F') come by linearization
from the group representations p : H — GLx(F).

PROOF. These assertions come as a continuation of Theorem 3.2 (2) and (3), with
their proof, along with a bit more on the subject, being as follows:
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(1) Given a finite group G, and a field F', let us try to find representations, in the
sense of Definition 3.1, of the corresponding function algebra of G:
m: F(G) = My(F)

Now observe that, since the algebra F(G) is commutative, so must be its image
Im(m) C My(F). Thus, as a first question, we must look for commutative subalge-
bras A C My(F). But the standard choice here is the algebra of diagonal matrices
A C My(F), and its various subalgebras A C A, which are all commutative.

(2) With this idea in mind, in order to find basic examples, let us look for representa-
tions as follows, with A C My(F) being the algebra of diagonal matrices:

7 F(G) = A

But such a representation must be of the special form © = diag(my,...,7x), with
7+ F(G) — F being certain 1-dimensional representations, or characters. Now since
such characters must come from group elements, we must have m;(f) = f(g;), for certain
elements g; € G, and we are led to the formula in the statement, namely:

f(g1)
m(f) =
fgn)

(3) Summarizing, we have proved the result for F'(G), along with a bit more, namely
the fact that any representation of type 7 : F(G) — A C My(F') appears as in the state-
ment. It is possible to say more about this, for instance by spinning our representations
with the help of a matrix U € GLy(F'), but no hurry with this, and we will leave this
material for later, when systematically doing representation theory.

(4) With this done, let us discuss now the second situation in the statement, where
we have a group H, which can be finite or not, and a field F', and we are looking for
representations of the corresponding group algebra, as follows:

7 F[H] — My(F)
By restriction to H C F[H]|, we obtain a certain map, as follows:
p: H — My(F)

(5) Now observe that, since 7 is a morphism of algebras, this map p must be multi-
plicative with respect to the group structure of H, in the sense that we must have:

p(g)p(h) = p(gh)

In particular with h = g~! we can see that each p(g) must be invertible, and so our
map p must be in fact a group morphism, as follows:

p:H — GLy(F)
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(6) But this gives the result. Indeed, by linearity, the representation 7 is uniquely
determined by p, and conversely, given a group morphism p : H — GLy(F') as above, by
linearizing we obtain an algebra representation 7 : F[H] — My(F), as desired.

(7) Thus, done with the second assertion too, and as before with the first assertion,
several things can be added to this. For instance when H is finite and abelian, we know
from chapter 1 that we have an isomorphism as follows, with G = H:

F(G) ~ F[H]|

In view of this, the question is, how do the examples of representations of F(G)

constructed in (1) fit with the arbitrary representations of F[H] classified in (2).

(8) In answer, the representations classified in (2) correspond, via Pontrjagin duality,
to those constructed in (1), further spinned by a matrix U € GLy(F'), along the lines
suggested in step (3) above. We will leave the clarification of this as an instructive exercise,
and we will come back to this subject, with full details, in due time. Il

Many other things can be said, as a continuation of the above. We will be back to
this, once we will have more general theory to be applied, and examples to be studied.

3b. Corepresentations

Moving forward, in order to reach to a continuation of the above, let us recall that
a Hopf algebra A = (A, m,u, A, g,5) is a special type of bialgebra A = (A4, m,u, A, ¢),
which itself is a certain mix of an algebra (A, m,u), and a coalgebra (A, A,e). We have
not talked about such things so far, but right now is the good time to do it.

Indeed, with Definition 3.1 being something only related to the algebra structure of
A, the question is, what is the “dual” definition, related to the coalgebra structure of A.
In answer, such a dual definition exists indeed, as follows:

DEFINITION 3.4. A coaction, or corepresentation, of a Hopf algebra A on a finite
dimensional vector space V' is a linear map o'V — V @ A satisfying the condition

(a®id)a = (id® A)a
called coassociativity. FEquivalently, by using a basis of V', and writing
a(ei) = Z Gj X uji
J

with w;; € A, the square matriz u = (w;;) must satisfy the condition
Aluy) = Zuzk & Uk
k

also called coassociativity.



62 3. PRODUCT OPERATIONS

As a first observation, it looks like we forgot here to say something in relation with ¢,
but that condition is automatic, and more on this in a moment. Also, the fact that the
condition at the end is indeed equivalent to that in the beginning is something that must
be checked, and this can be done by comparing the following two formulae:

(id ® A)ale;) = (id @ A) Z € @ Uy = Z e; ® A(ug;)

K3 7

(a ®id)ale;) = (o ®id) Z er ® U = Z e ® Ui @ Uj
k ik
Getting back to Definition 3.4 as formulated, as already said, this appears as a “dual”
of Definition 3.1, and similar comments can be made about it. Let us start with:

PROPOSITION 3.5. The 1-dimensional corepresentations of A correspond to the ele-
ments a € A satisfying

Ala) =a®a
which are the group-like elements of A.

ProOOF. This is indeed clear from definitions, because at N = 1 the corepesentations
of A are the 1 x 1 matrices u = (a), satisfying A(a) = a ® a. O

Observe the similarity with what we know from Theorem 3.2 (1). However, at the
level of the proofs, Theorem 3.2 (1) was something rather complicated, while the above
is something trivial. Quite surprising all this, hope you agree with me. In short, we
have something interesting here, philosophically speaking, suggesting that Definition 3.4
is something quite magical, when compared to Definition 3.1. Good to know, and because
of this, we will be often prefer Definition 3.4 over Definition 3.1, in what follows.

As another comment, Definition 3.4 only involves the comultiplication A, and you
might wonder about the role of the counit £ and the antipode S, in relation with corep-
resentations. In answer, at N = 1 the situation is very simple, because, as we know well
from chapter 2, the group-like elements a € A are subject to the following formulae:

gla)=1 , S(a)=a"

A similar phenomenon happens in general, with the result here, which can be regarded
as being a useful complement to Definition 3.4, being as follows:

THEOREM 3.6. Given a corepresentation u € My(A), we have:
(ideu=1 , (id®S)u=u"

Also, the associated coaction o : FN — FN @ A is counital, (id ® €)a = id.
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PROOF. There are several things going on here, the idea being as follows:

(1) Let us first prove the second formula, the one involving the antipode S. For this
purpose, we can use the Hopf algebra axiom for the antipode, namely:

m(S ®id)A = m(id ® S)A = ¢(.)1
Indeed, by applying this to u;;, and setting v = (id ® S)u, we have, as desired:
m(S ® id)A(u;;) = m(id @ S)A(u;j) = e(usj)
= > S(um)ur; = Y upS(ug) = &y
k

k
== Z VigUgj = Zuikvkj = 0y
k k
= (vu)iy = (wv)y; = b
= ov=u!

(2) Let us prove now the first formula, the one involving the counit . For this purpose,
we can use the Hopf algebra axiom for the counit, namely:

(e®id)A = (id®e)A =id
Indeed, by applying this to u;;, and setting £ = (id ® €)u, we have:
(e @ id)Alui;) = (id @ €) Aui;) = i

Zc’(Uik)Ukj = Zuikéf(ukg’) = U5

=
k k
— Z Eipuy; = Z Uik By = uy;
k k
= (Bu)ij = (uE)i; = uy
— Fu=ub=u
Now since u is invertible by (1), we obtain from this, as desired:
E=1

(3) Regarding now the last assertion, our claim here is that, in the general context of
Definition 3.4, the following two counitality conditions are equivalent:

(ld@ec)a=1id <= (id®@c)u=1

But this is something which is clear, coming from the following computation:

(Zd® 6)0&(60 = (Zd@ 6) Z@j X Uj; = Zejs(uji)

J J
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Indeed, we obtain from this the following equivalences:
(Zd@g)()é < (2d®€)06(€z) =€
e E(Uj,L') = 5@'
— (d®ecu=1

Thus, we are led to the conclusion in the statement. U

Still talking generalities, in the finite dimensional case we have the following result,
making it clear that Definition 3.1 and Definition 3.4 are indeed dual to each other:

THEOREM 3.7. Given a finite dimensional Hopf algebra A:

(1) The representations of A correspond to the corepresentations of A*.
(2) The corepresentations of A* correspond to the representations of A.

PROOF. In view of the duality result from chapter 1, it is enough to prove one of the
assertions, and we will prove the first one. So, consider a linear map, as follows:

WIA—)MN(F)

As in Definition 3.1, let us construct the coefficients m;; : A — F' of this map by the
following formula, which must hold for any a € A:

mij(a) = 7(a)i

Now observe that each of these coefficients 7;; : A — F' can be regarded as an element
of the dual algebra A*. As in Definition 3.4, we denote by u,; these elements:

T35 = U4 c A"

With these conventions made, we must prove that 7 is a representation of A precisely
when w is a corepresentation of A*. But this can be done as follows:

(1) Our first claim is that 7 is associative precisely when u is coassociative. But this
is something straightforward, which can be established as follows:

n(ab) = w(a)m(h) <= wylab) =Y mi(a)my,(b)

= uylab) =Y u(a)ug, ()
k

!

Afug)(a @b) = (Z ®ukj) (a® )

Alui;) = Z Uik & Up;j
k

!
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(2) Our second claim is that 7 is unital precisely when w is counital. But this is again
something straightforward, which can be established as follows:

(1) =1 <= m;(1) =4
= wu,(l) =6
— eluy) = 0y
Thus, we are led to the conclusion in the statement. [l
Finally, at the level of basic examples, we have the following result, which is in analogy
with what we know about representations, from Theorem 3.3:

THEOREM 3.8. The following happen:

(1) Given a finite group G, the corepresentations u € My(F(G)) come, via u;;(g) =
p(9)i; from the group representations p : G — GLy(F).

(2) Given an arbitrary group H, and elements g1,...,gn € H, we have a corepre-
sentation u € Mn(F[H]), given by u = diag(g1,-..,gn).

PROOF. As before with Theorem 3.3, many things can be said here, and we will come
back to this, on the several occasions, the idea for now being as follows:

(1) To start with, in the case of the finite groups, which produce finite dimensional
Hopf algebras, the result formally follows from Theorem 3.3, via the duality from Theorem
3.7. Thus, done with (1), and with (2) being trivial anyway, done.

(2) However, all this is a bit abstract, so let us check as well (1) directly. Given a
finite group G, the question is when w;; € F/(G) satisfy the following conditions:

Auyg) =Y ug®@uy eluy) =0
k

But, by doing exactly the same computations as those in the proof of Theorem 3.7,
the answer here is that this happens precisely when the following is a representation:

uii(g) . win(g)
g— : :
uni1(g) .. unn(g)
Thus, we have a bijection with the representations p : G — GLy(F), as stated.

(3) Now let us look at the second assertion in the statement. Given a group H, we
know from Proposition 3.5 that all the group elements g € H € F[H] are 1-dimensional
corepresentations. Now let us perform a diagonal sum of such corepresentations:

(%1

gn
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This matrix is then a corepresentation of F'[H], as stated, with both the coassociativity
and counitaly axioms being clear. And with the remark that we actually proved a bit
more, namely that the diagonal corepresentations of F[H| are those in the statement.

(4) Finally, as before in the proof of Theorem 3.3, some further things can be said
here, by conjugating such diagonal corepresentations with matrices U € GLy(F'), and by
making the link with the first assertion, in the abelian group case. But, also as before, on
several occasions, we will rather leave this for now as an instructive exercise, and come
back to all this later, when systematically doing representation theory. U

As a conclusion to all this, we have now a nice representation and corepresentation
theory, up and working, for the Hopf algebras, which is related in a nice way to the
duality considerations from chapter 1, and with the main examples, which are all quite
illustrating, coming from the group algebras of type F(G) and F[H]. However, this
remains just the tip of the iceberg, and as questions still to be solved, we have:

(1) Fully clarify the classification of the representations and corepresentations of the
group algebras of type F(G) and F[H], in the missing cases.

(2) Clarify as well what happens to the duality between representations of A and
corepresentations of A*, when A is no longer finite dimensional.

(3) And finally, discuss what happens for the enveloping Lie algebras Ug, in relation
with the representations of the associated Lie groups G.

These questions are all fundamental, but none being trivial, we will leave them for
later, when discussing more systematically representation theory.

3c. Product operations

Let us discuss now some natural operations on the Hopf algebras, inspired by those
for the groups. We will heavily rely here on the following speculation, from chapter 1:

SPECULATION 3.9. We can think of any finite dimensional Hopf algebra A, not nec-
essarily commutative or cocommutative, as being of the form

A= F(G) = F[H]

with G, H being finite quantum groups, related by a generalized Pontrjagin duality. And
with this generalizing what we know about the finite abelian groups.

As explained in chapter 1, this speculation is here for what it is worth, on one hand
encapsulating some non-trivial results regarding the finite abelian groups, and the finite
dimensional Hopf algebras, and the duality theory for them, but on the other hand,
missing some important aspects of the same theory of finite dimensional Hopf algebras.
Thus, interesting speculation that we have here, but to be taken with care.
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In relation with various product operations, what we would like to have are product
operations for the Hopf algebras «, subject to formulae of the following type:

F(G)* F(H) = F(G o H)

Equivalently, at the dual level, what we would like to have are product operations for
the Hopf algebras %, subject to formulae of the following type:

FIG] % F[H] = F(G e H)

But probably too much talking, let us get to work. We first have the tensor products
of Hopf algebras, whose construction and main properties are as follows:

THEOREM 3.10. Given two Hopf algebras A, B, so is their tensor product
C=A®B

and as main illustrations for this operation, we have the following formulae:

(1) F(G x H) = F(G) ® F(H).
(2) FIG x H] = F|G] ® F[H].

Proor. This is something quite self-explanatory, relying on the general theory of the
tensor products ® explained in chapter 1, the details being as follows:

(1) To start with, given two associative algebras A, B, so is their tensor product as
vector spaces A ® B, with multiplicative structure as follows:

(a@b)(d @V)=ad @b , 1=1®1

Now assume in addition that A, B are Hopf algebras, each coming with its own A, e, S
operations. In this case we can define A, e, .S operations on A ® B, as follows:

Ala®b) = A(a)i3A(b)2a

e(a®b) =¢e(a)e(b)
S(a®b) = S(a) ®S(b)
(2) But with the above formulae in hand, the verification of the Hopf algebra axioms

is straightforward. Indeed, in what regards the comultiplication axiom, we have:

(ARid)Ala®b) = (A®id®id)(A(a)i13A(b)2s)
[(A @ id)A(a)]135[(A @ id) A(b)]246
[(id @ A)A(a)]135[(id @ A)A(b)]246
= (id®id® A)(A(a)13A()24)
(id ®@ A)A(a ® b)
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As for the counit and antipode axioms, their verification is similar, with no tricks of
any kind involved. To be more precise, in what regards the counit axiom, we have:

(e®id)A(a®b) = (®e®id®id)(A(a)13A(b)24)
= [(e®id)Aa)h[(e @ id)A(D)]2
= a1by
= a®b
Similarly, we have the following computation, for the other counit axiom:
(id@e)Ala®b) = (Id®id®e® e)(A(a)i3A(b)2a)
= [(id @ e)A(a))1[(id ® €) A(D)]2
= aiby
= a®b
Finally, for the antipode axiom, we have the following computation:
m(S ®@id)A(a®@b) = (miz3ma)(S @S ®@id @ id)(A(a)13A(b)2)
= (m(S®id)A(a));(m(S @ id)A(b))s
= (e(a)1)1(e(b)1),
= ¢(a)l ®e(b)1
= g(a®b)1®1
Similarly, we have the following computation, for the other antipode axiom:
m(id @ S)A(a®@b) = (mizma)(id®id® S @ S)(A(a)13A(b)2)
= (m(id® S)A(a));(m(id ® S)A(D))a
= (e(a)1)1(e(b)1)2
= e(a)l ®@e(b)1
= g(a®b)1®1
We conclude that C' = A ® B is indeed a Hopf algebra, as stated.

(3) In what regards now the formula F(G x H) = F(G)® F(H), when G, H are finite
groups, as well as the formula F|G x H] = F[G]® F[H], when G, H are arbitrary groups,
these are both clear from the definition of the tensor product operation. Il

As a continuation of the above, in what regards the special elements, we have:

PROPOSITION 3.11. The special elements of A® B are as follows:

(1) Gagp contains G4 X Gp.
(2) Pagp contains Py, Pg.
(3) Z(A® B) = Z(A) ® Z(B).
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Proor. This is something quite self-explanatory, the idea being as follows:

(1) In what regards the group-like elements, A(c) = ¢ ® ¢, assuming a € G4,b € Gp
we have the following computation, showing that we have a ® b € G axp:

Ala®b) = Ala)13A(b)ay
= (a®a)3(b®b)oy
= a®b®a®b
But this gives the inclusion in the statement, G4 X Gg C GagB-

(2) In what regards the primitive elements, A(c) = c® 1+ 1 ® ¢, assuming a € P4 we
have the following computation, showing that we have a ® 1 € Py p:

A(a@l) = A(a)lg
= (CL®1+1®O,)13
= a®1II®I1I+1I®x1I®aea®1l

Similarly, assuming b € Pg we have 1 ®b € Pagp. We therefore conclude that the Lie
algebra P, p contains the Lie algebras Py, Pg, as stated.

(3) In what regards the center, Z(A) ® Z(B) C Z(A ® B) is clear. Conversely, we
have the following computation, assuming that the elements b; are linearly independent:

i

Zai®bl~,a®1 =0

aia®bi:Zaai®bi

a;a = aa;

a; € Z(A)

Ll

Similarly, assuming that the elements a; are linearly independent, we have:

Thus we have the reverse inclusion too, so Z(A® B) = Z(A) ® Z(B), as stated. [

We have as well a result regarding the Haar integration, as follows:

THEOREM 3.12. The Haar integral of a tensor product A ® B appears as

A

with this happening for left integrals, right integrals, and integrals.
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Proor. This is again something self-explanatory, the idea being as follows:

(1) In what regards the left integrals, the verification goes as follows:

(/A®B®id) Ala®b) = (/A®/B®id®z’d) (A(a)13A(b)21)
< (e )sal [(fo)so),

/Al)</3b1>

a-/Bb-1®1

/A®/B)(a®b)-1®1

= / (a®b)-1®1
ARB

(2) In what regards the right integrals, the verification is similar, as follows:

(zm/A@B) Ala®b) = (@de@zd@/A@/B) (A(a)13A(b)s1)
= (e ) aw] (e f) 20,
= (L), (L),
_ /Aa./Bb.lm
- (fof)uene

= / (a®b)-1®1
A®B

(3) Finally, in relation with all this, there is a uniqueness discussion to be made too,
which is quite standard, and that we will leave here as an instructive exercise. U

Il Il Il
N~

Summarizing, we have now a good understanding of the tensor product operation,
with good results all around the spectrum, with respect to the general theory developed
in chapters 1-2. Many other things can be said, for instance with some straightforward
results regarding the representations and corepresentations, introduced earlier in this
chapter. We will be back to tensor products on a regular basis, in what follows.
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Moving forward, now that we know about tensor products, we can do exactly the same
thing with free products, and we are led in this way to the following result:

THEOREM 3.13. Given two Hopf algebras A, B, so is their free product
C=AxB

and as main illustrations for this operation, we have the following formulae:

(1) F(GxH) = F(G) * F(H), standing as definition for G H, as quantum group.
(2) F|G* H) = F|G] *= F[H].

PRrooF. This is again something self-explanatory, save for the abstract meaning of the
object G' % H appearing in (1), that we will explain below, the details being as follows:

(1) To start with, given two associative algebras A, B, so is their free product A x B,
with the multiplicative structure being by definition as follows:

1=14=1p

Now assume in addition that A, B are Hopf algebras, each coming with its own A, e, S
operations. In this case we can define A, ¢, S operations on A x B, as follows:

Al ab;..) = ... Aa)Aby) . ..

(2) But with the above formulae in hand, the verification of the Hopf algebra axioms
is straightforward. Indeed, in what regards the comultiplication axiom, we have:
(AR IA(..ab;...) = (A®id)(...A(a;)Ab;)...)
= . [(A®id)A(w)][(A ®id)Ab)] ...
o Gd @ A)A(a)][(id @ A)A(D;)] . ..
= (id@A)(...Aa;)A(b;) . ..)
As for the counit and antipode axioms, their verification is similar, with no tricks of
any kind involved. To be more precise, in what regards the counit axiom, we have:
(e®id)A(...ab;...) = (e®id)(...Aa;)Ab;)...)
= ... (e®id)A(a;)(e @ id)A(b;) . ..
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Similarly, we have the following computation, for the other counit axiom:
(ld®@e)A(...ab;...) = (id®e)(...Aa;)Ab;)...)
= ... (ild®e)Aa;)(id @ e)A(b;) . ..
= ...a;b;...
Finally, for the antipode axiom, we have the following computation:
m(S @ id)A(...ab;...) = m(S®id)(... Ala;)Ab;)...)
= m(...(S®id)A(b;)(S ®id)Ala;) . ..)
= e(...ab;. )1
Similarly, we have the following computation, for the other antipode axiom:
m(id @ S)A(...ab;...) = m(id® S)(...Ala;)Ab;) .. .)
= m(...(1d® S)Ab;)(id ® S)A(a;) . ..)
= e(...ab;. .01
We conclude that C' = A % B is indeed a Hopf algebra, as stated.
(3) In what regards now the formula F(G% H) = F(G) = F(H), when G, H are finite
groups, this stands as a definition for G % H, as a quantum group, the point being that,

unless G or H is trivial, the Hopf algebra F/(G)* F'(H) is not commutative, and so cannot
be understood as being an algebra of functions. Welcome to noncommutativity.

(4) As for the formula F[Gx H| = F[G]* F[H|, with here G, H being arbitrary groups,
possibly infinite, this is something which is clear from definitions. Il

As a continuation of the above, in what regards the special elements, we have:

PROPOSITION 3.14. The special elements of A * B are as follows:

(1) Gasp contains G4 * Gp.
(2) Pasp contains Py, Pg.
(3) Z(AxB)=F, unless A=F, or B=F.

Proor. This is something quite similar to Proposition 3.11, with the various compu-
tations being very similar to those there, the idea being as follows:

(1) As before with tensor products, we have G4, Gg C G a.p, which gives the result.
(2) Also as before with tensor products, we have P4, Pg C Pa.p, as claimed.

(3) Finally, in what regards the center, things are different with respect to Proposition
3.11. Indeed, since the elements a € A — F' cannot commute with the elements b € B — F,
by definition of the free product A* B, we generically have Z(A* B) = F, as claimed. [

We have as well a result regarding the Haar integration, as follows:
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THEOREM 3.15. The Haar integral of a free product A x B appears as

I

with this happening for left integrals, right integrals, and integrals.
PrROOF. This is again something self-explanatory, the idea being as follows:

(1) In what regards the left integrals, the verification goes as follows:

(/A*B@?id) A(oab;...) = (/A*/Bmd) (... Ala)Ab;) . .)
= ...(A@id)A(ai) (/B@”id)ﬁ(bz‘)--.

b - 1...
B

_ /Aal/
_ /A*B(...aib@...)-l

(2) In what regards the right integrals, the verification is similar, as follows:

(id@/A*B) Al abi ) = (id@/A*/B) (. Ala)A®B)...)
_ ...<¢d®/A) Alay) (z’d@/B) A). ..
_ ...Aai~1[3bi-1...
_ /A*B(...aibi...)-l

(3) Finally, in relation with all this, there is a uniqueness discussion to be made too,
which is quite standard, and that we will leave here as an instructive exercise. O

As before with the tensor products, many other things can be said about free prod-
ucts, for instance with some straightforward results regarding their representations and
corepresentations. We will be back to free products on a regular basis, in what follows.

As a further comment here, algebrically speaking, there are several other possible
products, which are quite natural, between the tensor products and the free products.
But things here are quite technical, and we will discuss them later in this book.
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3d. Quotients, subalgebras

Another standard operation, that we would like to discuss now, is that of taking
quantum subgroups, with the result here, at the algebraic level, being as follows:

THEOREM 3.16. Given a Hopf algebra A, so is its quotient B = A/I, provided that
I C A is an ideal satisfying the following conditions, called Hopf ideal conditions,

AYcAI+I®A |, I)=0 , S{U)cCI

and as main illustrations for this operation, we have the following formulae:

(1) F(G)/I = F(H), with H C G being a certain subgroup.
(2) F|G]/I = F[H], with G — H being a certain quotient.

PROOF. As before, this is something self-explanatory, the idea being as follows:

(1) Given an associative algebra A and an ideal I C A, we can certainly construct
the quotient B = A/I, which is an associative algebra. Thus, we must just see when the
Hopf algebra operations A, e, S correctly factorize, from A to B.

(2) Let us first see when A factorizes. If we denote by m : A — B the canonical
projection, the factorization diagram that we are looking for is as follows:

A = A® A
Iy TR
B o ~B® B

We can see that the factorization condition is as follows:

m(a) =0 = (r®@m)A(a) =0
Thus, in terms of the ideal I C A, the following condition must be satisfied:

acel = (n®@m)A(a)=0
But, for an element b € A ® A, we have the following equivalence:
(rRmMb=0 <= be ARI+I®RA
We conclude that the factorization condition for A is as follows:
a€l = Ala) e ARI+I®A

But this is precisely the first condition on I in the statement, namely:

ADCARIT+I®A
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(3) Similarly, the counit e factorizes precisely when the condition (/) = 0 in the
statement is satisfied, with the factorization diagram here being as follows:

A s F

7

(4) Also, the antipode S factorizes precisely when the condition S(I) C I in the
statement is satisfied, with the factorization diagram here being as follows:

A s Aopp
™ OPP
B oo ~ BoPp

(5) Together with the remark that the maps A, e, S, once factorized, will keep satis-
fying the Hopf algebra axioms, automatically, we are led to the first assertion.

(6) In the group setting now, the formula F(G)/I = F(H), with H C G being a
certain subgroup, is something which clear from definitions.

(7) As for the last formula, namely F[G]/I = F[H], with G — H being a certain
quotient, this is something which is clear from definitions too. U

As a continuation of the above, in what regards the special elements, we have:

PROPOSITION 3.17. In what regards the special elements of a quotient B = A/I, the
quotient map A — B induces quotient maps as follows:

(1) GA — GB.

(2) PA — PB.
(3) Z(A) — Z(B).

Proor. This is something quite trivial, because in what regards the group-like ele-

ments, the primitive elements, and the central elements too, their defining formulae pass
to the quotient, in the obvious way. Thus, we are led to the above conclusions. O

We have as well a statement regarding the Haar integration, as follows:
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Fact 3.18. The Haar integral of a quotient B = A/I does not appear as for the other
Hopf algebra operations, simply by factorizing the following diagram,

Ja

A F

but is related however to the Haar integral of A, via a number of more technical formulae,
and with this happening for left integrals, right integrals, and integrals.

PrROOF. This is obviously something quite informal, that we included here for the
sake of symmetry, with respect to the other operations, the idea being as follows:

(1) The first assertion is certainly something which happens, coming from the intuitive
fact that, by taking for instance B = A/A, we have certainly not constructed here the
integral of A, which is well-known to require some hard work, harder than this.

(2) As for the second assertion, this is something more technical, say involving rep-
resentations and corepresentations. We will leave working out the details here, based on
what happens in the cases A = F(G) and A = F[H], as an instructive exercise, and we
will come back to such questions later, under a number of suitable extra assumptions. [J

As before with the tensor and free products, many other things can be said, for instance
with some straightforward results regarding the representations and corepresentations of
quotients. We will be back to quotients on a regular basis, in what follows.

Regarding now taking quotient quantum groups, the result here is quite similar, some-
how dual to Theorem 3.16, but technically very straightforward, as follows:

THEOREM 3.19. Given a Hopf algebra A, any subalgebra B C A satisfying
A(BycB®B , S(B)CB

1s a Hopf algebra, and as main illustrations, we have the following subalgebras:

(1) F(H) C F(G), for any quotient group G — H.
(2) F[H| C F[G], for any subgroup H C G.

PROOF. The main assertion is clear from definitions, because the Hopf algebra axioms
being satisfied over A, they are satisfied as well over the subalgebra B C A. As for the
main illustrations, in the group case, these are as well both clear from definitions. U

The above result is a bit abstract, and as a useful version of it, providing examples,
let us record as well the following statement, that will play an important role later:
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THEOREM 3.20. Given a Hopf algebra A, and a finite dimensional corepresentation
u = (u;;), the subalgebra generated by the coefficients of u,

B =< Wjj >C A

is a Hopf algebra. As main illustrations for this operation, we obtain subalgebras:
(1) F(H) C F(G), with G — H being certain quotients.
(2) F[H] C F[G], with H C G being certain subgroups.

PRrROOF. This is something which follows from Theorem 3.19, and that we will actually
fully clarify later in this book, the idea being as follows:

(1) Given a coalgebra A and a corepresentation u = (u;;), we can certainly construct
the space of coefficients C,, =< w;; >C A, which is automatically a coalgebra. Indeed,
recall that the corepresentations are subject to the following condition:

Alug) = Z Uik Q) Up;
k

But, by using this condition, we see that A leaves indeed invariant C,:
A(C,) C C, ® C,

(2) In the case now where A is a Hopf algebra, by setting B =< C' >C A, our claim is
that we obtain both an algebra and a coalgebra, so that we have a Hopf algebra. Indeed,
in what regards A, the inclusion found in (1) gives, by multiplicativity:

A(B)C B®B

In what regards now the counit e, there is no verification needed, because we can
simply take the restriction of the counit of A, to the subalgebra B C A.

(3) Finally, in what regards the antipode S, things here are more tricky. We can use
here the following formula, that we know from Theorem 3.6:

(id® S)u =u""!

Thus, with the convention that our subalgebra B =< C' >C A contains the inverses
of all invertible elements ¢ € C', we see that S satisfies the following condition:

S(B)C B

Alternatively, the fact that our subalgebra B =< C' >C A contains the inverses of all
invertible elements ¢ € C can come by theorem, under suitable assumptions on the class
of algebras involved. We will be back to this point, later on in this book.

(4) As a conclusion, under the assumptions in the statement, the Hopf algebra maps
A e, S restrict to the subalgebra B =< C' >C A. But the Hopf algebras axioms being
automatic for these restrictions, we are led to the first assertion.
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(5) In the group setting now, the formula F(H) C F(G), with G — H being a certain
quotient, is something which is clear from definitions.

(6) As for the last formula, namely F[H| C F[G], with H C G being a certain
subgroup, this is something which is clear from definitions too. U

As a continuation of the above, in what regards the special elements, we have:

PROPOSITION 3.21. The special elements of a subalgebra B C A are as follows,
(1) Gg =G4 NB.
(2) P =PsNB.
and 1n what regards the center, nothing in particular can be said.
ProoF. This is something trivial, the idea being as follows:

(1) The first two assertions are clear, since the comultiplication of B appears by
definition as the restriction of the comultiplication of A. Thus, when it comes to group-
like elements, or to primitive elements, we obtain the formulae in the statement.

(2) As for the last assertion, this is something informal, and we will leave some thinking
here, with various examples and counterexamples, as an instructive exercise, the idea being
that the center of B can be substantially smaller, or larger, than the center of A. O

We have as well a result regarding the Haar integration, as follows:

THEOREM 3.22. The Haar integral of a subalgebra B C A appears as a restriction

=),

and with this happening for left integrals, right integrals, and integrals.

Proor. This is again something quite self-explanatory, and clear from definitions,
with the corresponding commuting diagram here being as follows:

A Ja F
’ I
B
Thus, we are led to the conclusion in the statement. Ul

As before with the products and quotients, many other things can be said, for instance
with some straightforward results regarding the representations and corepresentations of
subalgebras. We will be back to subalgebras on a regular basis, in what follows.

Finally, in relation with the above quotient and subalgebra operations, and with their
main illustrations too, there is some discussion to be made, in the finite dimensional case,
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in the context of the Hopf algebra duality for such Hopf algebras, from chapter 1. To be
more precise, we have here the following result, which clarifies the situation:

THEOREM 3.23. In the context of the duality for finite dimensional Hopf algebras
A A*
the operations of taking quotients and subalgebras are dual to each other.
Proo¥r. This is something straightforward, the idea being as follows:
(1) Consider a finite dimensional Hopf algebra A, with structural maps as follows:
m: AR A— A
u: FF— A
A:A—>ARA
e:A—F
S A— APP

(2) As explained in chapter 1, the dual vector space A*, consisting of the linear forms
v : A — F|is then a Hopf algebra too, with structural maps as follows:

Al AT @ A — A
g F— A
mb: A* — A* @ A
ut  A* = F
St A* — (A¥)oPP

(3) But, with these formulae in hand, it is straightforward to check that the Hopf
algebra quotients of A correspond to the Hopf subalgebras of A*, and vice versa:

BCA <+— C=A"1

B=A/I +— CCA"

(4) Moreover, in the context of the duality between the function algebras A = F(G)
and the group algebras A = F[G], with G being a finite group, we obtain in this way
generalizations of the well-known fact that the quotients of a finite abelian group G
correspond to the subgroups of the dual finite abelian group G, and vice versa.

(5) So, this was for the general idea, that everything comes in the end from what we
know about the finite abelian groups, and we will leave the proof of the various assertions
formulated above, in the precise order that you prefer, as an instructive exercise. U
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3e. Exercises

We had a lot of interesting algebra in this chapter, and as exercises, we have:

EXERCISE 3.24.
EXERCISE 3.25.
EXERCISE 3.26.
EXERCISE 3.27.
EXERCISE 3.28.

EXERCISE 3.29.

Further study the representation theory of F(QG).
Further study the representation theory of F[H].

Fill in the missing details for the ® operation.

Fill in the missing details for the x operation.
Clarify the missing details for the quotient operation.

Clarify the missing details for the subalgebra operation.

As bonus exercise, figure out what happens to all the above when F = C.



CHAPTER 4

Affine algebras

4a. Affine algebras

We have seen so far the Hopf algebra basics, including the theory of the basic op-
erations for the Hopf algebras. We would like to discuss now a number of more tricky
operations on the Hopf algebras, appearing as variations of the above.

For this purpose, let us introduce the following notion, inspired as usual from group
theory, that will play a key role in this book, starting from now, and until the end:

DEFINITION 4.1. We call a Hopf algebra A affine when it is of the form
A=< W5 >
with uw € My(A) being a corepresentation, called fundamental corepresentation.

As already mentioned, this notion is inspired from group theory, and more specifically,
from advanced group theory, our motivation coming from the following facts:

(1) In group theory, at a reasonably advanced level, a natural assumption on a group
G is that this appears as an algebraic group, G C GLy(F'). This is indeed how most of
the examples of groups GG appear, in practice, as groups of invertible matrices.

(2) Observe that any finite group G appears as above, thanks to the Cayley embedding
theorem, G C Sy with N = |G|, coupled with the standard embedding Sy C GLy(F)
given by the permutation matrices, which give an embedding as follows:

G C Sy C GLy(F)

(3) As another key example, which is more advanced, it is known that any compact
Lie group G appears as a group of unitary matrices, G C Uy, so that we have:

G C Uy C GLy(C)

(4) Now the point is that, save for a few topological issues, the fact that a group G is
algebraic is equivalent to the fact that the Hopf algebra A = F(G) is affine, in the sense
of Definition 4.1. Thus, we have here a good motivation for Definition 4.1.

In addition to this, getting now to the group dual level, we have some extra motivations
for Definition 4.1, again coming from advanced group theory, which are as follows:

81



82 4. AFFINE ALGEBRAS

(1) Again in group theory, at a reasonably advanced level, but this time with the
discrete group theory in mind, instead of the continuous group theory used above, a
natural assumption on a group H is that this group is finitely generated:

H:<gl,...,gN>

(2) Indeed, this is how nearly all the interesting discrete groups appear. In fact, many
of these groups appear by definition via generators and relations, as follows:

H:<gl,...,gN‘R>

(3) As another comment here, passed the wealth of examples, the fact of being finitely
generated is needed for developing the theory, because talking about Cayley graphs and
their metric aspects, random walks and so on, always requires the use of generators.

(4) Now the point is that, save for a few topological issues, the fact that a group H
is finitely generated is equivalent to the fact that the Hopf algebra A = F[H] is affine, in
the sense of Definition 4.1. Thus, we have again a good motivation for Definition 4.1.

Summarizing, in order to reach to a more advanced Hopf algebra theory, we have all
good reasons in this world to assume that our algebras are affine, as in Definition 4.1.
And for ending this discussion, let us formulate our conclusions as follows:

CONCLUSION 4.2. In relation with group advanced theory:

(1) It makes sense to assume that the groups are algebraic, G C GLy(F),

(2) Or to assume that the groups are finitely generated, H =< ¢1,...,gn >,

(3) With this basically corresponding to the fact that F(G) and F[H] are affine,
(4) So, we will assume in what follows that our Hopf algebras A are affine.

And more on this later. Also, we will see many examples of affine Hopf algebras
in what follows, appearing via various operations, the idea being that the affine Hopf
algebras are subject to far more operations than those discussed before. More later.

In order to get started now, we need to know more about corepresentations, and
in particular, about the fundamental one. As a first result, that we will need in what
follows, the corepresentations of an arbitrary Hopf algebra A are subject to a number of
operations, exactly as the group representations in the usual group case, as follows:

PROPOSITION 4.3. The corepresentations of a Hopf algebra A are subject to the fol-
lowing operations, in analogy with what happens for the group representations:
(1) Making sums, u +v = diag(u,v).
(2) Making tensor products, (4 @ v)iq jb = UijVab-
(3) Spinning by invertible scalar matrices, u — VuV 1.
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PROOF. Observe first that the result holds indeed for A = F(G), where we obtain the
usual operations on the representations of G. In general, the proof goes as follows:

(1) Everything here is clear from definitions.

(2) The comultiplicativity condition follows indeed from the following computation:
A((u® v)iagp) = Aluiva)
= A(uij) A(va)

= E Uik®“kj§ Vae @ Ueh
k

C

= § Uik Vge & Uk Veh
ke

= D (U@ )iake ® (U D Ve
kc

(3) The comultiplicativity property of the matrix v = VuV =1 in the statement can be
checked by doing a straightforward computation. Alternatively, if we write u € M, (F)®A,
the usual comultiplicativity axiom, as formulated in chapter 3, reads:

(Zd X A)U, = U12U13

Here we use standard tensor calculus conventions. Now when spinning by a scalar
matrix, the matrix that we obtain is v = VjuV; !, and we have:

(id® A = ViupusVi?
= ViupV ' ViugV!
= V12013
Thus, with usual notations, v = VuV ~! is a corepresentation, as claimed. Il

As a comment now, the various operations in Proposition 4.3 can be viewed as oper-
ations on the class of affine Hopf algebras, the result here being as follows:

PROPOSITION 4.4. We have the following operations on the affine Hopf algebras, with
the convention A, =< u;; >C A, for a corepresentation u € My(A):
(1) (Am Av) — Au+v-
(2) (Au, Ay) — Augo-
(3) (A,u) = (A, VuV1).

ProOF. This is indeed something clear, coming from the various operations on the
corepresentations constructed in Proposition 4.3, and with the remark that, in the context
of the last assertion, we have indeed < u;; >=< (VuV™!);; >, as needed there. g

As a further operation, also inspired from usual group theory, we have:
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THEOREM 4.5. Given a Hopf algebra corepresentation u € M,(A),
U= (t®idu"
15 a corepresentation too, called contragradient, or conjugate to u.
PRroOOF. This is something very standard, the idea being as follows:

(1) To start with, we know from chapter 3 that u is indeed invertible, with inverse
given by u™! = (id ® S)u. Thus, u is well-defined, and in addition, we have:
u=(t®S)u

(2) But with this latter formula in hand, the proof of the corepresentation property
of u goes as follows, by using the formula AS = ¥(S ® S)A from chapter 2:

A(ui;) = AS(uy)
= X(S®S5)A(uy0)
k

= ) S(ur) ® S(uje)
k

= ) Uy @1y
k

(3) Alternatively, we can check the corepresentation property of u as follows, simply
by inverting the corepresentation property of u, written in compact form:
(id @ A)u = uppu;zs = (id® A)u™" = ujzugy
= (tAu = ({t®iduy - (t@id)uy
=  (id® A)u = uyaly3
(4) Thus, one way or another, we get the result. As further comments, observe first

that S? = id implies @ = u. Observe also that when F' = C and u is unitary, u* = u=!,
the matrix « is the usual conjugate, given by u;; = u;;. We will be back to this. |

In analogy now with Proposition 4.4, the above result suggests talking about the op-
eration A, — Ay for the affine Hopf algebras, and also investigating the relation between
the conditions A =< u;; > and A =< 4;; >. In relation with this, which actually leads
to a bit of rethinking of Definition 4.1, let us make the following convention:

CONVENTION 4.6. Given a Hopf algebra A, with a corepresentation u € My(A),

(1) We keep calling A affine when A =< u;; >,
(2) We call A fully affine when A =< w;j, @;; >,

with the remark that, when u ~ @, meaning v = VaV !, these notions coincide.
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Many further things can be said here, and we will see later in this book that the
complex algebra framework, F' = C, brings some clarification in relation with all this, by

using *-algebras and unitary corepresentations, which are subject to @;; = uj;.

However, importantly, we will also see later in this book, when talking F' = C, that
most of the interesting examples satisfy u ~ u, and that in fact, up to passing to projective
versions, which is something quite natural, we can always assume u ~ @. Thus, and for
closing this discussion, Definition 4.1 as stated is basically the good one.

Getting now to what can be done with an affine Hopf algebra, we will use as source
of inspiration what happens for A = F(G). Given an algebraic group G C GLy(F), a
natural construction is that of considering its diagonal torus 7' C G, which is given by
the following formula, (F*) C GLy(F) being the subgroup of diagonal matrices:
T=Gn(F)N

The point now is that we can perform in fact this construction in the general affine
Hopf algebra context, that of Definition 4.1, with the result being as follows:

THEOREM 4.7. Given an undeformed affine Hopf algebra (A, u), the quotient

AP = A/ <u] =y = o‘\ﬁ 7éj>
is an affine Hopf algebra too, called diagonal algebra. Its standard generators
u; € A°
are group-like, and the algebra A° itself is cocommutative.
PRroOOF. This is something very standard, the idea being as follows:

(1) We know from chapter 3 that given a Hopf algebra A, so is its quotient B = A/I,
provided that I C A is an ideal satisfying the Hopf ideal conditions, namely:

Al)CAIT+I®A , «I)=0 , S({U)cI

In our case, the ideal that we are dividing by is given by the following formula:

1= (s i # 7)
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(2) So, let us check that this is indeed a Hopf ideal. Regarding the condition involving
the comultiplication, on the main generators of I we have, as desired:

Alug) = Zuik®ukj
k

= Uy D Uiy + Zuzk & Up;
ki

6A®I+2ﬁ®A
ki
— AQI+I®A

Similarly, in what regards the coefficients of @ = (¢ ® id)u~!, we have:
Ala)) e AQI+I®A
(3) Next, the condition involving the counit is clear as well, because we have:
i#j = eluy) =¢e(uy) =0
In what regards now the last condition, involving the antipode, here we can use the

following formulae, with the first one being something that we know well, and with the
second one coming from it, by using our undeformability assumption S? = id:

u=({t®S)u , u=({t®9Su
Indeed, we obtain from these formulae that for any ¢ # j we have, as desired:
S(uij) =uz €1, S(uy) =wuj €l

(4) We conclude from all this that A° = A/I is indeed an affine Hopf algebra, with its
fundamental corepresentation being as follows, with the convention u;; € A°:

UNN

(5) Regarding now the last assertion, this is clear from the above diagonal form of the
fundamental corepresentation, but we can check this directly too. We have, inside A%:

Auy) = Zuik®uki
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Thus the standard generators are indeed group-like, and this implies of course that
the diagonal algebra A° itself is indeed cocommutative, as stated.

(6) Finally, as a complement to this, in relation with what was said before the state-
ment, for A = F(G) with G C GLy(F) we obtain A° = F(T), with T C G being the
diagonal torus. Also, for A = F[H]|, with H =< ¢1,...,gy > being a finitely generated
group, with fundamental corepresentation u = diag(gi, ..., gn), we obtain A° = A, [

As an interesting variation of the above construction, generalizing it, we have:

THEOREM 4.8. Given an undeformed affine Hopf algebra (A,u) and Q € GLy(F),
4= A/ {(Qu@)y = olvi# j)
1s an affine Hopf algebra too, called spinned diagonal algebra. Its standard generators
(QuQ ™)y € A(SQ
are group-like, and the algebra AéQ itself is cocommutative.

Proor. This follows indeed from Theorem 4.7 applied to the following affine Hopf
algebra, with this latter Hopf algebra coming from Proposition 4.4 (3):

(A ) = (4, QuQ ™)

Alternatively, we can redo the proof of Theorem 4.7, in the present more general
setting, by adding the parameter matrix @) € GLy(F), to all the computations there. [

All the above is quite interesting, making a connection with advanced group theory,
and more specifically, with the notion of maximal torus, from the Lie group theory. Indeed,
at the level of basic examples, we first have the following result:

THEOREM 4.9. For a function algebra A = F(G), with G C GLy(F), the diagonal
algebra A — A° is the algebra of functions on the diagonal torus T = G N (F*)N:

A° = F(T)

More generally, the spinned diagonal algebras A — A‘SQ, with @@ € GLy(F), are the
algebras of functions on the spinned diagonal tori, To = GN Q™Y (F*)NQ:

AS) = F(Typ)
Also, when F' = C, any abelian subgroup H C G appears inside such a torus, H C Tj.
Proor. This is something quite self-explanatory, the idea being as follows:

(1) The first assertion, regarding the diagonal torus, is something routine, coming
from definitions, as explained at the end of the proof of Theorem 4.7.

(2) The second assertion, regarding the spinned tori, is clear from definitions too, via
the same argument, with the above definition for the spinned tori.
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(3) Finally, in what regards the third assertion, given an abelian subgroup H C G, we
can compose this group embedding with the embedding G C GLx(F):
H C G CGLN(F)

Now the group H being assumed to be abelian, when F' = C, by representation
theory, this embedding must be similar to a diagonal embedding. Thus, if we denote by
Q € GLy(F) the matrix producing this similarity, we have an embedding as follows:

HcQ'(FY)Q
But this proves our claim, because by intersecting with G, we obtain:
HcCcGNQ Y FN)Q =Ty,

So, this was for the general idea, and in practice, we will be back to this later, with
full details and explanations, and with some generalizations too. Il

Let us discuss as well the case of the group algebras. Here we have:

THEOREM 4.10. For a group algebra A = F[H], with H =< ¢, ...,gn >, the diagonal
algebra A — A° is the group algebra of the following quotient group,

Ho = H [ (g = g5|3k, Qui # 0, Q1 #0)

with the embedding Ty = ﬁQ cCG=H coming from the quotient map H — Hg. Also, a
similar result holds for A = F[H|, with spinned fundamental corepresentation.

ProoF. This is something elementary, the idea being as follows:

(1) Assume first that H =< ¢y,...,gny > is a discrete group, with dual H diagonally
embedded, that is, with fundamental corepresentation of F[H]| as follows:

(%51

gn
With v = Qu@Q ™!, we have then the following computation:

Z(Q_l)sivsk - Z(Q_1>si<QuQ_l)sk

S S

- Z(Q_1>siQstutt<Q_l)kt
- Z(Q_l)SiQst(Q_l)ktgt
- Z 51'1‘/(@71)]%91‘,

= (Q My
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Thus the condition v;; = 0 for 7 # j, used in Theorem 4.8, gives:
(Q rivir = (Q kigs

(2) But this latter condition tells us that we must have:
Qri #0 = gi = Ui

We conclude from this that we have, as desired:

Qri #0,Qr; #0 = g; = g;

(3) In order to finish now, consider the group in the statement. We must prove that
the off-diagonal coefficients of Qu@~! vanish. So, let us look at these coefficients:

(Qu@™! Zszukk B Zsz - k:]gk

In this sum k ranges over the set S = {1,..., N}, but we can restrict the attention to
the subset S’ of indices having the property Qx(Q'); # 0. But for these latter indices
the elements g, are all equal, say to an element g, and we obtain, as desired:

(QuQ™h)y = (ZQik(Ql)kj>g

= (QQ iy
= 0ijg
(4) Finally, in what regards the last assertion, this is again elementary, obtained by

adding an extra matrix parameter to the above computations, spinning the fundamental
corepresentation of F[H], and we will leave the computations here as an exercise. i

Summarizing, we have here some beginning of Lie theory, for the affine Hopf algebras,
going beyond what we know from chapter 2. According to the above results, we can
expect the collection of tori {TH|Q € GLN(F)} to encode various algebraic and analytic
properties of G. We will discuss this later, with a number of results and conjectures.

4b. Projective versions

As already mentioned in the beginning of this chapter, the affine Hopf algebras are
subject to far more operations than those discussed in chapter 3, for the arbitrary Hopf
algebras, and this makes the world of affine Hopf algebras quite interesting.

In fact, we have already seen a number of such new operations, in Theorem 4.7 and
Theorem 4.8, making an interesting link with the advanced Lie group theory. So, let us
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further explore this subject, what operations can be applied to the affine Hopf algebras.
We can first talk about complexifications, in an abstract sense, as follows:

THEOREM 4.11. Given an affine Hopf algebra (A, u), we can construct its complezifi-
cation (A, u°) as follows,

A=<u*>CFZ®@ A |, u=zu

with z =1 € F[Z]. As main illustrations for this operation, we have:

(1) F(G)° = F(G°), for a certain group quotient T x G — G°.
(2) F[H|® = F[H¢], with H® C Z x H being constructed similarly.

Proor. This is something quite routine, the idea being as follows:

(1) Regarding the Hopf algebra assertion, this follows from our general results regard-
ing the tensor products and subalgebras, from chapter 3. Indeed, we have:

Auf;) = A(z)A(uy)
= (Z®Z)Zuik®ukj

= g ZUik, @ ZUp;
k

R c C

= E Uyp, @ Uy
k

Thus @ = zu is indeed a corepresentation of the tensor product algebra F[Z| ® F(G),
as constructed in chapter 3, so the results there apply, and gives the result.

(2) As a comment here, by Fourier transform, we can define alternatively the com-
plexification A¢ as follows, with z = id € F[T] being the standard generator:
A=<u*>C FT)® A , u’=zu
(3) In what regards now the formula F(G)¢ = F(G°), with T x G — G°, many things

can be said here, and we will leave some study here as an exercise.

(4) As for the formula F[H]* = F[H¢], with the subgroup H® C Z x H being con-
structed similarly, by multiplying the generators by z, this is something self-explanatory
too. Again, many things can be said here, and we will leave this as an exercise. U

As a comment here, the above construction is particularly relevant when the ground
field is F' = C. We will be back to this later, with comments and illustrations.

Now still at the general level, we have a result regarding the Haar integration of the
complexifications, which is something quite straightforward, as follows:
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THEOREM 4.12. The Haar integral of a complexification
A=<u*>CF]Z)® A , u°=zu

appears as a restriction of a tensor product, as follows,

[ (=),

and with this happening for left integrals, right integrals, and integrals.

Proor. This is something quite self-explanatory, and clear from our various results
from chapter 3, with the corresponding commuting diagram here being as follows:

F[Z]@ALF

Jac

AC
Thus, we are led to the conclusion in the statement. U

Moving on, along the same lines, we have as well the following construction:

THEOREM 4.13. Given an affine Hopf algebra (A,u), we can construct its free com-
plezification (A, @) as follows,
A=<a>CF[ZxA |, a=zu
with z =1 € F[Z]. As main illustrations for this operation, we have:
(1) F(G) = F(G), standing as definition for G, as quantum group.
(2) F[H]| = F[H], with H C Z x H being constructed similarly.
Proor. This is something quite similar, the idea being as follows:

(1) Regarding the Hopf algebra assertion, this follows from our general results regard-
ing free products and subalgebras, from chapter 3. Indeed, we have:

Auig) = A(2)A(ugy)
= (Z®Z)Zuik®ukj

= E ZUi, @ ZUp;
k

= E Uip @ Ugj
k

Thus @ = zu is indeed a corepresentation of the free product algebra F[Z] x F/(G), as
constructed in chapter 3, so the results there apply, and gives the result.
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(2) As a comment here, by Fourier transform, we can define alternatively the free
complexification A as follows, with z = id € F[T] being the standard generator:

A=<a>CF(M)*A , a=zu

(3) In what regards now F(G) = F(G), this stands as a definition for G, as a quantum

group, the point being that, unless G is trivial, the algebra F'(G) is not commutative. We
will be back to this, with some examples and illustrations, in what follows.

(4) As for the formula F[H] = F[H], with the subgroup H C Z H being constructed
similarly, by multiplying the generators by z, this is something self-explanatory. Again,
we will be back to this, with some examples and illustrations, in what follows. U

As a comment here, the above construction is particularly relevant when the ground
field is FF = C. We will be back to this later in this book, with comments and illustrations.
Now still at the general level, we have a result regarding the Haar integration, which is
quite similar to what we had before for the usual complexifications, as follows:

THEOREM 4.14. The Haar integral of a free complexification
A=<a>CF[Z]xA |, a=zu

appears as a restriction of a free product, as follows,

[ (1),

and with this happening for left integrals, right integrals, and integrals.

Proor. This is something quite self-explanatory, and clear from our various results
from chapter 3, with the corresponding commuting diagram here being as follows:

Fz]sA—2 p

Ja
A
Thus, exactly as before, when talking about the usual complexifications, and their
Haar functionals, we are led to the conclusion in the statement. Il

The above results raise the question of understanding what are the “intermediate”
complexifications, lying between the usual one, and the free one. More on this later.

Moving ahead, we can introduce now our next basic operation on the affine Hopf
algebras, which is something quite fundamental, as follows:
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THEOREM 4.15. Given an affine Hopf algebra (A, u), we can construct its projective
version (PA,v) by setting
PA =<qj6 >CA | Vigjb = Uijlap
and as main illustrations for this construction, we have the following formulae:
(1) PF(G) = F(PG), with PG = G/(GNTY), when F = C.
(2) PF[H] = F[PH], with PH =< gigj’1 >, assuming H =< g; >.

PROOF. As before, this is something self-explanatory, the idea being as follows:

(1) Our first claim is that the matrix v in the statement is a corepresentation. But
this is something standard, the computation being as follows:
A(Viagp) = A(tijlap)
= A(uij) Ata)

= E Ui ® Uk E Uge @ Uep
k c

= E Uik Uge & uk:jﬂcb
kc

- E Via,ke X Vke,jb
ke

(2) Thus, v is indeed a corepresentation, and so, by the results in chapter 3, the
projective version PA, as constructed in the statement, is indeed a Hopf subalgebra.

(3) Before going further with our study, let us mention that the construction in the
statement is that of the standard, left projective version. It is possible to talk as well
about right projective versions, constructed by using the following corepresentation:

Wiq,jb = UijUqp
In general, the left and right projective versions do not coincide, as one can see with
examples coming from algebras of type A = F[H], discussed below. Many other things

can be said here, but with the subject being quite technical, we will basically restrict the
attention in what follows to the left projective versions, from the statement.

(4) Regarding now the formula PF(G) = F(PQG), with PG = G/(GNTY), this follows
from the elementary fact that, via Gelfand duality, the matrix v in the statement is the
matrix of coefficients of the adjoint representation of G, whose kernel is the subgroup
G NTY, where TV C Uy denotes the subgroup formed by the diagonal matrices.

(5) So, this was for the idea with PF(G) = F(PG), and in practice, we will leave
some study here, both over F' = C and in general, as an instructive exercise.

(6) As for the last formula, namely PF[H| = F[PH], with PH =< gigj_l >, assuming
H =< g; >, this is something trivial, which comes from definitions. U
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We have as well a result regarding the Haar integration, as follows:
THEOREM 4.16. The Haar integral of a projective version
PA =< Via,jb > C A y Via,jb = uijﬂab

appears as a restriction, as follows,

J.=(),.

and with this happening for left integrals, right integrals, and integrals.

PrOOF. This is again something quite self-explanatory, and clear from our results
from chapter 3, with the corresponding commuting diagram here being as follows:

A F
’ Joa
PA
Thus, we are led to the conclusion in the statement. Il

Importantly now, let us mention that there is an interesting relation here with the
notion of free complexification. Indeed, in the context of Theorem 4.13, we have:

THEOREM 4.17. Given an affine Hopf algebra (A, u), construct its free complezification
(A, a), with & = zu. We have then an identification

PA=PA
and the same happens at the level of right projective versions.
Proor. This is something coming from definitions, the idea being as follows:

(1) Let us construct indeed the free complexification (A, @), with @ = zu, as in Theo-
rem 4.13. The conjugate of u is then given by the following formula:

0 =uz"1

Thus, the adjoint of u is given by the following formula:
0= zvz !

But this gives an identification PA = PA as in the statement, by conjugating by z.

(2) Regarding now the right projective versions, as constructed in the proof of Theorem
4.15, things here are in fact even simpler. Indeed, the right adjoint of @ is given by:

W= w

Thus, we have a plain equality of right projective versions PA = PA.
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(3) Finally, let us mention that the story is not over here, quite the opposite. Indeed,
an interesting subsequent question, of categorical and algebraic geometry flavor, is that
of understanding if the free complexification A is the biggest affine Hopf algebra having
the same projective version as A. We will discuss this question later in this book, when
systematically discussing the relation between affine and projective geometry. U

So long for the basic operations on the Hopf algebras. Many more things can be said,
and we will be back to this later, when discussing the representation theory and Haar
integration, for the various products of Hopf algebras constructed above.

Finally, let us mention that it is possible to talk as well about wreath products, and
free wreath products, in the Hopf algebra setting. However, this is something more tricky,
requiring talking about quantum permutations first, and we will do this later in this book,
after developing some more theory, in order to talk about quantum permutations.

4c. Intersection, generation

We would like to discuss now a number of further basic operations on the Hopf algebras,
again coming from group theory, but which are more subtle, and related to each other,
namely the intersection operation, generation operation, and Hopf image operation.

As before with the usual operations, it is convenient in what follows to have in mind the
following informal formula, for an arbitrary Hopf algebra A, in terms of certain underlying
quantum groups G and H, related by some sort of generalized Pontrjagin duality:

A=F(G)=F[H]|
In terms of such quantum groups, and more specifically of the first ones, A = F(G),

the questions that we would like to solve, which are quite natural, are as follows:

PROBLEM 4.18. Given two quantum subgroups H, K C G of a quantum group:

(1) How to define their intersection, H N K ¢
(2) What about the subgroup that they generate, < H, K >7?

In order to answer the first question, the best is to start by drawing some diagrams. In
the classical case, given a group G and two subgroups H, K C GG, we can indeed intersect
these subgroups, and the relevant diagram, which gives H N K, is as follows:

G H

HNK
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Now at the level of the corresponding algebras of functions, the diagram, having as
arrows surjections which are dual to the above inclusions, is as follows:

F(G) F(H)

F(K) F(HNK)

But this is exactly what we need, in order to solve our intersection problem formulated
above. Indeed, based on this, we can come up with the following solution:

THEOREM 4.19. Given two quotient Hopf algebras A — B,C', we can construct the
universal Hopf algebra quotient A — B M C producing the following diagram.:

A B

C BncC

As an illustration for this, in the group algebra case we have the formula
FH)NF(K)=FHNK)
for any two subgroups of a given group, H, K C G.

Proor. We must prove that the universal Hopf algebra in the statement exists indeed.
For this purpose, let us pick writings as follows, with I, J being Hopf ideals:

B=A/I , C=A/J
We can then construct our universal Hopf algebra, as follows:
BnCc=A/<1,J>
Thus, we are led to the conclusions in the statement. Il

In the affine Hopf algebra setting now, that of Definition 4.1, the operation ' con-
structed above can be usually computed by using the following simple fact:

PROPOSITION 4.20. Assuming A — B,C, the intersection BT C s given by
BnC =A/{R,P}
whenever we have writings as follows,
B=A/R , C=A/P

with R, P being certain sets of polynomial relations between the coordinates u;.



4C. INTERSECTION, GENERATION 97

Proor. This follows from Theorem 4.19, or rather from its proof, and from the fol-

lowing trivial fact, regarding relations and ideals:
I=<R>,J=<P> = <I,J>>=<R,P>

Thus, we are led to the conclusion in the statement. Il

Finally, let us record as well what happens in the group algebra case:

THEOREM 4.21. Given two quotient groups G — H, K, we have the formula

F[H|NF[K]=F[HNK]
with the quotient G — [H M K] being the one producing the following diagram:
G H

K HNMK
Alternatively, we have [H M K| = G/ < ker(G — H),ker(G — K) >.

ProOF. This is indeed something self-explanatory, with the first assertion coming
from Theorem 4.19, and with the second assertion coming from Proposition 4.20. U

Moving on, regarding now the generation operation question, from Problem 4.18 (2),
the theory here is quite similar. In the classical case, given a group G' and two subgroups
H, K C G, the relevant diagram, which gives the subgroup < H, K >, is as follows:

G H

K <HK->

Now at the level of the corresponding algebras of functions, the diagram, having as
arrows surjections which are dual to the above inclusions, is as follows:

F(G) F(H)

F(K)

F(< H,K >)

But this is exactly what we need, in order to solve our generation problem formulated
above. Indeed, based on this, we can come up with the following solution:
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THEOREM 4.22. Given two quotient Hopf algebras A — B,C, we can construct the
universal Hopf algebra quotient A — [B, C| producing the following diagram:

A B

C (B, C]
As an illustration for this, in the group algebra case we have the formula
[F(H),F(K)]=F(< H,K >)
for any two subgroups of a given group, H, K C G.

PrRoOOF. We must prove that the universal Hopf algebra in the statement exists indeed.
For this purpose, let us pick writings as follows, with I, J being Hopf ideals:

B=A/I , C=A/J
We can then construct our universal Hopf algebra, as follows:
BNcC=A/(INJ)
Thus, we are led to the conclusions in the statement. O
As a complement to this, let us record as well what happens for group algebras:
THEOREM 4.23. Given two quotient groups G — H, K, we have the formula
[F(H), FIK]) = F[H,K]
with the quotient G — [H, K| being the one producing the following diagram:
G H

K H, K]
Alternatively, we have [H, K] = G/(ker(G — H) Nker(G — K)).

Proor. This is indeed something self-explanatory, and elementary, with both the
assertions coming from Theorem 4.22, and its proof. O

So long for the basics of the intersection and generation operations. The story is
of course not over with the above results, because we still have as job, as apprentice
or confirmed algebraists, to explore the obvious dual nature of these operations. And
skipping some details here, that we will leave as an exercise, the situation is as follows:
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FAcT 4.24. In the finite dimensional case, where the quotients A — B, C' correspond
to certain subalgebras B*,C* C A*:

(1) The intersection and generation operations on the algebras B, C' can be understood
in terms of the dual algebras B*, C*.

(2) For the algebras of functions, and for group algebras too, all this is compatible
with known formulae from group theory.

As a last topic for this section, let us discuss now the connection with the notion of
diagonal algebras, introduced earlier in this chapter. As explained there, associated to an
affine Hopf algebra is a family of cocommutative diagonal algebras, as follows:

A% = {Ag‘Q € GLy(F)}

Generally speaking, we can expect this collection of diagonal algebras to encode the
various algebraic and analytic properties of A. Here is a basic result on this subject:

THEOREM 4.25. The following hold, over the complex numbers F = C, both for the
algebras A = F(G) with G C Uy, and for the group algebras A = F[H|:
(1) Injectivity: the construction A — A is injective, in the sense that A # B implies
AY # BY, for some Q € GLy(F).
(2) Monotony: the construction A — A% s increasing, in the sense that passing to
a quotient A — B decreases one of the diagonal algebras, A‘SQ # Bé?.

(3) Generation: any quantum group is generated by its tori, or, equivalently, any
affine Hopf algebra A has the property A = [A}|Q € GLy(F)].

ProoOF. We have two cases to be investigated, as follows:

(1) Assume first that we are in the group algebra case, A = F(G). In order to prove
the generation property we use the following formula, established before:

To=GNQ'(F)"Q

Now since any group element U € G is unitary, and so diagonalizable by basic linear
algebra, we can write, for certain matrices Q € Uy and D € (F*)V:

U=Q'DQ

But this shows that we have U € Ty, for this precise value of the spinning matrix
@ € Uy, used in the construction of the standard torus Ty. Thus we have proved the
generation property, and the injectivity and monotony properties follow from this.

(2) Regarding now the group algebras, here everything is trivial. Indeed, when these
algebras are diagonally embedded we can take () = 1, and when they are embedded by
using a spinning matrix @) € GLy(F), we can use precisely this matrix Q. O
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Many other things can be said, as a continuation of the above, notably with some
further verifications of the above conjectures, say in relation with product operations,
and with some more specialized conjectures too. We will be back to this later in this
book, when systematically discussing what happens over the complex numbers.

4d. Images and models

In order to further discuss now the generation operation [, ] introduced above, we will
need the following construction, which is something of independent interest:

THEOREM 4.26. Given a representation m : A — C, with C being an associative
algebra, there is a smallest Hopf algebra quotient A — B producing a factorization

mT:A—=B—=C

called Hopf image of w. More generally, given representations m : A — C;, with C; being
algebras, there is a smallest Hopf algebra quotient A — B producing factorizations

VIT A— B — Cz
called joint Hopf image of the family of representations ;.
ProoOF. This is something quite obvious, obtained by dividing by a suitable ideal:

(1) Let I, be sum of all Hopf ideals contained in ker(r). It is clear then that I is a
Hopf ideal, and to be more precise, is the largest Hopf ideal contained in ker(w). Thus,
we have the solution to our factorization problem, obtained as follows:

B=A/I,

(2) As for the second assertion, regarding the Hopf image of an arbitrary family of
representations m; : A — C}, the proof here is similar, again by dividing by a suitable
ideal, obtained as the sum of all Hopf ideals contained in all the kernels ker(m;). i

The above construction might look quite trivial, but under some suitable extra as-
sumptions, such as having the complex numbers as scalars, F' = C, a number of more
subtle things can be said about it, and this even at the very general level, as follows:

(1) To start with, the Hopf image construction has a very simple description at the
Tannakian level, namely “the Hom spaces are those in the model”, and this can be taken
as a definition for it. But more on this later, when talking Tannakian duality.

(2) As yet another approach, we can talk about idempotent states, and again, we have
a simple description of the Hopf image construction, in such terms. But more on this
later in this book, when talking Haar integration, and idempotent states.

Before going further, with some applications of the above construction to the compu-
tation of the [,] operation, let us formulate the following definition, which is something
of theoretical interest, that will appear on a regular basis, in what follows:
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DEFINITION 4.27. We say that a representation w : A — C' is inner faithful when
there is no proper factorization of type

m:A—>B—C
that is, when its Hopf image is A itself.

As before with the notion of Hopf image, this might look like a trivial notion, but under
a number of some suitable extra assumptions, such as having F' = C, some non-trivial
things can be said too, including a simple Tannakian description of inner faithfulness, and
an indempotent state formula as well. More on this, later in this book.

Getting now to the examples and illustrations, for the notions introduced above, these
will come, as usual, from the case of the function algebras A = F(G), and that of the
group algebras A = F[H]. It is convenient to start with these latter algebras, A = F[H],
which are the most illustrating. Regarding them, we have the following result:

THEOREM 4.28. Given a matrix representation of a group algebra
7 F[H| — My(F)
coming by linearizing from a usual group representation
p:H— GLy(F)
the Hopf tmage factorization of w is obtained by taking the group image
7w : F[H] = Flp(H)] = My(F)
and 7 is inner faithful when p is faithful, that is, when H C GLy(F).

ProoOF. This is something elementary and self-explanatory, with the first assertion
coming from definitions, and with the second assertion coming from it. O

The above result is quite interesting, providing us with the key for understanding the
Hopf image construction, and the related notion of inner faithfulness. For making things
clear here, let us formulate our final conclusion a bit informally, as follows:

CONCLUSION 4.29. When regarding the Hopf algebras as being of the form A = F[H],
with H being a quantum group:

(1) The Hopf image construction produces the algebra A" = F[H'|, with the quantum
group H' being the image of H.

(2) A representation of A = F[H] is inner faithful precisely when the corresponding
representation of H s faithful.

With this discussed, let us get now to our other class of basic examples, the function
algebras A = F(G). Here the result is something quite simple as well, as follows:
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THEOREM 4.30. Given a diagonal representation of a function algebra

f(g1)
m: F(G)— My(F) , f—

f(gr)
coming from an arbitrary family of group elements, as follows,
gi,--,9x € G
the Hopf image factorization of m is obtained by taking the generated subgroup
7 F(G) = F(<g1,...,9x >) = My(F)
and 7 1s inner faithful when we have G =< gy, ...,gx >.

Proor. This is again something elementary and self-explanatory, with the first as-
sertion coming from definitions, and with the second assertion coming from it. O

So long for the notions of Hopf image, and inner faithfulness. There are of course some
other examples too, and we will be back to this later. Also, as already mentioned, there
is some further general theory to be developed too, under suitable extra assumptions, in
relation with Tannakian duals and Haar integration, and we will come back to this later
too. For the moment, what we have in the above, which is quite illustrating, will do.

Now by getting back to the generation operation [, ], as introduced before, we have
the following result about it, which is something very useful, in practice:
THEOREM 4.31. Assuming A — B,C, the Hopf algebra [B, C] is such that
A— [B,C]— B,C
is the joint Hopf image of the following quotient maps:
A— B,C
A similar result holds for an arbitrary family of quotients A — B;.

PROOF. In the particular case from the statement, the joint Hopf image appears as
the smallest Hopf algebra quotient D producing factorizations as follows:

A—D— B,C

We conclude from this that we have D = [B, C], as desired. As for the extension to
the case of an arbitrary family of quotients A — B;, this is straightforward. O

As an application of the above Hopf image technology, let us discuss now matrix
modeling questions. Let us start with something very basic, as follows:
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DEFINITION 4.32. A matriz model for an affine Hopf algebra (A,w) is a morphism of
associative algebras as follows, with T being a certain space:
T:A— MK(F(T)) y o Ui — Uij
When this morphism 7 is an inclusion, we say that our model is faithful.

Obviously, this notion is potentially something quite useful. In practice now, we would
like of course our matrix models to be faithful, and this in order for our computations
inside the random matrix algebra My (F(T')) to be relevant, to our questions regarding
A. In fact, this is why we chose above to use random matrix algebras My (F(T)) instead
of plain matrix algebras Mg (F), as to have more chances to have faithfulness.

But, the problem is that this situation is not always possible, due to a number of
analytic reasons, the idea here being that the random matrix algebras My (F(T)) are
quite “thin”, from a certain functional analytic viewpoint, while the algebra A to be
modeled might be “thick”, from the same functional analytic viewpoint.

We will discuss more in detail such things later in this book, when talking about
F = C, and various analytic aspects. In the meantime, however, we certainly do have a
problem, that is quite clear, and the point is that the notion of inner faithfulness from
Definition 4.27 provides us with a potential solution to this problem, as follows:

DEFINITION 4.33. We say that a matrix model as above,
m:A—= Mg(F(T)) , wy;—U;
15 inner faithful when there is no Hopf algebra factorization as follows:
m:A— B— Mg(F(T)) , wy— v — U;
That s, we can use our inner faithfulness notion, for the matrix models.

And the point now is that, with this notion in hand, we can model far more affine
Hopf algebras than before, with the above-mentioned analytic obstructions dissapearing.
In fact, there is no known obstruction on the algebras A than can be modeled as above.

Still in relation with the faithfulness problematics for models, let us record as well:
THEOREM 4.34. Given an arbitrary matriz model, as before,
m:A— Mg(F(T)) , wy;—U;
we can always factorize it via a smallest Hopf algebra, as follows,
m:A—=B—= Mg(F(T)) , wj—v;—U;
and the resulting factorized model B — My (F(T)) is then inner faithful.

ProoF. This is indeed something self-explanatory, coming by dividing by a suitable
ideal, with the result itself being a particular case of Theorem 4.26. U
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Summarizing, we have some interesting theory going on, for the matrix models. In
practice now, in order to reach to something concrete, out of this, far more work is needed,
and we will discuss this later in this book. In the meantime, let us formulate:

CONCLUSION 4.35. In relation with the matriz models m: A — Mg (F(T)):

(1) The notion of inner faithful model is the good one, perfectly remembering A, and
allowing us to model far more algebras A, than with usual faithfulness.

(2) In general, we can also use the Hopf image technology in order to construct new
Hopf algebras, by taking the Hopf image of an arbitrary model.

And we will end this chapter, and the present opening Part I, with this. Good con-
clusions that we have here, waiting to be explored. We will be back to this, later.

4e. Exercises
We had a lot of interesting algebra in this chapter, and as exercises, we have:
EXERCISE 4.36. Further study the projective versions.
EXERCISE 4.37. Further study the free complexifications.
EXERCISE 4.38. Work out some basic examples of intersections.
EXERCISE 4.39. Work out some basic ezamples of generations.
EXERCISE 4.40. Clarify the missing details for the Hopf image illustrations.
EXERCISE 4.41. Work out some basic examples of matriz models.

As bonus exercise, figure out what happens to all the above when F' = C.



Part 11

Symmetry groups



Casa mea e un cantec cu acorduri ample
Melancolic si fierbinte si curat
St ma simt ca intr-un palat de padurt inconjurat
Viata mea in cantec s-a mutat



CHAPTER 5

Rotation groups

5a. Free algebras

We have seen that many things can be said about Hopf algebras, and the underlying
quantum group type objects. In this second part of the present book we discuss some
concrete examples, obtained via two basic operations, called liberation and twisting.

The idea with liberation and twisting, inspired by the results of Drinfeld-Jimbo and
Woronowicz, and going back to work of Wang from the early 1990s in the case F' = C,
and to work of Bichon from the early 2000s in general, is very simple, as follows:

(1) Liberation. Given an algebraic group G C GLy(F), with a bit of patience and
know-how, we can normally liberate the commutative algebra A = F(G) into a highly
noncommutative algebra AT = F(G™), by removing the commutation relations ab = ba
between the standard coordinates u;; : G — F. Thus, we get a liberation G C G™.

(2) Half-liberation. Once the liberation constructed, or even before that, a natural
question is that of understanding the intermediate liberations G € G* C GT. As a
basic example here, we usually have a canonical such liberation, denoted G*, obtained by
replacing the relations ab = ba with the half-commutation relations abc = cba.

(3) Twisting. Along the same lines, we can try to look for twists G’ C G, typically
obtained from G by replacing the relations ab = ba by commutation/anticommutation
relations ab = £ba. This is not the same as half-liberation, because in this case G, G’ are
no longer related by an inclusion, but rather by some sort of mirror symmetry.

(4) Half-liberation and twisting. With the above done, and for the picture to be
complete, we can further look for intermediate objects G' € G* C G*. As a basic
example here, we usually have a canonical such liberation, denoted G*, obtained by
replacing the relations ab = 4+ba with relations of type abc = +cba.

This was for the general story, and in practice now, things are quite tricky, depending
on the chosen algebraic group G C GLy(F), the general principle being as follows:

107
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PRrRINCIPLE 5.1. The liberation and twisting can be a quite tricky business, depend-
ing on the chosen group G C GLy(F'), with the problem coming from the “remove the
commutation relations ab = ba” procedure required, which remains something ad-hoc.

And for the story to be complete, as an illustration for the difficulties here, although
the basics of liberation and twisting are now quite well understood in the regular Lie
cases, ABCD, the final classification results in the ABCD cases are still lacking. As for
the exceptional cases EFG, here nothing much is known, at least for the moment.

Excuse me, but cat is here, meowing something. What is it, cat?

CAT 5.2. The commutation relations ab = ba are best removed by using claws.

Okay, thanks cat, but is this a joke or something, can’t you see that I am a peaceful
big animal, having no claws, and quite often eating vegetables. So, I cannot really follow
your advice, but one day some sort of generalized Lie theory, or algebraic geometry, will
provide us humans with the needed claws, in order to deal easily with such questions.

Getting to work now, as a first concrete goal, in order to have our liberation and
twisting program started, we would like to talk about quantum rotation groups over
arbitrary fields F. Let us start with something that we know since chapter 3, namely:

DEFINITION 5.3. A corepresentation of a Hopf algebra A is a matriz u € My(A)
satisfying the following condition, called coassociativity:

Aluiy) = Z Uik, & Uk
k

We say that a Hopf algebra A is affine when it is of the form
A=< U5 >
with u € My(A) being a certain corepresentation, called fundamental corepresentation.

We refer to chapter 3 for some basic theory and observations, regarding the corepre-
sentations, and their relation with the equivalent notion of coaction. Among others, it
follows from there that we have the following formulae, involving the maps A, ¢, S:

(id® A)u = upuiz , (deecu=1 , (id®S)u=u"

To be more precise, the first formula is equivalent to the coassociativity condition
from Definition 5.3, the third formula follows from this, via the antipode axiom, and the
second condition follows from the counit axiom, by using the fact that u is invertible.

As a continuation of this, we have the following key definition:



5A. FREE ALGEBRAS 109
DEFINITION 5.4. Given two corepresentations u € M, (A),v € M,,(A), we set:
Hom(u,v) = {T € men(F)‘Tu = UT}
Also, we use the notations Fiz(v) = Hom(1,v), and End(v) = Hom(v,v).

The linear maps, or rather rectangular matrices T' € M, x,,(F) in the above definition,
are called intertwiners between v and v. In the particular case u = 1, what we obtain are
certain vectors T' € F™, called fixed points of v. Also, in the particular case u = v, what
we obtain are certain square matrices T' € M,,(F'), called intertwiners of v.

The above notions are something quite natural and intuitive, and in the function
algebra case A = F(G) we obtain the usual notions concerning the representations of G,
that you might already know about, if you have some previous knowledge of representation
theory. In case you don’t, no worries, we will be doing things in a self-contained way.

Here is now a fundamental result, regarding the above Hom spaces:

THEOREM 5.5. 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).
In other words, the Hom spaces between corepresentations form a tensor category.
PROOF. These assertions 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 standard tensor
product notations, we have the following computation:

(Se@T)pev) = SiTopizvas
= Sip13Tavas
= (Sp)13(Tv)as
On the other hand, we have as well the following computation:
(Ruw)(S®T) = qzwsSTs
= q1351w23TH
= (¢5)13(wT )23
The quantities on the right being equal, this gives the result.

(3) Finally, the last assertion follows from definitions, and from the obvious fact that,
in addition to the above properties (1,2), the Hom spaces are linear spaces, and contain
the units. In short, this is just a theoretical remark, that we will need later on. U
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As a continuation of Definition 5.4, we have the following key notions:

DEFINITION 5.6. We use the following conventions, for corepresentations:

(1) We write u ~ v when Hom(u,v) contains an invertible element.
(2) We say that u is irreducible, and write u € Irr(A), when End(u) = F1.

To be more precise, here it is understood in (1) that in order to have u ~ v, we must
have dimu = dim v, prior to the condition on Hom(u,v) there. Also, in (2), the F'1 at
the end stands for the algebra of constant matrices, F'1 C M, (F), with n = dimu.

As before with other notions, in the function algebra case A = F(G) we obtain the
usual notions concerning the representations of GG, that you might already know about.
Observe also, as another illustration, that in the group dual case, A = F[H], we have:

g~h < g=nh

As yet another remark, and in the general case now, observe that the condition u ~ v
means by definition that u, v are conjugated by an invertible matrix:

u~v = v=Tul" | T€GL,(F)

Finally, as a last piece of basic representation theory, that we will need in what follows,
let us recall from chapter 3 that we have the following key construction:

DEFINITION 5.7. Given a corepresentation u € M, (A), we set
1= ({t®idu ! =({t®S)u
and call it contragradient, or conjugate corepresentation to u.

We refer to chapter 3 for more on this notion, which is something quite subtle. As
a key observation here, when F' = C, and assuming that A is a x-algebra, and that u is
unitary, u* = u~', the conjugate is given by u;; = uy;. In general, we do not have such an
interpretation, but we will still agree to call @ conjugate corepresentation.

Good news, with the above notions in hand, we can now discuss, following Bichon and
others, the liberation question for the most basic matrix group of them all, namely:
GLy = GLy(F)
Let us start with some basic facts about the affine Hopf algebras, as follows:
PROPOSITION 5.8. Given an affine Hopf algebra (A, w), with u € My (A), let
i=0{t®Su , u=(id®S%)u
be the conjugate, and double conjugate, of the fundamental corepresentation.

(1) u=u is equivalent to S* = id.
(2) u ~ @ means that v = 1u satisfies v = QutQ™"', with Q € GLy.
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PROOF. Both assertions are elementary, the idea being as follows:
(1) This is something trivial, which is clear from definitions.
(2) To start with, the condition u ~ % can be interpreted as follows:

u~T <= u=RuR™"' , RedGLy
Now in view of the formula % = (¢t ® id)u~"', with the notation v = 4, we have:

u = (t®id)u = (t®id)v =

But this shows that, still with v = @ as above, the condition that we found reads:

(t@idv ! =(t®id)u ' =u= RuR™!
Now by transposing, we obtain the following formula, with Q = (R')~!:

v = QutQ!

Thus, we are led to the conclusion in the statement.

(3) Let us mention too, as a complement to what is said in (2), that the condition
there is equivalent to having a formula of type S? = ® x id x ®~!, for the square of the
antipode. Many other things can be said here, and we will be back to this later. U

The above result is quite interesting, and we are led in this way to considering the
universal Hopf algebra generated by variables w;;, v;;, with the relations that we found:

THEOREM 5.9. Given a matrix (Q € GLy, the universal algebra F(GLg) generated by
variables w;;,vi; with i,5 = 1,..., N with the relations

ufl — Ut ’ ’Ufl — Qthfl

is a Hopf algebra, with comultiplication, counit and antipode making u,v corepresentations.
We call the quantum groups GL(G*2 free general linear groups.

PRrROOF. Consider indeed the universal algebra in the statement. We must construct
Hopf algebra maps A, ¢, S, and this can be done as follows:

(1) Our first claim is that we can construct a comultiplication map A by using the
universal property of our algebra, via the following formulae:

(Zd &® A)u = Ui2U13 (Zd (%9 A)’U — V12013
In order to prove this, consider the matrices appearing on the right, namely:

U=upuz , V =uvpv3
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By using the formula v~ = ¢! in the statement, we have the following computation:

Ul = (U12U13)_1

Similarly, by using v™! = Qu‘Q~!, we have as well the following computation:

VT = (viavrg)
— ol
= (Qu'Q M) 1(Qu'Q )1
= QuizQ 'Qui,Q!
= Quizu, Q"
= Quipus3)' Q"
QU'Q™!

We conclude that the matrices U,V satisfy the same conditions as u, v, so we can
define A as above, by using the universal property of our algebra.

(2) Regarding now the counit map ¢, our claim is this can be defined in a similar way,
by using the universal property of our algebra, according to:

(ldeau=1 |, (id®ec)v=1

But this is clear, because the matrices U = 1, V = 1 obviously satisfy the required
relations U~! = V! and V! = QU!Q~!. Thus, we have our counit map e.

(3) Finally, regarding the antipode S, our claim is that this can be defined in a similar
way, via the universal property of our algebra, according to the following formulae:

(id® Syu=1" |, (id® S =Qu' Q™"
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In order to prove this, consider the matrices U = o' and V = Qu'Q~*!, over the
opposite algebra, with product a - b = ba.

(U-V"y

We have the following computation:

Z Uit - Vi
%

Z ViU
%

(VU") i
(Qth_lv)jz‘
= (v ")
— 5.

Jt

Similarly, we have as well the following computation:

We conclude that the first required relation, U !

> Vi Uy

= V', is satisfied indeed.

(4) Next, still in relation with the antipode, we have the following computation:

(V-QU'Q ™)y

Z Vi - (QU'Q ™)y
f
Z(QUthl) i Vik

[(Q ) Vt]Ji

[(QuQ )( Qu'Q ™)'
(@' Q Q1) uQ';
(@ 1) u@’ Ji

[(Q 1)tu UQt]Jz

[(Q N'Q"i

]Z
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Similarly, we have as well the following computation:

QU'Q™-V); = Z(QUtQil)ik + Vij

k

= Z Vi (QU'Q ™)k
f

Vt(QUtQ_l)t]ji
Qu'Q™H)"(QuQ™")';

We conclude that the second required relation, namely V! = QU!'Q™!, is satisfied
too. Thus that the matrices U, V satisfy the same conditions as u, v, so we can define the
antipode map S as above, by using the universal property of our algebra. U

Many things can be said about quantum groups GL;S constructed above. As a first
observation, the quantum group GLZ) depends on the matrix () € GLy up to Q — AQ,

and in view of this, it is convenient to make the following normalization, provided that
Tr(Q) # 0, and that the number Tr(Q~1)/Tr(Q) has a square root in F:

Tr(Q) =Tr(Q™")

Along the same lines, but at a more advanced level, the quantum groups GLQ are
invariant under certain transformatlons of type QQ — AQB , at the level of the parameter
matrices () € GLy, and working out how all this works is an interesting question. We will
be back to such things, and to the quantum groups GLa in general, with further results
about them, later in this book, when systematically discussing representation theory.

Let us restrict now the attention to the affine Hopf algebras satisfying S? = id. Ac-
cording to Proposition 5.8 the condition S? = id is equivalent to u = %, and so to Q = 1.
Thus, we only need the () = 1 particular case of Theorem 5.9, which is as follows:

THEOREM 5.10. Given an integer N € N, the universal algebra F(GLY) generated by
variables w;;, vi; with i,5 = 1,..., N with the relations

is a Hopf algebra, with comultiplication, counit and antipode making u,v corepresentations.
We call the quantum groups GL3, free general linear groups.
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PROOF. As already mentioned, this is simply the () = 1 particular case of Theorem
5.9, with the above quantum group GL} being the “true” and unique free general linear
group, in the framework of the affine Hopf algebras satisfying S? = id. U

Many other things can be said, as a continuation of the above, in particular with the
following observations regarding the diagonal algebras, which get liberated too:

FACT 5.11. In the context of the liberation operation F(GLy) — F(GLY):

(1) The corresponding diagonal algebras get liberated too, as F[ZN] — F[Z*M].
(2) This latter liberation corresponds to the usual group liberation ZV — Z*V.

In addition to this, let us mention that F(GLY) is known to be generated by its
subalgebras F(GLy) and F[Z*"], so in the end, the liberation operation GLy — GLY
simply consists in liberating the dual of the diagonal torus, Z" — Z*N. However, such
things are not exactly well understood and axiomatized, and in the lack of something
concrete here, we refer to Cat 5.2 for the general principles of liberation.

We refer to Bichon [22] for more on all this. We will be back to the quantum groups
GLg and GL}; later in this book, with more results about them.

5b. Orthogonal groups

As a continuation of the above, still following Bichon [22] and related work, let us
discuss now the free rotation groups. In order to keep things simple, we will restrict the
attention to the case where the square of the antipode is the identity:

S? = id

Our aim will be that of constructing quantum groups as follows, depending on a
parameter matrix J € GG Ly, whose meaning will become clear in a moment:

O7 C GLY
In order to get started, we first have the following version of Proposition 5.8:
PROPOSITION 5.12. Given an affine Hopf algebra (A, u), with u € My(A), let
u=(t®S)u

be the conjugate of the fundamental corepresentation.

1) uw = u is equivalent to u=' = ut.
q

(2) u ~ 4 is equivalent to u™' = Ju'J ™', with J € GLy.

PROOF. Both the assertions are clear from @ = (¢ ® id)u™!, as follows:
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(1) This follows indeed from the following equivalences:
u=1u <= u=tRidu"’
— (tRidu=u"
— u=u!
(2) This follows from the following equivalences, with J = (K*)~! at the end:

u~u = u=KuK'
—= (t®idu "t = KuK™*
— u—l — (Kt)_luth
= ul=JuJ!
Thus, we are led to the conclusions in the statement. Il

Thus, we are led to the following “orthogonal” version of Theorem 5.10:

THEOREM 5.13. Given a matriz J € GLy, the universal algebra F(OTF) generated by
variables u;; with v,5 = 1,..., N with the relations

ut = JutJ!

15 a Hopf algebra, with comultiplication, counit and antipode making u a corepresentation.
We call the quantum groups OF free rotation groups.

Proor. Consider indeed the universal algebra in the statement. We must construct
Hopf algebra maps A, ¢, S, and this can be done as follows:

(1) Our first claim is that we can construct a comultiplication map A by using the
universal property of our algebra, via the following formula:

(Zd &® A)U, = U12U13
In order to prove this, consider the matrix appearing on the right, namely:
U = uipuiz
By using the formula v~ = Ju!J ™!, we have the following computation:
U™l = (uipugg) ™
= Uzl
= (Ju'J N a(Ju' T )
Julut, J !
J(Ulgulg)tj_l
= JU'J!
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We conclude that the matrix U satisfies the same conditions as u, so we can define
indeed A as above, by using the universal property of our algebra.

(2) Regarding now the counit map ¢, our claim is this can be defined in a similar way,
by using the universal property of our algebra, according to:

(id®@e)u=1

But this is clear, because the unit matrix U = 1 obviously satisfies the required
relations, namely U~! = JU!J~!. Thus, we have our counit map ¢.

(3) Finally, regarding the antipode S, our claim is this can be defined in a similar way,
by using the universal property of our algebra, according to the following formula:

(id® S)u = Ju'J

In order to prove this, consider the matrix U = Ju!J~!, over the opposite algebra,
with product a - b = ba. We have the following computation:

U-JU' TNy = Y U (JU'T )y

= Z(JUtJ”)ijl-k

(J J U
(J~ 1) UJtUt]]Z
(J Y Tt T T T Y g
(J Y T T
(J Htu~ Y
(J7H'T

[
[
[
[
[
[ s

J 1

Z]
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On the other hand, we have as well the following computation:

(JU'T - U); =

D (JU T i - Uy
k

> Uk (JU T Vi
k

JU T )5
J YU T

~—~

We conclude that the matrix U satisfies the condition U~! = JU!J ™!, so we can define
the antipode map S as above, by using the universal property of our algebra. O

The story is not over here, because we still have to see what conditions must be
imposed on J € GLy, as to avoid degeneracy of the corresponding quantum group O7F, a
natural requirement here being the fact that « must be irreducible. We will need:

PROPOSITION 5.14. In the context of the quantum group O we have
J'J7 € End(u)

and so, in order for u to be irreducible, we must assume J' = £J.

ProoOF. This is something which is quite routine, as follows:

(1) We have the following computation, using u~! = Ju!J !

(id ® S*)u

= (id® S)u™*

= (id® S)(Ju'J™)
= J[(id @ S)u']J !
= J[(id @ S)u]'J !
_ J(ufl)t{]fl

= J(JulJHg!
= JJHY gt !
_ (JtJ—l)—lthJ—l

Now since S? = id, this equality gives, as claimed in the statement:
J'Jt € End(u)
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(2) Regarding the second assertion, by using what we just found, we have:
u = irreducible = J'J le Fl1
— JiJl=c¢l, ceF
— Jl=c¢J, ceF

Now observe that by transposing the formula J* = ¢J we obtain J = c¢J!, and by
putting these two formulae together, we obtain the following relation:

J=:cJ
But, J being invertible, we conclude that we must have ¢ = 1, and so ¢ = 1. Thus,
the formula J* = ¢J that we found reads J' = 4.J, as claimed in the statement. O

Now with Proposition 5.14 in mind, let us record the following useful result:

THEOREM 5.15. Given a matriz J € GLy satisfying J° = £J, the corresponding
algebra F(O7) is generated by variables u;; with i,5 =1,..., N with the relations
u=JuJ !
where u = (t @ id)u'. We call these quantum groups O7 the main free rotation groups,

and we use the notation OF, for the quantum group obtained at J = 1.

PROOF. This is a remake of Theorem 5.13, with the condition J* = +J found in
Proposition 5.14 added, and with the following manipulation included too:
= JuJT = (t@idut = (J) et
= (tidut=J""uJ
= u=J"'uJ
— u=JuJ!
To be more precise, we have used here, in the beginning, the formula J* = 4.J. Observe
also that our statement makes indeed sense, because v = JuJ !, with the convention

u = (t ®id)u™', is a collection of relations between the variables u;;. Finally, in what
regards the “main” at the end, this comes from what we found in Proposition 5.14. [J

As before in the general linear case, many other things can be said, as a continuation
of the above, in particular with the following fact regarding the diagonal algebras:
FACT 5.16. In the context of the liberation operation F(Oy) — F(O%):
(1) The corresponding diagonal algebras get liberated too, as F[ZY] — F[Z3N].
(2) This latter liberation corresponds to the usual group liberation 75 — Z3N.

Observe that this is something very similar to Fact 5.11, and for more about all this,
we refer to the comments there, which apply to the present situation as well.
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As another comment, importantly, as explained by Bichon in [22] and related papers,
with the condition J' = +J imposed, u becomes indeed irreducible. We will be back to
the quantum groups OF and O} later in this book, with more results about them.

5c. Bistochastic groups

As an interesting version of the orthogonal groups and quantum groups, let us discuss
now the bistochastic groups and quantum groups. This is more applied linear algebra,
and the very basic definition there, that you might already know, is as follows:

DEFINITION 5.17. A square matriz M € My(F') is called bistochastic if each row and
each column sum up to the same number:

Mll MlN — A
My, ... Myy — A
\J 3
A A

If this happens only for the rows, or only for the columns, the matriz is called row-
stochastic, respectively column-stochastic.

As the name indicates, these matrices are useful in statistics, and perhaps in other
fields like graph theory, computer science and so on, with the case of the real matrices
having positive entries, which sum up to A = 1, being the important one. As a basic
example of a bistochastic matrix, we have the flat matrix, which is as follows:

1 ... 1
HN = : :
1 ... 1
Observe that the rescaling Py = Iy /N has the property mentioned above, namely

positive entries, summing up to 1. In fact, this matrix Py = Iy/N is a very familiar
object in linear algebra, being the projection on the all-one vector, namely:

1

1
Getting back now to the general case, the various notions of stochasticity in Definition
5.17 are closely related to this vector £, due to the following simple fact:

PROPOSITION 5.18. Let M € My (F) be a square matriz.
(1) M is row stochastic, with sums A, when Mg = X.
(2) M is column stochastic, with sums X\, when M'€ = \E.
(3) M is bistochastic, with sums \, when ME& = M'€ = \E.
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PROOF. The first assertion is clear from definitions, because when multiplying a ma-
trix by &, we obtain the vector formed by the row sums:

M11 MIN 1 M11+...+M1N
MNl MNN 1 MN1+--~+MNN
As for the second, and then third assertion, these are both clear from this. O

As an observation here, we can reformulate if we want the above statement in a purely
matrix-theoretic form, by using the flat matrix Iy, as follows:

PROPOSITION 5.19. Let M € My(F) be a square matriz.

(1) M is row stochastic, with sums X\, when MIy = M.
(2) M is column stochastic, with sums X, when IyM = Ay.
(3) M is bistochastic, with sums X\, when M1y =IyM = M.

Proor. This follows from Proposition 5.18, and from the fact that both the rows and
columns of the flat matrix Iy are copies of the all-one vector £. Alternatively, we have

the following formula, Sy, ..., Sy being the row sums of M, which gives (1):
MH MIN 1 ... 1 Sl Sl
MNl MNN 1 ... 1 SN SN
As for the second, and then third assertion, these are both clear from this. O

Getting now to our quantum group business, we first have the following result:
PRrROPOSITION 5.20. We have a subgroup as follows,
By C Oy
consisting of the orthogonal matrices which are bistochastic.

PrROOF. It is clear indeed that Bj is stable under the multiplication, contains the
unit, and is stable by inversion. Thus, we have indeed a subgroup, as stated. U

In fact, we have the following result, dealing with quantum groups too, and which is
formulated a bit informally, by using our general A = F(G) philosophy:
THEOREM 5.21. We have the following groups and quantum groups:

(1) By C Oy, consisting of the orthogonal matrices which are bistochastic.
(2) BY c OF, coming via ué = &, where & is the all-one vector.

Also, we have an inclusion By C B, which is a liberation.
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PROOF. There are several things to be proved, the idea being as follows:

(1) We already know from Proposition 5.20 that By is indeed a group, with this coming
from the following formula, with £ being the all-one vector:

B, ={veo,|ue=¢}
(2) In what regards now BF, this appears by definition as follows:

C(B}) = F(0]) /(& € Fia(u))

But since the relation £ € Fiz(u) is categorical, producing a Hopf ideal, and we will
leave the verifications here as an exercise, we have indeed quantum groups.

(3) Finally, in what regards the last assertion, since we already know that O; C OF
is a liberation, we must prove that we have an isomorphism as follows:

F(B)) = F(0,) /(¢ € Fia(u)
But this isomorphism is clear from the formula of B in (1). U

Quite interesting all this, but the bistochastic groups and quantum groups are in fact
not really “new”, because at J = 1 for instance, we have the following result:
THEOREM 5.22. We have isomorphisms as follows:
(1) BN ~ ONfl.
(2) By ~ 0% ;.

PROOF. Let us pick indeed a matrix K € GLy satisfying the following condition,
where eq = (1,0,...,0) is the first vector of the standard basis of F*V:

Keg=¢
We have then the following computation, for any corepresentation wu:
ué =§¢ <= uKey= Keg

— K 'uKey = e
— K 'uK = diag(1,w)

Thus we have an isomorphism given by w;; — (K 'uK);;, as desired. O

With this understood, we would like to discuss now certain versions of the bistochastic
groups and quantum groups By, B, which are quite interesting, for various reasons. To
be more precise, it is possible to talk about bistochastic groups and quantum groups
BL, B]I\,+ defined by using other vectors £ = £;, the result being as follows:
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THEOREM 5.23. We have a closed subgroup BL™ C OF, defined via the formula

C(BY) = C(0%) ] (uer = &)
with the vector & being as follows, with I C {1,..., N} being a subset:

= (ier);

Vi
Moreover, we can talk about classical groups B too, in a similar way.
ProOOF. We must check the Hopf algebra axioms, and the proof goes as follows:
(1) Let us set U;; = >, wir ® ug;. We have then the following computation:

Utr): =
(U&r) ﬁz

jel

= ﬁzzulk®uk‘]

jel  k

= Z Ui, @ (ur)p
= Z i, ® (€1

1
" e

= (u&r)i®1
= (&)i®1

Thus we can define indeed a comultiplication map, by A(u;;) = Uj;.

(2) In order to construct the counit map, e(u;;) = d;;, we must prove that the identity
matrix 1 = (6;;);; satisfies 1£; = £;. But this is clear.

(3) In order to construct the antipode, S(u;;) = (u™');;, we must prove that the inverse

matrix vt = (u™t);; satisfies u='¢; = &;. But this is clear from ué; = ;.

(4) Finally, we can talk about classical groups Bk in a similar way, with these appear-
ing as subgroups of the quantum groups B]IV”L, in the obvious way. U

We should mention that the above quantum groups are of key importance in connection
with the notion of “affine homogeneous space”, which is something generalizing the usual
spheres, and requires an index set I C {1,..., N}, as above. We will be back to this later
in this book, in Part IV, with a brief introduction to the affine homogeneous spaces.
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5d. Lower liberations

We would like to discuss now some “lower liberations” of the group GLy and its
subgroups of type Oy, and why not of some other subgroups too, which do not have free
versions. With this meaning looking for intermediate quantum groups G € G* C G, or
just looking for partial liberations G C G*, when G* does not really exist.

All this is something a bit philosophical, beyond Hopf algebras, just in relation with
the notion of commutativity. And, we are led right away to the following question:
QUESTION 5.24. What is simple and natural as relation between commutativity
ab = ba
and no relation at all, or freeness, ¢

In order to answer this question, we can use a diagrammatic approach to it. Obviously,
the notion of commutativity, ab = ba, comes from the following diagram:

O O

o] @)
With this idea in mind, we are led right way into the following diagram:

O @) O

O @) O

But, by following this path, why not using as well the following diagram:

And so on. A clarification is certainly needed here, and we have:
CLAIM 5.25. Under suitable combinatorial assumptions, only half-commutativity,
abc = cba

has its place between commutativity, ab = ba, and freeness, (.
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In order to discuss this claim, which is something quite subtle, the idea will be that
of regarding the above diagrams as being set-theoretic pairings, and then talk about
categories of pairings, rather of pairings themselves. Indeed, let us formulate:

DEFINITION 5.26. A category of pairings is a collection of sets of pairings,

D =| | D(k,1)
kol
with D(k,l) C Py(k,l), having the following properties:
) Stability under the horizontal concatenation, (w,0) — [ro].
) Stability under vertical concatenation (7, 0) — [2], with matching middle symbols.
) Stability under the upside-down turning x, with switching of colors, o <+ e.
) Each set P(k,k) contains the identity partition ||...||.

(5) The sets P(,ce) and P((, e0) both contain the semicircle N.

(1
(2
(3
(4

This might look a bit complicated, at the first glance, but if you are a bit familiar with
Tannakian duality, this definition will certainly bring you joy. If not, you can simply take
the above definition as such, sort of an abstract notion introduced for our theory below
to work, and we will be back to this in chapter 11, with more details about all this.

The point now is that, with the above definition in hand, we can formulate the fol-
lowing statement, making our previous Claim 5.25 into something very precise:

THEOREM 5.27. There are only 3 categories of pairings, namely
NCy, C Py C Py

with Py, all pairings, corresponding to commutativity, NC5, noncrossing pairings, corre-
sponding to freeness, and Py =< X > corresponding to half-commutativity.

PROOF. As already mentioned, this is something quite technical and precise, and with
the last part being of course a bit informal, making the link with Claim 5.25.

(1) In order to prove the uniqueness result, consider a crossing pairing, 7 € P, — NCjy,
having s > 4 strings. Our claim is that the following happen:

—If m € P, — Py, there exists a semicircle capping ©’ € P, — Pj.

—If m € Py — NC,, there exists a semicircle capping ©’ € Py — NCs.
Indeed, both these assertions can be easily proved, by drawing pictures.
(2) Consider now a partition m € Py(k, 1) — NCy(k,l). Our claim is that:
—If m € Py(k,l) — P;(k,l) then <7 >= Ps.

~If 7€ Pj(k,l) — NCy(k,l) then < 7 >= Pj.

But 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.
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(3) Finally, given a category of pairings NCy C D C P, we have three cases:

~If D ¢ Py, we obtain D = P.
-t DCP,D ¢ NCy, we obtain D = Pj.
—If D C NC5, we obtain D = NCs.

Thus, we have proved the uniquess result, as desired. Il

We will be back to all this later in this book, the idea being that what we just proved is
that, under suitable combinatorial assumptions, of Brauer theory type, there are exactly
3 orthogonal quantum groups, namely Oy C O% C OF%. More on this later.

With the above discussed, let us go back now to quantum groups, and discuss the half-
liberation operation, obtained by replacing the commutation relations ab = ba between
standard coordinates with half-commutation relations, abc = cba. We have here:

THEOREM 5.28. We have intermediate quantum groups as follows,

F(G") = F(G+)/ <abc = cba

VCL, b, (S {uij7 I_LU}>

which have the following properties:

(1) The projective versions PF(G*) are commutative.

(2) The diagonal algebras F(G*)° are not commutative, for G = GLy, Oy.
(3) Thus, the algebras F(G*) are not commutative, for G = GLy,Oy.

(4) However, collapsing F(G*) = F(G) can happen, for instance for G = By.

PROOF. There are many things going on here, and with this being just the tip of the
iceberg, on what can be said, with the idea with all this being as follows:

(1) To start with, the fact that G* as constructed above is indeed a quantum group,
lying as a proper intermediate subgroup G C G* C G, can be checked via a routine
computation, but the best is to view this via representation theory. Indeed, intuitively,
the half-commutation relations abc = cba come from the half-classical crossing:

¥ € P(3,3)

Thus, we are led to the conclusion in the statement, by imposing the following condi-
tions, with the convention that ) stands for all 8 possible colorings of X:

{ € End(u® @ u’ @ u)

And we will be back to this, correspondence between intertwiners and partitions, later
in this book, in chapter 11, when talking Tannakian duality and Brauer theorems.
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(2) Regarding now the claim that the projective version PF(G*) is commutative, this
is something immediate, coming from the following computation:

ab-cd = abc-d

= cba-d

c-bad

= c-dab

= cd-ab
(3) Next, in the cases G = GLy,Oy the diagonal algebras F(G*)° are respectively
equal to the group algebras of H = Z°N, Z3N with the symbol o standing for the half-
classical product of groups, lying between the classical product x and the free product x,

by imposing the commutation relations ghk = khg. Now since these latter groups H are
not abelian, nor are the corresponding group algebras commutative, as claimed.

(4) Still in the cases G = G Ly, Oy, since the diagonal algebras F(G*)° are not com-
mutative, nor are the algebras F'(G*) themselves commutative, as claimed.

(5) Finally, in the case G = By, as a first observation, the above argument involving
diagonal algebras will not work, because these diagonal algebras collapse to F', which
half-liberate and liberate into F' too. In fact, as said in the statement, the half-liberation
procedure fails for the bishochastic groups, and this because by summing the matrix
entries over a row, the relations abc = cba get converted into the relations ab = ba. U

Many other things can be said about half-liberation, following Bichon-Dubois-Violette
[26] and related work, with a key observation here being the fact that the 2x2 antidiagonal
scalar matrices half-commute. Indeed, we have the following computation:

(6 () @)= (8 ) G 6) = (o *5)

On the other hand, we have as well the following computation:

@) G0 a)=( a) o) W)

Thus, we have indeed half-commutation, and based on this, it is possible to work out
explicit 2 x 2 matrix models for our quantum groups. More on this, later in this book.

As a last topic, back to the bistochastic groups, it is possible to construct intermediate
objects for By C Bj;. Let us recall from Theorem 5.22 that we have an isomorphism as
follows, whenever K € G Ly satisfies Key = \/Lﬁﬁ , where ¢ is the all-one vector:

C(O%_y) = C(BY) , wiy— (K 'uK);
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Here, and in what follows, we use indices i, 7 = 0,1,..., N —1 for the N x N quantum
groups, and indices 7,j = 1,..., N — 1 for their (N — 1) x (N — 1) subgroups. But with
this, we can construct intermediate objects for By C By, as follows:

THEOREM 5.29. Assuming that K € GLy satisfies Key = %ﬁg, we have inclusions
By C By, C Bf;
obtained by taking the image of the standard inclusions
On_1 CON_, CO%_,
via the above isomorphism O, _, ~ B induced by K.

PRrROOF. The fact that we have inclusions as in the statement follows from the above
isomorphism, which produces a diagram as follows:

On-1 O*N—l

4
On1

By B, B}

To be more precise, the quantum group Bj, from the bottom is by definition the image
of the quantum group O} _; from the top, and this gives the result. O

Many other things can be said, as a continuation of the above. We will back to
this, and with some further examples of bistochastic quantum groups too, later on, when
systematically discussing the half-liberation operation, over F' = C.

5e. Exercises
We had a lot of interesting algebra in this chapter, and as exercises, we have:
EXERCISE 5.30. Clarify the isomorphisms between the quantum groups GLZS.
EXERCISE 5.31. Clarify the deformation of the quantum groups O%.
EXERCISE 5.32. Learn more about the bistochastic matrices.
EXERCISE 5.33. Clarify the details, in relation with the half-liberation operation.
EXERCISE 5.34. Try constructing more general half-liberation operations.
EXERCISE 5.35. Further study the bistochastic quantum groups B .

As bonus exercise, study the representations of our various quantum groups.



CHAPTER 6
Symmetric groups

6a. Symmetric groups

Welcome to quantum permutations. Our next goal, coming as a continuation of the
general liberation material from chapter 5, will be to talk about quantum permutations,
and quantum reflections too, over arbitrary fields F'. To be more precise, we would first
like to talk about quantum permutation groups Sy;, and then about more general quantum
reflection groups, appearing as certain products, Hy = Z l, Sy with s € NU {oo}.

As before with the rotation groups, the story with quantum permutations involves
some key work of Wang from the 1990s, in the case F' = C, and then some subsequent
work of Bichon, from the 2000s, in the case where F' is arbitrary. We will be following
here the paper of Bichon [23], which includes adaptations of most of Wang’s results.

Let us start with the following standard result, regarding the group Sy itself:

THEOREM 6.1. Consider the symmetric group Sy, viewed as permutation group of the
N coordinate axes of FY. The coordinate functions on Sy C On are given by

Uij = X <a € G‘O‘(j) = z)

and the matriz w = (u;;) that these functions form is magic, in the sense that:

(1) Its entries are projections, p* = p,
(2) Which satisfy pq = 0, on each row and column,
(3) And which sum up to 1 on each row and column.

PROOF. The action of Sy on the standard basis e;,...,exy € FY being given by
0 1 ej = eq(j), this gives the formula of u;; in the statement. As for the fact that the
matrix u = (u;;) that these functions form is magic, this is clear. O
As a comment here, in the case F' = C the above projections u;; are orthogonal

projections, p> = p* = p, and by using this, the condition (2) automatically follows from
(3), via some standard positivity tricks, that we will leave as an exercise. In the general
case, however, as explained in [23], the good magic conditions are (1,2,3) above.

Now back to the general case, where our ground field F' is arbitrary, with a bit more
effort, we obtain the following nice algebraic characterization of Sy:

129
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THEOREM 6.2. The algebra of functions on Sy has the following presentation,
F(SN) = Fromm ((uij)m:l,._.,N’u = magic)
and the multiplication, unit and inversion map of Sy appear from the maps

Auyy) = Zuzk Qur; , eluy) =205 , Suy)=uy
k

defined at the algebraic level, of functions on Sy, by transposing.

Proor. This follows indeed from Theorem 6.1, via some basic algebra, that we will
leave here as an exercise, and with the comment that there are no topological issues of
any kind involved, both the algebras in the statement being finite dimensional. We will
actually do this basic algebra in a moment, when talking about liberations of Sy. U

Following now Wang and Bichon, we can liberate Sy, as follows:

THEOREM 6.3. The following universal algebra, with magic meaning as usual formed
by projections, p* = p, satisfying pq =0 and >_p =1 on each row and column,

F(Sy)=F ((uij)i,jzl,...,N’U = magic)
is a Hopf algebra, with comultiplication, counit and antipode given by:

A(uij) = Zuzk Quk; 5(%‘;‘) =0 , S(wiy) = uy
k

We call the quantum group S, quantum permutation group.

PrROOF. We must construct morphisms of algebras A, e, S given by the formulae in
the statement. Consider the following matrices:

A € S
U5 = E Uik & Ugj Ui = dij U5 = Uji
k

Our claim is that, since u is magic, so are these three matrices:

(1) Indeed, regarding the matrix u®, its entries are projections, as shown by:

A2
(uij) = E Ui Uiy @ Upj Uy
kl

= g Oiir @ Opi;
il

= E Uik Q Up;
%
A
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(2) Next, the condition pg = 0 is satisfied on the rows of u®, as shown by:

UijUip, = E Ui Uirn, & Ugj Uk

Im

= E Oim Uit @ U Uk
lm

= E Ui & UgjUk
1

= E Ui @ Ol
]

= 0jkuij
(3) The condition pg = 0 is satisfied on the columns of u* too, as shown by:

Uil = E Ui Ufern & U Uy

Im

= E Uit Uk, @ Opm Uy
Im

= E U Uk & Uy
1

= Z Oi Uiy @ Uy
1

= Oiklij

A

(4) The row sums for the matrix u~ can be computed as follows:

DU = D uw @
J Jk
k

=1

(5) As for the column sums, the computation here is similar, as follows:

Zufj = Zuik®ukj
i ik
k

= 1

(6) We conclude from these computations that the matrix u® is magic, as claimed.

As for u®, u®, these matrices are magic too, and this for obvious reasons.
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A S

(7) Thus, all our three matrices u~, u®, u” are magic, so we can define A, e, S by the
formulae in the statement, by using the universality property of F(S};). O

Very nice, but our first task now is to make sure that Theorem 6.3 produces indeed a
new quantum group, which does not collapse to Sy. Following Wang, we have:

THEOREM 6.4. We have an embedding Sy C S5, given at the algebra level by:
Uij — X (0’ € SN)a(j) = z)
This is an isomorphism at N < 3, but not at N > 4, where S5 is not classical, nor finite.

ProOOF. The fact that we have indeed an embedding as above follows from Theorem
6.2. Observe that in fact more is true, because Theorems 6.2 and 6.3 give:

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

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

Case N = 2. The fact that S5 is indeed classical, and hence collapses to S, is trivial,
because the 2 x 2 magic matrices are as follows, with p being a projection:

-2,
I—p p

Indeed, this shows that the entries of U commute. Thus F(Sy) is commutative, and
so equals its biggest commutative quotient, which is F(Sy). Thus, S5 = Ss.

Case N = 3. By using the same argument as in the N = 2 case, and the symmetries
of the problem, it is enough to check that w1, uss commute. We have:
Upiley = UniUga(U1y + Uiz + Urg)
U1 U2U11 + U11U22UL3
= UjilUgoUil + Un(l — U21 — U23)U13
= U1U22U11
On the other hand, we have as well the following computation:
Uty = (U1 + Urg + U13) Uiy
= Up1lUg2U11 + Ui3U2Uy]
= U11lU20U11 + U13(1 — U21 — U23)U11
= U11U22U711

By comparing the above formulae we obtain wujuss = uguyq, as desired.
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Case N = 4. Consider the following matrix, with p, ¢ being projections:

D 1—»p 0 0

_|1=p 0 0
U= 0 0 g 1—gq
0 0 1—gq q

This matrix is magic, and we can choose p, ¢ as for the algebra < p,q > to be non-
commutative and infinite dimensional. We conclude that F(S}) is noncommutative and
infinite dimensional as well, and so S is non-classical and infinite, as claimed.

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

_ U 0
YN0 1w

Indeed, with this in hand, the fact that S; is a non-classical, infinite quantum group
implies that Sy with N > 5 has these two properties as well. O

As a first observation, as a matter of doublechecking our findings, we are not wrong
with our formalism, because as explained once again in [23], [92], we have as well:

THEOREM 6.5. The quantum permutation group S3; acts on the set X = {1,..., N},
the corresponding coaction map « : F(X) — F(X) ® F(S5;) being given by:

ale) =D e ®@uy
j

In fact, Sy is the biggest quantum group acting on X, by leaving the counting measure
invariant, in the sense that (tr @ id)a = tr(.)1, where tr(e;) = +, Vi.

PROOF. Our claim, which will prove the result, is that given a Hopf algebra A, the
following formula defines a morphism of algebras, which is a coaction map, leaving the
trace invariant, precisely when u = (u;;) is a magic corepresentation of A:

06(62‘) = Z €; &® Ui
J
(1) To start with, we know from chapter 3 that the following happen:
(a®@id)a = (id® A)a <= Au;;) = Z Uik, @ Ug;
k

(ld@e)a=1id <= ([d®c)u=1

In other words, « is a coaction precisely when u is a corepresentation.



134 6. SYMMETRIC GROUPS

(2) Next, let us determine when the above map « is multiplicative. We have:
ale)aley) = Z ejer ® ujuy, = Z e; ® ujp
Jl J

Oé(@iek) = 5ika(ei) = 5zk Z €; &® Uj;
J
Thus the multiplicativity of « is equivalent to the following conditions:

Ui U = 5ikujz' N
In other words, the entries u;; must be projections, satisfying pg = 0 on rows.
(3) Regarding now the unitality property of o, we have the following formulae:

a(l) =« (Z ei> = Zej & Uj;

i ij
1= Z €;
J
We conclude that our map « is unital when the following condition is satisfied:

Zu]'i: 1 3 VJ

(4) Time for a partial conclusion, to all this. We just found that, in order for our
linear map a(e;) = ) e; ® uj; to be a morphism of algebras, the elements u;; must be
projections, satisfying pg = 0 on each row, and summing up to 1 on each row.

(5) Regarding now the preservation of the trace condition, observe that we have:
) 1
(tr @ id)a(e;) = N Z (o
J

Thus the trace is preserved precisely when the following condition is satisfied:
Z Ui = 1 y Vi
J

(6) Time for an updated conclusion. We found that, in order for a(e;) = >_; e; ® uj;
to be a morphism of algebras, preserving the trace, the elements u;; must be projections,
satisfying pg = 0 on each row, and summing up to 1 on each row and column.

(7) And with this, we are almost there, but we still have to prove, based on what we
have, that the elements u;; satisfy the condition pg = 0, on any column. Now for this
purpose, observe that, by using the conditions found in (6), we have:

wul =1
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Now remember from (1) that the matrix v = (u;;) must be a corepresentation. Thus
(id ® S)u = u', and so S(u;j) = uj;, and by using the formulae in (2) we get:

ujiugy = Oty = S(ujitijr) = S (wji)
= UjjUkj = 0ikUij
Thus the condition pg = 0 on the columns is indeed satisfied, as desired.

(8) Summarizing, we have proved that a(e;) = >, e;®@uy; is a coaction, preserving the
trace, precisely when u = (u;;) is a magic corepresentation, and this gives the result. O

And with this, end of our preliminary discussion regarding the quantum permutations,
these definitely exist, in the real life, we even have multiple proofs for their existence, and
so, welcome to them, we will have to live with this, for the rest of our lives.

Retrospectively thinking, the origin of these phenomena was in chapter 5, where we
opened the Pandora box of liberations. At that time, the first beasts emerging from
that box were not the scary, but now that we got into permutations, we obviously face
some truly wild beasts. But do not worry, in the long run we will manage to have some
understanding of the free world, and in the end, we will even get to love it.

6b. Orbits, orbitals

Getting now to quantum subgroups G' C Sy, there are many of them. In order to
have some theory going on for them, again following Bichon [23], let us formulate:

THEOREM 6.6. Given a quantum subgroup G C S5, with standard coordinates denoted
u;; € C(QG), the following defines an equivalence relation on X = {1,..., N},

i~j = u; #0

that we call orbit decomposition associated to the action G ~ X. In the classical case,
G C Sy, this is the usual orbit equivalence.

ProOOF. We first check the fact that we have indeed an equivalence relation. The
reflexivity axiom ¢ ~ ¢ follows by using the counit, as follows:

The symmetry axiom ¢ ~ 5 = 7 ~ i follows by using the antipode:

S(uji) = uy = [uy; #0 = u;i # 0]
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As for the transitivity axiom i ~ k,k ~ j = 1 ~ j, this is something more tricky.
In order to prove this, we can use the following formula:

Aluij) (1 ® ug;) = (Z Uig @ Ulj) (1 ® ug;)
l
= Z Ui @ Uy U
l

= Ui O U
We deduce from this that we have, as required by the transitivity condition:
Uy # 0,up; #0 = wuy; #0

Finally, in the classical case, where G C Sy, the standard coordinates are:
Uiy = X <O' S G‘O’(]) = Z)
Thus u;; # 0 means that ¢, j must be in the same orbit, as claimed. Il

Generally speaking, the theory from the classical case extends well to the quantum
group setting, and we have in particular the following result, also from [23]:

THEOREM 6.7. Given a subgroup G C S5, the following algebras are equal,

Fiz(u) = {5 e F(X)(ug - 5}
Fia(a) = {¢ € F(X)|a(§) = ¢ @1}

Fir(~) = {¢ € F(X)’z’ ~j = &=&)
where ~ 1is the orbit equivalence relation constructed in Theorem 6.6.

PROOF. The fact that we have Fiiz(u) = Fiz(«) is standard, with this being valid for
any corepresentation u = (u;;). Indeed, we first have the following computation:

€ Fizx(u) <— uf=¢
— (u€); =§,Vj
— Zujifi =&,V
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On the other hand, we have as well the following computation:
€ Fizla) <= al()=¢(®1

<~ ZGj@Ujifi:ZGj(@fj
tj J
— Zuji& =&,V

Thus we have Fir(u) = Fiz(a), as claimed. Regarding now the equality of this
algebra with Fiz(~), observe first that given a vector £ € Fiiz(~), we have:

Zuﬁfi = Zujifi

i~vJ

= Z wji&;

]

= Z wji&;

= &

Thus ¢ € Fixz(u) = Fiz(a). Finally, for the reverse inclusion, we know from Theorem
6.6 that the magic unitary u = (u;;) is block-diagonal, with respect to the orbit decompo-
sition there. But this shows that the algebra Fiz(u) = Fiz(a) decomposes as well with
respect to the orbit decomposition, and this gives the result. See [23]. U

As an application of the above, let us discuss now the notion of transitivity. We have
here the following result, once again coming from [23]:

THEOREM 6.8. For a subgroup G C Sy, the following are equivalent:

(1) G is transitive, in the sense that i ~ j, for any i, 7.
(2) Fiz(u) = FE, where £ is the all-one vector.

In the classical case, G C Sy, this is the usual notion of transitivity.

ProoOF. We use the standard fact that the fixed point space of a corepresentation
coincides with the fixed point space of the associated coaction:

Fiz(u) = Fiz(«a)

As we explained in Theorem 6.7, the fixed point space of the magic corepresentation
u = (u;;) has the following interpretation, in terms of orbits:

Fix(u) = {5 € F(X)’Z ~j = &(i) :f(j)}

In particular, the transitivity condition corresponds to Fix(u) = F¢, as stated. U
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Following Lupini, Mancinska and Roberson, let us discuss now the higher orbitals.
Things are quite tricky here, and we have the following result, to start with:

THEOREM 6.9. For a subgroup G C SY;, with magic corepresentation v = (u;;), and
k € N, the relation

(i1, ovin) ~ (s -y Jk) = Uigjy - Uiy, 0

is reflexive and symmetric, and is transitive at k = 1,2. In the classical case, G C Sy,
this relation is transitive at any k € N, and is the usual k-orbital equivalence.

PrOOF. This is something quite tricky, the proof being as follows:
(1) The reflexivity of ~ follows by using the counit, as follows:
(i) = 1,Vr = (Ui, - Uip4p,) =1
= Uy - - Uipiy, 0
= (i1, ...y 0k) ~ (i1, .., 0k)
(2) The symmetry follows by applying the antipode, and then the involution:
(i1y e in) ~ (J1s-- oy Jk) = Uiy - Uij, 0
= Ujp, - Ujyiy; 7 0
= Uiy - Wy, 70
= (J1,--- k) ~ (i1, ix)
(3) The transitivity at k = 1,2 is more tricky. Here we need to prove that:
Uirjy Uiy 05 Wity - Ujr, 0 = Wiy - Uiy, 0

In order to do so, we can use the following formula:

Ay - Uipg,) = g Uiysy - Wipsy @ Ugyly -+ - Ugypy

81...8k

At k =1, we already know this. At k = 2 now, we can use the following trick:

(uiljl ® uj1l1)A(uill1ui212)(ui2j2 ® ujle) = E Wiy j1 Wiy 51 Wigso Wigjo ® WUgyly Usqly Usalo Ugaly
5182

Wiy jy Wingy © Ujy iy Ujsly
Indeed, we obtain from this the following implication, as desired:
Wiy j1 Uingo 7é Oa Ujy iy Ujoly 7& 0 = Usy13 Uigly 7é 0

(4) Finally, assume that we are in the classical case, G C Sy. We have:

Uij = X <U € G‘O‘(j) = z)
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But this formula shows that we have the following equivalence:

Wiy gy - - - Ui i, 7& 0 < Hdo € G, U(il) :jl,...,U(’ik) :]k
In other words, (i1,...,i) ~ (ji,--.,Jk) happens precisely when (iy,...,7) and
(J1,---,Jk) are in the same k-orbital of GG, and this gives the last assertion. O

The above result raises the question about what exactly happens at £ = 3, in relation
with the transitivity property of ~, and the answer here is negative in general. For more
on all this, in the case F' = C, we refer to the recent work of McCarthy.

Summarizing, we can talk about orbits and orbitals, but not about higher orbitals. In
what regards now the orbitals, we have the following key analogue of Theorem 6.7:

THEOREM 6.10. Given a subgroup G C Sy, with magic corepresentation u = (u;;),
consider the following vector space coaction map, where X = {1,... N}:

a:F(XxX) =5 F(XxX)@F(G) | ex— Y en®ujup
jl

The following three algebras are then isomorphic,

End(u) = {d € MN(F)‘du = ud}
Fiz(a) = {g e F(X x X)(a(g) —£Q 1}

Fig(~) = {f € F(X x X)‘(@,k) ~ ) = &= fjl}
where ~ is the orbital equivalence relation coming from Theorem 6.9.

Proor. This follows by doing some computations which are quite similar to those
from the proof of Theorem 6.7, and we refer here to the literature, for the details. O

Finally, as a theoretical application of the theory of orbitals, as developed above, let
us discuss now the notion of double transitivity. We have here:

DEFINITION 6.11. Let G C Sy be a subgroup, with magic corepresentation u = (u;;),
and consider as before the equivalence relation on {1,..., N}? given by:

(i, k) ~ (J,1) <= ujjum #0

(1) The equivalence classes under ~ are called orbitals of G.
(2) G is called doubly transitive when the action has two orbitals.

In other words, we call G C Sy doubly transitive when w;juy # 0, for any i #k,j # 1.



140 6. SYMMETRIC GROUPS

To be more precise, it is clear from definitions that the diagonal D C {1,..., N}? is
an orbital, and that its complement D¢ must be a union of orbitals. With this remark in
hand, the meaning of (2) is that the orbitals must be D, D°.

We will be back to this, orbitals, double transitivity and applications, later in this
chapter. Moving ahead now, still following Bichon [23], we have:

THEOREM 6.12. Given a quotient group Zy, * ... * Zn, — I', we have an embedding
[ C Sy, with N = Ny + ...+ Ni, having the following properties:
(1) This embedding appears by diagonally joining the embeddings ZN\k C Sj(,k, and

the corresponding magic matriz has blocks of sizes Ny, ..., Ny.
(2) The equivalence relation on X = {1,..., N} coming from the orbits of the action

I' ~ X appears by refining the partition N = Ny + ...+ Nj.
Proor. This is something elementary, the idea being as follows:

(1) Given a quotient group Zy, * ... * Zy, — I', we have indeed an embedding as
follows, with N = N; + ... 4+ N, with all inclusions being the standard ones:

f C ZNl*---*ZNk:ZNl’P-H%ZNk
~ ZN1>T<. -’?‘ZNkCSNl’T‘ ;‘SN;Q
C Sf %... %S5 C Sy

(2) Regarding now the second assertion in the statement, this is clear from the fact
that u is block-diagonal, with blocks corresponding to the partition N = Ny + ...+ N;.
For more on all this, and related topics, we refer as before to the paper of Bichon [23]. O

Many other things can be said, as a continuation of the above. We will be back to
this later in this book, with a more detailed study in the case F' = C.

6c. Graph symmetries

Switching topics now, we can construct many interesting quantum permutation groups
as quantum symmetry groups of graphs, in the following way:

THEOREM 6.13. Given a finite graph X, with adjacency matriz d € My(0,1), the
following construction produces a quantum permutation group,

F(GH(X)) = F(S%) / <du - ud>

whose classical version G(X) is the usual automorphism group of X.
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PROOF. The fact that we have indeed a quantum group comes from the fact that du =
ud reformulates as d € End(u), which makes it clear that A, e, S factorize. Regarding
now the second assertion, we must establish here the following equality:

F(G(X)) = F(Sy) / <du — ud>

For this purpose, recall that we have wu; (0) = 0q(j)i- We therefore obtain:

d’LL z] Z dlk‘uk‘] Z dzké = 'La(j
On the other hand, we have as well the followmg formula:

Ud Z_] Z uzk dkj Z 5a(k)idkj = da—l(i)j
k

Thus du = ud reformulates as d;; = dy(;)0(;), Which gives the result. |

Let us work out some examples. With the convention that * is the dual free product,
obtained by diagonally concatenating the magic unitaries, we have:

THEOREM 6.14. The construction X — G1(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 Sy.
(3) We have GT(X) = G*(X°), where X is the complementary graph.
(4) For a disconnected union, we have GT(X)*GH(Y) C GH(XUY).
(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.

e

) Here d = I — 1, where I is the all-one matrix, and the magic condition gives
Iu = NI. We conclude that du = ud is automatic, and so GT(X) = S}.
)

The adjacency matrices of X, X¢ being related by the following formula:

ull

(3

By using now the above formula ull = Iu = NI, we conclude that dxyu = udx is
equivalent to dxcu = udxc. Thus, we obtain, as claimed, GT(X) = GT(X°).

(4) The adjacency matrix of a disconnected union is given by:
dx 0
dXLIY = ( OX dy)
Now let w = diag(u,v) be the fundamental corepresentation of G*(X)*G*(Y). We
have then dxu = udyx and dyv = vdy, and we obtain from this, as desired:

dxuyw = wdxy
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(5) We know from (3) that we have G*(O) = G*(] |). 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 Sy is indeed proper, because Sy C S does not act on the square. O

In order to further advance, and explicitly compute various quantum automorphism
groups, we need some sharper techniques, based on the spectral decomposition of the
adjacency matrix d € My(0,1). However, this decomposition is not something which is
available over any field F', so we will make the convention, for the material that follows
next, that such a decomposition exists indeed. With this convention, we first have:

THEOREM 6.15. A subgroup G C Sy, acts on a graph X precisely when
Pu=uP, , VYAEF
where d =), X - Py is the spectral decomposition of the adjacency matriz of X.

PrOOF. With d =), A P\ as above, we have the following formula:
< d >= span {P,\‘)\ € F}
Thus d € End(u) when Py, € End(u) for all A € F', which gives the result. O

In practice, in order to exploit the invariance condition in Theorem 6.15, we can
combine it with the following elementary fact, coming from definitions:

PROPOSITION 6.16. Given a subgroup G C Sf;, with associated coaction

OzZFN—>FN®F(G) , 62'—>Z€j®uj‘i
J

and a linear subspace V.C F'N, the following are equivalent:
(1) The magic matriz v = (u;;) commutes with Py .
(2) V is invariant, in the sense that a(V) C V ® F(G).

PrOOF. Let P = Py, with this being by definition allowed to be any projection having
image V. For any i € {1,..., N} we have the following formula:

a(P(e)) = a (Z Pki€k>

= E Prie; @ ujp,
ik

= > 6@ (uP);;

J
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On the other hand the linear map (P ® id)« is given by a similar formula:

(Poid(ale) = 3 Pler) ®us
= Z ijej & U
= Z € ® (Pu)ﬂ

Thus uP = Pu is equivalent to aP = (P ® id)c, and the conclusion follows. O

Next, we have the following result, complementary to Theorem 6.15, which again
basically assumes that the ground field F' is the field of the complex numbers:

THEOREM 6.17. Given a matriz p € My(F), consider its color decomposition

p:Zc-pC

ceF

with the color components p. € My (0,1) with ¢ € F being constructed as follows:

(pc)ij = { !

0 otherwise

Then a magic matric w = (u;;) commutes with p iff it commutes with all matrices p..
PRrooF. Consider the multiplication and counit maps of the algebra F*V:
M:e,®@ej —ee; , Cieg—e;Qe
Since M, C intertwine u, u®?, their iterations M® C*) intertwine u, u®*, and so:

MBpEkC®) =Nk e End(u)
ceF

Now since this formula holds for any £ € N, we obtain the result. U
The above results can be combined, and we are led to the following statement:
THEOREM 6.18. A subgroup G C S% acts on a graph X precisely when
u = (ui;)
commutes with all the matrices coming from the color-spectral decomposition of d.

Proor. This follows by combining Theorem 6.15 and Theorem 6.17, with the “color-
spectral” decomposition in the statement referring to what comes out by succesively doing
the color and spectral decomposition, until the process stabilizes. U
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This latter statement is quite interesting, with the color-spectral decomposition there
being something quite intriguing. We will be back to this later in this book, when dis-
cussing planar algebras, which is the good framework for discussing such things.

As something more concrete now, we have the following result:

THEOREM 6.19. In order for a quantum permutation group G C Sy, to act on a graph
X, having N wvertices, the adjacency matriz d € My(0,1) of the graph must be, when
regarded as function on the set {1,..., N}*, constant on the orbitals of G.

Proor. This follows indeed from the following isomorphism, from Theorem 6.10:
End(u) ~ Fix(~)
For more on all this, details, examples, applications, we refer to the literature. U

We would like to understand now how the construction X — G7(X) behaves, with
respect to the various products of graphs. Let us start with the following definition:

DEFINITION 6.20. Let XY be two finite graphs.
(1) The direct product X x'Y has vertex set X xY, and edges:

(i,@) - (]75) @Z—j, Oé_ﬁ
(2) The Cartesian product X OY has vertex set X X Y, and edges:
(i,a) - (]75) @22]7 Oé—ﬂ OI"’L.—j,O./:B
We call these operations the standard products of graphs.

The above products are indeed well-known and standard in graph theory. In relation
now with symmetry groups, we first have the following elementary result:

PROPOSITION 6.21. We have embeddings as follows,
GT(X)xGHY)C GHX xY)
GT(X)x GHY)cGr(xay)

valid for any two graphs X,Y .
PRrOOF. We use the following identification, given by ;) = d; ® dq:
FIXxY)=FX)® F(Y)
(1) The adjacency matrix of the direct product is given by:
dxxy = dx @dy

Thus if v commutes with dx and v commutes with dy, then © ® v = (u;jVa8)(ia,j8) 1S
a magic matrix that commutes with dyxyy. But this gives a morphism as follows:

F(GH(X x Y)) = F(GT(X) x G*(Y))
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Finally, the surjectivity of this morphism follows by summing over ¢ and .
(2) The adjacency matrix of the Cartesian product is given by:
dxpy =dx ®1+1®dy

Thus if v commutes with dx and v commutes with dy, then © ® v = (u;jVa)(ia,j8) 1S
a magic unitary that commutes with dxpy, and this gives the result. U

The problem now is that of deciding when the embeddings in Proposition 6.21 are
isomorphisms. This is something quite subtle, and we have here the following result:

THEOREM 6.22. Let X and Y be finite connected reqular graphs. If their spectra {\}
and {p} do not contain 0 and satisfy

N/} 0w/} = {1}
then GH(X xY) =GH(X) x GT(Y). Also, if their spectra satisfy

{h =Xy 0 {me =} = {0}
then GH(XOY) = GH(X) x GH(Y).
PROOF. Let A\; be the valence of X. Since X is regular we have A\; € Sp(X), with 1 as

eigenvector, and since X is connected \; has multiplicity 1. Hence if P; is the orthogonal
projection onto F'1, the spectral decomposition of dx is of the following form:

dx = MPi+) AP
i#1
We have a similar formula for the adjacency matrix dy-, namely:
dy = p1Q1 + Z i Q;
J#1
But this gives the following formulae for the products:

dxxy = Z(/\z‘ﬂj)Pi ® Q;

ij

dxoy = Z(/\z + i) P @ Q
(]

Here the projections form partitions of unity, and the scalars are distinct, so these are
spectral decompositions. The coactions will commute with any of the spectral projections,
and hence with both P, ® 1, 1 ® ;. In both cases the universal coaction v is the tensor
product of its restrictions to the images of P, ® 1, 1 ® )1, which gives the result. O
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6d. Wreath products

Let us talk now about free wreath products, as a joint continuation of the above,
and of the product operation material from Part I. Following Bichon [21], we have the
following result, with our usual convention of formulating things in terms of quantum
groups, according to the informal formula A = F(G), for the Hopf algebras A:

THEOREM 6.23. Given a quantum group G, and a subgroup H C S,", with fundamental
corepresentations u, v, the following construction produces a quantum group:
F(Gu H) = (F(G)* x F(H))/ < [u ,va) = 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 1, H.

PROOF. There are many things going on here, the idea being as follows:

(1) Consider indeed the matrix wjq jp = uz(-;”)vab, over the quotient algebra in the state-
ment. This matrix is then a corepresentation, with respect to the standard Hopf algebra
structure of the quotient algebra in the statement, and this gives the first assertion.

(2) Next, we must prove that under the supplementary assumption G C Sy, this
matrix wiq jp = ul(-?)vab is magic. For this purpose, observe first that the entries of this

matrix are projections, because they appear as products of commuting projections.

(3) In what regards now the verification of pg = 0 on rows, this goes as follows:

I _ () (a)
Wiq, jbWia ke = uij VabU;p, Ve

(a), (a)
ij U;p VabVqc

= u
Sipu®d
JkWij bcVab
= 5jb,kcwia,jb
As for the verification of pg = 0 on columns, this is quite similar, as follows:

o , (a) (o)
Wiq, jbWke,jb = uij /Uabukjvcb

— (@, ()

= ugj) u,(f]) OacVab

= 6acu§;‘z) u](:;) Vab
= 5ac(5iku§;‘l) Vab

= 5ia,kcwia,jb



6D. WREATH PRODUCTS 147

(4) Next, the row sums for the matrix w are computed as follows:
D W = D v
jb jb
= D vw ) uy
b J

=1

As for the column sums of w, these are computed similarly, as follows:

L (a)
Wia,jb = uij Vab
ia ia
_ (a)
= Dt )
a 7

=1

(5) We conclude that in the case G C Sy, the matrix w;, j, = UE?)Uab is indeed magic,

so we obtain a certain quantum permutation group G . H C Sy, as claimed. Finally,
the assertion regarding the classical version is standard as well. See [21]. U

In relation now with the quantum symmetry groups of graphs, let us recall that, as a
complement to the product operations from Definition 6.20, we have as well:

DEFINITION 6.24. Given two graphs X,Y, we can construct a graph having vertex set
X xY, and edges as follows,

(iva)_(jaﬁ)@a_ﬁorazﬁa Z_]
which is denoted X oY, and called lexicographic product of X,Y .

As before with the other products of graphs, from Definition 6.20, this is something
quite standard in graph theory, and the interesting examples abound. The point now is
that, somehow in analogy with Theorem 6.22, we have as well the following result, under
our usual present assumptions, that the adjacency matrices are diagonalizable:

THEOREM 6.25. Let X,Y be regular graphs, with X connected. If their spectra {\;}
and {yp;} satisfy the condition

{Al—Al‘Z%l}ﬂ{—n[@} :@
where n and Ay are the order and valence of X, then GT(X oY) = GT(X) L GT(Y).
PRroOF. This is something quite tricky, the idea being as follows:

(1) First, it is clear from definitions that we have an embedding as follows:

GH(X) 1 GT(Y) C GH(X oY)
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(2) Let us denote now by P;, (); the spectral projections corresponding to \;, ft;. Since
X was assumed to be connected we have P = I/n, and we obtain:

dxoy = dx®@1+1I®dy
= (Z )\iPi> ® <Z Qj) + (nP) ® (ZMQ]’)

= Z()\l +np;) (P @ Q) + Z Ai(Pr® 1)
j i#1
Since in this formula the projections form a partition of unity, and the scalars are
distinct, we conclude that this is the spectral decomposition of dx.y .

(3) Now let W be the universal magic matrix for X oY. Then W must commute with
all spectral projections, and in particular, we have:

(W, P ®Q;] =0

Summing over j gives [W, P, ® 1] = 0, so 1 ® F(Y) is invariant under the coaction.
So, consider the restriction of W, which gives a coaction of GT(X oY) on 1 ® F(Y'), that
we can denote as follows, with y being a certain magic unitary:

W(l®e) =Y 18e,® ya
b

(4) On the other hand, according to our definition of W, we can write:
Wi(e,®1) = Zej®eb®x2i
b
By multiplying by the previous relation, found in (3), we obtain:
Wi(e; ®e,) = Z e ®ep® ybaa:?i = Z e ®ey® m?iyba
b b
But this shows that the coefficients of W are of the following form:

b b
ij,ia = Ybalj; = TjiYba

(5) Consider now the matrix z* = (z2;). Since W is a morphism of algebras, each row
of x® is a partition of unity. Also, by using the antipode, we have:

S (Z x?l) =5 (Z ij,ia) = Z Wia,jb =1
J ja ja

As a conclusion to this, the matrix

(6) We check now that both z% y commute with dx,dy. We have:
(dxoy)iajp = (dx)ij0ab + (dy)ab

constructed above is magic.
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Thus the two products between W and dx.y are given by:
(Wdxoy )iake = Z Wiaje(dx)n + Z Wiajb(dy )be
J b

(dxoy W )ig ke = Z(dX)ijoa,kc + Z(dY>aijb,kc
J Jb
(7) Now since the magic matrix W commutes by definition with dx.y, the terms on
the right in the above equations are equal, and by summing over ¢ we get:

Z i (dx ) jr + Z Yab(dy )pe = Z(dX)ijx?k + Z(dY)abybc
i cb i cb

The second sums in both terms are equal to the valence of Y, so we get:
[z% dx] =0

Now once again from the formula coming from [W, dx.y] = 0, we get:
[y, dy] =0

(8) Summing up, the coefficients of W are of the following form, where x
matrices commuting with dy, and y is a magic matrix commuting with dy:

b are magic
Wi ia = x?iyba
But this gives a morphism F(G1 (X)L GT(Y)) = F(GT(X oY) mapping uglz) — b
and Vp, — Ypa, Which is inverse to the morphism in (1), as desired. O
As a main application of the above result, we have:
THEOREM 6.26. 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...U X 1is the k-fold disjoint union of X with itself.
PROOF. There are several things going on here, the idea being as follows:

(1) The first formula is something very intuitive and well-known, and technically
follows as well from the second formula, by taking the classical version.

(2) Regarding the second formula, this follows from Theorem 6.25, but let us discuss
this in detail. Our first claim is that we have an inclusion as follows, for any graph X:

GH(X) 1 S € GHkX)

Indeed, we want to construct an action G*(X) 1. S ~ kX, and this amounts in
proving that we have [w,d] = 0. But, the matrices w, d are given by:

(a)
Wia,jb = W5 Vab 5 dz‘a,jb = 5z‘jdab
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With these formulae in hand, we have the following computation:

(dw)igp = Zdz’kwka,jb
K

= Zdikug})vab
k
= (du);jva

On the other hand, we have as well the following computation:

(wd)jq 0 = sz‘a,kbdkj
k

= > ulvady
k

= (ud);jva,
Thus we have commutation, [w, d] = 0, and from this we obtain, as claimed:
GH(X) .S c G (kX)

(3) 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:

US) = Z Wia,jb 5  Vab = Z Vab
b i
It is then routine to check that we have here magic matrices. Thus we obtain the

reverse inclusion, that we were looking for, and this gives the result, as desired.

(4) Alternatively, the reverse inclusion follows as well from Theorem 6.25, because the
spectral condition there is trivially satisfied, in the present case. U

Good news, we can now construct quantum reflection groups. Let us start with:

DEFINITION 6.27. A (s, N)-sudoku matriz is a magic matriz of size sN, of the form

a® at ... a7t
asfl CLO asf2
m = .
a'  a? a®

0 s—1

where a’,...,a* " are N x N matrices.
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The basic examples of such matrices come from the group Hy, = Z;1Sy. Indeed, with
w = e*™/* each of the N? matrix coordinates u;; : H3 — C decomposes as follows:

s—1
_ § ror
Uz = w aij
r=0

Here each aj; is a function taking values in {0,1}, and so a projection in the algebraic
sense, and it follows from definitions that these projections form a sudoku matrix.

In fact, regarding the group HY, = Z ! Sy, we have the following result:
THEOREM 6.28. The algebra of functions F(HY) on the complex reflection group
HY =7Zs15n
is the universal commutative algebra generated by the entries of a (s, N)-sudoku matriz.

PRrROOF. This is indeed something which is clear from definitions, and from the above
observations, and we will leave working out the details here, as an instructive exercise. [J

Now based on the above result, we can formulate, a bit as we did before, in the
beginning of this chapter, for the permutation groups:

THEOREM 6.29. The universal algebra F(H3') generated by the entries of a (s, N)-
sudoku matriz is a Hopf algebra, which appears as a liberation of F(HY).

PROOF. As before with Theorem 6.28, this is again something which is clear from
definitions, and we will leave working out the details here, as an instructive exercise. [J

We call the quantum group type objects H3' appearing above quantum reflection
groups. Regarding now the study of these quantum groups, we first have:

THEOREM 6.30. We have the following results:
(1) HY =7Zs 1 Sn.

PROOF. Here the first assertion is something that we already know, coming from
Theorem 6.28, and the proof of the second assertion is standard, coming from definitions,
that we will leave here as an exercise. We will be actually back in a moment to this second
assertion, with an alternative proof as well, using our graph technology. U

In order to further advance, we will need the following simple fact:
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PROPOSITION 6.31. A sN x sN magic unitary commutes with the matrix

0O Iy O ... 0

0 0 Iy ... O
s=|:

0O 0 0 ... Iy

I 0 0 ... O

precisely when it is a sudoku matriz in the sense of Definition 6.27.

PRrOOF. This follows from the fact that commutation with > means that the matrix
is circulant. Thus, we obtain the sudoku relations from Definition 6.27. U

Now let Z; be the oriented cycle with s vertices, and consider the graph N Z, consisting
of N disjoint copies of it. Observe that, with a suitable labeling of the vertices, the
adjacency matrix of this graph is precisely the above matrix ¥. We have:

THEOREM 6.32. We have the following results:
(1) Hy, is the symmetry group of N Zj.
(2) Hy' is the quantum symmetry group of NZ,.

Proor. This is again something elementary, the idea being as follows:
(1) This follows indeed from definitions.

(2) This follows by combining the various results above, because the algebra F(H3)
follows to be the quotient of the algebra F'(Sy) by the relations making the fundamental
corepresentation commute with the adjacency matrix of N Z;. U

Many other things can be said about the complex reflection groups H3", and notably
about the hyperoctahedral quantum group H;; = H]2V+. We will be back to this.

6e. Exercises
We had a lot of interesting algebra in this chapter, and as exercises, we have:
EXERCISE 6.33. Find the simplest proof ever for the isomorphism Sz = Sy .
EXERCISE 6.34. Try computing the quantum symmetry group of the N-cycle.
EXERCISE 6.35. Further investigate the spectral-color decomposition.
EXERCISE 6.36. Read about the classification of complex reflection groups.
EXERCISE 6.37. Try to compute the quantum symmetry group of the hypercube.
EXERCISE 6.38. Study more the quantum reflection groups constructed above.

As bonus exercise, study the representations of our various quantum groups.



CHAPTER 7

Standard twists

7a. Standard twists

We have seen in chapters 5-6 that many interesting examples of Hopf algebras and
quantum groups can be constructed via liberation, and half-liberation:

ab=ba —

ab=ba — abc=cba

We discuss in this chapter, and in the next one too, another operation of the same
type, called twisting. We will see that this leads to many new examples of quantum
groups, which are sometimes related, in a quite subtle way, to liberation.

Getting started, there are many ways of twisting, and we will first discuss the simplest
twists, namely the anticommutation ones. The idea is very simple, consisting of suitably
replacing the commutation relations with anticommutation relations:

ab=ba — ab= tba

abc = cba — abc = *cba

However, in practice this is something quite tricky, which will take some time, to be
developed. The problem comes from the choice of commutation vs anticommutation, for
each pair of relevant variables {a, b}, typically coefficients of u, u, which, as we will soon
discover, leads us into some combinatorics, which is not exactly of trivial type.

Let us formulate, to start with, the following definition:
DEFINITION 7.1. We say that an invertible matriz u € My(A) is twisted when
b — {—ba for a,b at distinct places, on the same row or column of u*
ab  otherwise
with u* standing for the N x N array obtained by superposing u and v = (id ® t)u".

This notion looks like something quite tricky, so let us see how this works. Taking
N = 2, consider an invertible matrix u € My(A), set v = (id ® t)u™!, and write:

[ U1 Ui2 [ V11 V12
U= , U=
U21 U222 V21 V22

153
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The 2 x 2 array obtained by superposing these two matrices is then as follows:

U1, V11 U12, V12

u =
U21, V21 U292, V22
With [[a,b]] = 0 standing for anticommutation, the anticommutation relations to be
imposed, coming from the two rows, then the two columns, are then as follows:
[[U117U12H [[Un,?}lz]] = HU11,U12H = [[Un,’Ule 0
[[U217U22H [[U21,U22]] = HU21,U22]] = [[02177}22“ 0
HU11>U21H [[Uu,vzl]] = [[Ullau21]] = [[01177121]] 0
[[U12, Uzz]] [[Uu, U22]] [[1)12, UQQH [[012, U22H

As for the remaining pairs of variables, these are all subject to commutation, [a,b] = 0.
That is, the commutation relations to be imposed are as follows:

U11, V11, U22, V22 commute

U2, V12, U21, V21 commute

In general, at arbitrary N € N the picture is quite similar, and with the remark here
that at N >> 0 the variables u;;,v;; generically commute, with the anticommutation
being reserved for what happens on rows and columns, as indicated in Definition 7.1.

We can now twist the general linear groups, as follows:
THEOREM 7.2. We have tuisted general linear groups
GLy c GL},
obtained by assuming that the fundamental corepresentation u is twisted.
Proor. This is somehing quite routine, the idea being as follows:

o start with, let us first recall from chapter o that the free general linear groups
1) T ith, 1 fi 11 f h 5 that the f 1 1i
GL}, are constructed according to the following formula:

F(GLY) = <(uw,v2]) J=1,..N ’ wt=t vl = ut>

To be more precise, as explained in chapter 5, what we have here is a Hopf algebra,
with comultiplication, counit and antipode making u, v corepresentations, as follows:

A(uij) Zuw Qur; 5 Alvy) = Z Vij & Uk

k
e(uij) = (vij) = 0y
Sug) =vji , S(vyy) = ujs
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2) Now let us construct GLy, C GL7}; as in the statement, by performing the followin
N N y g g
quotient operation, with the relations being those in Definition 7.1:

F(GLYy) = F(GLE)/<U = twisted>
In order to prove that what we get is indeed a quantum group, we must prove that
we have here a Hopf algebra. That is, we must construct factorizations as follows:
A: F(GLy) —» F(GLYy) ® F(GLY)
e: F(GLy) = F
S: F(GLYy) — F(GLY)™

(3) Let us first discuss the construction of the factorized comultiplication map A. For
this purpose, consider the following elements:

Uz’j:E Uik @ Upj ‘/ij:E Uik & Vkj
k k

We know that the original comultiplication map A, that of the Hopf algebra F(GLY),
comes via the following formulae, on the standard generators:

Alug) = Uy Alvy) =V
Thus, in order to prove that A factorizes indeed, we must prove that we have:
u = twisted = U = twisted

(4) So, let us prove this. For any i and j # k we have, with w = u, v:

UiiWi, = E Ujs Wit Q) Usj Wik,

st

- E Ujs Wit X Usj Wik + § UjsWis & Usj Wk

s#t s
= Z(_wituis) ® Wi Usj + Z WisUis & (_wsku5j>
s#t s

= —g WitlUis Q Wikl
st

= —WyUi
Similarly, for any ¢« and j # k we have, again with w = u, v:
UjiWgi = =WiiUyi

Thus, the anticommutation relations from Definition 7.1 are satisfied for U.
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(5) Regarding now the commutation relations to be verified, for ¢ # k,j # [ we have
the following computation, as before with w = u, v:

UiiWi = E Ujs Wit @ Ugj Wy

st

= E Ujs Wt &Q Usj Wy + E UjsWhs & UsjWsi

s#t s

= E wktuis@)wtlusj‘i‘g (—wrsttis) ® (—wgus;)
s#t s

= g Wit Uis Q Wy Us;
st

= WU

Finally, for any ¢, j we have the following computation:

Ui;Vij = E UisVip O UgjVyj
st

= E UjsVip @ UgjVy; + E UjsVis @ Us;Vs;
s#t s

= Z<_Uz‘tuis) ® (—vjusj) + Z VisUis Q) Vsjlsj

sF#L s

= E VitUis & VpjUss + E VisUis Q Vsjlsj
s#t s

= E Vitlis O VpjUs;

st
= ViUy
Thus, the commutation relations from Definition 7.1 are satisfied for U.

(6) Summarizing, we can define a comultiplication map for F(GL'y), by using the
universal property of the algebra F(GL'y), by setting:

Aluij) =Uy Alvy) =V

(7) Regarding now the counit ¢ and the antipode S, things are clear here, by using
the same method, and with no computations needed, the formulae to be satisfied being
trivially satisfied. We conclude that GL'y is indeed a quantum group, as desired. U

The above result is quite nice, as stated, but all in all, there are many ingredients
there, and relations that are imposed. To illustrate this, at N = 2 we have:
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THEOREM 7.3. The quantum group GL) C GL3 appears from
F(GL;) = <(Uij,"0¢j)i,j:1,2 ut = vt, vl = ut>

by further imposing the following commutation and anticommutation relations:

(1) wyq,vi1, use, Vo2 commute.
(2) uig,v12, us1, v21 commute.
(3) Everything else anticommutes.

Proor. This is indeed a reformulation of Theorem 7.2 at N = 2, by taking into
account the N = 2 discussion made after Definition 7.1. U

At N = 3 things get obviously more complicated, and formulating a simple statement
as Theorem 7.3 is not an easy task. Theorem 7.2 remains our main result there.

At at opposite end now, N >> 0, let us make the following observation:
PROPOSITION 7.4. The standard coordinates u;j, U;; of the quantum group
GLy Cc GL}
with N >> 0 generically commute.

Proor. This is just a theoretical remark, of rather statistical nature, coming from
Definition 7.1. Indeed, we have a total of 2N? variables of type w,;, @;;, which are subject

to a total of (2];] 2) commutation and anticommutation relations, as follows:

(1) First, we have the anticommutation relations on the rows and columns of the double
matrix ™ = w,u, and since there are 2N such rows and columns, with each producing

4(];] ) anticommutation relations, the total number of anticommutation relations is:

A:SNN =4N?*(N -1
(5) = -

(2) And then, everything else must commute, so the number of commutation relations
is given by the following formula, which asympotically means C' ~ N A/2:

2N?
C = ( 5 ) — A= N?(2N? — 4N + 3)

(3) Thus, we are led to the conclusion in the statement. Before leaving, however, let
us take N = 2, as a matter to see if we have not messed up our computations, and if our
figures above are correct. And here, our formula is C' = 4 x 3 = 12, which is in agreement
indeed with Theorem 7.3, and the 6 + 6 = 12 commutation relations there. ]
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Many other things can be said, as a continuation of this. For instance, we can try to
impose twisting conditions to the fundamental corepresentation of GLJ, given by:

F(GLY) = <(uijyvij)i,j:1,...,N ut =0t v = Qth71>

However, things are quite technical here, and a bit ill-posed too, because it does not
make much sense, conceptually speaking, to deform and twist at the same time. We will
discuss such questions in the next section, in the orthogonal group setting, where things
get more interesting, due to the different nature of the deformation operation there.

7b. Half-liberation

Another interesting question, that we will get into now, is that of twisting the half-
liberations introduced in chapter 5, by replacing the half-commutation relations there
abc = cba with twisted half-commutation relations, of the following type:

abc = tcba

Let us begin with a summary of what we know about half-liberation, since chapter 5,
along with a bit more, in relation with the material from chapter 6, as follows:

THEOREM 7.5. We have quantum groups G C G* C G, constructed via
F(G*") = F(G+)/ <abc = cba’Va, b,c € {uy, aw}>

which have the following properties:

(1) The projective versions PG* are classical.
(2) The quantum groups G* are not classical, for G = GLy, Oy, Hy with s > 2.
(3) Howewver, collapsing G = G* can happen, for instance for G = By, Sy.

ProoOF. This is something from chapter 5, along with a bit more, as follows:
(1) In what regards the first assertion, this is something immediate, coming from:
abcd = cbad = cdab

(2) This comes by looking at the diagonal algebras F(G*)°, which are respectively
equal to the group algebras of H = Z°N 7N 72N, with the symbol o standing for the
half-classical product of groups, obtained via ghk = khg. Now since these latter groups
H are not abelian, nor are the corresponding group algebras commutative, as desired.

(3) Finally, for G = Sy, By the above argument involving diagonal algebras will not
work, because these diagonal algebras collapse to F'. In fact, as said in the statement, the
half-liberation procedure fails here, because by summing the matrix entries over a row,
the relations abc = cba get converted into the commutation relations ab = ba. U
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As explained in chapter 5, the above result is in fact just the tip of the iceberg, and
there are far more things that can be said about half-liberation, including;:

(1) A uniqueness result for G C G* C G, and in fact about half-liberation itself,
viewed as an abstract operation, under strong combinatorial assumptions.

(2) The fact that the antidiagonal 2 x 2 scalar matrices automatically half-commute,
which potentially produces interesting matrix models for the algebras F'(G*).

(3) The related fact that, with the projective version PG* being classical, the half-
liberation G* can be potentially understood as being the maximal affine lift of PG*.

(4) And finally, some tricks for half-liberating however the bistochastic group By, via
a related procedure, but with these tricks still not applying, however, to Sy.

Quite interesting all this, obviously the half-classical world is quite rich, and worth a
more detailed study, and as main questions now, coming from this, let us formulate:

QUESTIONS 7.6. In relation with the half-liberation operation:

(1) How to further develop its abstract aspects mentioned above?

(2) How to develop algebraic and differential geometry, in this setting?
(3) Is there any intermediate quantum group Sy C S5 C Sy at all?
(4) How to adapt the half-liberation procedure, to the twisted setting?

We will discuss these questions in what follows, with a look right next at (4), in the
remainder of this section, then with a look at (3) too, which is in fact related to twisting,
afterwards, and then with a look at (1,2) too, later in this book, directly over the complex
numbers, where the theory can be fully developed, along the lines mentioned above.

Getting to work now, in order to solve (4), we are facing the same problem as in
the beginning of this chapter, namely lots of choices commutation vs anticommutation.
However, things get considerably more complicated in the half-classical setting, because
the formulae abc = +cba involve far more variables than the formulae ab = +ba.

So, we will trick here, by using the following noncommutative geometry idea:

IDEA 7.7. In order to adapt the half-liberation procedure, to the twisted setting,

(1) We will first construct quantum spheres S¥=t c SN-t c S8,
(2) Then, we will twist these spheres, into SN~ c SN=1/ c gV-1
(3) And then, we will talk about O C O C O, and other quantum groups,

the point being that the sphere case is easier, the sphere coordinates having single indices.
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So, this was for the general idea, and if you have some troubles in understanding,
please be sure that the same happened to me, when I first learned this, from my cats.
Getting started now, we can formally define a free sphere, in the following way:

FSY-Y=F (zl,...,zN‘szzl)

By imposing commutation relations between the coordinates, we obtain:

2 _ _
g zi = 1,225 = zjzi>

i

F(SNhH=r (zl,...,zN

We can define as well a half-classical sphere, in the following way:

§ : 2
Rz = 1, ZiRjRk = ZijZi>
i

Summarizing, we have three spheres, with inclusions between them, as follows:
N-1 N-1 N-1
S cS,) T csy

Now let us try to twist these spheres. The free sphere is obviously not twistable.
Regarding now the classical sphere, this is easy to twist, as follows:

F(S§1)2F<Zl,...,ZN

DEFINITION 7.8. We can construct a twisted sphere as follows,

F(SN—I,/> —F (Zb - ,ZN’ sz =1,2z; = (—1)5iijZi>

where €;; = 1 — 0;;, with 6;; being Kronecker symbols.

Observe that this construction is compatible with the quantum group twisting method
developed before, via standard actions of type Oy ~ SN~ and we will leave some
computations here as an instructive exercise. In fact, retrospectively thinking, the signs
in Definition 7.1 can be thought of as coming from those in Definition 7.8.

Getting now to half-commutation, we can use the same idea, and do some reverse en-
gineering, by first twisting the spheres, and then the quantum groups themselves. Indeed,
we can first twist the half-classical sphere, in a quite standard way, as follows:

DEFINITION 7.9. We can construct a twisted half-classical sphere as follows,

E 2 =1,z22 = (—1)5”“1”5*%2]-21-)

i

F(SNYy=F <z1,...,zN

where €;; = 1 — d;; as before, with 0;; being Kronecker symbols.
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To be more precise here, our claim is that the commutation relations in the above are
uniquely determined, in order to have inclusions of twisted spheres, as follows:

N-1, N—-1y N-1
S C S, c Sy
Indeed, this claim basically comes from the following computation:
zizjze = (—1)%zz2
= (1)
— (_1)€¢j+€jk+€¢kzkzjzi

Summarizing, we have solved the twisting question at the level of the spheres, in a
quite standard way, with our conclusion being as follows:

CONCLUSION 7.10. We have twisted quantum spheres, as follows,
SNfl,/ C SN*I,/ C SNfl
* +
in analogy with the usual spheres SN~ c SNt c S¥~1.

We must do now some further computations, in order to deduce from this the solution
of the twisting question for the quantum groups themselves:

(1) In what regards the twisting of the classical groups, there is nothing to be done
here, because as already mentioned after Definition 7.8, this method leads to the signs in
Definition 7.1. In fact, this is how the signs in Definition 7.1 were originally found.

(2) In what regards now the twisting of the half-classical groups, things here are
considerably more complicated, and our sphere technology above is more or less the only
way of reaching to the correct signs. We will explain this, in what follows.

So, let us explain the solution. Given three coordinates a, b, ¢ € {u;;}, let us set, where
r,c € {1,2,3} are the number of rows and columns spanned by a, b, c:

span(a,b,c) = (r,c)
In other words, if we write a = w;;,b = uy, ¢ = uy, then r,c € {1,2,3} are given by:
r=#{ikpt , 1=##{,l4¢
With this convention, we can now formulate, in analogy with Definition 7.1:

DEFINITION 7.11. We say that an invertible matriz u € My(A) is half-twisted when

e — —cba  for a,b, c with span(a,b,c) = (< 2,3) or (3,<2)
| cba  otherwise

for a,b, c belonging to the N x N array obtained by superposing u and v = (id @ t)u~'.
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As before with Definition 7.1, this notion is something quite tricky, so let us first
see how this works. As a first observation, the rules for the various commutation and
anticommutation signs in the statement can be summarized as follows:

r\e 1 2 3
1+ + -
2 4+ + -
3 — — +

At the level of examples now, things are a bit more complicated than before, because
at N = 2 we cannot have triples a, b, c spanning 3 rows or columns, and so all signs in
Definition 7.11 are +. Thus, the first non-trivial examples appear at N = 3. So, let us
take N = 3, consider an invertible matrix u € My(A), set v = (id ® t)u™!, and write:

U1 U2 U3 V11 V12 Vi3
U= | U21 U22 U23 ;, U= | V21 U2 Va3
U3zr U32 U33 V31 Us2 Us3

The 3 x 3 array obtained by superposing these two matrices is then as follows:

U1, V11 U2, V12 U13, V13
X
u” = 1| U21,V21 U2, V22 U23, V23

U31, V31 U32, V32 U33, Us3
This array has 18 entries, and so there are 18% = 5832 relations to be imposed, and as

an exercise for you, find out how many abc = cba and abc = —cba relations there are.

In general, at arbitrary N € N, the picture is quite similar, and with the remark here
that at N >> 0 the variables w;;, v;; must generically half-commute, and this because the
number of rows, and of columns as well, spanned by a triple a, b, ¢ is generically 3.

We can now twist the half-classical general linear groups, as follows:

THEOREM 7.12. We have twisted half-classical general linear groups

GLY C GL}
obtained by assuming that the fundamental corepresentation u is half-twisted.
Proor. This is somehing quite routine, the idea being as follows:

(1) To start with, let us first recall from chapter 5 that the free general linear groups
G LY, are constructed according to the following formula:

F(GLM = <(uijvvij)i,j=1,...,N w =0t vl = ut>
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Now let us construct GLY C GLY as in the statement, by performing the following
quotient operation, with the relations being those in Definition 7.11:

F(GLY) = F(GLY) / <u - half—twisted>

(2) Let us first discuss the construction of the factorized comultiplication map A. For
this purpose, consider the following elements:

Uz'j:E Ui @ Uy Vz‘jZE Vik & Vkj
k k

We know that the original comultiplication map A, that of the Hopf algebra F(GLY),
comes via the following formulae, on the standard generators:
Alug) =Uy . Alvy) =V
Thus, in order to prove that A factorizes indeed, we must prove that we have:

u = half —twisted = U = half —twisted

(3) So, let us prove this. We have the following computation, with w = u,v and
W =U,V, and with the signs being those coming from Definition 7.11:

VV’L’CLVijch = E wi:pwijkz@wmawybwzc

TYZ

= E j:wkzwijix X iwzcwywaa
TYz

= Wi WjWiq

We must show that, when examining the precise two + signs in the middle formula,
their product produces the correct 4+ sign at the end. But the point is that both these
signs depend only on s = span(z,y, z), and for s = 1,2, 3 respectively, we have:

— For a (3,1) span we obtain +—, +—, —+, so a product — as needed.

— For a (2,1) span we obtain ++, ++, ——, so a product + as needed.

— For a (3, 3) span we obtain ——, ——, ++, so a product + as needed.

— For a (3,2) span we obtain +—, +—, —+, so a product — as needed.

— For a (2,2) span we obtain ++, ++4, ——, so a product + as needed.

Together with the fact that our problem is invariant under (r,¢) — (¢,r), and with
the fact that for a (1,1) span there is nothing to prove, this finishes the proof for A.

(4) Regarding now the counit ¢ and the antipode S, things are clear here, by using
the same method, and with no computations needed, the formulae to be satisfied being
trivially satisfied. We conclude that GL%; is indeed a quantum group, as desired. U
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As yet another question, we can now talk about quantum groups related to the special
linear group SLy. Indeed, recall that SLy C GLy is defined by imposing the condition
det U = 1, which amounts in imposing the following condition to the coordinates:

Z E(U)Ula(l) Ce U'NO'(N) =1

g€SN

As explained in chapter 5, this relation does not liberate, or even half-liberate. How-
ever, and here comes our point, this relation has a twisted analogue, namely:

Z Ule(1) - - - UNo(N) = 1

gESN

To be more precise, at the quantum group level we have the folowing construction,
making appear, eventually, SLy in our quantum group discussion:

THEOREM 7.13. We have a quantum subgroup, as follows,
SLy c GLY
obtained by imposing to u,v the twisted determinant one condition.
Proor. This is something quite tricky, as follows:

(1) Let us first see how this construction goes at N = 2. Consider the fundamental
corepresentation of the algebra F(GL'y), denoted as follows:

Uil Ur2
u =
<U21 UQQ)
The twisted determinant one condition, on this matrix, reads:
Ut + U1tz = 1
In order to construct the comultiplication of the algebra F(SL)), let us set:

Ui = E Uik @ Ugj = Ujp @ Uty + Uiz & Ug;y
k

We must prove that these elements satisfy the twisted determinant one condition,
and the verification here, using the commutation and anticommutation relations for the
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variables w;;, and then the twisted determinant one condition for u, goes as follows:

Un1Uzz + U1 Uiz

= (U1 @ uin + w1z ® ug1) (U2 @ sy + Ugy @ Uga)
(21 ® U1 + Uz @ Uo1)(Un1 @ Urg + Utz @ Ugo)

= Up1U21 @ U1U12 + U1 U2 @ U11U22 + Ur2U21 @ U21 U2 + UroUe & U1 Usgo
FU21U11 & U1UI2 + U21UT2 @ U U2 F U22U11 @ U1 U2 + UgoUro &) U1 Ugo

= Up1U21 @ U1UI2 F UT1U22 @ UT1U2 + U21U12 K U1 U2 + U2U22 Q) U U2
—U11U21 & U1UI2 + U21U12 & UT1U2 + Up1U22 & U21UI2 — U2U22 &) U1 U

= U1Ug2 @ U U2 + U1 U2 @ U1 U2 + U21 U2 & Up1Uoe + Ui U2 @ U U2

= (U11ug2 + unt12) ® (U11usg + Ui ty2)

= 1®1

=1

Thus we can define indeed A. Regarding e, the verification here is trivial. Finally,

regarding S, this follows from the fact that we imposed our relations on both u, v.

(2) At N = 3 the verification is similar, but considerably more complicated, with the
twisted determinant one condition for the variables w;; involving 6 terms, and with this
same relation for the variables U;; involving 6 x 27 = 162 terms. We will leave this as an
instructive exercise, and we will come back to N = 3 later in this chapter, with a simple,
ad-hoc proof for the fact that SO = OF N SLj is indeed a quantum group.

(3) In the general case now, where N € N is arbitrary, the proof is similar. Consider
as usual the following variables, that we must study in order to construct A:

Uy = E Ui & Uk
k

We must prove that these variables U;; satisfy the twisted determinant one condition,
provided that the original variables u;; do. For this purpose, observe that we have:

Z Uier) - - Uno(ny = Z Z (Uiky @ Uyo(1)) - - - (UNEy @ Uyo(N))

geSN oeSN ki,....kN

= Z Z Ulky - - - UNky @ Ukyo(1) - - - Ukyo(N)

ceSN ki,...,kN
= E Uik + - - UNEy @ E Ukyo(1) - - - Ukno(N)
k1,....kn oc€ESN

The point now is that, due to the commutation and anticommutation relations for
the variables u;;, from Definition 7.1, the sum on the right vanishes, unless the indices
ky,...,ky are all distinct. Thus, we can finish the computation in the following way,
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again by using the commutation and anticommutation relations for the variables u;;, and
then the twisted determinant one condition for these variables, at the very end:

Z Ulg(l) ce UNO’(N) = Z Uk, - - - UNky (059 Z uklg(l) ce ukNo(N)
oESN ki,....kN distinct c€ESN
= Z Uir(1) - - - UNT(N) @ Z Ur(1)o(1) - - - Ur(N)o(N)
TGSN O’GSN
= D W) N © ) Uip(1) - UNp()
TGSN pGSN
= 1®1
= 1

Thus we can define indeed A. Regarding ¢, the verification here is trivial. Finally,
regarding S, this follows from the fact that we imposed our relations on both u, v. g

Summarizing, we have some basic twisting theory up and working.

7c. Twisted rotations

Let us discuss now the twisted versions of the orthogonal groups Oy, and more gen-
erally of the groups O; with J! = 4.J, considered in chapter 5. We first have:

THEOREM 7.14. We can construct a twisted orthogonal group by setting
Oy =0LNGLY
with the intersection being computed inside GLY,.

PRrROOF. The result as stated is of course something trivial, simply obtained by apply-
ing the intersection operation, that we constructed in chapter 4. However, at the level of
the examples, at small values of N, things are quite tricky. We will be back to this. [

We have as well a twisted special orthogonal group, constructed as follows:
THEOREM 7.15. We can construct a twisted special orthogonal group by setting
SOy =0y NSLy
with the intersection being computed inside GL'y.

PROOF. As before, the result as stated is something trivial, obtained by applying the
intersection operation, that we constructed in chapter 4. The interesting things happen
at the level of examples, at small values of N, and we will be back to this. O

As a more technical question now, we would like to perform the above two operations,
O — O — SO/, to the general quantum groups O; considered in chapter 5. So, let us
recall from there that, barring some examples which are not very interesting, with the
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fundamental corepresentation u being trivially reducible, the quantum groups OF C GLY,,
with J* = +J, appear via the following relation, with 4 = (t ® id)u™":

uw=JuJ !

Since we have by definition OF C GL};, we can use the above twisiting and intersection
technology, as to successively get twisted orthogonal quantum groups, as follows:

THEOREM 7.16. We can construct a twisted orthogonal group by setting
O, =07NGLYy
inside GL},, and then a twisted special orthogonal group by setting
SO, =0,nSLy
inside GLY, for any matriz J € GLy satisfying J* = +J.

PROOF. As before, the result as stated is something trivial, obtained by applying the
intersection operation, that we constructed in chapter 4. However, at the level of the
examples, at small values of N, things are quite tricky. We will be back to this. U

Going now towards some applications, the idea is that, with the above twisting tech-
nology, we can say many interesting things at N = 4. Let us formulate:

DEFINITION 7.17. We let SO} C Of be the subgroup coming from the relation

Z Ulo(1)U20(2)U30(3) = 1

oES3

called twisted determinant one condition.

Normally, when formulating such a definition, we should prove that F(SOj) is indeed
an affine Hopf algebra. This is of course possible, directly, and actually we already did
such verifications, in the beginning of this chapter, for some similar quantum groups.

However, the point is that this follows as well from the following result, from [8]:
THEOREM 7.18. We have an isomorphism of compact quantum groups
S =S50;
given by the Fourier transform over the Klein group K = Zy X Zs.

PRrROOF. Consider the following matrix, coming from the action of SO} on F*:

10
+ _
=)
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We apply to this matrix the Fourier transform over the Klein group K = Zs X Zs:

1 1 1 1 1 0 0 O 1 1 1 1
11 -1 -1 1 0 w;p Up Ups 1 -1 -1 1
411 -1 1 -1 0wy U Uss 1 -1 1 -1

1 1 -1 -1 0 U31 Uz U3z 1 1 -1 -1

v =

By performing the matrix products, we are led to a formula of the following type, with
each entry v;; being a certain linear combination of the entries wu;;:

V11 V12 Vi3 V14

V21 V22 V23 Vg

U3l Uz2 Uszz Usg

V41 V42 V43 Ugq
This matrix is then magic, and vice versa, so the Fourier transform over K converts
the relations in Definition 7.17 into the magic relations. But this gives the result. U

As a continuation of this, which is something more technical, and far-reaching, we
have the following classification result, over F' = C, for the subgroups of S} = SOj:

THEOREM 7.19. The subgroups of S} = SO% are as follows:

(1) Infinite quantum groups: Sy, O, D...
(2) Finite groups: Sy, and its subgroups.
(3) Finite group twists: Sy, AL.
(4) Series of twists: Dj, (n > 3), DCS (n > 2).
(5) A group dual series: D,, with n > 3.
Moreover, these quantum groups are subject to an ADE classification result.

PROOF. This is something quite technical, from [8], and we will be back to this in the
next chapter, with some further explanations on the various twists appearing above, by
using some more advanced twisting technology, to be developed at that time. O

Let us explore now some consequences of the above result. By restricting the attention
to the transitive case, which is the most important one, we obtain the following result:

THEOREM 7.20. The transitive quantum groups G C Sy are as follows:
(1) At N = 1,2,3 we have {1}, ZQ, Zg, Sg.
(2) At N = 4 we have Ly X ZQ,Z4,D4,A4, 54, /2, SZF and Si, A%
Proor. This follows from the above result, the idea being as follows:
(1) This follows from the fact that we have Sy = Sy at N < 3.

(2) This follows from the ADE classification of the subgroups G C S, with all the
twists appearing in the statement being standard twists. U
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Inspired by this, let us study now the transitive subgroups G C S5 . This is something
substantially more complicated, and we first have here the following result:

PROPOSITION 7.21. The transitive subgroups G C Sy are
Z57 D5a GA1(5)7 AS) SS
with GA1(5) = Zs % Zy being the general affine group of Fs.

Proor. This is something well-known, and elementary. Observe that the group
GA,(5) = Zs ¥ Zy, appearing as the general affine group of Fs, is indeed transitive. [

In the quantum case now, the study is something quite difficult, but we have here the
following result, again over F' = C, based on advanced subfactor theory:

THEOREM 7.22. The set of principal graphs of transitive subgroups G C S5 coincide
with the set of principal graphs of the following subgroups,

Z57 D57 GA1(5)7 A57 S57 ‘5'5+
and this gives the full list of transitive subgroups G C Sy .

Proor. This is something quite advanced, the idea being that subfactor theory tells
us that the principal graphs of the irreducible index 5 subfactors are as follows:

— Ay, and a non-extremal perturbation of Ag?.
— The McKay graphs of Zs, D5, GA;(5), As, Ss.
— The twists of the McKay graphs of A, Ss.

Thus, we must take the this list, and exclude the graphs which cannot be realized by
a transitive subgroup G C S5". And here, we have 3 cases, as follows:

— The graph A, corresponds to Si itself. As for the perturbation of A&), this dissa-
pears, because our notion of transitivity requires the subfactor extremality.

— For the McKay graphs of the groups Zs, D5, GA1(5), As, S5 there is nothing to be
done, all these graphs being solutions to our problem.

— The possible twists of A5, S5, coming from the subfactor graphs above, cannot contain
S5, because their cardinalities are smaller or equal than |S5| = 120. O

Still with me, I hope, and do not worry, we will come back later to subfactors, in this
book. Now the point is that, as an interesting consequence of the above, we have:

THEOREM 7.23. The inclusion of quantum groups
Sy C SR_]

1s mazximal at N < 5, in the sense that there is no quantum group in between.
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PrOOF. This follows indeed from the various classification results above:

(1) At N = 2,3 this simply follows from Sy = Sj,.

(2) At N = 4 this follows from Theorem 7.20.

(3) At N = 5 this follows from Theorem 7.22. O

In general, it is conjectured that the quantum group inclusion Sy C S, is maximal
at any N € N. We will be back to this, later in this book, with further results about it.

7d. Reflection groups

Time now for some further applications of our twisting technology developed above,
in higher dimensions. We have, following [11], the following result:

THEOREM 7.24. The quantum symmetry group of the N-hypercube is
G (On) = Oy
with the corresponding coaction map on the verter set being given by

o: FZY) = FlzY1@ F(OY) , ¢ — Zgj ® uji
J

via the standard identification Oy = ié\v In particular we have G*(O) = O}.

PROOF. This result is from [11], with its N = 2 particular case, corresponding to the
last assertion, going back to [20], the idea being as follows:

(1) To start with, the result in the statement is clear at N = 2, coming as a consequence
of the various results about S; and its subgroups, from the previous section.

(2) In the general case now, where N € N is arbitrary, our first claim is that the
N-hypercube [y is the Cayley graph of the following group:

Zév =<Ty,...,TN >
Indeed, in order to prove this, let us recall that the vertices of this latter Cayley graph
are by definition the products of group elements of the following form:
g="1".. .T}'VN

Now observe that the sequence of 0-1 exponents defining such a group element uniquely
determines a point of F'V, which is a vertex of the cube. We conclude that the vertices
of the Cayley graph are indeed the vertices of the cube.

(3) Now regarding the edges, in the Cayley graph these are drawn between elements
g, h having the property g = hr; for some 7. In terms of coordinates, the operation h — hr;
means to switch the sign of the i-th coordinate, and to keep the other coordinates fixed.
In other words, we get in this way the edges of the cube, as desired.
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(4) Our second claim is that, when identifying the vector space spanned by the vertices
of Oy with the algebra F[ZY], the eigenvectors and eigenvalues of [y are given by:

Viyoin = Z (_1>i1j1+...+iNjNTf1 o TJ]\'[N
J1--JN
)\’il...iN = (—1)i1 + ...+ <_1)1'N

Indeed, let us recall that the action of d on the functions on vertices is given by the
following formula, with ¢ — p standing for the fact that ¢, p are joined by an edge:

df(p) =>_ f(a)

Now by identifying the vertices with the the elements of Z2, hence the functions on
the vertices with the elements of the algebra F[ZY], we get the following formula:

dv =m0+ ...+ TNV

With v;, ;, as above, we have the following computation, which proves our claim:

= § § _1)iji+FininN 1 JN
dvzl...’LN - Ts ( 1) Tl et TN
s

J1-JN
— Z Z (_1)i1j1+---+iNjNTf1 FIstl T]J\'[N
cL T
s j1-JN
= Y > ()t ey
s J1--JN
= SN Y () (g
s Ji---JN

)\il...iNUil...iN

(5) We prove now that the quantum group O acts on the hypercube Oy. For this
purpose, observe first that we have a morphism of algebras as follows:

a:FIZY] = FIZY|@ F(Oy) , 7= Y 7 ®uj
J
It is routine to check that for iy # iy # ... # i; we have:

a<Ti1~‘-Til): Z le"'le®uj1i1"‘ujziz
N#-FEh
In terms of eigenspaces FE, of the adjacency matrix, this gives:

a(Es) C Es @ F(OY)

Thus « preserves the adjacency matrix of [y, so is a coaction on [y, as claimed.
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(6) Conversely now, consider the universal coaction on the cube:
J

By applying § to the relation 7;7; = 7;7; we get u'u = 1, so the matrix u = (u;;) is

orthogonal. By applying 3 to the relation 72 = 1 we get:
1® Z uy; + Z kTt @ (upiuy; + upug) = 1® 1
k k<l

This gives upu;; = —uuy for ¢ # j, k # [, and by using the antipode we get

Uirly = —ugu for k # 1. Also, by applying 8 to 7,7; = 7;7; with i # j we get:

E TeT] @ (ukiulj + uliukj) = E TET] & (ukjuh- + uljuki)
k<l k<l

It follows that for ¢ # j and k # [, we have:
Ui Uy + U Ugj = UgjUp; + U Uk
In other words, we have [ug;, u;] = [ugj, w;]. By using the antipode we get:
(o, win] = [uir, wjn]

Now by combining these relations we get:

[wir, wjr) = [wik, wia] = [wjp, wa] = —[war, u;i]
Thus [ui, ujx] = 0, so the elements w;; satisfy the relations for F/(O}), as desired.
Thus, we are led to the conclusions in the statement. Il

With the above discussed, which is quite intriguing, our purpose now, assuming some
basic representation theory knowledge, will be to understand which exact representation
of Oy produces by twisting the magic representation of O, appearing above.

In order to solve this question, we will need the following standard fact:

PROPOSITION 7.25. The Fourier transform over Z is the map

1 . .
o: F(ZY) = F[ZY] | O g = o7 Z (—1)<b> gl gl
JiJN
with the usual convention < i,j >= Y, ixjr, and its inverse is the map
Vi FIZY) = F(ZY) g9 = ) (D780 o
JiJN

with all the exponents being binary, iy, ..., iN,ji,.-.,jn € {0,1}.
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PROOF. Observe first that the group ZY can be written as follows:

Thus both ¢, 1 are well-defined, and it is elementary to check that both are morphisms
of algebras. Also, we have @i = 1o = id, coming from the following standard formula:

QLN Z (1)< = H (% Z(_l)mr> = dio

Ji--JN = Jr

Thus we have indeed a pair of inverse Fourier morphisms, as claimed. U
By using now these Fourier transforms, we obtain following result:
PROPOSITION 7.26. The magic matriz for the embedding Oy C Sjy is given by

it = g 3 30 0T ()

Ji---JN b1...bN

where ky = (ky,, ..., k), with respect to multi-indices i,k € {0,1}" as above.

PROOF. By composing the coaction map « from Theorem 7.24 with the above Fourier
transform isomorphisms ¢, 1, we have a diagram as follows:

FzZ)] — F[Z3]® F(Oy)
o V@id
F(ZY) o S F(ZY) @ F(OY)

In order to compute the composition on the bottom [, we first recall from Theorem
7.24 that the coaction map « is defined by the following formula:

a(gy) = ga © Uap

Now by making products of such quantities, we obtain the following global formula
for «, valid for any exponents iy,...,iy € {1,...,N}:

. : 1\ #(0€) . . . :
oo = () X ey o,
b1..by

The term on the right can be put in “standard form” as follows:

i1 IN Zb( =1 iz Zb ix
by -Gy = 91 o gN "
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We therefore obtain the following formula for the coaction map a:

, , 1\ #0e) s s , '

i A bp=1" by=N tx 7 i

a(gy . g8 ) = (N) E g N ® Uy, - Unpy
bi..bny

Now by applying the Fourier transforms, we obtain the following formula:

a(égil. giN)

g
, 1 S .
= (Y®id)® (2_1\/ Z (=1)<B> gt . gﬁ)
J1--JN
#(0€5)
]. i 1 Z e Jx Z e Jo . .
- X X () e e,
Ji.-jn b1...by

By using now the formula of ¢ from Proposition 7.25, we obtain:

1 1 #(0€5)
B = w L X X (3)
J1.--JN b1...bN k1. kN
(_1)<i,j>(_1><(zbz:1 jx,A..,ZbI:Njw),(kl,...,k]\])>

O r oy @ulL Ul
gll"'gNN 16y Nbpn

Now observe that, with the notation k, = (ky,, ..., ks, ), we have:

<<Z]$ > jx) ,(kl,...,k:N)> =< j,ky >
br=1 by=N

Thus, we obtain the following formula for our map f:

] 1\ , ,
5(5931..-93\1#) TN Z Z Z (=)= (N) 59f1-~-gzka @ Uiy, -+ Uy

J1.--JN b1...by k1. kN

But this gives the formula in the statement for the corresponding magic matrix, with
respect to the basis {5g¢1 giN} of the algebra F(ZY'), and we are done. U
1IN

We can now solve our original question, namely understanding where the magic rep-
resentation of O really comes from, with the following final answer to it:

THEOREM 7.27. The magic representation of O, coming from its action on the N -
cube, corresponds to the antisymmetric representation of Oy, via twisting.

Proor. This follows from the formula of w in Proposition 7.26, by computing the
character, and then interpreting the result via twisting, as follows:
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(1) By applying the trace to the formula of w, we obtain:
XX (S o) (§) e,
jl---jN bl...bN i1...iN

(2) By computing the Fourier sum in the middle, we are led to the following formula,
with binary indices ji,...,j5 € {0,1}, and plain indices by,...,by € {1,...,N}:

1 #(0€y) ) )
X = Z Z (N) 5]'1,2%21 jz tt 5jN)wa:szui}21 tet u?\%}\r

J1.--JN b1...bN

(3) With the notation r = #(1 € j) we obtain a decomposition as follows:

N
X=2_ %
r=0
To be more precise, the variables Y, are as follows:

1 . ,

_ J J
XT - NNfr Z Z 5j1’sz:1jz te 5jN,be:szu121 e u]\]f\;)N

#(1€j)=rb1..bn

(4) Consider now the set A C {1,..., N} given by:

A:{ajazl}

The binary multi-indices j € {0, 1} satisfying #(1 € j) = r being in bijection with
such subsets A, satisfying |A| = r, we can replace the sum over j with a sum over such
subsets A. We obtain a formula as follows, where j is the index corresponding to A:

1
Xr = NN-T Z Z 5]'172%:1% C. 5jN7ZbI:N o H Ugb,

|A|=r b1...bx acA

(5) Let us identify b with the corresponding function b : {1,..., N} — {1,..., N}, via
b(a) = b,. Then for any p € {1,..., N} we have:

0jp3y,_ie = 1 = 07 (p) N Al = xa(p) (mod 2)

We conclude that the multi-indices b € {1,..., N} which effectively contribute to
the sum are those coming from the functions satisfying b < A. Thus, we have:

1
Xr = NN-—r Z Z Huab“

|A|=r b<A a€A
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(6) We can further split each x, over the sets A C {1,..., N} satisfying |A| = r. The
point is that for each of these sets we have:

1
e | KIS | L

b<A acA ceSH acA

Thus, the magic character of O, splits as y = Zivzo Xr, the components being:

Xr = Z Z Huao(a)

|A|=r 0'65'1‘3 a€A

(7) The twisting operation On — O, makes correspond the following products:

E(U) H Ugo(a) — H Uao(a)

acA acA
Now by summing over sets A and permutations o, we conclude that the twisting
operation Oy — O makes correspond the following quantities:

> e0) [ ] vaowy = Y D ] ttasta

|Al=r UGS}% acA |Al=r UGSX‘, acA
Thus, we are led to the conclusion in the statement. Il

The above result is not the end of the story with the cube, because we still have
the question of understanding how the hyperoctahedral group Hy = Zy ! Sy correctly
liberates. But, as explained in chapter 6, the correct liberation is Hy = Za . S¥.

7e. Exercises
We had an advanced algebraic chapter here, and as exercises on this, we have:
EXERCISE 7.28. Clarify our twisting results for the groups GLy.
EXERCISE 7.29. Work out twisting results in the parametric context.
EXERCISE 7.30. Check all the details for the twisted half-liberation operation.
EXERCISE 7.31. Work out the anticommutation twisting question for Spy.
EXERCISE 7.32. Find a more conceptual approach to anticommutation twisting.
EXERCISE 7.33. Find other graphs whose quantum symmetry groups are twists.

As bonus exercise, learn about braided Hopf algebras, and R-matrix deformation.



CHAPTER 8

Cocycle twists

8a. Cocycle twists

We have seen in the previous chapter how to construct many interesting twists, by
using a simple idea, namely suitably replacing commutation by anticommutation:

ab=ba — ab= tba

Moreover, we have seen as well some variations of this idea, such as twisting the
half-liberations, by suitably replacing half-commutation by half-anticommutation:

abc =cba — abc = Fcba

However, this is not the end of the story, with twisting. There are several other
methods for doing this, notably by using cocycles, and we will explain this here, with the
material that follows standing as a useful complement to what we learned in chapter 7.

There are several ways of doing the cocycle twisting, at various levels of generality. In
what concerns us, let us start with something fairly general, from [42], as follows:

DEFINITION 8.1. A 2-cocycle on a Hopf algebra A is a linear map

0. ARQRA—F
which is convolution invertible and satisfies the following conditions,
Z o(21 @ y1)o (T2 @ 2) = Z o(y1 ® 21)0(z @ ya22)
olz®l)=0(1®z)=¢e(x)

in Sweedler notation A(z) = > x1 @ x.

To be more precise, the first cocycle condition in the statement, which must hold for
any x,y,z € A, is taken with respect to the following Sweedler writing formulae:

A@):Zfl@@ ; A(y):Zy1®y2 , A(Z>:ZZ1®ZQ

Thus, the first cocycle condition is in fact something quite complicated. As for the
second cocycle condition, that simply uses the counit map ¢, as indicated.

177
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There are many examples of such cocycles, the general idea being that, for the Hopf
algebras of type A = F(G) or A = F[H], these cocycles come from group-theoretical
cocycles, on the underlying groups G, H. More on this later, when discussing examples.

Getting now to the twisting operation, once a cocycle ¢ : A ® A — F as above is
given, this is something quite subtle, which is best done in 3 steps, as follows:

(1) First, by suitably perturbing the multiplication of A, by using the cocycle o, we
can construct a certain left twisted algebra ,A, which is an associative algebra.

(2) By perturbing in a similar way the multiplication of A, by using o~!, we can

construct a certain right twisted algebra A,-1, which is an associative algebra too.

(3) And the point now is that, when jointly performing the above two operations, the
associative algebra A = ;A,-1 that we obtain is a Hopf algebra.

So, this was for the idea, and in practice now, let us see how this works. As a first
task, we must construct the left twisted algebra ,A, and this can be done as follows:

PROPOSITION 8.2. Given 0 : A® A — F, we can construct the left twisted algebra
<A, which as a vector space is ;A = A, and with product being defined by

{aHyy =) oler @ y){wape}

with the convention that any x € A is denoted {x}, when viewed as an element of ,A.
Proor. This is something quite straightforward, the idea being as follows:

(1) Observe first that ,A is indeed an associative algebra, as shown by the following
computation, based on the associativity condition satisfied by o

{eHub{zd = Dol @y){wapHz)
Za 1 @ y1)o((x2y2)1 @ 21){(T2y2)222}
= Zaa: (Y222)1)0 (11 ® 21){w2(y222)2}
>0

o(y1 @ zi){rHya22}

= {z}({yii=))
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(2) The unit stays the same when performing the operation A — ,A. Indeed, we
have the following computation, based on the first unitality condition satisfied by o

{zH{1} = ) oz @ {xa}
= ) e(n){za}
= Z(&?@id)Zm@:cg

= (e®id)A()

= X

(3) Similarly, still regarding the unit, we have as well the following computation, based
this time on the second unitality condition satisfied by o:

{1z} = Y o(l@m){ws}
= ) e(an){z2}
= Z(a@id)Zazl@:cg

= (e®id)A(z)

= X

(4) Thus, we have an associative algebra, as claimed, and with the cocycle conditions
in Definition 8.1 being in fact exactly those which are needed, for having this. O

Next, and still following our three-step twisting plan explained above, we must con-
struct the right twisted algebra A,-1. This can be done as follows:

PROPOSITION 8.3. Given 0 : A® A — F, we can construct the right twisted algebra
As-1, which as a vector space is A,—1 = A, and with product being defined by

<r><y>= Za_l(xg ® y2) < T1Yyp >
where o~ is the convolution inverse of o, with the convention that any v € A is denoted
< x >, when viewed as an element of A,-1.

PROOF. As before with the construction of the left twisted algebra , A, there are some
elementary verifications to be performed here, the idea being as follows:

(1) To start with, the present result can be proved exactly as we did before for Propo-
sition 8.2, by performing some elementary computations, using the cocycle axioms and
the Sweedler notation, that we will leave here as an instructive exercise.
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(2) Alternatively, at a more conceptual level, let us first review Definition 8.1 and
Proposition 8.2, with various right and left considerations in mind. We recall from Defi-
nition 8.1 that the axioms there for the 2-cocycles on Hopf algebras were as follows:

Z o1 @ y1)o(z2y, @ 2) = Z o(y1 ® 21)0(x @ ya22)
olz®1l)=0(1l®z) =¢c(x)

The point now is that, technically speaking, these are in fact the axioms for the left
2-cocycles. We have as well the notion of right 2-cocycle, which must satisfy:

Zr(xlyl ® Z)T(l’l &® yg) = ZT(Z’ & ylzl)r(yQ & Zz)

Tz®1l)=7(1®x) =¢c(x)
In what follows we will only need the notion of left 2-cocycle, that from Definition 8.1,
and this is why we simply called there 2-cocycles, the objects axiomatized there.

(3) However, and here comes the point, in the context of the present result, the
distinction between left and right 2-cocycles can be something useful, avoiding us some of
the computations evoked in (1). Indeed, it follows from definitions that if 0 : AQ A — F
is a left 2-cocycle, then its convolution inverse ! : A ® A — F is a right 2-cocycle.
Thus, this convolution inverse is subject to the following conditions:

Z 071(5611/1 & Z :IJ1 X yg Z o (z® ym (yz & 22)

clz@l)=0c'(1®z) =¢(2)
But with these latter conditions in hand, it is quite clear that the proof of Proposition
8.2 can be adapted, with minimal changes, to the present setting, and gives the result.

(4) Finally, as yet another proof, we can see that A,-1 is indeed an associative algebra,
as a particular case of what we did before for ,A, by suitably changing both A and o,
and again we will leave the clarification of all this as an instructive exercise. U

And with this, good news, we can now perform the third and final step of our twisting
program, with the final twisting statement, which is self-contained, formally making no
reference to Proposition 8.2 and Proposition 8.3, being as follows:

THEOREM 8.4. Given a Hopf algebra A, and a 2-cocycle 0 : AR A — F, we can
construct a Hopf algebra A%, which as a coalgebra is A° = A, with product

[z][y] = Z (1 @ y1)o (23 @ ys) [22y]
and with the antipode being given by the following formula,

57([a]) = Y o(a1 ® S(x2))o™ (S(w4) ® 5)[S ()]

where an element x € A is denoted [z], when viewed as an element of A°.
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PRroOF. This is a mixture of trivial and non-trivial facts, basically going back to the
work of Doi [42], the idea with this being as follows:

(1) The first assertion is something standard, the point being that the Hopf algebra
in the statement appears as follows, in terms of the algebra constructions before:

A% =, A,
(2) Indeed, recall from the above that the multiplication of A,-1 is given by:

<r><y>=» 0 (12D 1) < T3 >

On the other hand, the multiplication of an algebra of type ,B is given by:

{aHy} =) o1 @ yi){wape}

Now with B = A,-: as input, for this latter construction, we deduce that the multi-
plication of the algebra ,B = ,A,-1 is given by the following formula:

{[<x>H<y>} = ZU(% Ry {< @ >2<y >}
= Y omeyp){(<z><y>)}
= Zo‘(ml ® y1)0_1($3 X ya){< T2Y2 >}

But this is exactly the formula in the statement, with the convention [x] =< {z} >,
which means that z € A is denoted [x], when viewed as an element of A?.

(3) Summarizing, we have proved that A% with the multiplication in the statement is
indeed an associative algebra, with this coming from A% = ;A,-1.

(4) Next, as indicated in the statement, what we have is in fact a bialgebra, with the
usual comultiplication map A and counit map ¢ of the original Hopf algebra A. Indeed,
the fact that A and € remain morphisms of algebras, when changing the multiplication
as above, is something standard, that we will leave here as an exercise.

(5) Regarding now the remaining bialgebra axioms to be satisfied, let us have a look
at the Hopf algebra axioms for A, concerning A and e, namely:

(A ®id)A = (id® A)A
(e®@id)A = (id®e)A =id

Now since these axioms do not make reference to the multiplicative structure, they
will remain unchanged, when perturbing the multiplicative structure, as we did.

(6) Getting now to the final, and most technical point, the existence of the antipode
S requires some work, and this follows from the explicit formula for the antipode in
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the statement. To be more precise, we obtain in this way an antimultiplicative map
S A — A%, which satisfies the usual Hopf algebra axiom for the antipode, namely:

m(S ®id)A = m(id ® S)A = ¢(.)1

Thus, we obtain the result. For more on all this, details and examples, and some
further generalizations too, we refer to Doi [42], and related work. 4

As a conclusion to all this, we have some general twisting theory up and working, and
we refer to the specialized Hopf algebra literature, for more on all this. We will see later
that the above formalism is quite general, in particular with the anticommutation twists
constructed in chapter 7 appearing in this way, for some suitable cocycles.

8b. Basic examples

As an application of the above cocycle twisting methods, we can go back now to the
isomorphism S} = SO}, briefly explained in chapter 7, and the subsequent ADE classifi-
cation result for the subgroups of this quantum group, similar to the ADE classification
of the subgroups of SOj3, briefly explained there too, this time with more details.

Let us begin with the following definition, that we already met in chapter 7:

DEFINITION 8.5. We let SO; C Of be the subgroup coming from the relation

Z Ule(1)U20(2)U3e(3) = 1

o€ES3

called twisted determinant one condition.

Normally, when formulating such a definition, we should prove that F(SOj) is indeed
an affine Hopf algebra. This is of course possible, directly, and actually we already did
such verifications, in the beginning of the chapter 7, for some similar quantum groups.

However, the point is that this follows as well from the following result, from [8]:

THEOREM 8.6. We have an isomorphism of compact quantum groups

S =S50;

given by the Fourier transform over the Klein group K = Zo X Zs.

ProoF. This is something which is quite routine, the idea being as follows:

(1) Consider the following matrix, coming from the action of SO} on F*:

10
+ _
=)
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We apply to this matrix the Fourier transform over the Klein group K = Zs X Zs:

1 1 1 1 1 0 0 O 1 1 1 1
1f1 -1 -1 1 0 w;p Up Ups 1 -1 -1 1
411 -1 1 -1 0wy Uy Uss 1 -1 1 -1

1 1 -1 -1 0 U31 Uz U3z 1 1 -1 -1

v =

By performing the matrix products, we are led to a formula of the following type, with
each entry v;; being a certain linear combination of the entries wu;;:

V11 V12 Vi3 Vi4
V21 V22 V23 Uy
V31 Vg2 Us3 Usg
V41 V42 V43 Uyq

Our claim now, which will prove the result, is that this matrix is magic, and vice
versa, so that the above Fourier transform over the Klein group K = Zy X Z, converts
the relations in Definition 8.5 into the magic relations.

(2) In order to prove our claim, let us begin with some preliminaries. Fori,j € {1,2, 3}
with i # 7, we let < i,7 > be the unique element in {1,2,3} such that:

{i,j,<i,5 >} ={1,2,3}

Now let 4, j, k, 1 € {1,2,3} with i # j and k # [. Our claim is that we have:

Ui j><kl> = UikUji + UjpUs]
Indeed, for i,j € {1,2,3}, let iy, s, j1, jo be the elements of {1,2,3} satisfying:

{iyi1,i2} = {4, j1, Jo} = {1, 2,3}

Then, the well-known formula for the antipode of the quantum group SU} gives:

S(wji) = Wiy gy ingy + Uingy Ui
But since the matrix u = (u;;) is orthogonal, we have the following formula:

uig = S (ui;)

Thus, we have proved the above claim, regarding the value of u; js<p .

(3) Let us prove now that SOj is the universal quantum group acting on F*. Let
e1, s, €3, €4 be the canonical basis of F*, and consider as well the following basis:
1 = e1t+exte3tey
E1 = €1 — €y —e3+ ey
E9 = €1 —€y+e3— ey

€3 = €1+ ex—e3—¢ey
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Observe that this latter basis is precisely the one obtained by using the Fourier trans-
form of the Klein group K = Zs X Zo, mentioned in (1). We have the following formulae,
regarding this latter basis, which define a presentation of the algebra F*:

e2=1, Vi

Ei€j = €58 = E<ij> \4) 7é j

Consider now the linear map a : F* — F* @ F(SOj}) defined as follows:

al)=101 , al) :Zgjmji
J

Our claim is that a is a coaction. Indeed, it is clear that « is coassociative, so it
remains to check that « is a morphism of algebras. First, we have:

a(e;)? = 25k51®ukiuli
kl

2 o .2
= ng @ up; + Z EREL O UpiUy;
k

k#l
= 1® <Z Ui) + Z ELEl & (ukiuli + uliuki)
k k<l
= 1®1
= af(e])

Also, by using the formula found in (2), we have, for any i # j:

a(si)oz(sj) = Zz—:kel®ukiul]~

ki
2
= E € Q Uiy + E ELEl Q UgiUyj
k k£l
= 1® ( E Uk;i“k;j) + E eke1 @ (Upiugy + wtg;)
k k<l
= § E<kl> @ Ukl <ij>
k<l
= E €k @ Ug<ij>
k
= a(€<i,j>)

We conclude that our map «a constructed above is indeed a coaction.
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(4) Our claim now is that « is the universal coaction on F*. In order to prove this,
consider a Hopf algebra A coacting on F'*, with coaction denoted as follows:

B:F'> F'® A

We set ¢y = 1 and we write, with ;0 = d,o:
Ble) = & @y
J

Let ¢ : F* — F be the map given by ¢(e;) = 1/4, so that ¢(g;) = 0 if i > 0. This
linear map ¢ is A-colinear, and so the linear map F* ® F* — F given by x @ y — ¢(zy)
is A-colinear too. It follows that the matrix z = (z;;) is orthogonal, and so:

2 2 2
Ty + X + 253 = 0

Therefore zq; = d¢;, the matrix «’ = (;5)1<; j<3 is orthogonal and:
3
Ble) =Y ;@ , Vie{l1,2,3}
j=1

By using these formulae, we have the following computation:
B(1) = Be)
= f (&')2
= Z EREL O Tpi;
kl

2 2
= Z € ® Ty + Z EkEL @ Tgi Ty
k k£l

= 1® (Z Ii) + 281@ ® (Tri%1i + TiTrs)
k

k<l

= 1®1+ 25k5l ® (zrizy + TTr;)
k<l

But 4(1) = 1® 1, so we deduce that for k # [, we have the following formula:
TkiTly = —L1iLki

By using now the antipode S, which satisfies S(x;;) = zj; since the matrix 2’ is
orthogonal, we have as well the following formula:

TipZi = — Tyl
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(5) Next, for any ¢ # j, we have the following computation:
aleciy>) = algg))
= a(&)ale))

= Z EkEl @ LTy
kl

2
= E €k ® Tfi T + E ELEL X Ti 15
k k#l

= 1® <Z xkixkj> + Z ELEl X (il']ﬂwlj + $liilj'kj)
k k<l

= E Eckis> @ (T + k)
k<l

We conclude from this computation that we have the following formula:
T<ki><ij> = Tkilly + Tl
Similarly, since €,6; = €;¢;, we have as well the following formula:
T<ki><ij> = ThkjTli + TijTh;
By combining now these two relations that we found, we get, for ¢ # j and k # [:
[ris 215] = [0, 2]
Now by using the antipode, we have as well the following formula:
[Tk, 1] = [0, g
Summarizing, we have established the following equalities:
[@is w15] = [0, g] = [an, 2] = — [0, 5]
But this shows that we have the following equality:
T1iTkj = Tkl

(6) We can now finish. Indeed, we have the following computation, in relation with

the quantum determinant one condition, from Definition 8.5:
T11T22033 + T11223T32 + T12021%33 + T12023T31 + T13T22T31 + T13T23T31
711 (T2233 + To3T32) + T12(T21233 + T23731) + T13(T20T31 + T23731)
= 55%1 + x%z + 37%3
=1

Thus the quantum determinant one condition is satisfied, so we obtain a Hopf algebra

morphism F(SO;) — A commuting with the respective coactions, and we are done. [
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We will prove now that the quantum group SO} appears from the group SOs, via
cocycle twisting. Let A be the algebra of representative functions on SOj, with the
canonical coordinate functions denoted z;;. Consider as well the Klein group:

K:ZQ XZQZ <t1,t2

2=t3=1, tity = t2t1>
We set t3 = t;to. Now observe that the restriction of the functions on SOz to the
diagonal subgroup of SO3, which is K, gives a Hopf algebra surjection, as follows:
gt A— FIK] |, x5 — it
In view of this, let 0 : K x K — F* be the unique bimultiplicative map such that:

(1) -1 ife <y
O\li, ;) = .
J 1 otherwise

Then o is a usual group 2-cocycle, and its unique linear extension to the group algebra

FIK| ® F[K] is a 2-cocycle in the previous sense, still denoted 0. We get in this way a

cocycle on A, given by the following formula, and satisfying o4 = 0;1:

04 =00(Tg @ mq)
We can now formulate our twisting result regarding SOj, as follows:
THEOREM 8.7. We have an isomorphism of Hopf algebras
F(SO;) = A%
and so SOj appears as a cocycle twist of SO3.

Proor. With the notations above, we have the following computation:

[zijllen] = Z 0i(Tip @ Tg) 0y (Trj @ T) [Tprgs)

p,q,7,s
= O'(tu tk)O'(tj, tl)[xz‘jxkl]
More generally, we have in fact the following formula, valid for any r € N:

[igl[@iags] - - [mig,] = (H o (tz'patz‘q)) (H o (tjp>tjq)> (@11 Tings - - Tirji]

p<q p<q
Thus, we see that we have a Hopf algebra morphism, as follows:

F(SO&) — A% , U5 — [i[)”]

This morphism is then clearly surjective, and a standard representation theory argu-
ment, for which we refer to [8] and the related literature, including [23], shows that this
morphism must be in fact an isomorphism. Thus, the result follows. Il

As a continuation of this, which is something more technical, we have the following
classification result, over F' = C, for the subgroups of S} = SOj:
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THEOREM 8.8. The subgroups of S} = SO} are as follows:
1) Infinite quantum groups: Sy, O, lA)OO.

2) Finite groups: Sy, and its subgroups.

3) Finite group twists: S}, Aj.

4) Series of twists: D), (n >3), DC}, (n > 2).

(5) A group dual series: Dy, with n > 3.

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

(
(
(
(

Proor. This is something quite technical, based on the twisting technology that we
developed above, the idea with all this being as follows:

(1) Regarding the statement, the idea is that, with prime standing for twists, which
all unique, and double prime denotes pseudo-twists, the classification is as follows:

— A case: Zy, Zo, Zs3, K, D, (n=2,3,...,00), S/.

— D case: Zy, Db, DY (n=2,3,...), Hy, Dy, Ss.

— E case: Ay, S4, S}, AL.

(2) There are many comments to be made here, regarding conventions, as follows:

— To start with, the 2-element group Zy = {1, 7} can act in 2 ways on 4 points: either
with the transposition 7 acting without fixed point, and we use here the notation Zy, or
with 7 acting with 2 fixed points, and we use here the notation D;.

— Similarly, the Klein group K = Zy X Zs can act in 2 ways on 4 points: either with 2
non-trivial elements having 2 fixed points each, and we use here the notation K, or with
all non-trivial elements having no fixed points, and we use here the notation Dy = Ds.

— We have D) = Dy, and D} = Gy, the Kac-Paljutkin quantum group. Besides being
a pseudo-twist of Ds,, the quantum group D) with n > 2 is known to be as well a
pseudo-twist of the dicyclic, or binary cyclic group DCy,.

— Also, the definition of D), , D} can be extended at n = 1, 00, and we formally have
Dy =Dy =K, and D', = D!, = Hj, but these conventions are not very useful. Finally,

the groups D1, S5 are a bit special in the D case of the classification.

(3) So, this was for the statement of the theorem, and with the various twists involved
being constructed by using the general cocycle twisting procedure from the beginning of
this chapter. In what regards now the proof, this is something quite technical, making a
heavier use of the twisting technology, and we refer here to [8] and related papers. U

We will be back to all this, which remains something non-trivial, later in this book.
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8c. Group algebras

As a continuation of the above, let us develop some more applications. Following [12],
we will prove in what follows that we have a general twisting result, as follows:

POy = (S))
In order to explain this material, which is quite technical, requiring good algebraic

knowledge, let us begin with some generalities. We first have:

PROPOSITION 8.9. Given a finite group G, the algebra F(S;I) s isomorphic to the
abstract algebra presented by generators xg4y with g, h € G, with the following relations:

Tig = Tg1 = 619 ) Ts gh = E Tgp—1 gTth Lgh,s = E Tgt—1Thts
teG teq
The comultiplication, counit and antipode are given by the formulae
A(‘rgh> = Z«xgs & Tsp, ) 5(xgh) = Ogh S(l’gh) = Tp-1g-1
seG
on the standard generators xgp.

Proor. This follows indeed from a direct verification, based on the coaction axioms
that must be satisfied by the algebra F (S(f;), that we will leave here as an exercise. [

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

Ogh,sOgh = OghsOhs , Og1 = 019 = 1

Given such a cocycle, we can construct the associated twisted group algebra F' (@U),

~

as being the vector space F'(G) = F[G], with product ese, = ognegn. We have:

PROPOSITION 8.10. The algebra F(Sér ) is isomorphic to the abstract algebra presented
by generators x g, with g, h € G, with the relations x4, = x4 = 614 and:

Z ~1 Z -1
Oghls,gh = Ost=1,tLst=1,gTth Ugh Lgh,s = O-t—lvtsxgt—lxh,ts
teG teG
The comultiplication, counit and antipode are given by the formulae
—1
A(zgp) = E Tgs @ T, E(Tgn) =00 , S(xgn) = Op-1h0 -1, Tp-1g-1
seG
on the standard generators xgp.

PROOF. Once again, this follows from a direct verification, which is quite similar to
the verifications did before, and that we will leave here as an exercise. U
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In what follows, we will prove that the quantum groups S+ and S+ are related by a

cocycle twisting operation. Let A be a Hopf algebra. We recall that a left 2-cocycle is a
convolution invertible linear map o : A ® A — F satisfying the following conditions:

Z o(z1 @ y1)o (22 ® 2) = Z o(y1 ® 21)0(z ® Yy222)

olz®l)=0(1®z)=¢e(x)

As explained before, o is a left 2-cocycle precisely when o1, the convolution inverse
of o, is a right 2-cocycle, in the sense that we have:

2‘7—1(%% ® 2)o Hay ® 1) ZU T®@Yy121)0 (Y2 ® 22)

clz@l)=0c'(1®z) =c¢(z)

We recall that given a left 2-cocycle ¢ on A, one can form the 2-cocycle twist A7
as follows. As a coalgebra, A? = A, and an element x € A, when considered in A%, is
denoted [z]. The product in A7 is then defined, in Sweedler notation, as follows:

@ly] = oz ® y1)o " (25 @ ys) [1205]

As for the antipode of A7, this is given by the following formula:

S7([2]) = > o(r1 @ S(a2))o ' (S(24) ® 75)[S(w3)]

We can now state and prove a main theorem, from [12], regarding the twisting of the
quantum automorphism groups of the group algebras, as follows:

THEOREM 8.11. If G is a finite group and o is a 2-cocycle on G, the Hopf algebras
F(Sg) , F(Sé’o)
are 2-cocycle twists of each other, in the above sense.
PROOF. In order to prove this result, we use the following Hopf algebra map:
F(SE) = F(G) . agn = Ggney

Our 2-cocycle 0 : G x G — F* can be extended by linearity into a linear map as
follows, which is a left and right 2-cocycle in the above sense:

o:F(G)® F(G) = F
Consider now the following composition:

a=o(ren): F(SY) @ F(S%) = F(G)® F(G) = F
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Then « is a left and right 2-cocycle, because it is induced by a cocycle on a group
algebra, and so is its convolution inverse a~!. Thus we can construct the twisted algebra,
F (Sg)o‘fl, and inside this algebra we have the following computation:

[zgnllzns] = a7z @ z)alen @ x5)[wgnay]
= 0 ' (g@7)o(h® s)[TehTrs

By using this identity, we obtain the following formula:

D o(stt @) zgrgllzm] = Y olstT @) (st @ t)ognlra-r g
teG teG

= o(g® h)[zsgn]

Similarly, we have the following formula:

Z 0_1(75_1 ® tS)[fg,tfl][ﬁh,ts] = 0_1(9 ® h)[zgh,é‘]
teG

We deduce from this that there exists a Hopf algebra map, as follows:
a1
P F(Sga) — F(Sg) y  Tgh — [a:g,h]

This map is clearly surjective, and is injective as well, by a standard fusion semiring
argument, because both Hopf algebras have the same fusion semiring. See [12]. U

Thus, we have proved our twisting result. As a first consequence, we have:
ProproOSITION 8.12. If G is a finite group and o is a 2-cocycle on G, then

D(zgyny - Tgnn) = QG15 -y ) QD - P Tgihy - - Ty,
with the coefficients on the right being given by the formula

m—1
Q(gb . agm> = H O091...95,9k+1
k=1

is a coalgebra isomorphism F(S;,I ) — F(Sg), commuting with the Haar integrals.
Proor. This is indeed just a technical reformulation of Theorem 8.11. O

Let us discuss now some concrete applications of these twisting results, over F' = C.

Consider the group G = Z2, let w = ¢*/™ and consider the following cocycle:
c:GxG—>T y o O3g) (kD) :wjk

In order to understand what is the formula that we obtain, we must do some compu-
tations. Let E;; with i, j € Z, be the standard basis of M, (C). We first have:
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PROPOSITION 8.13. The linear map given by

Z
¥(eq ) E W B gy

defines an isomorphism of algebras 1) : C(@U) ~ M,(C).

PRrROOF. Consider indeed the following linear map:

E:w k,j—i)

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

Next in line, we have the following result:

PROPOSITION 8.14. The algebra map gifuen by

ai—bj
uzjukl E w JiCak ),(b,1—7)
ab 0

defines a Hopf algebra isomorphism o : C’(S]T/[n) ~ C(Sga).
PRrROOF. Consider the universal coactions on the two algebras in the statement:
a:M,(C) — M, (C)®C(S;.)
B:C(G,) — C(G,)@C(S])
In terms of the standard bases, these coactions are given by:

a(Ey) = Z Eiy @ upiwg;
il

Bleus) = Ze(k,l) @ T (k,0),(i.5)

kl

We use now the identification C' (GU) ~ M, (C) from Proposition 8.13. This identifi-
cation produces a coaction map, as follows:

v+ My(€) = M,(C) ® C(S )

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

1 ar—i
ab kr

By comparing with the formula of «, we obtain the isomorphism in the statement. [J

We will need one more result of this type, as follows:



8D. MATRIX MODELS 193

PROPOSITION 8.15. The algebra map given by

ki+lj—ra—sb
P(T(a0),(0.5)) Zw T )
klrs

defines a Hopf algebra isomorphism p : C’(S;,I) ~ C(S5%).
ProOF. We have a Fourier transform isomorphism, as follows:
C(G) ~ C(G)
Thus the algebras in the statement are indeed isomorphic. U

As a conclusion to all this, we have the following result:

THEOREM 8.16. Let n > 2 and w = 62”/". Then

—a(k— .
uz]ukl E w )pia,jb
ab 0

defines a coalgebra isomorphism C(PO}) — C(ST,) commuting with the Haar integrals.

Proor. We know that we have identifications as follows, where the projective version
of (A, u) is the pair (PA,v), with PA=<v;; > and v = u ® &

PO} = PUS = S,

With this in hand, the result follows from Theorem 8.11 and Proposition 8.12; by
combining them with the various isomorphisms established above. U

Many other things can be said, as a continuation of the above. We will be back to
this later in this book, when systematically discussing what happens over F' = C.

8d. Matrix models

Let us discuss now some further applications of the above methods and results, to the
matrix modeling questions for our quantum permutation groups, again in the case F' = C.
Let us first recall from chapter 4 that we have the following notion:

DEFINITION 8.17. A matriz model for an affine Hopf algebra (A,w) is a morphism of
associative algebras as follows, with T' being a certain space:

WA-)MK(F(T)) s uij—>Uij
When this morphism 7 is an inclusion, we say that our model is faithful.

Obviously, we would like our models to be faithful, in order for our computations in
the random matrix algebra Mg (F(T')) to be relevant, to our questions regarding A.

But, the problem is that this situation is not always possible, due to a number of
analytic reasons, the idea here being that the random matrix algebras My (F(T)) are
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quite “thin”, from a certain functional analytic viewpoint, while the algebra A to be
modeled might be “thick”, from the same functional analytic viewpoint.

However, and here comes our point, the notion of inner faithfulness introduced and
studied in chapter 4 provide us with a potential solution to this, as follows:

DEFINITION 8.18. We say that a matrix model as above,
7 A= Mg(F(T)) , w;—U;
s inner faithful when there is no Hopf algebra factorization as follows:
m:A— B—= Mg(F(T)) , wy— v — U;
That is, we can use our inner faithfulness notion, for the matrix models.

And the point is that, with this notion in hand, we can model far more affine Hopf
algebras than before, with the above-mentioned analytic obstructions dissapearing. In
fact, there is no known obstruction on the algebras A than can be modeled as above.

Still in relation with the notions from chapter 4, let us record as well:

THEOREM 8.19. Given an arbitrary matriz model, as before,

m:A—= Mg(F(T)) , wy;—U;
we can always factorize it via a smallest Hopf algebra, as follows,
m:A— B— Mg(F(T)) , uj—v;—U;
and the resulting factorized model B — My (F(T)) is then inner faithful.

ProoOF. This is indeed something self-explanatory, coming from definitions. U

According to our general matrix model philosophy, we must look for concrete realiza-
tions of the standard coordinates u;; € C(G). In the quantum permutation group case,
G C S}, these standard coordinates are projections, so a natural idea is that of looking
at the rank of these projections, in the model. We are led to the following notion:

DEFINITION 8.20. Given a subgroup G C S5, a random matriz model of type
m:C(G) - Mg(C(T))
is called flat when the fibers Pf; = m(uy;)(x) all have rank 1.

We will see in what follows that there are many interesting examples of such models.
Observe however, as an obstruction, that in order for such a model to exist, the subgroup
G C S}, must be transitive, due to the following trivial fact:

Pij #0 = wu; #0
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In view of this, it makes sense to talk, more generally, about matrix models which are
quasi-flat, in the sense that the fibers P = m(u,;)(7) all have rank < 1, and we refer here
to the hterature In what follows we Wlll only use flat models, as axiomatized above.

In order to construct now some explicit models, following [16], which will lead to some
interesting new twists too, we will need the following standard notion:
DEFINITION 8.21. Given a finite abelian group H, the associated Weyl matrices are
Wia ey =< 1,0 > eqryp
where i € H, a,b € f[, and where (i,b) =< 1,b > is the Fourier coupling H X H—T.
As a basic illustration here, consider the simplest cyclic group, namely:
H=17,=1{0,1}

In this case, the Fourier coupling is given by < 4,0 >= (—1)® and so the Weyl
matrices act in the following way, in the standard basis:

. . b
Woo @ ey — € , Wio : ey, — (—1) €y

. b .
Wii ey = (=1)ep1 , Wor ey = epr

Thus, we have the following formulae for the Weyl matrices, in this case:

10 1 0
WOO = (O 1) ) Wl() = (0 _1)

0 —1 01
wa= (1 ) = (] )

We recognize here, up to some multiplicative factors, the four Pauli matrices.

Now back to the general case, we will need the following well-known result:

PROPOSITION 8.22. The Weyl matrices are unitaries, and satisfy:

(1) Wt =<i,a>W_; .

(2) WiuWjp =< i,b > Wiyjaye-

(3) I/Vme =<j—i,b>W,_ ..
( ) =<1, a—>b> Wj—i,b—a-

PROOF. The unitary follows from (3,4), and the rest of the proof goes as follows:
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(1) We have indeed the following computation:

VVZZ = (Z < i, b> Ea+b,b>
b
= Z < _Zab > Eb,a+b
b

= Z< —i,b—a>Eb_a7b
b

= <i,a> W,i’,a

(2) Here the verification goes as follows:

WiaWi, = (Z <i,b+d> Ea+b+d,b+d) (Z <J,d> Eb+d,d>
4

d

= Z<iab><i+j’d>Ea+b+d,d
d
= < i, b > Wi+j,a+b

(3,4) By combining the above two formulae, we obtain:
Wi ;b = < j7 b> WiaW—j,—b
= <J,b><i,-b>Wi .
We obtain as well the following formula:
VVZ-ZI/ij = <i,a> W,i7,aij
= <i,a>< —1, b > Wj—i,b—a

But this gives the formulae in the statement, and we are done. O

Observe that, with n = |H|, we can use an isomorphism lQ(ﬁ ) ~ 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§. With
these conventions, we have the following result:

THEOREM 8.23. Given a closed subgroup E C U, we have a representation
Wiq,jb — [U — P?”Oj(WiaU ]ka)]

where n = |H|, N = n?, and where W, are the Weyl matrices associated to H.
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PRrROOF. The Weyl matrices being given by W;, : e, =< i,b > e, we have:

Together with the formulae in Proposition 8.22, this shows that the Weyl matrices are
pairwise orthogonal with respect to the following scalar product on M, (C):

<x,y >=tr(zy")

Thus, these matrices form an orthogonal basis of M,,(C), consisting of unitaries:

W= {W

ieH,aeﬁ}

Thus, each row and each column of the matrix &;q j» = WioU W]T"b is an orthogonal basis
of M,,(C), and so the corresponding projections form a magic unitary, as claimed. O

Still following [16], let us discuss now some interesting generalizations of the Weyl
matrix models. We will need the following standard definition:

DEFINITION 8.24. A 2-cocycle on a group G is a function o : G x G — T satisfying:
o(gh,k)o(g,h) = o(g,hk)o(h,k) , o(g,1) =0(l,9)=1

The algebra C*(G), with multiplication given by g-h = o(g, h)gh, and with the involution
making the standard generators g € C(G) unitaries, is denoted C%(Q).

As explained in [16], we have the following general construction:

PROPOSITION 8.25. Given a finite group G = {g1,...,9n} and a 2-cocycle on it,
0:G x G — T, we have a matriz model as follows,

m:C0(Sy) = My(C(E)) , wy—[z— Proj(g;rg;)]
for any closed subgroup E C Ua, where A = C%(G).

PROOF. This is clear from definitions, because the standard generators {gi,...,gn}
are pairwise orthogonal with respect to the canonical trace of A. See [16]. U

Now with the above construction in hand, we have the following result:
THEOREM 8.26. For any intermediate closed subgroup G C E C Uy, the model
m: C(S%) = Mn(C(E))

constructed above is faithful.
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PROOF. This is something quite tricky, from [16], the idea being as follows:

(1) To start with, in the present analytic setting, over F' = C, the faithfulness of a
matrix model u;; — U;; can be verified with respect to the trace, the criterion here being
that we must have the formula sz =T,, for any p € N and any e € {1, *}?, where:

(T )iviins = (tr o /T ) we, . U)

We will be back to this faithfulness criterion, with full details, in Part III below, when
discussing more in detail what happens in the analytic setting, over F' = C.

(2) In our case, according to the definition of T, we have the following formula:

(Ty)ir.ipgiis = (tr ® /E) (Proj(gilxg;‘l) ) ..Proj(gipxg;p)) dx

— %/E < 91 %G55 90,295, > - < Gi, 295, Gi TGy, > dx
In order to compute the scalar products, we can use the following formula:
9igi-1k = 01,1 k) gi
Indeed, we obtain from this the following formula:
9i gk = 0 (i,17k)gi1
We therefore obtain the following formula, for the above scalar products:
< girg;, gerg; > = tr(g;x"g; gprg;)

= tr(g; gkrg; 9;7°)
= o(i,17%k) - o(l,171g) - tr(gi-1gzgi-1j27)

By plugging these quantities into the formula of 7}, we obtain the following formula:

(Tp)il...ip,jl,..jp - 7/1721 7/2) (Zpazpl‘) (jZ?]Z jl) (jlajl_ljp)
N/t'r’ 9im15, 0G5, ) tr(g;-1;,xg;-1;, @) dx

(3) Now let us write (1},)i; = p(i,7)(T})ij, where p(i,j) is the product of o terms
appearing in the above formula. With this convention, we have:

(T = Y ()T

k

= > pli, k)plk, 5)(T5)in(T3 )

k
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Let us first compute the p term. We have:
pli, K)ok, ) = olin,iy ia) ... 0(ip, i, ") - o (ks by k) .o kr, Ky V)
o (ki ki ha) oo (ks by Th) - 0 (s Gy ) -+ o (s i)
= 0(i,7) - o(ko, k3 ky) - o(ky, kths) ... ok, ky k) - o (ky, ky V)
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In order to compute now this quantity, observe that by multiplying the formulae

o(i,i 7 k)gi g = gi—1p and o(k, k™) g}g: = gr—1; we obtain the following formula:
o(i,i 'k)o(k, k™) = o(i 'k, k™)
Thus, our expression further simplifies, as follows:
p(i,k)p(k,5) = o(i,5) - o(ky ke, bk ke) oo . . o(k'ky, ki tky)
On the other hand, the T° term can be written as follows:

o} (o] 1 * *
(Tp )z‘kz(Tp)kj = m/ / tr(giflbxgk;lklx )tr(gkfleygjgljly )
EJE

tr(gi;%lxgkflklpx*)tr(gk;%ygjfljpy*)c&dy

We therefore conclude that we have the following formula:

(T7)i; =

o]

o(ky 'k, by k)t (91, TGy, TN (G4, Y9715,y ) dady

) S TR " :
N? /E/E Z a(ky ki, Ky 1k2)t7“(gi;1i2xgk;1k1:v )tr(gkfle?Jgj;ljly )
ki..kp

(4) By using now g = o(i,i71)g;-1, and moving the z* variables at left, we obtain:

oli.j

Z’j) * * *
e [E [E > tr(x Gir ik o T (G119, 5,97)

ki...kp

(T,)ij

tr(x” g, 1, 2 Gh 1, T (-1, ¥9515,9 ") dedy
We can compute the products of traces by using the following formula:

tr(Age)tr(g;B) = Z < 9g: Agr >< gs, g1.B >

qs
= > tr(g;Ag)tr(g:giB)
qs

Thus are left with an integral involving the variable 2z = zy, which gives T7.
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The above construction is something quite general, and in relation with the Weyl
matrix models discussed before, we have the following result:

THEOREM 8.27. Given a finite abelian group H, consider the product G = H X PAI,
and endow it with its standard Fourier cocycle.

(1) With E = U, where n = |H|, the model 7 : C(S},) — My (C(U,)) constructed
above, where N = n?, is the Weyl matriz model associated to H.

(2) When assuming in addition that H is cyclic, H = Z,, we obtain in this way the
matriz model for C(SY;) coming from the usual Weyl matrices.

(3) In the particular case H = Z,, the model w : C(S]) — My(C(Us)) constructed
above is the matriz model for C(S;) coming from the Pauli matrices.

PROOF. All this is indeed clear from definitions, and from the above results. U

Many more things can be said about the above models, and all this suggests that the
quantum group associated to a Weyl matrix model, as above, should appear as a suitable
twist of PE. For more on all this, we refer to [8], [14], [16] and related papers.

8e. Exercises
We had an advanced algebraic chapter here, and as exercises on this, we have:
EXERCISE 8.28. Further build on our twisted action results above.
EXERCISE 8.29. Work out the general theory of pseudo-2-cocycle twists.
EXERCISE 8.30. Fill in all the details for the ADFE classification result.
EXERCISE 8.31. Find matriz models for the group dual subgroups of Sy;.
EXERCISE 8.32. Work out the Weyl twisting results in the Pauli matriz case.
EXERCISE 8.33. Discuss twisting questions for the general Weyl matrix models.

As bonus exercise, learn about braided Hopf algebras, and R-matrix deformation.
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CHAPTER 9

Complex algebras

9a. Complex algebras

Welcome to quantum groups. These are typically defined over the complex numbers,
so let us first discuss what happens when the field of scalars is F' = C, and when our
algebras are x-algebras. We will do this in this chapter, with a quick remake of Parts I-11,
by insisting on various simplifications, and other new phenomena that might appear.

Following the material in chapter 1, let us start with the following definition:
DEFINITION 9.1. A Hopf *-algebra is a *-algebra A, with morphisms of x-algebras
A:A—-ARA |, e:A—>C |, S:A— A%
called comultiplication, counit and antipode, satisfying the following conditions:
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
m(S ®id)A =m(id® S)A =e(.)1

If the square of the antipode is the identity, S* = id, we say that A is undeformed.
Otherwise, in the case S* # id, we say that A is deformed.

In other words, we are using here exactly the same formalism as in chapter 1, and
in the whole first half of this book, save for our assumption that A is a x-algebra, over
F = C. It is in fact possible to talk about *-algebras A defined over an algebrically closed
field F' of characteristic 0, and most of our results below will extend to this setting.

However, the field of complex numbers F' = C has its own magic, hope we agree on
this, that will come into play later, so we will stay with it, as indicated in Definition 9.1.
To be more precise, for putting things squarely, we are currently looking for the quantum
groups, which are most likely quite complicated objects, so in our quest we will not bother
much, and use of course the smartest field of scalars of them all, which is /' = C.

At the level of the examples now, we first have the following result:

203
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THEOREM 9.2. Given a finite group G, the x-algebra of complex functions on it,
C(GQ) = {¢: G — C}, with the usual pointwise product of functions,

(e)(9) = p(9)¥(g)

is a Hopf x-algebra, with comultiplication, counit and antipode as follows:
Ap) = [(g,h) = ¢(gh)]
e(p) = (1)

S(p) =g = w(g™")]
This Hopf algebra is finite dimensional, commutative, and undeformed.

ProoFr. This is something that we know from chapter 1, with the only new input
coming from the fact that C(G) is a x-algebra, with involution as follows:

v (9) = ¢(9)
Indeed, with this formula in hand, we can see that the morphisms in the statement
A, e, S are morphisms of x-algebras, so we have indeed a Hopf x-algebra, as stated.  [J

Next, still following the material in chapter 1, we have as well the following result:
THEOREM 9.3. Given a group H, which can be finite or not, its group algebra
C[H] = span(H)
is a Hopf x-algebra, with structural maps given on group elements as follows:
Alg)=g®g , clg9=1 , S=g"
This Hopf algebra is cocommutative, and undeformed.

PROOF. As before, this is something that we know from chapter 1, with the only new
input coming from the fact that C[H] is a x-algebra, with involution as follows:

Indeed, with this formula in hand, we can see that the morphisms in the statement
A e, S are morphisms of x-algebras, so we have indeed a Hopf x-algebra, as stated. [J

We refer to chapter 1 for various technical reformulations of the above result, say by
using convolution products, as well as for all sorts of comments that can be made.

In order to discuss now the precise relation between Theorem 9.2 and Theorem 9.3,
we will need the following fact, that we also basically know from chapter 1:
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THEOREM 9.4. If G, H are finite abelian groups, dual to each other via Pontrjagin
duality, in the sense that each of them is the character group of the other,

Gz{x:H—)']T} , Hz{p:G—)']T}
we have an identification of Hopf x-algebras as follows:
C(G) = C[H]

In the case G = H = Zy, this identification is the usual discrete Fourier transform
isomorphism. In general, we obtain a tensor product of such Fourier transforms.

PRrROOF. As before, this is something that we know from chapter 1, with the only
new input coming from the fact that we are now dealing with Hopf x-algebras. Indeed,
the isomorphism C(G) ~ C[H] that we constructed in chapter 1 is easily seen to be a
x-algebra morphism, so we have an isomorphism of Hopf x-algebras, as stated. U

Moving ahead, in what regards now the main theorem established in chapter 1, which
was the duality one, in the finite dimensional case, things again extend well, as follows:

THEOREM 9.5. Given a finite dimensional Hopf x-algebra A, its dual space
A* = {cp :A—C linear}
15 also a finite dimensional Hopf *-algebra, with multiplication and unit as follows,
Al A @A - A, &:C— A*
and with comultiplication, counit and antipode as follows:
m A AAQA ) WA C o, ST AT A

This duality makes correspond the commutative algebras to the cocommutative algebras.
Also, this duality makes correspond C(G) to C[G], for any finite group G.

PROOF. Again, this is something that we know from chapter 1, with the few verifica-
tions in relation with the x-structure being all trivial, basically coming from the fact that
the transpose of a x-algebra morphism is again a x-algebra morphism. U

As a conclusion to all this, again following chapter 1, let us formulate:

SPECULATION 9.6. We can think of any finite dimensional Hopf x-algebra A, not
necessarily commutative or cocommutative, as being of the form

A=C(G) = C[H]

with G, H being finite quantum groups, related by a generalized Pontrjagin duality. And
with this generalizing what we know about the abelian groups.
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And good news, this is all, in what concerns the quick remake of chapters 1-2. There
are of course still a number of things there, waiting to be discussed in the present x-algebra
setting, especially in what regards the Lie algebra material in chapter 2. But, we will keep
this for later, in chapter 12 below, where we will discuss Lie algebra aspects.

Getting now into the material from chapters 3-4, and afterwards, we have split the
remake of that, in the present x-algebra setting, into 3 parts: we will first discuss corep-
resentations, then various product operations, and then symmetry groups and twists.

So, let us first talk about corepresentations of Hopf x-algebras. We will choose these
corepresentations to be unitary, and we have here the following definition, that we know
perfectly well, since chapter 3, save for the added unitarity assumption:

DEFINITION 9.7. A unitary corepresentation of a Hopf x-algebra A is a unitary matrix
u € My (A) satisfying the following relations, with the first one implying the other two:

(id® A)u=upuiz , ([d@au=1 , (i[d®S)u=u""
The contragradient, or conjugate corepresentation to u, is constructed as follows:
= (t®idu ' =(t®S)u= (ui;)

We say that our algebra A is affine when it is of the form A =< w;; >, with u € My(A)
being a certain corepresentation, called fundamental corepresentation.

We refer to chapters 3-4 for some basic theory and observations, regarding the corep-
resentations, and their relation with the equivalent notion of coaction. Among others, let
us recall from there that when F' = C, and assuming that A is a x-algebra, and that u is
a unitary corepresentation, u* = u~!, as above, the conjugate is simply given by:

— *
Uij = W;j
The corepresentations are subject to a number of operations, as follows:

THEOREM 9.8. The unitary corepresentations are subject to:

(1) Making sums, u+ v = diag(u,v).
(2) Making tensor products, (u & v)iq jb = WijVap-
(3) Taking conjugates, u = (uj;).
(4) Spinning by unitary scalar matrices, v — VuV*.
PRrROOF. We already know this from chapter 3, the only new input coming from the
fact that the above operations preserve the unitarity, which can be checked as follows:

(1) The unitarity of u + v = diag(u,v) is indeed clear.
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(2) In order to check that (4 ® v)e b = UijVe is unitary, we first have:

D (U@ 0)iapu@ )iy = Y UiUastiyu

b b
*
= 5ac E uijukj
J
= 5ik5ac
In the other sense, the computation is similar, as follows, which gives the result:
* k *
E (U@ V)5 i0a(U@V)jpre = § Upg U Uk Ube
Jb Jb

*
b

= 5ik5ac

(3) Our more precise claim here is that a corepresentation u = (u;;) is a biunitary,

meaning unitary, with unitary transpose. Indeed, the idea is that u* = @' comes from
*

u* = v~ ', by applying the antipode. To be more precise, by denoting (a,b) — a - b the
multiplication of the opposite algebra A°PP  we have the following computation:

(UU*)Z']‘ = 5@‘ — Z uzku;k = 5ij
k
= > S(uw) - S(u}y) = by
k

*
eSS E ukjuki = 51']'
k

= (utﬁ)jz‘ = 0y
Similarly, we have the following computation, which gives the result:

(Wu)y =8 = Y ujuk; =0y

k

= > S(up) - S(uy) = 0
k

- Zu;kuzk—&j
k

= (') = by
Thus, we are led to the conclusion in the statement.
(4) Finally, the unitarity of VuV*, when V' is taken unitary, is clear. U

In order to reach now to a more advanced theory, let us introduce as well:
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DEFINITION 9.9. Given a Hopf x-algebra A, and a corepresentation u € My(A), we
define the character of u to be its matrix trace:

Xu = Z u; € A
In the case where A is an affine Hopf algebra, with uw € My(A) being its fundamental
corepresentation, we call x, € A the main character of A.

Generally speaking, the idea in what follows will be that of proving that, under suitable
assumptions on A, the corepresentations are uniquely determined by their characters.

But more on this later, for the moment let us get more familiar with the operation
u — Xy. In relation with the various operations in Theorem 9.8, we have:

THEOREM 9.10. The characters of corepresentations satisfy the formulae

Xutv = Xu+ Xo 5 Xuze = XuXo > Xa=Xu > Xvuv* = Xu

valid for any corepresentations w,v, and any unitary scalar matriz V.
ProoFr. This is something elementary, the idea being as follows:

(1) The first formula is clear from the definition of the sum, as follows:
Xutv = ITr(diag(u,v)) =Tr(u) +Tr(v) = xu + Xo

(2) The second formula comes from the following computation:
Xu@v = Z UiiVaa = Z Ui Zvaa = XuXwv

(3) The third formula comes from the following computation:

Xu = ZU;‘ = (Z Uu) = Xu
(4) Finally, the last formula comes from the following computation:
Xvuys = Tr(VuV™*) =Tr(u) = xq
Thus, we are led to the conclusions in the statement. [l

As already mentioned, we will be back to such characters later, under some suitable
extra assumptions on our Hopf x-algebras A, of compactness type, allowing us to develop
an analogue of the Peter-Weyl theory for them. More on this later.

Next in line, also at the general level, we have the following key definition:
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DEFINITION 9.11. Given two corepresentations u € My(A),v € My (A), we set

Hom(u,v) = {T € MMxN((C)‘Tu = UT}
and we use the following conventions:

(1) We use the notations Fiz(u) = Hom(1,u), and End(u) = Hom(u,u).
(2) We write u ~ v when m = n, and Hom(u,v) contains an invertible element.
(3) We say that u is irreducible, and write u € Irr(A), when End(u) = C1.

In the function algebra case A = C(G) we obtain the usual notions concerning the
representations of G. Observe also that in the group dual case, A = C[H|, we have:

g~h < g=nh

Finally, observe that © ~ v means that u,v are conjugated by an invertible matrix.
Here are now a few basic results, regarding the above Hom spaces:

THEOREM 9.12. We have the following results:

(1) T € Hom(u,v),S € Hom(v,w) = ST € Hom(u,w).

(2) S € Hom(p,q),T € Hom(v,w) = ST € Hom(p QR v,q Q@ w).
(3) T € Hom(v,w) = T* € Hom(w,v).

In other words, the Hom spaces between corepresentations form a temsor x-category.

PROOF. These assertions are all elementary, as follows:
(1) By using our assumptions Tu = vT and Sv = Ws we obtain, as desired:
STu = SvI = wST

(2) Assume indeed that we have Sp = ¢S and Tv = wT. With standard tensor
product notations, we have the following computation:

(S@T)(p®v) = S1Top13va3 = (Sp)13(T'v)23
On the other hand, we have as well the following computation:
(q2w)(S®T) = q3wsSiTs = (¢5)13(wT)as
(3) This is something new, with respect to what we previously knew from Part I
Indeed, by conjugating, and then using the unitarity of v, w, we obtain, as desired:
Ty =wl = v'T"=T'w"
= v'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. U
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We will be back to tensor x-categories, and their uses in the above context, later on.
The general idea will be that all this leads us into linear algebra, as follows:

(1) To start with, Theorem 9.12 shows that the intertwiner algebras End(u) C My (C)
are x-algebras. Thus, we can decompose such algebras End(u) into components.

(2) But this ultimately this leads to Peter-Weyl theory, namely a decomposition of
the corepresentations u themselves into irreducible components, u = uq + ... + uy.

(3) Moreover, some further work shows that the irreducible corepresentations are fully
described by their characters, and with this completing the Peter-Weyl theory.

So, this was for the general idea, and in practice, we will discuss all this in detail in
chapter 10 below, following Woronowicz [99], under some suitable extra assumptions on
the Hopf *x-algebras A that we are considering, of compactness type.

9b. Basic operations

Let us discuss now the operations that can be performed on our Hopf x-algebras.
Following the material from chapter 3, we first have the following construction:

THEOREM 9.13. Given two Hopf x-algebras A, B, so is their tensor product
C=A®B

and as main illustrations for this operation, we have the following formulae:
(1) C(Gx H)=C(G)® C(H).
(2) C[G x H] = C[G] ® C[H].

PROOF. As before with many other things, this is something that we know from
chapter 3, with the few checks in regards with the s-structure being all trivial. Il

Next, and still following the material from chapter 3, we have:
THEOREM 9.14. Given two Hopf x-algebras A, B, so is their free product
C=AxB

and as main illustrations for this operation, we have the following formulae:

(1) C(Gx*H) =C(G) * C(H), standing as definition for G* H, as quantum group.
(2) C[G x H] = C[G] = C[H].

PROOF. Again, this is something that we know well from chapter 3, with the few
needed checks in regards with the x-structure being all trivial. O

Still following the material from chapter 3, coming next, we have:
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THEOREM 9.15. Given a Hopf x-algebra A, so is its quotient B = A/I, provided that
I C A is a x-ideal satisfying the following conditions, called Hopf ideal conditions,
AlY)cAI+I®A |, I)=0 , S{U)cI
and as main illustrations for this operation, we have the following formulae:
(1) C(G)/I = C(H), with H C G being a certain subgroup.
(2) C[G]/I = C[H], with G — H being a certain quotient.

PROOF. As before, this is something that we know from chapter 3, with the few checks
in regards with the x-structure being all trivial. Be said in passing, sure I know that all
this is a bit boring for you, but please believe me that it is boring for me too, dumb
copy/paste from chapter 3, by replacing F' — C. By the way, as a funny story here,
chapter 3, and in fact the whole Part I of this book, was basically made by starting with

material from my quantum group books [5], [6], [7], copy/paste by replacing C — F. So
now I have to switch back to C, life as a math book author is not funny every day. [J

Still following the material from chapter 3, and as something more interesting now,
substantially clarifying our considerations there, on this matter, we have:

THEOREM 9.16. Given a Hopf %-algebra A, and a finite dimensional unitary corepre-
sentation u = (u;;), the subalgebra generated by the coefficients of u,

B =< U5 >C A
is a Hopf algebra. As main illustrations for this operation, we obtain subalgebras:

(1) C(H) Cc C(G), with G — H being certain quotients.
(2) C[H] c C[G], with H C G being certain subgroups.

Proo¥F. This is something that we know from chapter 3, with the few checks in regards
with the x-structure being trivial, and clarifying our previous considerations there. U

Getting now to the material from chapter 4, and again as something more interesting
now, clarifying our considerations there, on this matter, we have:

THEOREM~9.17. Given an affine Hopf x-algebra (A, u), we can construct its free com-
plezification (A, @) as follows,
A=<a>cClZ]*xA , a=zu
with z = 1 € C[Z]. As main illustrations for this operation, we have:
(1) @(G) = C(?), standing as definition for G, as quantum group.
(2) C[H] = C[H], with H C Z % H being constructed similarly.

PRroOOF. This is something that we know from chapter 4, with the few checks in regards
with the x-structure being trivial, and clarifying our previous considerations there. U

Still following the material from chapter 4, coming next, we have:
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THEOREM 9.18. Given an affine Hopf x-algebra (A, ), we can construct its projective
version (PA,v) by setting
PA =< Via,jb > C A y Vg jb = Uijaab

and as main illustrations for this construction, we have the following formulae:
(1) PC(GQ) = C(PG), with PG = G/(GNTY).
(2) PC[H] = C|PH]|, with PH =< g,-gj_1 >, assuming H =< g; >.

PROOF. Again, this is something from chapter 4, with the few checks in regards with
the x-structure being trivial, and clarifying our previous considerations there. U

As in chapter 4, we can formulate a result about these latter operations, as follows:

THEOREM 9.19. Given an affine Hopf x-algebra (A, u), construct its free complezifi-
cation (A, ), with & = zu. We have then an identification

PA=PA
and the same happens at the level of right projective versions.

PROOF. As before, this is something from chapter 4, with the few checks in regards
with the x-structure being trivial, and clarifying our previous considerations there. O

Getting now to the more specialized operations on the Hopf algebras, we have:

THEOREM 9.20. The quantum subgroups of a given quantum group G, in the general
Hopf algebra sense, 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. As before, this is something from chapter 4, with the few checks in regards
with the x-structure being trivial, and clarifying our previous considerations there. O

Next, we have the following result, which is straightforward too:

THEOREM 9.21. Given a representation w : C(G) — A, there exists a smallest Hopf
x-algebra quotient C(L) = C(G)/I producing a factorization as follows,

7:C(G) - C(L) — A

called Hopf image of m. More generally, we can talk about the Hopf image of a family
i C(G) = C(L) — A;

constructed in a similar way, by dividing by a suitable Hopf ideal.

PROOF. Again, this is something from chapter 4, with the few checks in regards with
the x-structure being trivial, and clarifying our previous considerations there. U

Finally, still following chapter 4, we have the following key notion:
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DEFINITION 9.22. We say that a representation w : C(G) — A is inner faithful when
there is no proper factorization of type

7:C(G) - C(L) — A

that is, when its Hopf image is C(QG) itself. Alternatively, we say that a representation
7 : C[H] — A is inner faithful when there is no proper factorization of type

m:C[H] - C[K]— A
that is, when its Hopf image is C[H] itself.
As in chapter 4, as a basic result about Hopf images, we have:
THEOREM 9.23. Assuming H, K C G, the quantum group < H, K > is such that
C(G) - C(HNK)— C(H),C(K)
is the joint Hopf image of the following quotient maps:
C(G) — C(H),C(K)
A similar result holds for a family of quantum subgroups H; C G.

PROOF. Again, this is something from chapter 4, with the few checks in regards with
the x-structure being trivial, and clarifying our previous considerations there. O

And good news, that is all. Job well done, everything in chapter 4 extends well.

9c. Normed algebras

Getting now to the material from Part II, in order to discuss what happens to the
constructions there, in the case of the Hopf x-algebras A over FF = C, it is actually
convenient to further fine-tune our formalism, by adding a norm to the picture.

So, let us formulate the following definition, which is standard functional analysis:

DEFINITION 9.24. A C*-algebra is a complex algebra A, having a norm ||.|| making it
a Banach algebra, and an involution *, related to the norm by the formula

llaa™|| = [|al[?
which must hold for any a € A.

As a basic example, the algebra My (C) of the complex N x N matrices is a C*-algebra,
with the usual matrix norm and involution of matrices, namely:

IM|| = sup [[Mz]| , (M) =M

|l||=1

More generally, any *-subalgebra A C My(C) is automatically closed, and so is a
C*-algebra. In fact, in finite dimensions, the situation is as follows:
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THEOREM 9.25. The finite dimensional C*-algebras are exactly the algebras
A=M,(C)&...® M, (C)
with norm ||(ay, ..., ax)|| = sup; ||a]|, and involution (ay,...,ax)* = (af,...,a}).

PROOF. In one sense this is clear. In the other sense, this comes by splitting the unit
of our algebra A as a sum of central minimal projections, 1 = p; + ...+ pg. Indeed, when
doing so, each of the *-algebras A; = p; Ap; follows to be a matrix algebra, A; ~ M, (C),
and this gives the direct sum decomposition in the statement. U

As a generalization now of the basic A = My(C) example, the algebra A = B(H)
formed by the bounded linear operators T': H — H over a complex Hilbert space H is a
C*-algebra, with the usual norm and involution of linear operators, given by:

Tl = sup ||[Tz|| ., <T'z,y>=<uzTy>
|lz[|=1

More generally, any normed closed x-algebra A C B(H) is a C*-algebra. Now inspired
by this, we can develop some spectral theory for the C*-algebras, as follows:

PROPOSITION 9.26. Given an element a € A of a C*-algebra, define its spectrum as:
ﬁ@:{Ae@@—A¢A*}

The following spectral theory results hold, exactly as in the A = B(H) case:
(1) We have o(ab) U {0} = o(ba) U {0}.
(2) We have o(f(a)) = f(o(a)), for any f € C(X) having poles outside o(a).
(3) The spectrum o(a) is compact, non-empty, and contained in Dy(||al|).
(4) The spectra of unitaries (u* = u™t) and self-adjoints (a = a*) are on T,R.
(5) The spectral radius of normal elements (aa* = a*a) is given by p(a) = ||al|.

In addition, assuming a € A C B, the spectra of a with respect to A and to B coincide.

PRrROOF. Here the assertions (1-5), which are formulated a bit informally, are well-
known for the full operator algebra A = B(H), and the proof in general is similar:

(1) Assuming that 1 — ab is invertible, with inverse ¢, we have abc = cab = ¢ — 1, and
it follows that 1 — ba is invertible too, with inverse 1 + bca. Thus o(ab),o(ba) agree on
1 € C, and by linearity, it follows that o(ab), o(ba) agree on any point A € C*.

(2) The formula o(f(a)) = f(o(a)) is clear for polynomials, f € C[X], by factorizing
f — A, with A € C. Then, the extension to the rational functions is straightforward,
because P(a)/Q(a) — A is invertible precisely when P(a) — AQ(a) is.

(3) By using 1/(1—b) =1+b+0b*+... for ||b]| < 1 we obtain that a — X is invertible
for |\| > ||al|, and so o(a) C Dy(||al|). Tt is also clear that o(a) is closed, so what we
have is a compact set. Finally, assuming o(a) = @ the function f(A\) = ¢((a — X)) is
well-defined, for any ¢ € A*, and by Liouville we get f = 0, contradiction.
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(4) Assuming u* = u~! we have ||u|| = 1, and so o(u) C Dy(1). But with f(z) = 27!
we obtain via (2) that we have as well o(u) C f(Dy(1)), and this gives o(u) C T. As
for the result regarding the self-adjoints, this can be obtained from the result for the
unitaries, by using (2) with functions of type f(z) = (z + it)/(z — it), with t € R.

(5) Tt is routine to check, by integrating quantities of type z"/(z — a) over circles cen-
tered at the origin, and estimating, that the spectral radius is given by p(a) = lim ||a"||*/".
But in the self-adjoint case, a = a*, this gives p(a) = ||a||, by using exponents of type
n = 2* and then the extension to the general normal case is straightforward.

(6) Regarding now the last assertion, the inclusion og(a) C o4(a) is clear. For the
converse, assume a — A € B~!, and set b = (a — A\)*(a — \). We have then:

oa(b) — op(b) = {u eC—opM)|(b—p)'eB- A}

Thus this difference in an open subset of C. On the other hand b being self-adjoint,
its two spectra are both real, and so is their difference. Thus the two spectra of b are
equal, and in particular b is invertible in A, and so a — A € A™!, as desired. O

We can now a prove a key result regarding the C*-algebras, as follows:

THEOREM 9.27 (Gelfand). If X is a compact space, the algebra C(X) of continuous
functions on it f : X — C is a C*-algebra, with usual norm and involution, namely:

fll =sup[f(z)] . [f(x)=f(x)
zeX
Conversely, any commutative C*-algebra is of this form, A = C(X), with
X = { X : A— C | normed algebra character}

with topology making continuous the evaluation maps ev, : x — x(a).

PROOF. There are several things going on here, the idea being as follows:

(1) The first assertion is clear from definitions. Observe that we have indeed:
1 £7]] = sup |f(2)* = || £]]*
zeX

Observe also that the algebra C'(X) is commutative, because fg = gf.

(2) Conversely, given a commutative C*-algebra A, let us define X as in the statement.
Then X is compact, and a — ev, is a morphism of algebras, as follows:

ev:A— C(X)
(3) We first prove that ev is involutive. We use the following formula, which is similar
to the z = Re(z) + ¢Im(z) decomposition formula for usual complex numbers:
ata* . a—a’
T2 T

a
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Thus it is enough to prove ev,« = ev} for the 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, by
Proposition 9.26, because ev,(x) = x(a) is an element of o(a), contained in R.

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

|leval| = 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 second main result now about the C*-algebras, we have:
THEOREM 9.28. Any C*-algebra appears as an operator algebra:
AC B(H)
Moreover, when A is separable, which is usually the case, H can be taken separable.

PROOF. This result, called GNS representation theorem after Gelfand-Naimark-Segal,
comes as a continuation of the Gelfand theorem, the idea being as follows:

(1) Let us first prove that the result holds in the commutative case, A = C(X). Here,
we can pick a positive measure on X, and construct our embedding as follows:

C(X)Cc B(L*(X)) . f—lg— fd]

(2) In general the proof is similar, the idea being that given a C*-algebra A we can
construct a Hilbert space H = L*(A), and then an embedding as above:

AC B(L*(A) , a—[b— abl

(3) Finally, the last assertion is clear, because when A is separable, meaning that it
has a countable algebraic basis, so does the associated Hilbert space H = L?(A). g

Many more things can be said about the C*-algebras, and for more on this, we refer
to any operator algebra book. Also, and in answer to a question that you surely might
have, right now, in what regards the Hopf algebra axioms, these can be indeed upgraded,
from x-algebras to C*-algebras. However, all this is a bit technical, especially in what
regards the tensor products, and we will discuss this later, in chapter 10 below.

9d. Symmetry groups

Getting back now to the material from chapter 5, at the level of basic examples of
quantum groups, we have the orthogonal and unitary groups, and their free versions, and
more generally, their liberations and twists. The study here is quite standard, and for
more on this, we refer to the Hopf algebra literature, including Bichon’s paper [22].

In what follows, we would like to discuss a key related question, namely the relation
between the quantum orthogonal and symplectic groups. As a starting point here, and
by slightly upgrading our formalism, by using C*-algebras as above, we have:
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THEOREM 9.29. The algebra of continuous functions on SUy appears as
C(SUy) = C” ((Uz'j)i,j=1,2

where J is the following matriz,
0 1
= (40)

PrROOF. This can be done in several steps, as follows:

w=JuJ ' = unitary)

called super-identity matriz.

(1) Let us first compute SUs. Consider an arbitrary 2 x 2 complex matrix:
a b
7= (e )
Assuming det U = 1, the unitarity condition U~! = U* reads:
a -0\ _(ac
—c a ) \b d

Thus we must have d = @, ¢ = —b, and we obtain the following formula:

SU, = {(_ab 2) laf? + [b]* = 1}

(2) Now observe that we have the following equality:

(a b)(() 1)(—6 a)(O 1)(a b)

—b a)\-1 0/ \-a —-b) \-1 0)\-b a

Thus, with J being as in the statement, we have uJ = Ju, and so:
w=JuJ !

We conclude that, if A is the universal algebra in the statement, we have:
A — C(SUy)

(3) Conversely now, let us compute the universal algebra A in the statement. For this
purpose, let us write its fundamental corepresentation as follows:

(28

We have uJ = Ju, with these quantities being respectively given by:
g (@ b 0 1\ (-=b a
“WeN\e d)\=1 0) T \=d ¢
Jii — 0 1\ fa* b\ (c d
Y= =1 0) \er ar) T \—ar b
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Thus we must have d = a*, ¢ = —b*, and we obtain the following formula:

[ a b
L

We also know that this matrix must be unitary, and we have:

« [ a b a* —b\ [ aa*+ bb* ba — ab
=1\ _p o b* a )  \a*b* —b*a* a*a+b*b

« _ f[a® —=b a b\ [(a*a+bb* a*b—ba*
YUy a —b* a*)  \b*a—ab* aa* +b*b
Thus, the unitarity equations for u are as follows:
ac* =a*a=1—-0bb"=1—-10"b
ab = ba,a™b = ba*,ab* = a*b,a*b* = b*a”

It follows that a,b,a*,b* commute, so our algebra is commutative. Now since this
algebra is commutative, the involution * becomes the usual conjugation —, and so:

But this tells us that we have A = C(X) with X C SU,, and so we have a quotient
map C(SUy) — A, which is inverse to the map constructed in (2), as desired. O

Now with the above result in hand, we can see right away the relation with O3, and
more specifically with OF . Indeed, this latter quantum group appears as follows:

C(03) =C" ((Uz'j)i,j:m

Thus, SU, appears from OF by replacing the identity with the super-identity, or
perhaps vice versa. Which looks like something interesting, worth some more study.

U=1u= unitary)

In order to better understand now what happens in the orthogonal case, as a contin-
uation of the material from chapter 5, following [5], [25], we first have:

PROPOSITION 9.30. Given a closed subgroup G C Uy, with irreducible fundamental
corepresentation u = (u;;), this corepresentation is self-adjoint, u ~ u, precisely when

u=JuJ"
for some unitary matriz J € Uy, satisfying the following condition:
JJ ==+1

Moreover, when N is odd we must have JJ = 1.
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PROOF. Since u is self-adjoint, u ~ u, we must have u = Ju.J !, for a certain matrix
J € GLy(C). We obtain from this, by using our assumption that u is irreducible:

u=JuJ ' = u=JuJ'
— u=(Ju(JJ)!
— JJ=cl
— JJ=c¢cl
— ceR
Now by rescaling we can assume ¢ = 41, so we have proved so far that:
JJ = +1
In order to establish now the formula JJ* = 1, we can proceed as follows:
(id® Su=u" = (id®S)u=1u
(id® S)(JuJ ') = Ju'J ™!
—  uf = Ju'J!
— u=(J) " aS*
—  a=Jwu(J)!
— a=JJaJ '(J)!
= JJ =dl

We have JJ* > 0, so d > 0. On the other hand, from JJ = +1, JJ* = d1 we get:
|det J|? = det(JJ) = (£1)V
|det J|? = det(JJ*) = dV
Since d > 0 we obtain from this d = 1, and so JJ* =1 as claimed. We obtain as well

that when N is odd the sign must be 1, and so JJ = 1, as claimed. Il

It is convenient to diagonalize J. Once again following Bichon-De Rijdt-Vaes [25],
up to an orthogonal base change, we can assume that our matrix is as follows, where
N =2p+ q and ¢ = £1, with the 1, block at right disappearing if ¢ = —1:

0 1
el 0(0)

0 1
el O
L

q)
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To be more precise, in the case € = 1, the super-identity is the following matrix:

0 1
1 O(]_)
0 1
J=
L 0g)
Lo
L)
In the case ¢ = —1 now, the diagonal terms vanish, and the super-identity is:
0 1
J =
0 1
—1 Op)

We are therefore led into the following definition:

DEFINITION 9.31. The “super-space” CY is the usual space CV | with its standard basis
{e1,...,en}, with a chosen sign ¢ = +1, and a chosen involution on the set of indices,

i—i
with J being the “super-identity” matriz, Ji; = 05 for i < j and Ji; = €d;; fori > j.

In what follows we will usually assume that J is the explicit matrix appearing in the
above. Indeed, up to a permutation of the indices, we have a decomposition n = 2p + ¢
such that the involution is, in standard permutation notation, given by:

(12)...2p—1,2p)(2p+1)...(q)

Now let us construct some basic compact quantum groups, orthogonal and symplectic,
in our “super” setting. We can indeed formulate the following definition:

DEFINITION 9.32. Associated to the super-space CY are the following objects,
(1) The super-orthogonal group, given by:

0, ={veuvy|v=sos}
(2) The super-orthogonal quantum group, given by:
coj)=c ((uz’j)i,j=1,...,n

with J standing as usual for the super-identity matriz.

w=JuJ ' = unitary)
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It it possible to considerably extend this list, but for our purposes here, this is what
we need for the moment. We have indeed the following result:

THEOREM 9.33. The basic orthogonal groups and quantum groups are as follows:
(1) At e = —1 we have O; = Spy and OF = Sp},.
(2) Ate =—1 and N =2 we have O; = O} = SUs.
(3) At e =1 we have Oy = Oy and OF = OF,.

PROOF. These results are all elementary, as follows:

(1) At e = —1 this follows from definitions, because Spy C Uy is given by:
Spw = {U € Ux|U =107}

(2) Still at € = —1, the equation U = JUJ~! tells us that the symplectic matrices
U € Spy are exactly the unitaries U € Uy which are patterned as follows:

a b
U=1[-0 a

In particular, the symplectic matrices at N = 2 are as follows:

Thus we have Spy = Uy, and the formula Sp; = Sp, is elementary as well.

(3) At € = 1 now, consider the root of unity p = e™/*, and set:

L (p p7>
K=—
ﬁ(ff’ P’

This matrix K is then unitary, and we have:

01\ ..
k(0 )

Thus the following matrix is unitary as well, and satisfies LJL! = 1:
K@
L =
K®

q
Thus in terms of the matrix V = LU L* we have:

U=JUJ ! =uitary <= V =V = unitary

We obtain in this way an isomorphism OF = OF; as in the statement, and by passing
to classical versions, we obtain as well O; = Oy, as desired. U
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As a last topic for this chapter, let us discuss now the quantum permutation and
quantum reflection groups. For dealing with quantum permutations, we will need:

PROPOSITION 9.34. If p1,...,pn are projections, p*> = p* = p, satisfying
p+...+pyv=1
then these projections are pairwise orthogonal, p;p; = 0 for i # j.

PrROOF. We have indeed the following computation, using our assumptions:

pi = pi-l-p;

- (;pj) b,

= pit sz‘pjpi
i#]
= pi+ Y _(0ip)(piy)*
i#]
Thus by positivity we get p;p; = 0 for any 7 # j, as desired. U

Now by using the above result, we can simplify the definition of S, as follows:

THEOREM 9.35. The quantum permutation group Sy is given by the formula
C(S}G) = C* ((uij)i,j:17._.,N’u = magic)
with magic meaning formed of projections, summing up to 1 on each row and column.

Proor. This is something that we know well since chapter 6, with the only change
coming from the exact magic conditions which are used, which are precisely those from
chapter 6, altered by our findings from Proposition 9.34, which simplify them a bit. [

Getting now to the quantum reflection groups, here we have some simplifications too.
It is actually convenient to rewrite here the whole theory, by starting with:

DEFINITION 9.36. The algebra C(HY") is the universal C*-algebra generated by N>
normal elements w;;, subject to the following relations,
(1) u = (w;;) is unitary,
(2) u' = (uj;) is unitary,
(3) pij = wijuy; is a projection,
(4) iy = pij,
with Hopf algebra maps A, e, S constructed by universality.
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Here we allow the value s = oo, with the convention that the last axiom simply
disappears in this case. Observe that at s < oo the normality condition is actually
redundant, because a partial isometry a subject to the relation aa® = a® is normal.

Let us prove now that Hy" with s < oo is a quantum permutation group. For this
purpose, we must change the fundamental representation. Let us start with:

DEFINITION 9.37. A (s, N)-sudoku matriz is a magic unitary of size sN, of the form

R L A
a* ' a® .. a2
m = .
at  a? a’
where a°, ..., a*"' are N x N matrices.

Now with this notion in hand, we have the following result, which shows that the
quantum groups constructed in Definition 9.36 coincide with those from chapter 6:

THEOREM 9.38. The following happen:

(1) The algebra C(HY,) is isomorphic to the universal commutative C*-algebra gen-
erated by the entries of a (s, N)-sudoku matriz.

(2) The algebra C(HY) is isomorphic to the universal C*-algebra generated by the
entries of a (s, N)-sudoku matriz.

PROOF. The first assertion follows from the second one. In order to prove now the
second assertion, consider the universal algebra in the statement, namely:

A=C" (afj (aq_p

i )pl}qj

= (s, N) — sudoku )

Consider also the algebra C(H3"). According to Definition 9.36, this is presented by
certain relations R, that we will call here level s cubic conditions:

C(H ) =C" (Uz‘j

u=N x N level s Cubic)

We can construct a pair of inverse morphisms between these algebras, as follows:

(1) Our first claim is that U;; = > w™Paj; is a level s cubic unitary. Indeed, by using
the sudoku condition, the verification of (1-4) in Definition 9.36 is routine.

(2) Our second claim is that the elements Af; = > wuj;, with the convention
u?j = pi;, form a level s sudoku unitary. Once again, the proof here is routine.

(3) According to the above, we can define a morphism ® : C(H3") — A by the formula
®(uy) = Uy, and a morphism ¥ : A — C(H}") by the formula ¥(af;) = A7



224

9. COMPLEX ALGEBRAS

(4) We check now the fact that ®, ¥ are indeed inverse morphisms:

\I/(I)(U”) = Z’w—pA%
p
IS
P r

1 r—1 r
= - Z w( )puij
pr

(5) As for the other composition, we have the following computation:

PU(al,) = % > wruy
— é zr: w'™P Zq: w‘*qafj
_ % ; . Z W P9)

— p
= aij

Thus we have an isomorphism C(H3") = A, as claimed. O

Many other things can be said, as a continuation of the above, and we refer here to
the quantum permutation group literature. We will be back to this.

9e. Exercises

This was a quite elementary chapter, and as exercises here, we have:

EXERCISE 9.39.
EXERCISE 9.40.
EXERCISE 9.41.
EXERCISE 9.42.
EXERCISE 9.43.

EXERCISE 9.44.

What happens to the above, over a field F' with char(F) # 07
What happens to the above, over a field F' not algebrically closed?
What happens to the above, over a field F having no involution?
All in all, can the above be extended, to other fields F # C?
Learn more about tensor categories, over C and other fields.

Learn more about symplectic groups, and their various properties.

As bonus exercise, in relation with this, learn about the field of p-adic numbers.



CHAPTER 10

Quantum groups

10a. Quantum groups

We have been talking about quantum groups since the beginning of this book, but
these were quite often speculatory objects, rather mentioned in order to get a better
understanding of the Hopf algebra theory that we were developing.

Time now to come up with a more precise definition for them, or at least to come up
with a precise definition for a large class of quantum groups, which covers many interesting
examples. The idea is very simple, based on Gelfand duality, as follows:

PrINCIPLE 10.1. According to Gelfand duality, any C*-algebra can be thought of as
being of the form A = C(X), with X being a compact quantum space. Thus, a Hopf
C*-algebra should be of the form A = C(G), with G being a compact quantum group.

In practice now, formulating the Hopf algebra axioms in the C*-algebra context is not
exactly an easy task, due to various topological issues. So, we will choose here to trick,
by restricting the attention to the compact Lie group case, and by following:

PrINCIPLE 10.2 (update). The compact Lie groups, G C Uy, have their multiplica-
tion, unit and inverse operations given by the formulae

(UV)j = Z UiVig » (An)y =065 , (U= Uj;
k

and based on this, we should axiomatize the algebras A = C(G), and then lift the commu-
tativity assumption on A, as to have axioms for the compact quantum Lie groups.

In short, we are proposing here to forget about the Hopf algebra axioms, or rather
leave these axioms for later, and follow instead the above straightforward approach. As
we will see in a moment, this is something that will majestically work, but in case you
still have doubts about our method, here is for you, some more philosophy:

COMMENT 10.3. The groups appeared in mathematics as transformation groups,
G Cc Uy

and abstract groups came afterwards. The same should happen for quantum groups.

225
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But probably too much philosophy, let us get to work, following Principle 10.2. Getting
directly to the answer, and with the Gelfand duality details to be explained in a moment,
we are led in this way to the following key definition, due to Woronowicz [99]:

DEFINITION 10.4. A Woronowicz algebra is a C*-algebra A, given with a unitary
matriz u € My(A) whose coefficients generate A, such that the formulae

A(ugj) = Zuzk Qur; , eluy) =205 , Sluy)= u;kz
k

define morphisms of C*-algebras as follows,
A:A—-ARA |, e:A—->C |, S:A— AP
called comultiplication, counit and antipode.
Obviously, this is something tricky, that will take us some time, to understand. Here

are some quick comments in relation with this, and more on everything later:

(1) To start with, the above formulae of A ¢, S are straightforward, obtained from
those of m,u, i from Principle 10.2, by transposition. So, at least we know one thing.

(2) Regarding the tensor product ® appearing above, that can be any topological
tensor product, and with the choice here being irrelevant. More on this later.

(3) Finally, as we will see in a moment, the above axioms force S? = id, in analogy
with 42 = id, happening in the context of Principle 10.2. More on this later too.

We say that A is cocommutative when YA = A, where ¥(a ® b) = b ® a is the flip.
With this convention, we have the following key result, from Woronowicz [99]:

THEOREM 10.5. The following are Woronowicz algebras:
(1) C(G), with G C Ux compact Lie group. Here the structural maps are:

Ap) = (g9,h) — »(gh)
e(p) = »(1)

S(p) =g — (g™
(2) C*(T"), with Fy — T finitely generated group. Here the structural maps are:

Alg)=g®yg
e(g) =1
S(g)=g"

Moreover, we obtain in this way all the commutative/cocommutative algebras.
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ProoOF. Everything here, or almost, is elementary, the idea being as follows:

(1) Given a closed subgroup G C Uy, consider the matrix u = (u;;) formed by the
standard coordinates, u;;(g) = ¢;;. That is, define u = (u;;) by the following formula:

Ull(g) . UlN(g)
9= : :
uni(g) - unn(g)

Let us check now the conditions in Definition 10.4, with the comultiplication, counit
and antipode being the maps in the statement, appearing as transposes, as follows:

A=mt | e=u , S=1¢

To strat with, the fact that the transpose of the multiplication map m' satisfies the
condition in Definition 10.4 is clear, coming from the following computation:

m'(u ) (U V) = (UV);

= ) UnVi
k

= D) (un@uy)UaV)

Regarding now the transpose of the unit map u!, the verification of the condition in
Definition 10.4 is trivial, coming from the following equalities:

u'(ui;) = 1y = 0
Finally, the transpose of the inversion map i’ verifies the condition in Definition 10.4,

because we have the following computation, valid for any U € G:

i'(uig)(U) = (U)i; = Uy = uj,(U)

Summarizing, main assertion proved. Regarding now the converse, assume that a
Woronowicz algebra A is commutative. By using the Gelfand theorem, we can write
A = C(G), with G being a certain compact space. By using now the coordinates u;,
we obtain an embedding G C Uy. Finally, by using A, ¢, 5, it follows that the subspace
G C Uy that we have obtained is in fact a closed subgroup, and we are done.

(2) Given a finitely generated group I' =< ¢y, ..., gy >, as in the statement, consider
the diagonal matrix u = (u;;) formed by the generators of I':

(%1 0

0 gn
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Let us verify now the axioms in Definition 10.4. In order to deal with the first axiom,
consider the following map, which is a unitary representation:
r-cMec T , g—gQyg
This representation extends, as desired, into a morphism of algebras, as follows:
A:C"T)—=C*D)C*(T) , Alg=9g®yg
The situation for € is similar, because this comes from the trivial representation:
r—{1} , g—1
Finally, the antipode S comes from the following unitary representation:
L —Cox(D)* | g—g*

Summarizing, we have shown that we have a Woronowicz algebra, with A, e, S being
as in the statement. Regarding now the last assertion, observe that we have:

YA(g) =2(g®g)=g9g®g=A(g)

Thus the formula XA = A holds on the group elements g € I', and by linearity and
continuity, this formula must hold on the whole algebra C*(I'), as desired. As for the
converse, stating that any cocommutative Woronowicz algebra must be of this form, this
is something more technical, that we will discuss later in this chapter. O

In general now, the structural maps A, e,.S have the following properties:

THEOREM 10.6. Let (A,u) be a Woronowicz algebra.
(1) A, e satisfy the usual axioms for a comultiplication and a counit, namely:

(A ®id)A = (id @ A)A
(e®@id)A = (id®e)A =id
(2) S satisfies the antipode aziom, on the x-subalgebra generated by entries of u:
m(S ®id)A = m(id ® S)A =¢(.)1
(3) In addition, the square of the antipode is the identity, S* = id.

PRrROOF. Observe first that the result holds in the case where the algebra A is com-
mutative. Indeed, by using Theorem 10.5 (1) we can write:

A=mt | e=u" , S=1¢

And with this done, the 3 conditions in the statement simply come then by transpo-
sition from the basic 3 group theory conditions satisfied by m, u, i, namely:

m(m x id) = m(id x m)
m(id X u) = m(u X id) = id
m(id x i)6 = m(i x id)d = 1
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As for the last condition, S? = id, this is satisfied too, coming from 2 = id. Now
observe that the result holds as well in the case where A is cocommutative, by using
Theorem 10.5 (2). Indeed, the 3 formulae in the statement are all trivial, and the condition
S? = id follows once again from > = id. In general now, the proof goes as follows:

(1) We have the following computation:

(A & Zd UU Z A Uzl @ uy; = Z Uik, @ Uy @ Uy
kil

We have as well the following computation, which gives the first formula:

(id @ A)A(uy) Z Ui @ A(up;) Z Uik @ Upy & U

On the other hand, we have the following computation:

(id @ £)A(ug;) Z Uik, @ €(Upj) = Ui

We have as well the following computation, which gives the second formula:

(E X zd)A(u”) = Ze(u,k) (9 Ukj = Uiy

(2) By using the fact that the matrix u = (u;;) is unitary, we obtain:

m(id @ S)A(uy) = Y uiS(ugy)

= D uait
k
= (uu")y
= by
We have as well the following computation, which gives the result:

m(S @id)Auy) = > S(u)ug

_ *
= E Ui Uk
k

= (U*U)z’j

ij

(3) Finally, the formula S? = id holds as well on the generators, and we are done. [J

Still talking basics, let us record as well the following useful technical result:
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PROPOSITION 10.7. Given a Woronowicz algebra (A,w), we have

t

u=a""!

so u is biunitary, in the sense that it is unitary, with unitary transpose.

PrRoOOF. We have the following computation, based on the fact that u is unitary:
k
=) uug; =0
k
— (Utﬂ)ji = 51
Similarly, we have the following computation, once again using the unitarity of u:
(u'u)y; =6 = Z S(upugg) = 04
k
— Z u;kuik = 5@'
k

- (ﬂut)ji = 61']‘

Thus, we are led to the conclusion in the statement.

g

Summarizing, the Woronowicz algebras appear to have nice properties. In view of

Theorem 10.5 and of Theorem 10.6, we can formulate the following definition:
DEFINITION 10.8. Given a Woronowicz algebra A, we formally write
A=C(G)=Cc*I)

and call G compact quantum group, and I' discrete quantum group.

When A is commutative and cocommutative, G and I' are usual abelian groups, dual
to each other. In general, we still agree to write G = I',I' = G, but in a formal sense. As

a final piece of general theory now, let us complement Definitions 10.4 and 10.8 with:
DEFINITION 10.9. Given two Woronowicz algebras (A, u) and (B,v), we write
A~B
and identify the corresponding quantum groups, when we have an isomorphism
< Ujy > v >

of x-algebras, mapping standard coordinates to standard coordinates.
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With this convention, any compact or discrete quantum group corresponds to a unique
Woronowicz algebra, up to equivalence. Also, we can see now why in Definition 10.4 the
choice of the exact topological tensor product ® was irrelevant. Indeed, no matter what
tensor product ® we choose to use there, we end up with the same Woronowicz algebra,
and the same compact and discrete quantum groups, up to equivalence.

Moving ahead now, let us call corepresentation of A any unitary matrix v € M, (A),
where A =< u;; >, satisfying the same conditions are those satisfied by u, namely:

A(vi;) = Zvik Quky , e(vy) =0y , Svy)= Uji
k

These corepresentations can be thought of as corresponding to the finite dimensional
unitary smooth representations of the underlying compact quantum group G. Following
Woronowicz [99], we can now formulate a first Peter-Weyl theorem, as follows:

THEOREM 10.10 (PW1). Let u € Myn(A) be a corepresentation, consider the x-algebra
B = End(u), and write its unit as 1 = py + ...+ px. We have then

with each w; being an irreducible corepresentation, obtained by restricting u to Im(p;).

Proor. This is something very classical, well-known to hold for the compact groups,
and the proof in general can be established in a similar way, as follows:

(1) We first associate to our corepresentation u € My (A) the corresponding coaction
map o : CN — CV ® A, given by the following formula:

Oé(ei) = Z €; ® Ui
J

We say that a linear subspace V' C C¥ is invariant under u if we have:
aV)cVeA
In this case, we can consider the following restriction map:
ay:V-=2VeA
This is a coaction map too, which must come from a subcorepresentation v C wu.

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

(3) With these preliminaries in hand, let us decompose now the *x-algebra End(u) as
a multimatrix algebra, by using the decomposition of 1 into minimal projections:

IL=pi+...+pk
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Consider now the following vector spaces, obtained as images of these projections:
Vi = Im(p;)
If we denote by u; C u the subcorepresentations coming from these vector spaces, then
we obtain in this way a decomposition u = uj + ... + ug, as in the statement. U

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

DEFINITION 10.11. Given a Woronowicz algebra (A,u), we denote by u®*, with k =
oeeo... being a colored integer, the tensor products between wu,u, with the rules
MD—1  W®=u , u®=u
and multiplicativity, u®* = u®* @ u®', and call them Peter-Weyl corepresentations.

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

WP =u®u , u¥*=u®u

W =uou , T =uRu
Here is now our second Peter-Weyl theorem, adding to Theorem 10.10:

THEOREM 10.12 (PW2). FEach irreducible corepresentation of A appears as:

v C u®k

That s, v appears inside a certain Peter-Weyl corepresentation.

PROOF. Given an arbitrary corepresentation v € M, (A), consider its space of co-
efficients, 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 an equality as follows:

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)
We deduce from this that we have an inclusion of corepresentations, as follows:
vCuM @ . @ u®h

Together with Theorem 10.10, this leads to the conclusion in the statement. U
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10b. Haar integration

Our goal now will be to prove that our Woronowicz algebras A have a Haar integration
functional, meaning a functional satisfying the following invariance condition:

(/A®id)A:<id®/A)A:/A(.)l

Our source of inspiration will be the classical proof of the existence of the Haar measure
on the compact Lie groups G C Uy. Following Woronowicz [99], we first have:

PrOPOSITION 10.13. Given an arbitrary unital linear form o € A*, the limit
1 n
a= lim — ©**(a)

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

/PGZT(P)

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

PROOF. By linearity, it is enough to prove the first assertion for elements of the
following type, where v is a Peter-Weyl corepresentation, and 7 is a linear form:

a= (1T ®id)v

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 @ = (7 ® id)v:

o1
lim —
n—oo N

> ¢™(a) =7(P)
k=1
In order to prove this latter formula, observe that we have:

p*a) = (1@ ™) = 7((id @ ™")v)
Consider now the following matrix, which is a usual complex matrix:

M = (id ® p)v
In terms of this matrix, we have the following formula:
((id @ 9™ )iy = > Migiy - My, = (M*)igi
110k

Thus for any k£ € N we have the following formula:

(id ® **)v = M*
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It follows that our Cesaro limit is given by the following formula:

n

1 1
lim — *(@) = lim — M*
n%wn;w (> n—)oonk:17_( )
= T ( lim 1 z”: M k)
n—oo M,
k=1
Now since the matrix v is unitary we have ||v|| = 1, and we conclude from this that

we have ||M]| < 1. Thus, by standard calculus, the above Cesaro limit on the right exists,
and equals the orthogonal projection onto the 1-eigenspace of M:

Thus our initial Cesaro limit converges as well, to 7(P), as desired. u
When ¢ is faithful, we have the following finer result, also from Woronowicz [99]:

PropPOSITION 10.14. 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

(im/)v:p

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

PROOF. In view of Proposition 10.13, it remains to prove that when ¢ is faithful, the
1-eigenspace of M = (id ® ¢)v equals Fiz(v). But we can do this as follows:

“D” This is clear, and for any ¢, because we have:
vE=E = ME=¢
“C” Here we must prove that, when ¢ is faithful, we have:
ME=¢ = vE=¢
For this purpose, we use a positivity trick. Consider the following element:

J k
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We want to prove that we have a = 0. Since v is biunitary, we have:

St ) e 1)

= mzkvijvfkfjfk Uwfjfz - N Zkfsz‘i‘ N2§z§z

= Y IGP =D vi&& =) on&b+ > l&I
€11 = < v€, & > =< € &> + €]

= 2([[¢]|* = Re(< v, € >))

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

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

= 2(|I€I”* - 11€11%)
=0
Thus a = 0, and by positivity we obtain v€ = &, as desired. U

We can now formulate the general Haar measure result, due to Woronowicz [99]:

THEOREM 10.15. Any Woronowicz algebra has a unique Haar integration, which can
be constructed by starting with any faithful positive unital state p € A*, and setting

/—JLH;OnZ*O

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

(id@/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 10.13. Since convolv-
ing one more time with ¢ will not change the Cesaro limit appearing there, the functional
/ o € A* constructed there has the following invariance property:

[romer[-]
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In the case where ¢ is assumed to be faithful, as in Proposition 10.14, our claim is
that we have the following formula, valid this time for any ¢ € A*:

/@*wzw*/wzw(l)/@

By linearity, it is enough to prove this formula on a coefficient of a corepresentation,
a = (T ®id)v. In order to do so, consider the following matrices:

P= (z’d@/)v , Q= (idey)

In terms of these matrices, we have the following formula:

(e oo o) e

Similarly, we have the following computation, for the term in the middle:

<w*/p>a: (T®w®[0) (v12v13) = T(QP)

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

Thus, our claim above is equivalent to the following equality:

PQ=QP=y(1)P
But this latter equality follows from the fact, coming from Proposition 10.14, that
P=(id® f(ﬁ)v equals the orthogonal projection onto Fiz(v). Thus, we have proved our
claim. Now observe that our formula can be written as:

o(fod)ae(ae [Ja-s fo

This formula being true for any ¢ € A*, we can simply delete 1, and we conclude that
the invariance formula holds indeed, with [ o= f@. Finally, assuming that we have two

invariant integrals [, [ (/;, we have the following computation:
/ /
(Lef)a = (Lef)»
¢ Jo ¢ Jao
-~ [on
G
/
_ / 01
G

Thus we have [, = |, é, and this finishes the proof. O
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Let us record as well the following result, which is very useful in practice:
THEOREM 10.16. The integration over G C, Uy, is given by the Weingarten formula
[t i = X 0:006)Wilr.o)
G m,0€Dy
for any colored integer k = ey ... ey, and indices i, j, where Dy, is a linear basis of Fiz(u®*),
0p(i) =< T, e ®...® €, >
and Wy, = G;.*, with Gy(w,0) =< 7,0 >.

Proor. We know from Theorem 10.15 that the integrals in the statement form alto-
gether the orthogonal projection P* onto the following space:

Fiz(u®*) = span(Dy)
Consider now the following linear map, with Dj, = {{;} being as in the statement:
E@) =) <u&>&
TEDy,

By a standard linear algebra computation, it follows that we have P = W E, where W
is the inverse on span(T,|m € D) 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. [

The above result is something quite far-reaching, allowing many explicit computations,
and we will be back to it in chapter 11, with examples and applications.

10c. Peter-Weyl theory

Let us get back now to algebra, and establish two more Peter-Weyl theorems. We will
need the following result, which is something very useful, of independent interest:

ProprosiTioN 10.17. We have a Frobenius type isomorphism
Hom(v,w) ~ Fiz(t @ w)
valid for any two corepresentations v, w.
PROOF. According to the definitions, we have the following equivalence:
T € Hom(v,w) <= Tv=uwT

<~ Z Tojvji = ZwabTbi
j b

J
On the other hand, we have as well the following equivalence:

TeFizit@w) <— @w)T=T

*
< E vikwabTbk = Tai
kb
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With these formulae in hand, we must prove that we have:
Z Tovji = Z Wep 1y = Z Vi Wap Lo, = T
j b kb

(1) In one sense, the computation is as follows, using the unitarity of v':

* *
> vhwaTw = Y vi > waTh
kb K b
*
Y Y
k J
—,t
= > (0v')yT,

J
= Tai

(2) In the other sense we have, once again by using the unitarity of v*:
Z Tajvj,- = Z Vj4 Z 'U;k;wabTbk‘
J J kb
= Z(Ut@)ikwabTbk
kb
= Y waTy
b

Thus, we are led to the conclusion in the statement. U
We can now establish a third Peter-Weyl theorem, as follows:

THEOREM 10.18 (PW3). The dense subalgebra A C A decomposes as a direct sum
A= P Mumw(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 is the Haar integration over G.

PROOF. By combining the previous Peter-Weyl results, from Theorem 10.10 and The-
orem 10.12, we deduce that we have a linear space decomposition as follows:

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

velrr(A 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 10.15, via Proposition 10.17. Let us set indeed:

*
Piajb = / 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
Finally, we have the following result, completing the Peter-Weyl theory:

THEOREM 10.19 (PW4). The characters of irreducible corepresentations belong to
Acenirar = {0 € A|ZA() = A0)}
called “algebra of smooth central functions”, and form an orthonormal basis of it.

PROOF. As a first remark, the linear space Ag.cntror defined above is indeed an algebra.
In the classical case, we obtain in this way the usual algebra of smooth central functions.
Also, in the group dual case, where we have YA = A, we obtain the whole convolution
algebra. Regarding now the proof, in general, this goes as follows:

(1) The algebra Acenira contains indeed all the characters, because we have:
EA(XU) = X (Z Vij & ’Uji)
ij
= Z Uji & Uij
ij

= Alw)
(2) Conversely, consider an element a € A, written as follows:
a= Z Qy
velrr(A)
The condition a € Acenirar 18 then equivalent to the following conditions:
ay € Acentrar Y0 € Irr(A)

But each condition a, € Aeniraq means that a, must be a scalar multiple of the
corresponding character x,, and so the characters form a basis of Acenirar, as stated.

(3) The fact that we have an orthogonal basis follows from Theorem 10.18.
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(4) Finally, regarding the norm 1 assertion, consider the following integrals:

ES
Pik,jl:/"’ijvkl
a

We know from Theorem 10.15 that these integrals form the orthogonal projection onto
the following vector space, computed via Proposition 10.17:

Fiz(v® o) ~ End(v) = Cl

By using this fact, we obtain the following formula:

/GXUXZ = %:/Gviiv;j
1
P

=1
Thus the characters have indeed norm 1, and we are done. [l

We can now solve a problem that we left open before, namely:

ProproSITION 10.20. The cocommutative Woronowicz algebras appear as the quotients
c*')— A—Cr ()

red

given by A = CX(I') with m @ m C w, with I being a discrete group.

Proor. This follows from the Peter-Weyl theory, and clarifies a number of things said
before, in Theorem 10.5. Indeed, for a cocommutative Woronowicz algebra the irreducible
corepresentations are all 1-dimensional, and this gives the result. U

As another consequence of the above results, once again by following Woronowicz [99],
we have the following statement, dealing with functional analysis aspects, and extending
some standard facts regarding the C*-algebras of the usual discrete groups:

THEOREM 10.21. Let Ay be the enveloping C*-algebra of A, and 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 Ay is faithful.
(2) The projection map Agu — Apea is an isomorphism.
(3) The counit map € : Ap — C factorizes through Acq.
(4) We have N € o(Re(x,)), the spectrum being taken inside A,q.

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

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

(1) <= (2) This simply follows from the fact that the GNS construction for the
algebra Ay,; with respect to the Haar functional produces the algebra A,.q.
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(2) <= (3) Here = is trivial, and conversely, a counit € : A,.q — C produces an
isomorphism ® : A,.q — Ay, by slicing the map A : Ayeqg = Apea @ Apun.

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

The above was quite short, but we will be back to this, later, with further details.
Also, many other things can be said about amenability. We will be back to amenability
on several occasions, in what follows, and notably in chapter 12 below.

10d. Tannakian duality

In this section we discuss Tannakian duality, in its various forms, and there are many
of them, together with its various abstract applications. This will further clarify some of
the theory that we learned both in Parts I-II, and in the present chapter.

Let us first discuss Tannakian duality for the usual compact Lie groups. We use the
following notion, that already we met in the above, in more general settings:

DEFINITION 10.22. Given a closed subgroup G C Uy, its Peter-Weyl representations
are the tensor products between the fundamental representation and its conjugate,

u:G C Uy , u:G C Uy

denoted u®*, and indexed by colored integers k = o @ ® o ... according to the formulae

=1, u®=u , ¥ =u

and multiplicativity, u®* = u®F @ u®'.

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

W =uou , u¥*=u®u

As something new appearing in the classical setting, with respect to what we already
knew about the representations of compact quantum groups, observe that we have the
following formula, due to the commutativity of the algebra C'(G):

u®oo ~ u®oo

In view of this, we can index if we want the Peter-Weyl representations by indices
[ € N x N, by moving all o symbols to the left, and all @ symbols to the right. However,
since we want to generalize this afterwards to the case of quantum groups, which are not
necessarily braided, it is better to use colored exponents k =oceeo ..., as above.

We can now formulate a key result, namely Tannakian duality for the compact groups,
in its various abstract and concrete formulations, as follows:
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THEOREM 10.23. Given a compact group G, the following happen:

(1) G can be reconstructed from the knowledge of the associated tensor category of
representations C, as group of symmetries of the functor C — Vect(C).

(2) When G C Uy, the group G can be reconstructed from the knowledge of the
Peter-Weyl subcategory C' C C, in a similar way.

(3) Moreover, there is in fact no need for the functor C — Vect(C), with the group
G appearing as the plain group of symmetries of C, or of C'.

Proor. This is something quite technical, the idea being as follows:

(1) This is something very classical, due to Tannaka and Krein, with the statement
being self-explanatory category theory, and with the proof being long, but straightforward
too. In what follows we will not really need this result, so we refer here to the classical
Tannakian literature, or to the paper of Woronowicz [100], for generalizations.

(2) This is something sharper, that will be our central formulation of Tannakian
duality, for our purposes here, which follows from (1), or from the following formula:

G = {g € UN’Tg@)k = ¢®'T Vk, I VT € Hom(u®k,u®l)}

To be more precise, our first claim is that in this formula the set on the right is an
intermediate subgroup G C G C Uy. Indeed, consider the set on the right:

G = {g c UN‘Tg@“ — ¢O'T Vk, IVT € Hom(u®k,u®l)}

Assuming now that we have g, h € CN;, it follows that we have gh € CN;, due to the
following computation, valid for any k,l and any T € Cly:

T(gh)®k — Tg®kh®k:
—  gOITRSk
= gORSIT
(gh)®'T
Also, we have 1 € é, trivially. Finally, assuming g € é, we have:

T(g")® = (¢ ) g™ T)(g~")®*
= (g ¥ [Tg™ (g~ ")=*
= (¢ Ho'T

Thus we have g~! €Né, and so @ is a group, as claimed. Finally, the fact that we

have an inclusion G C G, and that G C Uy is closed, are both clear. Thus, we have an
intermediate subgroup as follows, that we want to prove to be equal to G itself:

GCGcCUy
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In order to prove this, consider the Tannakian category of é, namely:
Cha = {T € LIH®* HOY)|T¢®* = 45T, vg € é}

By functoriality, from G C~é we obtain C C C. On the other hand, according to the
definition of G, we have C' C C'. Thus, we have the following equality:

¢c=C

Assume now by contradiction that G C G is not an equality. Then, at the level of
algebras of functions, the following quotient map is not an isomorphism either:

C(G) = C(G)

On the other hand, we know from Peter-Weyl that we have decompositions as follows,
with the sums being over all the irreducible unitary representations:

C(G> - @ﬂ'elrr(é)Mdimﬂ-(C) ’ C(G> - @VGITT(G)MdimV<(C>

Now observe that each unitary representation 7 : G-U k restricts into a certain rep-

resentation 7’ : G — Ugk. Since the quotient map C(G) — C(G) is not an isomorphism,
we conclude that there is at least one representation 7 satisfying:

e lrr(G) , = ¢ Irr(G)

We are now in position to conclude. By using Peter-Weyl theory again, the above
representation m € Irr(G) appears in a certain tensor power of the fundamental repre-
sentation u : G C Uy. Thus, we have inclusions of representations, as follows:

Teu® | 7 eu®k

Now since we know that 7 is irreducible, and that 7’ is not, by using one more time
Peter-Weyl theory, we conclude that we have a strict inequality, as follows:

dim(Cie) = dim(End(u®*))
< dim(End(u'®"))
But this contradicts the equality C' = C found above, which finishes the proof.

(3) This is something far more tricky, due to Doplicher-Roberts [43] and Deligne [40],
and whose proof is non-trivial. In what follows, we will not really need this result, so we
will simply refer here to the above-mentioned papers, and the related literature. O

There are many more things that can be said here, and in particular, we have:
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Fact 10.24. The diagonal part of C = (Cy;), formed by the algebras
Cir = {T € E(H®k)‘Tg®k = ¢%*T Vg € G}
does not determine G. For instance G = {1}, Zs are not distinguished by it.

Obviously, this is something quite annoying, because there are countless temptations
to use AC = (Cyy) instead of C, for instance because the spaces Cy are algebras, and
also, at a more advanced level, because AC' is a planar algebra in the sense of Jones [60].
But, we are not allowed to do this, at least in general. More on this later.

Our purpose now will be to establish Tannakian duality results which are analogous
to those above, for the compact quantum groups. We first have the following result:

THEOREM 10.25. Any compact quantum group G can be reconstructed from the knowl-
edge of the associated tensor category of representations C, as being, in a suitable sense,
the quantum group of symmetries of the functor C — Vect(C).

Proor. This is something a bit technical, although following the same ideas as for
the usual compact groups, and we refer here to Woronowicz [100] and related papers. In
what follows, technically speaking, we will not really need this result. U

Importantly now, and contrary to what happensfor the usual groups, the need for the
functor C — Vect(C) in the above is essential, at least at our level of generality in this
book. For more on all this, need for this functor, we refer to [46] and related papers.

Summarizing, we are left with extending Theorem 10.23 (2). In order to discuss this,
let us start with the following definition, inspired from the Peter-Weyl categories:

DEFINITION 10.26. Let H be a finite dimensional Hilbert space. A tensor category
over H is a collection C' = (Cy;) of subspaces
Cu C L(H®* H®Y
satisfying the following conditions:

(1) S,T € C implies S®T € C.

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

(3) T € C implies T* € C.

(4) Each Cyy contains the identity operator.

(5) Cpoe and Cp oo contain the operator R:1 — ) .e; @ e;.

To be more precise, the point with this is that, given a Woronowicz algebra (A, u)
with u € L(H) ® A, the conditions (1-5) are those satisfied by the following spaces:

Cr = Hom(u®* u®)

We have the following key result, coming from the work of Woronowicz in [100]:
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THEOREM 10.27. The following operations are inverse to each other:

(1) The construction G — C', which associates to a compact quantum group G the
tensor category formed by the intertwiner spaces Cyy = Hom(u®*, u®").

(2) The construction C' — G, associating to a tensor category C the compact quantum
group G coming from the relations T € Hom(u®*, u®"), with T € Cy.

PROOF. This is something quite deep, going back to Woronowicz [100] in a slightly
different form, and to Malacarne [71] in the simplified form above:

(1) Regarding the precise statement of the result, the idea is that, fixing N € N as
the matrix size of our quantum groups, we have indeed a construction G — Cg, whose
output is a tensor category over the Hilbert space H = C¥, as follows:

(Co)m = Hom(u®k, u®l)

We have as well a construction C' — G¢, producing out of a Tannakian category C' a
certain compact quantum group G¢, according to the following formula:

C(Ge) = ¢ ((uij)i,jzl,,.,,N) / <Tu®k = BT, Yk, IVT € c,d>
Thus, we have correspondences as in the statement, and the result itself states that
these correspondences are inverse to each other, in the sense that we have:
Coo=C , Ge,=6G

(2) Regarding now the proof, this can be deduced from Theorem 10.25, but following
Malacarne [71], we can prove this as well directly. Indeed, up to some standard study, we
must establish an inclusion as follows, for any Tannakian category C"

OGCCC

Now for this purpose, given a tensor category C' = (Cy,;) over a Hilbert space H = CV,
consider the following direct sum, which is easily seen to be a x-algebra:

Ec = @C,d C le}B(H@f, o®yc B (@ H®k)

Consider also, inside this x-algebra, the following *-subalgebra:

ES = @ Cuc P BH* HY) =B (P H

Ik Ji<s kL Ji]<s e
It is then routine to check that we have equivalences as follows:

Ceo. CC <= Egq, CEc

— Eg, CES.Vs
— Eg) DEY.Vs

G
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Summarizing, we would like to prove that we have the following inclusion:
(s)' (s)’
(3) In order to prove this, let us first study the commutant on the right. We have the
following equality, between subalgebras of the algebra B (@‘ Kl<s H ®k>:

E(CZSC); = End EB u®*

|k|<s

We have to compute the commutant of this algebra. But for this purpose, we can
use the standard fact that, given a unitary corepresentation v € M, (C(G)), we have an
algebra representation as follows, whose image is given by I'm(m,) = End(v)"

T, C(G)" = Mu(C) , ¢ — (o(vij))i

(4) Generally speaking, in order to prove anything about G¢, we are in need of an
explicit model for this quantum group. In order to construct such a model, let < u;; >
be the free *-algebra over dim(H)? variables, with bialgebra structure as follows:

A(u”) = Z Uik & Ukj s €(Uij) = 5ij
k
Consider also the following pair of dual vector spaces:

V=@BHE*) , V' =EBH™)

Finally, let fi;, fi; € V* be the standard generators of B(H)*, B(H)*. Then:
— V*is a x-algebra, with multiplication ® and involution as follows:
Jij < [

— V* is in fact a x-bialgebra, with *-bialgebra operations as follows:
A(fij) :Zfik®fkj ,e(fij) =0y
k

— We have a x-bialgebra isomorphism < w;; >~ V*, given by w;; — fi;.

(5) The point now is that the smooth part of the algebra Ac = C(G¢) is given by
Ac ~ V*/J, where J C V* is the ideal coming from the following relations, for any i, j,
one for each pair of colored integers k, [, and each T' € C'(k,1):

Z E1-~~il7p1~-~Pkfp1j1 ®...0 fpkjk = Z Tq1-~~QZ7j1~~-jkfi1q1 ®...Q fiu]z

P1,--Pk q1,--,q1
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Moreover, the linear space Af. is given by the following formula:
Az = {a c V‘Tak — T,vT € C(k, l)}

(6) Now consider the representation that we are interested in, namely:

T A — B @ HE*
|k|<s
This representation appears then diagonally, by truncating, as follows:
Ty - Q@ — (ak)kk
(7) In order to further advance, consider the following vector spaces:
Vo=@ BHY) . V=@ B#EN)
|k|<s |k|<s

If we denote by a — a4 the truncation operation V' — V. it is routine to check, by
using the categorical axioms for ', that the following inclusions and equalities hold:

~EY vV,
~E,CV.
~ AL = E.

— Im(m,) = (E¢)s-

(8) We can now prove the duality. According to our results above, we have to prove
that, for any Tannakian category C', and any s € N, we have an inclusion as follows:

B¢ C (Ep)s
By taking duals, this is the same as proving that we have:
{£ evilen. =0f {7 €V =0}
(9) In order to do so, we use the following formula, established above:
o= Eg
We also know from the above that we have an identification as follows:
Ac=V*/J
We conclude that the ideal J is given by the following formula:
J={rev|fm =0}
(10) Our claim now is that we have the following formula, for any s € N:

Jnve ={revi|f e =0}
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Indeed, let us denote by X the spaces on the right. The axioms for C' show that these
spaces are increasing, that their union X = U,X; is an ideal, and that:

X, = XNV’
(11) We must prove that we have J = X, and this can be done as follows:
“C” This follows from the following fact, for any 7' € C(k,[) with |k|, |I| < s:

(fo)qry =0 = (fT)|E<C.3>’ =0
— fT e X,
“>” This follows from our description of J, because from Eg ) ¢ E¢ we obtain:
hper =0 = fig, =0
(12) Summarizing, we have proved our claim. On the other hand, we have:

JNVFE = {fGV* f|EfC=0}ﬂV;*
= {revi|fin =0}
= &fV?h%mZO}

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

10e. Exercises
We had a lot of advanced algebra in this chapter, and as exercises, we have:
EXERCISE 10.28. Learn about further examples of semisimple quantum groups.
EXERCISE 10.29. Discuss as well the Haar functionals of these quantum groups.
EXERCISE 10.30. Can we have some Lie theory going on, in our setting?
EXERCISE 10.31. Learn with full details the classical Tannakian duality.
EXERCISE 10.32. Learn as well the Doplicher-Roberts and Deligne theorems.
EXERCISE 10.33. Clarify all the details in relation with Tannakian duality.

As bonus exercise, have a look at the Drinfeld-Jimbo theory of deformations.

g



CHAPTER 11

Brauer theorems

11a. Diagrams, easiness

Good news, with the theory that we developed so far in this book, we can now talk
about easiness. As an answer to a question that you might have right away, namely what
exactly is easiness, well, this is something quite philosophical, as follows:

ANSWER 11.1. The real, true quantum groups, which do not depend on the ground
field F, and which in addition are something simple and easy, are the easy ones.

In practice now, yes I know, this rather sounds like an enigmatic statement coming
from my cat, so more details are certainly needed. Here they are, in brief:

(1) We have learned in the previous chapter, under the various technical assumptions
there, the Tannakian duality correspondence, G <» C. In this correspondence both the
quantum group G and the tensor category C were of course taken over F' = C.

(2) However, with a bit more work, and some extra assumptions, we can get rid of
F = C. Indeed, we can call a tensor category C' easy when it is of the form C' = span(D),
with D being a certain purely combinatorial structure, called category of partitions.

(3) But then, by using the Tannakian correspondence G <+ C, we can call a quantum
group G easy when its corresponding Tannakian category C'is easy. That is, we can call
G easy when we have C' = span(D), for a certain category of partitions D.

(4) Thus, we have our basically scalarless, easy quantum groups G. And with this being
something powerful, and useful, because the easiness condition C' = span(D) corresponds
every time to a subtle and useful theorem, called Brauer theorem for G.

So, this was for the general idea, and we will see the details in a moment. Before
starting, however, you might still wonder why using F' = C in our plan above, instead of
simply developing easiness over an arbitrary field F'. Good point, and in answer:

COMMENT 11.2. Normally easiness can be developed over an arbitrary field I, provided
that we have a good knowledge of Tannakian duality there. In our situation, however,
which is rather beginner level, we will use F' = C, as indicated above.

249
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And for more details here, developing easiness over F' = C, which is what we will
do, is something quite standard, following [17] and related papers, which themselves are
basically a slight reformulation and generalization of some old work of Weyl, Brauer and
others. As for easiness over an arbitrary field F, this is something more subtle, requiring
far more algebra know-how, and we refer here to the papers of Bichon and his collaborators
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], which basically do this.

In short, modesty, what we will be doing here will be rather an introduction to easi-
ness, instead of the presentation of the final, and probably trivial easiness theory, which
undoubtedly exists somewhere, on the heights of abstract algebra, say next to schemes.

And with this discussion made, time I guess to get to work. But not however before
asking the cat about what he thinks, about our plan. And cat declares:

CAT 11.3. Human beginners should stay indeed with F' = C, but you forgot to mention
two important points, over your F = C, in your easiness plan:

(1) Easier than easiness should be super-easiness, covering all Lie types.
(2) Easiness should apply too to spheres, and other types of manifolds.

Okay, thanks cat, not that I really understand what you are saying, but we will
certainly add these two topics, which look quite interesting, on our to-do list. And in any
case, this is good to hear, so with ' = C we are definitely safe, no need for more.

Getting started now, as indicated above, we first need to make sense of the formula
C' = span(D), for the tensor categories C' axiomatized in chapter 10. But here, the answer
is quite straightforward, obtained by delinearizing our axioms for C', as follows:

DEFINITION 11.4. Let P(k,l) be the set of partitions between an upper colored integer
k, and a lower colored integer l. A collection of subsets

D =| |D(k,1)

k,l
with D(k,1) C P(k,l) is called a category of partitions when it has the following properties:

(
(1) Stability under the horizontal concatenation, (w,0) — [no].
(2) Stability under vertical concatenation (mw, o) — [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, ce) and P(), e0) both contain the semicircle N.

As basic examples of such categories, with the verification of the axioms being trivial,
in each case, we have the category P of all partitions, the category NC' of all noncross-
ing partitions, the category P, of all pairings, and the category NC5, of all noncrossing
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pairings. Observe that these four basic categories form a diagram, as follows:

Py P

NC, NC

There are many other examples of such categories, and more on this later. Getting
now to the point, the relation with the Tannakian categories of linear maps comes from
the fact that we can associate linear maps to the partitions, as follows:

DEFINITION 11.5. Associated to any m € P(k,l) and any N € N is the linear map
T, : (CN)®F — (CM)®
given by the following formula, with {e1, ... ,ex} being the standard basis of C,
Trley, ®...Qe;,) :j;la,, (;1 N 3’;) e, ®...Qe,
and with the Kronecker symbols 6, € {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 partition, in the obvious way. The
Kronecker symbols are then defined by 6, = 1 when all the strings of 7 join equal indices,
and by 6, = 0 otherwise. Observe that all this is independent of the coloring.

In practice now, here are a few basic examples of such linear maps:

PROPOSITION 11.6. The correspondence m — T, has the following properties, where
R is the operator mapping 1 — Y. e; ® e;, and X(a ® b) = b® a is the flip operator:

(1) T = R.
(2) T, = R*.
(3) Tjj.. = id
(4) Ty =

PrRoOOF. We can assume if we want that all the upper and lower legs of 7w are colored
o. With this assumption made, the proof goes as follows:
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(1) We have N € P(f),00), and so the corresponding operator is a certain linear map
Tr : C — CN @ CV. The formula of this map is as follows:

Th(1) = ) dnli jei®e¢;
ij
= Zéijeiébej
ij
= Z€i®€i

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 T : CN @ CY — C. The formula of this linear form is as follows:

Th(ei®e;) = 0n(ij)
— 6
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:

Tglen ®...®e) = > Oy ( ! k) e ® ... ® ey,

L Juoeee Jk
J1---Jk

= E §i1j1 5’ijkejl ®®6]k
J1--Jk

= €i1®"'®€ik

(4) In the case of the basic crossing X € (oo, 00), the corresponding linear map
Ty : CN @ CN — CN @ C can be computed as follows:

TX(ei®€j) = Z(SX (/Zf ‘;) er & e
kl

= Z dudjrer @ €
il
= ;e
Thus we obtain the flip operator ¥(a ® b) = b ® a, as claimed. O

Summarizing, the correspondence m — T}, provides us with some simple formulae for
the duality operators R, R* from chapter 10, and for other important operators, such as
the flip map ¥(a ® b) = b ® a, and has as well some interesting categorical properties.
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Let us further explore now these properties, and make the link with the Tannakian
categories. We have the following result, from [17]:

PROPOSITION 11.7. The assignement m — 'I}. is categorical, in the sense that we have
T Ty =Tio) » TuT,=N"To | Ti=Tn
where c(m,a) are certain integers, coming from the erased components in the middle.
PROOF. The formulae in the statement are all elementary, as follows:
(1) The concatenation axiom follows from the following computation:

(TW®T0>(ei1®---®eiP®ek1®~--®ekr)

= Y 5ﬂ<2 ;.”>§U(l11 lr)ej1®...®ejq®eh®...®els
g )

jl---qu1~~-ls

B TR N TR AN |

- Sl R Pae saeae . on
J1eJg li.ls

= T[ﬂ'a](eil ... ®€ip Rep Q... ®€kr)
(2) The composition axiom follows from the following computation:

T,TTg(eil X...Q eip)

B i o g
LSt T al o eenon

jlqu kl...k,«
_ Z Nemo) s (S ®...®
F\ky . k) R
ki..ky ! "

= NC(W’U)Tm(eil ®...Q0 eip)
(3) Finally, the involution axiom follows from the following computation:
Tien®...0¢;)
B Z<T:(eﬁ®-~-®€jq)7€i1®'--®eip>€i1®---®eip

i1..ip

= 25W<Z~1 l.p>€i1®...®€ip
) Jro-.. jq
= Tﬂ-*<€j1 ®...®€jq)

Summarizing, our correspondence is indeed categorical. U

In relation now with quantum groups, we have the following result, also from [17]:
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THEOREM 11.8. Each category of partitions D = (D(k,l)) produces a family of quan-
tum groups G = (Gy), one for each N € N, via the formula

Hom/(u®* u®") = span (Tw

Te D(k:,l))

which produces a Tannakian category, and the Tannakian duality correspondence. We call
such quantum groups, coming from a category of partitions D = (D(k,l)), easy.

ProoFr. This follows indeed from the Tannakian duality established in the previous
chapter. Indeed, consider the following collection of linear spaces:

Cl = span (T7r

e D(k:,l))

By using the axioms in Definition 11.4, and the categorical properties of the operation
m — Ty, from Propositions 11.6 and 11.7, we deduce that C' = (C},;) is a Tannakian
category. Thus the Tannakian duality applies, and gives the result. U

As a first comment, the terminology in the above result, which is from [17], and has
endured so far several unfortunate attempts of change, by younger mathematicians who
hate God, life, beauty and easiness, is motivated by the fact that, from the point of view
of Tannakian duality, the above quantum groups are indeed the “easiest” ones.

Observe also that the category of pairings producing an easy quantum group is not
unique, for instance because at N = 1 all the possible categories of pairings produce the
same easy group, namely the trivial group G = {1}. We will be back to this.

And with the above theory in hand, we are ready to go. On the menu, proving that
the various groups and quantum groups that we know well are indeed easy. Followed by
some further investigations, suggested by Cat 11.3, Comment 11.2 and Answer 11.1.

11b. Rotations, reflections

Getting now to applications, let us first talk about rotation groups. We already know
a bit about them, from chapters 5 and 9, but it is better to start all over again, with
fresh, self-contained definitions. Following Wang [92], we have the following result:

THEOREM 11.9. The following universal algebras are Woronowicz algebras,

C(OX,) =" ((Uij)i7j:1,...,N‘u =a,u’ = u_1>

CUy)=c" ((Uij)z‘va‘:lf--,N‘“* =u U= ﬂ_1>

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

(W)=Y uw@ugy (W) =0y , (W)y=uj
k
Thus, we can indeed define Woronowicz algebra morphisms A, e, S as in chapter 10,

by using the universal properties of C(O%), C(Uy), and this gives the result. O

Getting now to Brauer theorems, we have the following result about the above quan-
tum groups, with the convention that P, stands for the matching pairings, meaning the
pairings which pair o — o or e — e on the vertical, and o — e on the horizontal:

THEOREM 11.10. The basic classical and quantum rotation groups are all easy,

o% Uy NG, NC,

ON UN P2 732

with the quantum groups on the left corresponding to the categories on the right.

Proor. This is quite standard, by using Tannakian duality, as follows:
(1) The quantum group Uy, is defined via the following relations:

w=ul b=
But, via our correspondence between partitions and maps, these relations tell us that

the following two operators must be in the associated Tannakian category C'
T, , ==100, 10

Thus the associated Tannakian category is C' = span(T,|r € D), with:

D=< [, [l >=NC,
(2) The quantum group OF, C U;; is defined by imposing the following relations:

Ujj = Usgj
Thus, the following operators must be in the associated Tannakian category C'
T. , =%,

Thus the associated Tannakian category is C' = span(T;|m € D), with:

D =< NCy,{,! >= NC,
(3) The group Uy C Uy, is defined via the following relations:

[wij, ue] =0, [ugj, ) =0



256 11. BRAUER THEOREMS

Thus, the following operators must be in the associated Tannakian category C"
T. , ==%,%
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D =< NCy,£.{ >="P>
(4) In order to deal now with Oy, we can simply use the following formula:
On =04 NUy

Indeed, at the categorical level, this formula tells us that the associated Tannakian
category is given by C' = span(T,|r € D), with:

D =< NCy, Py >= P,
Thus, we are led to the conclusions in the statement. U

Getting now towards quantum reflections, we first have the following result, for the
quantum permutations, discussed in chapter 6, and then in chapter 9, which provides
among others a more reasonable explanation for the liberation operation Sy — Sy

THEOREM 11.11. The following hold, for the quantum permutation groups:

(1) The quantum groups Sx, Sy are both easy, coming respectively from the categories
P, NC of partitions, and noncrossing partitions.

(2) Thus, Sy — Sy is just a reqular easy quantum group liberation, coming from
D — DN NC at the level of the associated categories of partitions.

PrRoOOF. We proceed a bit as for the rotation groups. Let us first prove the result for
S%. In order to do so, recall that the subgroup S}, C O} appears as follows:

C(S%) = C(O]\L,)/<u = magic>
In order to interpret the magic condition, consider the fork partition:
Y € P(2,1)
Given a corepresentation u, we have the following formulae:

(Tyu™)ige = ) _(Ty)iam (4™ g = wijuin

lm
(UTY)z',jk = Zuil(TY>l,jk = 5jkuij
!
We conclude from this that we have the following equivalence:
Ty € Hom(u®?,u) < wjjug = 63w, Vi, j, k
The condition on the right being equivalent to the magic condition, we obtain:

O(SH) = C(O%) / <Ty € Hom(u®2,u)>
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Thus S} is indeed easy, the corresponding category of partitions being:
D =<Y >=NC

Finally, observe that this proves the result for Sy too, because from the formula
Sy = S¥:NOx we obtain that the group Sy is easy, coming from the category of partitions
D =< NC, P, >= P. Thus, we are led to the conclusions in the statement. Il

With this understood, we can get now into quantum reflection groups. We recall from
chapter 9 that we have quantum groups H};, K3, constructed as follows:

C(Hy) =C" ((uz‘j)z‘,jzl,...,N

(uf;) = magic)

*
17

Ui = U

C(Ky)=C" ((Uz‘j)z‘,jzl,...,N’[uz‘ja uj;) =0, (uguj;) = magi0>

These are liberations of Hy, Ky, and we have Hy, = Zy !, SY; and Ky = T, SY, in
analogy with the formulae Hy = Zy ! Sy and Ky = T Sy from the classical case.

The point now is that, by working out Brauer theorems for these quantum groups, we
reach to something quite conceptual, namely having a nice 3D cube, as follows:

THEOREM 11.12. The main quantum rotation and reflection groups,

K} U

HY; /—'— O3 /
Ky —'— Un

Hy / On /

are all easy, the corresponding categories of partitions being as follows,

NCepen NC,
Peven P

Peven/ P, /

with on top, the symbol NC' standing everywhere for noncrossing partitions.
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PRroOF. This is something that we know for the objects on the right, and for those
on the left, this follows by using the same arguments as for Sy, S}, as follows:
(1) We know that Hj, C O} appears via the cubic relations, namely:
Ui Uil = UjiUk; = 0, Vj 7’é k
Our claim now is that, in Tannakian terms, these relations reformulate as follows, with
H € P(2,2) being the 1-block partition, joining all 4 points:
Ty € End(u®?)
In order to prove our claim, observe first that we have, by definition of T}:
Ty(e; ®ej) = dije; De;

With this formula in hand, we have the following computation:

Thu®(e;®e; @ 1) = Ty (Z Cai @ €h; @ Uaz”“bj) (ei®e; ®1)

abij

= Ty E €q @ €p @ UqiUp,
ab

== E e ®e, ® UqiUaj
a

On the other hand, we have as well the following computation:

U®QTH(€Z‘ ® €j ® 1) = 5iju®2(ei ® 6]‘ ® 1)

= 0 (Z €ai ® €p; ® uai“bj) (ei®e;®1)

abij
0ij €q & €p & Ug;Up;
ab

We conclude that Tru®? = u®?Ty means that u is cubic, as desired. Thus, our claim
is proved. But this shows that H}; is easy, coming from the following category:

D =< H >= NCoyen

(2) Regarding now the full quantum reflection group K, the proof here is similar,
leading this time to the category NCepen of noncrossing matching partitions.

(3) Finally, both the passages HY — Hy and K}, — Ky come by adding the crossing,
at the level of partitions, and this leads to the conclusions in the statement. O

So long for basic Brauer theorems. We should mention that much more is true, with
the general reflection groups H3,, H3' being easy too, and with the same going for the
bistochastic groups By, Cy and By, Cy;. We will be back to this, later in this chapter.
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11c. Liberation theory

With the above results in hand, we can now review the half-liberation and twisting
operations, that we met in Part II, via some ad-hoc constructions. Let us start with the
half-liberation operation. We have here the following key result, to start with:

THEOREM 11.13. We have an intermediate easy quantum group Uy C Ui C Uy,
given by the following formula, and called half-classical unitary group,

CUy) = C(U;{,)/ <abc = cba‘Va, b, c € {ugy, uj; >

corresponding to the category of matching pairings P; having the property that when re-
labelling clockwise the legs o @ o e ..., the formula #o0 = #e must hold in each block.

PRrROOF. Here the fact that Uy, as constructed above is indeed a quantum group, lying
as a proper intermediate subgroup Uy C U} C Uy, can be checked via a routine compu-
tation, but the best is to view this via Tannakian duality. Indeed, the half-commutation
relations abc = cba come from the map Ty associated to the half-classical crossing:

f e P(3,3)

Thus, by Tannakian duality, we are led to the first conclusions in the statement, and
with the category of partitions associated to Uy being as follows, with the convention
that the symbol ) stands here for all 8 possible colorings of the diagram :

D=<}>

Regarding now the explicit computation of D, observe that no matter how we color
the legs of X, of course as for strings to join o — o or @ — e, we have a matching pairing,
having in addition the property that when relabelling clockwise the legs c e o e ..., the
formula #o0 = #e must hold in each block. Thus, we have an inclusion as follows:

D cCP;

On the other hand, by doing some standard combinatorics, we see that any element
of P can be decomposed into a composition of diagrams of type ), appearing with all its
8 possible colorings, as above. Thus, we have as well an inclusion as follows:

Py CD
But this shows that we have D = Pj, which proves the last assertion. t

Now with the above construction in hand, we can perform a “cutting the cube” oper-
ation, and we are led to the following statement, improving what we have so far:
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THEOREM 11.14. We have easy quantum groups as follows, obtained via the commu-
tation relations abc = cba, applied to the standard coordinates and their adjoints,

Ky
Ok

Hy
which fit horizontally, in the middle, into the diagram of basic easy quantum groups

Uy

/ ‘ S
/KNJOF/

with the enlarged diagram being an intersection/easy generation diagram.

Uy
Un

HY
Hy

PROOF. There are several things going on here, and we will be quite brief:

(1) First, the fact that we have indeed quantum groups as in the statement, which are
all easy, follows from our previous results, and from Theorem 11.13.

(2) Once again by using our previous results and Theorem 11.13; we conclude as well
that the categories of partitions for our new quantum groups are as follows:

P*

even

e

P* Py

even
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(3) Now let us insert this latter square diagram into the standard cube of categories
of partitions, on the horizontal, in the middle:

Ky
Hy On

(4) We obtain in this way an intersection and generation diagram. Thus, the diagram
formed by quantum groups is an intersection/easy generation diagram, as stated. O

Uy
Un

Many other things can be said here, for instance with the construction of “hybrid”
quantum groups between real and complex too, again cutting the standard cube.

Also, in the non-easy case, we have available the modern approach to half-liberation,
by Bichon and Dubois-Violette [26], based on crossed products and 2 x 2 matrix models.
We will be back to this later, when discussing more in detail the matrix models.

We would like to end this section with the discussion of the bistochastic groups and
quantum groups By, Cy, Bj;, C%;, which are quite interesting objects.

These groups and quantum groups are all easy, and are not half-liberable, so our
discussion here will be quite simple and pleasant, basically consisting in explaining what
By, Cy, By, Cf; are, and then working out their easiness property. Let us start with:

ProPOSITION 11.15. We have groups as follows:
(1) By C O, consisting of the orthogonal matrices which are bistochastic.
(2) Cn C Uy, consisting of the unitary matrices which are bistochastic.

Proor. We know that the sets of bistochastic matrices By, Cy in the statement
appear as follows, with £ being the all-one vector:

BN:{UGON’U§=§} , C’N:{UEUN‘Ufzf}

It is then clear that both By, Cy are stable under the multiplication, contain the unit,
and are stable by inversion. Thus, we have indeed groups, as stated. Il

Getting back now to quantum groups, we would like to talk about the free analogues
Bj;, C5 of the orthogonal and unitary bistochastic groups. Following [17], we have the
following result, including as well the above construction of By, Cy:



262 11. BRAUER THEOREMS

THEOREM 11.16. We have the following groups and quantum groups:
(1) By C Oy, consisting of the orthogonal matrices which are bistochastic.
(2) Cn C Uy, consisting of the unitary matrices which are bistochastic.
(3) BY € OF, coming via u& = &, 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 By and Cy C C5, which are both liberations.

PROOF. There are several things to be proved, the idea being as follows:
(1) We already know from Proposition 11.15 that By, Cy are indeed groups. In what

regards now By, C};, these appear by definition as follows:

C(BY) = C(0}) [/ {€ € Fia(u))

c(Ch) = Cwy) /(€ € Fiz(u))
But since the relation £ € Fixz(u) is categorical, we have indeed quantum groups.

(2) In what regards the last assertion, since we already know that Oy C O} and
Uy C U} are liberations, we must prove that we have isomorphisms as follows:

C(By) = C(Ox) [ (& € Fi(u))
C(Cy) = C(Uy) / <g c Fz'x(u)>

But these isomorphisms are both clear from the formulae of By, Cy in (1). O

The above might seem a bit puzzling, because the “basic” compact groups can be of
type ABCD, and there was no mention there, in that Lie algebra theory and classification,
of bistochastic groups as above. Good point, and in answer, we have indeed:

THEOREM 11.17. We have isomorphisms as follows:

(1) BN ~ ON—1~

(2) By ~OF_,-

(3) CN ~ UN—1~

(4) Ch ~Uy_,.
PROOF. Let us pick indeed a matrix F' € Uy satisfying the following condition, where

¢ is the all-one vector, and ey = (1,0,...,0) is the first vector of the standard basis of

CY, written with indices 0,1,..., N — 1, as usual in discrete Fourier analysis:

1
Fey = —=¢
VN
Such matrices exist of course, the basic example being the Fourier matrix:

1

Fy = —
N\/N

(wij)ij . ow= €2m'/N
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We have then the following computation, for any corepresentation wu:
ué =§¢ <= uley= Fey
<— [MuFeq= ¢
<— F*uF =diag(l,w)
Thus we have an isomorphism given by w;; — (F*uF);;, as desired. O

Getting now to the real thing, the point is that our newly constructed bistochastic
groups and quantum groups are all easy, and following [17], [88], we have:

THEOREM 11.18. The classical and quantum bistochastic groups are all easy, with the
quantum groups on the left corresponding to the categories on the right,

By Cy NCy, NCis

By Cy Py Pia

where the symbol 12 stands for “category of singletons and pairings”.

PRroOOF. This comes from the fact that the all-one vector £ used in the constructions
in Theorem 11.16 is the vector associated to the singleton partition:

¢ =1

Indeed, we obtain that By, Cy, By, C% are inded easy, appearing from the categories
of partitions for Oy, Uy, O%, Uy, by adding singletons. Thus, we get the result. O

11d. Character laws

This book was supposed to be about algebra, but we would like to end this chapter
with some analysis. Here is something analytic, which is truly beautiful:

THEOREM 11.19. Consider the symmetric group Sy, regarded as a compact group of
matrices, Sy C Oy, via the standard permutation matrices.

(1) The main character x € C(Sy), defined as usual as x = >, u;, counts the
number of fized points, x(o) = #{i|lo(i) =i}.

(2) The probability for a permutation o € Sy to be a derangement, meaning to have
no fized points at all, becomes, with N — oo, equal to 1/e.

(3) The law of the main character x € C(Sy) becomes with N — oo the Poisson law
P = %Zk O/ k!, with respect to the counting measure.
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Proor. This is something very classical, the proof being as follows:

(1) We have indeed the following computation, which gives the result:
w(0) = Y ualo) = 3 by = # {i|oli) = i}
(2) We use the inclusion-exclusion principle. Consider the following sets:

i, = {a c SN‘U(Z') - z}
The probability that we are interested in is then given by:

1 . . ‘ 4 .
P(xy=0) = m<|SN\—Z\S}’V|+Z|S}VmS§V\— > |S;Vmsgvmsfv|+...>

1<j i<j<k

_ %ZH)T,Z,(N—T)’

= e (Ve
N oy

oy

Since we have here the expansion of 1/e, this gives the result.

(3) This follows by generalizing the computation in (2). Indeed, we get:

. 1
i POe=k) =73
Thus, we obtain in the limit a Poisson law of parameter 1, as stated. Il

The above result is very beautiful, but we can in fact do even better, as follows:

THEOREM 11.20. For the symmetric group Sy C Oy, the truncated character
[tN]

Xt = Z Uii
i=1
with t € [0,1] follows with N — oo the Poisson law p, = et >, 6;t* /k!.

Proor. This follows by suitably modifying the proof of Theorem 11.19. Indeed,
according to our definition of y;, we first have the following formula:

(o) = # {z c{l,..., [tN]}‘a(z’) - z}
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Then, the inclusion-exclusion principle gives the following formula:

tk
i, Pl =k) = g
Thus, we obtain in the limit a Poisson law of parameter ¢, as stated. U

Summarizing, we have some interesting theory going on here, and this is probably just
the tip of the iceberg. So, let us formulate the following question:

QUESTION 11.21. Given G C U}, what is the law of the truncated character
[tN]

i=1
with respect to Haar integration? Also, in the easy case, what is the asymptotic law
lim [
ai fee)
say regarded as a formal measure, determined by its moments?

Our goal in what follows will be that of answering this question, by extending what
we have about Sy to all the easy groups and easy quantum groups that we know.

In order to reach to our goals, we first need to know how to integrate on the easy
quantum groups. The formula here, coming from Peter-Weyl theory, is as follows:

THEOREM 11.22. Assuming that a closed subgroup G C Uy is easy, coming from a
category of partitions D C P, we have the Weingarten formula

el
/ ug, - mk = E 5 (J)Win (7, 0)
G m,0€D(k

where § € {0,1} are the usual Kronecker type symbols, and where the Weingarten matrix
Win = Gry is the inverse of the Gram matriz Gyy(m,0) = Nlmvel,

ProoF. We know from chapter 10 that the integrals in the statement form altogether
the orthogonal projection P* onto the following space:

Fiz(u®*) = span (&r TE D(k))

In order to prove the result, consider the following linear map:

= ) <b&>&

meD(k)

By a standard linear algebra computation, it follows that we have P = W E, where W
is the inverse on Fix(u®*) of the restriction of E. But this restriction is the linear map
given by Gy, and so W is the linear map given by Wy, and this gives the result. U
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In relation now with truncated characters, we have the following formula:

PROPOSITION 11.23. The moments of truncated characters are given by the formula
/ (wns + -+ 1)t = Tr(WinGro)
a

where Gy and Wiy = G,;]b are the associated Gram and Weingarten matrices.

Proor. We have indeed the following computation:

S S
/G(U11+...+Uss>k = ZZ/U”LIHU’%%

=1 =1
= Y Win(mo) > .. > 0 6x(i)6, (i)
m,o€D(k) i1=1 ip=1
= Z Win(m,0)Gs(o, )
m,oeD(k)
= Tr(WinGhs)
Thus, we have obtained the formula in the statement. U

All this is very good, and normally we have here what is needed in order to answer
Question 11.21, in the easy case. In practice, however, before doing so, we will need some
training in probability theory. Let us start with something very standard, as follows:

DEFINITION 11.24. Let A be a C*-algebra, given with a trace tr : A — C.

(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 i : P — tr(P(a)).
Here k = ceeo. .. is by definition a colored integer, and the corresponding powers a”

are defined by the following formulae, and multiplicativity:
=1, a®=a , o =a
As for the polynomial P, this is a noncommuting *-polynomial in one variable:
PeC<X X*>

Observe that the law is uniquely determined by the moments, because we have:
P(X) =) MXY = u(P)=> A\My(a)
k k

Generally speaking, the above definition is something quite abstract, but there is no
other way of doing things, at least at this level of generality. However, in certain special
cases, the formalism simplifies, and we recover more familiar objects, as follows:
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PROPOSITION 11.25. Assuming that a € A is normal, aa® = a*a, its law corresponds
to a probability measure on its spectrum o(a) C C, according to the following formula:

tr(P(a)) = / | Plintz)

When the trace is faithful we have supp(p) = o(a). Also, in the particular case where the
variable is self-adjoint, a = a*, this law is a real probability measure.

PROOF. Since the C*-algebra < a > generated by a is commutative, the Gelfand
theorem applies to it, and gives an identification of C*-algebras, as follows:

< a>=C(o(a))

Now by using the Riesz theorem, the restriction of ¢r to this algebra must come from
a probability measure p as in the statement, and this gives all the assertions. U

Getting now where we wanted to get, we want our “quantum probability” theory to
apply to the two main cases that we have in mind, namely classical and free. So, following
Voiculescu [90], let us introduce the following two notions of independence:

DEFINITION 11.26. Two subalgebras A, B C C are called independent when
tr(a) =tr(b) =0 = tr(ab) =0
holds for any a € A and b € B, and free when
tr(a;) =tr(b;)) =0 = tr(aibiasby...) =0
holds for any a; € A and b; € B.

In other words, what we have here is a straightforward noncommutative extension of
the usual notion of independence, along with a natural free analogue of it.

In order to understand now what is going on, let us discuss some basic models for
independence and freeness. We have the following result, which clarifies things:
PROPOSITION 11.27. Given two algebras (A, tr) and (B,tr), the following hold:
(1) A, B are independent inside their tensor product A ® B.
(2) A, B are free inside their free product A x B.

PROOF. Both the assertions are clear from definitions, after some standard discussion
regarding the tensor product and free product trace. See Voiculescu [90]. O

In relation with groups and algebra, we have the following result:

PROPOSITION 11.28. 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).
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PrOOF. This follows from the general results in Proposition 11.27, along with the
following two isomorphisms, which are both standard:

O x A) = C*(A) @ C*(T) , C*T xA) = C*(A) = C*(T)

Alternatively, we can prove this directly, by using the fact that each algebra is spanned
by the corresponding group elements, and checking the result on group elements. U

In order to study independence and freeness, our main tool will be:

THEOREM 11.29. The convolution s linearized by the log of the Fourier transform,
Fy(z) = B(e"™)
and the free convolution is linearized by the R-transform, which is given by

60 = [ P — 6 (R +7) =¢

and so is the inverse of the Cauchy transform, up to a £~ factor.

PRrOOF. For the first assertion, if f, g are independent, we have indeed:
Froa) = [ el = )2

= [ e g 1)
RxR
= Fy(z)Fy(x)
For the second assertion, we need a good model for free convolution, and the best is
to use the semigroup algebra of the free semigroup on two generators:
A=C*"(NxN)

Indeed, we have some freeness in the semigroup setting, a bit in the same way as for
the group algebras C*(I" x A), from Proposition 11.28. In addition to this fact, and to
what happens in the group algebra case, the following things happen:

(1) The variables of type S*+ f(S), with S € C*(N) being the shift, and with f € C[X]
being a polynomial, model in moments all the distributions p : C[X] — C. This is indeed
something elementary, which can be checked via a direct algebraic computation.

(2) Given f, g € C[X], the variables S* + f(S) and T* + g(T'), where S,T € C*(N*N)
are the shifts corresponding to the generators of N x N, are free, and their sum has the
same law as S* + (f + ¢g)(.S). This follows indeed by using a 45° argument.

(3) But with this in hand, we can see that u — f linearizes the free convolution. We
are therefore left with a computation inside C*(N), whose conclusion is that R, = f can
be recaptured from p via the Cauchy transform G, as stated. See [90]. O
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As a first main result now, we have the following statement, called Central Limit
Theorem (CLT), which in the free case is due to Voiculescu [90]:

THEOREM 11.30 (CLT). Given self-adjoint random variables x1, xa, x3, ... which are
i.i.d./f.i.d., centered, with variance t > 0, we have, with n — 0o, in moments,

1 n
= Z Ti ~ ge/ Ve
Vi
where the limiting laws g, /7, are the following measures,

1 1
g = Wore te_x2/2tda: .Y = 2_7rt\/ 442 — 22dx
V2

called normal, or Gaussian, and Wigner semicircle law of parameter t.

PRroor. This is routine, by using the linearization properties of the Fourier transform
and the R-transform from Theorem 11.29, and for details here, we refer to any classical
probability book for the classical result, and to [90] for the free result. O

Next, we have the following complex version of the CLT:

THEOREM 11.31 (CCLT). Given variables xq,xs, 23, ... which are i.i.d./f.i.d., cen-
tered, with variance t > 0, we have, with n — 0o, in moments,

1 n
_le ~ Gt/Ft
ﬁi:l

where Gy /T are the complex normal and Voiculescu circular law of parameter t, given by:

Gy = law <%(a + ib)) . Iy =law (%(a + z'ﬁ))

where a,b/a, B are independent/free, each following the law g;/;.

PRrROOF. This follows indeed from the CLT, by taking real and imaginary parts of all
the variables involved, and for details and more here, including the combinatorics of the
Voiculescu circular law T';, which is quite subtle, we refer again to [90]. O

We denote by H the free convolution operation for the real probability measures, given
by the fact that we have the following formula, when a, b are free:

Patb = Ha B

With this convention, and adding to our collection of limiting results, we have the
following discrete version of the CLT, called Poisson Limit Theorem (PLT):
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THEOREM 11.32 (PLT). The following Poisson limits converge, for anyt > 0,

' " " *1, ' ¢ ¢ Hn
py = lim 1—— g+ —01 , = lim 1—— ]+ —01
n—o0 n n n—o0 n n

the limiting measures being the Poisson law py, and the Marchenko-Pastur law m,

1t At — (x —1—1)?
O 7 = max(1 —¢,0)d + v (@ )

et K omx
k=0

with at t = 1, the Marchenko-Pastur law being m = %\/41'*1 — ldx.

dx

Pt =

Proor. This is again routine, by using the Fourier and R-transform, and as before
we refer here to any classical probability book, and to [90]. O

Finally, we have the following “compound” generalization of the PLT:

THEOREM 11.33 (CPLT). Given a compactly supported positive measure p, of mass
c =mass(p), the following compound Poisson limits converge,

1 *n 1 Hn
pp = lim ((1—£> (50+—p) , m,= lim ((1—£> 50+—p>
n—o0 n n n—oo n n

and if we write p = Zle ci0,, with ¢; > 0 and z; € R we have the formula

pp/ T, = law (Z z,»ozZ)

i=1
where the variables o are Poisson/free Poisson(c;), independent/free.

PROOF. As before, this follows by using the Fourier and the R-transform, and details
can be found in any probability book, and in [90]. O

So long for limiting results in classical and free probability. To finish with, for our
purposes here, we will need the following notions, coming from Theorem 11.33:

DEFINITION 11.34. The Bessel and free Bessel laws, depending on parameters s €
NU {oo} and t > 0, are the following compound Poisson and free Poisson laws,

S __ s __
bt = Ptes > /Bt = Te,

with €5 being the uniform measure on the s-th roots of unity. In particular:

(1) At s =1 we recover the Poisson laws py, m;.
(2) At s = 2 we have the real Bessel laws by, b;.
(3) At s = oo we have the complex Bessel laws By, By.
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Here the terminology comes from the fact that the density of the measure b; from (2)
is a Bessel function of the first kind, the formula, from [11], being as follows:

t/g yIrl+2p

L Z GRS

r=—00

Good news, with the above general theory in hand, we can now formulate our truncated
character results for the main examples of easy quantum groups, as follows:

THEOREM 11.35. For the main quantum rotation and reflection groups,

Ky Un

Hy On

the corresponding truncated characters follow with N — oo the laws

which are the main limiting laws in classical and free probability.

ProoF. We know from earlier in this chapter that the above quantum groups are all
easy, coming from the following categories of partitions:

NCG’UG'I’L

6'7.) en

6’0671

Peven
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(1) At t = 1, we can use the following formula, coming from easiness:

lim [\ =Dk

N—o0 GN
But this gives the laws in the statement, via some standard calculus.

(2) In order to compute now the asymptotic laws of truncated characters, at any ¢ > 0,
we can use the general moment formula in Proposition 11.23, namely:

/(un 4+ ...+ Uss)k = TT(WkNGkS>
G

To be more precise, what happens is that in each of the cases under consideration, the
Gram matrix is asymptotically diagonal, and so the Weingarten matrix is asymptotically
diagonal too. Thus, in the limit we obtain the following moment formula:

lim r = Z ¢!

But this gives the laws in the statement, via some standard calculus. U
11le. Exercises

We had a lot of combinatorics in this chapter, and as exercises, we have:

EXERCISE 11.36. Fill in the missing details for our various Brauer theorems.

EXERCISE 11.37. Find easiness results for other groups and quantum groups.

EXERCISE 11.38. Discuss the half-liberation operation, in the unitary setting.

EXERCISE 11.39. Learn about the Idel-Wolf theorem, involving the group Cy.

EXERCISE 11.40. Learn more about free probability, and random matrices too.

EXERCISE 11.41. Do all computations for the asymptotic laws of characters.

As bonus exercise, try developing a general theory of Lie-Brauer algebras.



CHAPTER 12

Advanced results

12a. Deformation, twists

We have already seen some non-trivial quantum group theory in this book, with this
certainly making it for an introduction to the subject. The present chapter will be our last,
regarding quantum groups, with Part IV below rather dealing with quantum manifolds.
We have many things that we can talk about, here, and we have chosen 4, as follows:

(1) Deformation, twists. We will talk here about Drinfeld-Jimbo deformations, involv-
ing a parameter ¢ € C — {0}, then about Woronowicz deformations, where ¢ > 0, and
finally we will discuss a certain Schur-Weyl twisting procedure, where ¢ = —1.

(2) Amenability, growth. We have seen some analysis, of probabilistic flavor, at the
end of chapter 11, but that is not the end of the story. The bulk of analysis on quantum
groups regards the amenability and growth of I' = G, and we will discuss this here.

(3) Planar algebras. Besides the above-mentioned deformations, there are many ver-
sions and generalizations of the compact quantum groups discussed before, and notably
the tensor categories, and the planar algebras. We will have a look into these.

(4) Matrix models. Finally, with planar algebras and the related subfactors being
something more general, and a bit more concrete too, than our quantum groups, what to
do. Well, we will strike back with some sharp results, regarding the matrix models.

So, this was for the general idea with this chapter, our final one on quantum groups,
and in practice, many things to be discussed, and do not expect of course many proofs,
or so. However, we will provide links to the relevant literature, on each subject.

Getting started now, in relation with deformations and twists, the first question that
we would like to understand is something very simple and natural, as follows:

QUESTION 12.1. Can a compact Lie group G be deformed or not, within the framework
of Hopf algebras, or so to say, within the framework of quantum groups?

273
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As a first observation, this is certainly not possible within the framework of classical
Lie groups, because these are subject to a discrete classification, ABCDEFG. In fact, this
follows as well from an elementary result, stating that any Lie algebra is rigid, in the sense
that when attempting to change a bit the structure constants, this is impossible.

In the Hopf algebra setting, however, everything changes. The discovery here, coming
from the work of Faddeev and the Leningrad School of Physics from the late 70s [47],
then that of Drinfeld [44] and Jimbo [57] from the mid 80s, is as follows:

THEOREM 12.2. Given a classical Lie group G, with Lie algebra g, the enveloping
Lie algebra Ug, regarded as Hopf algebra, admits a non-trivial deformation U,g, with
q € F—{0}. This latter deformation can be in fact recovered as being something canonical,
and can be thought of as being the enveloping Lie algebra of a quantum group G,.

PROOF. This is something coming from the above-mentioned papers of Drinfeld [44]
and Jimbo [57], and which is best understood for G = SUs, the idea being as follows:

(1) Deforming SU, with the help of a generic parameter ¢ € F' is something not very
complicated, that you can actually recover by yourself, by doing some computations, once
of course someone told you in advance that this is possible.

(2) For more complicated Lie groups, however, some Lie algebra theory is needed.
Also, switching from the generic parameter ¢ € F to the concrete parameter ¢ € F — {0}
is something quite delicate too, again requiring some good Lie algebra knowledge.

(3) Finally, in what regards the interpretation of the output, navigating between Lie
groups, Lie algebras and enveloping Lie algebras, at the quantum level, requires a good
knowledge of both Hopf algebras and Lie groups and Lie algebra theory.

(4) In short, a bit complicated all this, with lots of algebra involved, but again, the
case of SU,, which is the most important one, is quite easy to be fully understood, and
for more, you have several books dedicated to this, such as Lusztig [69]. U

At the representation theory level now, which is the one that matters, as we previously
know from the present book, things are quite tricky, as follows:

THEOREM 12.3. When the deformation parameter ¢ € F — {0} is not a root of unity,
G, is semisimple, with representations similar to those of the original Lie group G = G;.
However, when q € F'—{0,1} is a root of unity, G, is not semisimple.

PROOF. Again, there is a long story here, the idea being that semisimplicity is easy
to establish in the framework of the deformations with generic parameter ¢ € F', but then
the study of the specializations, at the various values of ¢ € F' — {0}, is something quite
delicate. As before, we refer here to Lusztig [69], and other books on the subject. O

Many other things can be said about the above quantum groups, notably with the
following statement, clarifying the relation with the Woronowicz quantum groups:
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THEOREM 12.4. The quantum groups G, with ¢ € C — {0} are as follows,

(1) At q =1, these are the original Lie groups G.

(2) At g > 0, these are semisimple, but with S* # id at q # 1.

(3) Still at ¢ > 0, these are covered by an extension of the Woronowicz formalism,
(4) With this being best seen via Tannakian duality, as explained by Rosso.

(5) At ¢ # 0, no Woronowicz type algebra formalism is available,

(6) However, subfactors and planar algebras do cover these q # 0 beasts,

(7) And in particular, they do cover the case where ¢ # 1 is a root of unity.

and with all this coming, as we will soon discover, with an uncertainty at ¢ = —1.

ProoF. Crowded statement that we have here, and for more on all this, we refer to
the papers of Woronowicz [99], [100] and of Rosso [80], [81], which are a must-read, if
you are interested in g-deformations, and to Jones [58], [60] and Kirillov Jr. [64] and
Wenzl [95] for the last part, in relation with subfactors, which are again a must-read. [

With this discussed, which is more than borderline with respect to what a mathematics
book is supposed to contain, Theorems coming with Proofs, let us focus now on a modest
question, with the aim of discussing it with full details, as mathematicians do:

QUESTION 12.5. What exactly happens at ¢ = —1°¢

To be more precise, we have seen in chapters 7-8 that anticommutation twists, which
normally should correspond to the parameter value ¢ = —1, do exist, and are very inter-
esting and natural objects, in the general affine Hopf algebra setting. And the point now
is that, if you get back to that chapters 7-8 material, you will certainly discover that, in
most of the cases, what we have there, over ' = C, are Woronowicz algebras.

Summarizing, we have here a bit of contradiction with what Drinfeld-Jimbo and the
others are saying, coming from the fact that their ¢ = —1 twists are not semisimple, due
to the fact that ¢ = —1 is a root of unity, while our ¢ = —1 twists are semisimple.

Not an easy situation that we have here, with each camp, they and us, claiming that
their theory is the correct one at ¢ = —1. So, which theory is correct? God only knows,
but if that can help, here is what cat declares, about all this:

CAT 12.6. Anticommutation comes from quantum mechanics, that you humans would
like to understand, with your quantum groups. So go with it, and by the way, you should
update your anticommutation twisting methods, now that you know about easiness.

Thanks cat, not only I am pleased to learn this, but I eventually have a plan, for the
remainder of this section. So, let us review now the anticommutation twisting operation
G — @', that we know about since chapters 7-8, by using Tannakian duality.
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Given a partition 7 € P(k,l), let us call “switch” the operation which consists in
switching two neighbors, belonging to different blocks, in the upper row, or in the lower
row. With this convention, we have the following key result:

PROPOSITION 12.7. There is a signature map € : P.ye, — {—1,1}, given by

o(7) = (—1)°
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For T € Sk, this is the usual signature.
(2) For T € Py we have (—1)¢, where ¢ is the number of crossings.
(3) For 7 <1 € NCeyen, the signature is 1.

PROOF. The fact that ¢ is indeed well-defined comes from the fact that the number
¢ in the statement is well-defined modulo 2, which is standard combinatorics. In order
to prove now the remaining assertion, observe that any partition 7 € P(k,l) can be put
in “standard form”, by ordering its blocks according to the appearence of the first leg in
each block, counting clockwise from top left, and then by performing the switches as for
block 1 to be at left, then for block 2 to be at left, and so on:

With this convention, the proof of the remaining assertions is as follows:

(1) For 7 € Sk the standard form is 7 = id, and the passage 7 — id comes by
composing with a number of transpositions, which gives the signature.

(2) For a general 7 € Py, the standard form is of type 7/ =|... |73, and the passage
T — 7' requires ¢ mod 2 switches, where ¢ is the number of crossings.

(3) Assuming that 7 € P.,., comes from m € NCye, by merging a certain number of
blocks, we can prove that the signature is 1 by proceeding by recurrence. U

With the above result in hand, we can now formulate:

DEFINITION 12.8. Associated to any partition m € Poyen(k,1) is the linear map
T, : (CV)®F — (CM)™

given by the following formula, with e, ..., ex being the standard basis of CV,
i1 ... ik
ﬂ@h®m®@g=;;&(ﬁ.”jj%ﬁ“~®%

and where 0, € {—1,0,1} is 8, = &(7) if 7 > 7, and &, = 0 otherwise, with T = ker(}).
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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 7T, can be written as folllows:

Tﬁ<€il®...®€ik>: Z 6j1®"'®ejl
j:ker(;-)ZW

Now by inserting signs, coming from the signature map € : Py, — {£1}, we are led
to the following formula, which coincides with the one given above:

Tie, ®...Qe;,)= Ze Z ej, ®...Qe€j

T>T j: ker(;):-r

We will be back later to this analogy, with more details on what can be done with it.
For the moment, we must first prove a key categorical result, as follows:

PROPOSITION 12.9. The assignement m — T is categorical, in the sense that
ToT,=T,, . T =N, | () =T,
where c(m,0) are certain positive integers.

Proor. We have to go back to the proof from the untwisted case, from chapter 11,
and insert signs. We have to check three conditions, as follows:

1. Concatenation. In the untwisted case, this was based on the following formula:

11...1 ky... k. i...0p ky... k.
Or | . P, = Oro] | - P
(jqu) (llls) [ ](jqu llls)

In the twisted case, it is enough to check the following formula:

 (xer zlz Ker ki...k, — o (ker 221...2'? ki...k,
Ji---Jq ly...1 Ji--Jg Lol

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’ < [7/2/]. Now since the partition [7/2/] is
noncrossing, we can use Proposition 12.7 (3), and we obtain the result.

2. Composition. In the untwisted case, this was based on the following formula:

p jl c(m,0) Z.p
> o () oo (h) = ()

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:

Qe () e () == (i)
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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 — v/,
the partition on the right transforms into p — p' < [7,]. Now since the partition [7,] is

noncrossing, we can apply Proposition 12.7 (3), and we obtain the result.
3. Involution. Here we must prove the following formula:
(i) g ()
T\J1-Jq T\l
But this is clear from the definition of ¢/, and we are done. g

As a conclusion, our twisted construction m — 77 has all the needed properties for
producing quantum groups, via Tannakian duality, and we can now formulate:

THEOREM 12.10. Given a category of partitions D C P.yeyn, the construction

Hom(u®* u®) = span <T7’r TE D(k;,l))

produces via Tannakian duality a quantum group G'y C Uy, for any N € N.

Proor. This follows indeed from the Tannakian results from chapter 10, exactly as
in the easy case, by using this time Proposition 12.9 as technical ingredient. 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:

DEFINITION 12.11. A closed subgroup G C Uy, is called q-easy, or quizzy, with defor-
mation parameter ¢ = +1, when its tensor category appears as follows,

Hom(u®* u®") = span (Tﬂ TE D(k;,l))

for a certain category of partitions D C P.yen, where, for ¢q = —1,1:
T=T.T
The Schur-Weyl twist of G is the quizzy quantum group G' C Uy obtained via ¢ — —q.

Let us clarify now the relation between the maps T, 7.. We recall that the Mobius
function of any lattice, and in particular of P,,.,, is given by:

1 ito=m
plo,m) =9 = geren o) ifo<m
0 if o L

With this notation, we have the following useful result:
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THEOREM 12.12. For any partition w € P.,e, we have the formula
Sy
T<m

where ay =3 &(T)p(o, 7), with p being the Mdbius function of Peyen.

PROOF. The linear combinations T'= > __ _«, T, acts on tensors as follows:

T<m

T(6“®®61k) = ZaT Tell ®€zk>

T<m

- ZaTZ Z 6]1 “®ejl

7T o<T jker( ) o
= E ( E aT> E e, ®...0 e,
o<m \o<TST jiker(§)=o

Thus, in order to have T} = > _ «a,T;, we must have (o) = > . ., for any
o < m. But this problem can be solved by using the Mébius inversion formula, and we
obtain the numbers o, =) _____e(7)u(o, 7) in the statement. O

We can now twist Oy, Uy, and Oy, Uy too, the result here being as follows:

THEOREM 12.13. The twists of Oy, Uy are obtained by replacing the commutation
relations ab = ba between the coordinates u;; and their adjoints uj; with the relations

ab = +ba
with anticommutation on rows and columns, and commutation otherwise, so we obtain

the previous twists O, U). Similarly, for O%, Uy we obtain Oy, Uy .

PRrOOF. The basic crossing, ker (;]l) with 7 # j, comes from the transposition 7 € Ss,

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:

Ty(e: ® ¢;) = {

We can proceed now as in the untwisted case, and since the intertwining relations
coming from T} correspond to the relations defining O, Uy, we obtain the result. The
study is similar for Oy, Uy, where we obtain the previous twists Oy, Uy. 0

—e;®e; fori#j
ej @ e; otherwise

There are many more things that can be said about Schur-Weyl twists, notably with
the fact that the quantum reflection groups equal their own twists. Also, at the analytic
level, the Gram and Weingarten matrices stay the same, under twisting, with the signs
appearing as coefficients. For more on all this, we refer to the twisting literature.
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12b. Amenability, growth

Switching topics, as a second theme of discussion for the present chapter, let us discuss
analysis on discrete quantum groups, notably with the notions of amenability, and growth.
We have already met amenability in chapter 10, with our discussion there being quite brief.
Here is the main result, again, coming this time with a complete proof, or almost:

THEOREM 12.14. 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 equivalent:

(1) The Haar functional of Asyy is faithful.

(2) The projection map Afyy — Areq i an isomorphism.

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

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

(5) |lazy — e(a)zy|| — 0 for any a € A, for certain norm 1 vectors xy, € L*(A).

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

ProOOF. We will work out explicitly all the possible implications between (1-5), when-
ever possible, adding to the global formal proof, which will be linear, as follows:

1) = 2 = B = @ = 6) = (1)

In order to prove these implications, and the other ones too, the general idea is that
this is is well-known in the group dual case, A = C*(I"), with I being a usual discrete
group, and 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
Ay with respect to the Haar functional produces the algebra A,.q.

(2) = (3) This is trivial, because we have quotient maps Az — A — A,.q, and
so our assumption Ay, = A, implies that we have A = A,q.

(3) = (2) Assume indeed that we have a counit map € : A,.q — C. In order to
prove Apui = Ayeq, We can use the right regular corepresentation. Indeed, we can define
such a corepresentation by the following formula:

W(a®z)=A(a)(l® )
This corepresentation is unitary, so we can define a morphism as follows:
A Aved = Area @ Apuy ;. a— W(a® )W
Now by composing with € ® id, we obtain a morphism as follows:
(e @id)A s Aveq — Apan 5 Uij — wij

Thus, we have our inverse for the canonical projection Ay, — Aeq, as desired.
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(3) = (4) This implication is clear, because we have:
WA N
e(Re(xu)) = 3 <Z e(uy) + Zf(uf¢)>
1 i=1 i=1
= §(N + N)
= N
Thus the element N — Re(y,,) is not invertible in A,.4, as claimed.

(4) = (3) In terms of the corepresentation v = u + u, whose dimension is 2N and
whose character is 2Re(x,,), our assumption N € o(Re(x,)) reads:

dimv € o(xy)

By functional calculus the same must hold for w = v 4+ 1, and then once again by
functional calculus, the same must hold for any tensor power of w:
W = ’Uj®k
Now choose for each k € N a state ¢, € A}, having the following property:

er(wg) = dim wy,

By Peter-Weyl we must have €;(r) = dimr for any r < wy, and since any irreducible
corepresentation appears in this way, the sequence ¢ converges to a counit map:

£ Ared —C
(4) = (5) Consider the following elements of A,.q, which are positive:
a; = 1-— RG(U“>

Our assumption N € o(Re(x.)) tells us that a = ) a; is not invertible, and so there
exists a sequence x; of norm one vectors in L?(A) such that:

< azg,rp >— 0
Since the summands < a;xy, x, > are all positive, we must have, for any ¢:
< a; T, xE >— 0
We can go back to the variables u;; by using the following general formula:
vz — z||* = |Jvz|]* + 2 < (1 — Re(v))x,z > —1

Indeed, with v = u; and x = x; the middle term on the right goes to 0, and so the
whole term on the right becomes asymptotically negative, and so we must have:

||uiixy — xx|| — 0
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Now let M,,(A,q) act on C" ® L*(A). Since u is unitary we have:

D sl = [Jule; ® z)|| = 1

From ||uszk|| — 1 we obtain ||u;;xk|| — 0 for i # j. Thus we have, for any 1, j:
||wijxy — 0ijzk|| — 0
Now by remembering that we have e(u;;) = d;;, this formula reads:
||uijar — e(uij)zg|| =0
By linearity, multiplicativity and continuity, we must have, for any a € A, as desired:
llaxy, —e(a)zi]| — 0
(5) = (1) This is well-known, coming from standard functional analysis.

(1) = (5) Once again this is something well-known, and standard. See [99]. d

Let us focus now on the Kesten amenability criterion, the one from Theorem 12.14
(4), which will be our main amenability criterion, in what follows. We will need:

PROPOSITION 12.15. Given a Woronowicz algebra (A,u), with uw € My(A), the mo-
ments of the main character x =Y, u; are given by:

/G y* = dim (Fiz(u®"))

In the case u ~ u the law of x is a usual probability measure, supported on [—N, N].

PROOF. There are two assertions here, the proof being as follows:

(1) 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))

k

Indeed, for v = u®* we have y, = x*, so we obtain the formula in the statement.

(2) 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:

uu' =1 = lugl| < LVi,j = [Ix|][ < N
Thus the spectrum of the character satisfies o(x) C [—N, N], as claimed. O

In relation now with the notion of amenability, we have the following result:
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THEOREM 12.16. A Woronowicz algebra (A,u), with u € My(A), is amenable when:

N € supp (law [Re(x)] )

Also, the support on the right depends only on law(x).

PROOF. There are two assertions here, the proof being as follows:

(1) According to the Kesten amenability criterion, from Theorem 12.14 (4), the algebra
A is amenable precisely when the following condition is satisfied:

N € o(Re(x))

Now since Re(x) is self-adjoint, we know from spectral theory that the support of its
spectral measure law(Re(x)) is precisely its spectrum o(Re(y)), as desired:

supp(law(Re(x))) = o(Re(x))

(2) Regarding the second assertion, once again the variable Re(y) being self-adjoint,
its law depends only on the moments [, Re(x)?, with p € N. But, we have:

/GRe(X)pZ/G(XJ;X*)pZ%Z/GX’“

|k|=p

Thus law(Re(x)) depends only on law(y), and this gives the result. O

As a first illustration, let us work out now in detail the group dual case. Here we
obtain a very interesting measure, called Kesten measure of the group, as follows:

THEOREM 12.17. In the case A = C*(I') and v = diag(gi,...,gn), and by enlarging
if necessary the generating set g1, ...,gn, as for the following to happen,

leu=u

the moments of the main character are given by the formula

f\xp_#{ila"'aipgil"‘gip_1}
T

counting the loops based at 1, having lenght p, on the corresponding Cayley graph.

Proor. Consider indeed a discrete group I' =< g1, ..., gy >. The main character of
A = C*(I'), with fundamental corepresentation u = diag(gi, - .., gn), is then:

X=6g1+...+9gn

Given a colored integer k = e; .. .e,, the corresponding moment is given by:

/ka=/f(91+--.+gN)’“z#{il,...,z'p

gfll...gf: = 1}
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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:#{il,...,ipgil...gip:1}
T

Assume now that we have in addition 1 € u, so that the condition 1 € u = @ in the
statement is satisfied. At the level of the generating set S = {g1,..., gy} this means:

leS=5"1
Thus the corresponding Cayley graph is well-defined, with the elements of I as vertices,
and with the edges g — h appearing when the condition gh~! € S is satisfied. A loop on
this graph based at 1, having lenght p, is then a sequence as follows:
(1) = (9i) = (9i29i) = = (Gir -+ Giyr) — (G2 - - g3, = 1)
Thus the moments of x count indeed such loops, as claimed. Il

In order to generalize the above result, we will need the following standard fact:

THEOREM 12.18. Let (A,u) be a Woronowicz algebra, and assume, by enlarging if
necessary u, that we have 1 € uw = u. The following formula

d(v,w) = min {k: eN

1C@®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. There are several assertions here, the idea being as follows:

(1) The fact that the lengths are finite follows from Peter-Weyl theory, and the other
verifications are standard too, using Frobenius duality, as a main ingredient.

(2) In the group dual case now, where our algebra is of the form A = C*(I"), with
[' =< S > being a finitely generated discrete group, our normalization condition 1 € u = u
from the statement means that the generating set S C I' must satisfy:

leS=5"
But this is precisely the normalization condition made before for the discrete groups,
and the fact that we obtain the same metric space is clear. O

We can now formulate a generalization of Theorem 12.17, as follows:

THEOREM 12.19. Let (A, u) be a Woronowicz algebra, with the normalization assump-
tion 1 € u = u made. The moments of the main character,

/G X" = dim (Fiz(u®?))

count then the loops based at 1, having lenght p, on the corresponding Cayley graph.
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PRrROOF. Here the formula of the moments, with p € N, is the one coming from Peter-
Weyl, and the Cayley graph interpretation comes from Theorem 12.18. O

As an application of all this, corepresentation theory used for “discrete” questions, we
can introduce the notion of growth for discrete quantum groups, as follows:

DEFINITION 12.20. Given a closed subgroup G C Uy, with 1 € u = u, consider the
series whose coefficients are the ball volumes on the corresponding Cayley graph,

flz) = Zbkzk , by = Z dim(v)?
k I(v)<k

and call it growth series of the discrete quantum group G. In the group dual case, G = f,
we obtain in this way the usual growth series of I'.

As a first result about this, in relation with the notion of amenability, we have:
THEOREM 12.21. Polynomual growth implies amenability.

Proor. We recall from Theorem 12.18 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{/{: € N‘l C 6®w®u®k}
By taking w = 1 and by using Frobenius reciprocity, the lenghts are given by:
[(v) = min {k: e Njv C u®k}

By Peter-Weyl we have a decomposition as follows, where By is the ball of radius &,
and my(v) € N are certain multiplicities:

u®* = Z mg(v) - v

vEDBY

By using now Cauchy-Schwarz, we obtain the following inequality:

mar(Db = Y mp(v)? ) dim(v)?

vEDBY vEBy
2
> (Z my,(v) dim@))
vE By
— N?k

But shows that if b, has polynomial growth, then the following happens:
lim sup mo(1)"/% > N

k—o0

Thus, the Kesten type criterion applies, and gives the result. U

For more on these topics, we refer to [35], [39] and related papers.
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12c. Planar algebras

Switching again topics, let us discuss now the Jones theory of subfactors and planar
algebras [58], [59], [60], [61], which can be regarded as being a far-reaching generalization
of the usual quantum group theory, as developed in the previous chapters.

For this purpose, we will need some basic operator algebra theory. The foundational
result here is the bicommutant theorem of von Neumann, which is as follows:

THEOREM 12.22. For a x-algebra of operators A C B(H) the following conditions are
equivalent, and if satisfied, we say that A is a von Neumann algebra:

(1) A is closed under the weak topology, making each T — Tz continuous.
(2) A equals its bicommutant, A = A", computed inside B(H).

PrRoOOF. The above equivalence is indeed something very standard, by using an am-
plification trick, and for details here, we refer to any operator algebra book. O

Moving ahead, the continuation of the story involves an accumulation of non-trivial
results, due to Murray and von Neumann, from the 1930s and 1940s, and then due to
Connes, much later, in the 1970s, the main conclusions being as follows:

THEOREM 12.23. The von Neumann algebras are as follows:

(1) In the commutative case, these are the algebras A = L*(X), with X measured
space, represented on H = L*(X), up to a multiplicity.

(2) If we write the center as Z(A) = L*(X), then we have a decomposition of type
A= fX Ay dx, with the fibers A, having trivial center, Z(A,) = C.

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

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

(1) To start with, it is clear that L>°(X) is indeed a von Neumann algebra on H =
L?(X). The converse can be proved as well, by using spectral theory, one way of viewing
this being by saying that, given a commutative von Neumann algebra A C B(H), its
elements 7" € A are commuting normal operators, so the Spectral Theorem for such
operators applies, and gives A = L*>(X), for some measured space X.

(2) This is von Neumann’s reduction theory main result, whose statement is already
quite hard to understand, and whose proof uses advanced functional analysis. To be
more precise, in finite dimensions this is something that we know well, with the formula
A= + Az dz corresponding to our usual direct sum decomposition, namely:

A=M, (C)®...® M, (C)

In infinite dimensions, things are more complicated, but the idea remains the same,
namely using (1) for the commutative von Neumann algebra Z(A), as to get a measured
space X, and then making your way towards a decomposition of type A = [ Az dz.



12C. PLANAR ALGEBRAS 287

(3) This is something fairly heavy, due to Murray-von Neumann and Connes, the idea
being that the other factors can be basically obtained via crossed product constructions.
To be more precise, the various type of factors can be classified as follows:

— Type 1. These are the matrix algebras My (C), called of type Iy, and their infinite
generalization, B(H) with H infinite dimensional, called of type I... Although these
factors are very interesting and difficult mathematical objects, from the perspective of
the general von Neumann algebra classification work, they are dismissed as “trivial”.

— Type II. These are the infinite dimensional factors having a trace, which is a usual
trace tr : A — C in the type II; case, and is something more technical, possibly infinite, in
the remaining case, the type I, one, with these latter factors being of the form B(H)® A,
with A being a II; factor, and with H being an infinite dimensional Hilbert space.

— Type III. These are the factors which are infinite dimensional, and do not have a
trace tr : A — C. Murray and von Neumann struggled a lot with such beasts, with even
giving an example being a non-trivial task, but later Connes came and classified them,
basically showing that they appear from II; factors, via crossed product constructions. [J

So long for basic, or rather advanced but foundational, von Neumann algebra theory.
In what follows we will focus on the II; factors, according to the following principle:

PRINCIPLE 12.24. The building blocks of the von Neumann algebra theory are the 11y
factors, which are the von Neumann algebras having the following properties:
(1) They are infinite dimensional, dim A = co.
(2) They are factors, their center being Z(A) = C.
(3) They have a faithful trace tr : A — C.

But you might perhaps ask, is it even clear that such beasts exist? Good point, and in
answer, given a discrete group I', you can talk about its von Neumann algebra, obtained
by talking the weak closure of the usual group algebra, or group C*-algebra:

L(T') ¢ B(I*(I"))

This algebra is then infinite dimensional when I' is infinite, and also has a trace, given
on group elements by tr(g) = d,1. As for the center, this consists of the functions on I
which are constant on the conjugacy classes, so when I' has infinite conjugacy classes,
called ICC property, what we have is a factor. Thus, as a conclusion, when I' is infinite
and has the ICC property, its von Neumann algebra L(I") is a II; factor.

Summarizing, we have our objects, the II; factors, but what about morphisms. And
here, a natural idea is that of looking at the inclusions of such factors:

DEFINITION 12.25. A subfactor is an inclusion of I1; factors Aqg C A;.
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So, these will be the objects that we will be interested in, in what follows. Now given
a subfactor Ay C Ay, a first question is that of defining its index, measuring how big A;
is, when compared to Ag. But this can be done as follows:

THEOREM 12.26. Given an inclusion of 11y factors Ay C Ay, the number
. dion H
 dimy, H

1s independent of the ambient Hilbert space H, and is called index.

Proor. This is standard, with the fact that the index as defined by the above formula
is independent of the ambient Hilbert space H coming from the various properties of the
coupling constant dim 4 H, coming from the work of Murray and von Neumann. U

With this discussed, time now for a systematic study of subfactors. Following Jones
[58], let us start with the following standard result:

PROPOSITION 12.27. Associated to any subfactor Aqg C Ay is the orthogonal projection
e: L*(A)) — L*(Ap)
producing the conditional expectation E : Ay — Ag via the following formula:
ere = E(x)e
This projection is called Jones projection for the subfactor Ay C A;.
PrOOF. This is indeed somehing quite routine. See [58]. O

Quite remarkably, the subfactor Ay C Ay, as well as its commutant, can be recovered
from the knowledge of this projection, in the following way:

PROPOSITION 12.28. Given a subfactor Ay C Ay, with Jones projection e, we have
Ag=Ainfe} , A= (A n{e})’
as equalities of von Neumann algebras, acting on the space L*(Ay).

ProOOF. The above two formulae both follow from exe = E(x)e, via some elementary
computations, and for details here, we refer to Jones’ paper [58]. U

We are now ready to formulate a key definition, as follows:
DEFINITION 12.29. Associated to any subfactor Aqg C Ay is the basic construction
Ay C. Ay C Ay
with Ay =< Ay, e > being the algebra generated by Ay and by the Jones projection
e: L*(A)) — L*(Ap)
acting on the Hilbert space L*(Ay).
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The idea now, following [58], will be that A; C A, appears as a kind of “reflection” of
Ag C Ay, and also that the basic construction can be iterated, and with all this leading
to non-trivial results. To be more precise, following [58], we have:

THEOREM 12.30. Associated to any subfactor Ay C Ay is the Jones tower

with the Jones projections having the following properties:

(1) e =¢; =e€}.

(2) eie; = eje; for |i —j] > 2.
(3) €;Ci+16; = [Al : AO]_lei.
(4) tr(we,1) = [A1 : Ag] Hr(w), for any word w €< ey, ..., e, >.

ProoF. This follows indeed by doing some routine computations. See [58]. O

The relations found in Theorem 12.30 are in fact well-known, from the standard theory
of the Temperley-Lieb algebra. This algebra, discovered by Temperley and Lieb in the
context of statistical mechanics, has a very simple definition, as follows:

DEFINITION 12.31. The Temperley-Lieb algebra of index N € [1,00) is defined as
TLn(k) = span(NCy(k, k))
with product given by vertical concatenation, with the rule
O=N
for the closed circles that might appear when concatenating.

As already mentioned, this algebra was discovered by Temperley and Lieb in the
context of general statistical mechanics, and we refer here to the physics literature. In
what concerns us, still following Jones’ paper [58], we have the following result:

THEOREM 12.32. Given a subfactor Ag C Ay, construct its the Jones tower:

The rescaled sequence of projections ey, e, es, ... € B(H) produces then a representation
TLy C B(H)
of the Temperley-Lieb algebra of index N = [A;y : Ay].
ProOOF. We know from Theorem 12.30 that the rescaled sequence of Jones projections

ey, €s,€3,... € B(H) behaves algebrically exactly as the following T'Ly diagrams:

61:% ) 62:|H ) Z.:3:||H )

But these diagrams generate T'Ly, and so we have an embedding T'Ly C B(H), where
H is the Hilbert space where our subfactor Aqg C A; lives, as claimed. O
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Quite remarkably, the planar algebra structure of T'Ly, taken in an intuitive sense, of
composing diagrams, extends to a planar algebra structure on P. In order to discuss this,
let us start with the axioms for planar algebras. Following Jones [60], we have:

DEFINITION 12.33. The planar algebras are defined as follows:

(1) We consider rectangles in the plane, with the sides parallel to the coordinate axes,
and taken up to planar isotopy, and we call such rectangles boxes.

(2) A labeled box is a box with 2n marked points on its boundary, n on its upper side,
and n on its lower side, for some integer n € N.

(3) A tangle is labeled bozx, containing a number of labeled boxes, with all marked
points, on the big and small boxes, being connected by noncrossing strings.

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

In fact things are a bit more complicated than this, but for getting started, this will
do. As a basic example of a planar algebra, we have the Temperley-Lieb algebra:

THEOREM 12.34. The Temperley-Lieb algebra T'Ly, viewed as graded algebra
TLy = (TLn(n))nen
15 a planar algebra, with the corresponding linear maps associated to the planar tangles
TLyn(n) ® ... TLy(ng) — TLx(n)
appearing by putting the various T'Ly(n;) diagrams into the small boxes of the given tangle,
which produces a T Ly(n) diagram.

PRroOF. This is something trivial, which follows from definitions:

(1) Assume indeed that we are given a planar tangle 7, as in Definition 12.33, consisting
of a box having 2n marked points on its boundary, and containing k small boxes, having
respectively 2nq, ..., 2n;, marked points on their boundaries, and then a total of n + ¥n;
noncrossing strings, connecting the various 2n + ¥>2n; marked points.

(2) We want to associate to this tangle 7 a linear map as follows:
T, - TLN(nl) ®...RQ TLN(nk) — TLN(n)

For this purpose, by linearity, it is enough to construct elements as follows, for any
choice of Temperley-Lieb diagrams o; € TLy(n;), with i =1,... k:

Ti(o1®...Q0k) € TLx(n)

(3) But constructing such an element is obvious, just by putting the various diagrams
0; € TLy(n;) into the small boxes the given tangle 7. Indeed, this procedure produces a
certain diagram in T'Ly(n), that we can call T (0] ® ... ® 0y), as above.
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(4) Finally, we have to check that everything is well-defined up to planar isotopy, and
that the gluing of tangles corresponds to the composition of linear maps. But both these
checks are trivial, coming from the definition of T'Ly, and we are done. Il

As a conclusion to all this, P = T'Ly is indeed a planar algebra, and of somewhat
“trivial” type, with the triviality coming from the fact that, in this case, the elements of
P are planar diagrams themselves, so the planar structure appears trivially.

In relation now with subfactors, the result, which extends Theorem 12.32, and which
was found by Jones in [60], almost 20 years after [58], is as follows:

THEOREM 12.35. Given a subfactor Ag C Ay, the collection P = (P,) of linear spaces
P, =ANA,
has a planar algebra structure, extending the planar algebra structure of T Ly .

Proor. We know from Theorem 12.32 that we have an inclusion as follows, coming
from the basic construction, and with 7'Ly itself being a planar algebra:

TLy CP

Thus, the whole point is that of proving that the trivial planar algebra structure of
T Ly extends into a planar algebra structure of P. But this can be done via a long
algebraic study, and for the full computation here, we refer to Jones’ paper [60]. U

Getting now to quantum groups, the above machinery is interesting for us. We will
need the construction of the tensor planar algebra 7Ty, which is as follows:

DEFINITION 12.36. The tensor planar algebra Ty is the sequence of vector spaces

Py = My(C)®*
with the multilinear maps T : Py, ® ... ® Py, — Py being given by the formula
Tr(ef ®...Qe€,) = 25 (ST My )1 ¥

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

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

The fact that we have indeed a planar algebra, in the sense that the gluing of tangles
corresponds to the composition of linear maps, as required by Definition 12.33, is some-
thing elementary, in the same spirit as the verification of the functoriality properties of
the correspondence m — Ty, discussed in chapter 11, and we refer here to Jones [60].
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We have the following result, making the link with quantum groups:

THEOREM 12.37. The following happen, at the algebraic level:

(1) The closed subgroups G C Oy produce planar algebras P C Ty, via the following
formula, and any subalgebra P C Ty appears in this way:

Py, = End(u®)

(2) Also, the closed subgroups G C Uy produce planar algebras P C Ty, via the
following formula, and any subalgebra P C Ty appears in this way:

Po=Endu®@u®@u®...)

k terms

(3) In fact, the closed subgroups G C POY, ~ PUy; are in correspondence with the
subalgebras P C Ty, with G — P being given by P, = Fiz(u®*).

PRrROOF. There is a long story with this result, the idea being as follows:

(1) This is something quite routine, ultimately appearing as a suitable modification of
Woronowicz’s Tannakian duality in [100]. Note that the correspondence is not bijective,
because the spaces Py, determine PG C PO}, but not G C O5; itself.

(2) This is an extension of (1), and the same comments apply. With the extra comment
that the fact that the subgroups PG C PO}, produce the same planar algebras as the
subgroups PG C PUj; should not be surprising, due to PO}, = PU};.

(3) This is an extension of (2), and a further extension of (1), and is in fact the best
result on the subject, due to the fact that we have there a true, bijective correspondence.
As before, this ultimately comes from Woronowicz’s Tannakian duality in [100]. U

Finally, in relation with subfactors, the result here is as follows:

THEOREM 12.38. The planar algebras coming from the subgroups G C PO} = PUY;
appear from fized point subfactors, of the following type,

A% C (My(C)® A)C
with the action G ~ A being assumed to be minimal, (A€) N A = C.

PROOF. Again, there is a long story with this result, and for details about this, and
for various generalizations as well, we refer here to [5], [87] and related papers. O

Finally, let us mention that an important question, which is still open, is that of
understanding whether the above subfactors can be taken to be hyperfinite, A ~ R.
This is related to the axiomatization of hyperfinite subfactors, another open question,
which is of central importance in von Neumann algebras. See Jones [58].
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12d. Matrix models

With the subfactors and planar algebras discussed, which are at the same time more
general than the quantum groups, and a bit more concrete as well, with everything hap-
pening on a Hilbert space H, which is something very nice and concrete, you might
wonder, does it really make sense now to go back to algebra, and to quantum groups.

Good point, and in answer, here is a good and healthy quantum group principle:

PrINCIPLE 12.39. We have concrete Hilbert spaces and concrete operator algebras in
quantum groups too, via the notion of matriz model,

m:C(G) = Mg(C(T))
which involves the random matriz algebra Mg (C(T)). So, for anything advanced, truly

competing with subfactors and planar algebras, we should work more on such models.

Getting now to work, we already know a bit about such models, from the previous
chapters, but time now to have a more systematic look at all this, using our recent
quantum group knowledge. As a first task, let us review the notion of Hopf image:

7 C(G) = C(H) — Mg (C(T))

We recall that the existence and uniqueness of the Hopf image come by dividing the
algebra C'(G) by a suitable ideal. Alternatively, in Tannakian terms, we have:

THEOREM 12.40. Assuming G C Uy, with fundamental corepresentation u = (u;;),
the Hopf image of a model w : C(G) — My (C(T)) comes from the Tannakian category

Cr = Hom(U®* U®)
where U;; = m(u;;), and where the spaces on the right are taken in a formal sense.

PROOF. Since the morphisms increase the intertwining spaces, when defined either in
a representation theory sense, or just formally, we have inclusions as follows:

Hom(u®* u®) ¢ Hom(U®*, U®)

More generally, we have such inclusions when replacing (G, u) with any pair producing
a factorization of w. Thus, by Tannakian duality, the Hopf image must be given by the
fact that the intertwining spaces must be the biggest, subject to the above inclusions. On
the other hand, since u is biunitary, so is U, and it follows that the spaces on the right
form a Tannakian category. Thus, we have a quantum group (H,v) given by:

Hom(v®* v®) = Hom(U®* U®")
By the above discussion, C'(H) follows to be the Hopf image of 7, as claimed. O

Regarding now the study of the inner faithful models, a key problem is that of com-
puting the Haar integration functional, and we have here the following result:
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THEOREM 12.41. Given an inner faithful model 7 : C(G) — My (C(T')), we have

1 7
— lim =
/G fgzkz/

with the truncations of the integration on the right being given by

[-ton

with ¢ Y = (¢ @ YP)A, and with ¢ = tr @ [, being the random matriz trace.

Proor. This is something quite tricky, the idea being as follows:

(1) As a first observation, there is an obvious similarity here with the Woronowicz
construction of the Haar measure, explained in chapter 10. In fact, the above result holds
more generally for any model 7 : C(G) — B, with ¢ € B* being a faithful trace.

(2) In order to prove now the result, we can proceed as in chapter 10. If we denote by
/. (; the limit in the statement, we must prove that this limit converges, and that:

/=

It is enough to check this on the coefficients of the Peter-Weyl corepresentations, and
if we let v = u®* be one of these corepresentations, we must prove that we have:

(iae [)o=(iae [ )

(3) In order to prove this, we already know, from the Haar measure theory from
chapter 1, that the matrix on the right is the orthogonal projection onto Fiz(v):

<z’d ® /G) v = Proj [Fz’x(v)}

Regarding now the matrix on the left, the trick in [99] applied to the linear form ¢
tells us that this is the orthogonal projection onto the 1-eigenspace of (id ® pm)v:

(id@ /G) v = Proj [1 € (id® gmr)v]

(4) Now observe that, if we set V;; = 7(v;;), we have the following formula:
(id @ pm)v = (id @ p)V

Thus, we can apply the trick in [99], and we conclude that the 1-eigenspace that we
are interested in equals Fiz(V'). But, according to Theorem 12.40, we have:

Fix(V) = Fiz(v)
Thus, we have proved that we have fé = | as desired. O
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As a further piece of general theory, regarding models, let us formulate:

DEFINITION 12.42. A model 7 : C(G) — Mg (C(T)) is called stationary when

fr=(ee )

where fT 18 the integration with respect to a given probability measure on T'.

This is of course a quite specialized notion, because by basic functional analysis, the
model must be faithful, and the algebra C'(G) must be of type I. However, there are many
interesting examples of such models, as we have already seen in chapter 8.

In order to detect the stationary models, we have the following useful criterion, mixing
linear algebra and analysis, based on the Cesaro formula from Theorem 12.41:

THEOREM 12.43. For a model 7 : C(G) — Mg (C(T)), the following are equivalent:
(1) Im(m) is a Hopf algebra, and the Haar integration on it is:

= (ro )

(2) The linear form ¢ = (tr ® fT)7r satisfies the idempotent state property:
VxYp =1
(3) We have T> =T,, Vp € N, Ve € {1, x}?, where:

(Te)i1~nip7j1-njp = (tT’ X /T) (Uzelljl e U'L‘ijp)

If these conditions are satisfied, we say that w is stationary on its image.

PROOF. Given a matrix model 7 : C(G) — Mg(C(T)) as in the statement, we can
factorize it via its Hopf image, as in chapter 4, or in Theorem 12.40:

7:C(G)— C(H) — Mg(C(T))
Now observe that (1,2,3) above 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 formula in Theorem
12.41 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 following idempotent state equation:

Yrp =1
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(2) = (1) Assuming ¢ 1) = b, we have ¢*" = 9 for any r € N, and Theorem 12.41
gives [ ¢ = ¥. Thus, via some standard functional analysis, 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:

Vgl o) = (T )iy
(2) = (3) Assuming v * ¢ = 1), by using the above formula at r = 1,2 we obtain
that the matrices T, and T have the same coefficients, and so they are equal.

(3) = (2) Assuming T? = T, by using the above formula at r = 1,2 we obtain that

the linear forms v and v * v coincide on any product of coefficients u;* u;”. . Now

T Ui
since these coefficients span a dense subalgebra of C'(G), this gives the result. O

So long for the basic theory of the random matrix models. At the level of concrete
applications now, we have already seen some in chapter 8, and with the above theorems
providing the key for fully understanding that material, say at a second reading.

Also, following Bichon-Dubois-Violette [26] and related work, there are some inter-
esting applications of this to the notion of half-liberation, the idea being that the half-
liberations have stationary models, obtained by using antidiagonal 2 x 2 matrices.

Finally, in relation with Principle 12.39 that we started with, there are some deep
truths hidden there, the idea being that our quantum groups and matrix models can
potentially help in relation with certain questions from statistical mechanics. And here,
again, we will leave some exploration of what is known and what is not, to you reader.

12e. Exercises
We had a fairly advanced chapter here, and as exercises, we have:
EXERCISE 12.44. Learn, with details, the Drinfeld-Jimbo deformation theory.
EXERCISE 12.45. Prove that the quantum reflection groups equal their own twists.
EXERCISE 12.46. Learn more about discrete quantum groups, and their growth.
EXERCISE 12.47. Learn von Neumann algebra theory, as much as you can.
EXERCISE 12.48. Learn about the classification of subfactors of index N < 4.
EXERCISE 12.49. Learn about the 2 x 2 matriz models for half-liberations.

As bonus exercise, learn about the hyperfinite factor R, and its subfactors.
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CHAPTER 13

Finite spaces

13a. Twisted spaces

Welcome to noncommutative geometry. In this last part of the present book we discuss
how what we learned to far, concerning the quantum groups, can be extended to more
general classes of “quantum manifolds”. That is, we would like to reach to a full theory
of noncommutative geometry, and with the hope that this can be useful for physics.

We will be quite modest in our purposes and goals, which will be basically introductory.
Among others, with the art of geometry, even in the classical case, being quite hard
to develop over arbitrary fields F', we will develop here our theory over F' = C, as a
continuation of the material from Part III, which was over ' = C too.

However, and here comes the point, abstract algebraic aspects will not be forgotten,
and there will be a philosophical relation too with the material from Parts I-II, for the
most dealing with arbitrary fields F'. We will talk about this in the final chapter, 16.

In order to get started now, let us first talk about the finite quantum spaces. In view
of the general C*-algebra theory explained before, we have the following definition:

DEFINITION 13.1. A finite quantum space Z is the abstract dual of a finite dimensional
C*-algebra B, according to the following formula:

C(Z)=B

The formal number of elements of such a space is |Z| = dim B. By decomposing the
algebra B, we have a formula of the following type:

C(Z) = M,,(C)& ... & M, (C)

Withny = ... =ng = 1 we obtain in this way the space Z = {1, ..., k}. Also, when k =1
the equation is C(Z) = M,(C), and the solution will be denoted Z = M,,.

In order to do some mathematics on such spaces, the very first observation is that we
can talk about the formal number of points of such a space, as follows:

1Z| = dim B
299
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Alternatively, by decomposing the algebra B as a sum of matrix algebras, as in Defi-
nition 13.1, we have the following formula for the formal number of points:

1Z| =ni+...+n}

Pictorially, this suggests representing Z as a set of |Z]| points in the plane, arranged
in squares having sides nq, ..., ng, coming from the matrix blocks of B, as follows:

o O O
o O O
o O O

As a second piece of mathematics, we can talk about counting measures, as follows:

DEFINITION 13.2. Given a finite quantum space Z, we construct the functional
tr:C(Z) — B(I*(2)) — C

obtained by applying the reqular representation, and the normalized matrix trace, and we
call it integration with respect to the normalized counting measure on Z.

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

m:B—L(B) , a— (b— ab)

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

tr:NTrow

As basic examples, for both Z = {1,..., N} and Z = My we obtain the usual trace.
In general, with C(Z) = M,,,(C) & ... & M, (C), the weights of tr are:

2
1

N Zz n?

Pictorially, this suggests fine-tuning our previous picture of Z, by adding to each point
the unnormalized trace of the corresponding element of B, as follows:

C;

¢ %0 %o
% ®n; 0 e ®n,  ©0
0p o9 Op, O9 Oy,

Here we have represented the points on the diagonals with solid circles, since they
are of different nature from the off-diagonal ones, the attached numbers being nonzero.
However, this picture is not complete either, and we can do better, as follows:
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DEFINITION 13.3. Given a finite quantum space Z, coming via a formula of type
C(Z)=M,(C)®...® M, (C)
we use the following equivalent conventions for drawing Z :

(1) Triple indices. We represent Z as a set of N = |Z| points, with each point being
decorated with a triple index 1ja, coming from the standard basis {e?j} C B.

(2) Double indices. As before, but by ignoring the index a, with the convention that
1,7 belong to various indexing sets, one for each of the matriz blocks of B.

(3) Single indices. As before, but with each point being now decorated with a single
indez, playing the role of the previous triple indices ija, or double indices 17.

As an illustration, consider the space Z = {1,...,k}. According to our single index
convention, we can represent this space as a set of k points, decorated by some indices,
which must be chosen different. Thus, we are led to the following picture:

e & ... &

As another illustration, consider the space Z = M,,. Here the picture is as follows,
using double indices, which can be regarded as well as being single indices:

®;; O12 ©O13
O21 @22 O23
031 ©O32 @33

As yet another illustration, for the space Z = M3 U M,, which appears by definition
from the algebra B = Mj3(C) & My(C), we are in need of triple indices, which can be of
course regarded as single indices, in order to label all the points, and the picture is:

®151 ©O121 9131
O211 @221 0231 ®112 O122
0311 ©321 ®331 0212 @222

Let us study now the quantum group actions G ~ Z. If we denote by u,n the
multiplication and unit map of the algebra C'(Z), we have the following result:

PROPOSITION 13.4. Consider a linear map ® : C(Z) — C(Z) @ C(G), written as
q)(ez) = Z € ® Uji
J

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

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

(3) @ is unital <= n € Hom(1,u).

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

(5) If these conditions hold, ® is involutive <= w is unitary.
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PROOF. This is similar to the proof for S}, from chapter 6, as follows:

(1) There are two axioms to be processed here, and we have indeed:

(ld@A)P = (P ®id)D <= A(uj) Z W) @ U

(id®@e)® =1id <= e(uj;) =y
(2) By using ®(e;) = u(e; ® 1) we have the following identities, which give the result:

D(ejer) = u(p @ id)(e; @ ep @ 1)

Ple;)P(er) = (p @ id)u®(e; @ e, @ 1)
(3) From ®(e;) = u(e; ® 1) we obtain by linearity, as desired:
o) =u(l®1)
(4) This follows from the following computation, by applying the involution:
(tr @id)®(e;) = tr(e)l <= > tr(ej)u; = tr(e;)1

J
*
J

= u'l=

—_

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

(W) = Y ujun
I
= Ztr(e;el)u;iulk
i

= (tr ®1id) Z eier @ wi

Jl

= (tr@id)(®(e:) (ex))
(tr ® id)®(efey)

= tr(efeg)l

= ik

Thus u*u = 1, and since we know from (1) that u is a corepresentation, it follows that u

is unitary. The proof of the converse is standard too, by using a similar computation. [J

Following now [6], [92], we have the following result, extending the basic theory of Sy

from chapter 6 to the present finite quantum space setting:
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THEOREM 13.5. Given a finite quantum space Z , there is a universal compact quantum
group S} acting on Z, and leaving the counting measure invariant. We have

c(S}) = C’(UJ\*,)/</L € Hom(u®*,u),n € Fm;(u)>

where N = |Z|, and where u,n are the multiplication and unit maps of the algebra C(Z).
For the classical space Z = {1,..., N} we have S} = Sj;.

PROOF. Here the first two assertions follow from Proposition 13.4, by using the stan-
dard fact that the complex conjugate of a corepresentation is a corepresentation too. As
for the last assertion, regarding Sy, this follows from the results in chapter 6. O

The above result is quite conceptual, and we will see some applications in a moment.
However, for many concrete questions, nothing beats multimatrix bases and indices. So,
following the original paper of Wang [92], let us discuss this. We first have:

DEFINITION 13.6. Given a finite quantum space Z, we let {e;} be the standard basis
of B=C(Z), so that the multiplication, involution and unit of B are given by

*
eiej =€ , € =€ 125 e;
i=i

where (i,j) — ij is the standard partially defined multiplication on the indices, with the
convention ey = 0, and where © — 1 is the standard involution on the indices.

To be more precise, let {el,} C B be the multimatrix basis. We set i = (abr), and
with this convention, the multiplication, coming from e’ eb, = 0,,0p.€.,, is given by:

(adr) ifb=c, r=p

(abr)(cdp) = {@

otherwise

Regarding now the generalized quantum permutation groups S}, the construction in
Theorem 13.5 reformulates as follows, by using the above formalism:

PROPOSITION 13.7. Given a finite quantum space Z, with basis {e;} C C(Z) as above,
the algebra C(S5) is generated by variables u;; with the following relations,

g UikpUjp = Up kl E UigUji = Ugjp

ij=p kl=p
Zuij = 5]'3 ) Zuij = 05
i=i J=j
Uiy = Ui
with the fundamental corepresentation being the matriz u = (u;;). We call a matriz

u = (uy;) satisfying the above relations “generalized magic”.
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PROOF. We recall from Theorem 13.5 that the algebra C(S}) appears as follows,
where N = |Z|, and where u,n are the multiplication and unit maps of C'(Z):

C(S}) = C’(U;)/<,u € Hom(u®?* u),n € Fm(u)>

But the relations u € Hom(u®? u) and € Fiz(u) produce the 1st and 4th relations
in the statement, then the biunitarity of u gives the 5th relation, and finally the 2nd and

3rd relations follow from the 1st and 4th relations, by using the antipode. U
As an illustration, consider the case Z = {1,..., N}. Here our relations are as follows,
corresponding to the standard magic conditions on a matrix u = (u;;):
Uikl = Ok Uik Uik = 5ijuik
doug=1 . Y uy=1
i J
Ujj = Ui

As a second illustration now, which is something new, we have:
THEOREM 13.8. For the space Z = My, coming via C(Z) = My(C), we have
S} = S0;
with the action SOz ~ My(C) being the standard one, coming from SUs — SOs.
Proor. This is something quite tricky, the idea being as follows:

(1) First, we have an action by conjugation SUs ~ M5(C), and this action produces,
via the canonical quotient map SU; — SOj3, an action as follows:

SOg 1% MQ(C)

(2) Then, it is routine to check, by using computations like those from the proof of
Sj{, = Sy at N < 3, from chapter 6, that any action G ~ M5(C) must come from a
classical group. Thus the action SO3 ~ M5(C) is universal, as claimed.

(3) This was for the idea, and we will actually come back to this in a moment, in a
more general setting, and with a new proof, complete this time. Il

Let us develop now some basic theory for the quantum symmetry groups S}, and their
closed subgroups G C S}. We have here the following key result, from [5]:

THEOREM 13.9. The quantum groups S, have the following properties:

(1) The associated Tannakian categories are T'Ly, with N = |F|.
(2) The main character follows the Marchenko-Pastur law m, when |Z| > 4.
(3) The fusion rules for S} with |Z| > 4 are the same as for SOj.
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PROOF. This result is from [5], the idea being as follows:

(1) Let us pick our orthogonal basis {e;} as in Definition 13.6, so that we have, for a
certain involution ¢ — ¢ on the index set, the following formula:

* o

With this convention, we have the following computation:

d(e Zej®u]Z —  D(e)” Ze ®u

J
e;zZ@;@uﬂ
O 263@”‘%

Thus uJ = u;5, 80 u ~ u. Now with this result in hand, the proof goes as for the

proof for S}, from chapter 6. To be more precise, the result follows from the fact that
the multiplication and unit of any complex algebra, and in particular of the algebra C'(Z7)
that we are interested in here, can be modelled by the following two diagrams:

m=|U| , u=n

Indeed, this is certainly true algebrically, and well-known, with as an illustration here,
the associativity formula m(m ® id) = (id ® m)m being checked as follows:

AR N
U v

As in what regards the s-structure, things here are fine too, because our choice for
the trace from Definition 13.2 leads to the following formula regarding the adjoints, cor-
responding to mm* = N, and so to the basic Temperley-Lieb calculus rule () = N:

pupt = N -id
We conclude that the Tannakian category associated to S} is, as claimed:

¢ = <wn>

= <m,u>
= <|U,n>
= TLy

(2) The proof here is exactly as for Sy, by using moments. To be more precise,
according to (1) these moments are the Catalan numbers, which are the moments of 7.

(3) Once again same proof as for Sj;, by using the fact that the moments of x are the
Catalan numbers, which naturally leads to the Clebsch-Gordan rules. O
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We can merge and reformulate our main results so far in the following way:

THEOREM 13.10. The quantun groups S}, have the following properties:
(1) For Z={1,...,N} we have S}, = S%.
(2) For the space Z = My we have S}, = PO}, = PU}.
(3) In particular, for the space Z = My we have S}, = SOj.
(4) The fusion rules for S} with |Z| > 4 are independent of Z.
(5) Thus, the fusion rules for S} with |Z| > 4 are the same as for SOs.

Proor. This is basically a compact form of what has been said above, with a new
result added, and with some technicalities left aside, the idea being as follows:

(1) This is something that we know from Theorem 13.5.
(2) We recall from chapter 4 that we have POY, = PU};. Consider the standard vector
space action of the free unitary group Uy, and its adjoint action:
Ui ~CYN | PUY ~ My(C)
By universality of S;}N, we must have inclusions as follows:
POy, C PUy C Sy,

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

(3) This is something that we know from Theorem 13.9, and that can be deduced
as well from (2), by using the formula PO = SOs, which is something elementary.
Alternatively, this follows without computations from (4) below, because the inclusion of
quantum groups SOz C S]\}Q has the property that it preserves the fusion rules.

(4) This is something that we know from Theorem 13.9.
(5) This follows from (3,4), as already pointed out in Theorem 13.9. O

As an application of our extended formalism, the Cayley theorem for the finite quan-
tum groups holds in the S} setting. We have indeed the following result, from [13]:

THEOREM 13.11. Any finite quantum group G has a Cayley embedding, as follows:
G C S
Howewver, there are finite quantum groups which are not quantum permutation groups.
PROOF. There are two statements here, the idea being as follows:

(1) We have an action G ~ G, which leaves invariant the Haar measure. Now since
the counting measure is left and right invariant, so is the Haar measure. We conclude
that G ~ G leaves invariant the counting measure, and so G C Sg, as claimed.
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(2) Regarding the second assertion, this is something non-trivial, the simplest coun-
terexample being a certain quantum group G appearing as a split abelian extension as-
sociated to the factorization Sy = Z4Ss3, having cardinality |G| = 24. 4

Finally, some interesting phenomena appear in the “homogeneous” case, where our
quantum space is of the form Z = My x {1..., L}. Here we first have:

PROPOSITION 13.12. The classical symmetry group of Z = Mg x {1...,L} is
SZ — PUK 2 SL
with on the right a wreath product, equal by definition to PUE x Sy.

ProOF. The fact that we have an inclusion PUg 1S}, C Sy is standard, and this follows
as well by taking the classical version of the inclusion PU . S} C S5, established below.
As for the fact that this inclusion PUgk ! S, C Sz is an isomorphism, this can be proved
by picking an arbitrary element g € S, and decomposing it. O

Quite surprisingly, the quantum analogue of the above result fails:

THEOREM 13.13. The quantum symmetry group of Z = My x {1..., L} satisfies:
PU ST c SS
However, this inclusion is not an isomorphism at K, L > 2.
PrROOF. We have several assertions to be proved, the idea being as follows:
(1) The fact that we have PU . S} C S} is well-known and routine, by checking the
fact that the matrix w;jq mp = ugﬁdvab is a generalized magic unitary.
(2) The inclusion PUS 1. S} C S5 is not an isomorphism, by using standard results,

along with the fact that m X m # m; where 7 is the Marchenko-Pastur law. O

13b. Quantum graphs

Let us start with the following straightforward extension of the usual notion of finite
graph, obtained by using a finite quantum space as set of vertices:

DEFINITION 13.14. We call “finite quantum graph” a pair of type
X =(Z,d)
with Z being a finite quantum space, and with d € My(C) being a matriz.

This is of course something quite general. In the case Z = {1,..., N} for instance,
what we have here is a directed graph, with the edges i — j colored by complex numbers
d;; € C, and with self-edges ¢ — 7 allowed too, again colored by numbers d;; € C. In the
general case, however, where Z is arbitrary, the need for extra conditions of type d = d*,
ordi; =0, ord € My(R), or d € My(0,1) and so on, is not very natural, as we will soon
discover, and it is best to use Definition 13.14 as such, with no restrictions on d.
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In general, a quantum graph can be represented as a colored oriented graph on
{1,...,N}, where N = |Z|, with the vertices being decorated by single indices i, and
with the colors being complex numbers, namely the entries of d. This is similar to the
formalism from before, but there is a discussion here in what regards the exact choice of
the colors, which are usually irrelevant in connection with our symmetry problematics,
and so can be true colors instead of complex numbers. More on this later.

With the above notion in hand, we have the following definition:

DEFINITION 13.15. The quantum automorphism group of X = (Z,d) is the subgroup
GT(X)c S}
obtained via the relation du = ud, where u = (u;;) s the fundamental corepresentation.

Again, this is something very natural, coming as a continuation of the constructions
for usual graphs. We refer to the literature for more on this notion, and for a number of
advanced computations, in relation with free wreath products. At an elementary level, a
first problem is that of working out the basics of the correspondence X — G*(X). There
are several things to be done here, namely simplices, complementation, color indepen-
dence, multi-simplices, and with a few twists, all this basically extends well.

Let us start with the simplices. As we will soon discover, things are quite tricky here,
leading us in particular to the conclusion that the simplex based on an arbitrary finite
quantum space F'is not a usual graph, with d € My(0,1) where N = |Z|, but rather a
sort of “signed graph”, with d € My(—1,0,1). Let us start our study with:

THEOREM 13.16. Given a finite quantum space Z, we have
G (Zempy) = G (Zpun) = S

where Zempy 15 the empty graph on the vertex set Z, coming from the matriz d = 0, and
where Zyyy 1s the simplex on the vertex set Z, coming from the matrix

d=NP, — 1y
where N = |Z|, and where Py is the orthogonal projection on the unit 1 € C(Z).

Proor. This is something quite tricky, the idea being as follows:

(1) First of all, the formula G*(Zeppy) = S5 is clear from definitions, because the
commutation of v with the matrix d = 0 is automatic.

(2) Regarding G (Zu) = S5, let us first discuss the classical case, Z = {1,..., N}.
Here the simplex Z,; is the graph having having edges between any two vertices, whose
adjacency matrix is d = [y — 1y, where Iy is the all-1 matrix. The commutation of u
with 1y being automatic, and the commutation with Iy being automatic too, u being
bistochastic, we have [u,d] = 0, and so G (Zp,) = S in this case, as stated.
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(3) In the general case, we know from Theorem 13.5 that we have n € Fiz(u), with
n: C — C(Z) being the unit map. Thus we have P; € End(u), and so the condition
[u, P| = 0 is automatic. Together with the fact that in the classical case we have Iy =
N Py, this suggests to define the adjacency matrix of the simplex as being d = NP, — 1y,
and with this definition, we have indeed G*(Z,;) = S}, as claimed. O

Let us study now the simplices F,; found in Theorem 13.16. In the classical case,
Z ={1,..., N}, what we have is of course the usual simplex. However, in the general
case things are more mysterious, the first result here being as follows:

PROPOSITION 13.17. The adjacency matriz of the simplex Zsu, given by definition
byd= NP, — 1n, is a matriz d € My(—1,0, 1), which can be computed as follows:

(1) In single index notation, d;; = 6;0;; — dy;.
(2) In double index notation, dap.cd = dapOcd — dacObd-

(3) In triple index notation, dupp cdg = dabOcd — OacObidpq-

PROOF. According to our single index conventions, from Definition 13.3, the adjacency
matrix of the simplex is the one in the statement, namely:
dij - (NP1 - 1]\[)1']‘
= Ll i 51‘]‘
= 05055 — 0y
In double index notation now, with i = (ab) and j = (cd), and a, b, ¢, d being usual
matrix indices, each thought to be attached to the corresponding matrix block of C'(Z),
the formula that we obtain in the second one in the statement, namely:

dab,cd = 5ab,ba(scd,dc - 5ab,cd
= 6ab50d - 5a05bd

Finally, in standard triple index notation, i = (abp) and j = (cdq), with a,b,c,d
being now usual numeric matrix indices, ranging in 1,2, 3, ..., and with p, ¢ standing for
corresponding blocks of the algebra C(Z), the formula that we obtain is:

dabp,cdq = 5abp,bap5cdq,dcq - 6abp,cdq
= 6ab50d - 5a05bd5pq
Thus, we are led to the conclusions in the statement. Il

At the level of examples, for Z = {1,..., N} the best is to use the above formula (1).
The involution on the index set is ¢ = 4, and we obtain, as we should:

dij - 1 - (Sij

As a more interesting example now, for the quantum space Z = M,, coming by
definition via the formula C(Z) = M, (C), the situation is as follows:
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PROPOSITION 13.18. The simplex Z with Z = M,, is as follows:

(1) The vertices are n® points in the plane, arranged in square form.
(2) Usual edges, worth 1, are drawn between distinct points on the diagonal.
(3) In addition, each off-diagonal point comes with a self-edge, worth —1.

PRrROOF. Here the most convenient is to use the double index formula from Proposition
13.17 (2), which tells us that d is as follows, with indices a,b,c,d € {1,... ,n}:

dab,cd = 5ab(scd - 5ac§bd
This quantity can be —1,0, 1, and the study goes as follows:

— Case dgpcq = 1. This can only happen when d4,0.¢ = 1 and d,.05¢ = 0, corresponding
to a formula of type dyq . = 0, with a # ¢, and so to the edges in (2).

— Case dgp ¢ = —1. This can only happen when 04,0.¢ = 0 and 0,4.05¢ = 1, correspond-
ing to a formula of type dupqp = 0, with a # b, and so to the self-edges in (3). O

The above result is quite interesting, and as an illustration, here is the pictorial rep-
resentation of the simplex Zy,; on the vertex set Z = Ms, with the convention that the
solid arrows are worth —1, and the dashed arrows are worth 1:

[ J OO OO
N
NN
NN
OO [ JAN OO
AN
AN
N\
OO OO [ ]

More generally, we can in fact compute Zy,; for any finite quantum space Z, with the
result here, which will be our final saying on the subject, being as follows:

THEOREM 13.19. Consider a finite quantum space Z, and write it as follows, according
to the decomposition formula C(Z) = M,,(C) & ... & M,, (C) for its function algebra:

Z =M, U.. .UM,

The simplex Z gy ts then the classical simplex formed by the points lying on the diagonals
of My, ..., My, , with self-edges added, each worth —1, at the non-diagonal points.

PRrROOF. The study here is quite similar to the one from the proof of Proposition 13.18,
but by using this time the triple index formula from Proposition 13.17 (3), namely:

dabp,cdq = 5ab(scd - 5ac5bd5pq

Indeed, this quantity can be —1,0,1, and the 1 case appears precisely as follows,
leading to the classical simplex mentioned in the statement:

daap,ccq =1 ) vap 7é cq
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As for the remaining —1 case, this appears precisely as follows, leading this time to
the self-edges worth —1, also mentioned in the statement:

dabp,abp =1 ’ Va 7& b

Thus, we are led to the conclusion in the statement. Il

As an illustration, here is the simplex on the vertex set Z = M3 U M, with again the
convention that the solid arrows are worth —1, and the dashed arrows are worth 1:

.?\ OO OO
NS T~
NN = -
NN =3I~
AN >~ ~
OO .\\§ OO S~ ’;. OO
\\\:::—‘_\/\ N
-~ ~ ~
\\\ T~ \\\
- -
\\ - \\\\
- -~ N
o o o o0 T Zoe

Long story short, we know what the simplex Zy,; is, and we have the formula
G (Zempty) = G (Zyu) = S5, exactly as in the Z = {1,..., N} case. Now with the
above results in hand, we can talk as well about complementation, as follows:

THEOREM 13.20. For any finite quantum graph X we have the formula
GT(X) =GHX")
where X — X is the complementation operation, given by dx + dxe = dz,,,,

Proor. This follows from Theorem 13.16, and more specifically from the following
commutation relation, which is automatic, as explained there:

[u7 deull] =0

Let us mention too that, in what concerns the pictorial representation of X¢, this can
be deduced from what we have Theorem 13.19, in the obvious way. U

13c. Color independence

Following now [6], let us discuss an important point, namely the “independence on
the colors” question. The idea indeed is that given a classical graph X with edges colored
by complex numbers, or other types of colors, G(X) does not change when changing the
colors. This is obvious, and a quantum analogue of this fact, involving G™(X), can be
shown to hold as well, as explained in [6], and in chapter 6.

In the quantum graph setting things are more complicated, as we will soon discover.
Let us start with the following technical definition:
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DEFINITION 13.21. We call a quantum graph X = (Z,d) washable if, with
d=>cd,

being the color decomposition of d, we have the equivalence
[u,d] =0 < [u,d.] =0,Vc
valid for any magic unitary matriz u, having size |Z|.
Obviously, this is something which is not very beautiful, but the point is that some

quantum graphs are washable, and some other are not, and so we have to deal with the
above definition, as stated. As a first observation, we have the following result:

PROPOSITION 13.22. Assuming that X = (Z,d) is washable, its quantum symmetry
group GT(X) does not depend on the precise colors of X. That is, whenever we have
another quantum graph X' = (Z,d’) with same color scheme, in the sense that

dij = dkl e d;] = d.;cl
we have GT(X) = GT(X').

PRrROOF. This is something which is clear from the definition of G*(X), namely:

(G (X)) = C(5§) [ {u.d] = 0)

Indeed, assuming that our graph is washable in the above sense, we have:

C(GH(X)) = C(83) [ ([u,d) = 0,¥c)
Thus, we are led to the conclusion in the statement. U

As already mentioned, it was proved in [6] that in the classical case, Z = {1,..., N},
all graphs are washable. This is a key result, and this for several reasons:

(1) First, this gives some intuition on what is going on with respect to colors, in
analogy with what happens for G(X). Also, it allows the use of true colors, like black,
blue, red and so on, when drawing colored graphs, instead of complex numbers.

(2) Also, this can be combined with the fact that G*(X) is invariant as well via some
similar changes in the spectral decomposition of d, at the level of eigenvalues, with all
this leading to some powerful combinatorial methods for the computation of G*(X).

All these things do not necessarily hold in general, and to start with, we have:

THEOREM 13.23. There are quantum graphs, such as the simplex in the homogeneous
quantum space case, where

Z = Mg x{1,...,L}
with K, L > 2, which are not washable.
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PROOF. We know that the simplex, in the case Z = My x{1,..., L}, has as adjacency
matrix a certain matrix d € My(—1,0,1), with N = K2L. Moreover, assuming K, L > 2
as above, entries of all types, —1,0, 1, are possible. Thus, the color decomposition of the
adjacency matrix is as follows, with all 3 components being nonzero:

d:—1d71+0d0+1d1

Now assume that our simplex X = Zj,; is washable, and let u be the fundamental
corepresentation of GT(X). We have then the following commutation relations:

d_l, d(), d1 € End(u)
Now since the matrices d_1, dy, d; are all nonzero, we deduce from this that:
dim(End(u)) > 3

On the other hand, we know that we have G*(X) = S}. Also, we know from the
above that the Tannakian category of S} is the Temperley-Lieb category T'Ly, with the
index being N = K%L as above. By putting these two results together, we obtain:

dim(End(u)) = dim <span< = ) ) <2
Thus, we have a contradiction, and so our simplex is not washable, as claimed. O

In order to come up with some positive results as well, the general idea will be that
of using the method in [6]. We have the following statement, coming from there:

THEOREM 13.24. The following matriz belongs to End(u), for any n € N:
eSS da
i:kl---kn j:ll---ln

In particular, in the classical case, Z = {1,..., N}, all graphs are washable.

PRrOOF. We have two assertions here, the idea being as follows:

(1) Consider the multiplication and comultiplication maps of the algebra C(Z), which
in single index notation are given by:

ple ®ej) =ey , v(e) = Z €j & e
i=jk
Observe that we have p* = 7, with the adjoint taken with respect to the scalar product
coming from the canonical trace. We conclude that we have:
p € Hom(u®* u) , ~ € Hom(u,u®?)
The point now is that we can consider the iterations ;™ ,~™ of u,~, constructed in
the obvious way, and we have then, for any n € N:

p™ e Hom(u®" u) , ~™ e Hom(u,u®")
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Now if we assume that we have d € End(u), we have d®" € End(u®") for any n € N,
and we conclude that we have the following formula:

pMd®m ™ ¢ End(u)
But, in single index notation, we have the following formula:
i=ky..kn j=l1...ln,
Thus, we are led to the conclusion in the statement.

(2) Assuming that we are in the case Z = {1,..., N}, the matrix d*" in the statement
is simply the componentwise n-th power of d, given by:

Xn __ Jn
di" = dj

As explained in [6] or in chapter 6, a simple analytic argument based on this, using
n — oo and then a recurrence on the number of colors, shows that we have washability
indeed. Thus, we are led to the conclusions in the statement. U

In order now to further exploit the findings in Theorem 13.24, an idea would be that
of assuming that we are in the homogeneous case, Z = My x {1,...,L}, and that the
adjacency matrix is split, in the sense that one of the following happens:

dab,cd = 6abfcd ; dab,cd = eacfbd ) dab,cd = eadfbc

Normally the graph should be washable in this case, but the computations are quite
complex, and there is no clear result known in this sense. Thus, as a conclusion to all
this, the basic theory of the quantum groups G*(X) from chapter 6 extends well to the
present quantum graph setting, modulo some subtleties in connection with the colors.

13d. Twisted reflections

With the above technology in hand, we can talk about twisted quantum reflections.
The idea will be that the twisted analogues of the quantum reflection groups Hy" C S/
will be the quantum automorphism groups S .- of the fibrations of finite quantum spaces
Z — Y, which correspond by definition to the Markov inclusions of finite dimensional
C*-algebras C(Y') C C(Z). In order to discuss this, let us start with:

DEFINITION 13.25. A fibration of finite quantum spaces Z — Y corresponds to an
inclusion of finite dimensional C*-algebras

C(Y) c O(2)

which is Markov, in the sense that it commutes with the canonical traces.
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Here the commutation condition with the canonical traces means that the composition
C(Y) € C(Z) — C should equal the canonical trace C(Y) — C. At the level of the
corresponding quantum spaces, this means that the quotient map Z — Y must commute
with the corresponding counting measures, and this is where our term “fibration” comes

from. In order to talk now about the quantum symmetry groups S} .-, we will need:

PROPOSITION 13.26. Given a fibration Z — Y, a closed subgroup G C S} leaves
invariant Y precisely when its magic unitary u = (u;;) satisfies the condition

e € End(u)
where e : C(Z) — C(Z) is the Jones projection, onto the subalgebra C(Y') C C(Z).

PRroOF. This is something that we know well, in the commutative case, where 7 is a
usual finite set, and the proof in general is similar. Il

We can now talk about twisted quantum reflection groups, as follows:

THEOREM 13.27. Any fibration of finite quantum spaces Z — Y has a quantum sym-
metry group, which is the biggest acting on Z by leaving Y invariant:

+ +
Sy .y C Sy

At the level of algebras of functions, this quantum group S5 ., is obtained as follows, with
e:C(Z) — C(Y) being the Jones projection:

C(S5y) = C(SE) / <e c End(u)>

We call these quantum groups S ., twisted quantum reflection groups.
Proor. This follows indeed from Proposition 13.26. U
As a basic example, let us discuss the commutative case. Here we have:

PROPOSITION 13.28. In the commutative case, the fibration Z — Y must be of the
following special form, with N,s being certain integers,

{1,...,N}x{1,....s} = {1,....N} , (i,a) =1
and we obtain the usual quantum reflection groups,
(S7y CSz) = (Hy C Siy)
via some standard identifications.

PROOF. In the commutative case our fibration must be a usual fibration of finite
spaces, {1,...,M} — {1,..., N}, commuting with the counting measures. But this
shows that our fibration must be of the following special form, with N, s € N:

{1,....NyYx{l,....s} > {1,....N} , (i,a) =i
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Regarding now the quantum symmetry group, we have the following formula for it,
with e : CY ® C* — CV being the Jones projection for the inclusion CV¥ c CV @ C*:

C(S5y) = C(Shy) /(e € End(u))

On the other hand, recall that the quantum reflection group H3" C S appears via
the condition that the corresponding magic matrix must be sudoku:

S A L
a,sfl aO asf2
u = .
(ll CL2 CLO

But, as explained in [6], this is the same as saying that the quantum group Hy C
Sty appears as the symmetry group of the multi-simplex associated to the fibration
{1,....N} x{1,...,s} = {1,..., N}, so we have an identification as follows:

(S;—ﬂf - S;) = (H]if—’— - S:N)
Thus, we are led to the conclusions in the statement. Il

Observe that in Proposition 13.28 the fibration Z — Y is “trivial”, in the sense that
it is of the following special form:

YxT =Y | (ia)—i

However, in the general quantum case, there are many interesting fibrations Z — Y
which are not trivial, and in what follows we will not make any assumption on our
fibrations, and use Definition 13.26 and Theorem 13.27 as stated.

Following [6], we will prove now that the Tannakian category of S} ..., which is by
definition a generalization of S}, is the Fuss-Catalan category, which is a generalization
of the Temperley-Lieb category, introduced by Bisch and Jones. Let us start with:

THEOREM 13.29. Any Markov inclusion of finite dimensional algebras D C B has a
quantum symmetry group Shp. The corresponding Woronowicz algebra is generated by

the coefficients of a biunitary matriz v = (v;;) subject to the conditions
m € Hom(v®* v) , u€ Hom(l,v) , e€ End(v)

where m : B® B — B is the multiplication, u : C — B is the unit and e : B — B is the
projection onto D, with respect to the scalar product < x,y >= tr(zy*).

Proor. This is a reformulation of Theorem 13.27, with several modifications made.
Indeed, by using the algebras D = C(Y'), B = C(Z) instead of the quantum spaces Y, Z
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used there, and also by calling the fundamental corepresentation v = (v;;), in order to
avoid confusion with the unit u : C — B, the formula in Theorem 13.27 reads:

C(Sh.p) = C(Sh) / <e € End(v)>

Also, we know from Theorem 13.5 that we have the following formula, again by using
B instead of F', and by calling the fundamental corepresentation v = (v;;):

C(S3) = C’(U]\*,)/<m € Hom(v®%,v),u € sz(v)>
Thus, we are led to the conclusion in the statement. O

Let us first discuss in detail the Temperley-Lieb algebra, as a continuation of the
material above. In the present context, we have the following definition:

DEFINITION 13.30. The N-algebra TL? of index § > 0 is defined as follows:

(1) The space TL*(m,n) consists of linear combinations of noncrossing pairings be-
tween 2m points and 2n points:

------ <—  2m points
TL*(m,n) = Z a W <+ m+n strings
- — 2n points

(2) The operations o, ®, * are induced by the vertical and horizontal concatenation
and the upside-down turning of diagrams:

A
(3) With the rule O =6, erasing a circle is the same as multiplying by 9.

AoB:(B) , A B=AB , A"=YV

Our first task will be that of finding a suitable presentation for this algebra. Consider
the following two elements u € TL*(0,1) and m € TL*(2,1):

u=672n |, m:5%]U|
With this convention, we have the following result:

THEOREM 13.31. The following relations are a presentation of TL? by the above
rescaled diagrams u € TL*(0,1) and m € TL*(2,1):
(1) mm* = §°.
(2) u'u=1.
(3) m(m® 1) =m(1®m).
(4) ( Qu)=m(u®l) =1
(5) (me1)(1em*)=(1®m)(m"®1)=m"m.

PrROOF. This is something well-known, and elementary, obtained by drawing dia-
grams, and for details here, we refer to Bisch and Jones [30]. U
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In more concrete terms, the above result says that u, m satisfy the above relations,
which is something clear, and that if C' is a N-algebra and v € C'(0,1) and n € C(2,1)
satisfy the same relations then there exists a N-algebra morphism as follows:

TL? -C , u—v , m—n

Now let B be a finite dimensional C*-algebra, with its canonical trace. We have
a scalar product < z,y >= tr(zy*) on B, so B is an object in the category of finite
dimensional Hilbert spaces. Consider the unit u and the multiplication m of B:

uweNB(0,1) , meNB(21)

The relations in Theorem 13.31 are then satisfied, and one can deduce from this that
in this case, the category of representations of S3; is the completion of T'L?, as we already
know. Getting now to Fuss-Catalan algebras, we have here:

DEFINITION 13.32. A Fuss-Catalan diagram is a planar diagram formed by an upper
row of 4m points, a lower row of 4n points, both colored

cCeeocoCee. . .

and by 2m + 2n noncrossing strings joining these 4m + 4n points, with the rule that the
points which are joined must have the same color.

Fix § > 0 and w > 0. The N-algebra F'C is defined as follows. The spaces F'C(m,n)
consist of linear combinations of Fuss-Catalan diagrams:

Cee00eeO...... <+ 4m colored points
m + n black strings
FC(m,n) = Za 2 — and
m + n white strings
0Cee00eeO . . . ... < 4n colored points

As before with the Temperley-Lieb algebra, the operations o, ®, * are induced by
vertical and horizontal concatenation and upside-down turning of diagrams, but this time
with the rule that erasing a black/white circle is the same as multiplying by §/w:

AoB:(i) , A B=AB , A=V

black — () = 3 , white =& () = w
Let 0 = Sw. We have the following bicolored analogues of the elements u, m:

u=03 [, m=st Y]

Consider also the black and white Jones projections, namely:

_ U
e e I



13D. TWISTED REFLECTIONS 319

For simplifying writing we identify  and x ® 1. We have the following result:

THEOREM 13.33. The following relations, with f = 372(1®@me)m*, are a presentation
of FC bym € FC(2,1), u € FC(0,1) and e € FC(1):
) The relations in Theorem 13.31, with 6 = fw.
Je=e =, f=[fand (1 [f)f =f1®]).
) .
) mem* = m(1®e)m* = 2.
) mme®@e®e) =emm(e® 1R e).
PROOF. As for any presentation result, we have to prove two assertions:

(I) The elements m, u, e satisfy the relations (1-5) and generate the N-algebra F'C'.

(II) If M, U and F in a N-algebra C' satisfy the relations (1-5), then there exists a
morphism of N-algebras F'C' — C sending m — M, u— U, e — F.

(I) First, the relations (1-5) are easily verified by drawing pictures. Let us show now
that the N-subalgebra C' =< m,u,e > of FC is equal to F'C'. First, C' contains the
infinite sequence of black and white Jones projections:

U

h=¢e=w |ﬂ|

_ U
pa=f=p" 121
_ U
p=l@e=w |l 5]
_ U
po=1af =87 (Il S I

The algebra C' contains as well the infinite sequence of bicolored Jones projections:

e =uut =0t %

Yy

e =0 m'm=0"| A

@:1®uw:51HH%

s =21 @mm) = 7 ][I g1

By standard results of Bisch and Jones, these latter projections generate the diagonal
N-algebra AFC'. But this gives the result, via a standard study. O
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Getting back now to the inclusions D C B, we have the following result:
THEOREM 13.34. Given a Markov inclusion D C B, we have
<m,u,e >= FC
as an equality of N-algebras.

PROOF. It is routine to check that the linear maps m, u, e associated to an inclusion
D C B as in the statement satisfy the relations (1-5) in Theorem 13.33. Thus, we obtain
a certain N-algebra surjective morphism, as follows:

J: FC =< m,u,e >

But it is routine to prove that this morphism J is faithful on AFC, and then by
Frobenius reciprocity faithfulness has to hold on the whole F'C. O

Getting back now to quantum groups, we have:

THEOREM 13.35. Given a Markov inclusion of finite dimensional algebras D C B, the
category of representations of its quantum symmetry group

Shen C Sk
is the completion of the Fuss-Catalan category FC.

PROOF. Since S}, comes by definition from the relations corresponding to m, u, e, its
tensor category of corepresentations is the completion of the tensor category < m,u,e >.
Thus Theorem 13.34 applies, and gives an isomorphism < m,u,e >~ FC. U

In terms of finite quantum spaces and quantum graphs, the conclusion is that the
quantum automorphism groups S} .- of the Markov fibrations Z — Y, which can be
thought of as being the “twisted versions” of the quantum reflection groups Hy", corre-
spond to the Fuss-Catalan algebras. We refer here to [6] and related papers.

13e. Exercises
This was a quite elementary chapter, and as exercises on this, we have:
EXERCISE 13.36. Come up with further speculations on the finite quantum spaces.
EXERCISE 13.37. Further study the homogeneous case, Z = My x {1,..., L}.
EXERCISE 13.38. Find some further results on the color independence question.
EXERCISE 13.39. Learn about the Frucht theorem, and its quantum extensions.
EXERCISE 13.40. Fill in all the technical details at our main Fuss-Catalan proof.
EXERCISE 13.41. Clarify the aziomatization of general quantum reflection groups.

As bonus exercise, learn more graph theory, and generalize that, to our setting.



CHAPTER 14

Quantum spheres

14a. Spheres and tori

We have seen in the previous chapter how discrete quantum geometry looks like, and
many other things can be said, along that lines. For instance, there are many further
things that can be said, in relation with the subfactor considerations in chapter 12. But,
time now to get into the real thing, namely continuous quantum geometry.

As a first observation, we are already familiar with continuous quantum geometry since
Part IIT, because our considerations there regarding Oy, Uy, Oy, Uy and related quantum
groups, such as By, Cy, BY,Cy are, obviously, of “continuous” nature. However, such
things remain quite specialized, and we will be here rather interested in foundations.

So, foundations. To start with, we can talk about quantum tori, as follows:
DEFINITION 14.1. The classical and quantum, real and complex tori are

Ty Ty

Ty Tn

with these standing by definition for the abstract duals of the groups

*N *N
N7

zy zZN

in the sense of the abstract duality between compact and discrete quantum groups.

In other words, we have indeed quantum tori, as a corollary, or rather as the sim-
plest particular case, of the quantum group theory developed in Part III. Getting now
to noncommutative geometry, over these tori, things here rather belong to algebra and

321
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probability, instead of differential geometry, as one might naively expect, and this because
T, which is the dual of the free group Fyy = Z*, has of course the same mathematics
as this free group Fly, which is notoriously a business of algebra and analysis.

Nevermind. So, as a first conclusion, the noncommutative geometry that we would
like to develop will be rather algebraic geometry, with a touch of probability, and with
this being not an issue, as kindly explained by our quantum physics collaborator:

CAT 14.2. No wonder true noncommutative geometry is about algebra and probability,
quantum mechanics being the same, something about algebra and probability.

With this discussed, instead of further insisting on the tori, whose mathematics is
widely well-known, and is also one level below what we did in Part III, with far more
general compact quantum groups, let us get now into the real thing, quantum spheres.

According to our findings above, and to Cat 14.2 too, we will take an algebraic ge-
ometry approach, with a touch of probability, to the quantum spheres. With this idea in
mind, and following [15], we are led to the following notions:

DEFINITION 14.3. We have free real and complex spheres, defined via

T :x;‘,Zx? = 1)
C(ngrl) =" (xl, . ,xN‘ szxf = fozl = 1)

where the symbol C* stands for universal enveloping C*-algebra.

C’(S[g;l) =C* (xl,...,:z:N

Here the fact that these algebras are indeed well-defined comes from the following
estimate, which shows that the biggest C*-norms on these x-algebras are bounded:

i

As a first result now, regarding the above free spheres, we have:

ladl? = lfeiaf]| < ~ 1

THEOREM 14.4. We have embeddings of compact quantum spaces, as follows,

N—-1 N-1
S]R,-i— S(C,—i-

N-1 N—-1

and the spaces on top appear as liberations of the spaces on the bottom.
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PRrROOF. The first assertion, regarding the inclusions, comes from the fact that at the
level of the associated C*-algebras, we have surjective maps, as follows:

C(Sp:h)

C(S&h

C(Sy ) C(Se )

For the second assertion, we must establish the following isomorphisms, where the
symbol C stands for “universal commutative C*-algebra generated by”:

xi:a:j,fo:1>
C(SN) = C’:omm< ...,xN‘inxf:fo:ci:1>

It is enough to establish the second isomorphism. So, consider the second universal
commutative C*-algebra A constructed above. Since the standard coordinates on Sg -1
satisfy the defining relations for A, we have a quotient map of as follows:

A— C(SE

Conversely, let us write A = C(S), by using the Gelfand theorem. The variables
x1, ..., TN become in this way true coordinates, providing us with an embedding S c CV.
Also, the quadratic relations become Y, |z;|> = 1, so we have S C S&~'. Thus, we have
a quotient map C' (S(]CV 1) = A, as desired, and this gives all the results. O

C(ngl) C(:omm ( T1,...,TN

By using the free spheres constructed above, we can now formulate:

DEFINITION 14.5. A real algebraic manifold X C SN Yis a closed quantum subspace
defined, at the level of the corresponding C*-algebra, by a formula of type

C(X) = C(S{C\fjrl)/<f,~(x1, o an) = 0>
for certain family of noncommutative polynomials, as follows:
fieC<uxy,....,en >
We denote by C(X) the x-subalgebra of C(X) generated by the coordinates xy,...,xy.

As a basic example here, we have the free real sphere S]f{ jrl. The classical spheres

S(JCV - S]{g ~1 and their real submanifolds, are covered as well by this formalism. At the
level of the general theory, we have the following version of the Gelfand theorem:
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THEOREM 14.6. If X C Sévjrl is an algebraic manifold, as above, we have

Xiass = {:1: € S(’CV*l filx1, ..., xN) = O}

and X appears as a liberation of X -

ProOF. This is something that we 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(Xélass)

Conversely now, from X C S(]CV ;1 we obtain X, C Sév ~1. Now since the relations
defining X/ are satisfied by Xj.ss, we obtain an inclusion Xgass C X, Thus, at

class lass*
the level of algebras of continuous functions, we have a quotient map of C*-algebras as

follows, mapping standard coordinates to standard coordinates:

C( élass) - C(Xclass)
Thus, we have constructed a pair of inverse morphisms, and we are done. U
Finally, once again at the level of the general theory, we have:

DEFINITION 14.7. We agree to identify two real algebraic submanifolds X,Y C S(Jc\fjrl
when we have a x-algebra isomorphism between x-algebras of coordinates

f:CY)—C(X)
mapping standard coordinates to standard coordinates.

We will see later the reasons for making this convention, coming from amenability.
Now back to the tori, as constructed before, we can see that these are examples of algebraic
manifolds, in the sense of Definition 14.5. In fact, we have the following result:

THEOREM 14.8. The four main quantum spheres produce the main quantum tori

N—-1 N—-1 + +

S]R,—i— > S(C,+ Ty Ty
_>

SNl gy Ty Ty

via the formula T = S N'TY,, with the intersection being taken inside ngrl.

PRroOOF. This comes from the above results, the situation being as follows:

(1) Free complex case. Here the formula in the statement reads T} = Sg N T
But this is something trivial, because we have T}, C S o
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(2) Free real case. Here the formula in the statement reads Ty = S]]RX S'NTE. But
this is clear as well, the real version of T}, being T}:.

(3) Classical complex case. Here the formula in the statement reads Ty = S& ' NT4.
But this is clear as well, the classical version of T} being Ty.

(4) Classical real case. Here the formula in the statement reads Ty = S5 ' NT}. But
this follows by intersecting the formulae from the proof of (2) and (3). O

In order to discuss now the relation between the quantum rotations and reflections,
constructed and studied in Parts II-1II, with the spheres and tori, we will need:

PROPOSITION 14.9. Given an algebraic manifold X C Sg;l, the category of closed

subgroups G C U}, acting affinely on X, in the sense that the formula
O{($7,) = Zl'j ® Uy
J

defines a morphism of C*-algebras o : C(X) — C(X) ® C(G), has a universal object,
denoted G*(X), and called affine quantum isometry group of X.

PRroOOF. Assume indeed that our manifold X C S(]CV ;1 comes as follows:

O(X) = C(Sﬁ;l)/wxl, o aN) = 0>

In order to prove the result, consider the following variables:

J

Our claim is that the quantum group in the statement G = G*(X) appears as:

C(G) = C(UR) [ {£.X, ... Xy) = 0)
In order to prove this, pick one of the defining polynomials, and write it as follows:
fL<CL’1,...7ZL'N) = Z Z /\7‘ I’I l‘zgr
L AP YA
With X; = > ;T ® uj; as above, we have the following formula:
fL(X17 Ce ,XN) = Z Z )\r Z l‘j?l“ .. .Z’jgr & uy'{z{ .. .UngigT
Tl Tl
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 u;;. Thus, we
have indeed a closed subspace G C Uy, with a universal map, as follows:

a:OX) = O(X)® CG)
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In order to show now that G is a quantum group, consider the following elements:

A 2 : € __ S _ o *
k

Consider as well the following elements, with v € {A ¢, S}:
Xz = Z Z; ® U}Z
J

From the relations f,(X1,..., Xx) = 0 we deduce that we have:

L(XT X)) = (doy) fu(X, ..., Xn) =0
Thus we can map u;; — u;; for any v € {A, ¢, S}, and we are done. O
We can now formulate a result about spheres and rotations, as follows:

THEOREM 14.10. The quantum isometry groups of the basic spheres are

N-1 N-1 + +
SR+ — Sc 1 Oy Ux

St On

Un
modulo identifying, as usual, the various C*-algebraic completions.

Proor. We have 4 results to be proved, the idea being as follows:

S(]C\f jrl. Let us first construct an action Uy ~ Sg ;1. We must prove here that the

variables X; = > ; j @ uy; satisty the defining relations for Sg jrl, namely:
szxf = foxl =1
By using the biunitarity of u, we have the following computation:
ZXZ-XZ»* = Zx]x}; ® UjUy; = Zx]x;‘ ®1l=1®1
i ijk J
Once again by using the biunitarity of u, we have as well:
ZX;‘Xi = Zx;xk ® u;klukz = Zx;x] R1I=1x1
i ijk J

Thus we have an action Uy ~ S¥7!, which gives GT(SE") = Uy, as desired.
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S]{RX jrl. Let us first construct an action OF ~ S]]RX jrl. We already know that the

variables X; = > ; Tj @uy; satisty the defining relations for S(]CV ;1, so we just have to check

that these variables are self-adjoint. But this is clear from u = u, as follows:
X = 50t = S 0= X
J J

Conversely, assume that we have an action G ~ Sﬁ{ jrl, with G C Uy;. The variables
X; = Zj x; ® uj; must be then self-adjoint, and the above computation shows that we
must have v = @. Thus our quantum group must satisfy G C O}, as desired.

S(év ~! The fact that we have an action Uy ~ Sg ~!is clear. Conversely, assume that

we have an action G ~ S(]CV ! with G c U ~. We must prove that this implies G C Uy,
and we will use a standard trick of Bhowmick-Goswami [15]. We have:

ar) = x; @ uj;
j

By multiplying this formula with itself we obtain the following formulae:
alxxy) = Z T2 @ Wy,
jl
a(zpr;) = Z x5 @ Uy
il
Now since the variables x; commute, tlrfese formulae can be written as:

alzxy) = Z 22 @ (Wi + wity) + Z x? ® Witk

j<i J
B 2
alrxy) = g 22 @ (W + wjpuy) + E i @ UjpUji
j<l J

Since the tensors at left are linearly independent, we must have:
UjiUig + U U = UikUg; + Ujply;
By applying now the antipode to this formula, then applying the involution, and then
relabeling the indices, we succesively obtain:
Uk Uiy + U Uy = WUy + Uy
Ui Uk + WUk = UgiUsj + U Us
UjiUrg + UjpUy; = UkUj; + WUk
Now by comparing with the original formula, we obtain from this:

U Ujre = UjpUl;
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In order to finish, it remains to prove that the coordinates u;; commute as well with
their adjoints. For this purpose, we use a similar method. We have:

* _ * *
a(ziwy) = E LT @ Ujilyy,
il

* * *
a(zpT;) = E Tyxj & Ui
jl
Since the variables on the left are equal, we deduce from this that we have:
* * * *
E T @ ujiug, = E T @ Uy
Jt Jl
ko k .

Thus we have wu;;u), = ujuj;, and so G C Uy, as claimed.

SH~1. The fact that we have an action Oy ~ SE ' is clear. In what regards the
converse, this follows by combining the results that we already have, as follows:

G St = GmSﬁ;l,Sév_l
= G C Ok, Uy
— GCO?\}HUN:ON

Thus, we conclude that we have G+ (S ') = Oy, as desired. O

14b. Integration theory

Let us discuss now the correspondence U — S. In the classical case the situation is
very simple, because the sphere S = SV~ appears by rotating the point = = (1,0,...,0)
by the isometries in U = Uy. Moreover, the stabilizer of this action is the subgroup
Un_1 C Uy acting on the last N — 1 coordinates, and so the sphere S = S¥~! appears
from the corresponding rotation group U = Uy as an homogeneous space, as follows:

SN = Uyn/Un_1

In functional analytic terms, all this becomes even simpler, the correspondence U — S
being obtained, at the level of algebras of functions, as follows:

O(SN_I) C C(UN) , X — U

In general now, the straightforward homogeneous space interpretation of S as above
fails. However, we can have some theory going by using the functional analytic viewpoint,
with an embedding x; — uy; as above. Let us start with the following result:
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PROPOSITION 14.11. For the basic spheres, we have a diagram as follows,

c(S) * . C0(S)®C(U)
c(U) 2. cU)®CU)

where on top a(x;) = Zj z; @ uj;, and on the left y(x;) = ui;.

PrOOF. The diagram in the statement commutes indeed on the standard coordinates,
the corresponding arrows being as follows, on these coordinates:

ZT; Zj T X Uy
U14 > jU1j & U
Thus by linearity and multiplicativity, the whole the diagram commutes. U

As a consequence, we have the following result:
PropPOSITION 14.12. We have a quotient map and an inclusion U — Sy C S, with
C(Sy) =< uy; >C C(U)
at the level of the corresponding algebras of functions.
PROOF. At the algebra level, we have an inclusion and a quotient map as follows:
C(S) = C(Sy) c C(U)
Thus, we obtain the result, by transposing. O

We will prove in what follows that the inclusion Sy C S constructed above is an
isomorphism. This will produce the correspondence U — S that we are currently looking
for. In order to do so, we will use the uniform integration over .S, which can be introduced,
in analogy with what happens in the classical case, in the folowing way:

DEFINITION 14.13. We endow each of the algebras C(S) with the functional
/ :C(S)—-CU)—C
S

obtained by composing the morphism x; — uy; with the Haar integration of C'(U).
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In order to efficiently integrate over the sphere S, and in the lack of some trick like
spherical coordinates, we need to know how to efficiently integrate over the corresponding
quantum isometry group U. There is a long story here, and following [15], we have:

THEOREM 14.14. The integration over the basic spheres is given by

/Sxflle: :Z Z Win(m,0)

m o<keri
with 7,0 € D(k), where Wiy = G5 is the inverse of Gy(m, o) = NI™vel.

PROOF. According to our conventions, the integration over S is a particular case of
the integration over U, via x; = uy;. By using the Weingarten formula, we obtain:

€1 €k €1 €k
/xil Ty = /ulil"'ulik
S U

— Z 0:(1)d5 (1) Win (7, 0)

m,o€D(k)
= Z 5 WkN 7T O')
m,oeD (k)
Thus, we are led to the formula in the statement. O

Again following [15], we have the following key result:
THEOREM 14.15. The integration functional of S has the ergodicity property

<id®/[])a(a:):/5x

where a1 C(S) — C(S) @ C(U) is the universal affine coaction map.

PROOF. In the real case, z; = z7, it is enough to check the equality in the statement
on an arbitrary product of coordinates, z;, ...x; . The left term is as follows:

(id®/(]> alx;, ...x; ) = Z Tj ..o /UU1121-~Ujkik

Ji---Jk

= Z Z 07()05 () Win (T, 0)xj, - .. ),

Ji---Jk 7TUED
= Z 0o (1) Wiy (,0) 25 T ...
mo€D(k J1--Jk
Let us look now at the last sum on the rlght. 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 = (j1,...,Jx) which fit into our given noncrossing pairing =, and just by
using the condition Y. 27 = 1, we conclude that the sum is 1.
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(2) The same happens in the classical case. Indeed, our pairing 7 can now be crossing,
but we can use the commutation relations z;x; = x;z;, and the sum is again 1.

Thus the sum on the right is 1, in all cases, and we obtain:

(id@/U)oz(a:il...xlk = Z S5 () Win (1, 0)

m,o€D(k

But, another application of the Weingarten formula gives, as desired:

/xil Ly, = / Ugy - - - Ulgy,
S

= Z (5 WkN(T(' O')

m,o€D(k
= Z (5 WkN 7T g )
moeD(k)
In the complex case the proof is similar, by adding exponents everywhere. O

Still following [15], we have as well the following useful abstract result:
THEOREM 14.16. There is a unique positive unital trace tr : C(S) — C satisfying
(tr @ id)a(x) = tr(z)l
where a 1s the coaction map of the corresponding quantum isometry group,
a:C(S)—C(S)eC(U)
and this is the canonical integration, as constructed in Definition 14.13.

ProoF. First of all, it follows from the Haar integral invariance condition for U that
the canonical integration has indeed the invariance property in the statement, namely:

(tr @ id)a(x) = tr(z)l

In order to prove now the uniqueness, let tr be as in the statement. We have:

r (z’d@/U) a(z) = /U(tr®z'd)oz(x)
= [

= tr(z)

On the other hand, according to Theorem 14.15, we have as well:

r(id@[])a(x):tr(/sx):/sx

We therefore conclude that tr equals the standard integration, as claimed. U
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Getting back now to our axiomatization questions, we have:

THEOREM 14.17. The operation S — Sy produces a correspondence as follows,

Uy

N-1 N-1 n
Spy — = 5¢ Oy

Sp | ——5¢ On

Un
between basic unitary groups and the basic noncommutative spheres.

ProOOF. We use the ergodicity formula from Theorem 14.15, namely:

(o )

We know that [, is faithful on C(U), and that we have:
(id®e)a =1id

The coaction map « follows to be faithful as well. Thus for any x € C(S) we have:
/ et =0 = =0
S

Thus [ is faithful on C(S). But this shows that we have:
S =5y
Thus, we are led to the conclusion in the statement. Il

Getting now to probabilistic aspects, it is well-known that for the real sphere S]f{ ~1 the
laws of the standard coordinates, which are called hyperspherical laws, become normal
and independent, with N — oo. Here is the free analogue of this result:

THEOREM 14.18. For the free sphere Sﬁ;l, the rescaled coordinates
yi = VN,
become semicircular and free, in the N — oo limit.

PrRoOOF. The Weingarten formula for the free sphere, discussed above, together with
the standard fact that the Gram matrix, and hence the Weingarten matrix too, is asymp-
totically diagonal, gives the following estimate, for the joint moments of coordinates:

Liy -+ Tj dZL‘ZN_k/Q (Sg(il,...,ik)
R >

1
,+ O'ENCQ(k
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With this formula in hand, we can compute the asymptotic moments of each coordinate
x;. Indeed, by setting 7; = ... = 1 = ¢, all Kronecker symbols are 1, and we obtain:

/ a¥ de ~ N7F2|NCy (k)|
SNfl
R,+

Thus the rescaled coordinates y; = v Nx; become semicircular in the N — oo limit, as
claimed. As for the asymptotic freeness result, this follows as well from the above general
joint moment estimate, via standard free probability theory. See [14], [15]. O

For the complex spheres the results are similar, with the standard coordinates on
S(]CV ~! becoming complex normal and independent, with N — 0o, and with those on Sg ;1
becoming circular and free, with N — oo. As before, we refer here to [14], [15].

Summarizing, we have good results for the free spheres, with N — oco. The problem
now is that of computing the moments of the coordinates of the free spheres at fixed
values of N € N. In the real case, the answer here, which is non-trivial, is as follows:

THEOREM 14.19. The moments of the free hyperspherical law are given by

I+1
1 q+1 1 20+ 2 r
o2 dr = . . —-1)"
/Sﬂzg ! (N+1) g—1 l+1r:_zz_1( ) I+r+1)14¢"

—1
,+

where q € [—1,0) is such that ¢+ ¢ ' = —N.

Proor. This is something quite tricky. To be more precise, this follow in 4 steps,
none of which is something trivial, which are as follows:

(1) 21 € C(S§;") has the same law as uy; € C(Of).

(2) uy; € C(OF) has the same law as a certain variable w € C'(SUY).

(3) w € C(SUH) can be in turn modeled by an explicit operator T' € B(I*(N)).

(4) The law of T' € B(I*(N)) can be computed by using advanced calculus.

Let us first explain the relation between OF and SUJ. To any matrix F € GLy(R)
satisfying F? = 1 we associate the following universal algebra:

C(O;) =C" <(Uij)i7j:17,,_7]\]‘u = FuF = unitary>

Observe that O;’N = O}. In general, the above algebra satisfies Woronowicz’s gener-

alized axioms in [99], which do not include the strong antipode axiom S? = id.

At N =2, up to a trivial equivalence relation on the matrices F', and on the quantum
groups O}, we can assume that F is as follows, with ¢ € [—1,0):
F=(, 0 V-
1/v/—¢ 0
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Our claim is that for this matrix we have an isomorphism as follows:
Of = SUJ
Indeed, the relations © = F'uF tell us that u must be of the following form:

- )
Y (0%

Thus C(O7}) is the universal algebra generated by two elements «, vy, with the relations
making the above matrix u unitary. But these unitarity conditions are:

ay=qya , oy =qya , =7y
aratyy=1, ad+¢yy =1

We recognize here the relations in [99] defining the algebra C'(SUJ), and it follows
that we have an isomorphism of Hopf C*-algebras, as follows:

C(0%) ~ C(SUI)

Now back to the general case, let us try to understand the integration over O}. Given
m € NCy(2k) and @ = (i1, ..., d2), We set:

OES | J2%N

sem
Here the product is over all strings of 7, denoted as follows:
s={s;~ s}

Our claim now is that the following family of vectors, with = € NCy(2k), spans the
space of fixed vectors of u®%*:

fﬂ- = 257}:(2)611 ®... em

Indeed, having & fixed by u®? is equivalent to assuming that u = F@F is unitary. By
using now the above vectors, we obtain the following Weingarten formula:

[ it = S OO Wi ()

F o

With these preliminaries in hand, let us start the computation. Let N € N, and
consider the number ¢ € [—1,0) satisfying:

¢+q ' =-N
Our claim is that we have the following formula:

/090(\/N7+2uij)=/ plat+a” +v—q7")

N SU3
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Indeed, the moments of the variable on the left are given by:

/+ u?}“ = ZWkN(ﬂ',O’)
ON e

On the other hand, the moments of the variable on the right, which in terms of the
fundamental corepresentation v = (v;;) is given by w =), ; Vij, are given by:

/qu w = Z Z 05 ()05 () Win(m,0)

We deduce that w/+/N + 2 has the same moments as u;;, which proves our claim. In
order to do now the computation over SUJ, we can use a matrix model due to Woronowicz
[99], where the standard generators a,~y are mapped as follows:

mu(a)er = /1 —q¢%*ep_y
m(y)er = uq’ex

Here u € T is a parameter, and (e;) is the standard basis of (*(N). The point with
this representation is that it allows the computation of the Haar functional. Indeed, if D
is the diagonal operator given by D(e) = ¢**e;, then the formula is as follows:

/Sng — (- Atr(Dwu(x))Qi?u

With the above model in hand, the law of the variable that we are interested in is of
the following form:

| etatat =gy =(1=¢) [ rDp(an)

du

2mu

To be more precise, this formula holds indeed, with:
M(ex) = epp1 + ¢"(u—quex + (1 — ¢*)ery

The point now is that the integral on the right can be computed, by using advanced
calculus methods, and this gives the result. U

The computation of the joint free hyperspherical laws remains an open problem. Open
as well is the question of finding a more conceptual proof for the above formula. For more
on all this, and related topics, we refer to [12], [14], [15] and related papers.

14c. Further spheres

Getting back now to algebra and philosophy, based on our quantum sphere work above,
we have evidence for the existence of four “main geometries”, namely real and complex,
classical and free. But the question is, can we axiomatize such geometries?
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In order to discuss this question, the idea will be that of starting with what we have,
as geometric objects so far, namely the spheres S, the tori T', the unitary groups U, and
the reflection groups K. Not much, but as we will soon discover, these will do.

To be more precise, we first have the following result:

THEOREM 14.20. We have basic quadruplets (S,T,U, K), as follows:

(1) A classical real and a classical complex quadruplet, as follows:

St Tn STl Ty
ON Hy Un Ky
(2) A free real and a free complex quadruplet, as follows:
Spi! Ty S&! T}
Oy HY Uy Ky

Moreover, for all these quadruplets, the unitary quantum group U is easy.

PRrOOF. Here the various objects appearing in the above diagrams are objects that we
know well, constructed at various places, in this book, and the last assertion, regarding
easiness, is something that we know well too. As for the fact that, in each of the 4 cases
under investigation, we have indeed a full set of 12 correspondences between these objects,
this is something quite routine, and for details here, we refer to [7]. U

The point now is that we can reformulate Theorem 14.20 as follows:
THEOREM 14.21. We have 4 basic noncommutative geometries,

RY cy

RN CcN

called classical real and complex, and free real and complex.
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PRroOOF. This is indeed a reformulation of Theorem 14.20, with the convention that a
quadruplet as there corresponds to a noncommutative geometry, that we can denote and
call as we like, and with the best notations and terminology being as above. O

Getting now to more technical aspects, when trying to construct noncommutative
geometries by starting with more complicated unitary quantum groups U, things can be
quite tricky. Clarifying all this was in fact an open problem, all over the 10s, with several
papers written on the subject. In order to discuss the solution, which came in the late
10s, let us start with more details regarding our axioms for noncommutative geometries.
As explained in [7], these axioms can be taken as follows:

DEFINITION 14.22. A quadruplet (S,T,U, K) is said to produce a noncommutative
geometry when one can pass from each object to all the other objects, as follows,

S = Scopnr> = St =  Sconk>
SNTL = T = UNT} = KnTf
Gt(S) = <On,T> = U = <Oy, K>
K*(S) = KYT) = UnKi = K

with the usual convention that all this is up to the equivalence relation.

There axioms can look a bit complicated, at a first glance, but they are in fact very
simple and natural, inspired from what happens in the classical case, and with a look
at the free case too. To be more precise, what we have above are all sorts of objects
and operations that we know well, along with the operation U — Sy, which consists
in taking the first row space, the operation X — G*(X), which consists in taking the
quantum isometry group, and finally the operation X — K (X)), which consists in taking
the reflection isometry group, K*(X) = G*(X) N K. As for the fact that these axioms
are indeed satisfied in the 4 main cases of interest, as claimed in Theorem 14.21, this is
something well-known in the classical case, and is routine to check in the free case.

In the easy case now, in order to reach to concrete results, it is convenient to formulate
an independent definition, using the easy generation operation {,} instead of the usual
generation operation <,>. This definition, which is more or less a particular case of
Definition 14.22, modulo the usual issues with the differences between {,} and <, >,
that we have met several times, and are quite familiar with, is as follows:
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DEFINITION 14.23. A quadruplet (S, T, U, K) is said to produce an easy geometry when
U, K are easy, and one can pass from each object to all the other objects, as follows,

S = Sty = Sv = Sonk
SNTL = T = UNT, = KnNT§
G*(S) = {On,K* (D)} = U = {On K}
K*(S) = KYT) = UNnK} = K

with the usual convention that all this is up to the equivalence relation.

Getting now into classification results, the idea is to focus on the quantum group
content of the above definition. Indeed, we know that both the quantum groups U, K are
easy, and that the following easy generation formula must be satisfied:

U={0Oy,K}
Combinatorially, this leads to the following statement:

PROPOSITION 14.24. An easy geometry is uniquely determined by a pair (D, E) of
categories of partitions, which must be as follows,

NCQCDCPQ y NCevenCECPeven
and which are subject to the following intersection and generation conditions,
D=ENP , E=<DNC.uem >

and to the usual axioms for the associated quadruplet (S,T,U, K), where U, K are respec-
tively the easy quantum groups associated to the categories D, E.

PrOOF. This comes from the following conditions, with the first one being the one
mentioned above, and with the second one being part of our general axioms:

U={On,K} , K=UnNKj}

Indeed, U, K must be easy, coming from certain categories of partitions D, E. It is
clear that D, F must appear as intermediate categories, as in the statement, and the fact
that the intersection and generation conditions must be satisfied follows from:

U={0OyN,K} <= D=EnNPk,
K=UNnK) <= FE=<D NCepen >
Thus, we are led to the conclusion in the statement. U

In order to discuss now classification results, we would need some technical results
regarding the intermediate easy quantum groups as follows:

OycUcCUy , HyCKCKY
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But we do have such results, as explained in the quantum group literature, and by

using this, after some work, we are led to the following classification result:

THEOREM 14.25. Under strong combinatorial axioms, of easiness and uniformity type,
we have only 9 noncommutative geometries, namely:

RY TRY cy
RY TRY cy
RN TR cy

Moreover, under even stronger combinatorial axioms, including a slicing condition, the 4
basic geometries, those at the corners, are the only ones.

PROOF. This is something quite technical, for which we refer to [7], but that we can
basically understand with our quantum group knowledge, the idea being as follows:

(1) To start with, the geometries in the statement correspond to the main examples
of intermediate quantum groups Oy C U C Uy, which are as follows:

0% TOS Ui
Oy ——TOx Ux
ON TON UN
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(2) As for the corresponding reflection groups, these correspond to the main examples
of intermediate quantum groups Hy C U C K, which are as follows:

Hj; TH; — K

HY —=TH, — K

Hy ———THy — Ky

(3) With these conventions made, telling us who the quantum groups U, K are, in each
of the 9 cases under investigation, we can complete our quadruplets with objects S, T, by
using either of the formulae involving them from Definition 14.23, and the verification of
the axioms from Definition 14.23 is straightforward, in each of these 9 cases.

(4) Finally, the classification assertions are more technical, whose proofs are basically
based on the study of the correspondence U <+ K from Definition 14.23. To be more
precise, we know from Proposition 14.24 that the unitary group U of our easy geometry
must come from a category of pairings D C P, satisfying the following condition:

D =<< D,Nceven > ﬂPg

(5) But this equation can be solved by using the classification results available from
the quantum group literature, and we are led to the conclusions in the statement.

(6) So, this was for the idea, and in practice now, all this needs a massive amount of
routine verifications, at each single step, and all this is explained in [7]. Il

Very nice all this, and as a question that you might have, right now, sure that we love
our 4 main geometries, those at the corners of the square in Theorem 14.25, but can we
get rid somehow of the other ones, the intermediate ones, and to have something really
beautiful, as final philosophical conclusion? Good point, and in answer:

(1) As already mentioned at the end of Theorem 14.25, it is possible to formally do
this, with the help of some extra combinatorical axioms.

(2) More drastically, when passing from affine to projective, all intermediate objects
dissapear, and in addition, the real and complex geometries get identified too.

In short, the story if not over with the above results, quite the opposite, and we will
discuss the continuation of all this later, in the projective setting, in chapter 16 below.
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14d. Free quadrics

Getting back now to the free spheres, which remain our main quantum manifolds
constructed so far, let us discuss, more generally, the compact hypersurfaces X C RY.
These hypersurfaces fit into the C*-algebra formalism, as follows:

DEFINITION 14.26. A real compact hypersurface in N variables, denoted Xy C Rﬂ\f, is
the abstract spectrum of a universal C*-algebra of the following type,

C(Xy) =C" (xl,...,xN x; = ], (:z:l,...,xN):O>

with the noncommutative polynomial f € R < x1,...,xy > being such the mazimal
C*-norm on the complez x-algebra C < z1,...,xx > /(f) is bounded.

Summarizing, good news, and job for us, to study such beasts. As a first result now,
regarding such hypersurfaces, coming from the Gelfand theorem, we have:

THEOREM 14.27. In order for Xy to exist, the real algebraic manifold

X7 :{:UERN f(xl,...,xN):O}

must be compact. In addition, in this case we have ||x;||x < ||xi||, for any i.

PROOF. Assuming that X exists, the Gelfand theorem shows that the algebra of
continuous functions on the manifold X fX in the statement appears as:

C(X}) = C(Xp) [ ([ w5) = 0)

Thus we have an embedding of compact quantum spaces X fX C Xy, and the norm
estimate is clear as well, because such embeddings increase the norms. U

Let us first discuss the quadratic case. We have here:

THEOREM 14.28. Given a quadratic polynomial f € R < x1,...,xy >, written as
ij i

the following conditions are equivalent:
(1) Xy ewists.
(2) X7 is compact.

A+ A?

(3) The symmetric matriz QQ = 5 s positive or negative.

PROOF. The implication (1) = (2) being known from Theorem 14.27, and the
implication (2) <= (3) being well-known, we are left with proving (3) = (1). As a
first remark here, by applying the adjoint, our manifold X is defined by:
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In terms of P =

t . .
= AZA , these equations can be written as:

Zw iy =0
Zij Qijriz;+ Y . Bixi+C =0

Let us first examine the second equation. When regarding x as a column vector, and
B as a row vector, this equation becomes an equality of 1 x 1 matrices, as follows:

2'Qr+ Bx+C =0

Now let us assume that () is positive or negative. Up to a sign change, we can assume
Q > 0. We can write Q = UDU", with D = diag(d;) and d; > 0, and with U € Oy. In
terms of the vector y = Uz, and with £ = BU, our equation becomes:

y'Dy+ Ey+C =0

By reverting back to sums and indices, this equation reads:
Zdiy? +Z€z‘yz‘ +C =0
Now by making squares, this equation takes the following form:
2
6,
di | yi - =
Yo furag) =

By positivity, we deduce that we have the following estimate:
2

€ ¢]
P < d
Thus our hypersurface Xy is well-defined, and we are done. O

We have in fact the following result, which is a bit better:

THEOREM 14.29. Up to linear changes of coordinates, the free compact quadrics in
RY are the empty set, the point, the standard free sphere SR+ , defined by

et
and some intermediate spheres SN lcsSc SN 1, which can be explicitly characterized.

Moreover, for all these free quadrics, we have H%H ||zi||x, for any 1.

PROOF. We use the computations from the proof of Theorem 14.28. The first equation

there, making appear the matrix P = A_QAt, is as follows:

Z PijIL‘il'j =0
ij
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As for the second equation, up to a linear change of the coordinates, this reads:

2 _
g zi=c

i

At ¢ < 0 we obtain the empty set. At ¢ = 0 we must have z = 0, and depending on
whether the first equation is satisfied or not, we obtain either a point, or the empty set.
At ¢ > 0 now, we can assume by rescaling ¢ = 1, and our second equation reads:

Xf - Sﬂgll

As a conclusion, the solutions here are certain subspaces S C Sﬂg ;1 which appear
via equations of type .. Pjjv;z; = 0, with P € My(R) being antisymmetric, and with
x1,...,TN appearing via zi,...,2zy via a linear change of variables. Now observe that
when redoing the above computation with X fX at the place of X, we obtain Xy = Sﬂg -
and this, because the equations Zij Pjjx;z; = 0 are trivial for commuting variables. We

conclude that our subspaces S C SH]{’ jrl must satisfy the following condition:
N-1 N-1
Sg CSCS;

Thus, we are left with investigating which such subspaces can indeed be solutions.
Observe that both the extreme cases can appear as solutions, as shown by:

X

i1 = S
222 +y?+Jaytsyr T R
_ 1

X2x2+y2+xy+yx = S]R,+

Finally, the last assertion is clear for the empty set and for the point, and for the
remaining hypersurfaces, this follows from S3 ' C S C S]]RX jrl. O

Here is yet another version of Theorem 14.28, which is interesting as well:

THEOREM 14.30. Given M real linear functions Ly, ..., Ly in N noncommuting vari-
ables x1,...,xy, the following are equivalent:

(1) >, Li(z1, ..., 2n)? = 1 defines a compact hypersurface in RY .
(2) Yo Li(z1, ..., xn)? = 1 defines a compact quantum hypersurface.
(3) The matrixz formed by the coefficients of Ly, ..., Ly has rank N.

PrROOF. The equivalence (1) <= (2) follows from the equivalence (1) <= (2)
in Theorem 14.28, because the surfaces under investigation are quadrics. As for the
equivalence (2) <= (3), this is well-known too. O

Many other things can be said, along the above lines, the idea being that all this
eventually brings us into advanced operator theory, and notably into SOS results.
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14e. Exercises

We had a quite elementary chapter here, and as exercises on this, we have:

EXERCISE 14.31.
EXERCISE 14.32.
EXERCISE 14.33.
EXERCISE 14.34.
EXERCISE 14.35.

EXERCISE 14.36.

Try defining free balls, in the C*-algebra framework.
Work out all the details, for the free hyperspherical laws.
Try half-liberating and twisting our various spheres.

Can you talk about orientation, on our free spheres?
What about a Dirac operator, in the sense of Connes?

Learn SOS tricks, and apply them to our hypersurface questions.

As bonus exercise, learn some algebraic geometry. We will need this, soon.



CHAPTER 15

Free manifolds

15a. Quotient spaces

We have seen that we have four main abstract geometries, namely real and complex,
classical and free. In this chapter we develop the free geometries, real and complex.

Let us begin with some generalities regarding the quotient spaces, and more general
homogeneous spaces. Regarding the quotients, we have the following construction:

PROPOSITION 15.1. Given a quantum subgroup H C G, with associated quotient map
p:C(G) = C(H), if we define the quotient space X = G/H by setting

c(xX)={rec@|psinar-1er}
then we have a coaction map as follows,
a:C(X)— CX)®CG)
obtained as the restriction of the comultiplication of C(G). In the classical case, we obtain

in this way the usual quotient space X = G/H.

PROOF. Observe that the linear subspace C'(X) C C(G) defined in the statement is
indeed a subalgebra, because it is defined via a relation of type ¢(f) = ¥(f), with both
©, ¥ being morphisms of algebras. Observe also that in the classical case we obtain the
algebra of continuous functions on the quotient space X = G/H, because:

(pRidAf=10 f += (p®id)Af(h,g)=1® f)(h,g),Yh € H Vg€ G
< f(hg) = f(g9),Yhe HVg e G
<~ f(hg) = f(kg),Yh,k € H Vg € G
Regarding now the construction of «, observe that for f € C'(X) we have:

(p@id®id)(A®id)Af = (p®id®id)(id® A)Af

= (d®A)(p®id)Af
= ([deA)(1ef)
1 Af
Thus the condition f € C'(X) implies Af € C(X)®C(G), and this gives the existence
of the coaction map «. Finally, the other assertions are all clear. U

345
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As an illustration, in the group dual case we have the following result:

PROPOSITION 15.2. Assume that G =T is a discrete group dual.
(1) The quantum subgroups of G are HA: /A\, withf — AAbemg a quotient group.
(2) For such a quantum subgroup A C T', we have I'/A = ©, where:
© =ker(I' = A)
PRroOF. This is well-known, the idea being as follows:

(1) In one sense, this is clear. Conversely, since the algebra C(G) = C*(I") is cocom-
mutative, so are all its quotients, and this gives the result.

(2) Consider a quotient map r : I' — A, and denote by p : C*(I') — C*(A) its
extension. Consider a group algebra element, written as follows:

f:Z)‘g'g € C*(I')
gel

We have then the following computation:
feCT/h) = (p@idA(f)=1® f
— Z)\g-r(g)®g=Z)\g-1®g

gel’ gel’
= Nor(g) =X -1, Vgel
<~ supp(f) C ker(r)

But this means that we have f/K = O, with © = ker(I' — A), as claimed. O

Given two compact quantum spaces X,Y, we say that X is a quotient space of Y
when we have an embedding of C*-algebras v : C(X) C C(Y). We have:

DEFINITION 15.3. We call a quotient space G — X homogeneous when
A(C(X)) Cc C(X)® C(G)
where A : C(G) — C(G) @ C(G) is the comultiplication map.
In other words, an homogeneous quotient space G — X is a quantum space coming
from a subalgebra C(X) C C(G), which is stable under the comultiplication. The relation
with the quotient spaces from Proposition 15.1 is as follows:

THEOREM 15.4. The following results hold:

(1) The quotient spaces X = G/H are homogeneous.
(2) In the classical case, any homogeneous space is of type G/H.
(3) In general, there are homogeneous spaces which are not of type G/H.
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PROOF. Once again these results are well-known, the proof being as follows:
(1) This is clear from what we have in Proposition 15.1.

(2) Consider a quotient map p : G — X. The invariance condition in the statement
tells us that we must have an action G ~ X, given by:

9(p(g")) = plgg")
Thus, we have the following implication:
p(g) =p(g") = plgg') =plgg"). Vg € G
Now observe that the following subset H C G is a subgroup:

H= {g € G(p(g) = p(l)}
Indeed, g, h € H implies that we have:

p(gh) = p(g) = p(1)

Thus we have gh € H, and the other axioms are satisfied as well. Our claim now is
that we have an identification X = G/H, obtained as follows:

p(g) — Hg

Indeed, the map p(g) — Hg is well-defined and bijective, because p(g) = p(g’) is
equivalent to p(¢~t¢’) = p(1), and so to Hg = Hg', as desired.

(3 ) Given a discrete group I'" and an arbitrary subgroup © C I', the quotient space
[ - 0is homogeneous. Now by _using Proposition 15.2, we can see that if © C T is not
normal, the quotient space [ — © is not of the form G JH. O

With the above formalism in hand, let us try now to understand the general properties
of the homogeneous spaces G — X, in the sense of Theorem 15.4. We have:

PROPOSITION 15.5. Assume that a quotient space G — X is homogeneous.

(1) We have a coaction map as follows, obtained as restriction of A:
a:CX)— CX)®C(G)

(2) We have the following implication:
a(f)=f®l1 = feCl

(3) We have as well the following formula:

(zd®/G>af=/Gf

(4) The restriction of [, is the unique form satisfying (7 ® id)or = 7(.)1.
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PROOF. These results are all elementary, the proof being as follows:

(1) This is clear from definitions, because A itself is a coaction.

(2) Assume that f € C(G) satisfies A(f) = f ® 1. By applying the counit we obtain:
(e @id)Af = (e ®id)(f 1)

We conclude from this that we have f = ¢(f)1, as desired.

(3) The formula in the statement, (id ® [,)o f Jo . follows indeed from the left
invariance property of the Haar functlonal of C(G), namely:

(s )1

(4) We use here the right invariance of the Haar functional of C'(G), namely:

([

Indeed, we obtain from this that tr = ( [,)|c(x) is G-invariant, in the sense that:
(tr @ id)af = tr(f)1
Conversely, assuming that 7: C'(X) — C satisfies (7 ® id)af = 7(f)1, we have:

<T®/G)a(f> _ /G(T®@'d)a(f)

- /G (r(F)D)
-

On the other hand, we can compute the same quantity as follows:

<T®/G)a(f) - T(id@/g)a(f)

= 7(tr(f)1)
= tr(f)
Thus we have 7(f) = tr(f) for any f € C(X), and this finishes the proof. O

Summarizing, we have a notion of noncommutative homogeneous space, which per-
fectly covers the classical case. In general, however, the group dual case shows that our
formalism is more general than that of the quotient spaces G/H.

We discuss now an extra issue, of analytic nature. The point indeed is that for one
of the most basic examples of actions, namely OF; ~ Sg 4, the associated morphism
v : C(X) — C(G) is not injective. The same is true for other basic actions, in the free
setting. In order to include such examples, we must relax our axioms, as follows:
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DEFINITION 15.6. An extended homogeneous space over a compact quantum group G
consists of a morphism of C*-algebras, and a coaction map, as follows,

v:C(X)=CG) , a:C(X)—=CX)®C(G)

such that the following diagram commutes

C(X) = C(X)® O(G)
Y YRid
C(G) 2 . 0G)®C(G)
and such that the following diagram commutes as well,
C(X) = C(X)® O(G)
v id® [
0(G) ———0(x)

where [ is the Haar integration over G. We write then G — X.

As a first observation, when the above morphism + is injective we obtain an homo-
geneous space in the previous sense. The examples with 7 not injective, which motivate
the above formalism, include the standard action O} ~ SH]{’ Il, and the standard action

Uy r~ Sg . Here are now a few general remarks, on the above axioms:
PROPOSITION 15.7. Assume that we have morphisms of C*-algebras
v:C(X)=CG) , a:CX)—=CX)®C(G)
satisfying the coassociativity condition (v ® id)a = A~y.
(1) If v is injective on a dense x-subalgebra A C C(X), and a(A) C A® C(G), then
a s automatically a coaction map, and is unique.
(2) The ergodicity type condition (id ® [ = [~(.)1 is equivalent to the existence
of a linear form X\ : C(X) — C such that (id® [)a = A(.)1.
Proor. This is something elementary, the idea being as follows:
(1) Assuming that we have a dense x-subalgebra A C C(X) as in the statement,
satisying a(A) C A® C(G), the restriction a4 is given by:
Oé|A = (’}/|A X Zd)_lA’Y‘A

This restriction and is therefore coassociative, and unique. By continuity, the mor-
phism « itself follows to be coassociative and unique, as desired.
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(2) Assuming (id ® [)a = A(.)1, we have:

<’y®/)a:)\(.)1

On the other hand, we have as well the following formula:

(e )= (s fyr= [

Thus we obtain A = [, as claimed. U

Given an extended homogeneous space G — X in our sense, with associated map
v:C(X) — C(G), we can consider the image of this latter map:

v O(X) = CY) € C(G)

Equivalently, at the level of the associated noncommutative spaces, we can factorize
the corresponding quotient map G — Y C X. With these conventions, we have:

PROPOSITION 15.8. Consider an extended homogeneous space G — X.

(1) a(f)=f®1 = feCl.
(2) tr = [ is the unique unital G-invariant form on C(X).
(3) The image space obtained by factorizing, G — Y, is homogeneous.

ProOF. We have several assertions to be proved, the idea being as follows:
(1) This follows indeed from (id @ [)a(f) = [ ~(f)1, which gives f = [~(f)1.

(2) The fact that tr = [+ is indeed G-invariant can be checked as follows:

(tr @ id)af = (/7®id) af

(oo
= [»um

= tr(f)1

As for the uniqueness assertion, this follows as before.
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(3) The condition (y ® id)a = A7y, together with the fact that i is injective, allows us
to factorize A into a morphism WV, as follows:

C(X) - C(X)®C(G)
gl V®id
C(Y) o, - C(Y)® C(G)
i i®id
ei(e) S C(G)® C(G)
Thus the image space G — Y is indeed homogeneous, and we are done. U

Finally, we have the following result:

THEOREM 15.9. Let G — X be an extended homogeneous space, and construct quo-
tients X — X', G — G’ by performing the GNS construction with respect to [y, [. Then
v factorizes into an inclusion ~' : C(X') — C(G’), and we have an homogeneous space.

Proor. We factorize G — Y C X as above. By performing the GNS construction
with respect to [i7, [ i, [, we obtain a diagram as follows:

C(X) g C(X)

C(Y) ! cY") C
% i/ f/

C(G) r (@)

Indeed, with ¢tr = [+, the GNS quotient maps p, g, are defined respectively by:

kerp = {f e C(X)

tr(f ) =0}
kerg = {fecm)| =0}
kerr = {fec@)| (=0}
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Next, we can define factorizations i’,~" as above. Observe that i’ is injective, and that
~' is surjective. Our claim now is that 4/ is injective as well. Indeed:

Yp(f)=0 = ¢y(f)=0
— [arn=o
= tr(f*f)=0
= p(f)=0
We conclude that we have X’ =Y, and this gives the result. O

15b. Partial isometries

Getting now to what we wanted to do in this chapter, namely develop the free geome-
tries, our task will be that of finding a suitable collection of “free homogeneous spaces”,
generalizing at the same time the free spheres S, and the free unitary groups U.

This can be done at several levels of generality, and central here is the construction
of the free spaces of partial isometries, which can be done in fact for any easy quantum
group. In order to explain this, let us start with the classical case. We have here:

DEFINITION 15.10. Associated to any integers L < M, N are the spaces

Oy = {T E—=F isometry‘E CRY FcRM dimg F = L}

Uy = {T E— F isometry’E cCV,FcCM dimc E = 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:

Another interesting specialization is L = M = 1. Here the elements of O}, are the
isometries T : E — R, with £ C R" one-dimensional. But such an isometry is uniquely
determined by 7-'(1) € RY, which must belong to Sy *. Thus, we have O}, = Sy .
Similarly, in the complex case we have U}y = S(JCV ~1 and so our results here are:

1 _ gN-1 1 _ gN-1
OlN_SR ) UlN_S(C

Yet another interesting specialization is L = N = 1. Here the elements of O}, are the
isometries T : R — F', with F' C RM one-dimensional. But such an isometry is uniquely
determined by T'(1) € RM, which must belong to Sa'~*. Thus, we have O},, = S
Similarly, in the complex case we have U}, = S ™!, and so our results here are:

1 _ oM-1 1 _ qgM-1
OMl_SR ) UMI_S(C
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In general, the most convenient is to view the elements of O%,y, Ul as rectangular
matrices, and to use matrix calculus for their study. We have indeed:

ProprosSITION 15.11. We have identifications of compact spaces

O]@N ~ {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.

PrRoOOF. We can indeed identify the partial isometries T : £ — F with their corre-
sponding extensions U : RN — RM U : CV — CM, obtained by setting Uz = 0. Then,
we can identify these latter maps U with the corresponding rectangular matrices. U

As an illustration, at L = M = N we recover in this way the usual matrix description
of On,Uy. Also, at L = M = 1 we obtain the usual description of Sﬁ’l, S(]cvfl, as row
spaces over the corresponding groups Oy, Uy. Finally, at L = N = 1 we obtain the usual
description of S]fg - Sév ~!as column spaces over the corresponding groups O, Uy.

Now back to the general case, we have the following result:
PrROPOSITION 15.12. We have action maps as follows, which are both transitive,
Oy xOn ~OY vy, (A B)U = AUB"
Uu x Uy ~n Uy ., (A BU=AUB*
whose stabilizers are respectively Op X Op—p, X On_p and Up, X Upy—p X Un_p.

ProOOF. We have indeed action maps as in the statement, which are transitive. Let
us compute now the stabilizer G of the following point:

10
7= (0 o)
Since (A, B) € G satisfy AU = UB, their components must be of the following form:
T % z 0
a=(52) = (0)

Now since A, B are unitaries, these matrices follow to be block-diagonal, and so:

¢={una=(5 ))5=(; 1)}

The stabilizer of U is parametrized by triples (x, a, b) belonging to O, X Op—p, X On_p,
and Uy, X Up—r, X Uy_r, and we are led to the conclusion in the statement. O

Finally, let us work out the quotient space description of O, UL .. We have here:
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THEOREM 15.13. We have isomorphisms of homogeneous spaces as follows,

Oﬁﬂv = (OM X ON)/(OL X OM—L X ON—L)
Uiy = (Un xUx)/(Up x Upr—p x Un_1)

with the quotient maps being given by (A, B) — AUB*, where U = (} J).

PRroOF. This is just a reformulation of Proposition 15.12, 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 = Nand L = M = 1.
At L = M = N the quotient spaces at right are respectively:

Oy , Uxn
At L = M =1 the quotient spaces at right are respectively:
On/On—1 , Uy/Un_1
In fact, in the general I = M case we obtain the following spaces:
Oin =On/On_y , Upfy =Un/Un_n

Similarly, the examples coming from the cases L = M = N and L = N = 1 are
particular cases of the general L = N case, where we obtain the following spaces:

O]\J\/][N = ON/OM—N ) U]\]XN = UN/UM—N

Summarizing, we have here some basic homogeneous spaces, unifying the spheres with
the rotation groups. The point now is that we can liberate these spaces, as follows:

DEFINITION 15.14. Associated to any integers L < M, N are the algebras

C(Ofﬂv) = Cr ((uij)izl,n_,Myj:L_”’N’u = @, uu' = projection of trace L)
cugy) = o ((uij)izl,m,Mﬁj:Lm,N’uu*,ﬂut = projections of trace L)

with the trace being by definition the sum of the diagonal entries.

Observe that the above universal algebras are indeed well-defined, as it was previously
the case for the free spheres, and this due to the trace conditions, which read:

* *
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We have inclusions between the various spaces constructed so far, as follows:

L+ L+
OMN UMN

L L
OMN UMN

At the level of basic examples now, at L = M = 1 and at L = N = 1 we obtain the
following diagrams, showing that our formalism covers indeed the free spheres:

N—-1 N-1 M—1 M—1
Sgy — 5S¢y Sg,+ St,+

SN—l SN—l SM—I SM—l
R — ~°C R — *°C
We have as well the following result, in relation with the free rotation groups:

ProprosITION 15.15. At L = M = N we obtain the diagram

O% Uy

On

Un
consisting of the groups Oy, Uy, and their liberations.

PrOOF. We recall that the various quantum groups in the statement are constructed
as follows, with the symbol x standing once again for “commutative” and “free”:

coy) = C; <(uij)i,j:1,m7N‘u =a,uu’ = vlu = 1>
cuy) = C% <(Uij)i,j:1’m7]\[‘uu* =vu*u = 1,0 =v'a = 1)

On the other hand, according to Proposition 15.11 and to Definition 15.14, we have
the following presentation results:

C(ON%) = C: ((uij)i,jzl,m,N‘u = 4, uu’ = projection of trace N)

cUuyx) = o ((Ui]’)i’jzl’“.’j\]‘uu*,'ﬁut = projections of trace N)
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We use now the standard fact that if p = aa™ is a projection then ¢ = a*a is a
projection too. We use as well the following formulae:

Tr(uvu®) =Tr(u'a) , Tr(uu')=Tr(u*u)
We therefore obtain the following formulae:
C’(O%K,) = C% ((uij)i,jzl,m,N)u = @, uu', u'u = projections of trace N)
C(U]]\\,[]\X,) = C% ((uij),-,j:17._.7N’uu*,u*u,ﬂut,utﬂ = projections of trace N)
Now observe that, in tensor product notation, the conditions at right are all of the
form (tr ® id)p = 1. Thus, p must be follows, for the above conditions:
p = wu*, vy, wut, vt

We therefore obtain that, for any faithful state ¢, we have (tr ® ¢)(1 —p) = 0. It
follows from this that the following projections must be all equal to the identity:

p = uu*, v u, wut, vt
But this leads to the conclusion in the statement. U
Regarding now the homogeneous space structure of O35, Uiy, the situation here is
a bit more complicated in the free case than in the classical case, due to a number of
algebraic and analytic issues. We first have the following result:
PROPOSITION 15.16. The spaces UJJ\L/[}(\, have the following properties:
(1) We have an action U}y x U ~ Uiy, given by g — >0 un @ ag ® by
(2) We have a map U}, x U — UL, given by ui; — Y orer @ri @b

Similar results hold for the spaces O]@XN, with all the x exponents removed.

PROOF. In the classical case, consider the following action and quotient maps:
Uy xUv Uy, Uy x Uy — Uy
The transposes of these two maps are as follows, where J = (} J):
¢ = ((U,AB)— o(AUB"))
¢ — ((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 wu*u = u, consider the following variables:

Uij = Z Ukl X Qe; X bzk]
kl
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We have then the following computation:

OUV)i; = D> Uil Uy ® Qrigasq @ bbb}

pq klmnst

* >k
= E Ukl Uy Ut @ Qg @ by

kimt

= Zukt X ap; X b:]

kt

Also, assuming that we have Z cuiju;; = L, we obtain:
D UsUG = DD uwsy ® anid; @ bijby
ij ij  klst
= Z ukluzl ® 1 ® 1
kl
= L

(2) Assuming uwu*u = u, consider the following variables:
‘/%j = Z ari ® b:]
r<L

We have then the following computation:

VV V)i = D) i) azq @ U,by,bl

pq x,y,2<L
= D au®b
<L
= V;j
Also, assuming that we have Z s uiju;; = L, we obtain:
SV = Y wa et
i iy r,s<L
2!
I<L
= L

By removing all the % exponents, we obtain as well the orthogonal results.

357
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Let us examine now the relation between the above maps. In the classical case, given
a quotient space X = G/H, the associated action and quotient maps are given by:

a:XxG—X : (Hg,h)— Hgh
p:G—X : g— Hyg

Thus we have a(p(g),h) = p(gh). In our context, a similar result holds:
THEOREM 15.17. With G = Gy x Gy and X = Gk, where Gy = Ox, U5, we have

Gxd i G
pXid p
X xG = X

where a,p are the action map and the map constructed in Proposition 15.16.

PROOF. At the level of the associated algebras of functions, we must prove that the
following diagram commutes, where «,y are morphisms of algebras induced by a, p:

C(X) = C(X x Q)
C(G) 2 C(G % G)

When going right, and then down, the composition is as follows:
(y@id)a(uy) = (y@id) D un ® ag @b},
kl
- Y wekewet;
kl r<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:

M(ug) = Fu(AQA)) a0

r<L
r<L Kkl

Thus the above diagram commutes indeed, and this gives the result. U
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15c. Partial permutations

As already mentioned in the beginning of the previous section, our above constructions
using the quantum groups Oy, Uy work in fact for any easy quantum group. In order to
discuss this, we first need to work out the discrete extensions of our constructions.

The starting point for all this is the semigroup S n of partial permutations. This is a
quite familiar object in combinatorics, defined as follows:

DEFINITION 15.18. Sy is the semigroup of partial permutations of {1 ..., N},
Sy = {a:X:Y‘X,YC {1,...,N}}
with the usual composition operation, o'c : o= 1 (X' NY) = o' (X' NY).

Observe that Sy is not simplifiable, because the null permutation hes ~, having the
empty set as domain/range, satisfies o = of) = (), for any o € Sy. Observe also that Sy
has a “subinverse” map, sending o : X — Y to its usual inverse 7! : Y ~ X.

A first interesting result about this semigroup S, ~, which shows that we are dealing
here with some non-trivial combinatorics, is as follows:

PROPOSITION 15.19. The number of partial permutations is given by

N 2
~ N
5= 2w (3)
k=0
that 1s, 1,2,7,34,209, ..., and we have the cardinality estimate

S = N!\/exp(4\/ﬁ —1)

47r\/ﬁ

i the N — oo limit.

PROOF. The first assertion is clear, because in order to construct a partial permutation
o : X — Y we must choose an integer k = | X| = |Y|, then we must pick two subsets

X,Y C {1,..., N} having cardinality k, and there are (]IX) choices for each, and finally we

must construct a bijection o : X — Y, and there are k! choices here. As for the estimate,
which is non-trivial, this is however something standard, and well-known. U

Another result, which is trivial, but quite fundamental, is as follows:
PRrROPOSITION 15.20. We have a semigroup embedding u : Sy C Mny(0,1), defined by
1 if o(j) =i
uij(o) = ,
0 otherwise

whose 1mage are the matrices having at most one nonzero entry, on each row and column.
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PROOF. This is trivial from definitions, with u : Sy C My(0,1) extending the stan-
dard embedding u : Sy C My(0,1), that we have been heavily using, so far. O

Many other things can be said, about the partial permutations. Getting now to what
we wanted to do, partial isometry spaces, let us formulate the following definition:

DEFINITION 15.21. Associated to a partial permutation, o : I ~ J with I C {1,...,N}
and J C {1,..., M}, is the real/complex partial isometry

1€ I) — span <ej

T, : span (ei j € J)
given on the standard basis elements by T,(e;) = €q()-

Let SI . be the set of partial permutations ¢ : [ ~ J as above, with range I C
{1,..., N} and target J C {1,..., M}, and with L = |I| = |J|. We have:

PROPOSITION 15.22. The space of partial permutations signed by elements of Zs,
Hiky = {T(ei) = wie,)|0 € Shrn, Wi € Zs}
1 1somorphic to the quotient space
(Hy x HY)/(Hp < Hy_p x HY_p)
via a standard isomorphism.

Proor. This follows by adapting the computations in the proof of Proposition 15.12
and Theorem 15.13. Indeed, we have an action map as follows, which is transitive:

Hi x Hy — Hify , (A,B)U =AUB*
Consider now the following point, as we did before in the continuous case:
10
=6 0)
The stabilizer of this point follows to be the following group:
Hp < Hy < Hy |,

To be more precise, this group is embedded via:
z 0 z 0
wan = |5 0)- (5 5)]
But this gives the result. U

In the free case now, the idea is similar, by using inspiration from the construction of
the quantum group Hy" = Z4 1. S¥. The result here is as follows:
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PROPOSITION 15.23. The compact quantum space Hiﬁ} associated to the algebra
C(H]S\ff\}) = C(U]\Lﬂv)/ <uiju;kj = Uj;uij = pij = projections, u;; = pij>
has an action map, and is the target of a quotient map, as in Theorem 15.17.

PRrROOF. We must show that if the variables u;; satisfy the relations in the statement,
then these relations are satisfied as well for the following variables:

UZJ :Zukl@)aki@bz s Vij:ZaM@b:j

kl r<L

We use the fact that the standard coordinates a;;, b;; on the quantum groups Hj/ , Hy'
satisfy the following relations, for any x # y on the same row or column of a, b:

xy=xy =0

We obtain, by using these relations, the following formula:

*
Ui;Ui; = E Ut Uy & Ak @ b Oy = § Uty @ agiay; @ by
klmn kl

On the other hand, we have as well the following formula:

ViiVii = Z arity; @ byiby = Zama ® by ;b

T’,tSL T’SL
.. B § B ) '
In terms of the projections z;; = aijal, yij = bijby, piy = ugyuj;, we have:
* *
UU5s =Y pu@au®@uy ViV = 2 ®yy
Kl =

By repeating the computation, we conclude that these elements are projections. Also,
a similar computation shows that Uj;U;;, V;3Vi; are given by the same formulae. Finally,
once again by using the relations of type xy = xy* = 0, we have:

:Zuklll"‘uksls®ak1i"'a’k’5i®bzklj"'b7] Zukl®akl blj)
Erly
On the other hand, we have as well the following formula:
Vij = Z Qi g @ by by = Z ay; ® (by;)°
r <L r<L

Thus the conditions of type uj; = p;; are satisfied as well, and we are done. Il

Let us discuss now the general case. We have the following result:
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PROPOSITION 15.24. The various spaces G, constructed so far appear by imposing
to the standard coordinates of Uik, the relations

es __ 7|7Vol
D D ey, iz, = L
0105 J1--Js

with s = (eq, ..., es) ranging over all the colored integers, and with w,0 € D(0, s).

PROOF. According to the various constructions above, the relations defining the quan-
tum space G%, 5 can be written as follows, with ¢ ranging over a family of generators,
with no upper legs, of the corresponding category of partitions D:

D G, - us, = 6,(4)
.71 .75
We therefore obtain the relations in the statement, as follows:

€s _ es
2:2:5 11]1 'uisjs - 2:5 2:5 1131" zsjs

11...0s J1---Js 11...1s J1.--Js

= ) 6.0

11...05

— L|7r\/¢7|

As for the converse, this follows by using the relations in the statement, by keeping 7
fixed, and by making o vary over all the partitions in the category. U

In the general case now, where G = (Gy) is an arbitary uniform easy quantum group,
we can construct spaces G,y by using the above relations, and we have:

THEOREM 15.25. The spaces G\, C UALJJ]“V constructed by imposing the relations
€s __ TNo
DO s (usy, gy, = LI
11...1s ]1 ]s

with m,0 ranging over all the partitions in the associated category, having no upper legs,
are subject to an action map/quotient map diagram, as in Theorem 15.17.

PROOF. We proceed as in the proof of Proposition 15.23. We must prove that, if the
variables w;; satisfy the relations in the statement, then so do the following variables:

Uzy = Zukl & ag; & bz; > V;j = Z ari & b:J

kl r<L
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Regarding the variables U;;, the computation here goes as follows:

YD s, - U,

11...0s J1---Js

= DD > D Uiy i, @808 (agl, - afy, ® (0, b))

21 Zsj1 js kl ks ll ls

—_ E E €s
- 6 ukl ll uksls

ki..ksly...ls
_ L|7r\/cr|

For the variables V;; the proof is similar, as follows:

SN G0,V -V,

11.ls J1e--Js

= > > > 60)d.(G)ary, - af @ (b b)

1185 J1e-Js U1,y ls <L

= ) (s

I, ls <L

_ L‘T(\/O’I

Thus we have constructed an action map, and a quotient map, as in Proposition 15.23,
and the commutation of the diagram in Theorem 15.17 is then trivial. U

Summarizing, our partial isometry space theory works well for any easy quantum

group, and we have full extensions of our algebraic results regarding the spheres.

15d. Integration results

Getting now ot analytic matters, again in analogy with what we did before for the
spheres, let us discuss now the integration over the spaces G4, 5. We first have:

DEFINITION 15.26. The integration functional of G%; 5 is the composition

/ L O(GE ) = C(Gay % Gy) — C
G

L
MN

of the representation u;; — ngL ar; & by; with the Haar functional of Gy X Gy.

Observe that in the case L = M = N we obtain the integration over Gy. Also, at
L=M=1,orat L =N =1, we obtain the integration over the sphere.

In the general case now, we first have the following result:
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PROPOSITION 15.27. The integration functional of G,y has the invariance property

</GL ®id>a(x):/GL x

MN MN

with respect to the coaction map a(u;j) = 1 Uk & g & bj;-

PRrROOF. We restrict the attention to the orthogonal case, the proof in the unitary case
being similar. We must check the following formula:

(/L ® id) (g, - - - Uig,) = /L Uiyjy - - - Wi
GUnN G

MN

Let us compute the left term. This is given by:

. >k >k
X = (/ X Zd) E Ukqlq -+ - Ukgl, 0% Alriq + - - Agig X blljl - 04,
Glrn

kals

e aklll ...akszs ®bl1]1 bls]s/ arlkl ...arsks/ Tlll ”'b'rsls
kaly e <L Gm GnN

_ k k * E

= E E a“klil o .. aksis / arlkl “ e aur-sk-s ® E blljl o e bléjé / Tlll .« e brsls
ro<L ks G lo Gn

By using now the invariance property of the Haar functionals of G, G n, we obtain:

X - Z(/ ®id> A(aml...arsis)@)(/ ®z’d> AL b))
Gum Gn

re <L
_ * *
— E / a/Tlil ...arsis/ lejl ...bq,.sjs

ra<L Gm Gn

E * *
= (/ ®/ ) a/r-lil ...CLTSZ‘S ®br1j1 ."brsjs
Gy Gn rp<L
But this gives the formula in the statement, and we are done. Il

We will prove now that the above functional is in fact the unique positive unital
invariant trace on C'(G¥%;y). For this purpose, we will need the Weingarten formula:

THEOREM 15.28. We have the Weingarten type formula

/G g, = 3 D608, Wans (7, 0)Wan (7, )

MN ToOTV

where the matrices on the right are given by Wy = Gy, with Gy (m,0) = MI™vel,
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ProOOF. We make use of the usual quantum group Weingarten formula, that we know
from chapter 11. By using this formula for G, G, we obtain:

/ Ugy gy - - - Uigjs = / Aligq - - - Algiy / bllj1 e blsjs
GE (€37 GnN

MN 1...1s<L
= Z 25 SMWUZ& Win (T, v)
1...lIs<L 7wo
P> ( 2 w)cx(z)) 3o (0)6, () Wons(m, ) Won(7,)
motv \ly..1s<L
The coefficient being LI™7! we obtain the formula in the statement. U

We can now derive an abstract characterization of the integration, as follows:

THEOREM 15.29. The integration of G%,\ is the unique positive unital trace
C(GEky) = C
which is invariant under the action of the quantum group Gy X Gy.

PRrROOF. We use a standard method, from [15], that we already met in the context of
the spheres, the point being to show that we have the following ergodicity formula:

(id@/GM®/GN>a(a:):/GL .

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®/ ®/ )a(um---uisg‘s) :/ Wipjy - - - Uiy,
Gu  Jay Gk

AN

By using the Weingarten formula, the left term can be written as follows:

X = Ukqly - - - Ukgl, / Afriq + - - Algig / blljl . blsjs
Gum GNn

ki..ksly.. s

= D> > gy, - Ukzgz5 Won(m, o 25 Wan(T,v)

ki..kslyi..ls
= E 5 SM(TF O' sN T, V E E 5 uklll v Ukl
ToTV ki...ks l1...1s

By using now the summation formula in Theorem 15.28, we obtain:

X =" L™76, ()5, () Wan (7, 0) Won (7, v)

ToOTV
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Now by comparing with the Weingarten formula for G%,,, this proves our claim.
Assume now that 7 : C(G%,\) — C satisfies the invariance condition. We have:

(e f, o f ) = (o f of o
_ (/GM®/GN) (r ® id)a(z)
(o

= 7(z)

On the other hand, according to the formula established above, we have as well:

T (z‘d@/GMé@/GN) a(z) = 7(tr(z)l)

= tr(x)
Thus we obtain 7 = tr, and this finishes the proof. U
As a main application of the above results, we have:

PrOPOSITION 15.30. For a sum of coordinates of the following type,

with the coordinates not overlapping on rows and columns, we have

/ v = Z K™ LW (7, 0)Won (T, v)
e

L
MN ToOTV

where K = |E| is the cardinality of the indezxing set.
Proor. With K = |E|, we can write F = {(a(i), 5(7))}, for certain embeddings:
a:{l,...., K} c{1,...,M}
g:4{1,...., K} c{l,...,N}

In terms of these maps «, §, the moment in the statement is given by:

= [ (o)
Guinv \i<K
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By using the Weingarten formula, we can write this quantity as follows:

M
B / Z Ua(ir)B(ir) « - - Ya(is)B(is)
GL

MN 41...1s<K

= Z Z L|UVV|5W<a(i1)7 B 7O‘(i8))5T(6(i1)7 v aﬁ(is))WsM(ﬂ', U)WSN(T, l/)

i1...1s<K moTv

- Z( > 5w<i>5T<z'>> LW, (7, 0) Won (7, v)

ToTV \i1...1s<K
But, as explained before, in the proof of Theorem 15.28, the coefficient on the left in
the last formula is C' = K!™7I. We therefore obtain the formula in the statement. O

At a more concrete level now, we have the following conceptual result, making the
link with the Bercovici-Pata bijection [18]:

THEOREM 15.31. In the context of the liberation operations
Oty = Oxiv » Unin = Univ + Hify = Hifd

the laws of the sums of non-overlapping coordinates,

XE = Z Uyj

(ij)€EE
are in Bercovici-Pata bijection, in the
|E| = kN,L = AN,M = uN

regime and N — oo limit.

PROOF. We use various formulae from [11], [17]. According to Proposition 15.30, in
terms of K = |E|, the moments of the variables in the statement are given by:

M, = Z K™ LW (0 )Wy (1, v)
We use now two standard facts, from [11] and related papers, namely the fact that in
the N — oo limit the Weingarten matrix Wy is concentrated on the diagonal, and the
fact that we have an inequality as follows, with equality precisely when m = o:

7| + |o|
2

Indeed, with these two ingredients in hand, we can now look in detail at what happens
to our moment M in the regime from the statement, namely:

K =#kN,L=AN,M = uN,N — o0

ITVao| <
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In this regime, we obtain the following estimate:

M, ~ Z prdakal aZany el il

T

~ Z FI I =1l =il

S0

™

In order to interpret this formula, we use general theory from [11], [17]:

(1) For Gy = O, Of, the above variables xg 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 yz being asymptotically complex
Gaussian/circular, of parameter ’%, and in Bercovici-Pata bijection.

(3) Finally, for Gy = HY, Hy', the variables y g are asymptotically Bessel/free Bessel

of parameter ’Z—)‘, and once again in Bercovici-Pata bijection. U

There are several possible extensions of the above results, for instance by using twisting
operations as well. We refer here to [15] and related papers.

15e. Exercises
We had a quite technical chapter here, and as exercises on this, we have:
EXERCISE 15.32. Learn more about the various quantum homogeneous spaces.
EXERCISE 15.33. Work out the construction of twisted partial isometry spaces.

EXERCISE 15.34. Learn more about the semigroup gN, and its properties.

EXERCISE 15.35. Construct and study the free quantum semigroup Sy.
EXERCISE 15.36. Learn more about the Bercovici-Pata bijection, in general.
EXERCISE 15.37. Learn about affine homogeneous spaces, generalizing the above.

As bonus exercise, try to develop some abstract free algebraic geometry.



CHAPTER 16

Threefold way

16a. Rotation groups

Time to end this book, and we have chosen to talk about something quite mysterious,
in connection with virtually everything done since we started in chapter 1.

Hang on, this is what we would like to talk about:

PRINCIPLE 16.1 (Threefold way). There are three main geometries, or master ground
fields F' if you prefer, namely:

(1) Real.
(2) Complez.
(3) Free.

Obviously, this is not the sort of statement that you will meet every day, so this is
definitely worth a detailed look, from all the possible perspectives. Our purpose in this
chapter will be to do so, thoroughly examine this threefold way principle.

As a first disclaimer, Principle 16.1 is not something of arithmetic nature, but rather
something quantum, coming from our quantum algebra experience.

Getting started now, we will start with what we best know to do, namely quantum
groups. Our purpose will be to discuss the isomorphism POy, = PU, which is something
that we have already met, and which brings heavy evidence for Principle 16.1.

For this purpose, let us first discuss the passage from real to complex, in the group
setting. The passage Oy — Uy cannot be understood directly. In order to understand
this, we must pass through the corresponding Lie algebras, as follows:

THEOREM 16.2. The passage On — Uy appears via a Lie algebra complexification,
ON — 0Ny — U, — Un
with the Lie algebra uy being a complexification of the Lie algebra oy .

Proor. This is something rather philosophical, the idea being as follows:
369
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(1) The orthogonal and unitary groups Oy, Ny are both Lie groups, and the corre-
sponding Lie algebras ox,uy can be computed by differentiating the equations defining
On, Uy, with the conclusion being as follows:

on = {A e MN(R)‘At - —A}

Uy = {B € MN(C)‘B* . }

(2) This was for the correspondences Oy — oy and Uy — uy. In the other sense,
the correspondences oy — Oy and uy — Uy appear by exponentiation, the result here
stating that, around 1, the orthogonal matrices can be written as U = e4, with A € oy,
and the unitary matrices can be written as U = e?, with B € uy.

(3) In view of all this, in order to understand the passage Oy — Uy it is enough to
understand the passage oy — uy. But, in view of the above explicit formulae for oy, uy,
this is basically an elementary linear algebra problem. Indeed, let us pick an arbitrary
matrix B € My(C), and write it as follows, with A, C' € My (R):

B=A+:iC
In terms of A, C', the equation B* = —B defining the Lie algebra uy reads:
Al=—A
c'=C

(4) As a first observation, we must have A € oy. Regarding now C| let us decompose
it as follows, with D being its diagonal, and C’ being the remainder:

C=D~+C(C

The remainder C’ being symmetric with 0 on the diagonal, by switching all the signs
below the main diagonal we obtain a certain matrix C’. € oy. Thus, we have decomposed
B € uy as follows, with A, C" € oy, and with D € My(R) being diagonal:

B=A+iD+iC"

(5) As a conclusion now, we have shown that we have a direct sum decomposition of
real linear spaces as follows, with A C My (R) being the diagonal matrices:

uNl"UN@A@UN

Thus, we can stop our study here, and say that we have reached the conclusion in the
statement, namely that uy appears as a “complexification” of oy. U

In the free case now, the situation is much simpler, and we have:
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THEOREM 16.3. The passage OF; — Uy, appears via free complexification,
Uy = Ok
where the free complezification of a pair (G, u) is by definition the pair (é, w) with
C(G) =< zuy; >C C(T)* C(G) , U= zu
where z € C(T) is the standard generator, given by x — x for any x € T.

PrROOF. 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

O} Cc Of, Cc Uy,

We must prove that the embedding on the right is an isomorphism. Let us recall that
if we denote by v, u the fundamental corepresentations of O, Uy, then we have:

Fiz(v®") = span (fﬂ T € NCg(k))

Fiz(u®*) = span (fﬂ T E NCg(k))

Moreover, the above vectors &, are known to be linearly independent at N > 2, and
so the above results provide us with bases, and we obtain:

dim(Fiz(v®™)) = |NCo(k)| ,  dim(Fiz(u®)) = NCa (k)]

Now since integrating the character of a corepresentation amounts in counting the
fixed points, the above two formulae can be rewritten as follows:

| ob=veam) L[ = e
o} Uy

But this shows, via standard free probability theory, that y, must follow the Winger
semicircle law v, and that y, must follow the Voiculescu circular law I'y:

Xo~m 5 Xu~Id
On the other hand, when freely multiplying a semicircular variable by a Haar unitary
we obtain a circular variable. Thus, the main character of 5]%[ is circular:
Xao ~ T
Now by forgetting about circular variables and free probability, the conclusion is that

the inclusion O, C Uy preserves the law of the main character:

law(x ) = law(u)

Thus by Peter-Weyl we obtain that the inclusion O} C Uy, must be an isomorphism,
modulo the usual equivalence relation for quantum groups. U
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As a main consequence of the above result, which is of interest for us, we have:
THEOREM 16.4. We have an identification as follows,
PO} = PUY;
modulo the usual equivalence relation for compact quantum groups.
PROOF. As before, we have several proofs for this result, as follows:
(1) This follows from Theorem 16.3, because we have:
PU}; = POY = PO
(2) We can deduce this as well directly. With notations as before, we have:

Hom ((v®v)¥, (v®@wv)') = span (T7T T € NCy((ow)F, (oo)l)>

Hom ((u®a)¥, (u® u)') = span (T7r

7 € NCs((c0)", (00))))

The sets on the right being equal, we conclude that the inclusion POY, C PU}; pre-
serves the corresponding Tannakian categories, and so must be an isomorphism. U

Many other things can be said, along these lines, notably with an axiomatization of
the notion of projective easiness, and some related classification results, for instance for
the projective free quantum groups. We will be back to this, later in this chapter.

16b. Monomial spheres

Getting now into noncommutative geometry, and again with Principle 16.1 in mind,
looking back at the definition of the spheres that we have, and at the precise relations
between the coordinates, we are led into the following notion:

DEFINITION 16.5. A monomial sphere is a subset S C S(]C\fjrl obtained via relations

g g =gl gl V(i ... i) € {1,...,N}*

iy Vi lo(1) lo(k)

with o € Sy being certain permutations, and with e, f, € {1,*} being certain exponents.

This definition is quite broad, and we have for instance as example the sphere S(JCV ;1
coming from the relations ab*c = cb*a, corresponding to the following diagram:

o [ ] o
o [ ] o

In view of these difficulties, we will restrict now the attention to the real case. Let us
first recall that we have the following fundamental result, dealing with the real case:
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THEOREM 16.6. There are exactly 3 real easy geometries, namely
RY c RY c RY
coming from Py D Py D NC5, whose associated spheres are
Sptasptasp!
and whose tori, unitary and reflection groups are given by similar formulae.

PRrROOF. This is something that we know well, coming from the fact that G = O} is
the unique intermediate easy quantum group Oy C G C OF. O

Let us focus now on the spheres, and try to better understand their “easiness” property,
with results getting beyond what has been done above, in the general easy context. That
is, our objects of interest in what follows will be the 3 real spheres, namely:

Sptasg syl
Our purpose in what follows we will be that of proving that these spheres are the only

monomial ones. In order to best talk about monomiality, in the present real case, it is
convenient to introduce the following infinite group:

S, = U S
E>0

To be more precise, this group appears by definition as an inductive limit, with the
inclusions Sy C Sky1 that we use being given by:

oS, = ok+1)=k+1
In terms of S, the definition of the monomial spheres reformulates as follows:

PROPOSITION 16.7. The monomial spheres are the algebraic manifolds S C Sﬁ;l
obtained via relations of type

w Vi, ig) €{1,... N}"

associated to certain elements o € Sy, where k € N is such that o € S}.

Ly - - Ty, = xia(l) C .CL"Z'U

PrOOF. We must prove that the relations z;, ...z; = Tigg) -
changed when replacing k — k + 1. But this follows from Y, 27 = 1, because:

Ty, AT€ left un-

Ligyr = Ligy - o (k) Tikt1

2 _ 2

= Ty Ty Xy = Tigy e Tigy Ty
— Z; Z; [1’32 == xZ; xX; 1'2
(2 e T lo(1) " (k) Vit
Tk+1 Tk+1
= Ty ... Ty, = Ligy «+ Ligg

Thus we can indeed “simplify at right”, and this gives the result. U
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As already mentioned, our goal in what follows will be that of proving that the 3 main
spheres are the only monomial ones. In order to prove this result, we will use group theory
methods. We call a subgroup G C S, filtered when it is stable under concatenation, in
the sense that when writing G = (G}) with Gy C Sy, we have:

o€ GpmeG = om € Gry
With this convention, we have the following result:

THEOREM 16.8. The monomial spheres are the subsets Sg C Sﬂgf gien by

C(Se) = C(S]{g;l)/@le ey = iy T Vi i) € {1, NV Vo € Gk>
where G = (Gy) is a filtered subgroup of Se = (Sk).

Proor. We know from Proposition 16.7 that the construction in the statement pro-

duces a monomial sphere. Conversely, given a monomial sphere S C S]fg jrl, let us set:

Gk:{oeSk

Ly oo Ty, :xim) ...l‘id(k),V(il,...,Z'k) S {1,,N}k}

With G = (Gj) we have then S = Sg. Thus, it remains to prove that G is a filtered
group. But since the relations z;, ... z; = Tiyy - - - Tiygy CAL be composed and reversed,
each G}, follows to be stable under composition and inversion, and is therefore a group.
Also, since the relations z;, ... z;, = Tiyg) - - Tiyyy, AN be concatenated as well, our group
G = (G) is stable under concatenation, and we are done. 4

At the level of examples, according to our definitions, the simplest filtered groups,
namely {1} C S, produce the simplest real spheres, namely:

S{{;l > Syt

In order to discuss now the half-classical case, we need to introduce and study a certain
privileged intermediate filtered group {1} C S* C S, which will eventually produce the
intermediate sphere Sﬁ o S]fg’ -1 D SY! This can be done as follows:

PROPOSITION 16.9. Let S%, C Sy be the set of permutations having the property that
when labelling cyclically the legs as follows

@O0 eO0. ..

each string joins a black leg to a white leg.

(1) S% is a filtered subgroup of S, generated by the half-classical crossing.
(2) We have S, ~ Sy, x Sk, and S, ~ Sk X Sky1, for any k € N,
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ProOOF. The fact that S% is indeed a subgroup of S, which is filtered, is clear.
Observe now that the half-classical crossing has the “black-to-white” joining property:

Thus this crossing belongs to S5, and it is routine to check that the filtered subgroup
of So generated by it is the whole S¥ . Regarding now the last assertion, observe first
that the filtered subgroups S3, S} consist of the following permutations:

Thus we have S5 = 57 x Sy and S = Sy x S, with the first component coming
from dotted permutations, and with the second component coming from the solid line
permutations. The same argument works in general, and gives the last assertion. U

Now back to the main 3 real spheres, the result is as follows:
PROPOSITION 16.10. The basic monomial real spheres, namely
Sptasp syt
come respectively from the filtered groups Soo D S, D {1}.

ProOF. This is clear by definition in the classical and in the free cases. In the half-
liberated case, the result follows from Proposition 16.9 (1). O

Now back to the general case, with the idea in mind of proving the uniqueness of the
above spheres, consider a monomial sphere Sg C SH]{X ;1, with the filtered group G' C S
taken to be maximal, as in the proof of Theorem 16.8. We have the following result:

ProrPosITION 16.11. The filtered group G C S associated to a monomial sphere
S C S]]Ry;l is stable under the following operations, on the corresponding diagrams:

(1) Removing outer strings.
(2) Removing neighboring strings.
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PROOF. Both these results follow by using the quadratic condition:
(1) Regarding the outer strings, by summing over a, we have:

Xa=Ya = Xa*=Yd®
= X=Y

We have as well the following computation:

aX =aY = a’X =d’Y
= X=Y

(2) Regarding the neighboring strings, once again by summing over a, we have:

Xaby = ZabT — Xd°Y = Za°T
— XY =2T

We have as well the following computation:

Xaby = ZbaT = Xd*Y = Za*T
— XY =ZT

Thus G = (Gy) has both the properties in the statement. d
We can now state and prove a main result, as follows:
THEOREM 16.12. There is only one intermediate monomial sphere
Sptcscsyy!
namely the half-classical real sphere Sﬁf*_l.

Proor. We will prove that the only filtered groups G C S, satisfying the conditions
in Proposition 16.11 are those correspoding to our 3 spheres, namely:

{1} C 5%, C S

In order to do so, consider such a filtered group G C S,,. We assume this group to be
non-trivial, G # {1}, and we want to prove that we have G = S or G = S.

Step 1. Our first claim is that G contains a 3-cycle. Assume indeed that two permu-
tations 7w, 0 € S, have support overlapping on exactly one point, say:

supp(m) N supp(o) = {i}

1

The point is then that the commutator o~ 'n~lo7 is a 3-cycle, namely:

(i,07 (i), 7 (4)
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Indeed the computation of the commutator goes as follows:

T o o \O< ° o o) o
o) o) o) ° o) o) o)

o 3 3 | >/
- o o o ° o e} o
! <
o o o ° o o o)
o o o) ° o) o o)

Now let us pick a non-trivial element 7 € G. By removing outer strings at right
and at left we obtain permutations 7/ € Gy, 7" € G, having a non-trivial action on their
right /left leg, and the trick applies, with:

T=7Qids; , oc=1idp_ 17"
Thus, G contains a 3-cycle, as claimed.

Step 2. Our second claim is G must contain one of the following permutations:

Indeed, consider the 3-cycle that we just constructed. By removing all outer strings,
and then all pairs of adjacent vertical strings, we are left with these permutations.

Step 3. Our claim now is that we must have S C G. Indeed, let us pick one of the
permutations that we just constructed, and apply to it our various diagrammatic rules.
From the first permutation we can obtain the basic crossing, as follows:

O O

[e) (@)
O>}<O | K >< >< )
O O O O O (@) (@) (@) (@) [e)

Also, by removing a suitable ) shaped configuration, which is represented by dotted
lines in the diagrams below, we can obtain the basic crossing from the second and third
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permutation, and the half-liberated crossing from the fourth permutation:

Thus, in all cases we have a basic or half-liberated crossing, and so, as desired:
S Cd
Step 4. Our last claim, which will finish the proof, is that there is no proper interme-
diate subgroup as follows:

S:, C G C Sy
In order to prove this, observe that S’ C S, is the subgroup of parity-preserving
permutations, in the sense that “/ even = o (i) even”.

Now let us pick an element o € S, — S}, with £ € N. We must prove that the group
G =< S%,0 > equals the whole S,,. In order to do so, we use the fact that o is not parity
preserving. Thus, we can find ¢ even such that o(7) is odd. In addition, up to passing to
ol|, we can assume that o(k) = k, and then, up to passing one more time to o|, we can
further assume that £ is even. Since both the indices 7, k are even we have:

(i,k) € Sy
We conclude that the following element belongs to G:
a(i,k)o~" = (0(i), k)

But, since o(7) is odd, by deleting an appropriate number of vertical strings, (o(i), k)

reduces to the basic crossing (1,2). Thus G = S, and we are done. U

As already mentioned in the above, the story is not over with this kind of result,
because the complex case still remains to be worked out.

Moving on, some even better results can be obtained by looking at the various inter-
sections between spheres, twisted and untwisted. These intersections cannot be thought
of in general as being smooth, let us introduce the following objects:

DEFINITION 16.13. The polygonal spheres are real algebraic manifolds, defined as

syt = {ze i

Tig - .- Xy = 0,Vig, ..., %q distinct}
depending on integers 1 < d < N.

More generally, we have the following construction of “generalized polygonal spheres”,
which applies to the half-classical and twisted cases too:

C( 'ﬁ;l’dfl) = C’(Sﬂg;l)/<xio coxyy, = 0,Y, ..., g distinct>
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With these conventions, we have the following result, dealing with all the spheres that
we have so far in real case, namely twisted, untwisted and intersections:

THEOREM 16.14. The diagram obtained by intersecting the real spheres is

N-1 N-1 N—1
SR —)SR,* —>SR,+

GN-10 GN-11 GN-1
R TR T °R
and so all these spheres are generalized polygonal spheres.

Proor. Consider the 4-diagram obtained by intersecting the 5 main spheres:

N-—1 aQN—-1 N—-1 aN—-1
SR mS]R,* —>S]R,* mS]R,*

| |

SN¥1A SNl gl gN-

We want to prove that this diagram coincides with the 4-diagram at bottom left in
the statement. But this is clear, because combining commutation and anticommutation
leads to the vanishing relations defining the spheres of type Sﬂg ;Ld_l. More precisely:

(1) St M ST~ consists of the points x € S§ ! such that, for any i # j:
xia:j = —.Z'jl'i

Now since we have as well x;x; = x;x;, for any i, j, this relation reads z;z; = 0 for
. . . N-1,0 .
@ # j, which means that we have z € S~ ", as desired.

(2) S5, 5{{;1 consists of the points z € S§'~* such that, for 4, j, k distinct:
Tiljl = —TpL;T;
Once again by commutativity, this relation is equivalent to x € Sg ~b1as desired.

(3) Sﬂg In 5’{{ ~! is obtained from S]{g’ ~! by imposing to the standard coordinates the
half-commutation relations abc = cba. On the other hand, we know from Sy~ c S&'!
that the standard coordinates on gﬁf ~1 satisfy abc = —cba for a, b, ¢ distinct, and abc = cba
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otherwise. Thus, the relations brought by intersecting with Sﬁf ~! reduce to the relations
abc = 0 for a, b, ¢ distinct, and so we are led to the sphere 5_”]{{3[_1’1.

(4) SN SY 1 is obtained from S3 ' by imposing the relations abc = —cba for a, b, ¢
distinct, and abc = cba otherwise. Since we know that abc = cba for any a, b, ¢, the extra
relations reduce to abc = 0 for a, b, ¢ distinct, and so we are led to S]{{ *_1’1. O

We have now all the needed ingredients for axiomatizing the various spheres appearing
so far, namely the twisted and untwisted ones, and their intersections:

DEFINITION 16.15. We have 3 types of quantum spheres S C S]fgfjrl, as follows:
NN—1

(1) Monomial, namely rE » With E C Sy, obtained via the following relations:

{R,
(2) Mizxed monomial, which appear as intersections as follows, with E, F C S
Sepr=SRp NSY&
(3) Polygonal, which are again intersections, with E,F C Sy, and d € {1,... , N}:

N-1,d-1 _ aN-1 N-1,d-1
SR,E,F = SR,E,F N SR,+

O'EE}

With the above notions, we cover all spheres appearing so far. Observe also that the
set of mixed monomial spheres is closed under intersections. The same holds for the set
of polygonal spheres, because we have the following formula:

N—1,d—1 N-1,d—1 _ oN-1min(dd)—1
SR,E,F mS]R,E/,F' —SR,EUE/,FUF/

Let us try now to understand the structure of the various types of spheres, by using

the real sphere technology developed before. We call a group of permutations G C S
filtered if, with Gy = G N Sk, we have G x G; C Gy, for any k,l. We have:

PROPOSITION 16.16. The various spheres can be parametrized by groups, as follows:
(1) Monomial case: Sﬁal, with G C S filtered group.
(2) Mized monomial case: Sﬁfa}H, with G, H C Sy, filtered groups.
(3) Polygonal case: Sﬁg};}i_l, with G, H C Sy filtered groups, and d € {1,...,N}.

PRrooF. This basically follows from the theory developed before, as follows:

(1) As explained before, in order to prove this assertion, for a monomial sphere S =
S'R,E, we can take G C S, to be the set of permutations o € S, having the property that
the relations R, hold for the standard coordinates of S. We have then E C G, we have
as well S = S]]RX 51, and the fact that G is a filtered group is clear as well.

(2) This follows from (1), by taking intersections.
(3) Once again this follows from (1), by taking intersections. O
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The idea in what follows will be that of writing the 9 main polygonal spheres as in
Proposition 16.16 (2), as to reach to a “standard parametrization” for our spheres.

We recall that the permutations o € S, having the property that when labelling clock-
wise their legs oceoce ... and string joins a white leg to a black leg, form a filtered group,
denoted S% C S.. This group comes from the general half-liberation considerations from
above, and its algebraic structure is very simple, as follows:

on = S X Sy, g1 = Sn X Spia
Let us formulate as well the following definition:
DEFINITION 16.17. We call a mized monomial sphere parametrization
S =Sc
standard when both filtered groups G, H C S, are chosen to be mazximal.

In this case, Proposition 16.16 and its proof tell us that G, H encode all the monomial
relations which hold in S. With these conventions, we have the following result, extending
some previous findings from above, regarding the untwisted spheres:

THEOREM 16.18. The standard parametrization of the 9 main spheres is

i > o
5 s P e {1}
Sp ot ——= Sp M = S S
Sp = ST = G S

so these spheres come from the 3 x 3 =9 pairs of groups among {1} C S* C S.

PRrROOF. The fact that we have parametrizations as above is known to hold for the 5
untwisted and twisted spheres. For the remaining 4 spheres the result follows by inter-
secting, by using the following formula, valid for any E, F' C S..:

N-1 N-1 _ aN-1
SR,E,F N S]R,E’,F’ = SR,EUE/,FUF'
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In order to prove now that the parametrizations are standard, we must compute the
following two filtered groups, and show that we get the groups in the statement:

G = {0 € Soo‘the relations R, hold over S }

H= {0’ € Sm’the relations R, hold over S}

As a first observation, by using the various inclusions between spheres, we just have
to compute G for the spheres on the bottom, and H for the spheres on the left:

X = SYLO GNCLL GNSL g St (1)
X =SSN SN = H = 8., 5. {1)

The results for S]g 19 being clear, we are left with computing the remaining 4 groups,
for the spheres S]{g’*l, 5]{{*1, Sgil’l, ngl’l. The proof here goes as follows:

(1) S¥~'. According to the definition of H = (H},), we have:
B B i i . .
H, = {O’ € SklTi, ... T, =€ <ker <i0(1) - @.U(k)>) Tiyy - - -Iza(k),vh, - ,zk}

= {JESk‘e(ker(.“ e K ))zl,‘v’il,...,ik}
Zg(l) Zo(k)

= {0 € Sk‘g(T) =1,Vr < 0}

Now observe that for any permutation o € Sy, 0 # 15, we can always find a partition
7 < o satisfying the following condition:

e(r)=-1
We deduce that we have Hy, = {1;}, and so H = {1}, as desired.

(2) Sy'. The proof of G = {1} here is similar to the proof of H = {1} in (1) above,
by using the same combinatorial ingredient at the end.

(3) S]{g_l’l. By definition of H = (Hj,), a permutation o € Sy, belongs to Hy, when the
following condition is satisfied, for any choice of the indices i1, ..., #:

i ... I
T .x;, =€ | ker | . ) Ti .. X
11 1k ( (Za(l) . Za(k))) to(1) Lo (k)

We have three cases here, as follows:
— When | keri| = 1 this formula reads z¥ = 2%, which is true.

— When |keri| > 3 this formula is automatically satisfied as well, because by using
the relations ab = ba, and abc = 0 for a, b, ¢ distinct, which both hold over SI{Q _1’1, this
formula reduces to 0 = 0.
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— Thus, we are left with studying the case | keri| = 2. Here the quantities on the left
Zi, - .. x;, will not vanish, so the sign on the right must be 1, and we therefore have:

Hy = {0 € Skls(T) =1,V7r <o, = 2}

k

Now by coloring the legs of o clockwise ceoe. .., the above condition is satisfied when
each string of o joins a white leg to a black leg. Thus Hy = S}, as desired.

(4) SY~'. The proof of G = S, here is similar to the proof of H = S* in (3) above,
by using the same combinatorial ingredient at the end. U

16c. Projective spaces

Getting now to projective geometry, which is where our threefold principle really
shines, let us start with something that you surely know, namely:

DEFINITION 16.19. A projective space is a space consisting of points and lines, subject
to the following conditions:

(1) Each 2 points determine a line.
(2) Fach 2 lines cross, on a point.

As a basic example we have the usual projective plane P2, which is best seen as being
the space of lines in R? passing through the origin. To be more precise, let us call each
of these lines in R? passing through the origin a “point” of PZ, and let us also call each
plane in R?® passing through the origin a “line” of P2. Now observe the following:

(1) Each 2 points determine a line. Indeed, 2 points in our sense means 2 lines in R3
passing through the origin, and these 2 lines obviously determine a plane in R? passing
through the origin, namely the plane they belong to, which is a line in our sense.

(2) Each 2 lines cross, on a point. Indeed, 2 lines in our sense means 2 planes in R3
passing through the origin, and these 2 planes obviously determine a line in R? passing
through the origin, namely their intersection, which is a point in our sense.

Thus, what we have is a projective space in the sense of Definition 16.19. More
generally, we have the following construction, in arbitrary dimensions:

THEOREM 16.20. We can define the projective space Pﬂé\f’l as being the space of lines
in RN passing through the origin, and in small dimensions:
(1) Pi is the usual circle.
(2) P2 is some sort of twisted sphere.

PrROOF. We have several assertions here, the idea being as follows:

(1) To start with, the fact that the space Ps ' constructed in the statement is indeed
a projective space in the sense of Definition 16.19 follows from definitions.
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(2) At N = 2 now, a line in R? passing through the origin corresponds to 2 opposite
points on the unit circle T C R?, according to the following scheme:

Thus, Pg corresponds to the upper semicircle of T, with the endpoints identified, and
so we obtain a circle, Py = T, according to the following scheme:

(3) At N = 3, the space P2 corresponds to the upper hemisphere of the sphere
S2 C R3, with the points on the equator identified via z = —z. Topologically speaking,
we can deform if we want the hemisphere into a square, with the equator becoming the
boundary of this square, and in this picture, the x = —x identification corresponds to a
“identify opposite edges, with opposite orientations” folding method for the square:

|

0O-————-——->0

|

0O<———-———--0
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(4) Thus, we have our space. In order to understand now what this beast is, let us
look first at the other 3 possible methods of folding the square, which are as follows:

_ _ _

o} e}
A A
| |
| |
| |
| |
| |
| |
O O

_

O
A
|
|
|
|
|
|
O —>

e} e} e}
| A A
| | |
| | |
| | |
| | |
| | |
Y | |
O O=<——7—0

Regarding the first space, the one on the left, things here are quite simple. Indeed,
when identifying the solid edges we get a cylinder, and then when further identifying the
dotted edges, what we get is some sort of closed cylinder, which is a torus.

(5) Regarding the second space, the one in the middle, things here are more tricky.
Indeed, when identifying the solid edges we get again a cylinder, but then when further
identifying the dotted edges, we obtain some sort of “impossible” closed cylinder, called
Klein bottle. This Klein bottle obviously cannot be drawn in 3 dimensions, but with a
bit of imagination, you can see it, in its full splendor, in 4 dimensions.

(6) Finally, regarding the third space, the one on the right, we know by symmetry that
this must be the Klein bottle too. But we can see this as well via our standard folding
method, namely identifying solid edges first, and dotted edges afterwards. Indeed, we
first obtain in this way a Mobius strip, and then, well, the Klein bottle.

(7) With these preliminaries made, and getting back now to the projective space Pz,
we can see that this is something more complicated, of the same type, reminding the torus
and the Klein bottle. So, we will call it “sort of twisted sphere”, as in the statement, and
exercise for you to imagine how this beast looks like, in 4 dimensions. U

In order to reach to free projective spaces, our starting point will be the following
functional analytic description of the real and complex projective spaces P]év - P(év -1

THEOREM 16.21. We have presentation results as follows,
CIRY™) = Chnn (i)igmrn|p = 5= = 92, Tr(p) = 1)
C(PE™Y) = Chmm ((pz‘j)i,j:L...,N‘p =p*=p*Tr(p) = 1)
for the algebras of continuous functions on the real and complex projective spaces.

ProoFr. We use the fact that the projective spaces PHQ] -1 Pév ~! can be respectively
identified with the spaces of rank one projections in My (R), Mx(C). With this picture
in mind, it is clear that we have arrows <—. In order to construct now arrows —, consider



386 16. THREEFOLD WAY

the universal algebras on the right, Ar, Ac. These algebras being both commutative, by
the Gelfand theorem we can write, with Xz, X being certain compact spaces:

AR = C(XR) s AC = C(Xc)

Now by using the coordinate functions p;;, we conclude that X, X are certain spaces
of rank one projections in My (R), My (C). In other words, we have embeddings:

XpC Pt XecpPl!
By transposing we obtain arrows —, as desired. U
The point now is that the above result suggests the following definition:
DEFINITION 16.22. Associated to any N € N s the following universal algebra,
C(PY) = C* ((p)igmr,n|p =9 = P2, Tr(p) = 1)
whose abstract spectrum is called “free projective space”.

Observe that, according to our presentation results for the real and complex projective
spaces Pﬂév 1 and P(év ~! we have embeddings of compact quantum spaces, as follows:

PN*I C PNfl C PN—I

Let us first discuss the relation with the spheres. Given a closed subset X C Sg +1,
its projective version is by definition the quotient space X — PX determined by the fact
that C(PX) C C(X) is the subalgebra generated by the following variables:

Pij = Xixj
In order to discuss the relation with the spheres, let us start with:

THEOREM 16.23. The projective versions of the 3 real spheres are as follows,

N—-1 N—-1 N—-1
Sg =5k, —— Sk}

PNfl PNfl PNfl
R ~ e gl
modulo the standard equivalence relation for the quantum algebraic manifolds.

PRrROOF. The assertion at left is true by definition. For the assertion at right, we
have to prove that the variables p;; = z;z; over the free sphere S]JRY . satisfy the defining

relations for C(P{ '), from Definition 16.22, namely:

p=p'=p> , Tr(p)=1
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We first have the following computation:
(p")ij = P = (252:)" = 225 = pij

We have as well the following computation:
(pQ)ij = Zpikpkzj = Z Zizzzj = ZiZj = Dij
k k
Finally, we have as well the following computation:

Tr(p) :Zpkk:Zziz 1
k k

Regarding now PSY ' = PY~!, the inclusion “C” follows from abcd = cbad = cbda.
In the other sense now, the point is that we have a matrix model, as follows:

T C(Sﬂg’:l) — My(C(SEY) , o — (g %)

But this gives the missing inclusion “D>”, and we are done. See [15]. U

In addition to the above result, let us mention that passing to the complex case brings
nothing new. This is because the projective version of the free complex sphere is equal to
the free projective space constructed above. The same goes for the “hybrid” spheres.

In fact, things become considerably simpler in the projective geometry setting. Con-
sider indeed the diagram of 9 main affine geometries, that we found above:

RY TRY (oM
RN — = TRY CcYy
RN TR cN

The point now is that when looking at the projective versions of these geometries, the
diagram drastically simplifies. To be more precise, the diagram of projective versions of
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the corresponding spheres are as follows, consisting of 3 objects only:

N—-1 N—-1 N-—-1
PNt pNt . pA

N—1 N—1 N—-1
Pyt ——pVt— P!

Thus, we are led to the conclusion that, under suitable combinatorial axioms, there
should be only 3 projective geometries, namely the real, complex and free ones:

N-1 N-1 N—-1
pY-'c PN c P}

We will further explore this phenomenon, with a number of more precise results on
the subject, featuring some non-trivial combinatorics, in the next section.

16d. Threefold way

We would like to discuss now the axiomatization of monomial projective spaces, pro-
jective easiness, and projective geometries. In order to get started, let us formulate:

DEFINITION 16.24. A monomial projective space is a closed subset P C PJJFV_1 obtained
via relations of type

. . k
pilig A 'pik,lik - pi(,(l)i(,@) A 'pia(k_l)ia(k)J V(Z:L? ot 7/Lk> e {17 AR | N}
with o ranging over a certain subset of the infinite permutation group
U s
ke2N

which is stable under the operation o — |o]|.

Observe the similarity with the corresponding notion for the spheres, axiomatized
before. The only subtlety in the projective case is the stability under the “sandwiching”
operation o — |o|, which in practice means that if the above relation associated to o
holds, then the following relation, associated to |o|, must hold as well:

Digiy - - - Pigipy1 = Divig1)Pio2yios) * + * Pio—2)iot—1)Piom) it

As an illustration, the basic projective spaces are all monomial:
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PROPOSITION 16.25. The 3 projective spaces are all monomial, with the permutations

(0] O o O (0] o
(0] o o O @) o

producing respectively the spaces Pﬂév_l, Pév_l.

ProOOF. We must divide the algebra C' (PfrV _1) by the relations associated to the dia-
grams in the statement, as well as those associated to their shifted versions, given by:

(0] (¢] O o O O (¢] [©] @) O
(0] O O o o O o O @) o

(1) The basic crossing, and its shifted version, produce the following relations:

Pab = Pba 5  PabPed = PacPbd

Now by using these relations several times, we obtain the following formula:

PabPed = PacPbd
= PcaPdb
=  DPcdPab

Thus, the space produced by the basic crossing is classical, P C Pév ~!. By using one
more time the relations p,, = ppe We conclude that we have P = Pﬂév ~1 as claimed.

(2) The fattened crossing, and its shifted version, produce the following relations:
PabPcd = PecdPab

PabPcdPef = PadPebPcf

The first relations tell us that the projective space must be classical, P C P(év ~1 Now
observe that with p;; = z;Z;, the second relations read:

ZaZbZcRdReZf = ZaZdReZbRcRf
Since these relations are automatic, we have P = Pév ~1 and we are done. Il
We can now formulate a main classification result, as follows:
THEOREM 16.26. The basic projective spaces, namely
pYytcplitcpit!

are the only monomial ones.
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Proor. We follow the proof from the affine case. Let R, be the collection of relations
associated to a permutation o € Sy with k € 2N, as in Definition 16.24. We fix a monomial
projective space P C Piv_l, and we associate to it subsets G}, C Sy, as follows:

G — {o € Sk|R, hold over P} (k even)
"7 ) {o € SiR}, hold over P} (k odd)

As in the affine case, we obtain in this way a filtered group G = (G}), which is
stable under removing outer strings, and under removing neighboring strings. Thus the
computations from the affine case apply, and show that we have only 3 possible situations,
corresponding to the 3 projective spaces in Proposition 16.25. U

Let us discuss now similar results for the projective quantum groups. We recall that
given a closed subgroup G C Oy, its projective version G — PG is by definition given by
the fact that C'(PG) C C(G) is the subalgebra generated by the following variables:

Wij.ab = UiaUjb
In relation now with easiness, we can formulate the following definition:
DEFINITION 16.27. A projective category of pairings is a collection of subsets
NC5(2k,2l) C E(k,l) C Pa(2k,21)
which is stable under the usual categorical operations, and satisfying as well
ceF = |o|eFE
called projective categorical condition.

As basic illustrations for this notion, we have the following projective categories of
pairings, where P; is the category of matching pairings:

NCy C Py C P

This follows indeed from definitions. Now with the above notion in hand, we can
formulate the following projective analogue of our usual notion of easiness:

DEFINITION 16.28. An intermediate quantum group POy C H C PO}, is called
projectively easy when its Tannakian category

span(NCy(2k, 21)) € Hom(v®*,v®") C span(Py(2k, 21))
comes via via the following formula, using the standard m — T construction,
Hom(v®* v®) = span(E(k,1))
for a certain projective category E = (E(k,1)).

Observe that, given any easy quantum group Oy C G C O}, its projective version
POy C PG C POY; is projectively easy in our sense. In particular the quantum groups
POy C PUy C POy are all projectively easy. We have in fact the following result:
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THEOREM 16.29. We have a bijective correspondence between the affine and projective
categories of partitions, given by G — PG at the quantum group level.

PROOF. The construction of correspondence D — E is clear, simply by setting:
E(k,l) = D(2k,2l)

Indeed, due to the axioms for the categories of partitions, the conditions in Definition
16.27 are satisfied. Conversely, given E = (E(k,[)) as in Definition 16.27, we can set:

[EM*1) (k,l even)
D(k,1) = {{U loe E(k+1,14+1)} (k1 odd)

Our claim is that D = (D(k,[)) is a category of partitions. Indeed:

(1) The composition action is clear. Indeed, when looking at the numbers of legs
involved, in the even case this is clear, and in the odd case, this follows from:

lojo'e E = |J€e E = €D

(2) For the tensor product axiom, we have 4 cases to be investigated, depending on
the parity of the number of legs of o, 7, as follows:

— The even/even case is clear.

— The odd/even case follows from the following computation:
lo,T€e B = |oT€ E = o7 €D

— Regarding now the even/odd case, this can be solved as follows:

o,|reE lo|,|T € E

=
= |o|lr€FE
— |oTE€FE
— o7€D

— As for the remaining odd/odd case, here the computation is as follows:

lo,|re E = ||o|,|T € FE
= ||o|lreFE
= o7€l
= or€D

(3) Finally, the conjugation axiom is clear from definitions.

It is clear that both compositions D — E — D and ' — D — FE are the identities,
as claimed. As for the quantum group assertion, this is clear as well. U
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We refer to [6] and related papers for further details, and comments on the above
correspondence, and for some classification results as well.

Finally, let us discuss the axiomatization question for the projective quadruplets of
type (P, PT, PU, PK). We first have a classical real quadruplet, as follows:

PN —— PTy

POy — PHy

We have then a classical complex quadruplet, which can be thought of as well as being
a real half-classical quadruplet, which is as follows:

Pyt —— PTy

PUy — PKy

Finally, we have a free quadruplet, which can be thought of as being the same time
real and complex, which is as follows:

AR —

PO, ———— PHj;

Thus, modulo some axioms, which remain to be worked out, things are quite nice,
because we have here only 3 geometries, namely real, complex and free.

16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter.
However, if looking for some difficult exercises, in relation with this, you can check the
literature referenced below, where many interesting questions are left open.
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